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A violation of time-reversal invariance of any of the elementary particle interactions would imply the exist­
ence of a static electric-dipole moment for all these particles. We make here a theoretical estimate of the 
electric-dipole moment (jue) of a bare nucleon, assuming the existence of an intermediate vector boson (W) 
and a small violation of T invariance for the weak interactions. With the existing experimental upper limit 
for T violation from polarized neutron decay, we find that fJt,eS

e/mNX10~7. Since a value for /*«, somewhat 
smaller than this upper limit seems to be experimentally observable, such an experiment would provide a 
good test for T invariance as well as for the existence of W mesons. 

INTRODUCTION 

IT is well known that the electric-dipole moment of a 
nucleon should vanish if all its interactions are time-

reversal invariant (T).1 While it is fairly well established 
by now that weak interactions violate invariance under 
charge conjugation (C) and parity (P), they may still 
be invariant under CP and hence (by the CPT theorem) 
under T. However, observations on the correlations 
between the neutron spin vector and the proton and 
electron momentum vectors in the decay of polarized 
neutrons do not rule out the possibility of an appreciable 
breakdown of T invariance.2 In a recent paper,3 Schiff 
has discussed the measurability of nuclear electric-
dipole moments and has shown that moments somewhat 
less than e/m^XlO~7 are expected to be within the 
scope of experimental measurements being performed 
by Fairbank.4 

I t is our aim here to estimate theoretically the 
electric-dipole moment of a nucleon based on the 
existence of intermediate vector bosons5 and on the 
assumption of a small violation of time-reversal 
invariance through the weak interaction vertices. In 
order to cause the sum of all Feynman graphs, which 
are of first order in the weak-interaction coupling 
constant g2 but of arbitrary order in a, to be finite, we 
use the ^-limiting formalism of Lee and Yang.6 In this 
formalism, a cutoff A is introduced in a gauge-invariant 
way as A=^~ll2mw, where mw is the mass of the W 
meson. We evaluate the electric-dipole moment only 
for a bare nucleon since there is as yet no consistent 
way of introducing the strong interaction effects 
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accurately and since we are interested only in estimating 
the order of magnitude of the electric-dipole moment. 

We find that the electric-dipole moment does not 
depend explicitly on the mass of the W meson and is 
of the order of 10~7 e/mN where we have taken for the 
violation of T invariance, the maximum value that is 
consistent with the experiments of Ref. 2. 

CALCULATIONS 

Assuming the existence of weak vector bosons W, the 
Feynman diagrams to be evaluated for the calculation 
of the electric-dipole moment of the bare nucleons is 
given in Figs. 1 and 2.7 We are interested only in the 
static moment fie, so we take the limit of zero photon 
energy (& = 0). 

We do not take into account the contribution from 
Fig. 1(b), for a proton, since in the absence of strong 
interactions (and hence of the anomalous magnetic 
moment terms) there is no direct n-n-y interaction in 
the limit k—>0. Thus we consider only Fig. 1(a) for 
the evaluation of \xe for the proton. 

The evaluation of /xe for the neutron will be discussed 
later. 

The interaction between W± and the nucleons is 
written as 

; g ( F x + ^ x ) J F x + H . c . , (1) 

where V\ and A\ are given at low-energies approxi-
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FIG. 1. Diagrams contributing to electric-dipole moment of 
a proton assuming the existence of intermediate weak vector 
bosons (W). 

