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We derive a set of new consistency conditions for the pion-pion scattering amplitude. These conditions
hold for any s, £, # in the cube 0<s, ¢, #<pu?, with the four external mass variables off the mass shell and
restricted so that ¢:2=0, ¢g2=s, ¢?=1¢, and ¢2=wu. Using these consistency conditions, we determine the
coefficients of the power-series expansion of the pion-pion amplitude up to and including second-order terms
in the variables s, ¢, #, and ¢;2. We use this expansion to calculate the pion-pion S-wave scattering lengths and
thus check the consistency of Weinberg’s recent calculation of these numbers to the next higher order. The
final result is within 109, of that obtained by Weinberg.

I. INTRODUCTION

N a recent paper Weinberg! has used current algebra
to calculate the pion-pion S-wave scattering lengths.
The answer he obtained is smaller by at least a factor of
5 from what had been believed to be reasonable esti-
mates of thewr scattering lengths from dispersion theory
or comparison of peripheral models with experiment.

Weinberg’s result does not follow from current algebra
alone. The restrictions given by current algebra and
partially conserved axial-vector current (PCAC) on
the = amplitude give us information at unphysical
points and unphysical external masses. The problem
is to extrapolate these results to the physical threshold.
This is relatively easy in the case of =V scattering
where there is a small number, /M, and where one
neglects terms of order u?/M?, etc. For 7w scattering
there is no such number. What Weinberg does to effect
an extrapolation is to expand the amplitude in a power
series of s, ¢, #, and the external mass variables, ¢.%
i=1, 2, 3, 4, and keep terms only up to first order in
these variables. One can then determine the three
coefficients in the expansion from Adler’s consistency
condition and a low-energy theorem for 7m scattering.
Once the coefficients are known one assumes the ex-
pansion is still good up to threshold and calculates the
scattering lengths.

Such a method of extrapolation is rather dangerous.
It is known that the expansion used is divergent at
threshold. One can get around this difficulty by as-
suming that the unitarity branch point is a weak
singularity which allows us to use the expansion at
least as an asymptotic expansion up to and maybe a
little beyond threshold. Since Weinberg gets small
scattering lengths in the end his argument is self-
consistent, but it does not in fact prove that the scat-
tering lengths are indeed small. Even if one accepts the
asymptotic nature of the expansion one does not a prior:
know at what order it gives a good approximation to
the amplitude near threshold. There is no a priori
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reason, for example, to assume that the second-order
terms, s2, st, 42, etc. are smaller than the first-order
terms. One would feel much more at ease with Wein-
berg’s results if one were able to estimate these higher
order terms and compare them with the lower order
ones. This becomes even more pertinent when we recall
that the results of Ref. 1 give much smaller scattering
lengths than had been expected from previous
arguments.

In this paper we derive a set of new consistency
conditions on the 7w amplitude that hold in addition
to the Adler? consistency condition. We then use these
consistency conditions to estimate the coefficients of
the expansion of the w7 amplitude to second order in
the variables s, ¢, #, and ¢;% The remarkable result is
that the second-order terms turn out to be negligible
and Weinberg’s results are essentially unchanged
within our approximations.

Adler has derived consistency conditions on 7V and
wr scattering which hold with one pion taken off the
mass shell.? If one tries to derive a consistency con-
dition for N scattering with two pions off the mass
shell, then one has to estimate the matrix element of a
scalar density between two nucleon states.® This scalar
density essentially arises from the equal-time com-
mutator of the axial-vector charge with the divergence
of the axial-vector current. Thus as in Ref. 3 one does
not get a new consistency condition but a relation
between the scalar matrix element and #V scattering.

In the case of 7w scattering it turns out that one can
essentially eliminate the matrix element of the scalar
density between two single-pion states and get new and
stronger consistency conditions. The main new tool
that one needs to do this is to know the equal-time
commutator of the axial-vector charge with the scalar
density. There are several ways to do this, all leading
to the same answer for our purposes. One can use
directly the commutators of the axial-vector charge
with the scalar densities, #;, and the pseudoscalar
densities, v;, given by Gell-Mann.* We can then use
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the densities v;, ¢=1, 2, 3, as an interpolating field for
the pion. It is reasonable to assume that these pseudo-
scalar densities are smooth interpolating fields like
9,4+ and allow us to make extrapolations off the mass
shell of the order of the pion mass without introducing
large errors. In fact in some models like the quark
model (or the o model), 9,4 is just proportional to
;. In a general quark model 9,4 is proportional to
v; plus SU(3)-breaking terms. Anyway, no one ever
proved that 9,4 # was a good interpolating field. This
was just verified by experience starting with the success
of the Goldberger-Treiman formula. In the same way
one can only verify whether »; are good interpolating
fields by the results of using them as such. One can
easily see, for example, that the Adler consistency
condition for =N scattering follows also from using v;
as an interpolating field for one of the pions and 9,4 ;#
for the other and the commutation relation (1).

If one does not like to introduce a new interpolating
field one can get results identical to ours in the following
way: First, one uses the commutator of 4.°(x,f) with
d,4;# to define a scalar density. One assumes this
scalar density is a local field. To compute the com-
mutator of the scalar density with the axial charge, one
uses the Jacobi identity to get a result essentially
identical to our Eq. (2’). In this way, one would just
have to replace v; by 0,4 :# wherever it appears in our
paper and the results will be the same.

