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SHRINKAGE OF THE DIFFRACTION PATTERN AND SHORT-RANGE FORCES*
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Recent high-energy experiments have estab-
lished that in the energy range of about 10-20
BeV/c there is shrinkage of the diffraction pat-
tern in pp, '» but not in TI p scattering. This
evidence, however, is based on values of mo-
mentum transfer, -t&0. 2 (BeV/c)', much larger
than the expected width of the diffraction pattern
of about 0. 1 (BeV/c)2 (=4m+2). Therefore, it
may very well be that the shrinkage in pp is due
to strong short-range effects (which would be
noticeable at large momentum transfers) and

may have no connection to the conjectured Pom-
eranchuk-Regge pole. In view of the fact that
the v p diffraction pattern does not shrink, it
seems that important effects should arise from
w exchange which is present in pp but not in np

scattering.
If Regge poles dominate the high-energy be-

havior of cross sections, then, in order to fit
the T~ p data, there seems to be no alternative
to assuming that nP'(0) of the Pomeranchuk
trajectory (P) be much smaller (&1/5) than
originally estimated by Chew and Frautschi. 3»~

There is nothing known in potential theory that
contradicts such an assumption of small slopes. '
With the assumption that nP(t) =1 up to moder-
ately large values of -t, we can represent the
existing v p differential cross-section data by
P alone. '»' We then have

do /dt =y (t) =y (0)e
2 2 t/C

7Tib

gn exponential fall-off for the residue yP(t),
such as the one given above, seems necessary
to fit the v p data. This expression, of course,
will not be true for very large values of -t. a»9

Here yp'(0) = (0.22 o„t,~)' mb/(BeV/c)', where
a & is the total ~ p cross section. '0 With C
=0. 13 (BeV/c)~ and the known experimental
values of cr&, very good agreement is obtained
with the diffraction data of reference 2. A sim-
ilar situation mill hold in ~+p case also where
the scattering again can be represented by P
alone. In other words, there will not be any
shrinkage in n+p scattering. "

In pp scattering the observed shrinkage can be
understood, as mentioned earlier, in terms of
the ~ trajectory. Because of its odd G-parity,
~ exchange is present in pp but not in np. ~2

dg /dt = IA
PP PP

(2)

1+exp[-in, (t ) ]
=ip t)+ . p, (t)

pp P sinwn, (t) P'

1 —exp[-iw n (t) ]
xexp[[n, (t) -1]lnE]+

xP (t) exp[[n (t) —1]inE],

where E is the lab energy and the negative sign
in the + term comes from its odd signature. In
order to give a constant value to the total pp
cross section, it is necessary that at t =0 the
P contribution in the imaginary part of App ex-
actly cancel the w contribution. '5 We shall as-
sume that this happens up to moderately large
negative t values so that in the imaginary part
only P survives. The parameters of P' are
then determined by those of w. In the real part
of A p, P' and co add. We shall take the slope
n~' 0) [ = nPI'(0)] to be of the same order as
nP'(0) (&1/5) and ignore it in the present cal-
culation. ' This is a plausible assumption and
has the additional advantage of reducing the total
number of parameters to just two. For n (0)
[ = nP, (0)] we shall take the value 0.4 estimated
on the basis of forward nN dispersion relations
and total cross-section data.

For negative t values we shall represent P's
by

p (t) = p (O}e . (4)

As in the ~p case, the exponential fall-off for P
is indicated by the sharply falling diffraction
pattern. '~ The exponential t dependence for w

is taken in analogy with P and is a convenient
way of parametrization. The above form of P's
will certainly be incorrect for very large -I;
values, as they are inconsistent with analyticity

Even though p contributes to both, from PP-nP
and v~p total cross-section data, it appears that
its contribution is very weak and can be ignored. '3

Along with P and ~ we shall consider P' also»'~

since among other things its presence enables
cr T to remain a constant. We then have
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requirements. 8~ We then have

dv /dt = P (0)e + [cot,'mn-(0)+tan~no. (0)]
2 t/a 2

pp P (d 4P

where

x P (0) exp{2[n (0) - I]lnE]e, (5)
2 t b

P (0) = (0.22 c '

