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mN-scattering at high energies and angles close to 180° is considered. Scattering in these
conditions is assumed to be described by fermion Regge poles. A simple proof is presented
that the amplitude is determined by pairs of complex conjugate Regge poles. Polarization
phenomena are investigated for one and two pole pairs. Three types of relations (crossing,
factorization and isotopic) between cross sections of various processes governed by the

same Regge poles are considered.

1. INTRODUCTION

THE investigation of large-angle scattering of
mesons by nucleons at high energies is of consid-
erable interest from the point of view of checking

on the Regge pole hypothesis in strong interactions.

It has been discussed from this point of view in a
whole series of theoretical papers [1-4] In addition
to checking on the hypothesis, the investigation of
large-angle scattering makes it possible to ascer-
tain whether the known baryons are elementary
particles or members of a Regge family.

It was observed earlier [*] that the fermion
Regge poles, which determine the asymptotic be-
havior of the scattering at large angles, have prop-
erties substantially different from boson Regge
poles. The poles corresponding to states with op-
posite parity turn out to be complex conjugate in
the physical region of scattering. Therefore the
asymptotic behavior of the large-angle scattering
is determined not by individual Regge poles, but
by pairs of complex-conjugate poles. This phe-
nomenon was discussed in several papers ENR

In the present paper we present a simple proof
of the above-indicated properties of fermion poles,
without leaning (in contrast with |:4'5]) on rather
cumbersome expansions in partial amplitudes, but
in the spirit of the correspondence principle, re-
garding the asymptotic amplitudes corresponding
to the Regge poles as being ‘‘Reggeized’’ pole
Feynman amplitudes. We furthermore investigate
the cross section and the polarization correlations
in the cases when the asymptotic behavior is de-
termined by one or two pairs of complex-conjugate
poles, and consider the relations between different
processes brought about by the same pair of Regge
poles, relations due to the fact that the poles have

a definite signature and isotopic spin, and residues
that factorize.

2. REGGEIZATION OF THE FERMION POLE

Let us consider TN scattering, due to a fermion
Regge pole. We denote the 4-momenta of the col-
liding pion and nucleon by k; and py, and those of
the outgoing particles by k, and p,; the 4-momen-
tum of the Reggion is denoted by q (see Fig. 1).

The wN-scattering amplitude, which is usually
written in the form !’

M =71, (A + Bb)u, 1)

where k =Y, (k; + ky), is best rewritten in the
form

M = U, (a+ bg) uy. (2)

From the relation q = p—k, where p = % (p; + p,),
it follows that a = A + mB and b = —B.

We note that the scalar functions a and b, like
A and B, depend only on the invariants s, t, and u:

s=(pr+ k)% t=(p—py)% u=(pr—k)®=q% 3)

It was shown in a paper by one of the authors [4]
that the fermion poles form complex-conjugate
pairs, corresponding to states with given angular
momentum j and opposite parity. This proof used
the helicity representation and was rather cumber-
some. The expression obtained in (4] for the con-
tribution to the amplitude of one pole with definite
parity (plus or minus) can be written in the form

DWe use units fi = ¢ = 1 and the Feynman notation q = 474

—q - y, where T4=<(1) _(1)), y=<_g g)’ Ts=—<(1) (1))

769



770 GRIBOV, OKUN’,

M: = [ Z2 (p2) [in VZ] uy (Py)s

f+ = f (VE’ S), f— = f (_' V’I’ S). (4)

Expression (4) is very natural from the point of
view of going over from the usual poles of the
Feynman perturbation theory (see Fig. 1) to the
Regge poles. In this transition m in the numerator
of the expression (4 +m )/(q2 -m?) is replaced
by the Reggion mass — vu, while the denominator
which does not become infinite for unphysical j,
is included in f,.

The expression (q + Vu), which is contained
in (4), has a simple physical meaning. By acting
on the state of the 7N system in the c.m.s. of the
u-channel, this expression picks out states with
definite parity. Indeed, in the c.m.s. of the u-
channel we have

G+VD=Vata+1 =2Va(y o)

and therefore the amplitudes M, and M_ are
written in the two-component form as

M, ~f.Vu (1),

M_~fVu (E:l:zm : on-lm)'

(5)
(6)

The amplitude (6) differs from (5) in that the initial
and final states have in it a different parity, owing
to the pseudoscalar factors o+p; and o-p,. Since
by assumption f, and f_ are such that M, and M_
contain contributions from states having the same
definite angular momentum, the parities of these
states are opposite. We emphasize that unlike the
expression (§ + Vu ), the Feynman numerators

(@ +m) and (q—m) = —yz(q + m)y; in the usual
pole terms, although each other’s ‘‘parity mir-
rors,’’ do not have any definite parity, and yield,
for example, both S and P scattering.