In Sec. II, we derive a new consistency condition on
7 scattering with two pions taken with zero external
mass. We also show how one can get Adler’s consistency
condition using our methods. These two consistency
conditions are used to calculate the coefficients in the
Weinberg expansion up to first order, so that we may
verify that our method gives the same results.

In Sec. ITI, starting with a reduction formula for the
ww amplitude in which all four pions are reduced out,
we derive a general consistency condition on the ampli-
tude. This consistency condition does not only hold at
one point in the six-dimensional space of the off-shell
mm variables, but holds for all s, {, # in the domain
0<s, t, u<u?, with the external masses restricted such
that ¢2=0, ¢?=s, ¢@=1, ¢=wu. All four external-mass
variables are taken off the mass shell.

Finally, in Sec. IV we use this general consistency
condition to evaluate all but one of the coefficients of
the expansion of the == amplitudes up to and including
second order in s, ¢, %, and ¢,%>. We then give arguments
to show that the one coefficient left undetermined is
small. Our final result is that all the first-order coeffi-
cients remain the same as in Ref. 1, and all the second-
order ones are negligible within our approximations.
Even if we carry over some correction terms to our
main approximation we find that they only change
Weinberg’s value for the scattering lengths by 5%,.
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II. A NEW CONSISTENCY CONDITION ON
THE PION-PION AMPLITUDE

In order to clarify our method we derive a consistency
condition on the 77 amplitude with two pions taken with
zero external mass. Our main point is to show how one
can get a consistency condition on all three == ampli-
tudes which, unlike the =V case, does not depend on
the matrix elements of the scalar densities. We then
show how this consistency condition when coupled with
Adler’s consistency condition will lead to Weinberg’s
scattering lengths.

Our starting point is the commutation relations of the
axial-vector charge with the scalar and pseudoscalar
densities given by Gell-Mann in Ref. 4,

LOA D) (x0) ]=id g (x,) , 1)

[O:4 (0),ui(x,1) ]= —idijavi(x,0) ;
i: jrk=0: 17 :8: (2)
where

QiA=/d3x AL(x,1), ©))

and 4#(x) is the usual axial-vector current. In a quark
model #; and v; are given by

Mi=%i>\¢t; V= —(1/2)i75>\,t, ¢=0, 1, Tty 8. (4)

Most of the results obtained from PCAC or current
algebra follow from using d,4.* as an interpolating
field for the pion. The success of PCAC strongly suggests
that 4,4.* is a good interpolating field in the sense
that it allows us to go off the mass shell by an amount
of the order of the mass of the pion without introducing
large errors. One can also use v,, a=1, 2, 3, as an
interpolating field for the pion. This would not make
any fundamental difference for the results derived in
this paper, but it will we think make certain points
clearer. We would expect v, to be also a good inter-
polating field like 9,4 * since in models like the quark
model* 4,4 ,* is proportional to v, plus SU(3)-breaking
terms. (In one specific quark model where the sym-
metry-breaking Hamiltonian is proportional to us,
d,4.* is proportional to v, for a=1, 2, 3.) The only
problem with using v, is that we do not know its
normalization to the one-pion state. We shall see how
we can get around this problem by using Egs. (1) and
(2) together and getting a relation in which the un-
known normalization of the v,’s is canceled by the
unknown 7 scalar vertex.

Since in this paper we deal only with pions, i, 7,
k=1, 2, 3, we simplify Eq. (1) and Eq. (2) by first
defining the scalar density o(x) as

o(x)= (Vuot (v/5us. ©)

Then instead of Eq. (1) and Eq. (2) we have
[Qa* (1),08(x,t) ]=18apo (x,2) , (1)
I:QaA(t),U'(X,If):I= _iaaﬁvﬁ(x;t) s @ :3= 1; 27 3. (2’)
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These last two commutation relations are the only
ones we shall use in this paper. We should perhaps
remind the reader that Eqs. (1’) and (2’) are also true
in the ¢ model if one identifies v, with the unrenor-
malized pion field and ¢ with the unrenormalized o
field. We stress here that our final results will not
depend on the ¢ field or its matrix elements.

As we mentioned in the introduction, one can avoid
using the v,’s and use 8,4 .* in their place in the fol-
lowing way. First, one defines a new ¢’ from the com-
mutation relation, [ Qa4 (£),0,4 g (x,t) [=104p0" (x,8), and
assumes that this ¢’ is a local field. To calculate the
commutator [Q.%(¢),0’(x,t)] one now uses the Jacobi
identity and the known commutator [Qa4(#),0s4()]
to get a result similar to Eq. (2), [Q.2(@),0’(x,)]
= —10450,,4 g (%,1).

We define the normalization constant a, of the v,
field as

(0[va(0) |ms(q)) = (2m)**(2¢") *a b (6)

In our reduction formulas we shall make both the
replacements:

apA a”(x) - C1r,u-2¢a (x) y C7r=MNgA/G1rNN ) (7)

0, (%) — Ara(x). ®)

If we identify v, with 9,4.* as in Ref. 3, then in that
case a,=c,m,% In that case Eq. (1) and Eq. (2) remain
unchanged with o replaced by some ¢’. Since we are
only interested in the relative normalizations of », and
o we do not worry about cases where a, is zero and deal
with @, as if it were finite. This does not affect our final
answers.

