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The nonlinear spinorfield with Heisenberg’s dipole regularization is interpreted as a lepton-
quark system. In Section 1, a nonlinear spinorfield equation for two lepton-quark generations
is derived by physical arguments and the Heisenberg dipole regularization is formulated for this
model. In Section 2, corresponding dynamical equations for local fermion and local boson states
are deduced by means of functional quantum theory and their properties are discussed. In
Section 3, with this formulation the lowest order S-matrix of elastic lepton-lepton scattering is
calculated and is shown to be identical with the results of the corresponding process in quantum
electrodynamics resp. weak interactions. The coupling of the local bosons to local fermions is
universal, i.e. independent of special lepton or quark representations. Numerical calculations of
local boson masses and coupling constants will be given in subsequent papers.

Functional quantum theory is a new formulation
of quantum theory and a new field theoretic cal-
culational procedure which allows the treatment of
quantized fields with positive metric as well as with
indefinite metric beyond perturbation theory. It
was developed by Stumpf and coworkers, cf. Stumpf
[1]. In particular, it was devoted to the evaluation
of a consistent calculational formalism for Heisen-
berg’s nonlinear spinor equation with dipole ghost
regularization, cf. Heisenberg [2]. The basic idea of
this approach is to regularize the non-renormaliz-
able nonlinear spinorfield by a combination of a real
physical particle, a monopole ghost particle and a
dipole ghost particle in the one-particle sector of the
corresponding state space. For the theoretical eval-
uation of this model by means of functional quan-
tum theory and for a proper physical interpretation
of the corresponding calculational results, the phys-
ical meaning of the real particles and of the dipole
ghost particles must be uniquely specified. A phys-
ical identification of the monopole ghost particles
is not needed, since these particles have a vanishing
norm in the physical state space. In the original
version of Heisenberg [2], the real (physical) one-
particle states were assumed to represent nucleons,
while the leptons were sometimes identified with the
dipole ghosts, cf. Heisenberg [2], Diirr [3]. The
reversed role of hadrons and leptons was first pro-
posed by Saller [4], who considered leptons as the
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real (physical) particles and quarks as dipole ghost
particles. Both versions, however, were only vaguely
formulated and no hint was given with respect to
an analytical evaluation of the idea. In particular,
no attempt was made to establish separate dynam-
ical laws for both kinds of particles with quark con-
finement. In a recent note Stumpf [5] formulated an
analytical method for the derivation of a lepton-
quark dynamics from the fundamental spinorfield
including quark confinement. For simplicity this
method was applied to the case of one lepton-quark
pair, which is not realistic. In this paper a spinor-
field model for two lepton-quark generations is
formulated and some elementary conclusions are
drawn by the application of the above-mentioned
method in the framework of functional quantum
theory. In particular, it is shown that first order
lepton-lepton scattering in the functional quantum
theory of the nonlinear spinorfield leads to the usual
first order scattering formula of lepton-boson cou-
pling theories. In contrast to these theories, how-
ever, the coupling constants and boson masses are
calculable and have not to be given a priori. Numer-
ical evaluation of the results obtained will be given
in subsequent papers. In Sect.1 the nonlinear
spinorfield equation for two lepton-quark genera-
tions is derived by general physical arguments,
while in Sect. 2 and 3 the local fermion and boson
solutions and lepton-lepton scattering is discussed.
The derivation of the corresponding dynamical
equations etc. in the latter sections is strictly de-
ductive and based on functional quantum theory.
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However, the corresponding formalism will not be
repeated here. Rather we refer to Stumpf [1] (and
preceding papers) whill will be denoted in the fol-
lowing by I, and Stumpf [5], denoted in the fol-
lowing by II.

1. Nonlinear Spinorfield Equation

As mentioned above, we formulate the spinorfield
model for two lepton-quark generations. The exis-
tence of two or more such generations is a theoretical
problem itself, which we will not treat in this con-
text. In addition, we do not introduce colors and
Cabibbo-angles, since also these quantities need a
theoretical justification which is not available at
present.

