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ABSTRACT
The rates for the three-body proton decays p -+ nné+ are related
to the rate for the decay p - w°e+. This is done by making an ansatz
_for the form of the three-body amplitude which is consistent with
current algebra and with the measured nn final state interactions.
We find that the three-body decay rates are comparable with the rate

+
for the two-body decay p > 7% .

Submitted to Physical Review D

* Work supported in part by the Department of Energy under contracts
DE-AC03-76SF00515 (R. B.) and E(11-1) 3230 (L.F.A.) and by the
Harvard University Society of Fellows (M.B.W.).



1. Introduction

Grand unified models of the strong weak and electromagnetic inter-
actions contain new interactions which can mediate baryon number
violating nucleon decay.! If proton decay is characterized by a mass

scale of order 1015

GeV,2 as indicated by renormalization group analysis,
then only baryon number violating operators of the lowest possible
dimension can contribute at an observable rate. Weinberg and Wilczek
and Zee have enumerated the baryon number violating dimension-six

operators consistent with Lorentz and SU(3) ® SU(2) ® U(1) invariance.3*"

For decays into non-strange final states they are

(F T =
Q, = (duRusRXuyLeL dyLvL)eaB‘{ ,

(F\=
Q) (daLusLXuyReR>€a8Y >

s <
Qy = (docLuBI)(uyLeL dyL"L)%ESY ’

and

Q = (nguBRXusReR>€oc8y ’ 1)
where the notation of Weinberg has been used. We have shown only those
operators relevant to decays with a positron or electron anti-neutrino
in the final state. Similar operators exist for decays with a anti-muon
or muon anti-neutrino in the final state. The operators Q1 and Q3 lead
to right-handed anti-leptons in the final state while Q2 ana Q4 lead to
left-handed anti-leptons in the final state. Consequently it is
convenient to decompose the effective Hamiltonian for proton decay
so that

laB|=1 _
eff = K ()



where '

J%; = a.+Q2 + b+Q4 + h.c. (3a)

and

¥

aQ; +b_Qq + h.c. . (3b)

The Wilson coefficients a, and b _ depend on the specific grand unified
model being considered. The contributions of ¢, and _ do not
interfere if the mass of the final state anti-lepton is neglected.5

o

For example, in the decay p - 7 e+ the matrix elements for right-handed

and left-handed positrons can be parameterized in the following manner

o+
n%" |, (0) [p> = B, v$ (liys)up , (4)

Hi

and the total rate (m is the nucleon mass)
+ 2 2\ . .
P(p > e ) = é%—<|E+l + IE_} ) - (5)

contains no interference between the contributions of H, and 3¢ .
Recently several estimates have been made for the two-body proton
decay rates in the Georgi-Glashow SU(5) grand unified model.® In the
present paper we shall consider the three-body proton decay modes
P ﬁwe+ in a model independent manner. Since the operators Ql""’Q4
defined in Eq. (1) are purely isospin 1/2, the final state pions can
either be in an I=0 or I =1 state; the I=2 final state is forbidden.
To obtain crude estimates for P(p + qn (I=0) é+) and P(p +-ﬂﬂ (I=1) é+)
one can compute the rate for the decays p ~> wné+ from the lowest order
diagrams of Fig. 1. Using Egqs. (4) and (5), neglecting the momentum
dependence of the form factors Ei’ and noting that the isospin proper-

ties of Ql""’Q4 imply <ﬂ_e+|3¥1(0)[n> = /§<ﬂ°e+[3¢;(0)|p>, these



contributions give7
2
- r(p > nr (1=0) &¥) = 2 {12" - 2} R ol.4 (6a)
. )
I'(p - Troe+) 327T2 3 2
and
( + g2 2
Mprar(I=1)e ) S jl_l‘_lz 0.24 . (6b)
I‘(p - Troe+) 16'rr2 (2 >

when the pion mass is neglected, and where g, is the pion-nucleon coupling

constant

§w4mm

= 14.6 . @h)

Therefore the naive expectation is that the three-body decay modes
+ s s . . . o +
p > nme should be significant in comparison with p + 7 e .
Several improvements on the above estimate of the rates for the
+ + .
three-body decay modes p - mr (I=0)e and p > mr (I=1) e are possible.
In the next section current algebra is used to gain information on the
decay amplitudes when one of the pions is soft and in Sect. 3 dispersion

relation techniques are used to estimate the effects of final state

strong interactions. Concluding remarks are given in Sect. 4.