We have thus shown that the contribution of one
fermion pole with definite parity has the form (4).
However, the expression for one pole for arbitrary
f(u, s) has a singularity at u = 0, owing to the
presence of Vu . The existence of such a singu-
larity contradicts the Mandelstam analytic prop-
erties of the amplitudes a and b, appearing in (2).
Therefore the amplitude M cannot be defined by
one pole only, and must have the form

& pz

-

A k2

FIG. 1
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M=M,+M_=[,q9+ V4, (7)
fqz(f++f_)’ fu=(f+_f-)' (8)

At that it is necessary here that either f, = f_, or
each of them contains a root singularity at u =0
in such a way that

fo=1Wws), f[=f=Vuy.

The first possibility, which we shall not con-
sider, corresponds to degeneracy in parity. If the
second possibility takes place, then f;; should be
proportional to u™¥2 ag u— 0. A behavior of the
ul/2 type would imply the vanishing of M as u— 0,
for which there are no grounds whatever.

Let us write f, in the usual manner in terms
of the residues (r_ (u)) and the position of the
Regge poles (j (u)):

9)

co i j: e—[n:a+ S_ ay

* T sinmag ( So ) T4 (10)
e o 1 j:e—z‘mz_ s \a—

27 = sin o (‘s:) r- (11)

where o, = ji—i/z, and the indices e and o denote
respectively even and odd signatures.
From (7)—(9) and (10) and (11) it follows that

a, =a(Vu, o =a(—Vu), (12)
ro=rWVuw, r.=r(—Vu. (13)

Since the absorptive parts of the amplitudes a and
b in expression (2), which are equal to

(14)
(15)

ay = [(s/so)** r,—(s/so)*-r_1V u,
by = [(s/so)**r .+ (s/sg)*r_],

should be real when u < (m + u)%, we get for u<0

o, =a, r.=r. (16)

Thus, these simple considerations lead to the
conclusion that there exist complex-conjugate
poles and that the asymptotic mN-scattering am-
plitude oscillates with increasing energy s as
shown in [4J,

3. CROSS SECTION AND SPIN CORRELATIONS
IN 7N SCATTERING AT HIGH ENERGIES

To calculate the cross section and the polariza-
tion effects it is convenient to write the quantities
£€:0 in the form

f& = Reexp {m (£ v —ip + iM)/2},

% = iR° exp {m (£ v — ip + iA)/2}. (17)

Here u and v are respectively the real and imagi-
nary parts of the complex orbital angular momen-
tum «:

ap =W+ iv. (18)
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The form of R for respectively positive and nega-
tive signature is

R ° =V 2r(s/so)*(ch tv T cos )~ (19)*
where r is the absolute value of the complex-
conjugate residues r.:

ry = retio, (20)

By virtue of the fact that o, and r, are com-
plex conjugate, the concept of the parity of the
Regge pole becomes meaningless, and it is neces-
sary to agree which of the amplitudes will be called
f, and which f_, and also what is «,, and what is
o_. Since the quantities f, and a, are well de-
fined for u > 0, we shall define their values for
u < 0 by means of the condition that the singular
point u = 0 is passed from above u— u + i€
(e >0), so that Yu =iv-u.

The quantity A contained in (17) is, unlike u,
v, r, and ¢, a function of not only u but also of
s, and is equal to

A (s, u) = 27t [v In (s/sg) + ¢ — P, (21)
where the value of ¥, which depends on the signa-
ture, is defined by the relations
v
tgye = th Fetg T, tgye = —th T tg7, (22)1

Let us write down the amplitude M (7) for s
> u, m? in the c.m.s. of the s-channel in the two-
component form:

M :7‘2 (fqzl + fuﬂ) u = 2]/ECP; [chm + ful 0:.(23)
Here

S S TR i P

We fix the nucleon polarization before and after
the scattering in the direction of the unit vectors
¢y and ¢, respectively; then

[nin,]
| [mng] | °

PrePre =3 (1 4+ 510 ProPre = - (1 + §y0)r. (24)

For the differential scattering cross section for
fixed polarizations we have, using the standard
Feynman normalization

do = — = {F1 11 + (&) @n)] + Fs [(&m) + (&n)
+ Fy (@) @) —Culal + Fan 18,500} 225
Fi= = (ofy+ Fufi)

(25)

=2 (f, fr + f_f2) = R*ch nv, (26)

*ch = cosh.
ftg = tan, ctg = cot, th = tanh.
$ln,n,] = n, x n,.