A spinorfield operator, which allows the descrip-
tion of two generations, is given by wi,, (), where
t=1,2 means the generation index, k=1, 2 the
electro-weak isospin index, and a«=1,2, 3,4 the
spinor index. Owing to the fact that the spinorfield
operators iy (x) simultaneously contain lepton-
quark pairs, the electro-weak isospin must be uni-
versal for leptons and quarks. This result cor-
responds to the result of an analysis of gauge
theories, cf. Rosen [6]. Hence for the formulation
of the fundamental spinorfield interaction term, we
have to imitate only the electro-weak interactions.
We use the CVC-hypothesis, cf. Cheng and O’Neill
[7]. According to this hypothesis the electro-weak
current for the i-th generation is given by

Ttk (@) 1= Yo (%) Vg (3 Oer + 3 Tar) ¥ (2) - (L.1)

The total current of the two generations then reads

2

Ju(z) = > Jik(z) (1.2)
i=1

and we assume for the spinorfield the Lagrangian

density

Z () := — }pl (=) Y23 Ou Vi (2)]
+ 1 [0u Pz (%) Ylis i ()]

+ JH4(2) Ju(x), (1.3)

where always the summation convention is used.
In accordance with parity symmetric gauge theo-
ries, cf. Mohapatra and Sidhu [8], the Lagrangian
density (1.3) is parity symmetric and we assume
that parity violation results from a spontaneous
breakdown of parity symmetry.
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In order to simplify the functional formulation
it is convenient to define a superspinor by putting
i =:¥ig and Py =: Pl . With these definitions
(1.3) can be rewritten in the following form

Z () = — }[¥a, (%) G200 O P, (7)]
+ i [all ylax (x) Ggllh ,IIG: (x)]
+ Va;aa Asada g’a;(x) yIaz(:r’) YIas(x) Tat(z)

(1.4)

where a; = t;, kj, %5, o5, =1, 2, 3, 4 and where the
spin-tensors G# and V are given by the definitions

G«’z‘wz = 61’1@'2 6k1k: )“Nx %3 ygxaz s (15)
Valagas(u = ailiz 6@'31’4 i T;ﬂtz Tlvcah
* Rorsen s }’iﬁaz Vasaan (1.6)

. 00 5
with 4:= (1 0) and T := (On> Tn) -

For the conventional canonical quantization of
the spinorfield, (1.3) resp. (1.4) leads to a non-
renormalizable spinorfield theory. To avoid this dif-
ficulty, Heisenberg [2] proposed a non-canonical
quantization. In this type of quantization it is as-
sumed that all anticommutators of the spinorfield
vanish at equal times, but that nevertheless a non-
trivial spinorfield propagator exists. In consequence
of this assumption, the canonical formalism breaks
down and the common field theoretical calculational
procedures cannot be applied for the evaluation of
such a theory, cf. I. In addition, indefinite metric
occurs. For the treatment of these types of theories
functional quantum theory was developed.

Concerning the selfconsistency of this procedure,
it can be shown that coupled linear spinorfield
equations for three fields y;, :=1, 2, 3, which lead
to a higher order linear field equation for ys, ac-
curately exhibit the non-canonical property for g3
alone if the canonical formalism is applied (canon-
ical embedding), cf. Nagy [9] and I. Diirr [10]
studied the canonical embedding of corresponding
nonlinear equations, and Ferge [11] and Pouradjam
[12] performed perturbation calculations with the
nonlinear equations. However, a detailed analysis
shows that for non-perturbative calculations in the
case of canonical embedding divergencies again oc-
cur. As the spinor theory has to be evaluated beyond
a perturbation approach, the canonical embedding
cannot be applied, i.e. we have to consider the ¥-
field as the analogon of the ys-field and to treat
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this field without auxiliary fields. Therefore we
postulate

[Wo, (@) e, ()] =0 for ax9=yo. (1.7)

Anticommutators between ¥ and ¥ are not re-
quired as the formation of ¥ changes only the com-
ponents of ¥. In addition, we need the propagator
of the ¥-field, which we assume to be given by

Fypa, (@1 — z2) := (0| TP} (1) i (22) | O
= 2a) [[(y*Pu + pit)2 G y* pu + miy)]
» 6@';:‘. 6k1ka A eiP(@—a2) d4p : (18)

In this equation the spinor-indices and the super-
spinor-indices are suppressed for brevity and

A:= (A —2T).

The masses ,ufc, m{, k,j=1,2 are the masses of
the two lepton generations {e, v, u, »4} resp. two
quark generations {d,u, s, c}. This propagator breaks
the scale invariance, the electro-weak isospin in-
variance and the generation invariance of the funda-
mental Lagrangian (1.4). One can speculate that a
kind of Higg’s mechanism could be responsible for
this symmetry breaking. The simplest explanation,
however, could be that the selfconstistent calcula-
tion of (1.8) by means of functional quantum theory
not only leads to symmetry preserving, but also to
symmetry breaking propagators due to the non-
linearity of the corresponding equations for F. In
this paper we do not try to discuss this problem.
Rather we assume the selfconsistency of the as-
sumptions (1.4), (1.7) and (1.8) and investigate their
consequences.

