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A bump in the energy spectrum of inelastically
scattered protons emerging from proton-nucleus
collisions for incident energies in the range 9-25
Bev, and for 20-60 milliradians (mr) scattering
angles has been reported by Cocconi et al.' at
CERN. Characteristic feature of this bump are:

1. The energy difference between the inelastic
peak and the peak corresponding to elastic scat-
tering at the same angle is =0.8 -1.1 Bev and is
roughly independent of the scattering energy and
angle.

2. The height of the inelastic peak falls off
with increasing momentum transfer as does the
elastic cross section, in a manner suggestive
of diffraction scattering.

It is the purpose of this Letter to suggest a
mechanism giving rise to a bump with these
characteristics. This mechanism is the diffrac-
tion scattering of a pion in the cloud of the target
nucleon from the incident projectile nucleon. It
leads to a simple physical picture with an appar-
ently general application. We wish to discuss
this here, and to give the main results of calcu-

lations for the conditions of observation at CERN.

A detailed report of the calculations and espe-

cially of the relevant, and somewhat involved,

relativistic kinematics is in preparation.2
Consider the Feynman diagram of Fig. 1 which

FIG. 1. Feynman dia-
gram for scattering of a pi ( A) k
pion in the cloud of the
target nucleon from the ~ eo pf
incident projectile nucle- A
on. The circle o on the
nucleon line denotes the
high-energy incident and q; (B) q
observed final nucleon. !
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introduces the notation ¢;, p;, and pr for the four-
momenta of a target, incident, and observed final
nucleon, respectively; g;*=p;*=pf=m? (i=c=1).
q is the recoil nucleon four-momentum and A =q;
-q is the transferred momentum; A®<0. The
meson produced in the collision carries off %,
with % =p2%, In the following, the binding of the
target nucleon in the target nucleus is neglected
and the mass ratio p/m - 0.

We are interested only in a very restricted re-
gion of scattering through a laboratory angle 6,
<60 mr and with small energy loss €=06+¢/2m
~1 Bev<E;, where t=(p; —pf)2 <0 is the invari-
ant momentum transfer between the incident and
observed nucleons of energy E; and Ef, respec-
tively, in the lab system, and 6=E; -Ef; €=0
for elastic scattering. For such events the mag-
nitude of the momentum transferred between the
two vertices A and B can be small [1Al .
=~(2.4 u)? for E;=25 Bev, 6,=40 mr, and e=1
Bev] and we approximate the scattering ampli-
tude to the pole term shown in Fig. 1.

This approximation has been widely discussed
recently® and is applied here with optimism in its
at least qualitative validity since there is an en-
hancement factor at vertex A which we discuss
in the following paragraph. We neglect contribu-
tions from graphs of the types in Fig. 2. Figure
2(a) is an exchange contribution and is unimpor-
tant when one of the two nucleons has almost all
of the energy. Figure 2(b) was discussed pre-
viously* and is discarded here for two reasons:
The momentum transfer between vertices is =1
Bev and far from the peripheral condition of an
almost real pion being exchanged. If, neverthe-
less, the pole approximation is applied, its con-
tribution to the inelastic peak is smaller than the
observed cross section as well as smaller than

}(n)
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FIG. 2. Feynman diagrams for contributions neglected in the present calculation.
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the contribution calculated from Fig. 1. (For E;
=16 Bev, 6,=40 mr, and € =1 Bev, it is smaller
by a factor =4; see also footnote 10.) Feld and
Iso® have shown that the inelastic bump occurs

at an energy corresponding to a mean of the sec-
ond and third resonances in pion-nucleon scatter-
ing and suggest this isobar formation as the cause
of the observed inelastic bump. Their argument
is kinematical, without reference to specific
(poor) field-theoretic approximations. However,
it is difficult to reconcile with the absence of an
inelastic bump at € 300 Mev corresponding to
the large 3-3 resonance in pion-nucleon scatter-
ing. Figure 2(c)® can be shown? to contribute in-
significantly for the small values of € ~1 Bev of
interest here, primarily due to phase-space lim-
itations. Figure 2(d) for more than a single-pion
exchange between A and B is not calculable and
its neglect can be defended only by measuring
the ability of Fig. 1 in reproducing the observed
cross sections.