7 We do not include diagrams where the intermediate nucleon 
is replaced by a strange particle (A or 2) since it is known that the 
strange-particle weak decays are down by a factor of order 20 
compared to 0 decay and since we are interested only in an order-
of-magnitude estimate of the electric-dipole moment. 
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FIG. 2. Diagrams 
contributing to elec-
tric-dipole moment 
of a neutron assum­
ing the existence of 
intermediate weak 
vector bosons. 

mately by 

Vx = py\n and A\ = pywtfi. (2) 

We have not taken into account the strong interaction 
renormalization of the axial vector coupling constant; 
i.e., we take \GA/GV\ equal to 1 instead of 1.2. The 
violation of time-reversal invariance is introduced 
through the phase factor e^ between A\ and V\. The 
coupling constant g is related to the universal four-
Fermion interaction coupling constant G through the 
relation 

gymw
2=G/v2~ 10-5/V2mp

2. (3) 

If the W mesons do not exist, the diagrams to be con­
sidered for the proton is given in Fig. 3. I t is easily seen 
that the contribution from Fig. 3 is smaller by a factor 
of order G compared to Fig. 1(a), and so is too small to 
be measured by the experiment under consideration.4 

However, we show below that Fig. 1(a) gives a value 
for \xe which is within the range of experimental 
possibilities. 

The matrix element for Fig. 1 (a) can be written as8 

(2TT)47 -i(p-Q)-mN 

X7/»( l+^T5)«p[5(0+*)7 M ( e+A,g)5(G) ] a / , , (4) 

where S(Q-\-k) is the propagator for the virtual W 
meson with four momentum (Q+k) and FM is the 
three-point W-W-y vertex interaction. In the ^-limiting 
formalism they are given by 

S(p) = 
i r ( i - e#h 
i p2-\-mw

2\- %p2Jrmw2-J (5) 

and 

V,(p\p) = iel(p'+p)>+ (£+Z) (exp+p'h) 
-(l+K)(e^+ph)l, (6) 

where the magnetic moment of W meson is given by 

(e/2mw)(l+K). (7) 

We are interested in calculating only the electric-dipole 
moment, which is the coefficient of the term 
(upy^a^kpUp) in the limit k —> 0. So picking out only 

8 We use the same notation as in Ref. (6). 

the 75 terms in (4) we have 

k2 r 
/ d'Q 

2TYJ 

ZS(Q+k)Vr(Q+k,Q)S{Q)la(> 

(2TYJ Q2-2Q-p 

XUp>[y*,ya(—co$$+isir&)(p—Q+imN)yp 

+ya(cos$+i sin$) (p—Q+imN)ypyf\up 

= / d*Q 
(2TTW Q2-2Q-p 

XUp>[_y$ya{co$${p-Q)+inN sm$>}yp]up. (8) 

However, we know that as <F—> 0, time-reversal 
invariance holds and the electric-dipole moment has to 
vanish. Thus the contribution from the cos3> term 
should be zero. These terms can also be shown explicitly 
to vanish.9 Thus we are interested only in the following 
term: 

( 2 T ) * 

mN s i n * / d4Q[uP'j5yayi3Up] 

XLS(Q+k)V,S(Qftap 
Q>-2Q-p 

(9) 

Lee and Bernstein10 have shown that in order to explain 
the electromagnetic form factors of the neutrino as 
calculated on the basis of the ^-limiting process, the 
magnetic moment of the W meson should be equal to 
e/2mw', so the parameter K in (7) has to be zero. 
However, for completeness we consider both cases. 

Case (1): K=0 

The contribution from Fig. 1 (a) turns out to be 

D* Jx=o= aQ ln£+c0 , (10) 

where 

and 
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9 From the cos* term in Eq. (8) the only nonvanishing contribu­

tion to the electric-dipole moment term, after integration, turns 
out to be proportional to Up>yb7apypuP. However, in the limit as 
& —> 0, p~> p't so that we may replace p by {p-\-p')/2; we then 
find that the contribution to ne from this term also vanishes. Thus 
the cos* term cannot contribute at all. The authors are grateful 
to Dr. F. Chilton for helpful discussion of this point. 

10 T. D. Lee and J. Bernstein, Phys. Rev. Letters 11, 512 (1963). 
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In calculating c0, we have assumed that 2niN>mw', 
the calculation of #o is independent of this assumption. 