BY FERMION REGGE POLES
Fo= 5 Gofut fufd) =3 (F fr —.[") =R*shaw, (27)%
Fy= 5 (fofo— fufd) = (LI + [.f) = R*cos mh, (2g)

771

Fo= - Gofu— Fufd) = 5 (_fe — . ) = R*sin mh. (29)

If we average (25) over the spin states of the initial
nucleons and sum over the spin states of the final
nucleons, then we obtain an expression for the dif-
ferential cross section:

ur?® (s/so))®*chmv  do

do—_ 2 .
nt chmv J-cosop 4x

o (30)

It must be emphasized that the cross section (30)
varies monotonically with the energy s.

The quantity F, determines the polarization of
the recoil nucleon upon scattering of a pion by an
unpolarized target. The degree of polarization is

P = F,/F, = th av. (31)

This expression likewise does not oscillate with in-
creasing energy 2.

The quantities F; and F, determine the polari-
zation correlations of the initial and final nucleons,
and oscillate with a variation of the energy and
of the momentum transfer, since A = A(s,u) in
accordance with (21).

For not too high energies, such as are feasible
in modern accelerators, the contribution of the
complex conjugate pole pairs with smaller values
of Re j than in the principal pair may not be neg-
ligibly small. It is therefore meaningful to ascer-
tain the behavior of the cross section with account
of two pole pairs.

In the case of two pole pairs with the same sig-
nature we have

f+= Ryexp {m(£ vy — iy +ily)/2}
+ Ry exp {m ( vy — Py £ Ay)/2),

and consequently the quantities F; entering in (25)
are equal to, in accordance with (26)—(29),

32)

F, = Rich nv, + Rjchav,

™

+ RiR, ler w2 cos (M — Ay — g + o)

+ e (b2 cos % (g — Ay 4 pg — )], (33)
F, = R} shmv, + R2 sh v,

+ RyR; lem )2 cos % Ay — Ay —py+ py)

~-e= ™ (b2 cos —nz— Ay — Ay +py —pa)l, (34)

2In the course of calculating the polarization in [‘], an er-
ror has crept in, which was pointed out to the authors by M. P.
Rekalo, who considered the question of fermion poles in pion
photoproduction.

*sh = sinh.
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F3 = Ricos h; + REcos mh,

+RyR, lem =2 cos % Ay + Ay — g + o)

1 g v cos_’z‘_ Oy + Ay 4 py — o), (35)
F, = R} sin ni\; + R} sin awh,

+ RiR, [e* )2 sin '; (A4 Ry — g + 1o

g sin% M+ A+ pp — o)l (36)

Owing to the presence of interference terms pro-
portional to RjR,, the characteristic oscillations
with energy and momentum transfer are experi-
enced not only by the polarization correlations F;
and F,, but by the differential cross section itself
(Fy) and by the polarization (F,). This is a very
important circumstance, for in experiment it is
simpler to observe oscillations in the differential
cross section than in the polarization correlation.

From the form of R and A [see (19)—(22)],
and also from the fact that there is no possibility
of determining independently by experiment the
values of r and ¢ [see (26)—(29)] it follows that
by measuring the 7N scattering it is impossible
to determine the signature of the individual pair
of fermion poles.

Let us consider now the question of the possi-
bility of determining the sign of the signature in
the case when there are two pairs of poles. Ex-
pressions (33)—(36) were derived under the as-
sumption that the signatures of both pole pairs
were the same. In the case when the signature
of the first pair of poles is positive and that of
the second is negative, it is necessary, in accord-
ance with (17) to make in (33)—(36) the substitution
My — My —1. If, to the contrary, the signature of
the first pair is negative and that of the second is
positive, then py — py—1. It is easy to see that in
these two cases opposite signs are obtained for the
interference terms R;R, (the arguments of both
the cosine and sine differ by m). However, since
the signs of R; and R, cannot be determined in-
dependently, these two cases are actually indis-
tinguishable from each other. It is obvious, how-
ever, that both cases differ from the two other
cases, in which the signatures of the two pairs of
poles are the same. (The transition from identical
to opposite signatures leads to the substitution
sin == cos in expressions (33)—(36).)

