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A simple, nonrenormalizable quantum field theory containing a scalar field derivative-
coupled to a nonconserved vector current of massive fermions is investigated. A method is
presented which permits the calculation of S-matrix elements as a power series in a sym-
metry-violating mass difference Am, instead of the usual series expansion in the coupling
strength g: (a|S|B) =) a,(Amy)". It is shown that the resulting scattering matrix is unitary
and that for » =4 all of the coefficients in this new expansion are explicitly finite. It is not
yet known whether the proposed method yields finite coefficients for all ». Finally, it is
noted that these techniques can be applied to a number of other nonrenormalizable theories.

I. INTRODUCTION

In the following we study a simple nonrenormal-
izable field theory describing a coupled system of
scalar and spin-3 particles specified by the La-
grangian density?

Lx)= —%(58;2 (x))2 —7'(x)<yu 5 * ™o +Amy 1'3>l (x)

—zga @ ()i’ )y, Tyl (x), 1)
where
vy 11 ()
=)

is an eight-component spinor field representing an
isotopic doublet of spin-3 particles, ¢ (x) is a sca-

lar field, and 7, are the usual 2x2 Pauli matrices.?

Our investigation is motivated by the possibility
that the weak interactions may obey a similar (al-
though considerably more complicated) field the-
ory.

If the amplitude for a particular process pre-
dicted by the Lagrangian (1) is computed as a pow-
er series in the coupling constant g, divergent in-
tegrals are encountered in all but the lowest-order
terms. Because of the derivative coupling appear-
ing in £(x) these infinities are not as manageable
as those found, for example, in quantum electro-
dynamics. In particular, the theory cannot be
made finite by the introduction of a finite number
of renormalization constants. In this paper we at-
tempt to avoid these difficulties by carrying out
systematically, a partial summation of the usual
perturbation series.® The result of this process
is an essentially unambiguous, unitary scattering
matrix expressed as a power series in the mass
difference am,,

(a|S|B) =Z:)oa,,(Amo)" ) @)

|on

The coefficients in this expansion are explicitly
found to be finite for n <4. The finiteness of high-
er-order terms has not yet been established.

We begin by making a canonical transformation *
on the field variables appearing in Eq. (1). In
terms of

1(x) =e*T1°%1" (x), ®)
the Lagrangian density becomes
1/ 3¢
_§<a (x)> l(x)(yu ) 160)

_Amﬁ(x)e‘"l"”")Tse'i”wwl(x) : @)

Lx)=

Let us further simplify this Lagrangian by normal-
ordering the product of exponentials of the scalar
field using the formula

. : - : 2 -
o HED () — o Higd(x), 2ig T (x) 5 -°[6T (x), b x))/2, (5)
where
dx)=d"(x)+¢"(x),

¢*(x) and ¢ ~(x) being the usual annihilation and
creation operators. If the divergent constant

exp{-3g?%[¢*(x), ¢~ (x)]} is absorbed by the mass re-
normalization
Amo:Amc;e-zg"’[w(x),(zs-(x)] , )

our Lagrangian becomes

£(x)=—%<%> l(x)('yua +M)l(x)+l(x)5Ml(x)

—amyl (x): ¥ 1T "0y L7 )1 I(x). (7)

The physical mass matrix M = m+A mT, retains
the original diagonal form because of the symme-
try of our Lagrangian under the discrete operation

P)~ -9 k),
l(x)—-e"”3lzl(x).

The standard mass counterterm 7(x)6M(x) follows

®)
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from
M = (m =my) + (Am = Amy)T4 . 9)

The physical mass of the scalar particle is zero
because of symmetry under the operation

Px)=- oK) +c,

1(x)—e**m°](x)

(10)

for any real constant ¢, possessed by the Lagran-
gian (4). If we treat the final two terms in Eq. (7)

as the interaction Lagrangian and transform to the
interaction picture, we obtain the following Dyson-
Wick expansion for the scattering matrix S:

S=i:-(-;L’)" T{ﬁ d‘*x,CfC,(x,)l, (11)
n=0 : 1=1 5
where

JC,(X) =Am07(x): (eigrl¢(x)T3e—igfld>(x) _7.3): 1(x)

- 1(x)dM1(x). (12)

The fields ¢ (x) and I(x) are now fields in the inter-
action representation having the time dependence
of free fields,

(yua—-zu + M)l(x) =0, )

O¢ =0.

In Sec. II a graphical analysis of the time-ordered
product of » operators 3C,(x) found in the expansion
(11) is presented. Modified Feynman rules are de-
duced which allow an amplitude expanded to a finite
order in Am, (but to all orders in g) to be repre-
sented by a finite number of graphs. Each term
in the amplitude corresponding to a given graph is
written as a sum of products of the singular func-
tions ®
etié.:zAF(x)’ SF(x;m)e*"‘“zAF"",
and (14)
tr[Sp O ; m)Sp (=2 ;)] * 1462 0P

Such an nth-order amplitude is an explicit function
of n coordinates x,, ..., x, and possesses essen-
tial singularities when (x; - x, )?=0. Determination
of the physical scattering amplitude requires in-
tegration over these coordinates and a method for
dealing with the singularities.

The expansion in Am, can now be discussed in
detail using the framework established in Sec. II.
To first order in Am, the scattering amplitudes,
given by matrix elements of f d*x3C,(x), are quite
simple since no loop integrations occur. However,
the second-~order amplitudes are proportional to
the Fourier transforms of the singular functions
(14) and, therefore, require careful consideration.

These second-order amplitudes are studied in Sec.
II. There it is found that the singular functions
(14) can be Fourier-transformed provided the fac-
tor +g” in the exponent has a negative real part.
Thus all the second-order scattering amplitudes
fall into one of two categories: (a) those defined
for real values of g, and (b) those defined for un-
physical, imaginary values of g. The amplitudes
of type (a) are unitary and except for exponential
high-energy growth are quite satisfactory. How-
ever, the amplitudes of type (b) require additional
attention. Simple analytic continuation of these
amplitudes from imaginary to real values of g is
complicated by the presence of a logarithmic
branch point at g =0. Consequently, each ampli-
tude defined for imaginary g is a multivalued func-
tion of g being properly defined on a Riemann sur-
face possessing many sheets. For real g we must
then choose among a number of independent am-
plitudes — each corresponding to the original am-
plitude evaluated on a different Riemann sheet.

We will assume that each physical amplitude for
real g of the type (b) can be written as a linear
combination of these various continued amplitudes.
This assumption® and the requirements of unitarity
determine the entire second-order scattering ma-
trix as a function of the parameters m,, am,, g,
and six additional real constants. It should be
noted that the methods and results of Secs. II and
III are similar to the previous work of many auth-
ors, in particular that of Volkov.

In Sec. IV, these techniques are extended to
higher-order processes. Following the graphical
analysis of Sec. I, we attempt to construct high-
order amplitudes as the integral of products of
lower-order amplitudes. It is found that again, to
both third and fourth order in Am,, all amplitudes
fall into one of two groups: (a) those amplitudes
that can be constructed as convergent integrals of
products of lower-order amplitudes for real values
of g and (b) those which can be so defined only for
imaginary g. The possibility of such a classifica-
tion to arbitrary order in Am, has not yet been es-
tablished. Nevertheless, we will assume that such
a division can be made. Again both types of am-
plitudes are found to possess logarithmic singu-
larities in g% —this time of the type In¥g2?. Those
amplitudes of the type (a) are shown to be unitary
and, hence, satisfactory predictions of the theory.
We propose to treat amplitudes of the type (b) just
as was done in second order. Each physical am-
plitude of the type (b) is written as a linear com-
bination of the independent amplitudes found by
continuing from imaginary to real g along various
paths. It is shown that the imposition of unitarity
essentially eliminates the ambiguity inherent in
such a procedure so that the entire S matrix is de-
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termined by this technique as a function of the pa-
rameters m,, Am, g, and a single additional real
number b.

The proposed method of calculation is not a sim-
ple one; it requires summation in position space
before integration and intricate analytic continua-
tion in the coupling constant. However, the result
is a complete prescription for calculation in a non-
renormalizable field theory which does not require
the introduction of an infinite number of param-
eters. The techniques developed are quite general
and can be applied to many theories in which the
nonrenormalizable part of the interaction can be
written in exponential form. In particular, the ap-
plication of these techniques to a theory of expo-

FIG. 1. A diagram representing the amplitude for
a general scattering process involving N scalar and two
spin-3 particles computed to first order in Am,. The
dashed lines represent incident or scattered scalar parti-
cles and the solid lines represent spin-3 particles.

nentially coupled scalar fields and to a simple non-
renormalizable vector-boson theory is discussed
in Appendix E.

II. GRAPHICAL ANALYSIS

The perturbation series in Am, specified by Eq. (11) has a surprisingly simple graphical representation
which is developed below. We postpone a discussion of the ultraviolet divergences present in this expan-

sion by omitting the integrals f d*x; .
plicit functions of » coordinates x;, ..., x
tudes only if the coordinates x,, .
(x; = x;)?=0 overcome.

Consequently the amplitudes investigated in this section will be ex-
.+ A physical scattering amplitude is obtained from these ampli-
.., x, are integrated over and the difficulties raised by the singularities at

To first order in Am, the scattering amplitude for a particular process is given directly by the matrix
elements of 3C,(x). The scattering amplitude A, for a process involving N scalar particles and two fermions

1s

Ay =am,(2g)VT,U,[ (T3)aya €OS(NZT) + (T5) o SIN(NET)], (15)

where U, is the four-component Dirac spinor and «; the isospin index for the ith fermion. Such an ampli-
tude is represented by the graph in Fig. 1. Reactions without two external fermions are possible to first
order in the expansion (11), but are proportional to Am and are therefore treated with the second-order

amplitudes; see Ref. 11 in Sec. III.

Let us begin the discussion of higher-order processes by examining the time-ordered product of the sca-

lar field ¢ (y) with 3C,(x).” It is easy to see that

T{¢p (MI(x)(: e 117 g -ie ¥ : ~7 )l (x)} = 2giA g (x =) (x) : @€ ¥ Tar g =ie B0 I(x)

+1(x): (V)P T e =it 7 )1 I(x) . (16)

Likewise the contraction of N fields ¢ (y,) with 3C,(x) will contain N factors of 2giA .(y; - x) and the 2X2 ma-
trix 7,cos(mzN) + 7, sin(r3N). Thus, if we consider the time-ordered product of 3C,(x,) with 3C,(x,) and apply
Wick’s theorem, the term with N scalar fields contracted is given by

. 1 - -
[4g22AF(x1 —xz)]Nm l(x],)all(xl)Bll(xZ)dzl(xZ)Bg: V; (xl)alﬁlI,i(xZ)azsg )

where
Vi (X)qg = (eigdx)rlTje—i:(D(x)Tl)aB
and

i=3+5(=1)",

am

The factor (N )7! is introduced to eliminate double counting. Summing over N, we obtain

T{JC,(xl)JC I(xg)}:Z(xl)all(xl)Bli(xz)azl(xz)ez(Amo)z(: [Vs(xl)alsl - (Tg)al Bl][V3(x2)f!282 - (Ts)azez]:

+{COSh[4ig2AF(xl _xz)] _1} . Vs(xl)otlal Vs(xg)azﬂz:

+sinh[4ig®A, (x, - x,)]: Val)a, s, Val62)ays, ) - (18)
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Hence, a general second-order amplitude can be
represented by a graph with two vertices. These
graphs are of three types as shown in Figs. 2(a),
2(b), and 2(c) corresponding to processes with a
total number of zero, two, or four fermions in the
initial of final states. The three graphs in each
category represent the separation of the right-
hand side of Eq. (18) into terms depending on the
boson propagator A (x, —x,) as 1, cosh[4ig?®
XAp(x, =x,)] =1, and sinh[4ig®A (x —y)], where the
cosh -1 and sinh factors are represented by lines
labeled e and o, respectively. The factor corre-
sponding to each vertex in Fig. 2 is A ,(2g)¥"-¥
where A, is defined by Eq. (15), N’ is the number
of external scalar lines attached to that vertex and
N is the number of external scalar lines plus the
number of o-type internal lines attached to that
vertex. Of course, multiplication by the spinors
U,; and U, is replaced by the appropriate spin-3
propagator iS,(x; —x,) if the corresponding fer-
mion line happens to be internal.