Owing to (1.7) and the rejection of canonical em-
bedding, the common canonical formalism cannot
be applied to the Lagrangian (1.4). Hence (1.4) may
only be used for a formal derivation of the field
equations, while all other conclusions must be drawn
from these equations. Field equations can be derived
from (1.4) by the usual Lagrangian formalism if it
is observed that the functional derivatives of the
Lagrangian have to be taken with respect to anti-
commuting quantities. In this case we obtain from
(1.4) the field equation

% (G:!‘xat - G:Eh) all gla: (x) (1'9)
= [Varasasa0 — Vasarasad] o, (@) ¥y (2) Vo, () -
The evaluation of physical quantities comparable

with experiment has to be based on (1.7), (1.8) and
(1.9) and is the topic of functional quantum theory.
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2. Local Fermion and Boson States

The formalism of functional quantum theory
shows that local as well as nonlocal fermion and
boson states must occur if it is applied to the spinor-
field model in Section 1. The local fermion states
correspond to the pointlike leptons and quarks,
while the local boson states correspond to the bosons
which occur in the gauge theories of electro-weak
(and strong ?) interactions. For the development of
the spinorfield theory it is of special interest to
relate its results to those obtained in gauge theories.
Hence we first treat the local boson and fermion
states.

According to functional quantum theory we in-
troduce the state functionals

|7 (j, a)> :=§1j<0| TV, (x1)... Py, (2s) |6

| D (@y...2n)) Az .. doz 2.1)

and

Iﬁ(y, a)y :=exp[—1} jja; () Fgyay (71 — 22)
* Jao (€2) d421 d422] | T (j, @) . (2.2)

For these state functionals corresponding functional
equations can be derived, cf. I. For actual state
calculations such functional equations cannot be
directly used. Rather they have to be transformed
into functional channel equations in order to in-
corporate the appropriate boundary conditions for
the state functionals. This formalism is discussed
in detail in I and preceding papers and we do not
repeat this here, but give only the results. By pro-
jection operators

Py:=k![|De(z1... "))

. <Dk (xl’ — xk') | d4x1’ cee d4xk’ (2.3)

the state functional (2.2) can be decomposed into

| # (,a)> =l;)| Fan(j,a)) (2.4)
and
| (G, @)y := Pe| F (j,a)), (2.5)

where | #,(j, a)) is the lowest non-trivial contribu-
tion of (2.2) to the functional state | (j, a)). For
| Aa) = | #1(j, a)) an effective channel equation can
be derived, which reads in a second order approxi-
mation
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Alﬂl(x) I '1/ + Vala:ﬂsm dﬂ: (x) daa (x) J.Gtub(x7 x’) Cb (x')d4x’ I A>
i i,

+ Vﬂlazasﬂl az x)

We give only the definition of 4 and ¥ and refer

for the other quantities to I. It is

Ala(z) = Daxas () aaa (x) (27)
+ 3 Vasmmsar f Fasp (@ — 2') jo (@) A2’ 3y, () B4, ()

and

Vaasasas = Varasasas = Vastrasas (2:8)
and

Diygya (%) := 3 (G0, — Gliey) Ou- (2.9)
The local fermion functionals are given by

|1, > := [ ga(2)ja(z) d% | Do) . (2.10)

In order to obtain non-trivial equations for these
states at least the second order contribution in (2.6)
must be taken into account. We postpone the direct
evaluation of such equations and draw only some
general conclusions. Since the functional equations
are invariant under space-time translations, this
must hold also for the channel equations. Hence
the most general form of a local fermion equation
has to be

delaz(x_x')¢a:(x')d4x,=0, (211)

where K (x—z') is the selfenergy operator of the
local fermions and its special expression can be
derived from (2.6). The Fourier-transform of (2.11)
reads

R 100(P) Gur(p) = 0.