Our first step is to relate @, to the orr vertex by the
usual Fubini-Furlan trick.®? We write

(ma(k)|o(0)|ms(g))= (2m) = (4k00°) /%3 o
X fo(ghk%; (g—R)®). (9)

From Lehmann-Symanzik-Zimmermann (LSZ) we can
express f° as

T (@R (q—R)))dapca®/ (2m)°2 (2¢°)' 12

=i(u2—k2)/d4x ik @
X<01 T(8,4 *(x)a(0))|7s(q)) -

This is an identity, as k2 — u?, and the usual PCAC tells
us that f is a slowly varying function as k* varies from
k?=u? to k?=0. Integrating Eq. (10) by parts we get

(10

5 We thank S. Weinberg, W. Weisberger, and M. Nauenberg
for stressing this point. One assumes here that 9,4 q* is part of a
chiral quadruplet to get ¢’ multiplied by 84s; see Ref. 1.

6S. Fubini, G. Furlan, and C. Rossetti, Nuovo Cimento 40,
1171 (1965). See also V. Alessandrini, M. A. B. Bég, and L. S.
Brown, Phys. Rev. 144, 1137 (1966), and Ref. 7.

7 W. Weisberger, Phys. Rev. 143, 1303 (1966).
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the identity
Sap 7 (%825 (q—k))cap®/ (2m)*2 (2¢°)' 12

=ku(W— &) / 4 ¢*#(0| T (4 o*(x)7 (0)) | 76(9))
—i(,u,z—k2)/d4x €28 (x0)
X{0|[4a"(%),0(0)]|ms(9)). (11)

In the limit as &, — O the first term on the right is zero.
The second term using Eq. (2) gives as £, — 0 and ¢
remains on shell,

fo W05 p%)=—ax/cx, (12)

where the first two variables in f¢ always refer to the
external masses of the pions in the o7 vertex and the
third variable is the momentum-transfer variable. The
constant @, was defined in Eq. (6) and ¢, is the pion-
decay form factor which, if one uses the Goldberger-
Treiman formula, is ¢,=M ng4/G.nn. Both a, and f°
are in general unknown but the relation (12) helps us
eliminate them from our final answers as seen below.
(If one chooses v,=09,4.* then in that specific case
f 7= —m1r2‘)

To get our consistency condition we define the off-
the-mass-shell invariant == amplitude by

iM (948,957 ; 428,q10) [cap®ar/ (2)* (4 Lg") ]
= (u*—¢5) (#2-912)/d4x e

X(ws(g2) | T(0ud o*(2)v4(0)) [76(g2)) .  (13)

Here ¢?=¢2=py? and is not varied in this section. As
g2—u? and g2—p? M as defined in Eq. (13) is
guaranteed by the LSZ formalism to give the correct
7w amplitude, assuming we have chosen a 9,4.* and
v, that are relatively local. (We have factored out
the energy-momentum-—conserving & function and
g5=q1+q2—4qa.)

Integrating the right-hand side of Eq. (13) by parts,
we get

iM (8,957 ; g8, 1) [ca’ar/ (2m)* (4q L") 2]
=i =) =) [ i
X (w5 (ga) | T(A a()0y(0)) | 75(g2))
— (=g (W —gs) / b et

X (m (g)|[4a2(x),0,(0) ]| m5(g2))d (x0) . (14)
We now let both ¢;— 0 and ¢;— 0. The first term is
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zero and the second term, after using Eq. (2) and Eq.
(9), gives us

. ) ,
gllm }lun M (945,937 ; 428,q10)Crpiar
=—ptf7 (U u?; 0)BarBp0 .

Let us assume that f is a slowly varying function of
the external-pion masses as ¢> varies between zero and
u* and the same for the transfer variable, and write

Jo (205 wh)=2fo (u%u?; 0) . (16)
We justify this approximation in detail at the end of
the next section. As far as varying the external-mass
variables are concerned this is just the usual PCAC
assumption. Varying the third variable—i.e., the one
in the ¢ channel—could be more dangerous and we
study it in detail later.
With Eq. (16) we can use Eq. (12) to eliminate f°
and a, from Eq. (15) and get

1)
lim lim M (q48,g5Y ; 928,q10) =—dardps.  (17)
Cs

(15)

q10 ¢3—0

We recall the isospin decomposition of M into the three
amplitudes 4, B, and C given by

M (948,957 ; 926,910) = Abegbys+ Bbardps+Caslpy, (18)
where
A=4 (s)l)”; 412,‘122;‘132;942) ) etc. ) (19)
and
s=(q1t+¢2)?,
t= (ql— 93)2 )
u=(q1—¢s)*, (20)

4
stttu=3 ¢

1=1

In terms of 4, B, and C, our consistency condition in
Eq. (17) becomes

A(s=p2 t=0, u=p?; ¢’=0, g=p?,

9#=0, ¢f=p?=0,
B(u%,0,u?; 0,u2,0,u%) = u/c,?,
C(u,0,u%; 0,u%,0,u%)=0.

