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In a study of nuclear collisions produced by 200-GeV protons in emulsion, we have
found eight events attributable to the direct production of electron pairs by protons. A

crude measure of the cross section, 6.'7 +2.4 mb, is obtained. This result is viewed in
relation to foregoing work on direct pair production by energetic leptons.

In the literature describing direct pair produc-
tion by fast electrons, a number of experimental
and theoretical difficulties appear. Cross- sec-
tion measurements' are subject to large correc-
tions due to competing electromagnetic effects.
Calculation of the cross section has been carried
out with increasing accuracy, "the result of Mu-

rota, Ueda, and Tanaka4 being considered the
most valid. ' The theory has been extended to the
production of muon pairs. " Experimental re-
sults have been in reasonable agreement with the-
ory, including the ln'U dependence, for primary
energies U up to -100 GeV i.s-xi Typically, elec-
tron tridents exhibit a created pair, which car-
ries away 5-50/o of the primary energy, ' and a,

small opening angle similar to ordinary photon
conversion pairs of the same energy.

We report here observations of 200-GeV pro-
ton-nucleus collisions in emulsion for which the
sole visible product is a directly created pair of
small (-0.05%) fractional energy transfer and

large opening angle. These pairs originate on,
and are closely aligned with, the beam proton
tracks, under conditions where the competing
electromagnetic effects are satisfactorily low.

Ilford K5 emulsions 600 p, m thick were exposed
to 3 x10'/cm' 200-GeV protons" with the beam
direction parallel to the emulsion plane. The
fine grain size of K5 emulsion is valuable for re-
solving lightly ionized tracks of small separation.
Starting at the input edge of the stack, beam
tracks were followed in doublets. A criterion of
parallelism was applied to each doublet since

multiple Coulomb scattering causes no percep-
tible change in the separation signature of two
200-GeV proton tracks over a path length of 1
cm. Tracks which failed to satisfy the parallel-
ism criterion were identified as contamination,
and the level of this was evaluated at (7+ 2) lo, of
which we estimate no more than —,

' was leptonic.
As in similar experiments, "'"data on nuclear

collisions of beam particles were collected by
following beam tracks at scan speeds between 10
and 20 cm/h, but preserving the parallelism re-
quirement for track doublets in order to exclude
contamination. The separation signature of a dou-
blet served as a useful mutual reference in the
presence of background tracks. Beam doublets
were followed for distances up to a maximum 5
cm from the input edge because at greater dis-
tances into the stack the background, including
electromagnetic cascades with tridents, ' was
found to retard the scan.

In a total beam path of 132 m, 390 nuclear col-
lisions of beam particles were found and, of
these, 85 showed no visible nuclear evaporation
although the tracks of P particles were often vis-
ible. For such "white" stars, all emergent
tracks had ionization at or less than the plateau
level, corresponding to velocities & 0.85c. Ten
of these white stars showed just three emergent
tracks, and eight of these ten were remarkable
in the following respects: (a) There was no de-
tectable deflection (&0.1 mrad) of the middle sec-
ondary relative to the primary; (b) the outlying
secondary (pair) tracks emerged on opposite

904



VOX, UME 31,NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 1973

TABLE I. Observations on directly produced pairs.

{MeV)

8
(mrad)

P~
{MeV/c)

cPr/E
(mrad)

44
66
72
72

130
190
440

5000

0.36
0.14
0.43
0.15
0.27
0.16
0.14
0.18

27
43
67
99
31
73
38
94

0.2
1.9
0.7
0.6
1.3
0.6
1.2

42

4.8
20
9.8
8.4

10
3.2
2.7
8.4

sides of the primary, nearly coplanar; (c) for
seven of these eight events, one or both of the
pair tracks had sufficient multiple scattering to
be attributable to an electron. Evidently, elec-
tron pairs of low energy and large opening angle
were materialized on or close to the tracks of
beam particles.