For a momentum eigenstate of a local fermion it is
@a(p) = 7a(P)6(P — p) and (2.12) has to be satis-
fied with a definite P. Since the local fermion solu-
tions uniquely determine the propagator (1.8), in
a selfconsistent theory the propagator must be the
Greenfunction of the corresponding eigenvalue Eqgs.
(2.11), resp. (2.12), cf. I. This condition leads to

(2.12)

3 (x) ,“Gthbx (x’ x,) Vbxbzb:h db: (x,) dba (‘E')

Choo(@, @) C, (&) dd2’ i [ 2) + - = 0. (2.6)

R, .. (D) F,.0,(p) = 1 in momentum space and from
this equation if follows immediately that

Kﬂlllz (p) = 62'11'1 6k1k: A1 (zyﬂ Pu -+ Iu;:rll)g
C(Ey#pu+ mp) . (2.13)

Hence the selfconsistency condition determines the
fermion selfenergy. Of course in the further eval-
uation of the theory the selfconsistency has to be
proven. From II it follows that the projection on
the lepton- resp. quark subspace of local fermions
does not change the manifold of solutions of (2.13).
Hence in the one-particle sector of local fermion
solutions it is sufficient to directly study the spinor-
field channel Eq. (2.12) with (2.13).

Concerning the local boson states, these states
are special solutions of the general boson states

1
12,8 := 37 [ Paras (1 72)
21
*Jay (1) Jap (w2) Az A2y | Do) . (2.14)

To obtain the corresponding eigenvalue equation,
we symmetrize (2.6) by multiplying it with
[0 (@) 8pa, (2 — 2) da’

and integrating over z. In the resulting equation
the selfenergy terms with respect to the coordinates
21 resp. x2 can be separated from the interaction
terms between x; and x2 by a method described
in I and preceding papers. The selfenergy terms
with respect to x; resp. xz must be equal to the
fermion selfenergies K referred to x; resp. zs, as
these terms just occur in one coordinate, cf. 1. We
do not discuss the derivation here in detail but only
give the result. If the interaction energy in (2.6) is
taken into account in the lowest order, we obtain
for the boson state functionals the equation

[ Sayp (@1 — 21") Ky (21" — @1") @ayray (21 22) A2y Ao
+ [ Sagp (2 — 2"") Kygyr (22" — 22') Payay (R122") Az’ dids”

=i .[Salb(xl - .’171’) Vbaa'as'da' Faa'a: (.’171’ - leg) Pas’aqs (zl,xll) d4xl,

+3 .‘. Sazb(x2 - 272’) vbaz'aa'(h' Fa:'al (272’ — 1) Pay'as’ (xglle) dize' =0. (215)
The momentum representation of (2.15) reads
Faut (51) Kpay (51) @ayras (9152) + Fagp (52) Kyay (52) Payay (5152)
- [3 gmb (81) I7[)!13'(!3'(14' Faz'az (— 82) —3 ';:azb (82) I7baa'(l:s'¢u' Fa:’al (— 81)]
| @ayac (P1D2) O (1 + P2 — 51— s2)d¥prdips = 0. (2.16)
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According to the selfconsistency condition the selfenergy operator K must have the form (2.13). We
choose § to be identical with F, i.e. §=F and due to #K =1 we obtain from (2.16) the equation

(;’alan (s182) — ﬁ’ma:a;’m’ (s182) _’.(;Jaa’a((pl p2) 6(pl + P2 — 81 — $2) d4P1 d4P2 =0,

where the definition

ﬁ’amzaa'm' (81 32) = 3 [Falb(gl) Vbaz'a:;'llq' Faz'aa(_ 82) - Faab(SZ) Vbaaaa’m' Fa:’al (_ 81)]

is used. With the transformation to the center of
mass coordinates

P1= % Pc+ Pr,
P2 =%pc— Pr
Eq. (2.17) takes the form

Paras (8¢ 8r) — Wa,asayas (Ser) J.‘Pas'm’ (pePr)
 0(pe — 8c)dpedpr =0, (2.20)

S1 =Jz3c+3r,

32=?.1"3c—~5'r,

(2.19)

where here and in the following we omit the tilde.
Before we further evaluate (2.17) resp. (2.20), it has
to be remarked that as a consequence of § = F an
additional inhomogeneous term in the symmetrized
functional Eq. (2.6) may occur, which is a solution
of the equation () K (£)|24)0 =0 and leads to scat-
tering states.