A general amplitude of nth order in A, is ob-
tained from the time-ordered product of » opera-
tors 3¢,(x;). Such an amplitude can be determined
by the same procedure as was applied above in the
second-order case. One must systematically sum
all possible contractions of scalar fields between
each pair of operators C,(x;) and 3¢,(x;). Thus, a
general nth-order amplitude will be represented
by a graph with » vertices where each pair of ver-
tices is connected by (a) no boson propagator, (b)
an e line, or (¢c) an o line. Two fermion lines,
either internal or external, must be joined to each
vertex. Again to each vertex there corresponds

(c)

FIG. 2. Diagrams corresponding to the amplitude for
a general second-order scattering process involving the
interaction of scalar particles with (a) zero, (b) two,
and (c) four spin-3 particles.

FIG. 3. A typical fourth-order graph representing one
term in the scalar-fermion elastic scattering amplitude.

the factor A,(2g)¥-" described above; while to
each wavy line connecting vertex ¢ with vertex j
there corresponds the factor cosh[4g%A.(x; —x;)] =1
or sinh[4g%A . (x; —x;)] for cases (b) and (c), re-
spectively. A typical fourth-order scalar-fermion
elastic scattering graph is shown in Fig. 3.

An alternative classification of these amplitudes
which will be useful later decomposes a particular
amplitude into separate terms according to the ar-
rangement of the functions exp[+4ig®A,(x; - x;)]-1
rather than the occurrence of even or odd powers
of the quantity 4ig®A(x; —x,). To obtain this rep-
resentation for a particular nth-order amplitude,
we need only take all the terms corresponding to
graphs with the same topology but different assign-
ments of e and o to the internal lines, split each
hyperbolic cosine or sine into the usual sum of
two exponentials, and group together all terms
containing a given combination of the functions
exp[+4ig®A z(x; — x;)] =1. This new arrangement
of our amplitude has a graphical representation
identical to that just described — we need only label
each internal line connecting the vertices i and j
with the symbol plus (+) or minus (=) to specify
whether the particular term represented by the
graph contains the factor exp[+i4g®A,(x; —x;)] =1
or exp[ -4ig’Ap(x; —x,)] -1. Thus, the particular
graph for second-order fermion-fermion elastic
scattering shown in Fig. 4(a) represents the posi-
tion-space amplitude

=i (Amp)PU U, U U, (e =42 0F 1 =x2) _ 1)
X[(Ts)aaal(Ts)a4a2 - (Tz)aaal(Tz)a4<x2] ’

(19)

where U, is the four-component Dirac spinor and
a; the isotopic spin index for the ith fermion.
Although the arrangement of Pauli matrices cor-
responding to a single graph of the plus, minus
type is considerably more complicated than that
for the first graphical representation discussed,
the second description does obey a simple rule
which limits the possible distributions of plus and
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(a)

(b)

FIG. 4. Diagrams representing (a) fermion-fermion
elastic scattering and (b) fermion-antifermion elastic
scattering to second order in Am.

minus lines in graphs of a given topology. First,
let us consider any subset of wavy lines in a par-
ticular graph which form a closed polygon; for ex-
ample, lines 1,2, and 3 in Fig. 3. In the represen-
tation specifying sinh and cosh -1 factors we can
exchange all the o lines with e lines in the polygon
and leave the Pauli matrix structure of the ver-
tices unchanged. In fact, the amplitudes repre-
sented by the two graphs would be identical except
for the exchange of the factors -sinh and cosh -1
corresponding to the lines in the polygon. [The ex-
tra minus sign preceding the hyperbolic sign fac-
tor is necessitated by the trigonometric functions
in Eq. (15).] Thus, when all the amplitudes corre-
sponding to graphs of such a topology are decom-
posed and added to form amplitudes arranged ac-
cording to the distribution of the factors exp[+4g?
XAp(x; -x;)] -1, the only amplitudes which occur
will be those containing an even number of plus
lines in that polygon. Hence, in our second graph-
ical representation, all closed polygons of wavy
lines must contain an even number of plus lines.
This rule allows a simple enumeration of all
graphs with a given topology. First consider a
graph with » vertices connected in all possible
ways by wavy lines [there must be 37 (n —1) such
lines] with plus and minus lines distributed in some
particular fashion. Pick one vertex, a, and let A

FIG. 5. A fifth-order graph containing the maximum
number of wavy lines illustrating the division of vertices
into two sets A and B as described in Sec. II.

be the set of all vertices connected to @ by an un-
broken chain of minus lines (A includes a).
Clearly, all the vertices in A are connected to
each other by minus lines. Choose a second ver-
tex, b, not in A and let B be the set of all vertices
connected to 4 by an unbroken chain of minus lines
(B includes b). Again all the vertices of B must be
connected to each other by minus lines while any
line connecting a vertex in A with a vertex in B
must be of the plus type. The two sets A and B
must include all vertices since if there existed a
third vertex c¢ not in A or B the triangle with ver-
tices a, b, and ¢ would contain an odd number of
plus lines. Thus, the vertices of a general graph
containing the maximum number of wavy lines nat-
urally divide into two sets A and B with the above
properties. Such a grouping is illustrated for the
fifth-order graph shown in Fig. 5. It is not diffi-
cult to see that an arbitrary nonvanishing graph
can be obtained from a nonvanishing graph with the
maximum number of wavy lines by the deletion of
a subset of those lines.

In summary, the results of this section demon-
strate that the explicit summation of a general
scattering amplitude to all orders in g but nth or-
der in Am, is quite easy provided the coordinates
Xy, ..., %, in Eq. (11) are not integrated over. Sub-
sequent integration over these variables and in-
vestigation of the difficulties associated with the
singularities at (x; - x,)?=0 is carried out in Secs.
oI and IV.

III. SECOND-ORDER PROCESSES

In this section we will complete the determination of the second-order scattering matrix begun in Sec. II,
by performing the coordinate-space integrations over x, and x,. Carrying out these integrations amounts
to evaluating the Fourier transforms of the singular functions (14). Let us begin by considering the func-



5 FINITE PREDICTIONS FROM A SIMPLE NONRENORMALIZABLE... 2491

tions which correspond to the plus and minus wavy lines in momentum space,

<ng>
+ 47.‘.2

for spacelike p? in a reference frame where p,=0. We will first examine the x, integration, choosing the
usual contour passing above the —|X| singularity and below the +|X| singularity. The large-x, behavior of
the integrand in Eq. (20) allows the rotation of the x, contour to the imaginary axis. The angular part of

the resulting four-dimensional Euclidean integration can be performed with the result

2)___ fd4xe-ip-x(ei4i:2AF(x2) -1), (20)

i 4 2,2 2 2 . ©
-5—23*<%ﬂ12->= - ;7;_1 J; dx® (P22 7 ((3p2)V/2) (e €%/ T a/x?) _1) @1)
The function B_(g?p?/4n?) is clearly well defined by Eq. (21), provided g* is positive - the initial summa-
tion in coordinate space having damped the singularities of the individual terms. The function B,(g%?/4n?)
is not determined by Eq. (21) unless we consider unphysical, imaginary g. If we define B,(g%?%/4r?) as the
function determined by Eq. (21) with the plus sign but negative g2, then

B,(g%?%/4n?) = B_(-g%?/4n?) (22)
for negative g2.

The properties of the function B_(z) are determined in Appendix A. There it is shown that B_(z) has the
following series expansion:

3j2+65+2
B.(z)= +Z(n+2)'(n+1 Yin! 2(nz +3y-32) - Z:(n+2)'(n+1)'n'(,Z:(]ihz )(i+1)3 )

1}
N[ =

f1(z)Inz +f,(2), {23)

where y=0.5772... is Euler’s constant, f,(z) and f,(z) are analytic functions of z. The asymptotic behav-
ior for large positive z is found to be

-321/3/2 1/3 1/3
B_(z) ~ —\%ZW;,—— [(1 g.l— .. > V3 cos(s—\/-s_zz—> +<1 —g# FI ) sin(i\/—:;—zi—ﬂ. (24)

If z is continued to large negative values by passing above/below the logarithmic branch point at the origin,
we find

e¥in/é
B-(Z) ~ We

z—>=oti€

1/3 ;121178
+312111572 5 7 dle) s«i/z_ @5)

Thus, for real g and spacelike p2, B_(g?»?/4n?) is real and hence diagrams of the type shown in Fig. 4(a)
will represent unitary amplitudes. As in the conventional case we can obtain amplitudes for timelike p2 by
continuing p2 from spacelike to timelike values through the lower half-plane.? The resulting imaginary
part of B_ is

Im B_(M) B il

& A CEONCESUTTR @6)
which is consistent with unitarity for processes of the sort
1+7=-1+T 7)
illustrated in Fig. 4(b). In terms of B_(z) the scattering amplitude ® represented by this graph is

— 2 ;
Ty ip-15i4= VaUiUs vy (Ts)aza 1(7'3) agag” (Tz)azal (Tz)asa4](Amo)2 (2‘5)4 B <g (‘11)17 ze)) 6% (b3 +Ds=p1 =P2)s

28)

where —p? is the square of the center-of-mass energy, Uy, Us, %, Vyand p,, p,, ps, p4are the appropriate
particle and antiparticle spinors or four-momenta and the o, their isospin indices. The product of the low-
est-order amplitude for the annihilation
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Li+l,-n ¢'s
with the complex conjugate of the amplitude for
ly+l,~n ¢’s

integrated over n-body phase space yields
4

J’dQnTl!l-z*nOT;kal]*no = (A'”o)z%éﬂpa +pa=b1=bs)

X ‘_/ZL'IUS V4[ (73)

G0y

CHRIST 5

(29)
30)
(—g2p?/4n?)"-2
nl(n-=1)1(n=-2)!
(73) 0 4og €OS* (317) = (T)) o, (T2) o, o 4 SIN*(30T)] . 31)

By comparing Eqgs. (26), (28), and (31), it can be seen that the amplitude proportional to the isospin ma-

trix (T3)o,o,(Ts)aga, = (T2)o o, (To)age , Satisties

o
- . TX- . =i - * -
Ttlxz—»1314 T1314»1112 szdQ" Txlxr»noTtax‘pm

n=2

as required by unitarity.

(32)

Now let us turn to the problem of defining B, (g2 ?/4n?) for spacelike p? and g?>0. Simple analytic con-
tinuation of B,(g??%/4r?), defined for negative g2 by Eq. (22), from negative to positive values of g2 is made
difficult by the logarithmic dependence on g? revealed in Eq. (23). If we define [ B,(g%?/4n?)], for n, a pos-
itive or negative integer, by continuing B,(g??/4n?) from negative g% counterclockwise n times about the

g2 =0 branch point, even an arbitrary choice

B.(g%?/4n%) = B.(g%?/41%)],

(33)

will not be real and hence inconsistent with unitarity. In order to define a unitary B,(g%»2/4n?) we will gen-
eralize the continuation procedure of Eq. (33), postulating

2,2 )
B.(fﬂé’ >= Y aB,(g%?/ 4r?)],

n= =

4 2 242 2,2 2,2
o () ) (4

b= i 2m(n +3)ia,.

n= —c n= =

Unitarity requires that a =1 and that b is real. This method for defining B,, one among many alternatives,
is of particular interest because of its general applicability to similar situations occurring in higher -order

processes —as will be shown in Sec. IV.

The Fourier transforms of the other functions listed in (14) can be obtained in the same manner that the

functions B, were determined. Let

1 .
Fi(gzp"’, mz/pz)ﬂ+F; (g%2, mz/pz)m= ?fd‘lxe'”"‘SF(x ;m)eux;ZAp(x)

and

AED P/t /) =i [[atee el e mSy o o 00 (35)

The functions F_, F! enter, for example, the
Compton amplitude represented in Fig. 6(a), while
A, is required for the boson-boson elastic scatter-
ing amplitude corresponding to the graphs!® shown
in Figs. 6(b) and 6(c).* The functions F_, F/, and
A_ are defined directly by Eq. (35) for positive g2
and the same choice of x, contour made in the der-
ivation of Eq. (21). The resulting amplitudes are
unitary and possess logarithmic singularities at

the point g2=0. In particular, the functions F_

and F! have the form §,(g%)In%? + F, (g2) Ing?
+Fo(g%) - 1/g%(p? + m?) where F,, F,, and F, are
analytic functions of g% while A_ contains an ad-
ditional term proportional to In3g2. The functions
F,,F/, and A,, involving the exponent +g2/m%x2,
are determined by a continuation procedure identi-
cal to that summarized in Eq. (34). In this way
five more constants are introduced into our sec-



t

M

FIG. 6. Diagrams representing amplitudes determined
by the functions (a) F_(g2p2, m?/p?), F. (g°p?, m?/p?) and
®), () A.(g2p?, m?/p?) defined in Sec. III.

ond-order theory if F, and F/ are treated identi-
cally. The functions F,, F/, and A, are studied
briefly in Appendix A where the single logarithmic
singularity in g2 is established and the asymptotic
behavior for large p? or g% shown to be similar to
that of B,(g%p%/4n?).