We thus arrive at the conclusion that it is pos-
sible to determine by experiment the relative sig-
nature of two pairs of fermion poles, and that the
determination of the absolute signature of one pair
of fermion poles is impossible. In this respect,

and POMERANCHUK

fermion poles are perfectly analogous to boson
poles. The only exception are poles (of the type
P/, wo, p°) whose signature is determined relative
to the signature of the pole P, and the latter is
determined independently by the optical theorem,
by virtue of which it should be positive.

To conclude this section we note that the ex-
pressions given above can be valid only for such
u as correspond to values of u larger than —1.
In the vicinity of o = —1 there should occur an
accumulation of the Regge poles, fully analogous
to that considered earlier (¥, This causes, in ac-
cordance with (30) the cross section do/do not to
be able to decrease with increasing s faster than
1/s® for fixed u. The presently available experi-
mental datal"] pertain to pion energies =<5 BeV.

4. VARIOUS RELATIONS BETWEEN DIFFERENT
PROCESSES

Just as in the case of boson poles, the hypothe-
sis of fermion Regge poles leads to a large num-
ber of relations between the cross sections of dif
ferent processes. The simplest example of such
relations are the relations between the amplitude
of the direct and crossed reactions, for example,
TN scattering and 2-meson annihilation of a nu-
cleon-antinucleon pair. These reactions should
be compared under conditions when the mN scat-
tering occurs at angles close to 180°, and in the
annihilation the angles between the nucleon and
the meson that is secondary in the scattering are
small (small angles between particles 2 and 4 on
Fig. 2). Under these conditions the annihilation
and scattering amplitudes are equal for poles with
even signature and have opposite signs for poles
with odd signature (R® does not reverse sign, R°
reverses sign). The expression for the two-meson
annihilation cross section has the same form as
the scattering cross section, and is described by
expressions (25)—(29) and (33)—(36), the only dif-
ference being that the interference terms R4R, in
(33)—(36) reverse sign if poles 1 and 2 have differ-
ent signatures.

Analogous equalities between the cross sections
occur for the reactions listed in Table I (o4 = oy,

0y = Oys,...). The particles in the first column of
! J / Y
3 4 2 ”
a b
FIG. 2
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Table I
X Type of Regge

Pairs of conjugate reactions poles*

1. a-N->N+x | 1. N+-Non+tn N or A

2. K+N->34xn 2. T4+N—>K+n N or A

3. at-N—->N+n | 3. NNontn N

4. K+N-A+n | 4. AFN-K+n N

5. K+N—=34n | 5. S+N->K+n N

6. K+N—>A+n | 6. A+N—-K+4n N

7. K+N—-K+N | 7. N+N->K+K A or 2

8. K+N—->E8+K | 8. EN—>K+K A or I

9. t+-N-Z+K | 9. S+N-a+K A or 3
10. +-N=>A+K (107, A4N->a+K z
1. K+N->N-+K [11’. N+N—>K+K Baryon pole with

strangeness S = +1

*_A_denotes the trajectory of the baryon resonance
with isotopic spin T = 3/2.

Table I have been written out in a sequence corre-
sponding to Fig. 2a, while those in the second col-
umn follow Fig. 2b. The Regge poles indicated in
the third column of the table determine the asym-
ptotic behavior under conditions when s is large
and u is small, where s = (p; + p;)? and u

= (p3 —py)%

In Table I are listed the reactions in which only
mesons with spin zero participate (w7, K, ), to
which formulas (25)—(29) are applicable. Of
course, analogous relations hold for the creation
of vector mesons (w, p, K*) and baryon reso-
nances. The extent to which these relations should
be violated by the instability of these particles is
not clear at present.

Another type of relation is based on the factor-
ization of the residues %], Let us consider the
three reactions shown in Fig. 3. Particles A and
B are fermions, while particles a and b are
bosons. The contribution of one Regge pole with
definite parity to the amplitudes of these three
processes has the form (4). If the quantities cor-
responding to f, in (4) are denoted for these re-
actions by f,, g,, and h,, then formulas (10) and
(11) with identical o, hold for f,, g,, and h,. The
residues ri, r%, and rl;‘ satisfy by virtue of the
unitarity condition the relation

o= (o).

(37

When u < 0 the residues r, and r_, as in 7N
scattering, are complex conjugates, that is,

! "= rh et®n (38)

r =

tief g
,

ré o= re eizwg,

rfe
It then follows from (37) that
(39)

it = rg, 29, = @ + P

If we now write f,, g,, and h, in the form (17),
then it follows from (39) that

BY FERMION REGGE POLES 773

Ri R =Rg, M+ M= 2, (40)
with Af, Ag, and Ap having identical dependence on
s, in accordance with (21), since the quantities u
and v are the same for the three reactions.