The Adler-Weisberger sum rule for 7= scattering also
has two external-pion momenta taken to zero. However,
it essentially gives a consistency condition on the
derivative of the odd 77 amplitude at »=0.

One could easily repeat our calculation to get Adler’s
consistency condition? for the =7 amplitude with
¢1— 0 and g2, g3, ¢4 all on the mass shell. We do not
do this here since the Adler consistency condition is a
special case of the general consistency condition to be
derived in the next section. Adler’s consistency con-
dition gives

A4 (#2)/“'27”2 ’ 07/‘2;”'27“'2) =B=C=0.

(21)

(22)

N. N. KHURI
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To go from Eq. (21) and Eq. (22) to a statement
about physical quantities such as scattering lengths,
one has to go through extrapolations which at first
sight would seem quite dangerous. Weinberg’s method
of extrapolation consisted of expanding 4, B, and C
in powers of s, ¢, #, and ¢ and keeping terms only up
to first order in these variables. Crossing symmetry
and Bose statistics require the off-mass-shell amplitude
to have an expansion of the form

A=a’+b(t+u)+cs+0(s2>st7' * '7qi2q}'27' : ':qi4" ‘ ')1
B=a+b(s+u)+ct+-- -,
C=a+b(s+8)+cu+---.
The main point here is that in Eq. (23) there could be
no first-order terms in the ¢2 variables.

In this approximation one can use Eq. (21) and Eq.

(22) to determine a, b, and ¢. From Eq. (21) we get
two equations:

(23)

a+uPh+utc=0,
a+2p2b=p2/c,2;

and from Adler’s consistency condition, Eq. (22), we
have

(24)

a+2p?b+p2c=0. (25)
The solution of Egs. (24) and (25) is
a=p/ct; b=0; c=—1/c.?, (26)

where ¢.=Myg4/G.nn. This is the same as the result
obtained by Weinberg,! where in his notation ¢,=F,/2.
If one uses Eq. (23) to give the amplitude at threshold,
one gets the scattering lengths given in Ref. 1.

However, there are several troubles with the ex-
pansion in Eq. (23). First, it is known to be divergent
at threshold. Weinberg gets around this difficulty by
assuming that the unitarity branch point is a weak
singularity which allows him to use Eq. (23) at least
as an asymptotic expansion up to and somewhat
beyond threshold. Since he gets small scattering lengths
in the end, this shows that his argument is self-con-
sistent, but does not prove that the scattering lengths
are indeed small.

The strong consistency condition which we obtain
in the next section enables us to estimate the coefficients
of the power-series expansion up to second order in s, ¢,
#, and ¢ The remarkable result is that all the second-
order coefficients are not only small but also negligible
within our approximation.

III. A GENERAL CONSISTENCY CONDITION
ON THE PION-PION AMPLITUDE

In this section we extend our method to get a general
consistency condition on the wn amplitude which gives
restrictions not only at one point in the six-dimensional
space of the ww-scattering off-shell variables, but in a
three-dimensional region.
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We write for the off-shell 77 amplitude the following
reduction formula:

—i(2m)% (g1t g2— gs— ) M (948,957 ; 958,910) @6 i
4
= (1T (=02 [t -
i=1

X exp(—1q1- 1—1gs- Xot1q3- ¥3+19q4- x4)
X (0] T(9,4 o*(21)v5(22)vy (5)v5(24)) [ 0).  (27)

Again in the limit where all ¢2— p?, M as defined
above gives the exact ww amplitude.
If we integrate Eq. (27) by parts we get the identity

—i(2m)*8 (g1 ¢2— 5= g M (910,957 @B, qre)as’e.n
4
—iguu(IT (2—g2) f dia - diny
i=1

Xexp(—iq1 21— 1qs- Xet1qs X3+1q4- X4)
X (O] T (A o (21)25(22)v (23)05(%4)) | 0)

- (IiI1 (u*—gq)) / A4y - d4wgd (0 — ")
Xexp(—1q1+%1—1qa- ®aiqs- X3+ 1ga- x4)
X (0] T(CA& (1),8 (22) Joy (205)25 (204) ) | O)

—permutations of the last term over the v’s.  (28)

In the limit ¢, — O the first term in Eq. (28) vanishes.
The other three terms, after using the equal-time
commutation relation, Eq. (1’), give us three terms
proportional to the onm vertex.

