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%'e propose a simple model which parametrizes the main features of a hyperweak-type theory due to
Gell-Mann in which the source of C P nonconservation is attributed to strongly interacting X*
particles (sthenons) which, however, have no strong interactions with the normal hadrons. The model

suggests that it is not unreasonable to expect C P effects at the level of (ala) in amplitude in muon

decay, though (contrary to earlier expectation) C P eA'ects are negligible in neutrino production of these

X particles when they are identified with the charged intermediate vector boson of weak interactions.

I. INTRODUCTION

A few years back, Gell-Mann' postulated that
there exists a group of strongly interacting parti-
cles, strongly interacting among themselves,
which communicate with the usual worM of had-
rons and leptons only electromagnetically or
through the usual (CP-conserving) semiweak in-
teractions. The strong interactions of these so-
called X' particles conserve a quantum number

n», basically the difference between the numbers
of X' and X particles; however, these X' parti-
cles have no strong interactions with the normal
hadrons. The strong interactions of X' are postu-
lated by Gell-Mann to be strongly CP-nonconserv-
ing. In modern terminology, the X particles are
a subclass of the large family of new particles
which interact strongly with each other, char-
acterized as sthenons by Appelquist and Bjorken. '

It can be shown explicitly' that in order G (the
weak coupling), where the weak interaction is es-
sentially

rent of the world of X' particles, then in order
Ge' the effective interaction is

G~wk awk)ggy((ygy cfy)) (1.2)

8„(II„=Q, 8„$„*= Q.

I.orentz invariance allows (1.2) to have many more
terms than (1.1), and a number of these give CP
violation. Hence, in order Ge', we obtain the
Fitch-Cronin (FC} effect via electromagnetic-
weak cooperation. ' The theory thus predicts CP
effects at the level of (o/v) in weak processes,
but none in strong and electromagnetic processes
(as is common to the class of all hyperweak the-
ories of CP violation).

In order to suppress a neutron electric dipole
(El) moment of order Ge, two additional assump-
tions are made: The strong interactions of X'
are P-conserving and the creation (annihilation)
operators for single emission (absorption) of X'
particles satisfy

no CP-nonconserving effects are present. Here
Z&~k

——J„"k(I) + 4 „k(h) is the usual weak current with
leptonic (I) and hadronic (h) parts; p„(p~) changes
n» by + 1 (-1) and is like a creation (annihilation)
operator for X' particles.

To see CP violation, we must go to some higher-
order process, and the largest effects are ob-
tained via electromagnetic perturbations. A real
photon gives order Ge; a virtual photon order Ge'.
If we write the electromagnetic current as J&+ J&,
where J& is the ordinary electromagnetic current
for hadrons and leptons and g& refers to the cur-

It is customary to identify X'with the W' in-
termediate boson of weak interactions, though the
Gell-Mann theory can also be discussed in terms
of just quantum numbers so that n» is an abstract
quantity. For definiteness of discussion, we
shall henceforth make the identification X-=W.
The CP nonconservation in (1.2}occurs through
the presence of the electromagnetic 4~ current
(rWW} primitive vertex, depicted schematically
as follows:

electromagnetic strongr c,~„.„~— (w+ w}, „s,„„„~=,(w+ w}.
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Here CP violation occurs at the second stage of
(1.4) via the strong (WWWW) vertex. This sug-
gests that a useful parametrization of the effec-
tive current g describing (1.4} can be written as

(1 6)4& = fJ&+ f'K&,

where f and f' are strong coupling constants as-
sociated with the (WWWW) strong vertex, while
Z~ and K&' are, respectively, the CP(and P) con-
serving and CP (and C) violating (but P conserv-
ing) conserved "electromagnetic" currents. To
wit, we require

gross CP effects as well as enhanced cross sec-
tions in near-forward neutrino production of W'

mesons. The purpose of the present paper is to
construct a specific model which incorporates the
principal features of the Gell-Mann program, and
hence test through detailed calculations whether
the above-mentioned predictions are realized in
the model under consideration.

As a first step in this construction, we need to
identify the simplest form of K&' (~0) which is
Hermitian and satisfies (1.6) and (1.8) and the
current-conservation condition

(1.6)
e„K„=O. (1.10)

Q =--i J dsr,

q)W') =+8)W') .