Thus, by adopting the analytic -continuation pro-
cedure displayed in Eq. (34) we have determined
all scattering amplitudes to order (Am,)? as a func-
tion of m, Am, g, and six additional parameters.

IV. HIGHER-ORDER PROCESSES

We will now try to extend the methods introduced
in Sec. III to the calculation of matrix elements of
higher order in Am,. The analysis of Sec. II shows
that such amplitudes can be written, at least for-
mally, as the integral of products of lower-order
amplitudes. For example, the third-order graphs
of Fig. 7 represent two amplitudes which can be
written in terms of the integrals

f d*R U [F_ (g% m2/k¥ + F.(g%2, m2/ kD) m,|U,

2 (- 2 2 b - - 2
y Ba(g <4nzp1)> Bg(gf ( tba e py) ) (36)

for i=1and 2, o=+, my, =m+Am, and m,=m —Am.
In most cases the expressions obtained this way
contain exponentially diverging integrals so that
only particular amplitudes can be directly defined
in terms of lower-order amplitudes. This situa-
tion is illustrated in third order by Eq. (36). For
the case of Fig. 7(a) and 0=-, the asymptotic
forms shown in Eqs. (24) and (A3) indicate that the

FINITE PREDICTIONS FROM A SIMPLE NONRENORMALIZABLE... 2493

P, Py P, P

o

(a)

)/\\ /\ \
+ \\ + + L+
S J/( kY
P, \/\N\f j Py

FIG. 7. Graphs representing two third-order ampli-
tudes discussed in Sec. IV,

(b)

Euclidean® integration fd4k converges so that Eq.
(36) defines the required amplitude for positive g2.
On the other hand, for Fig. 7(b) and 0 =+ the as-
ymptotic behavior of B, for positive argument, as
indicated by Eqgs. (22), (25), and (34), is so strong
that the integral in Eq. (36) diverges for positive
g°%. We may attempt to obtain finite values for
these diverging amplitudes by considering imag-
inary values of the coupling constant, as was done
in Sec. ITI. If a particular amplitude can be defined
for imaginary g, then the physical amplitude might
be obtained by the continuation procedure adopted
in Sec. III.

Let us examine this possibility in third order by
investigating the amplitude represented in Fig. 7(b)
for negative g2. In fact, it is possible to write this
amplitude as a convergent integral of products of
second-order amplitudes defined for negative g2.

If g% is negative, the two lines labeled plus repre-
sent the function B, defined directly for negative
g% in Sec. III. Although the amplitude represented
by the combination of the third wavy line and the
fermion line is defined directly by Eq. (35) only
for a positive real part of g2, we can try to obtain
the appropriate amplitudes F; and F/ for negative
g% by a continuation procedure of the sort specified
in Eq. (34). Thus we can determine the amplitude
represented in Fig. 7(b) for negative g2 from the
integrals

f d*% T F_(g%2, m2/k2)f + F' (g%2, m2/k?)m,|U,
(o2 —p 2\ _ [o2? —h )2
XB+(g (’Zﬂsz) >B+<g (k+P3 D2 px)) 37)
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for
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F' (g%k2,m2/k?)= 3, C[F" (g%2 m?/k?)),,
where [F’ (g%? n?/k?)], is obtained from the func-
tion F! (g%k? m?/k?), defined for positive g® in Eq.
(35), by continuing g2 from positive to negative
values along a path circling the origin counter-
clockwise # times. The integral over k in Eq. (37)
converges. Using these techniques it is not diffi-
cult to see that all third-order amplitudes fall into
one of two classes: (a) those defined directly as
integrals of products of lower-order amplitudes
for positive values of g2, and (b) those amplitudes
so defined for negative values of g2. This third-
order discussion suggests that the amplitude cor-
responding to each nth-order graph can be simi-
larly defined in terms of lower-order amplitudes
for either real or imaginary values of g.

Thus, our investigation of the expansion in Am,
leads us to consider two operators: (i) the physi-
cal scattering matrix S(g) to be evaluated for real
coupling constant g, and (ii) a second, unphysical
scattering matrix U(g) defined for imaginary g.
Each is to be determined as a power series in Am,

S(g) 2 (amy)'S,(g),
«, (38)
U(g) =Z=) (amy)"U ,(g),

where both S,(g) and U,(g) can be written as a fin-
ite sum of 7, terms corresponding to our various
possible nth-order graphs,

Tn

S.(g) =iZ) S,.i(2),

=1
" (39)
U,,(g) =E Un,i(g)'

i=1

In defining the operators S, ;(¢) and U, ,(g) we have

e

i - - f E -
+ +
+ + E -
£+ - <
FIG. 8. Third-order graphs belonging to same class
of graphs as defined in Sec. IV.

grouped all nth-order diagrams into a finite num-
ber of classes. The amplitudes which enter S, ;(g)
and U, ;(g) correspond to graphs in the ith class.
These classes of graphs are chosen so that two
graphs belong to the same class if they differ only
in the number or arrangement of external boson
lines, the direction of a fermion line, or if they
are both connected and can each be obtained by de-
leting zero or more wavy lines from the same
more complicated graph. Finally, two graphs are
to be placed in the same class if they can both be
divided into the same number of disjoint connected
subgraphs and these subgraphs can be put in one-
to-one correspondence in such a way that corre-
sponding subgraphs belong to the same class.
Members of such a class of third-order graphs
are shown in Fig. 8. If nth-order graphs of the
type ¢ have 2p; external fermion lines joined to p}
different vertices (p; <p; <2p;), the operator S, ,
will have the form

n ipiex - i .
Sn,{(g)= ,I;I,(.[d‘p’fd"‘:‘e"" i(etiemn s ;’)6]&!(6 "Tld""))s,-y,>

2p;=pj _ Pi
X T sy ll),) I

r=1 k=2 =p+
2
XM,,.{(g 1 ZEREREY N

Likewise, U, ; can be written in terms of a function
M, ;(g?). In the discussion to follow, we will deal
simultaneously with all those amplitudes which
have been added together to form the function

M, (g*) or M, ,(g?). This is natural and conven-
ient because (i) Any procedure which makes finite
an nth-order amplitude containing the maximum of
3n(n - 1) plus and minus wavy lines should be ex-

’
k]

1[70" (xk)é,,] 11 [lok (xk)))z]

Rk=p;+1

)Bl... <o B 2pi—prisrrec o YpisTptingieces y
O reees@niBpi+eees Bni Onpiop?it 1reees Opli (40)

r

pected to render finite those amplitudes corre-
sponding to graphs obtained by deleting some of
those lines. (ii) As was noted for a particular
case in Ref. 10, there may be significant cancella-
tions between members of the same class of am-
plitudes. (iii) Given a sum of functions M ni(8%)
over all classes ¢ of graphs with the same p; and
p;, it is possible to project out a particular func-
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tion M, ;(g?) by acting only on the isotopic spin in-
dices a, 3, v, 6, and the Dirac indices o.

As indicated above, we will hypothesize that for
each n and 7 either

(@) M, ;(g?) can be obtained as a convergent in-
tegral of products of lower-order functions
M,. {g®) for real g, or

() M, ;(g?) can be obtained as a convergent in-
tegral of products of lower-order functions
M, ;(g® for imaginary g.

This assumption is verified through fourth order
in Appendix B. As was discussed in the second-
order case, we will assume that those matrix ele-
ments of either S or U which are not directly de-
fined above can be obtained by analytic continua-
tion. If case (b) above is valid we will assume

M, (D)= 3 culn, M, (g?)], (41)

for positive g2, while if case (a) holds,

M, (g%)= 25 du(n, )M, (&°)]n 42)
for negative g2. As before, [M, ;(g%)], is the func-
tion obtained from M, ;(g?) by continuing g* from
negative to positive values along a path circling
the origin counterclockwise m times. Likewise,
[M, ;(g%)], is obtained from M, ;(g?) by a similar
continuation in g2 from positive to negative values.
These two assumptions allow us to proceed induc-
tively, determining the functions M, ;(g?) and
M, ;(g?) for arbitrary » in terms of the constants
cn(n’,i')and d, (n’,i') for n’<n. I is shown in
Appendix C that the resulting functions have the
form

An,i)
M, (&%= ; (M (g?) In'g?

+ M'(l)(gz) lngZ]

(43)
M, (-g%)= Z‘ [M""( -g2)In’(g?)

+ M (—gz)@ In*(g?)],

for g? positive, where M’,(g%), M (g%), MP (g2,
and M%) (g?) are smgle-valued functlons of gz, ana-
lytlc in the entire g2 plane except for the point
g*=0. The functions M (g?) and M, (g?) are
known to vanish for » <3 and may well be zero for
larger n; for simplicity we will neglect them in the
following discussion —their inclusion somewhat
complicates the arguments presented below but
does not alter the conclusions drawn at the end of
this section.

Equations (40) and (43) imply a similar decompo-
sition of the operators S, ;(g) and U, ;(g):

Aln, i)
S,i(8)= 25 S¥i(g)In'g?,
=0
An,i) (44)
= E U, Gg) In'g?

U,.,i(ig)

for real g, where the operators S/”;(¢) and U”;(g)
depend analytically on g. If case (b) holds, we
can use Eq. (43) to simplify (41), providing a di-
rect relation between M, ; and M P

'lt’

Aln, i) _
M, (&)= 2 [P (MP(g%),
=0
for

()= 3 cpln,ding®+@n+)mil,  (45)

m= =

while for case (a) Eqs. (42) and (43) imply
ni(_g)— E h(l) (gz)Mu) ( g2)’
for

WO (g2)= 35 dn(n,i)Ing?+@n+1)mi]'.  (46)

m= -

In both Eqs. (45) and (46), g is real. We can write

identical equations for the operators S,,,,.(g) and
Ui (g):
S,.i(8)= Z) U P (g) (CY))

for g real and if case (b) applies, while for case (a)
and imaginary g

U,,(g)= E hmi( gz)S’f?l. (8)- (48)
1=0

All of these equations, (41), (42), (45)-(48) can be
extended to hold for both the (a)- and (b)-type
graphs by inverting Eq. (41) in case (b) and Eq.
(42) in case (a). This is not difficult because of the
simple logarithmic dependence of M, ; and M, ; on
g2. In each case we find the same set of A(x, )
equations for the f"; and A,

’ll’

oran ") -
G,O—Zf'f'(ih (21ng2) )
O S VIS I =T = 1))

which can be solved for the A(x, i) /s in case (a)
or the 1 ’s in case (b). Thus the hypothes1s de-
scribed at the beginning of this paragraph, when
coupled to the procedure specified in Eqs. (41) and
(42), determines the nth-order scattering matrix
in terms of a finite number of arbitrary param-
eters.

Just as in the second-order case studied in Sec.
I, we should expect the requirement of unitarity
to reduce the number of parameters entering the
calculation of the nth-order scattering matrix. We

(49)
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will now show that the imposition of unitarity re-
duces the number of new parameters in this theory
to one. For nth order in Am, unitarity requires

Z) S, (8)S,n ()" (50)

n'=1

S,(g)+S,(g)T

for real g. Similarly, we will construct the oper-
ator U, ;(g) so that it obeys a “pseudo-unitarity”

condition

U (8)+U,(=g) == Z) U (U

n'=1

et (=8)T (51)

for imaginary g. These equations can be made
more specific if we project out the contribution of
a particular class of graphs (/) and equate equal
powers of Ing?:

n-1 1
SO (g)+S%, (g 20 2 [SH(2)S ()T,

n’=1I'=0 ik
(52)
for real g and
n 1
U@+ UR ()T == 23 2 DU @5 )T,

(53)

An,i)
S,,i(8)+S,:()7T= 2 [ UD(g)+ f

1=0

II
M.

E [S n-n',k(g)f]i

’

3
1
I

3
1
-

|II
) M

UL (@)

CHRIST 5

for imaginary g. The product operators appearing
on the right-hand side of Eqs. (52) and (53) can be
written as a sum of operators of the form displayed
by the right-hand side of Eq. (40). The symbol [ |;
indicates that the operators corresponding to
graphs containing 2p; external fermion lines con-
nected to p; vertices should be retained and from
the multiplicative isospin and Dirac tensor [cor-
responding to the function M, ,(g) in Eq. (40)] one
should project that tensor represented by graphs
of the type i .