We first consider the homogeneous Egs. (2.17)
resp. (2.20) for bound states. For the bound boson
states we make the ansatz

Paray (S Sr) = O(P — Sc) Xa,as (51) (2.21)

and obtain by substitution into (2.20) and sub-
sequent elimination of the d-distribution the equa-
tion

Aaras (Sr) — Wa;aaaa'm'(P3 8r)

* | Xagar (Pr) ddpr = 0. (2.22)
With the abbreviation
X = Yaras '= [ Xara: (Pr) A*Pr (2.23)

the eigenvalues of Eq. (2.22) follow from the equa-
tion
[1— [W(P,s)disr]x =0,

where the fat capitals etc. denote the spintensors.
If we perform according to II the transition to
lepton, quark or mixed representations we have to
put for wave functions of the type (2.21)

x(8r) = F4(3 P + sr)Fp(} P — sr) X4B(Sr) -

From this relation it follows that the eigenvalue
Eq. (2.24) is not changed by the transition to the
various representations. This means that the local

(2.24)

(2.25)

(2.17)

(2.18)

boson states are universal with respect to quark and
lepton representations. The terminus local boson
stems from the fact, that eigenvalues depend only
on (2.23), i.e. on x4, (x, ) in coordinate space.

Summarizing the results of this section, we have
shown that the local fermions as well as the local
bosons are universal, i.e. independent of quark or
lepton representations. Then one may expect that
the coupling between local fermions and local bosons
must also be universal. From this it follows that the
local bosons should be interpreted as the carriers of
electro-weak interactions which are universal for
leptons and quarks. In order to clarify this problem
we study scattering processes between local fermions
and local bosons.

3. Local Fermion-Fermion Scattering

The simplest scattering process that can be
treated in our model, is the scattering between local
fermions. For this process we may use Eq. (2.17)
with an inhomogeneous term ¢9(s;s2) which arise
from the symmetrizing procedure, as already men-
tioned in Section 2. This leads to

@ (s152) — W (s182) [ (p1p2)
< 0(p1 + p2 — 81 — s2)dip1dip:
= 1% (51) % (s2) — @%(51) % (52)]
= :(90(8182), (3.1)

where ¢p0(s;82) is an antisymmetric solution of the
equation

o(t) K (2) J.cpo(sl 82)7(81) 7 (s2) d4syd¥sz | Doy =0 (3.2)

with two ingoing resp. outgoing free local fermion
states. With center of mass coordinates (2.19) equa-
tion (3.1) reads

¢P(3c sr) — W(se, 8r) I(P (8¢, pr)d4pr

= ¢@0(scsr). (3.3)
By means of the definitions
D (sc) 1= _f(P (8¢, pr) d"p:;
DO (s.) 1= J'cpo(sc, pr)d4pr (3.4)
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and

M (sc) := — [ W(sc, sr) disr (3.5)

the exact solution of (3.3) is straightforward and
gives the result

P (Scsr) = W (scsr)[1 4 M(sc)] -1 PO (sc)
+ @0(scsr). (3.6)

The operator [1+4 M(sc)]~! is the Greenfunction of
the local boson eigenvalue equation (2.24). The solu-
tions of (2.24) must be Poincaré-invariant and may
have different eigenvalues for different symmetries.
The various symmetries may be classified by the
index a with the corresponding spintensor yx* and
a corresponding boson mass eigenvalue mpy. Then
a general y can be expressed by a linear combina-
tion of the %, i.e. x= anx“. Substitution of this
a

expansion into (2.22) gives
1+ M(se)] D cax®=0.

Owing to their symmetry properties the x* must
be orthonormal in spinspace. Furthermore, the pro-
jection of M(sc) on the set of solutions {y*} must
be diagonal. Hence by projecting with %# from the
left on (3.7) we obtain

6aﬂ[1 + Mug(sc)]ca =0

and due to the Poincaré-invariance of the eigen-
values, this equation must have the form

(3.7)

(3.8)

0opJo (Sc) (3<2: - sza) ca =0, (3.9)

H. Stumpf - Functional Quantum Theory of the Nonlinear Spinorfield

where g (Sc) is an entire function of s, without zeros.
From this it follows immediately that the Green-
function of (2.22) must have the general form

g;‘ (s¢)
[+ Ml =2 X* @ X* (7 ey

=:2 Do (se) gz L (sc) (3.10)

i.e. a weighted sum of boson propagators. Hence by
means of (3.10) the general solution (3.6) can be ex-
pressed in the two-particle coordinates s;, s by

@ (s182) = W (s182) > Da(s1 + 82) g5 1 (51 + 82)
- ®O(sy + 89) - @O(s182).  (3.11)