Equation (10) gives only the contribution from the 
lowest order diagram. To include all radiative correc­
tions we evaluate the contribution from all diagrams 
of first order in g2 but of arbitrary order in a. However 
for these diagrams we do not evaluate the terms 
independent of £ since they are of order a compared 
to Co. Thus including only the most singular parts of 
the higher order graphs we find 

[ > J * - o = c o + a o l n £ + v fa\n 
(ID 

where an's are numbers independent of a and £. 
Following Ref. (5), we assume that the entire sum 

(11) leads to a finite result in the limit £ —» 0. Equation 
(11) can be rewritten as 

00 

ZfJ<eliK=:0=co+ao ina—ao \nx+ £ o>nXn 

= Co+ao\na+f(x) 7 

where x=a/£ and for small x, the function fix) can be 
represented by its series expansion 

Taking the limit £ -
x —> oo ~] we find 

- a0 ln#+ X) an%n. 

•0 and keeping a fixed [(i.e.) 

EM«~U=O —> Co+a0 lna+f( oo ) , 

where /(<*>) is finite and independent of a. So mathe­
matically, as a—>0 we have the expression for the 
electric-dipole moment given by 

CM<CU=O:=0O lna. (12) 

Since it is believed that ntw is of the same order as 
MN, even the term ln(niN2/inw2) in Co is expected to be 
of smaller order as compared to lna and as /(oo) does 
not contain any log terms, c0 and /(oo) can be neglected. 

Case (2): K^O 

In this case it is known that the power series in a is 
much more divergent than in case (1). This comes about 
because at a virtual W-W-y vertex, we have as shown 
by Lee6 

p'V^p',p)p = ieK[_k2p^ 

+ie&p2Px'+p'2pxl. (13) 

Remembering the fact that the cutoff for the momentum 
is equal to £~1/2niw, the presence of £ in the second term 
suppresses two powers of p and so the first term domi­
nates over the second. However, in the case X"=0, the 
first term vanishes and so only the second term exists, 

FIG. 3. Diagrams 
contributing to the 
electric-dipole mo­
ment of a proton in 
the absence of W 
mesons. 
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thus reducing the degree of divergence in case (1) as 
compared to case (2). 

We find in this case the power series expansion for 
the electric-dipole moment term to be11 

C M J ^ O = G O ' ln f+ E an'(aK2/e)\ (14) 

where 

a</= (l/ST2)(g2/mw
2)emN(l-K) sin*. 

Writing x=aK2/£2 and taking the limit J - ^ O w e find 

[ A t J ^ o - > W l n ( ^ 2 ) . (15) 

RESULTS 

To make an estimate of the order of magnitude of 
the electric-dipole moment we take the expressions for 
fxe given by Eq. (12) for K=0 and by Eq. (14) for 
KT^O. Thus we have 

CM<fk=o= (1/87T2) (g2/mw
2)emN | sin$ lna| (16) 

and 

[MJJ&*O= (1 /8X 2 ) {g2/mw
2)emNl{\-K) | sin$ InaK2\ . 

I t is interesting to note that g2 enters these formulas 
only in the form g2/ntw2- Using Eq. (3) we have 

CMe>=o= C10- 5 /V2(8TT 2 ) ] I sin$ \na \ (e/mN). (17) 

Thus we find that the mass of the W meson does not 
occur explicitly in the expression for /*e, and so we do 
not require the experimental value of ntw for the 
determination of jue. Writing in Schiff's notation12 

IJL = ey/m]sfy we find for the constant y 

yK= 

and 

-5XlO-7sin«i> (18) 

7 K * o ^ l O - 7 ( s i n $ ) | ( l - i t } \n(aK2). (19) 

11 It is to be noted that unlike Bernstein and Lee's result for the 
neutrino-charge form factor, which contains a quadratically 
divergent term even in the lowest order, in our case such a 
quadratic divergence does not occur in the lowest order. Fig. 1 (a) 
does have a quadratic divergence in the lowest order; however, 
we are interested only in the electric-dipole moment term which 
is proportional to <rapy?>< It so happens that this term is only 
logarithmically divergent in the lowest order. 