An inelastic bump at the observed € and of the
observed magnitude emerges from Fig. 1 in the
following way. The interaction at vertex A is
treated as physical pion-nucleon scattering for
small values of |A%?| <M?. The spin average of
the square of the invariant matrix element for
the pion-nucleon scattering, 32spins!MA 1°=X4,
can thus be related to experimental cross sec-
tions.

In the rest system of the incident nucleon we
can write

t jdoA,lab(sl’t)
-m>+1, s ’

in terms of the invariant total energy s, = (pf+ B)?
>0 and momentum transfer ¢=(p; -p)*<0. We
are interested in the experimental conditions at
CERN which limit momentum transfers to |£] <2
(Bev)®. On the other hand, the scattering energy,
s;, can be much larger for inelasticities e=1
Bev. It is this possibility that leads to the en-
hancement at the vertex A: For very large en-
ergies s,, the pion-nucleon differential cross
section develops a large forward diffraction peak.
For forward scattering, £=0, and we have in the
approximation that there is mainly diffraction
scattering at high energies:

49, 1abS1? 0 Gy (8y) (5 =m*

as 4(4m)*? m*®

Here opot(sy) is the total cross section for the
pion-nucleon cross section and is nearly con-

(1)

XA =4(2ﬂ)2(1 ) N

@
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stant” [0yt =25-30 mb at high energies, sq2(2
Bev)?]. The observed diffraction peak in high-
energy 7m-N scattering suggests that we put in (1)
404 1ap10 Y o ans1 0
das dQd

g(?). (3)

g(t) must fall off faster than ¢ at large space-
like ¢ so that 04 1ap(s1) remains constant as ob-
served’ in the several-Bev region, =5-8 mb. We

choose
w-1/f-, @

for simplicity.? The results are insensitive to
the specific form assumed here.? Inserting (2),
(3), and (4) into (1) and approximating |s,/tl >1,
since the second factor (2) weights heavily to high
scattering energies, we obtain

~1. 2 (31‘7”2)2/ _ ¢t 2
Xy =30, )=/ 1 -1577) - (5)

This strong weighting of the amplitude at A to
large energies s, is what leads to a bump as ob-
served in the CERN experxments Of the nine
final momentum components p y q, and k only
five are kinematically 1ndependent If we observe
a final nucleon at fixed pf this leaves a two-dimen-
sional integral,

3,13 54 —h - = [A3AA3P 5% - -
qudké(q+k+pf b, qi) Jd®Ad ké(k+pf b, A),

to be carried out. What (5) tells us is that the
contribution from large values of s, = (p +k)?

=(p;j +A)? is greatly enhanced in the phase-space
integrals. This means that pz and A tend to be
antiparallel, and the dominant contribution to

the observed inelastic scattering comes when

the target nucleon is hit head-on in the lab sys-
tem. If the angles of A are constrained in this
way, we are then led to a unique relation between
the magnitude of the momentum transfer A% -|A |2
for |A%| <M?, and the final nucleon energy Ef, or

inelasticity,® €
! t( 11
€T T2 |A'|"m>' ()

Integrating over the range of possible IAl for a
given E; and 6, leads to a corresponding range of
preferred € values according to (6). For the con-
ditions of the CERN experiments these preferred
inelasticities occur at + Bev<e <2 Bev and in the
range of the observed quasi-elastic peaks.

The more accurate results of detailed calcula-
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tions reproduce these general features. Inserting (5) into the calculation of the differential cross

section for Fig. 1 gives

2 3 1 f?