We obtain

—1 lim M (g46,95v ; 928,010)@+"C+
q1—0

=i(u2— g af(¢5,94; (5+94)*)oasbdys
i —gs)a."17(g2%,94°; (2= 94)*)oerB0
+i(ui—g)a 179,955 (92— 95)")dasdpy, (29)
where to obtain Eq. (29) we have used the identity

aW2fv(q2yk2; (9“‘ k)2)5aﬂ
_— (#2—k2) (I-"z— 2)fd4xd4y e—iq~ze+ik~y

X{0| T(o (0)va(x)25(y))[0).  (30)

This follows from applying the reduction formula
directly to Eq. (9).8

8 With both pions on the mass shell it does not matter whether
we use the definition (30) or (10) for fo. In principle, when we go
off the mass shell, f* defined with 8,4 ,* as an interpolating field
could be different than f° defined by the 24’s. However, we have
assumed that both 9, and 9,4 .* are good smooth mterpolatmg
fields and we only use (30) for 0<qz k2<p?. So as long as we do
not go too far off the mass shell, f° as defined in (30) and as
defined in (10) are within our approxlmatlons the same. This
problem, of course, would not have arisen if we had used 8,4 *
instead of the ,’s all through.
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In the limit as ¢:* — 0 we have the following relations
between the six variables of = scattering:

g2=qst¢s; (31)
and hence when ¢1#=0,
s=(gst+qa)*=¢7?,
t=(g2—qs)*=¢, (32)
u= (g2—gs)*=gq4’.
Thus Eq. (20) becomes
. 1 fo(tuss)
lim M (g48,g57 5 ¢28,q10) = ——(u?—5) —Bapdys
q1—0 Cr ar
1 fo(s,u;8)
__—(I"Z—t)———-— ay08y
Cr Ar
fo(s,t; u)
—— (= t)———busbpy. (33)
Cr Qr

We now use Eq. (12) to eliminate @, from Eq. (33)
and get a relation between the off-shell 7= amplitudes
and the o vertex. In terms of the amplitudes 4, B,
and C we now have

A(s: t) u; q12=01 Q22=S, Q32=l, g4 =u)
fo@us s)
= (s
cr FoW2,0; u?)

B(S: t3 Uu; 912=0; Q22=S, q32=t, g4 =%)

fr(su; )
= —(w— 34)
Ca? (N )fd(ﬂzao;/") (
C(S, t; u,; q12=0: q22=s; q32=t; g« =u)
e fo(s,ts u)

The functions f° are by definition symmetric in the
first two variables, i.e., the external-pion masses, so
Eq. (34) is manifestly crossing symmetric. What we
have succeeded in doing so far is to show that when
q1#=0, then if one sets the other three external-mass
variables equal to s, f, #, respectively, one gets a
relation between the off-shell amplitude and a ratio of
the owm vertex at two different points. Thus the problem
reduces to a study of how fast f* varies in all three of
its variables.
We restrict ourselves to the domain 0<s, , #<u?
and show that in this region
Jr Qs )/ 1 (W05 )= 5

0<s, tup.  (35)
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The fact that fo(x,y; 2) is slowly varying in the first
two variables is actually part of the PCAC assumption
(or the assumption that v is a smooth interpolating
field) as long as # and y do not vary much from their
on-mass-shell value, x=y=p? This can be justified by
pion-pole-dominance arguments similar to those used
by Weisberger.” For example, if we let g7 be given by

, 5:!3
R (— k) —————
P e oy

i f 040 | T(o (O)pa()) | 75(0)),

¢=u?, (36)
then as a function of 2 for fixed (¢—k)? the function
g° has a pole at k2=p? and the residue of that pole is
just fo(u?u?;s), where s= (g—k)2. The PCAC assump-
tion tells us that for 0<k2<w? and s fixed and small,
the pion-pole term dominates over contributions from
other singularities in the %% plane. We get

g7 Wik )= fo(Whw; s)/ (B—?), O0<K<p’. (37)
But comparing Eq. (36) with Eq. (10), we get
(W—2)g” (x5 )= f (w2 5),
and hence
Jo(utw; )= fo(utu?; s); 0<w<pul. (38)

Extrapolation in the other pion-mass variable can be
handled in the same way. To a good approximation we
can therefore write

fo(xy; )= fo(uu?;s), 0<wz, y<ul.

The behavior of f¢ in the third variable, the one
corresponding to the square of the o four-momentum,
could in principle be much more dangerous. Indeed one
would argue that a strong = S-wave, I=0, interaction
could give the vertex f7(u2u?;s) a large derivative in s
at s=0. Fortunately, dispersion theory gives us a fairly
reliable way of estimating the effect of rescattering on
a vertex. The Omnes formula for /7 would give us

(39)

F Ut s) E / 30(s)

fo(u?u?; 0)

ds’ ] , (40)

T J a2 s’ (s'—s)
where 8,° is the S-wave, =0, 7= phase shift. The slope
of fo(u?u?;s) at s=0 could be large either because of a
large scattering length or because of a low mass reso-
nance in the /=0, /=0 channel. Let us first estimate
the effect of a scattering length on the slope. Starting
with [ (s—4u?)/s]"? cotds’=1/aou, we use the expression
0 (s)=2aop[ (s—4u?)/s]? in Eq. (40) and obtain for
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the derivative of j7,
1 afs
e (”2)”2; S)
Fo(u2,2,0) ds a0
aop [ (s'—4u2)'12 o
~_ —_—ds (41)
T ap? s’5/2 6‘"—”

Thus the ratio in Eq. (35) is approximately given by
J7@u;s)  foWhatss)

Qo
= =1+—(s—1%);
FoW05 82 fo(uu?; u?) g

6mu
0<s<u2.