2. Current Algebra Constraints

When one of the pions is "soft", current algebra® can be used to
. . . + R
gain information on the amplitudes for the decays p - mwe .. Consider

firstly the decay p ~ noﬂoe+. The invariant amplitude for this decay

aiO’O)(Pz’m) = <“3+(131)"0(pz)1To (p3) |56, (0) |p> (8)

is a symmetric function of the pion momenta. Using the LSZ reduction



formula, one finds

taiO,O)(pz,pB) = péETZZ i(uz“Pg)J[AAX eiPB'X
3

x <e (10, [T (5 x) 5, (M) [p> €

where p is the pion mass and ¢O the neutral pion field. Any field with
the appropriate quantum numbers can be used for the pion in Eq. (9)
provided it is appropriately normalized. The standard choice in current
algebra is to relate the neutral pion field to the thifd component of

the axial current by

6y = _€?L_3uA(3)
u
Wt

(10)

Inserting this into Eq. (9), integrating by parts and taking the soft

pion limit Py -+ 0, one finds

200 (5, 0) = 22 (¥ 300y [0 o, 0] o5
w

/2

4 ip,°x
+ lim };~pg./; xe 3 <e+(p1)w°(p3)lT(AﬁB)(x)Q%}<O))!p> (1D

P3+0

From Eq. (1) it is easy to relate the equal time commutators of the

axial charges 65 to those of the isospin charges f,
—> .
[35.0¢,] = <[T.o¢] (12)

This can be used to evaluate the commutator term in Eq. (11). The
second term in Eq. (l1) can be evaluated by diagrammatic techniques

using the axial current-proton vertex (gA/Z)quS. From Eq. (4) we find



Y mg , ¥
é (Pz’P3)p +0 2f i":(li‘/s)[pi3

; - 1+-gA}y5up (13)

when pion mass is neglected.

In the introduction rates for p - ﬂﬂe+ were given that were
computed using the Born diagrams in Fig. 1. However, the amplitude
arising from Fig. 1 is not consistent with the current algebra relation
in Eq. (13). The diagrams in Fig. 1 are expected to vary more strongly
over the kinematically allowed region than other contributions, for
example, from diagrams with higher mass intermediate states (e.g., N*).
Consequently we assume that these contributions can be approximated by
a constant over this kinematical region. We further assume that the
amplitude for p - ﬂ0e+, when the proton is virtual, is well approximated
by that for a physical proton -- i.e., we neglect the off-shell dependence
of Et' These assumptions then lead to the following ansatz for the

amplitude for p + wowoe+.

— g
(0,0) e _am oC ¢, _ £ Sr
a, "0’ (pypg) = ~iEve(L2vs)e, 7p+p, ~ 25D, T Co( sl -

(14)

Our guiding principle (assumption) here is that the PCAC constraints
are to be satisfied by adding terms to the lowest angular momentum
states for each isospin value.

The decay rate following from this amplitude is easily-calculated

when the mass of the pion is neglected:

ooy . (BT

I(fp>nme J s (15)
( 256w fr 70



where

2
(" _5)_ 1.2
' Jo'(3 2) Cot3 >

or equivalently

2
P(p -+ ﬂoﬂoe+) gr 1
= . 6
P(p > noé+) 32w2 "o (e

The constant CO can be determined by requiring that the limit of

Eq. (14) when P3 0 agrees with Eq. (13). The Goldberger—Treiman9

relation
. 22 (17)
r f
kil
then gives
1[ 1]
C, = 5|13- — . (18)
0 2 ga

Inserting this into Eq. (16) yields F(p - ﬂoﬂ°e+) R 0.06T(p > ﬂoé+).
Since the amplitude for p = mm (I==2)e+ vanishes, the rate for p - ﬂowoe+

is one third that for p =+ ww (I=0) e, Thus

F(p +> (I==O)e+> R 0.17F(p > woé+) . (19)

Next we consider the charged pion final state and the constraints

imposed on the invariant amplitudes

a7 (pyp5) = <R BT (R I, @ > (19)

by current algebra. Proceeding as before, we find
(+,- i + +
a7 (p,,0) = 32 <T@ [, 4, @] 19>, (20)
™

where Eq. (12) has been used. There is no pole term in this amplitude
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and the {sospin operator acting on the states yields

