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POLARIZATION AS A TEST FOR REGGE BEHAVIOR IN BACKWARD z+P SCATTERING
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Recent experiments have shown a sharp peak
in the backward direction in high-energy elas-
tic m+p scattering. " The Regge-pole hypothesis
ascribes this peak to exchange of the crossed-
channel baryon trajectories. The purpose of
this note is to point out that exchange of these
trajectories, since they are associated with
fermions, gives rise to amplitudes which are
highly spin dependent. In particular, the mea-
surement of the polarization of the recoil pro-
ton can provide an important test for Regge be-
havior in these reactions.

In the m P reaction, the crossed baryon chan-
nel is in a pure I = 2 state. The only known tra-
jectory which can be exchanged is the A. In
the n+P reaction, exchange of both I = ,' and I = 2-

states is allowed. If the exchange of the 6 were
to dominate here as well, the relation dv(m p)/

!
dQ =9dg(m p)/dQ would hold. The experimen-

tal data show, however, that the differential
cross section for m+P is several times that for
m p, with both having roughly the same ener-
gy dependence. This difference can only be
explained if I= -,' exchange is dominant in w+p.

Consequently, in what follows, the w+p reac
tion is assumed to be dominated by exchange
of N, the leading I= —,

' trajectory, with n~(0)-=, (o).'
The scattering amplitude for m~p scattering

can be written4

f*(Is,u) =f, (Es, u)-cosBf,+(-vs, u)

+i sin&a'ri fP (-Ks, u).

The contributions to f, (v's, u) of the baryon
trajectories in the crossed channel are easily
calculated using crossing symmetry and the
Sommerfeld-Watson transformation:

f, (+su) - —1- + — [1+e j+—1+—1 v's r~ (v u) s + isa+ -1'v's
4 u cosign+(vu) s, v'u

S

u fixed

I'~ (-Ku)
(

s imb+)-x ~ — 1+e
cosign~(-V'u) s, (2)

with a+ = n~(Vu)-2, b+= n~(-Ku)-2, where n~(vu)
and r+ (vu) are pole positions and modified re-
duced residues in the crossed m+p channel.
Under the assumptions made above, the rela-
tions

n (v'u) = n (v'u), n (V'u) = n (v'u),

I' (&u) =I' (&u),

and

r (vu) =-,'I' (Ku)

hold. The quantity so is an arbitrary scale en-
ergy taken to be 1 GeV. These expressions
represent leading asymptotic terms in s and
come from the poles in the l =J-2 amplitude
in the crossed channel. This means that
n& (1238 MeV) = 2, n~ (1920 MeV) = -'„etc., but

r

that n~(-938 MeV) =-„n~(-1688 MeV) = 2,
1 5

etc. This difference occurs because the N tra-
jectory appears in the right-half J plane in the
E =J+—,

' amplitude. By the MacDowell symme-
try, ' this amplitude is the continuation to nega-
tive energies of the l = J-& amplitude.

The contrast with the exchange of a boson
trajectory should be noted. As was first shown
by Gribov, the positions and residues of fer-
mion Regge poles are real analytic functions
of the c.m. energy in the cut plane of the chan-
nel in which the pole appears. To achieve an
amplitude fP (vs, u) analytic in the cut u plane
and having no singularity near u = 0, each tra-
jectory in the crossed baryon channel contri-
butes two terms, resulting in an expression
of the form g(/s, vu) +g(vs, -vu). The two terms
contributed by any one trajectory have differ-
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ent phases and produce a phase difference be-
tween the spin-flip and spin-nonf lip amplitudes
which allows a nonvanishing polarization for
the recoil proton. In the case of one boson tra-
jectory exchanged, the position and residue
are real analytic functions of the square of the
c.m. energy in the relevant crossed channel.
In this case, the spin-flip and spin-nonf lip am-
plitudes in the direct channel are always re-
latively real and no polarization can occur.

Using the expression of Eq. (2) to calculate
the c.m. polarization of the recoil proton for
an initially unpolarized target leads to the fol-
lowing result:

X
F~ (v"s, u)

F~(v's, u) + G~(v s, u)' 3

F+()[s,u) and G+(vs, u) are functions which are
expressible in terms of I'+(vu) and a~(/u). The
precise forms for F+(vs, u) and G+(vs, u) are
irrelevant to the argument which follows and
will not be given here. However, it is easily
shown that F+(Ks, u)» G+(v's, u) if s is sufficient-
ly large and that F+(vs, u) and G+(vs, u) are real
and positive in the direct-channel physical re-
gion. Therefore, the sign of the polarization
is determined by the sign of the term

(1/-is'u) tanh(--,'i)[ [n~(/u)- a~ (-v"u)]).

The sign of this term can be obtained using the
fact that the functions o.+(/u) are real analytic
in the neighborhood of Vu = 0, with nearest cuts
starting at vu =a(M~+M~). Expanding the o+(vu)
around Ku = 0 and keeping terms up to cubic
order, the above term simplifies to

(I/-itic) tanh[-isa~'(0) v'u].

As noted above, o.+(vu) =a~(v'u), and a~(1238
MeV) = 2, etc. Barring exceptional behavior,
n&(vu) is expected to increase steadily as v'u

increases through real values from zero. This
implies n '(0)) 0. On the other hand, n (v'u)

=a~(Zu) and o(~( 938 MeV-) =-,', etc. Here
a~(/u) is expected to increase steadily as fu
decreases through real values from zero, which
implies a '(0)( 0. Therefore, under the stated
assumptions, the polarization is predicted to
be positive (i.e., along n) for ~ p and negative
for m+p.