_f
dE _dSt_ 8(27154 tot )(E ﬁ
ff
where
2m? - (m +€)t = =, 2me
S ——nvge andbs lpz-flm+2€ ®

and @is the azimuthal angle of q relative to the
plane of D; and §q;, which determines the polar
axis. The integral dg is best carried out in the
system in which the pion and recoil nucleon come
off back to back; i.e., E+a= 0. The form factor
F(A?) is introduced at each vertex to cut off the
integral d(-A?) at maximum values of -A%= (3u

to 4 p.)2 compatible with the peripheral collision
assumption of one-pion exchange with a physical
amplitude inserted at vertex A. The observed
quasi-elastic bump comes about because the
emerging nucleon wants to steal most of the en-
ergy as indicated by (6). On the other hand, the
integration interval in (7) vanishes when p «ce -0
and this leads to a very sharp dropoff of the cross
section at the inelastic threshold € =0.

The second characteristic feature, of a decrease
in peak height with increasing momentum transfer,
is assured both by the diffraction factor g(¢) in (7)
and by the integration limits, (8). As -f increases,
so does a and, therefore, (-A%)pip; this reduces
the integral d(-A%) and further decreases d%¢/
dEfdQf. The first characteristic feature, that
the quasi-elastic peak is separated from the elas-
tic one by a constant € independent of momentum
transfer ¢ in the range 3 (Bev)?s -ts2 (Bev)?, is
also established. In order to understand this re-
sult, note that, according to (8), (-A%),,;, in-
creases with -f; this leads to a_corresponding
increase in the mean value of 1A| contributing
to (7). As suggested by (6), an appropriate in-
crease of |A| with -f can lead to a constant €
independent of £. This is what we find to occur
to a good approximation.

Calculated curves are shown in Fig. 3 together
with the data. The calculated numbers correspond
to a cutoff in the integral [d(-AZ%) at a maximum?!®
of (4u)%. Were we to run the integrals out to the
limits with F (A% -1, the characteristic bump
would remain but its height increases by a fac-
tor =6 for the 40-mr points and for the calcula-
tions at £=16.0 Bev and 6,=56 mr. For the

fa+b (
l

2m
F‘*(Az)f do(s, -m??, (7

points with the largest momentum transfers, at
E;=26.10 Bev and 6,=56 mr where -t~2 (Bev)?,
the calculations are much less reliable. We are
farther from the one-pion exchange pole, since,
for €=1 Bev, |Anyin! =44 and the calculated
cross sections are cutoff-sensitive and reduced
by an order of magnitude. The neglected proces-
ses of Fig. 2 may then be relatively important
and not negligible.

From the above arguments it appears that the
process of Fig. 1 is the dominant peripheral con-
tribution to quasi-elastic small-angle nucleon-
nucleon scattering at high energies. The contri-
bution of Fig. 2(b), which was discussed as a

E{=25Bev
8o° 40 mr
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FIG. 3. Comparison of observed! cross sections in
the region of the quasi-elastic bump for different values
of the experimental parameters with calculations from
Eq. (7).

201



VoLUME 7, NUMBER 5

PHYSICAL REVIEW LETTERS

SEPTEMBER 1, 1961

test of the peripheral approximations,* is less
important for the very small inelasticities, ¢,
considered here. This conclusion is also true
as 6,—0 and we approach the one-pion exchange
pole.? It wins out only for larger € which keep
the amplitude of Fig. 1 from developing its dif-
fraction peak. In an interesting letter which
helped motivate this work, Selleri’! has shown
that at much lower energies both processes are
important.

Our model offers no explanation of the camel’s
hump structure suggested in the recent experi-
ments in progress at CERN.! Its existence, if
confirmed, may indicate final-state interactions
or other effects not included in the simple pic-
ture.

Finally we note that similar considerations ap-
ply to high-energy m-N scattering cross sections.
For the same kinematics as in the CERN meas-
urements, there should be a quasi-elastic dif-
fraction peak in the process 7 +N -7 +7 +N, whose
height measures the square of the total 7-m cross
section in place of the 7-N cross section ototz(sl),
in (7).

* Supported in part by the U, S. Air Force through
the Air Force Office of Scientific Research.
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