- (+:—) —_— :i_ —E
ay " (pyeP3) pyo0f P ve(LEv5) sy, - (21)
Alternatively, when the ﬂ+ is removed from the final state of the
matrix element in Eq. (20) and its momentum is taken to zero, we find

that!0

u .
(+,-) o s Py [, iPp°X
a, (0,P3) = PE%FO - gg;/; X e
x <" T () |1(a57 0 5#,(0)) 19> : (22)

The commutator terms vanishes in this case and the right hand side of
Eq. (22) can be evaluated with diagrammatic techniques using the proton-

neutron—-axial current coupling + gAquS' The result is

iv2g - - p,m
A c 2
(pZ’p3)p—2_—:0 £ B, ve (1t YS){I * p‘pz]YSup (23)

a§+3—)

when the pion mass is neglected.
The amplitudes for p - 'mr(I==O)e+ and p - nﬂ(I==1)e+ are related

-+
to those for p ﬁ+ﬂ e by the relations

270 (py025) = /_[(+ KOSHE a§+’—)(P3’P2)] (24)

and

a§1=1)(P2,P3) /15 [ (*s )(pz,p3) - a§+’")(p3,p2)]-. (25)

Using Eqs. (23), (22) and (4)

(1 0)(p2’p3) 07 +0 (1 Ys)[ 1+gA}YSup (26)



and

aI=D — dg ° 1z —§§i~# +1+ u 27)
£ (P2:P3) p,>0 E_ e ( ;) pp, 12 Ba|Ys%p -

The isospin zero amplitude was discussed previously in Eq. (26)
leads to the same result as was derived from our discussion of p - ﬂowoe+.
The isospin one amplitude resulting from the Born diagrams in Fig. 1 does
not satisfy the constraint given in Eq. (27). A simple ansatz for the
I=1 amplitude that is consistent with current algebra, bose statistics,
and with our intuition that most of the kinematical variation of the
amplitude (apart from the effects of wr final state interactions) comes
from the Born diagrams of Fig. 1 is

a§I=1)(P2,P3) =1 2Et gr Vz (1 i‘YS) (28)

2 B c - .
2 3 1 2
x - + —= (%, - + %= D.p*(py - u
{( 2p*p, 2p-p3> mz(‘-"z #3) 3 1P (P2~ P3)(¥s¥p
where C1 and D1 are constants. The rate following from this amplitude is

2
|E,|*+ |E_]
( + ) mgi.]l (29)

I‘(p +am (I=1) e+)= 3
1287w

when the pion mass is neglected, and where

2
e (L _7 V1 1.2 _ 1 21 152
Jl'[(:z 3>+3cl+601 6C101 9D1+15D1] ’
or equivalently

I‘(p > qar (I=1) e+) _ &r
F(p - ﬂoé+) 161T2 L

(30)
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The constants C, and Dy are constrained by Eq. (27) to satisfy

To parameterize the freedom in the choice of C1 and D1 we write

c, = —%(1-%)(1-13)
D =+l(1-~1~ P
1 2 gA>b

Thus the choice b =0 means that D1= 0, and b =1 means that C1 =0.

In this section we have attempted to improve the naive estimates
made in the introduction using current algebra to gain information about
the amplitudes for p - ﬂﬂe+ when one of the pions is soft. We then
extrapolated over the whole kinematical region assuming that most of
the variation of the amplitude arises from the Born diagréﬁs in Fig. 1.
Recall that this procedure resulted in a reduction of the rate for
p > mw (I=0) e+ by roughly a factor of ten but a neglible reduction in
the rate for p > v (I = l)e+ for b=0 or 1 (see Table I).

However, these computations have neglected the effects of strong
interaction final state ww interactions. Since there is considerable
phase space available for the pions, their final state interactions can
be dynamically significant. In the case where the pions are in an I=1
state, a large enhancement of the rate from the final state interactions
is expected since they can form a rho resonance. In the next section
we estimate the effects of final state interactions for both the J=0

and 1 final states.
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3., Final State Interactions

Up to this point our discussion has neglected the strong interactions
of the pions in the final state. To include these effects we must first
decompose the amplitudes for p —~ ﬂﬂe+ into partial waves. The

- + ; (I=0,1) X . , .
p~>mr (I=0,1)e amplitudes, a,; , satisfy a unitarity comstraint
which follows from a consideration of the crossed diagram shown in Fig.