The magnitude of the polarization can also
be predicted if s is sufficiently large. The
criterion for this is that lmMy2a+'(0)/vs i«1.
If this inequality is satisfied, F~(v's, u)» G+(/s,
u), and Eq. (3) for P+(v"s, u) simplifies to'

[(M '-M ')'-us]'"
P (v's, u) =n

s

tanh[-i7(a~'(0)v'u]

where the explicit high-energy form for sin8
has been used and o.+(/u) has been expanded
around vu =0 as above. If (a~'(0) t-=O(l/GeV),
as would be expected from the known points
on the trajectories, it is clear that appreciable
polarization can occur throughout the region
of the backward peak, except near the exact
backward direction where the polarization van-
ishes. At lower energies, where the inequality
above is not satisfied, Eq. (4) provides an or-
der-of-magnitude estimate, since in this re-
gion F+( s, u) =O(G+(vs, u)). As an example,
taking values for a+'(0) estimated from the
known points on the trajectories, Eq. (4) pre-
dicts that the polarization will rise from zero
to essentially unit magnitude as the scattering
angle decreases from 180' to &170, at 9 GeV/c
laboratory momentum. For higher energies,
the interval in angle over which the magnitude
of the polarization rises from zero to near uni-

ty decreases.
To sum up, the assumptions are made that 6

exchange dominates w P, that N exchange domi-
nates m+p, and that the trajectories have rea-
sonable shapes. ' Under these assumptions,
large positive polarizations are predicted in

p and large negative polarizations in m+p at
high s and fixed g, the magnitudes being a mea-
sure of the trajectory slopes. Since almost all
other theories of high-energy scattering would

predict no polarization in the asymptotic region,
the observation of the predicted polarizations
in backward m~P scattering would provide strong
evidence for Regge behavior in these reactions.

I would like to thank Professor Geoffrey F.
Chew for his interest in this work and a num-

ber of helpful discussions.
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~This implies that the residue of the N trajectory is
considerably larger than that of the 4. If the residues
are parametrized in a way analogous to that used in
forward scattering and constrained to have the correct
values at the N and 4 masses, this difference arises
naturally. (Private communication from Qeoffrey F.
Chew. )

4Here vs and 0 are the c.m. energy and scattering
angle, respectively; u is the square of the c.m. ener-
gy in the crossed baryon channel. In the direct-chan-
nel physical region, u is given by u = 2(MN +M„)-s
+2q2(l-coso), where q is the c.m. momentum. The
quantity n is a unit vector, given by n = (qt xqf )/
iqt xq~) where qt and qf are the initis'I and final c.m.
proton moments. The quantity f&(Ks, u) is defined in
the paper by V. Singh, Phys. Rev. 129, 1889 (1963).

There has been uncertainty in some of the literature
about whether Regge behavior should be expected for

backward x p scattering near the point u = 0, because
the cosine of the crossed-baryon-channel angle may
be small here even when s is large. However, it can
be shown that the Regge behavior continues to hold
near u =0, if it holds outside of a neighborhood of g =0,
by making use of the analyticity of f& (v's, u) in u inside
this neighborhood.

S. W. MacDowell, Phys. Rev. 116, 774 (1959).
YV. N. Qribov, Zh. Eksperim. i Teor. Fiz. 43, 1529

(1962) [translation: Soviet Phys. —JETP 16, 1080
(1963)].

A result equivalent to this has been previously ob-
tained by V. Qribov, L. Okun', and I. Pomeranchuk,
Zh. Eksperim. i Teor. Fiz. 45, 1114 (1963) [transla-
tion: Soviet Phys. —JETP 18, 769 (1964)].

9It is clear that the first of these assumptions is
somewhat weaker than the second. Even if I =2 ex-
change dominates in ~+p, the greater complexity of
I= 2 interactions in the low-energy region could mean
that other singularities besides the + trajectory con-
tribute.
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A study of the processes

+p B+s

s +P- (N„ss+'-n+s')+s', (2)

has been made at incident pion momenta of
1.715, 1.889, 2.071, 2.265, and 2.460 GeV/c
using a system of thick-plate spark chambers
for detecting the gamma rays. Details of the
experiment and its analysis will be reported
elsewhere. ' The differential cross sections
for Reaction (1) at higher momenta (4.8-18.2
GeV/c) fit well with a Regge-pole model in which
a Reggeized p meson is exchanged. We show
that (rather surprisingly, at such low energies)
our measurements of Reaction (1) fit with a
model in which this same amplitude is dominant,
interfering with weaker amplitudes due to pion-
nucleon resonances. This analysis suggests
that the 2190-MeV resonance has J =l-~. We
further show that Reaction (2) can also be de-
scribed by this Regge-pole model.

The cross sections for Reaction (1) at each

momentum and the mean cross section for Re-
action (2) are shown in Fig. 1. The errors
indicated are statistical and do not include an
uncertainty in normalization of up to 15%.

The cross sections for Reaction (1) have been
fitted with a nonresonant amplitude from the
Regge-pole model, ' together with three reso-
nant amplitudes. For pion momenta from 4.8
to 18.2 GeV/c, Reaction (1) has been shown'
to fit well with the Regge form

d v/dt =f(t)&u

where & is the total pion laboratory energy
and f(t), n(t) are energy independent. The da-
ta in the range t = 0 to t = -1.6 (GeV/c)' imply
strong shrinkage:

n(t) = 0.55+ 0.9t.

The rise in cross section from t = 0 to t = -0.15
(GeV/c)' suggests a strong spin-flip amplitude.
The crossover in s+-P and s -P elastic cross
sections at small I I'I suggests4 a rapidly fall-
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