(42)

We note that the form we have used for §,° in Eq. (41)
does not vanish as s — o, as it would have if we had
included an effective range. This makes our correction
term in Eq. (42) larger than it actually is. Nevertheless,
we easily see that even if a, is as large as u~, the cor-
rection term in Eq. (42) is at most 1/67=0.05, as s
varies in the interval 0<s<u? In the next section we
shall keep the second term on the right in Eq. (42) in
our calculation of the scattering lengths and show that
it only changes Weinberg’s result by a few percent.
Even including these corrections our final result for a
is still @¢=20.20u~". For the region 0<s, ¢, u<u? one
can thus safely neglect the second term in Eq. (42).

If there exists an actual ¢ resonance, in the [=0, /=0
channel, then the correction to Eq. (35) will be of the
form

7 (u,u2; 5) u?
FU59 1t <s~y2>0(—); 0<s, b usu. (43)
Jo(ww?; 0) me*

Thereseemsto be no evidenceforanarrow (I'< 100 MeV)
o particle with mass lower than 600 MeV.? Thus we
can also neglect the correction term in Eq. (43). The
only possibility left is for a very broad 7r resonance in
the region below 600 MeV. But the effect of such a
broad resonance (I'>200 MeV) on the slope of f° at
s=0 will be very similar to that of a large scattering
length which we have already shown does not affect
our results appreciably.

The consistency condition in Eq. (34) can now be
written as

A(s, t,u; ¢*=0, ¢P=s, g =1, ¢=u)>c, 2 (u>—s);

0<s, t, u<u?;
.B(S, t; U, q12=OJ q22=s) Q32=t, q4 =u)

o2 (w—1), (44)
C(s, t, u; q2=0, g?=s, q2=1, q=u)

e, (ul—u).

As we have mentioned earlier, these consistency con-

® M. Deutschmann et al., Phys. Letters 12, 356 (1964) ; see also
V. Hagopian, W. Selove, J. Alitti, J. P. Baton, and M. Neveu-
René, Phys. Rev. 145, 1128 (1966).
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ditions are much stronger than the usual ones which
hold only for one point; these hold for any s, £, # that
lie in the cube 0<s, £, < p? if the masses are restricted
as in (44).

IV. THE POWER-SERIES EXPANSION OF
THE PION-PION AMPLITUDE

We use the consistency condition (44) to estimate
the == amplitude up to second order in the variables s,
¢, #, and ¢;%

We expand 4, B, and C in a power series of the
variables s, ¢, #, 7%, where #=)_ ¢;*—s—t. To second
order in these variables, crossing symmetry and Bose
statistics require the expansion to take the form

4 (s,t,u; 912#122;‘]32;942) = a+ b (t+ u)+55+d (t+’u)2
+etut fsP+g(Hu)s+h X ¢let;  (45)

>j

and B and C are obtained by exchanging s and ¢ in
(45) or s and u, respectively. No terms linear in the
¢ variables appear. Also terms of the form g¢.%, g%,
etc., can after using crossing and Bose symmetry be
reduced to forms already in (45). Before applying (44),
we note that there is one remark we can make in general
about the coefficients @, b, ¢, -+, g, h. There is no
a priori reason to assume that any of the second-order
coefficients are small except for 4. For if % is not small,
then the amplitude will vary strongly with the external-
pion masses; a situation which is in contradiction to the
PCAC philosophy.1® For example, if this were the case
and % were large, then the Adler-Weisberger sum rule
for wm scattering would be practically useless even if
we were someday able to measure the 7 total cross
sections exactly.

Let us use (44) to determine the coefficients ¢, b, c,
- - -, h. We restrict ourselves to the domain 0<s, £, < 2.
Comparing (45) with ¢:*=0, ¢?=s, ¢?=1, ¢=u, with
(44) we get

a+b(t+u)+cs+d (tHu)+etu+ fs*+ g (t-+u)s

+h(stt+tutsu)=c,2(u2—s); 0<s,t,u<u?. (46)
This gives us
azlu'z/cvrza
b=0,
c=—1/cs?, 47
and
h=—e=—g.

Note that a, b, and ¢ still have the same value obtained
by expanding only up to first order. Only one constant
is left undetermined in the second-order terms; and

10 Tn all this paper, we are assuming PCAC is a good approxima-
tion. We want to estimate the relative magnitude of the first- and
second-order coefficients under that assumption.
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that one is # which, as we mentioned earlier, we expect
to be small.

In order to estimate the scattering lengths ao and as,
we need to assume that the expansion in (45) is at least
numerically good up to s=4u? In extending s— 4u?%
we shall keep track of the correction terms in (42) in
order to make sure that they do not make important
contributions.

If we keep the correction terms from (42) in the con-
sistency condition (44), then instead of (47) we obtain
for the coefficients

a«g(;ﬁ/ﬂ,f) (1 —dou/éﬂ') )
=0,
=—(1/¢.t)(1—aou/37),

f=—(1/cs*) (ao/6mn), (48)
and

a=0;

e~ —h.

We have mentioned earlier that # must be small
compared to the dominant lower order terms. This
indeed has to be so if we are to be consistent with the
approximation used in (37) and (38). For example, let
us consider in detail the #%°— #%° amplitude, F,
given by

F=A+B+4C

=3A4T04-241=2, (49)
Let us fix our attention on the symmetry point s=u,
and {=0. Then by using the arguments of Ref. 7,
considering dispersion relations in the external-mass
variables ¢,? and ¢4 and assuming dominance by the
double pion pole we get

F(S"_‘u) t=0;0, “2) 0, u?