2. Let s be the square of the 7T center-of-mass momentum. In the

"physical" region, s:>4u2, the absorptive part of the ep—»mm amplitudes
(1=0,1)
a, ?

satisfy11

2 (dQ
(I=0,1) , . ~.ay _ _1 by J[ R (I=0,1)%, 5 ~
Abs a, (s3p*q) = 39 1- ~ —Z;-b47 (s32+q)

x a0 D ipp) . (32)

Here we are working in the 7m center-of-mass coordinate system where

1 . ..
P2+P3=k= (‘/g,g) ’ 7(P2—p3) =q*= (033)
=% = e 1 - =9 = T
y+ 2y = k = (Vs ,0) , 5 (2= 23) = % (o, %)
>
and p=(E,D) , =Py = (e,-P)

From P-p, = k = (Vs ,gb it is easy to show that for u=0,

2 2
- +m > m -
e = 5 s E = 5 and l = S

2Vs 2Vs

. (33)

In Eq. (32)¢A7(I=0’1) is the isospin zero or one pion-pion scattering

(I=0,1)

amplitude. The p - ﬂﬂe+ amplitude a;

can be expressed in terms

of two types of form factors. Suppressing the isospin superscripts

a, = i§g(li:y5)[Ai4-ZBid]Y5up . (34)
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The unitarity constraint for the crossed process ep = 7mw, given in

Eq. (32) implies that

u_;:(l ty,) [ImAi - 2Im Bigf] u, = :5(1 ) [2,- 28, | u (35)

~ 1 4u2 dgl

a, =5-\!'""5 | T MF(s389) Ai(s;f,.@) ) (36)
2 dQ

> _ 1 [ _4u 2 ~ A " Al >

bi— 320 1- s flm g/l(*(s;l-q) Bi(S;p‘Q,) 2 > (37)

and bz = Q.

where

Multiplying Eq. (35) by Gpuz and summing over the electron and
proton spins gives

2mp . *q
PP

Z2mb - p
~ +
ImB, = &, - —=_¢ _ (38)

ImA, -~
+ .
= x Pe p

The mw scattering amplitude ..# has the partial wave expansion

- . . 18
AM(s30q) = S — :Z: (2J+1) PJ(E-q) e J sin6J
2 J=0
bu
s

(39)
1-

The phase shift for the J'th partial wave, GJ, depends only on s, and

thus it is evident from Eq. (38) that when one makes the expansion
-> .
A+ 2z 0 - Y erne@ e (40)
X /E = J X

where z = ﬁ~a, the unitarity constraint becomes

g, _ ~isy | J
Im fi(s) = e 51n6J.fi(s) . (41)
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Next we multiply Eq. (35) by §p¢u§ and sum over electron and proton

spins. Choosing the four-vector, C = (O,;xg), we find that

> 5> 2 -
Im B, [3-q|" = Bxd) - (Bxb,) (42)
or equivalently, using Eq. (36),
2 dQ
_ 1 4u L %k, a4 Aa
mB, = 57V~ _/lm “H (s3200) B, (s5p7h)
y { (@9 - ‘?"Péq'l’)} . (43)
1 ~ (q*p)

From a standard orthogonality relationl!? for P& it follows that the

partial wave expansion of B _ is

(2J+1) J
B, (s;32) = 2————1"(2) g (s) , (44)
* 7 G T TR

and the unitarity constraint for the g3 is

-id8
Im gi(s) = e J-sinéJ.gi(s) (45)

+
The decay rate for p - mme can be written as a sum of squares of the

partial wave amplitudes fi(s) and g{(s):

2
r = 25‘;3 4]: ds 1--‘*—1;—2— (1 "m_SZ)Z ;(2J+1)
i
* Klfi|2+|ff|2>+(s—4u2)<|gi|2+|gflz)] - (46)

The partial wave amplitudes which follow from the expressions for

the (Born) decay amplitudes given in Sect. 2 are real on the positive

real s-axis, s > 0. These partial wave amplitudes we denote by fi(s)
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-J,

and g+(s). The bar signifies that these are not the same as the true
partia%hwave amplitudes fi(s) and gi(s) which have a cut for s > 4u2
and satisfy the unitarity constraints given in Egs. (41) and (46).