Let us proceed inductively assuming that Eqs.
(52) and (53) hold for all orders n’< n for some
choice of £ ;. and 2?;,. It seems reasonable to
expect that Eq. (52) will be satisfied automatically
in nth order for classes of graphs i of the type (a)
above, for which the corresponding scattering-ma-
trix elements M, ;(g?) are constructed directly
from lower-order, unitary amplitudes. Similarly,
we expect Eq. (53) to be valid for classes of graphs
of type (b). That this is in fact the case is demon-
strated in Appendix D. Thus, for graphs i of type
(b) Eq. (53) will be assumed automatically valid
and we need only impose Eq. (52), which can be
written

%3 {2000 @IS 300U ()]} (54)

i d Eq. (53) is continued to real g and used to eliminate the operator U”! in Eq. (54), we obtain

n

Z (=[x ®, =
n,i

1=0 n'=11'=0j,k

Equating coefficients of the independent operators 2

v, [UBUEn ], we obtain

O =0 ) (56)
and
B fupa "mk* 57)
provided
(U U421, #0. (58)

Although derived for i of type (b), Eqs. (56)—(58)
are also valid for case (a) since both Eqs. (52) and
(53) were used in their derivation. Because the
first-order scattering matrix is directly defined
by the interaction Hamiltonian (12) for both real
and imaginary g, f’=1. From Sec. ITI, Eq. (34),

(1 - l’)TJ

n-=n',k

Z) f* Z) Z) PRLUHE Y

n,t

Z) 2 E{(f‘" U U (@)1

n'=11,1" j,k (55)
we find
Fi(g%) =Ing?+b, (59)

where we have labeled the class of second-order
graphs containing the graph shown in Fig. 9(a) as
i=1. Beginning with an nth-order graph of the j
type, we can use Eq. (57) and {®’ =1 to determine
D by sequentially joining N vertices to our graph.
Each additional vertex is to be connected to every
other by all possible wavy lines, producing a
(n +N)th-order graph of type i for which

Farwi= ol - (60)

We can then split this i-type graph into a
(n +N - 2)th-order graph of type % and a second-
order graph of the type j =2, where this j =2 class
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(a) (b)

FIG. 9. (a) A member of the i=1 class of second-order
graphs and (b) a member of the i =2 class.

of second-order graphs contains the graph shown
in Fig. 9(b). (It follows from Sec. II that for N>2
this division is always possible.) If N is suffi-
ciently large so that condition (58) holds, then

)y _ -1 (1) (61)

ntN,i ) ntN-2,kJ 2,2 *

For large N this can be repeated until we obtain
Ty =r =801 bz w= 754 (62)

Consequently, all the parameters f{’) can be writ-
ten in terms of the single real constant b,

f¥P=(ng?+d), (63)

and Eq. (49) can be solved for the constants /¢

n, i
K, = (Ing? -b) . (64)

Thus, the parameters f{!) and h{’) which through
Eqgs. (47) and (48) completely determine the scat-
tering matrix, are themselves fixed in terms of
the single real constant b by the requirement of
unitarity.!> We have therefore shown that with the
methods and assumptions developed above, the nth-
order scattering matrix can be computed as a func-
tion of the parameters m,, Am,, g, and a new real
constant b.

V. CONCLUSION

In summary, we have attempted to solve the sim-
ple nonrenormalizable theory specified by the La-
grangian (1). The techniques developed determine
partial summations of the usual perturbation
series, organized into a power series in the sym-
metry-breaking mass difference Am,. Although a
definite method of calculation to arbitrary order
in Am, has been deduced, its implementation in
nth order depends upon a property of the lower-
order amplitudes which has not been established
for n =25.

Finally, it should be noted that the techniques
discussed in this paper can be applied to a large
class of models in which the nonrenormalizable
part of the interaction can be written in an expo-
nential form of the sort shown in Eq. (4). Thus,
for example, our methods can be successfully ap-
plied to the theory of two exponentially coupled
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scalar fields and to the theory of a neutral vector
meson W coupled to an axial-vector current of
massive fermions, which are discussed in Appen-
dix E.
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APPENDIX A

In this appendix a derivation of the properties of
the functions B_, F_, F., and A_, defined by Egs.
(20) and (35), is presented. Many of the results
derived below have been obtained previously by
other authors,!* but are included here for com-
pleteness. Let us first consider the expression
for B_ given in Eq. (21). If this equation is written
in terms of z = g2p*/4n®, it becomes

Be)= g [y T AIIE -1, (AD

By using the Bessel differential equation and inte-
gration by parts, it is not difficult to show that Eq.
(A1) implies

3

d
31#°B-(2)]=B_(2). (A2)
Series expressions for the three solutions to Eq.
(A2) can be easily obtained. The proper combina-
tion of these series solutions, as determined by
the small-z behavior required by Eq. (A1) is dis-

G

FIG. 10. The % contour that results if the integral in
either Eq. (A4) or (A5) is written in polar coordinates,
the angular integration performed and g? continued from
a real value through a full circle about the origin in the
complex plane. The crosses locate the singularities of
the integrand in &.
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played in Eq. (23). In a similar way, the behavior
of B_(z) for large complex z can be found from Eq.
(A2) in terms of three constants. These constants
are then determined by examining the large-posi-
tive-z limit of Eq. (Al). The results of this pro-

g
(4172
g2 2

(4112 ) ’

-

L1 g (e
F_(gzpz,mz/pz) '(217)2 B-(4ﬂ2

3

2
F_(quz,mz/p2)~z—2p2—ﬁ exp [- 2

2,2
£ 5

2 2 2 Iz 2\
A-(g pzym /P ,mz/p) —411'2 -
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cedure are given in Eq. (24).

The other well-defined functions F_, F_, and A_
have quite similar properties. Their asymptotic
behavior for large positive p* or g2 follows readily
from Eq. (35):

g2p? 1/3]
). (3)

(

The analytic structure in g2 of these functions can be studied by rewriting Eq. (35) in momentum space:

&% (k. _p(p+k) g2k2> 1
Fg'tmt /)=y [ R g (B8 (a9)
, _&: ([ d% 1 g2k2> _ 1
F_(gzpz’mz/pz)_ﬂz @2m? (p+k)+m? B-\qm g2 (pE+m?) ’ (A5)
’ I~ 2 ’
A_(gzpz,m"‘/pz,m’z/pz)=4g“j (d4k k(p+R)F_(2%k*, m"®/k?) —mm' F.(g kz,mz/kz)’ (A6)

2m)*

for spacelike p? and Euclidean integration f k.
Introducing four-dimensional polar coordinates
for the integration variable, k,=(k sinvsingsing,
k sinysing cos¢, k cosy, k sinv cosg) for

(A7)

and letting p, =p, =p,=0, we find that the inte-
grands in Eqgs. (A4)-(A6) depend on the variables
p,sk,v. If the v integration is performed first, the
resulting integrands have singularities for fixed p
at

k=0 and k=iptim. (A8)
The integrand in Eq. (A6) also is singular when
k=xim’ . (A9)

Thus the singularities in & lie in a bounded region
of the complex % plane. Continuation in g? away
from real values can be achieved by rotating the &
contour outside this region of singularities in such
a way that convergence of the . integration at in-

(B+p)P+m?

finity is always maintained. Consequently, the
functions F_, F., and A_ are singular in g2 only
at the point g2=0. It is not difficult to see from
Egs. (A4) and (A5) that continuation of F_ and F.
in g2 clockwise through 27 about the origin yields
new functions, corresponding to the deformed &
integration contour shown in Fig. 10, which differ
from the first by added functions of the form
-4m(i1ng? + m)F,(g?) - 2miF,(g?), (A10)

where &, and &, are analytic functions of g?. There-
fore, the functions F_ and F’ have the g2 depen-
dence

1
(A11)

Fo(g3) Ing? + F,(g?) Ing? + Fy(g?)

where &, is an analytic function of g2. Using the
same methods, it can be easily seen that the func-
tion A_ has a form similar to (A11) but contains an
additional term proportional to In3g? and lacks the
pole at g2=0.

APPENDIX B

We discuss below the construction of fourth-order amplitudes from products of lower-order amplitudes
for either real or imaginary g. Three graphs are shown in Fig. 11, each belonging to one of three classes
of fourth-order graphs with no internal fermion lines. Those fourth-order graphs possessing internal fer-
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mion lines will not be explicitly discussed since such a graph can be treated in essentially ! the same
manner as the graph obtained from it by cutting all internal fermion lines. Clearly the amplitude repre-
sented in Fig. 11(a) can be obtained for g2>0 as a product of six second-order amplitudes (B_), and there-
fore falls into the category (a) defined in Sec. IV. Figure 11(b), on the other hand, represents an ampli-
tude which can be constructed for negative g2 as a convergent integral of a product of second-order ampli-
tudes and thus belongs to category (b). However, if the amplitude represented by Fig. 11(c) is written di-
rectly as an integral of products of second-order amplitudes, divergent integrals result for g* either posi-
tive or negative. Instead, as will be demonstrated, this amplitude can be constructed for negative g? from
the product of one third-order amplitude and three second-order amplitudes.

The appropriate third-order amplitude corresponds to the graph obtained from that shown in Fig. 11(c)
by deleting vertex number 4 and all the lines connected to it. This amplitude can be constructed directly
for g2 positive and is given by

Ma,x(—P»P”yP')g‘!',ﬁazz' '883 =[(Ta)al, 51(73)012,52(7'3)0(3'53 - (TS)&]_, 51 (Tz)azlsz(Tz)aa, 53 - (Tz)all Bl(Tg)az' 32(73)0(3'88

(=iam,)( ig* )3 1

- (Tz)Ol 1 51(T3)a2,52(72)°‘3. 33] 4 \ ”2 (277)12
: g8\  (E@EP) (O
<if d4kB-<4n2 )B'< e B‘<g oot -p), (B1)
where this amplitude has been labeled as a member of the class i =1. For simplicity let us define
" ’ Am, 4\3 4 (p" +p' = ’ ’
My (=p,p",p)ikek =( Tof ) ok e (0% (0 -p') (B2)

for g? positive and

AT ’ Am 4)3 54( " + = = ’ ’

Haa(epop p ikt = (2288 STt =D) s, (o) (83)
for g% negative. We will now show that the amplitude represented by Fig. 11 (c) can be constructed for g2
negative by integrating a product of E(p?,p'?, (p —p’)?) with three second-order B, functions over Euclide-
an®p and p':

FIG. 12, The contour followed by the %2 integration in
Eq. (B5) if g% is continued from positive to negative
FIG. 11. Three graphs representing amplitudes of values along a path circling the origin twice counter-
fourth order in Am  which contain no internal fermion clockwise. The small crosses in the figure specify the
lines., location of the singularities of the integrand in %.
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In order to study the convergence of the integral (B4) it is necessary to determine the asymptotic behav-
ior for large p and p’ of the function E obtained, for negative g%, by analytic continuation from the function
E. We begin by introducing angular variables in the integral (B1). For k= ®&212, p=(p2)V2, p'=(p'2)}?,
kE-p=kpcos, k-p'=kp'cosb’, p-p’ =pp’cosv (0 <v <), and g% positive, E is given by

’ ’2 , _ o 1 cos(6-v) , o gzkz gz(p +k)2 gz(p/ +k)2>
B0 0 -0 P [ d(eosd) f d(eost") | ksdkB_< )B_( >B_< AR )

2 2
os(6+v) 4 4n

Written in this form we can easily continue E in g2 by deforming the %2 contour for large % in such a way
that the & integral is always convergent. For example, the function [E], for negative g* obtained by con-
tinuing E in g2 along a path circling the origin twice counterclockwise is given by an expression identical
to (B5) except that the & contour is changed from the positive real axis to the contour ¢, shown in Fig. 12.
Thus the continued function E for negative g2 is given by

_ 2 e o 1 COS(6-v)

2 47 _ LU ’
B0 (0 0 P)= i | dleose) [ " d(eose)

0s(6+v)

™ (Im|+m)/2 -2
xz{dm(a,l)( > - 2 )
m= = m'=1 m'=(m=|m|)/2

[ e ) [E20) ).