=F(s=u, t=0;p% p? v p?).  (50)

A similar result was written for the even wN ampli-
tude in Ref. 3. The argument is very similar to that
used in (36)-(39) above and one can refer to Ref.
7 for details. What we have done here is to keep =0
fixed, and s=u, (v=0, fixed) and extrapolate two ex-
ternal-mass variables, ¢:* and ¢g?, from u? to zero. On
the other hand, we can compute both sides of (50) from
our expansion (45). For F, using the coefficients in (47),
we have

F(s,tu; q,q,q8,98) = 3a+4p2c—3h(st+tut-su)
+3h 2 924,

>3

(1)

where u=Y_;qf—s—t always. We now use (51) to
calculate the difference:

F(S=M, t=0;/~‘2; ﬂza /-"2) /-"2)
—F(s=u,t=0;0, 12 0, uY)=26hut. (52)
Thus to the extent that (50) is a good ext apolation,
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we conclude that 6#u* must be small when compared
to the dominant term in (51) which is (3a-+4u)
=—u?/c,% Here

¥ =p2Gnn?/ M g 4% (8/9)r.

At the end of this section we write a sum rule for %
and discuss its magnitude further; however, it is clear
that to be consistent with our approximations on f°
earlier we must neglect 2. We can now compute the
scattering lengths.

The S-wave scattering lengths are related to our
expansion coefficients by

== — (1/327mp)[Sa+12u2c-+48 ful-+30hut],
a:=2— (1/32mu)[ 2a+12kut]. (53)

We have kept both terms proportional to f and % in
(53). Following our estimate of 6ku* when compared
with u?/c,?, we see that 30kut is also negligible when
compared with (Se+12u%c)=~=—7Tu?/c.2. Even if 6hut
were as large as 209, of u?/c,?, keeping the term 30/u* in
(53) would only change Weinberg’s result by 139, and
raise the scattering length at most to ¢¢=20.23u7%.
We thus have, setting 2=0,

ae=— (1/32mu)[Sa+12u%c+48 fut]. (53"

Substituting the values (48) for a, ¢, and f we get an
equation for ¢, which we can solve and obtain

/1 u 29u?
-2
4\87 c,? 1927%,*
The numerator of this last expression is exactly Wein-
berg’s result. The quantity (29u2/1927%,?) is about

0.04. Therefore keeping the correction terms in (48)
will only change the result by 49,. We get

(54)

ao=20.2u71. (55)

This means that the ratio in (42) is indeed close to
unity and the quantity aou/6r is of the order of 19.
The coefficients are therefore given by (47) to a good
approximation.

In a similar way the corrections terms do not affect
as in any appreciable way and one still gets

=2 —% (u/8mc.2)=20.06p1. (56)

In conclusion we write a dispersion relation for the
forward 7%7% — #%° amplitude F and show how it can
be used to give a sum rule for %. It is more convenient
to use the laboratory energy » instead of s as a variable,
where

s=2u?+2pu. (57

For t=0 the expansion for F(v) for physical masses,
keeping 7%, is
F(n)=— (u¥/ca®)+18hut—3h(4u>—s)s
== (/e 122 (PH3),  [v[<w. (38)
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This expansion is good, even convergent, for |»|<u.
We note that at the points y=-4u/V2, F(») is through
(58) given by —u?/c,* and not dependent on k. We can
therefore write a twice-subtracted dispersion relation
for F(v) and if we choose the subtraction points to be
v==iu/V2, the subtractions do not depend on k. We get

2 v+3Iu?) ImF (')
F(V)_____# =2(-1|r-u)/ ( ") ,

dv'. (59)
) ()

The expansion (58) is certainly good at »=0, and it
gives

CrP

F(O)=—p/c*+G6hut. (60)

We see that 64u? is just the difference between F(v=0)
and F(v=1u/V2). Our assumption is that this is small
compared to the value of F at either of these two points.
Comparing (60) with (59), we get a sum rule for %:

2 0 /
= w ImF (') ,

E—" 1
T Ju V,(VIZ‘I"%P«z)

We recall that F is the physical forward fully symmetric
amplitude and only /=0 or /=2 contribute to ImF.
The first thing we learn from (61) is that % is nega-
tive; ImF in our normalization is negative. The con-
tribution of resonances like the f° to % through (61)
will certainly be negligible for our purposes; so will that
of any high-mass (i.e., greater than 500 MeV) resonance.
If a low-energy narrow resonance exists, say in the
1=0, I=0 channel, it could change our result appre-
ciably, but it is hard to see how it can increase the
scattering length up to more than ¢o=0.3u! at worst.
Such a resonance would make the Weisberger extra-
polation quite bad for r scattering, and it has of course
not been established experimentally.® Many of the
theoretical arguments for its existence, like the analyses
of K4 decay™ and 7 decay,” have lately been rendered
unnecessary. The only remaining question is the
saturation of the Adler-Weisberger 7w sum rule.!3
That sum rule has one less power of » in the denominator
than in (61), and it could easily be saturated with, in
addition to known resonances, an /=0, /=0 resonance
of mass>600 MeV. It does not necessarily force us to
predict a low-lying resonance. There is one contribution
to (61) which might be dangerous and whose effect
we can approximately check ; namely, the contribution
from ImF (") near threshold that is related to the /=0,
I=0 scattering length. This will give a contribution
that is proportional to a¢* from the low-energy part in
(61) and that when substituted in (53) will change the
functional form of our resulting equation for @o. To
make sure that this will not appreciably change our
results, we divide the integrationr ange in (61) into two
parts, a<v<6u and 6u<»< . In the first interval we