A simple form for the partial wave amplitudes fi(s) and gi(s) that is

consistent with the unitarity constraint is

— 2 -
D_(u™)
J _ J =J
and N 9 T
D (1%)
J _ J ~J
5 = | ey | B : (48)

The quantities f, and éi can be deduced from the expressions for the

decay amplitudes given in Sect. 2. The Ommes DJ function is defined by!3

F b
fds' —_ | - . (49)
-s-1ie
2

=]|l—'

D; (s) = exp t

and takes into account the effects of final state nw interactions in the
J'th partial wave. The amplitudes fi(s) and gi(s) defined in Egqs. (47)
and (48) satisfy the unitarity comstraints given in Eqs. (41) and (45)
because DJ(S) has a cut for s > 4u2 and equals lDJ(s)! eXp(~iGJ) in

this region. The normalization factor DJ(UZ) was inserted in Eqs. (47)
and (48) so that the decay amplitudes following from fi and gi will
satisfy the current algebra constraints which restrict the amplitude

in the neighborhood of s = uz. Note that since the functions DJ(s) are
real and slowly varying for s < 4u2, Inlfi(s) ~ Inxfi(s) and

hngi(s) & hnéi(s) on the left-hand cut.
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The isospin zero amplitude aEI=O) only gets contributions from even
partial waves. The form for a£I=O) given in Sect. 2 (see Egq. (14)) can
be cast into the form of Eq. (34). The resulting form factors K£I=O)
and §+I=O) are

~(1=0) 5, [ 1 1 2 jl
& = -V3E + -5 G| (50)
* x 2 2p Py 2p-p3 m2 0
and
=(I=0) _ Y3 1 1

In Eqs. (50) and (51) and hereafter the pion mass is neglected. Again

we use a bar to denote that final state interactions have not been
included. The s-wave amplitude, fi(s) following from these form factors

can be derived by inverting Eq. (40). We find that

%s) = /3E Er C, - m” 1- —2 2‘(93> ) (52)
£° +m 0T 2 2" \s ‘

The second term in the brace brackets depends on s and arises from the
Born diagrams in Fig. 1. The first term is a constant independent of s
and was added to make the amplitude consistent with current algebra.
The s-wave contribution dominates the rate for p - mw (I=0) e+ s0
we shall neglect higher partial waves.!* The s-wave isospin zero w-7
phase shift, 60, is consistent with the presence of a broad resonance
of mass 700 MeV and width =~ 500 MeV. Therefore we assume that in the

physical region 0 < s < m2 the function Do(s) has the form

Dy (s)

S .
—50—{6_)_ = (1— —SE>—1Y0/S- . (53)
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The parameters g and Yo are related to the s-wave phase shift. Using

*
- 16y . _ 1|Do(8)~Dgls)
: e “sing, = Eﬁf[ Do(s) (54)
= YOSO/E [(s—so)-iyoso/g]_l s (55)

it is evident that sy can be identified with the mass of the S-wave

"resonance' and Yo controls its width. Therefore the values sy = 0.5 GeV2

and Yo = 0.8 GeV_1 are adopted. Performing the required integration
(cf., Eq. (46)) we find that wrv final state interactions enhance the rate
for p ~ ﬂﬂ(I==0)e+ by about a factor of 1.5 so that

I‘(p - 1m (I=0) e+) ~ 0.21"(p -> 'ITOe+)-
(I=1)

The isospin one amplitude a;

gets contributions only from odd

partial waves. The expression for a£I=l) in Eq. (28) of Sect. 2 can be

put in the form of Eq. (34). Then

D
_(1=1) [gr’“< 1 1 > 8,01
A = /2E - + + —= 4p*q| , 56
e £ 4 p'P2 P'P3 m3 P ( )
and
=(I=1) 1 ( 1 1 1
B = /EE ~{—+ — 1+ = C . (57
+ igr 4 P*Py P*Pj m2 1 )

As in the isospin zero case, the rate for p = mw (I= 1)e+ is dominated
by the contribution of the lowest partial wave.l% Consequently we shall
restrict our attention to the p-wave amplitudes fi(s) and gi(s), ignoring
the rescattering corrections to the (< 1%) contributions of higher par-

tial waves. Inverting Eqs. (40) and (44) we find that!l®
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=1 V2 Zsz mz+s m2 1 1 s

fi(s)= = E Byoof-x(1-=}(1-b %

i(j) i 1Lgr%(mz-s)zlimz—shl(s) i 6< gA)( bm2> ’
(58)

and
-1 Er m4 4s m2 2(m2+s) 1 1
= -E, — g (B-)- AABTESN 2 (1o =\ (1-b)).