1

+ [dzm“(?., 1)J' Kk +d,, (3, 1) f kadk} B_(ﬁi’f) B_(gz(p +k)2> B-(gz(p’+k)2>},
‘u 111

472 472
(BS)
where the & contours ¢y, ¢;;, and c¢;; are shown in Fig. 13 and Eqs. (B5) and (42) have been used.'®* We can
now bound the asymptotic behavior of E by bounding each term in the sum found in Eq. (B6), assuming for
each factor [B_],,, m'#0, the largest asymptotic behavior consistent with Eq. (A2).

Let us first consider a term in Eq. (B6) with & contour c¢;. For z=e'®and 2z’ =¢'® such a term can be
written as

(3L o o o) [ eeerga)] [oeorgporsn)

I

(B7)

where the contours ¢ and ¢’ are shown in Fig. 14. Since the singularities of B_(x) are of the type 1/x or
Inx we can split the integrand in the expression (B7) into four parts each containing only three singularities
in k. If we later symmetrize in p and p’ we need only consider two terms: the first, A, singular when
k=pz, p'z’, or 0 and the second, B, singular when k2 =pz, p’/z’, or 0. The z’ and z contours for the second
term, B, are deformed so that |z’| =|z| = (p'/p)*'% where possible. Then, for each of these two terms the

k contour is shrunk around the singularities and split into two parts so that the integral (B7) is made up of
four terms having the singularities and contours shown in Fig. 15. Since we will later symmetrize in p

and p’, only the terms A, and B, whose contours are identified in Fig. 15 need be investigated. Further
deformation of these contours to those shown in Fig. 16 yields for the two terms

|A ’ <_8 ldg yde, pE-e 37 2 \3/4n2 \1 /1 1\sing’
1(P,P,V)I\Sim, A A A K K7§" ? Ez-— sinéd

lInk —p'te*® )1+ lIn(k —p’e -/ &)
K"/SI(K —p&)(x _p/g)r!/al(,{ _prgeﬁe')(x _ple-ie’/g)’4/3

X

—o2\1/3
exp [3(:4—,%)1 {2+ [~ =p&) b —p/ E)* +[ -k —p'Ee*®) —p’e"e'/g)]”s}]

(B8)
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e
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Ze \

/ \4—’ C

\ p )/

FIG. 13. The k integration contours ¢y, ¢y, and ¢y FIG. 14. The contours ¢’ and c followed by the inte-
which occur in Eq. (B6). The hatched line locates a gration variables z’ and z in the integral (B7). Breaks
branch cut; note however that not all of the branch cuts in the integration contours signal a change from one
present have been so specified. integrand to another.

and

|B, (p, 0", V)| <|Ay(b,p", V)
1611 (p'/p)"/z @'7p)1/ Ere , E~€ N (2 3(4,‘12 4 ( E_j el)
+sinv.£ dg.L,e as J: wdx 737) gT> - & )(1_5'2
X[ =p&)K —pe™ /&) Y3 (k —p'Ee~ )k —p’ /)| 73

1/3 .
X |exp [3(4;92) {[—Kzeﬁ"]l/’+[—Kze'"—p'2+xp'(§' +e""/§’)]”3+[—lczei"—p2+Kp (Eei"+1/§)]l/3}]

K-8/3

(B9)

for g2 real and negative, € very small and positive.'®* The bounds (B8) and (B9) can now be used to investi-
gate the convergence of the integral (B4). For this purpose we neglect the external momenta [, 7,, and [,
and define 7 =p’/p so that the integral (B4) becomes

16 [ [ s as [ pap B, 001 B (R 5 L) B(EL2T). (510)

A straightforward computer search using the bounds (B8) and (B9) reveals that if the term (B7) is substi-
tuted for E, the integral over p.in the expression (B10) is convergent if »>0.04 and either »<0.8 or
v>1r.'” A similar analysis can be performed for the terms involving the % contours c;; and ¢;; yielding
identical conclusions.

Thus, we must examine the regions »<0.04 and »>0.8, v <47 in more detail. Since these two regions
correspond to small p’2 or small (p —p’)? and are consequently related by a change of variables, only the
region p’ <0.04p need be considered. Direct evaluation indicates that even for p’<0.04p the p integral in
the expression (B10) converges if the representation (B7) is used for E, contours of the type shown in Fig.
16 chosen and the region —p <k< -0.6p omitted. Fortunately, the large-p asymptotic behavior of the in-
tegrand in Eq. (B7) for this choice of contour, p’<0.04p and |k|>0.6p can be determined quite simply if
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FIG. 15. The k, z’, and z contours which result if the integrand in the expression (B7) is subdivided and the ¢; con-
tour deformed and split in the manner described in the text.

we expand in the small quantities p’/p and (p +k)/p. Each term in this integrand grows exponentially with
an exponent whose real part is given by

1/3 ’ ’
3(= 20234 [(p +kP =p2(1 +2)2]'3 _2pcosy’ 4dpik +higher-order terms (B11)
2\4n?

3p1/s ‘§ pxls

for —p <k <-0.6p, -1 <z sk/p, —v <§’'sv, and g2 negative. The exponent (B11) is a maximum for z =1,
k=-Ip and is readily seen to.grow more rapidly with increasing p than the damping exponent arising from
the three factors of B, in the integral (B10), whose real part is

3 [—g?\1/3 , 2 p’ cosv
_E(I;%) (2p2/a+p 2/3_5_1_’?5_) . (B12)

This discussion suggests that for the ratio p’/p fixed and small, the integrand in the expression (B4) may
grow with increasing p. It is possible that this asymptotic behavior in p for small p’ may be radically al-
tered if we integrate over p’ in the region p’<0.04p and include the amplitude corresponding to the graph
obtained from Fig. 11(c) by deleting the line connecting vertices 3 and 4.!® Therefore let us first integrate
over p’ in the expression (B4), including this second amplitude, and substituting for E only the contribution
to the integral in Eq. (B6) coming from the region —p <k < -0.6p discussed above. Labeling this truncated
function E,, we wish to determine the large p behavior of
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FIG. 16, The %, z’, and z contours used to obtain the bounds (B8) and (B9).

B <‘i1’z>ﬂ(f:°::pdp )[ (ip:) g.;(zn)“é“(p')] (g b2 )E,(p 2% (0 =p'P). (B13)

If the quantity in large square brackets is written in terms of its Fourier transform using Eqs. (22) and
(20), the resulting expression can be divided into 16 terms in such a way that within a single term each
component of x has only one sign:

B ( & >+——<2w>464(p) > f d“xeXP(-ZZJop 1%, I) e, (B14)
4 ) ig? i o

If any of these terms is substituted into Eq. (B13), the path of each p! integration can be deformed into a
semicircular contour in the upper (0, =-1) or lower (0; =+1) half of the complex plane. The asymptotic be-
havior for large p of the contribution of any of these terms to the integrand in expression (B13) for values
of p; lying on these contours is such as to insure convergence of the final p integration.

r
APPENDIX C where Qf,’ ) is a homogeneous polynomial of degree
v; in the n +1 variables g, w,, ..., w, which cannot
The analytic structure in g2 specified by Eq. (43) be factored into the product of two similar, non-

for the amplitudes M,;(g%) and M, ;(g%) can be de- constant polynomials. Each polynomial @/’ pos-
duced from the following theorem. sesses the following property: If the » real num-
Theovem: Let f,(g,k,,..., k,) be a function of bers w,,..., w, satisfy
1 complex variables which satisfies the follow- — —
’i’n; P which satisti ° QY(0,y,..., 3,)=0 (c2)
(i) f.(g, w,/g, ..., w,/g) is an analytic function then

of the variables g, w,,..., w, except possibly for
the point g =0, or points satisfying one of the equa-
tions (Cc3)

Q¥ (g, Wiyeeo, w,)=0, 1<jsM,, (C1) for arbitrary complex values of g, w,,..., w,.

'(.J)(g, wl’ ey wn) =Q'('-’)(g’ wl +al! ey wn+5n)
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N'l
W) gk eees B =2 £, Fyen s R I,
1=0 (©4)

where f{(g, &, ..., k,), 0< 1< N, are single-
valued functions of g, analytic in the entire g plane
except for the point g =0. The function

fulg, @ +b,/8, ..., a,+b,/8)

for real values of b,,...
g=0 of a similar form,

, b, has a singularity at

fn(g1a1+b1/g:"" a"+b"/g)

Np

Ehr(,')(g, Aryoony an:bl)"" b")lnlg’
1=0 (C5)

where, given §>0, there exists € >0 such that the
functions 2{"(g, a,, ..., a,,b,,..., b,) depend ana-
lytically on g in the region 0<|g|<e (2=, [5,[?)2,
provided

n .
10570, 81035 1), 1< <.
i=1

(Ce)
(iii) If the n variables k,,..., k, are split into
two groups, &,,..., k, and k; ..., &k, , then

we have the following:

(a) For fixed, real k, w120 k,,, & and real
values of w, =gk,,, 1<i<m, there exist positive
real numbers A, B and R such that

| falgs ey v ooy Ry)| <Aexp <—Bf) lw,, l”) (€
j=1

if |w,,|>R for all 1<is<m,

(b) Equation (C7) remains valid if the variables
g, W, ..., w, are continued from the real values
g9, w® ..., w into the region

n /2
||g|-|g(°>||<al|g<°>l(z|w,-w§°>12) <y Wn(0),
i=1
(c8)

1Q47(8, 1y, 0> 8, W,(a)” €9
for

Walo)=(3 |w<°>|2) :

some real preassigned v<v,, 1>6,>0, 5,>0, suf-

ficiently small y and all values of w{), 1<si<m,

obeying |w%|>R. ‘
If these conditions are satisfied, then

n

il;{(j: dk,>f,,(g, Ryyouuy

k) =3 fM(g)In'g,
1=0
(C10)

where f{")(g) is a single-valued function of g ana-
lytic in the entire g plane except at the point g =0.
Proof: We will establish this theorem by induc-
tion, showing that if £, (g, #,, ..., k,) satisfies the
conditions (i), (ii), and (iii) then the function

fn—l(g’ kl, M kn—l)zf: dwnfn(g’ kl’ ey kn—l, w"/g)
(c11)

also does. It is convenient to choose!® the vari-
ables &, ..., k, so that each of the polynomials
Q' (g,gk,, ..., gk,) appearing in Eq. (C1) contains
a term of the form (k,)%.

Consider first condition (i). Label the r; dis-
tinct singularities of the integrand in Eq. (C11) by
wlii(g,w,..., w,_;), where

Qflj)(g’ wla .. wn-l» =0

(c12)

for 1si<7v,<v;and 1<j<M,. Since Q! contains
a nonzero term of the form (w,)%, wj'! is finite for
all finite values of w,,..., w,_;. Therefore,
fooi(&®% By o ooy B,_,) is an analytic function of the
variables g and w; =gk;, 1<si<n -1 at all points
except possibly those satisfying

»i
L] wﬂ-l’w’jl (g’ Wiy eeny

(g’wl"“’ 'l—l)

(C13)
for all i #2’ or j#j’. To see that the conditions
(C13) can be written in the form of Eq. (C1) we
need only apply a basic theorem?® obeyed by poly-
nomials in many variables: Given two polynomials
Pix,...,x,) and P,(x,,..., x,) in n variables, the
equations

Py, .0, %,)=0 and Pylx,,...,

Wi (g, Wy, e, W, )= wj

x,)=0 (Cl14)

have a common root when viewed as equations in
x, if and only if

R{cyy..uy x,.,)=0, (C15)
where the resultant R(x,,..., x,_,) is a polynomial
inx,,..., x,_, which can be written

RXyyuony Xqu)=filoyy o oe, %) P06y, .0y )

+f2(xl’ ey xn)PZ(xly ey xn) )
(C16)
/i and f, being polynomials in x,,..., x,. The re-

sultant R(x,, ..., x,_;) cannot be identically zero
unless P, and P, have a common factor. Thus in
the case j #j’, Eq. (C13) is equivalent to

Rj,j’(g;wl!"') wn—1)=0} (C17)

where R, ;. is the nontrivial resultant of the poly-
nomials Q) and Q\". Likewise, for the case
j=j' it is not difficult to see that Eq. (C13) is equi-
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valent to the requirement that the equations

(g Wy, w,)=0

and (C18)

Wiyeee, w")=0

be simultaneously valid, which in turn implies

Eq. (C17) if we identify R; ;(g, w;,..., W,_,) @S

the resultant of the polynomials Q¢ and (8/6w,)Q".
Thus f,_,(g, w,/g, ..., w,.,/g) is singular for val-
ues of g, w,,..., w,_, satisfying an equation of the
form (C1). Finally, if

.y w,,)=0

for real w,,..., w,_, and if the point g =0, w,=w,,
1<]<n-1is an actual singularity of

Jaa (801 /8, 000, w,,/8),

then, as will be seen below, either

R, 0,5,.. (c19)

QY(0, @, ..., »)=40,w,..., w,)=0 for j#j'

or (C20)

. — — 7] . — —
Q’(l:)(o’ Opyenns w")zE Q’('J)(o, Wiyeou, w,)=0
n

for j=j'

for some real value of w,. It then follows from the
standard Euclidean construction®' of R ;, and
Eq. (C3), that

Rj,j'(g’ Wiyeoo, wn-l)

=R; (g, w +wy, ..., W, +@, )

(c21)

for all g, w,,..., w,_;. Thus f,_, satisfies condi-
tion (i) if » is replaced by n - 1.