) mb/(BeV/c),
2 , T2 2

P PP

20

P (0) exp[2[o, (0) - l]inE)=[0. 11(c —o )]
2 T T 2

4P PP PP

and o. (0) =0.4."»" We therefore have a, formula
hl

in terms of two parameters a and b, where a de-
termines the width of the diffraction and b should
be roughly proportional to the (range) ' of the
hard core generated by co. The values for v~~T

and v—T are taken from known experimentalPP'
data. For a =0. 10 and b =0.24 we have plotted
da+/dt = (dc/d&)/[c&(E)/o&(20 BeV/c)]' against
-t in Fig. 1, and in Fig. 2 the same quantity is
plotted against logios (= log, 02E). The experi-
mental points up to f=-0. 5 and E = 20 BeV/c are
indicated. We observe that good agreement with
experiment is obtained for values up to -I; =0.5.
For higher t values, disagreements are expected
because there the assumption of the exponential
t dependence and the neglect of slopes of n will
not be correct. Disagreement at low values of
E is also expected (see Fig. 2) because vpp
there is not a constant as is assumed in (5). It
is also interesting to note that a (=4m+~) and
5 (~9m+~) have the expected order of magnitude.

Qualitatively we can understand the above situ-
ation as follows: The first term in (5), the Pom-
eranchuk term, controls the low momentum
transfer behavior ( fa) of d&rj-t/dt. The effect
of the second term is such as to add a small
amount to the t =0 value of do~/dt, but the slope
of do+/dt at t =0 is essentially determined by
a ' of the P term and is energy independent. As
E is increased the second term decreases, and,
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FIG. 1. Differential cross section (do/dt)/[o. (E)/
oT(20 BeV/c))2 mb/(BeV/c)2 for PP scattering vs mo-
mentum transfer -t (BeV/c) up to -t about 0.6. Eo and
Ef indicate lab energies 10.79 and 19.59 BeV/c, re-
spectively. Circles indicate experimental points from
reference 2. The experiments were not done for -t
less than 0.2.

tog, Oi

FIG. 2. Differential cross section (do/dt)/ [a (E)/
cr (20 BeV/c))2 mb/(BeV/c) for PP scattering vs logfgs
(=logf02E) for different values of -t up to 0.6, where E
is the lab energy in BeV/c. The experimental points
from reference 2 are indicated. The experiments were
not done for -t less than 0.2.
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FIG. 3. Differential cross section (do/dt)/[oT(E)/
& (20 BeV/c)]2 mb/(BeV/c)2 predicted for PP scatter-
ing vs momentum transfer -t (BeU/c)2. Eo and E& in-
dicate lab energies 10.79 and 19.59 BeV/c, respec-
tively.
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The resonance fo is at =64 m~, while cu and p are at
=25m~2, and, therefore, there is no reason why they
should all be connected to their t = 0 trajectory end
points by straight lines with a slope of 1(BeV/c) 2.
Since fo and p are presumably generated by p exchange,
the corresponding slopes 0.'(0) may be -mp 2, much

therefore, the diffraction pattern, up to -t=a,
will move downward parallel to itself. At mod-
erately large values of -t the & term is impor-
tant. At 10 BeV/c it is rather large since the
difference (o~~T - v~~r) there is large, but it
decreases as E is increased. Therefore, at
moderately large values of -I, there will be a sub-
stantial shrinkage as E is increased. This is
what one observes in pp scattering for -t~0. 2

(BeV/c). '»' The essential difference between
this mechanism and the shrinkage caused by the
Pomeranchuk pole with a~'(0) ~ 1 would be ap-
parent at low -t. With a single Pomeranchuk

IO

pole, the slopes of do/dt near f =0 (i.e. , -t Sa)
would be different for different energies (the
value of do/dt at t = 0 being energy independent)
and the shrinkage larger. '

In pp scattering the residue P in A [see ex-
pressions (2) and (3) ] will acquire a negative sign,
and, therefore, P' and w will add in the imaginary
part and subtract in the real part of A."'3 Com-
pared to the pp scattering, the imaginary part
here is large (as o-p is large), and, because of
the choice of a (0, the real part is negligible.
In Fig. 3 we have plotted daft/dt=(do/dt)/[o (E)/
oT(20 BeV/c)]' for Pp with the same values of
a and b as obtained in pp scattering and for the
same energies. There are certain differences
from the pp case which should be noticed. Be-
cause the real part is negligible, the t = 0 value
of do&/dt is the same for both energies (=10 and
=20 BeV/c). The slopes at f =0 of do Jt/dt, how-
ever, are different for different energies, being
proportional to a ' times (a~~T) 1. The shrink-
age for -I~a is slightly more than for pp be-
cause of the interference effects of w with P.
For -t ~ 5 the shrinkage of do+/dt in pp is less
than in pp scattering by a factor proportional to