No charge is associated with K~, hence

0 =—-i K&d3r (1 8)

and f' is left undetermined other than it repre-
sents a "strong" coupling constant. For conveni-
ence we shall assume

f'=f =2 (1.9)

In an earlier work' it was pointed out that Gell-
Mann's CP proposals can lead in principle to
rather unique predictions (uncommon to other
hyperweak CP theories) such as CP effects at the
level of 20 ' in amp1itude in p.- e + v, +v„and

CK&C '=+K&.
]1

'

The charge of W is associated with J&, and since
the strong interactions of W's do not renormalize
the charge, the scale provided by charge con-
servation requires that f =1 and

Furthermore, it must lead to vanishing dipole
moment to order Ge. In general, a conserved non-
vanishing K~ which nevertheless satisfies (1.8)
and may lead to suppression of neutron dipole mo-
ment to order Ge [at least in the sPecific case of
zero four-momentum transfer (q- 0}]can be de-
rived by double differentiation from a third-rank
tensor T„Baccording to'

K„(x)= a„asT„a(x),

pa8 paay paa a ps '

For our purposes, the current K& needs to be ex-
plicitly constructed out of the W fields' satisfying
(1.11)and the required Hermiticity and C prop-
erties. The end product is

K„'=
M 2[areas„(4~&8+4'u4'$) -&'a, (4„*4',+0„4',*)].y-2 8

(1.12}

In order to eliminate rigorously the possibility of
a neutron El moment to order Ge (independent of
momentum transfer), we impose the Gell-Mann
dipole condition' (1.3}on (1.12). This leads to

, (a„(a,y a~g+a, y*a y, ) [ a( ,a'
4) 4,*+a,@„a.'y,*+a,(a,'y„*)y, +a,q„*a.'y,

1

+2a,4p„'4„*+2a,l,*a,.'4'„]) . (1.13)

Note that in arriving at Eq. (1.13), we have not used at any stage the on-mass-shell Klein-Gordon equa-
tions, since to tackle the problem of p, decay and neutrino production of W it is important to maintain
current conservation (1.10}for off-mass-shell amplitudes as well.

The diagrams contributing to CP violation in muon decay at level Ge' are shown in Figs. 1(a) and 1(b).
The self-energy diagram [Fig. 1(c}]will not contribute to CP since CPT invariance plus Lorentz invari-
aace will guarantee that symmetry information will not be forthcoming from this diagram. The lowest-
order diagram is shown in Fig. 2. For the neutrino production of $V mesons, the relevant CP-conserving
diagrams are shown in Figs. 3(a) and 3(b), while the CP-violating diagram is shown in Fig. 3(c). Note
that in both muon decay and neutrino production of W, the CP effects enter via the (WWy) vertex, which
we describe by the effective K~ current given in (1.13).

For the CP-violating WWy vertex, we take as the interaction Lagrangian

I, =eA~K&. (1.14)
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FIG. 1. (a) Lowest-order diagram contributing to CP violation in muon decay via the (p WS') vertex. The virtual
photon is coupled to the electron line at the other end. (b) Lowest-order diagram contributing to CP violation in muon
decay via the (y WW) vertex. The virtual photon is coupled to the muon line at the other end. (c) Self-energy diagram
in muon decay for the W intermediate boson. It does not contribute to CP violation.

The vertex function for the primitive WWy vertex can then be constructed, using momentum expansions
for the Q fields

d4p e(x)()t(p)e(p x
(2w)' t

(1.15)
d

(2(()'
e(k)e(p)e —(P x.

This leads to

L,(p, p', q) =[eA (q)/M~'][ iq e "-'[p,p„'e„' '(p)e8 '(p')+ p~te' '(p')et '(p)]
&e'xq2[p e (x)(

p)
(ek)(pP) pie (x)(pl) (ex)( p)]} (1.16)

The advantage of (1.16) is that it is manifestly gauge-invariant upon making the substitution A„(q)-A„(q)
+ hZ and a consistent use of the Gell-Mann dipole conditions in momentum space [cf. (1.3)]. That our
model T~~rangian is manifestly gauge-invariant means that we will preserve covariance and maintain the
Ward identity to all orders.

Since the current K& (and J)') is conserved for off-mass-shell behavior as well, it is legitimate to take
advantage of the simplicity which obtains by imposing the Lorentz condition'

q„A„(q) =0. (1.17}

Thus, the first term in the interaction Lagrangian (1.16}will yield zero when contracted. We are left with

L. = ( A„/lif ')q'(- "")[p "'(p},"'(p') -p,' '„"(p'}e,"'(p)]. (1.18)

It is seen at once that as the photon goes on the mass shell (q'=0), L, vanishes. ' Hence, our constructed
model for K& is entirely consistent with the Gell-Mann theory that the dipole moment vanishes to order
Ge.