Let us turn to condition (ii). If the function
Jn-1(gy Ry oo k), for fixed values of &,,..., &
is continued in g along a path circling the origin
once counterclockwise, the function [f,_,], results.
This continuation can be performed by simulta-
neously deforming the path of the w, integration
in Eq. (C11) in order to avoid the singularities (in
w,) of the integrand, all of which are linearly pro-
portional to g. An w, contour of the sort shown in
Fig. 17(a) results. Condition (iiib) implies that
our integral is convergent throughout this continua-
tion. From Eq. (C4) and Eq. (C5) for b,,..., b,_,,
a, all zero we can deduce that for real values of
w, lying on this contour which are either near zero
or very large, the integrand differs from that in
Eq. (C11) by continuation in g through 27 about a
“logarithmic” branch point. Thus, for sufficiently

n-1s

-
kﬁ

O\

(a)

D
M

D)

4

(b)

FIG. 17. An example of the w, contour which results
if: (a) the function f,_y(g,ky,...,k,~4) is continued in
g through 27 about the origin, (b) the function
fo-1(g,a1+by/g,...,a,-4 +b,_1 /g) is continued counter-
clockwise in g along a very small circle about the origin.
The crosses locate singularities of the integrand, f,,
inw,.

large N,

E('l) m'(N m)'[fn—l(g) e Baot)lm

m=0

(c22)

can be written as an integral over a contour lying
wholly on a circle enclosing all the singularities
in g. Therefore, Eq. (C4) is satisfied when # is
replaced by » — 1. Likewise, if

Joa(g,a,+b,/8, ..., Gyy +b,_,/8)

is continued in g along a sufficiently small?? circle
about the origin, the resulting w, contour has the
form shown in Fig. 17(b). Using an argument like
that above, we can then conclude that Eq. (C5) is
also obeyed when # is replaced by »n —1. The form
of the contour shown in Fig. 17(b) depends critical-
ly on the linearity in g of those singularities in w,
which approach the real axis as g tends to zero,
e., the linearity in g of

Aw”‘(g):m“i(g,gal +byyene, 8y +b,_)
-wi0,b,,..., b,_,) (C23)

for real w!-(0,%,,..., b,_;). Using Eq. (C3) we
can rewrite Eq. (C12) as

Q¥g,gay,...,8a,_,, A0} (g))=0 (C24)

which implies this linearity.
Let us now show that f,_; also obeys condition
(iii). Divide the n —1 variables into two groups,
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Boyyeees kg, and by ...,k ,andleto =n.

For real values of &,..., k,_,, g, the condition
(iiia) obeyed by f, implies that

m
Ifn—l(g) kl) ey kn-l)ls A, exP <"B'Z l wqjlﬂa)

=1
(C25)

if |w,,|>R’=maxR,,R,) for all 1<i<m. HereR,
is chosen so that if |w, [>R, for all 1sism+1,
then

m+1l
1£u(8s By v s )| <4, (—Bl 3 o, 1”3) (C26)
i=1
while R, is the largest value of R required for the
validity of Eq. (C7) as |w, | is varied from zero to
R,. The constants A’ and B’ are given by

A'=%\/H_Eé,’~,7+2R1A, B=min(B, B;). (C27)
1

Thus f,_,(g, %, ..., k,_,) satisfies condition (iiia).
Now continue f,_, analytically from the point
g9, w® ... ) into the region

n-1 1/2

©

llgl-1g®1| <8, lg(0”<2 lw; - o 2) <y’ W,(0),
i=1

(Cc28)

QL (g, @y e ey W) |> 65 [ W,(0)]””

for real g(®, w{®),
Define

éi(lj)(wcp ceey Wo oy w,) =0, w,, ..

(c29)

. w")lwai=0’

m+1<isn. (C30)

By assumption @{” is a homogeneous polynomial
inw,,..., w, ,w, of degree v,. Given y >0 there
exist values of R, and y’ such that

loii(g, 0,00, 0,) =01 W, ..., WD) <3yW,

(C31)

uniformly in w{?, ..., 0 where /'’ is a root
vl oy Om? n
of @7,

QP (wgyy e ve, 0, wi¥)=0. (C32)

Thus as we continue g, w,,..., w,_, into the region
specified by Egs. (C28) and (C29), the singularities
in w, stay sufficiently close to a discrete set of
fixed points to insure the validity of Eq. (C8).
Therefore, the inequality (25) can be maintained
during the continuation described above if we are
able to choose the w, contour in a manner consis-
tent with Eq. (C9). This is assured if we require

Iw"_w!l.ll>6”WmU/llj (C33)

veo, w9, and lwf,oi)|>R,1$i$m.

for all 1sisv; The w,contour can be chosen to
satisfy (C33) provided

|wit —wi't'[>26" W, v/ (C34)
for i #i’ or j#j’. For j+#j’ use Eq. (C16) to write
R; (g, wyyeee, Wy y)
=f(g, Wyyenes w)RV(g, wpy ety w,)
+fi (8 Wiy eens w) Qg Wy, ..t , w,).
(C35)
If we set w,=w;]'! in this equation and require
[R; ;i(gy Wyyeun, Wao)|>04W,2", (C36)
we obtain )
W’ <S8, 0oy 0y 0l TL @I =0,
- (can)

which implies Eq. (34) for some value of v’ less
than the degree of R; ;.. Similarly for j =j’, write

R, (g, wy, ..., w,_ )

=fj(g,w19'--9 wn)ern(g)wly"‘ ’ wn)

+f](g, Wy eun, w")% Qig, w,,.e., w,),

" (C38)
let w,=w;* and assume R, ; bounded from below
by 6, W,.” ; one obtains
& W' s filg, @y, enn, W) T (@)Y - wi),

o (C39)

which is equivalent to Eq. (C34). Thus for values
of g,w,,..., w,_, consistent with Eqs. (C28) and
(C29), the w, contour can be chosen so that the
bound (C25) is satisfied.

APPENDIX D

We will now demonstrate that the terms S, ;(g)
in the S-matrix expansion (38), (39) which can be
constructed for real g directly from lower-order
unitary amplitudes automatically satisfy the uni-
tarity condition

S0, (&) 450, ((8) == 33 DSurs(&)Snomal2) ],
(D1)

n’=1 i,k
Such terms correspond to case (a) in the discussion
of Sec. IV. Likewise it will be shown that those
terms U, ,(g) falling into case (b) must obey

Un i) +Ur 87" = = 53 T {Uy (W),
T (02)
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if they are constructed out of lower-order ampli-
tudes which obey a similar pseudounitarity condi-
tion. The method of proof developed below was
suggested by the solution to a similar problem ob-
tained by Veltman.?? For simplicity, we will limit
this discussion to amplitudes which correspond to
graphs containing no internal fermion lines.

Let us begin by considering the nth-order ampli-
tude

,1( 71’1} e ’pn)gtll'.'...'.',sg,,

corresponding to the class 7 =1 of connected graphs
containing only minus lines. This amplitude can
be expressed as a series of terms, each term cor-
responding to graphs containing a particular ar-
rangement of L internal lines. We will assign the
integers k=1,...,n to the vertices and j=1,..., L
to the internal lines of such a graph. Let P,
= (B, iE,) be the total four-momentum entering the
kth vertex and ;= (Tj, ie;) the four-momentum car-

-

FIG. 18. A fourth-order graph constructed of minus
lines only. For this examplen =4, L =5, a5=4, b;=2,
ete.

ried by the jth internal line from vertex a; to ver-
tex b;. An example of such a graph is shown in
Fig. 18. The term in the amplitude M, ; represen-
ted by graphs with such an internal structure can
be written

—iAm, )n i 4\ L L 1 n
((_2,"571'(%)_(%) En,L(PU“-’pn H Z})H[exp(—.,mz‘rlle, k|7r> Taexp<+4z11 ET].lE 'hl‘)’r’>] )
i=t \y=0/ k=1 r’=1 apBp
. . (D3)
where p, is the total external four-momentum entering the kth vertex and
S’ 1 if k=d;
(D4)

ej_,=?—1 if k=a;
0 otherwise.

The function E, ; is then given by

En,L(p).’ .o

WAE Hl[ 1<f..o l))f de,B (g ”2)]{}164(&) (D5)

and is initially defined for imaginary external energies (p,), and internal integration over Euclidean four-
momenta as indicated by the imaginary e, contour in Eq. (D5).

Using the techniques developed in Appendix C, it is not difficult to show that E,, (b1 - -

tinued to real values of (p,)y, ..., (Pn)o- Consider

., Pa) can be con-

n’ L gz n’ = .\ n’ 2
E.iz e, ...,e)=1I <f dal£> II B_ (74?[(2771. 1; +p§) - (Ezm..- e +Z(P§)o> ] +7‘12) ) (D6)
y= i=1 ~ =

where the 6 functions in Eq. (D5) have been eliminated, the resulting integration variables labeled I

=(1}, iel), 1<sisn,

and the total external four-momentum carried by the jth line labeled p},1<j< L. The

small “masses” \; have been introduced to regulate the familiar infrared divergences present in such a

theory of interacting massless scalar and massive spinor particles. The function F, (2, e, .
.., e, at all points except possibly those satisfying

pends analytically on the variables z, ef, .
Pz, el ...,el)=0, 1<j<N,

where P{’) is a polynomial in the variables z,¢], ...

nary values of e},

divided into two subsets, eol, ey €5 o and el
R such that | e, |>R foralll<ism 1mp11es

m+1? * "

| Fy (61,05 ep) <A exp(—BZ}lze’ 2"")

.oy e,',:) de-

(D7)

7. It follows directly from Eq. (D6) that for imagi-
1<i<n’and (pjy, 1<j< L, F, (z,¢],..
can be continued to all but a finite number of points on the imaginary z axis. If the variables e/,

., ep) is analytic in the half-plane Rez >0 and
«e.y e are

. e{,n,, then there exist positive real numbers A, B, and

(D8)
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for z real and ¢},1< i<n’, imaginary. For sufficiently large R and A, Eq. (D8) remains valid if the varia-

bles z,ef, ..., e, are continued from the real values z(®, ¢{®, ..., e{?) into the region
n' m 3 m
izl =12@l< 8, 2@, lzef=2@ef12<y* 371262, IPD(z, el ..y eq)|>8, 33| ze0)1 (D9)
i=1 i=1

i=1

for some real, predetermined v,1>5,>0, 6,>0, sufficiently small y, and all values of e{?), 1< i<m obey-
ing Ie((fi)l>R, 1< i< m. Using the method of Appendix C, we can sequentially integrate over Chry Chi_gy ooy €]
maintaining the analytic structure in z. Note that since the location of the singularities in z does not de-
pend on g, the singularity structure in g, established for Euclidean momenta, is not altered by the continu-
ation in z from real to imaginary values.