[g@,T(EI)/o —~T(E0)]2, where E, )E,.
The &u exchange is present in K p scattering

also. The expressions for daft/Ch and the cor-
responding diffraction pattern for K+p and K p
will, therefore, be similar to pp and pp, re-
spectively, with only minor differences in the
parameters a and 5 of pp scattering. Because
(&A--& - &&+&T) and its rate of decrease with
energy are small, however, the shrinkage will
be less strong than in pp and pp scattering. A
rough estimate using the same a and b values
as before shows that the shrinkage in do+/dt
for /=0. 2, 0.3 would be -75-@ of the corre-
sponding shrinkage in pp.

It is a pleasure to thank Professor Mare Ross
and Dr. P. K. Srivastava for many discussions



VQLUME 11)NUMBER 1 PHYSICAL REVIEW LETTERS 1 JUr.v 1/63

smaller than {2m~) 2 assumed in reference 3. For a
fixed VOR, where Vo is the strength and R the range of
interaction, smaller R corresponds to larger resonance
energies {as is the case for f& and p). This means that
for shorter ranges the trajectories Ren(t) vs t, for pos-
itive t, do not turn over quite so quickly as they do for
Yukawa potentials with unit range fA. Ahmadzadeh,
P. G. Burke, and C. Tate, University of California
Radiation Laboratory Report UCRL-10216 (unpublished);
C. Lovelace end D. Masson (to be published)] (the total
number of bound states and resonances or the shape of
the trajectory in the / plane, of course, remain un-
changed). In this respect their behavior would be sim-
ilar to the conjectured trajectories of reference 3. Fur-
thermore, because of the presence of factors like {t
-4m 2)+0 /2, the slope 0.'(t) near threshold would in-
crease for positive t &4m~, if np &1/2. This together
with the influence of inelastic channels plus relativistic
effects may enable the Regge poles to attain sufficiently
large values for positive t, even though they start at t
= 0 with rather small slopes.

We are only considering the highest ranking trajec-
tories {such as P, ~,P', p) at the present moment. Other
trajectories such as P, g, ABC, etc. will presumably
have weaker effects.

~The residues for P' and p in ~P scattering are small
and are therefore neglected (see reference 13).

8If the amplitudes do not have essential singularities
and satisfy dispersion relations (as is assumed here),
then the residues must go as some power of t. From
the recent results of R. Serber, Phys. Rev. Letters
10, 357 {1963), it seems that P2(t) should behave as t
for very large -t (&0.5). For moderately large values
-t up to =0.5 our exponential form should be a good ap-
proximation.

SThe residues P(t) have a cut from t =4m~2 to ~ which

may be replaced by a finite sum of poles in order to
represent P(t) for negative values of t. This should be
a better approximation than the exponential one but will
have more parameters; the smaller the width" of P(t),
the larger the number of poles required.

This follows from the optical theorem. The number
0.22 arises from the choice of units.

~~The parameters in 7t+p scattering will only be slightly
different from the corresponding quantities C and y of
~ p. This will arise because of the small difference in
the m p and m+p cross sections.
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however, that cu probably has a slightly larger slope
than P, if one believes that it is a less strongly inter-
acting system than P.

We would like to add that such an assumption of a
sharply falling function was necessary also in the earlier
fits for pp scattering with eP'(0) =1 (see references 1
and 2), the reason being that the energy-dependent
width" [O'P'(0) lnE] was -0.3 (BeV/c) (for E in the

range 10-20 BeV/c) and was inadequate to explain the
actual width of about 0.1 (BeV/c).

Shrinkage corresponding to P should, of course, ex-
ist but only at much higher energies. If o.P'(0) is as
small as 1/5 (BeV/c) 2, then a noticeable shrinkage
for low t values would be observed only at fourth or
fifth power of the presently available energies.