The vertex function for internal lines is from (1.18)

-ie
A aB)) M 2 (p85a)) pa5()))}q (1.19)

and forms the basis of a detailed calculation of CP effects in our model. Also, since strongly interacting
W's (sthenons) are involved, we need not concern ourselves with subtleties such as the unitarity limit
problem, nor with renormalization, in our calculations.

In Sec. II, the two Feynman diagrams [Figs. 1(a) and 1(b)], with CP-nonconserving WWy vertex given
by (1.19) for muon decay, are calculated. The result suggests that CP effects can be present in the muon-
decay amplitude at the level of

((r/s) 8 (A') (1.20)

Here tt (A') is formally a quadratically divergent constant. Hence, depending on the value we assign to the
cutoff A, (1.20) can be consistent with the known violation -2)&10 ' in K~o decay.

Contrary to earlier expectations, ' CP effects are negligible in neutrino production of W's. Indeed, the
cross section e&, &

due to CP-violating diagram Fig. 3(c) is much smaller than the cross section e&,» due
to the usual CP-conserving diagrams [Fig. 3(a) plus Fig. 3(b)]. This is true for the entire range of pos-
sible 8' masses between 5 and 15 GeV and for incident neutrino energy from threshold to 400 GeV. Since
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the ratio

(1.21)

gives a rough measure of the CP-violating to CP-conserving amplitudes, while the dominant contribution
to both cross sections will come from small q' (because of nucleon form factor suppression at large q'),
CP effects in the near-forward production of W's are small (&1% in amplitude) in our model. The cross-
section calculations for Fig. 3(c) are presented in Sec. III. In Fig. 4, o~I versus incident neutrino energy
is plotted for typical 8' masses between 5 and 15 QeV.

Finally, in Sec. IV, we discuss the implications to be drawn from our model representation of the Gell-
Mann hyperweak theory. '

II. MUON DECAY

There are two Feynman diagrams involving the (WWy) CP-violating vertex which can contribute to muon

decay in order Ge', as illustrated by Figs. 1(a) and 1(b).
The contribution to the matrix element from Fig. 1(a) is

e2 2

M(la) = 4v [im u(P, )(1 +y, )v(k, }u(P2)ZI(1 +y, )v(k2) -u(P, )y„(1+y,)vlkI)u(P2)y~ZII(1+y, )v(k, )], (2.1)

where Z& and Z„are 4X4 matrices given by

d4q

(2.)4

d4q
II

(2 )4

[yII[-iy (p, -q)+m, ]yII+y. (k-q)[ iy ~ -(p, -q)+m, ]y (k-q)/ Mv].

[(p, -q)'+ m, '][(k -q)'+ Mv']

([ iy (P-, —.q) + m, ]y. (k -q)[1+ (k -q)'/Mv']]
[(p, -q)'+ m, '][(k —q)'+M~']

Although these integrals are formally divergent, we can introduce a (large) cutoff in momentum transfer,
A, and obtain an explicit result, as discussed in Appendix A.

We have

2 2

M (la) = 4~ [m, m„A (A') u (pI) (1 + y, )v (kI) u (pm) (1 + y4) v (k2) +B(A2) u (p, )y„(1 + y4) v (k, )u (p2) y~(1 + y, )v (k2)

+ m, C (A ~)u (p, )iy p, (1 + y, )v (k, )u (p 2) (1 + y, )v (k2) + 0(m, ')], (2.2)

where we have neglected a term which is small compared to the rest By in.spection of Eq. (2.2), we can
readily see that only the last term explicitly violates CP, and only that term can contribute to CP violation
in p, decay.

The CP-violating part of the matrix element which is obtained from Fig. 1 (a) is thus

2 2
Mc~ "(Ia) = 4~ m, C(A2)u(p, )iy p, (1+y,)v(k, )u(p, )(1+y,)v(k2), (2.3)

W

where

1 25 4A' 233 2A2

BII 12 Mv 72 Mv
(2.4)

We obtain a similar contribution from Fig. 1(b). Denoting the CP-conserving part of the matrix element
by M and the CP-violating part by M, we have

M(1a) + M(1b) Mc~+ Mc~v

where

(2.5)

2 2
~ca'v' C (A )[m, u (p, )iy p2 (I + y, )v (k ~)u (p, )(I + y, )v (k2) + m„u (p, )(I + y, )v (k, )u (p2)i y p, (I + y, )v (k )],

(2 6)

and we have the interesting result that (as far as those terms which violate CP are concerned) Fig. 1(b)
dominates the matrix element, since it is proportional to the muon mass while Fig. 1(a) is proportional to
m .
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Now the largest amount of CP violation will arise from the interference of the CP-violating terms of

order a with the usual first-order CP-conserving amplitude, whose matrix element is obtained from Fig.
2.