8, (s) - {(mz_s)z Lz_s n(s) 2 3( gA>( )

(59)

The last terms in Egqs. (58) and (59) were added to the Born amplitudes
to comply with current algebra restrictions.

The final state interactions of two pions in a p-wave are dominated
by the rho resonance. Therefore we assume that in the physical region
0 <s < m2 the function Dl(s) has the form

D, (s)

5o - (o) me

(60)

Fitting sy and Yy to the mass and width of the rho-resonance gives

s) = 0.59 GeV2 and Yy = 0.41 GeV—B.

Performing the required integration
we find the final state interactions enhance the rate for p = 7n (I=1) e+

by about a factor of six and hence T(p > qmr (I= 1)e+) ] 1.5P(p > ﬂ°e+)

for both b=0 and 1.
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4, Discussion and Conclusions

In this paper we have attempted to make a simple model independent
estimgie of the ratio of two-pion to one-pion final states in proton
decay. We found that for the isospin zero two-pion final state the pole
or Born contribution gave a ratio around one but when PCAC was imposed
the ratio was reduced by almost an order of magnitude. In the isospin
one case the Born diagrams gave a small ratio of about one fifth.
However, in this case the current algebra constraints caused only a
slight reduction 1in the ratio of two-pion to one-pion final states.
Finally the effects of final state strong interactions in the lowest
partial waves were estimated using familiar dispersion relation techni-
ques (whose validity it would be inappropriate to discuss here) and
were found to enhance the two-pion rates substantially. This oscillatory
-history is shown in Table I where the rates include the Born contributions
to the higher partial waves.

The imposition of the PCAC condition is unique if one adds only
constants (mo growth in s) to the lowest possible partial wave ampli-
tudes.l® In the I=1 case this corresponds to the choice b=0. However,
because of the additional s dependence in the rate associated with gi
(cf., Eq. (46)) we do not consider the choice b=0 compelling.
Fortunately PCAC has little effect on this amplitude and the rate is
insensitive to the value of b.

The large rate for the isospin one two-pion final state is more or
less in qualitative agreement with bag model estimates of p - pe+. We

have also found a significant rate for isospin zero two-pion final

states. Because of the large amount of phase space available to the
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pions ode should be suspect of the dramatic cancellation which occured
when the Born amplitude was adjusted to satisfy the current algebra
constraints. The rate for p » wn (I=20) e+ may be somewhat larger than
we have calculated.

Finally we note that other three-body modes, such as n + ﬂow—e+,

+ o- = . .
p>7 v and n > wmy follow from our estimates by simple arguements

(e.g., from isospin P(n + nr (I= 1)e+) = ZP(p > 7mr (I= 1)e+)).

ACKNOWLEDGEMENT S

This work was supported by the Department of Energy under contracts
DE-AC03-76SF00515 (R.B.) and E(11-1) 3230 (L..F.A.) and by the Harvard
University Society of Fellows (M.B.W.). We are grateful_po T. Tsao for

assistance with some of the numerical work.



~20-

TABLE I

I‘(p g Tr'rre+)/I‘(p g 'rroe+)

Born Born + PCAC Born + PCAC + Rescattering
I=0 1.38 0.17 0.24
0.24 (b=0) 1.6 (b=0)
I=1 0.24

0.23 b=1) 1.5 (b=1)
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To invert Eq. (45) we used the orthogonality relation

+1

dz oo s o, 20 J(IHD)
f 7 Py(2) Bp(2) (1-27) = S 578y
21

In the case p » 7m (I=1) e+ a term p-(pz— p3)/ [(P2+P3)2'm2]
(1=1) |

in the form factor Z+

contributes a constant to the partial

. =1 , .
wave amplitude f . However, such a term is unacceptable since

(I=1)

N with a pole at s=1n2 for fixed t.

it gives a form factor A
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FIGURE CAPTIONS

. . s +
1. Born or pole diagrams contributing to p = mme .

2. ep - mm scattering diagram used in derivation of Eq. (32).
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