(61)

1S, Weinberg, Phys. Rev. Letters 17, 336 (1966).
12H. D. I. Abarbanel (to be published).
1S, Adler, Phys. Rev. 140, B736 (1965).
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approximate ImF by the contribution from the /=0,
I'=0 channel and use §¢’~[ (s—4)/s"%aou and get

Ot — 20+ /m mE@) 6
> —2aultui/n | —————dv'.
° )

If we ignore the second term in (62) and assume it to
be a fraction of p?/c,*=28w/9, we obtain on substituting
(62) into (53)

ao=—(1/32mu)[—7(¢*/c.*) —10as’w?].  (63)
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This last equation has two roots for ao. One will, to
within 29, give us back the same answer as before,
a==20.2u~1. The other root is ridiculously large,
@==210p%, and clearly unphysical. The latter root will
also give a very large value for as.
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We show that the recent high-energy = polarization data from CERN are explained in a natural way
by the three-Regge-pole model. The prediction of this model for #*p polarization differs greatly from that
for 7~ polarization in the region where |¢| <0.6 (GeV/c)2 In particular, in this region, the =+ polarization
has an opposite sign and comparable magnitude to that for =7~5.

THIS paper shows that recent high-energy n—p
polarization data from CERN* are explained in a
natural way by the three-Regge-pole model.? The pre-
diction of the model for #tp polarization has an opposite
sign and comparable magnitude to that for 7.
Elastic wNV scattering at small momentum transfer is
dominated, in this model, by three Regge poles in the
crossed channel. Thus it is a more complicated problem
than the charge-exchange reactions, with only one or
two poles, for which the Regge hypothesis has had great
success.?”7 However, this complication is largely com-
pensated by the greater variety of data available.

* Work supported in part by U. S. Atomic Energy Commission.

t Visiting scientist.

1 M. Borghini, C. Coignet, L. Dick, L. di Lella, A. Michalowicz,
P. C. Macq, and J. C. Olivier, Phys. Letters 21, 114 (1966).

2R. J. N. Phillips and W. Rarita, Phys. Rev. 139, B1336 (1965).

8R. J. N. Phillips and W. Rarita, Phys. Rev. 138, B723 (1965);
Phys. Rev. Letters 15, 807 (1965) ; Phys. Letters 19, 598 (1965).

4 G. Hohler, J. Baacke, H. Schlaile, and P. Sonderegger, Phys.
Letters 20, 79 (1966).

5 F. Arbab and C. B. Chiu, Phys. Rev. 147, 1045 (1966).

6 B. Desai, Phys. Rev. 142, 1255 (1966).

7 M. Barmawi, Phys. Rev. Letters 16, 595 (1966).

The data we use are total cross sections,® differential
cross sections for elastic®® and charge-exchange! 12
scattering, Coulomb interference measurements of the
phase of the forward elastic amplitude,’® and 7~ elastic
polarization.! These data are from 5.9 GeV/c upward,
and with squared momentum transfer |¢| <1 (GeV/c)%
For do/dt data, we worked with a representative subset
of 141 elastic points in the interval —1<¢<—0.1 and

8 W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A. Leontic, R. H.
I(’hilli s, A. L. Read, and R. Rubinstein, Phys. Rev. 138, B913
1965).
9 K. J. Foley, S. J. Lindenbaum, W. A. Love, S. Ozaki, J. J.
Russell, and L. C. L. Yuan, Phys. Rev. Letters 11, 425 (1963).
10 D, Harting, P. Blackall, B. Elsner, A. C. Helmholz, W. C.
Middelkoop, B. Powell, B. Zacharov, P. Zanella, P. Dalpiaz, M. N.
Focacci, S. Focardi, G. Giacomelli, L. Monari, J. A. Beaney, R. A.
Donald, P. Mason, L. W. Jones, and D. O. Caldwell, Nuovo
Cimento 38, 60 (1965).
1A, V. Stirling, P. Sonderegger, J. Kirz, P. Falk-Vairant, O.
Guisan, C. Bruneton, P. Borgeaud, M. Yvert, J. P. Guilland, C.
Caverzasio, and B. Amblard, Phys. Rev. Letters 14, 763 (1965).
12T, Mannelli, A. Bigi, R. Carrara, M. Wahlig, and L. Sodickson,
Phys. Rev. Letters 14, 408 (1965).
B K. J. Foley, R. S. Gilmore, R. S. Jones, S. J. Lindenbaum,
W. A. Love, S. Ozaki, E. H. Willen, R. Yamada, and L. C. L.
Yuan, Phys. Rev. Letters 14, 862 (1965).