Measurements of momentum (accuracy —20%)
and emission angle (-5/c) for the pair tracks are
summarized as pair energies E =E'+E, imbal-
ance ratios R =E' /E, and opening angles 8, in
Table I. The quantity P~ expresses the net trans-
verse momentum of the pair, while the momen-
tum ratio cPr/E is a measure of the inclination
of the pair vector to the beam. The opening an-
gle has little apparent relation to the pair energy,
but is generally larger than that for ordinary
conversion pairs of similar energy.

Events of this kind might occur either through
direct production of electron pairs by beam par-
ticles or from competing electromagnetic effects
such as unresolved bremsstrahlung conversion
(pseudotrident') or chance juxtaposition of a back-
ground pair origin with a beam track. The pseu-
dotrident contribution here depends primarily on
the emission angle of the bremsstrahlung photon,
and from our determinations of cPr/E above, we
estimate this effect to be &1%%uc. Background pairs
occur in the first 5 cm of our plates with an av-
erage density -300/cm', so that 6500 background
pairs have materialized in the scan volume. Qf
these, 24/c are inclined at angles &32 mrad to
the beam direction, and we find that fewer than
10/c of the forward pairs have large opening a.n-

gle or energy ~ 500 MeV. Under the conditions
of the experiment, the probability that a given
photon will convert so that the pair origin is un-
resolvable from a beam track is 0.25%. The

chance juxtaposition effect among our tabulated
observations is therefore -

5%%uc. An alternative

interpretation for these events might be sought
through coherent production of a neutral pion fol-
lowed by the y+ 2e decay mode, but the lack of
momentum imbalance displayed by our data again
reduces this uncertainty to &1'%%uc.

We have considered the possibility that some
tridents, or white stars of low multiplicity, es-
cape observation in the scan. Qne aspect of our
comparison with theory is the proportion of tri-
dents with very low pair energies, &100 MeV, al-
though we believe that pairs with energies as low
as 5 MeV can be detected. We have retraced
some 20%%uc of the beam doublets in an effort to
find missed events, without result. It is noted
that Antonova et al. , with 67-GeV protons and high
scan efficiency, find 15% of the white stars to
have three prongs" where we find 12%. On this
basis, our scan efficiency is comparable. The
production of tridents by muons or electrons
present as beam contamination is also taken into
account since cross sections for 100-GeV muons
or electrons are, respectively, -2 and -12 times
larger than that expected for 200-GeV protons. 4

The tabulated observations indicate a marked dis-
similarity from electron tridents, both in open-
ing angle and fractional energy transfer, an indi-
cation that the doublet scan method has effective-
ly excluded contamination effects.

The mean path length in emulsion for 200-GeV
proton tridents is found to be 19.1 + 6.8 m when
corrected for maximum likelihood. " The corre-
sponding cross section is 6.7+ 2.4 mb with error
governed by the statistics. We note that the cal-
culated cross sections reported by different au-
thors' ' fall in the range 45-110 mb, with the
preferred result of Murota, Ueda, and Tanaka
being -100 mb. We conclude that direct pair pro-
duction by protons does occur, but that it is not
yet possible to infer a significant difference be-
tween theory and experiment. In collecting futher
data we are giving attention to improved search
efficiency, as failure to detect tridents is the
main factor in giving too small an experimental
result. Experience so far suggests that trident
visibility depends more on inclination of the pair
plane rather than the pair energy or opening an-
gle.
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ERRATUM

GENERALIZED DISPERSIVE PHOTONUC LEAR
SUM RULE. W. Weise [Phys. Rev. Lett. Sl, 773
(&973)j.

Two informative footnotes shouM be added to
this paper: with the title, "*Work supported by
Deutsche Forschungsgemeinschaft"; with the
author, ")Present address: Department of Phys-
ics, State University of New York at Stony Brook,
Stony Brook, N. Y. 11790."
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