According to II from this spinorfield amplitude the
lepton- resp. quark amplitudes have to be derived
by projections which read in momentum space

@ (s182) = Fa(s1) Fp(s2) Xan(s182). (3.12)
In general this projection has to be applied before
an integration of the corresponding channel equa-
tion has been performed, since the projectors Fx
modify the polestructure of the kernel of the integral
channel equation. However, in the simple case of
a local interaction such as (2.20), such a modifica-
tion does not take place and hence the projection
can be applied equally well after the integration,
i.e. to the final formula (3.11). This gives for in-
stance for lepton-lepton scattering

X (s152) = F 2 (1) 2 (s2) W (s182) D, Dac(81 + 82) g5 1 (51 + 52) @O (s1 + s2)

+F 1 (s1) F ' (s2) p0(s182).

(3.13)

We now assume that two leptons with momentum k;, k2 are the ingoing particles. Then we have

@0(s182) := % (27)8 Co (k1 k2) [u (K1) u(k2) 0 (s1 — k1) O (82 — k2)]as-

(3.14)

The constant Co has to be chosen in such a way that the corresponding physical ingoing lepton states

Wit (s152) = Fg ' (s1) F 7 (s2) @O (s1.52)

are properly normalized, i.e. that

X1 (s182) = 3 (27)8[w (k) u(ke) O (s1 — k1) 0 (s2 — k2)]as

results. For @0(s; + s2) we obtain in this way

(3.15)

(3.16)

D0(s1 + 52) = [@O(p12) 8(p1 + P2 — 51 — s2) dp1dpe

=127m)80 (k1 + k2 — s1 — s2) [w(k1) u(kz)]as-

(3.17)

Owing to this assumption the solution (3.13) depends on k; and kg, i.e. Xu(s182) = Yu(s182, k1ks). If two
outgoing leptons with momenta k;" and ks are considered, according to the method of functional quantum
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theory the S-matrix is given by the scalarproduct
S(k1'ke', krks) := [o1(s1k1) 01 (sake’) Y (5182, k1 k) ddsy diss, (3.18)

where 6;(siki’), =1, 2 are the contravariant one-particle lepton eigenfunctions, cf. I. The contravariant
one-particle eigenfunctions have to be determined by the conditions
J 04(p)pr(p)d*p = gus,

where g4p is the metrical tensor of the pointlike one-particle states. However, these conditions do not
completely determine 64 (p). In particular, with respect to the pyo component there is some arbitrariness.
It can be shown, for instance, that for lepton states the ansatz

o1(p) = (270)3 63 (t — p) w (m) e~ o~ u(k) (3.20)

in the limit of positive infinite ¢ satisfies all conditions. Substitution of (3.17) into (3.13) and of (3.13)
into (3.18) then gives with (3.20)

(3.19)

S(ki'ke', k1ks) =1+ R(k1'ks', k1 k), (3.21)
where R is defined by
R:= [ds1d%sau(ky) u(ky’) 8 (f)' — 81) oy e~ 7= 00" § (£’ — 85) qog e~ o~ on)* (3.22)
“F 1 (s1) F; ! (s2) W(s1 82)2:1)“ (s1+ 82) 95  (s1 + 82) O (k1 + k2 — 81 — s2) [ (k1) u(k2)]as -
Owing to Fap(—s) = — Fpa(s) and Fq'l(s)F(s) = F;(s) we obtain
F; 1 (s1) F; (s2) W (s1.82) = 3 [Fu(s1) Fa(s2) Vas (3.23)

After performing the integration over d3s; and d3sz in (3.22), the residual integration over s;0 and s2°
remains. With 8; =f; and 83 = f; the corresponding poles of F;(s;) resp. F;(sz2) are $;9 = + w1, $20= + ws.
In the limit of positive infinite ¢ only the poles w; and w2 contribute to (3.22), i.e. we obtain 81 = k',

ss = ko', and R takes the form

R = u(ky)u(ky') [Vlas 3 D (kr’ + ke') g (k' + ke') & (ky + ka — kr’ — ke') [0 (k1) 0 (k2)Jas -

This expression of the R-matrix corresponds to a
diagram of the type Q

e

In quantum electrodynamics usually a diagram of
the type g

s <

for lepton-lepton scattering is considered, where in
comparison with (a) the direction of k2 and k' is
reversed. If this reversion of the direction is taken
into account in (3.24) by replacing ks and ks’ by
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