In order to show that the amplitude M, ; is unitary after being continued to real values of the external en-
ergies, it is convenient to use a somewhat different representation for the term E, Lt

L

Epy(bry-eerpn)= }110 d"l,) 253(13,)}?1[’[‘"de,.B_(g;’;;z)] (5—1177)" ﬁ(E:,+e - E:_€>, (D10)

R'=1

where for imaginary (p,),, ..., (p,), the contours c, coincide with the imaginary axis and the small real
quantity € indicates in what way each c, avoids the singularities 1/E,, 1 < k<n. As we continue the exter-
nal energies from imaginary to real values, we will distort each contour c, to avoid a discrete set of sin-
gularities. We will choose each contour ¢, for real external energies so that (i) c, lies along the real axis
for |e,|<E, where E is a real number much greater than the magnitude of any external energy or momen-
tum,® and (ii) the quantity Re(e,) never decreases as e, follows the contour c¢,. For example, the contours

¢, and c, entering the amplitude corresponding to the graph found in Fig. 18 are shown in Fig. 19. In addi-
tion to avoiding the singularities in e, of the function

& rile e =TI f de, B (LEA] 1 (- - 2 (D11)
ny=1\€Epy « <+, € e e P\ 42 Ept€ Ep— € 3

k'=1

we will also route the contour ¢, around left and right distinguished values of e, defined inductively as fol-
lows: A distinguished value of the function 8, ,_,(e,, ..., e;) is either the location of a singularity in e, or
a value of e, for which a left and a right distinguished value of e,_, for &, ,_.(e,_, e,, ..., ¢,) coincide. A
dii ** iguished point is called left if it moves to the left when € is increased and called right if it moves to
the right. The singularities of E, , in e, naturally fall into pairs of points whose difference is real and de-
pends only on € and \Tll yese ,rl,l . Each distinguished point lies on a straight line connecting two members
of such a pair. We will choose c, to pass above right distinguished points and below left distinguished
points. The contour c, in Fig. 19 is so chosen.

Given a permutation 0y, .. ., 0, of the first n integers, define a new function E (p,,...,P, 0o, -+ ,po")

from Eq. (D10) by altering the contours c¢,, 1<7 < L. Let a(r)=0,,y, b(r)=0g,),1<r<L andpdisiij:inguish four
cases:

€2

es-es+(p)o
SITl +(pote +(palo * 2e

e3-eg5-(pylo t € M

X/X

Sl | +1T MU+ (elox e

FIG. 19. The contours ¢, and c, followed by the variables of integration ey and e, appearing in the amplitude

E, 5(01,09,03,04), derived from the graph in Fig. 18. These contours result after continuation from imaginary to real
external energies,
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FIG. 20. The integration contours c!, ¢!, ¢!, and ¢!V required by the definition of the function

E;,,L (pglr oee ,pcplpap+p e rpc")'

I. a@)sp, Br)sp,
II. alr)sp, Be)>p, (D12)
m. aW@)>p, BF)sp,
IV. al)>p, B)>p.

In case I the contour c!=c, is used. For case II
the contour c, is followed down from +« until it
passes above the singularity e = +| l"l; this singu-
larity is circled counterclockwise and the contour
c, followed back toward +e« until the last distin-
guished point on c, is reached; the contour ¢! then
circles this point clockwise and is directed down-
ward, parallel to the imaginary axis, to —«. The
contour c!!! is defined so that if e, follows c!!T,
—e, will follow a contour similar to ¢!!. Finally,
c!Vis a combination of those parts of c¢!! and ¢!!!
which differ from c,. Examples of these four con-
tours are shown in Fig. 20. It should be noted that

FIG. 21. The graph corresponding to the function
E4'5(p1,p2,p4|p3) formed by appropriate modification of
the amplitude represented in Fig. 18.
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the location of the distinguished points in e, of the function §, ,_,(0,p,e,, ...,¢,), defined from Eq. (D11) by
making the above replacement of contours, is the same as for the original function &, ,_,(e,,...,e,). How-
ever, the locations of actual singularities in e, are different for the two functions. Our new function
E,,_L(pc1 s++0s Do, |pg o ...,pc") can be represented graphically by (i) moving the vertices of a graph corre-
sponding to the original amplitude E, , sa that the vertices o,, ..., 0, all lie to the left of the vertices
Op415--+»0, and (ii) drawing a vertical dashed line separating these two groups of vertices. Thus if we
consider the amplitude E, 4(p,, p,, ps, p4) corresponding to the graph in Fig. 18, the graph representing
E, (b1, b2y Ps|ps) is shown in Fig. 21.
With this choice of contours, the integration variables e,, ..., ¢, entering the definition of

Eni(boys--- ,poplpopﬂ, ey Dg,) ObEY

Re(e,,)>0, 1<isd (D13)
Re(-e,)>0, d<isD

where {r;},<;<q is the set of lines of case I, a(r;,)<p, BWr;)>p, 1<i<d, while for d< i< D, alr;)>p,
B(r,) <p. Since energy conservation requires

= B Bodem Dbode=Ben= B e (D14)
i=p+1l i=1 i=1 i=d+1
only those parts of c!' and c!!! lying on the real axis can contribute to E, _L(poi, . ,poplpopﬂ, ... ,pon).
Thus we can write
D . gzl'iz . d - D -
Evi(Poy s Palbay, - or00) = TI| [ @t 2itms (S - id)| T (oter, -1, 0] T [ot-c,, -1}

D D
X EP,L'<p01+J§ efj.Oll'j’ o ’pop +JZ=)1 evj,oplrj>
D D
pop+1+’Z)le,j'cp”l,J,...,pon+jz=)1€,j'onl,j>. (D15)

xEn-p,L-L’-D(

The amplitudes E, ;; and E,_, -y -p correspond to the left- and right-hand graphs obtained by dropping all

of the internal lines cut by the dashed line in the graphical representation of E, ( Popreves popl popﬂ, ceey ‘b°n)'
The second amplitude E,_p,-r-p can be related to a conventional amplitude containing only contours c’,

by applying the following equation:

8 0,0, €00y, 0 0,6, )= (1) 8, (egyy v oy ep)* (D16)

valid for real e,,, ..., er,- Equation (D15) can be derived by using induction on ». First, for »=0 the
validity of Eq. (D16) follows directly from Eq. (D11). Next, assume that Eq. (D16) holds for » <7, and con-
sider

&2lrgsr’
[ deryos B <__4_n20_1 )g,,v,o(o, 0, erpusr - +r €1) (D17)
and
(=1)m+ ro+l de B &g zlrnuz (e ) (D18)
1 o+l ™ = “4172 ny,7g\ 79+l * * * eL]_

for real values of €ry+2) - - -5 €1 . If the internal lines 1 <7 <7, make up a disconnected graph, then our in-
duction hypothesis easily implies that the expression (D17) is the complex conjugate of (D18). Otherwise,
the singularities in e, ,, of &, 70,0, e, .1, ...,e.), an amplitude defined entirely with the contours c)",
can be naturally grouped into pairs whose difference is real just as in the case of 8,,1 _,O(e,o,,l, ooy ep ).
However, for each such pair, there are distinguished values of €ro+1 lying on a straight line connecting the
pair, a right distinguished point lying to the right of the right-hand member of the pair and a left distin-
guished point lying to the left of the left-hand member. Typical contours ¢!V and c! occurring in the ex-
pressions (D17) and (D18) are shown in Fig. 22. Continuing Eq. (D16) for # =7, in e, ,, and referring to
Fig. 22, we can conclude that the quantity (D17) is the complex conjugate of (D18). Thus Eq. (D16) is es-
tablished by indugtion. If Eq. (D16) for n,=n—-p, L,=L—-L’-D, and » = L, is integrated over the internal
spatial momenta 1;, 1< i< L,, we obtain
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cv €r,+1 €r, +1 o
=Ty 4l +IT1"+|| el gl
FIG. 22. Typical contours ¢!V and ¢! occurring in the expressions (D17) and (D18).
Eppp-pr-pllky, .o, kyp)= (—I)L'L"DE,,_‘,.L_L._D(kl,. cor Ryp)* (D19)
for any real four momenta k,, ..., k,_,.
Finally let us observe that
2 (SDPE, (oo osbollo, o s Poy) =05 (D20)
(c,p L
where )5, , indicates a sum over all distinct divisions of the first » integers into two groups 0, ...,0, and
Ops1s -+ +» 0, Equation (D20) can be derived from Eq. (D10) if we first write
n 1 m 1 n 1
H(E,+e E.-e> 22 II n’ ,,H n —11 > (D21)
R'=1 3 m=0 6 [ pr=y EE +e/m =m+1\ _ E Esj'+5
j'=n"
where 3 s represents a sum over all permutations 5y, ..., 5, of the first » integers. If Eqs. (D10) and (D21)

are substituted into the left-hand side of Eq. (D20), we obtain

(27”)" (0,p) r= 1(-/. dal) [GS(Pk)]( l)prI’II[-[:r'(o.p)de" B-<g:7lT;’z>] i ; ﬁ T—l— ﬁ ——1_——

n'= Z}Eé +€ [n7=m+1|— E Eaj +€
I'_

(D22)

where the contour c,(0,p), for a particular grouping (0, p) and variable e,., is cl,, cl}, ¢!, or clV, fol-
lowing Eq. (D12). Consider a particular term in this sum with a specific division of the vertices into left

and right groups, 0,,...,0,; 0p,y, ...,0, and a definite permutation 5. Assume that 6, =0, and that k<p.
A second term in this sum with the same permutation 6 and a grouping (0/,p — 1) of the form 0,,...,0,_,,
Opi1s + v +90p5 OpyTpuyy -« -, 0, differs from the first term only in the choice of contours c, for » such that

a(r)=k or B(r)=k. However, if B(r)=F then the form of the energy denominators in Eq. (D22) implies that
the variable e, has no singularities to the right of the contour c,(a, p) except for the point +|1,|. Inspection
of Fig. 20 reveals that for a(r) < p the appropriate contours c! and c¢!! are equivalent; or in the case a(r)
>p the contours c!!" and c V are equivalent. Similarly, if a(r) =%, then e, has no singularities to the left
of ¢, except the point —ll |. Then if B(r) <p the relevant contours c! and c!!! are equivalent while for
ﬁ(r)> p the contours c!! and ¢!V can be deformed into each other. The case &> p behaves in a similar man-
ner. Thus the sum in Eq. (D22) can be separated into pairs of canceling terms and Eq. (D20) is estab-
lished.

If Eq. (D20) is combined with Eqs. (D15) and (D19) and summed over all possible, connected, arrange-
ments of minus lines, then Eq. (D1) for i =1 follows.

Clearly this method of proof applies directly to all amplitudes formed as a multiple integral of a product
of the functions B_ and B,. However, our method can also be applied to the general ease with only slight
modification. If, for example, a subgraph (not necessarily connected) of the graph of interest must be
computed for imaginary g and then continued to real g, we will apply the above method integrating over
that subgraph’s internal momenta first. Equations (D15) and (D19) are then satisfied, for imaginary g,
by the amplitude obtained after integrating over only those variables appearing in this subgraph provided
the other variables have values lying on the appropriate contours. If we continue in g according to Eqs.
(45) and (63), Eqs. (D15) and (D19) will continue to hold. Equation (D15) and Eq. (D13), valid for the re-



2512 N. CHRIST 5

maining integration variables, will then imply that the full amplitude obeys Eq. (D15), while Eq. (D19) can
be established inductively for the full amplitude as before. Finally Eq. (D20) can be derived using the
same arguments as above, so that unitarity is established.

APPENDIX E

Let us briefly consider two other nonrenormalizable field theories to which our techniques can be ap-
plied:
(i) A theory containing two scalar fields ¢(x) and 6(x) coupled by the interaction Lagrangian density

Lr(x)==x: 6%(x)ef ™ :, (E1)

where the interacting field ¢(x) is massless while 6(x) has a nonzero mass. In this theory only the function
B, occurs and, therefore, the operator U(g) can be computed to arbitrary order in A. The results of Ap-
pendix C, when combined with our continuation procedure, then yield a finite, unitary scattering matrix
depending on ), g, the 6 particle’s mass, and an additional real parameter 5.%

(ii) A neutral-vector-boson theory determined by the Lagrangian

_ 1foWu oWy [3Wu 8W, 2 _7 9 "(x) =
’c(")"’4<ax,, —axu)(ax,, - ax,,>_ ey W W, =1 g~ +"‘°+Am073 U(x) = igW, L' ()y,m (),

(E2)

where Wu(x) is a vector field and all other notation is the same as that appearing in Eq. (1). The scatter-
ing matrix predicted by the Lagrangian (E2) can be developed as a standard perturbation-series expansion
in Am{ and g. In such an expansion we can divide the vector-boson propagator A.(x),, into two terms:

AF(x)py = A(l)(x)py + A;?)(x)uy

f givs —q‘“q”/q2 I < T L

@n)* a?+my’ —ie @N* ¢ mi@—ie)
If taken by itself, the first term, A{), yields amplitudes no more divergent than those of a renormalizable
field theory. On the other hand, the second term has exactly the same effect as an exchange of the deriva-
tive-coupled scalar boson analyzed before. Thus, if all Feynman graphs of a given order in Amj are
grouped according to the number of powers of A{} and A which they contain, our methods can be used to
sum the contribution of all powers of A{®) for a fixed power of Am/ and A{). The result is a series expan-
sion for the scattering matrix of the form

(E3)

© o @) R
S=23 20 23 8MAmy)" In" (g)By pr i - (E4)
n=0 n'=0 n"=0
For n’=0, the coefficients B, , , are simply the predictions of a renormalizable field theory. For n’+0,
the results presented previously imply that the B, nt,nn are unique functions of the physical masses m, m,,
and a new real parameter b, and are explicitly finite for n’ < 3.