The expressions for the cross sections of each
of the three reactions have the form (25)—(29),
from which it follows that

41)
and the polarizations P are the same in all three
reactions in accordance with (31).

If we consider a larger number of processes
proceeding via one pair of nucleon poles (N pole),
then we can obtain relations of the type

2
Of Op = Og,

0,/03 = 0,/0, = 0,/a,, (42)

where the subscripts indicate the numbers of the
reactions in Table I.

The third type of relations that occur under the
Regge pole hypothesis are isotopic relations due
to the fact that the Regge poles have definite iso-
topic spins.

Let us consider, for example mN scattering. If
the principal pole pair is one with T = 1/2 (nucleon
trajectories ), then the ratio of the scattering cross
sections of 7"p — pr~ and 7*p — pr* should tend
to zero as s — «©, —u < m®, On the other hand, if
the principal pole pair has T = 3/2 (A trajectories),
then the ratio should tend to 9. These and other
relations for 7N scattering are listed in Table II.
By investigating these relations experimentally, it
is possible to establish which of the trajectories
are the principal ones. A convenient method of
experimentally verifying the relations between dif-
ferent TN cross sections is to compare data on the
scattering of the same pion beam by hydrogen and
deuterium targets. Thus, for example, the ratio
Op /od in the case of negative pions should tend to
zero with increasing energy for an N-pole and to
%40 for a A-pole. For the scattering of K mesons,
the corresponding relations are listed in Table III.

Let us note that backward scattering of K mes-
ons should proceed through a Regge pole with
strangeness S = +1, No baryon states with S=+1
have been observed experimentally. This circum-
stance may indicate that even for negative u the
‘“‘spin’’ of the state with S = +1 will be smaller

a A6 8 ¢ 8

FIG. 3
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Table II Table III
Pole Pole
Reaction Reaction
N A A =
ntn—nnt, nTp—>pu- 0 9 Ktp—pK*, K°n—nK® 1 1
nn—nn-, atp—prt 2 1 K°p—nK*, K*n—pK® 1 1
ntn—nn’, mp—nw’ 1 2 Kp—pK®, K*tn—nK+ 0 4

than the ‘‘spin’’ of states with S = —1, which de-
termine the backward scattering of the K mesons.
This would mean that as s — «~ the backward
scattering cross section of K~ and K’ mesons
would be small compared with the backward scat-
tering cross section of K* and K’ mesons.

Another manifestation of the same fact would
be an asymmetry in the angular distribution of the
K mesons in nucleon annihilation. Thus, for ex-
ample, in the reaction p + p — K~ + K* the K~
mesons should be emitted predominantly in the p
direction, while the K* should be emitted in the
p direction, since 04y, /o, — 0. Analogous argu-
ments were advanced recently by Eisenberg [10]
on the basis of the polological model of single-
particle exchange.

Notice should also be taken of the following re-
lations between cross sections:

010/0y — 0, if us <Wajoy/0, — const, if px >py;
0y/0y — const always ; 0,/0, — const always ;
04/0; — const, if py >pa; oo, -0 if pv <pa.

The same pertains to o3, 05, and og.

The isotopic relations are in a certain sense
quite general, since they do not depend on the de-
tails of the dynamics, and are merely expressions
of the hypothesis that at large energies the ampli-
tude is determined in the s channel by the states
with definite isotopic spin in the u channel. At
that it is not at all obligatory that one isolated
Regge pole correspond to these states. The rela-
tions will be the same even if the structure of the
singularities in the j plane is more complicated
(for example, several poles or cuts). From this
point of view, a check on the isotopic relations is
of primary interest. An experimental confirma-
tion of the fact that u-channel states with definite
isotopic spin ‘‘are in operation’’ at high energies
would be a serious argument in favor of stating
that the amplitudes are determined at high ener-
gies by u-channel states with low energies, equal
to Vu, since it is known that at low energies
there is no degeneracy in the isotopic spin. The

same considerations pertain not only to the u
channel but also to the t channel (boson states

The authors are grateful to V. B. Berestetskili,
I. Yu. Kobzarev, and M. P. Rekalo for useful dis-
cussions.

)3).

3The role of the isotopic spin in the cross channel was
recently considered in [*'].
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