If we calculate the differential rate from the interference of these two terms, we will obtain the magni-
tude of CP violation we expect to be present in p. decay.

The differential rate obtained from the interference of Fig. 2 with the CP-violating part of Fig. 1 is (see
Appendix B)

e (A')(."dW=, am„P, dE, d(cos8) (W-E, ) — ', (W E,)-+- —s cos8 2(W-E, ) -s (4W-E,), (2.7)
e V

where P, and E, are the three-momentum and energy, respectively, of the electron; W'=-,'m„ is the maxi-
mum electron energy; and

gI
MW

The differential rate for the first-order process (Fig. 2) is the familiar expression

dw= ' ' ' sa(w-E ) 2 -z -w-- ' ' (w-z )6' 3 ' 3 E Ee e

P 4 1m, '
—-~ cos8( (W -E,) +25 —E, —W--

E, ' 3 ' 3m
(2.8)

where the V-A theory plus the assumption of the two-component neutrino predicts

p=5 =-', g=0, $ =1, h =1.

Adding the two contributions, we obtain the differential rate for 1+2:

P,
( )

aft(A ) o.(2(A ) 4 M,
E, '

2m 2m 3 ' 3 M„

2Q'
(2 (A')~~ (1+2E.)~ (2.9)

where

233

lV p-p p

Although 6 (A') is a formally divergent constant,
experience leads us to expect the electromagnetic
corrections to occur at the level a/v -~», .

We see that the p, -decay parameters are changed
in the following way:

nM, z.i2 (A2)

4~M '

a8 (A')
2'

(2.11)

e(p&3
The latest values for the p, -decay parameters are '

w(k3

h =1.00+ 0.13,

p =0.752 x 0.003,

g = -0.12+ 0.21,

$ =0.972 a 0.013,
5 = 0.755 + 0.009 .

(2.12)

FIG. 2. The lowest-order CP-conserving diagram in
muon decay. With reference to Eq. (2.11), we, of course,
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FIG. 3. (a) CP-conserving Feynman diagram for production of S' by neutrinos via exchange of a virtual photon coupled
to the nucleon source and the muon line. (b) CP- conserving Feynman diagram for neutrino production of W via ex-
change of a virtual photon coupled to the nucleon source and the CP-conserving part of the (yW'W) vertex. (c) CP- vio-
lating Feynman diagram for neutrino production of W' via exchange of a virtual photon coupled to the nucleon source
and the CP- violating part of the (yWV) vertex.

recognize that the CP-conserving second-order
electromagnetic corrections to muon decay will
also contribute (a/v)-type terms to the decay pa-
rameters. However, assuming CPT invariance,
CP violation implies T violation. Hence, we ex-
pect T violation to be present also at the level of
(a/v) for the muon-decay parameters.

If we allow the constant 8 (h.') to be of the order
of unity, then the corrections to the p, -decay pa-
rameters are

by the additional factor of M, /M„. 'Ibis does not
mean, however, that CP-violating effects are
similarly suppressed. This is easy to demon-
strate.

The more familiar parametrization of CP viola-
tion (T violation) in weak interactions is via the
V -~A prescription, "where c is complex. The
connection between the two equivalent paramet-
rszatxons &s

3Qzh- —,
47T

[e I' —1
2(1+ ie I')

(2 13)

(2.14)

nM, E,
47TM

aM,
87TM„

and we see that the correction to g is suppressed

If we write

$ =1-~g,
g =-bg,

then we are able to solve Eqs. (2.13) and (2.14)
exactly for ~; i.e.,

IO

cv )0-+&

E

z Io

Cl

)o"
UJ
V)

V)
U) )0-44

O
C3

lo

C)~ IO"

)
OM7

80 )20 )60 200 240 280 520 360 400
INCIDENT NEUTRINO ENERGY IN GeV

FIG. 4. Plot of the total cross section for production of an intermediate boson W in v+p p, +p+ W for the CP-vio-
lating diagram f Fig. 3 {c)]versus incident neutrino energy from threshold to 400 GeV.
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Thus, even though b, q is suppressed by the ad-
ditional M, /M„ factor, e is not, since even if q
were exactly zero we would have

Res = —(1 -n$),
Ime = (2n))"'

and CP violation (T violation) would still occur at
the level u/w.