*This research was supported in part by the U. S.
Atomic Energy Commission.

tAlfred P. Sloan Foundation Fellow.

IThis theory, or one similar to it, has been discussed
previously by a number of authdrs: M. K. Volkov,
Commun. Math. Phys. 7, 289 (1968); S. Okubo, Progr.
Theoret. Phys. (Kyoto) 11, 80 (1954); R. Arnowitt and
S. Deser, Phys. Rev. 100, 349 (1955); B. A. Arbuzov,
N. M. Atakishiev, and A. T. Filippov, Yadern. Fiz. 8,
385 (1968) [Soviet J. Nucl. Phys. 8, 222 (1969)]; A. T.
Filippov, Topical Conference on Weak Interactions
(CERN, Geneva, 1969), p. 395; F. J. Dyson, Phys. Rev.
73, 929 (1948); B. Klaiber, Nuovo Cimento 36, 165
(1965) T. D. Lee, ibid. 59A, 579 (1969).

2Throughout th1s paper we specify a four-vector p by
three spatial components p,, p,, p3 and an imaginary time

component p,=ip,; pz=p12 +p22+p32 —poz. We use
ﬂ--—z'yupu, =8%/8t2— V2 and for a Dirac spinor U, U
=y’ ¥%. On occasion, the same symbol p will be used to
represent vpZ.

3Similar techniques have been used previously by many
authors: G. V. Efimov, Zh. Eksperim. i Teor. Fiz. 44,
2107 (1963) [Soviet Phys. JETP 17, 1417 (1963)]; Phys.
Letters 4, 314 (1963); Nuovo Cimento 32, 1046 (1964);
Nucl. Phys 74, 657 (1965); E. S. Fradkln thid. 49, 624
(1963); 76, 588 (1966); G. Feinberg and A. Pais, Phys
Rev. _13]; 2724 (1963); 133, B477 (1964); M. B. Halpern,
wid. 140, B1570 (1965); B. A. Arbuzov and A. T. Filippov,
Nuovo Cimento 38, 796 (1965); B. A. Arbuzov and A. T.
Filippov, Zh. Eksperim. i Teor. Fiz. 49, 990 (1965) [So-
viet Phys. JETP 22, 688 (1966)]; H. M. Fned Nuovo
Cimento 52A, 1333 (1967) Phys. Rev. 174, 1725 (1968);
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M. K. Volkov, Ann. Phys. (N.Y.) 49, 202 (1968); R. Del-
bourgo, A. Salam, and J. Strathdee, Phys. Rev. 187,
1999 (1969); in addition to the first three references
listed in Ref. 1.

F. J. Dyson, Phys. Rev. 73, 929 (1948).

5The Feynman functions Ap(x) and Sp(x;m) are given by

1 !
Ap@) == (—z;pfd"P e Pyl
jd4p eip-x ﬂ+m

p+mi—ie’

sF(x ;m) == (2.".)4

®This analytic-continuation procedure, or one similar
to it, has been suggested previously: Okubo, Ref. 1;
Arnowitt and Deser, Ref. 1; L. Cooper, Phys. Rev. 100,
362 (1955); Volkov, Ref. 1, and Ann. Phys. (N.Y.) 49,
202 (1968); Arbuzov, Atakishiev, and Filippov, Ref. 1.

"Throughout this section we will ignore the mass
counterterm [6 M1 found in Eq. (12) and omit any refer-
ence to wave-function renormalization constants since
both quantities enter here in essentially the usual way
(except for the situation discussed in Ref. 11). For a
complete discussion of the usual situation found for ex-
ample in ordinary quantum electrodynamics see
J. Bjorken and S. Drell, Relativistic Quantum Fields
(McGraw-Hill, New York, 1965). We will also omit the
factors e*¥#"*i/(2p,)!/? accompanying the absorption or
emission of a particle of four-momentum p at the ith
vertex.

®In both Secs. IM and IV we will attempt to define an
amplitude corresponding to a particular graph by first
performing a phase rotation of — 47 for all time coordi-
nates or +37 for all energies so that a Euclidean region
is reached. We will then return to the physical region by
reversing this procedure and continuing all energies back
to real values in a clockwise sense. Our ability to per-
form this second continuation is established in Appendix
D.

%0ur scattering amplitudes are invariantly normalized
matrix elements of T=¢(S—1).

10The functions Spc;m) expl+ 4ig?Ap(x)] and
tr{ Sp (¢ ; MSp(—x; m’)] expl+ 4ig?Ap(x)] each contain a
term with no boson propagator and consequently corre-
spond to the sum of two graphs, one with and one without
a wavy line connecting the two ends of the fermion line(s).
Note that the integral in Eq. (35) defining A is conver-
gent only when both terms are included.

UNote that the center diagram in Fig. 6(c), containing
the mass counterterm 6M is proportional to the mass
difference Am—Am,. Only the Am;term enters the am-
plitude A, . The term containing the factor Am is to be
combined with the quadratically divergent first-order
term represented by the left-hand graph in Fig. 6(c).
The amplitude resulting from this combination still con-
tains a logarithmic divergence, proportional to Am y(Am)?
which is canceled in a similar way by terms of third and
fourth order in our expansion.

12These operators are of course independent only for
values of n,n’,1,1’,1’",i,j,k for which none of them
vanish,

13A1though the parameters £,*) and h{}) are all that is
needed to determine S,(g) it is interesting to ask what
series of constants c,,(»,%) and d,,(n,%) are required by
Eqgs. (45), (46), (65), and (66). These equations can be
reduced to

hed b —mi\!
N
>, Cm(n,iim —< 21ri>

m= —co

and
® —b—7i\!
oy [=b—Ti
mzzmdm(n,z)m —( oPE >

for I =A(n,i). The above equations do not uniquely deter-
mine c,,(n,%) and d,(n,%); however, there is no solution
for real b in which c,(»,i) and d,,(n,%) are independent
ofn and .

143, Okubo, Progr. Theoret. Phys. (Kyoto) 11, 80 (1954);
M. K. Volkov, Commun. Math. Phys. 7, 289 (1969); A. T.
Filippov, Topical Conference on Weak Interactions (Ref.
1), p. 395.

15The function [B_@)],, is obtained by continuing B_(z)
from real values of z along a path circling the origin
through a total angle ¢, where 2m—1)1<¢ <(2m+1)m.
It is intended, for example, that in the 2 integration
over the contour c; in Eq. (B6) the function [B_(g%?/
41%)],,» be used for & near the starting point 0 of the c;
contour, but as the argument of 2 decreases through
— 7 the function [B_(g%?%/47?)],, should be replaced by
its analytic continuation [B_(g%2/47%)] ¢+ /.

16The small positive number ¢ is introduced because
of the divergence of the integrals in Eqs. (B8) and (B9).
at the end points. The extra terms, corresponding to
those parts of the contours circling these singular points,
have been omitted. It can be shown that the inclusion of
these extra terms will not alter our estimate of the
asymptotic behavior of E.

1"There is a small region around v=47 and 0.7<7 =<1
for which the bounds (B8) and (B9) do not imply conver-
gence. However, if for values of » and v in this range
the 2 contour is deformed slightly from a straight line,
the resulting bounds are sufficiently improved that they
require the convergence of the p integration in the inte-
gral (B10).

187 similar phenomenon can be seen by comparing Egs.
(A3) and (A4). The asymptotic growth for large p and
fixed & of the integrand in Eq. (A4) is considerably
greater than that obtained after the integral over k is
performed as is indicated by Eqs. (A3) and (24).

1%Maxime Bocher, Introduction to Higher Algebra

(Dover, New York, 1964), p. 185.

20Ref. 19, pp. 212-216.

2IThis construction is presented for the case of two
variables on p. 206 of Ref. 19,

2Using an argument similar to that found in the begin-
ning of the final paragraph of Appendix C, one can show
that if [Q{21(0,by, ... ,b,-1)|= &' (37 2110;12%/ for all j
and positive & and if 0<|g|<e’(Q37}[;1)Y 2 for suffi-
ciently small €’, then the singularities of
fn(g,a1+gby,...,a, -4 +gb,{,w,) in w, are clustered in
small groups about widely separated roots of
Q{0,b4,...,b,-1,w,), 1<j <M, as is shown in Fig.
(17b).

23M. Veltman, Physica 29, 186 (1963). The author is
indebted to Professor H. Lehmann for bringing this paper
to his attention.

2This choice can be accomplished by first considering
the final integration over e, the integrals over
€7 -1, ...,e4 having been performed. The resulting inte-
grand will be singular in e, at the points Zy Ly..-4Zs,L
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and c; can be chosen so that |e;—z;,;|< 3%E implies that
ey —z; 1 is real. This procedure can then be carried out
inductively, routing c, in such a way that |e, -z, ,[<37E
implies that e, —z; , is real. Such a choice of ¢, might

lz,,; =z, ;|<37*!E implies that z, ; -z, ; is real.

%For a slightly more complete discussion of this model,
see N. Christ, in Nonpolynomial Lagrangians, Renormal-
isation and Gravity, Proceedings of the 1971 Coral Gables

be impeded by two singularities z, ; and z, ; with
Im(z,, ; =2, #0and |2, ; -z, ;|<2X3"E. However,
the choice of the contour c, . rules out this possibility:

Conference on Fundamental Interactions at High Energy,
Vol. 1 (Gordon and Breach, New York, 1971), p. 69.
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The modified WKB method due to Miller and Good is used to derive the scattering phase-
shift formula including %#* terms for the radial equation of the three-dimensional scattering

problem.

I. INTRODUCTION

Previous papers have developed a derivation, in
the spirit of Miller and Good,! which yields the
scattering phase shifts in terms of an expansion in
powers of 7. A previous paper? presents the terms
to the order 72.

The present paper is an extension of the previous
result to terms of the order of #Z*. Section II of the
present paper recapitulates the rigorous derivation
of Ref. 2. A rigorous derivation of the scattering
phase shifts to order #Z*by the method of Ref. 2
would, however, require a very great expenditure
of labor.

Therefore, in Sec. IIT we present a less rigorous
derivation which can serve the purpose nicely.
This same procedure can be easily followed for ob-
taining terms of higher order than %#* for the meth-
od developed is a straightforward expansion. This
is, however, not so if we follow the rigorous deri-
vation and try to obtain some higher-order terms
by that process.

The divergence of the perturbation terms to #2
was successfully avoided in the scattering cases.®*
The main idea there is to replace the divergent in-
tegrals by contour integrals. As a result, we were
able to obtain some meaningful results. In the
Spirit of the modified WKB method of Miller and
Good, we can express the phase shifts which we
want in terms of the known phase shifts of a known
potential. In the specific example chosen in Ref. 4,
the terms of second order in 7%, in general, contrib-
ute to the phase shifts to the second decimal place

while the zeroth-order terms in some places can-
not give the result even to the first decimal place.
An important question to be answered in this note
is the extent to which improvement is possible.
When the potential of the known part is sufficiently
different from the potential of the unknown part,
we may need to go to terms of higher order than
72 in order to get results of higher precision.

We, therefore, investigate the contribution due to
7* terms.

Throughout this paper we avoid Langer’s substi-
tution, which replaces the three-dimensional dis-
tance 7 by €* with x being the one-dimensional dis-
tance. Breit® raised the point that it is difficult to
give a physical justification for the lower limit
used in the integration if Langer’s substitution is
introduced. Here we simply consider the case
where the angular momentum quantum number L
+0 for expansion in 1/L will be made later.

In the derivation of the formula in Secs. II and
I the basic assumption is that y(») has the form
P(¥) = T(r)p(S(r)), where y(r) is the unknown wave
function and ¢(S) is the known wave function that
we want to make use of. Care should be exercised
in the choice of the known part, ¢(S). For ex-
ample, in solving to order %%, we find that it is
inadequate to represent the Coulomb scattering
problem by the fractional-order Bessel-function
formula as was possible when solving to order %2,
This situation may be changed if we set, for ex-
ample, §(7)=T,¢(S(r))+ T,¢'(S(7)) where T, and T,
are functions dependent on » and ¢'(S(r))=d¢/dS.
However, if short-range forces are the main con-