12 It should be mentioned that we have expressed the electric-
dipole moment of a bare nucleon in terms of the mass of a physical 
nucleon. We believe we are justified in doing so, since we are 
interested only in an order of magnitude estimate which is not 
expected to be altered significantly when strong interaction effects 
are included. 
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The experimental upper limit for sin<£ is 0.26 (Ref. 2). 
Putting this value in (18), we find as a typical 

maximum value for y 

(7#=o)max~1.3XlO-7. (20) 

In the case of the neutron we have to consider Figs. 
2 (a) and 2 (b) for the evaluation of the electric-dipole 
moment. However, we find that the contribution to the 
ln£ term from Fig. 2(b) vanishes. Thus we expect the 

INTRODUCTION 

TH E buildup and decay of electromagnetic cascade 
showers, initiated by high-energy photons or 

electrons, has long been studied in connection with 
cosmic-ray work. More recently, the cascading proper­
ties have been used in increasing measure for the selec­
tive detection of showering particles in work around 
high-energy particle accelerators. 

Although the equations describing the fundamental 
processes involved in buildup and decay of showers are 
well established, analytical solutions of the shower 
distributions taking into account the full amount of 
physical phenomena are impossible to obtain. Various 
approaches and approximations have been put forward, 
notably separating the problems of longitudinal, lateral, 
and angular structure. More recently, calculations using 
statistical models have been made to obtain numerical 
data for various sets of input parameters. In this 
approach, it is easier to take all of the important cross-
section data into account and not to introduce too many 
oversimplifications. The most recent data of Messel 
et al.1 and Crawford and Messel2 differ appreciably 
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electric-dipole moments of the neutron and proton to 
be of the same order of magnitude. 
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from earlier results obtained by Wilson3 for the longi­
tudinal development of showers, as well as from approxi­
mate analytical solutions as presented by Belenkii and 
Ivanenko4 and others.5 There has been no experi­
mental check so far on the validity of MessePs data. 
Earlier work, e.g., by Lai and Subramanian,6 has too 
many inherent uncertainties to allow for a quantitative 
confirmation. 

The structure of electromagnetic showers (longi­
tudinal, lateral, and angular distributions) is of vital 
interest for the identification of particles in heavy back­
grounds, either singling out high-energy photons and 
electrons in the presence of copious w, K, p- • -produc­
tion from targets around high-energy accelerators, or 
discriminating against them; and contingent knowledge 
may help to establish recognition patterns for incoming 
photons and/or electrons of given energies. Therefore, 

3 R. R. Wilson, Phys. Rev. 86, 261 (1952). 
4 S. Z. Belenkii and J. P. Ivanenko, Usp. Fiz. Nauk 69, 591 
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Energy Particles (Prentice-Hall, Inc., Englewood Cliffs, New 
Jersey, 1952). 
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The need to establish recognition patterns for high-energy photons and electrons in cosmic-ray work, and 
more recently, around high-energy accelerators, has stimulated theoretical and experimental investigations 
into the properties of electromagnetic cascades. The most recent results of statistical computations, for 
longitudinal development and for lateral and angular spread, are in large part inconsistent with earlier pub­
lished data. In order to study the longitudinal behavior of electron-induced showers, measurements have been 
made with a monoenergetic electron beam (energies 100-1000 MeV) at the 1.5-BeV CIT electron synchro­
tron. Buildup and energy dissipation were investigated, through the sampling of showers generated in lead of 
variable thicknesses, by means of a Lucite Cerenkov counter. Average numbers of shower particles with 
energies above 10 MeV are given for these incoming energies and penetration depths up to 10 radiation 
lengths; also, shower fluctuations are presented for the same points. The results of this experiment can 
readily be compared with the data recently computed by Crawford and Messel. Agreement appears to be 
satisfactory. 