III. W' PRODUCTION

So far we have considered only the low-energy
p. decay. We now examine the 8'-boson produc-
tion process in high-energy v-p collisions as a
possible test of gross CP violation due to the
presence of the virtually strong (WWWW) CP-

violating interaction. The 8"-production reaction
is

(3 1)

The traditional diagrams ' for electromagnetic
W production from this reaction are shown in Figs.
3(a) and 3(b}. The total cross section for process
(3.1) is quite small (e.g., o&,»-10 "cm' for
E„=40 GeV and M~=5 GeV). The reason for this,
as pointed out by several authors, '" is the large
cancellation between Figs. 3(a) and 3 (b) for small
q' due to gauge invariance. The Gell-Mann the-
ory, ' however, changes the situation considerably
because now Fig. 3 (c) is maximally CP-violating
relative to Figs. 3(a) and 3(b) due to the CP-viola-
ting (yWW) vertex, "and hence does not participate
in the cancellation between Figs. 3(a) and 3(b).
We might, therefore, expect Fig. 3(c) to result in
a cross section which is considerably enhanced
over the traditional estimates.

Using the CP-violating model Lagrangian, (1.18),
the matrix element for Fig. 3(c) is

+ ' [{K+q) K](P'(-J&(0)(P
M '[(K+q)'+ M '] (3.2)

where e8 fC) is the W-polarization vector and
(P'~ J&(0)~P) is the electromagnetic current of the
target nucleon. For production from a free pro-
ton, we take

(P'
~
J& (0)~P) = i u (P')[F, (q') y + F 2~ (q')o q ]u (P),

(3 3)

where F f(q') and Ft(q'} are the proton form fac-
tors which we take from the Stanford experiments. "

The differential cross section for reaction (3.1)
is easily shown to be

dc= (32m') '~ M~' dks'd'p'd K

x 5(E~+ E~+ Epi -E„-E~). (3.4)

The calculation was made with an IBM 360/65
computer. Following the technique presented by
Brown and Smith, ' we were able to perform two
integrations by hand, leaving two numerical in-
tegrations to be done by machine. Since we were
interested only in the magnitude of the total cross
section, we summed over the various spins and
did not calculate energy spectra.

In Fig. 4, we present the surprising results ob-
tained for the total cross section, o&„, for the
production process on free protons as a function
of the W mass.

Quite contrary to our original expectations, the
total cross section in our model is considerably

'1.4x10-' M =5 GeV
1/2

1.1x10-' M =10 GeV
+(ab)

2.45x10-' (M~=15 GeV).

(3.5)

Hence, unless f'»1 [cf. Eq. (1.5)], the CP-non-
conserving effects in near-forward production of
W are likely to be smaller than 1% for the entire
gamut of W masses from 5 to 15 GeV.

smaller than the traditional estimates for o„».'
The physica/ reason for this is not clear, but

the technical reasons are quite simple. First, in
contrast to the "usual" production cross section,
our cross section is proportional to the muon
mass (squared); whether this is a general property
of all CP-nonconserving interactions is not known,
but it is quite likely. Secondly, due to the "non-
minimal" nature of our model interaction Lagran-
gian (1.18) (it contains many powers of q, the mo-
mentum transfer), we must divide the Lagrangian
by M~' to ensure correct dimensionality. This
(large) constant factor is not compensated for by
the integration over phase space, and a further
reduction in the cross section occurs.

TypicaQy, the most favorable situation in terms
of the largest production cross section, o'&, &, for
a given M~ occurs at the highest incident neutrino
energy. For M~ =5, 10, and 15 GeV and incident
E„=400 GeV, we have
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Summing over final spins and considering the
incident muon to be polarized, we have

where

Ba8 =k1ak28

using

P .P )q (P .q)

——,'zzM„(Pz P,)(P, q)(S q)

+3zzM„'[(P, S)q' —(P, q)(f ~ q)])

and

A a8 Mp P2apg
(2) 2Aa8 ™~P~ap28&a8,

A a8 = ™~Py ap28 ~

A~zI = Ms(Pz ' P2)PzsSn,

A

A a8 M~ p2a Sa85a8

Aa8 ™pP2aS
(s)A a8 ™&),)fv8P1 a ),P2& P&,v

(9)Aa8 = ™~e)~v8p~ap2). P,~S„,
Aouzz'=Ms(Pz P2)sos„sPz~S„,

where S is the (unit) polarization four-vector of
the muon.

Integrating over the two neutrino momenta, we

obtain

l d'k, d'fz, (i' '(Izz -k, -q)
a8 B ~ a8 a+

1 2

where

~z=lkzl ~.=lit. l, q=P, -P,
We obtain

P, 'S
1

(p, .s)p,
2M

where S is the unit polarization vector in the frame
in which the muon is at rest, and evaluating the
expression in the c.m. frame of the muon we have

lAl =sG 8(A )M„(2E,M„(M„—2E, )

+ ,'P, cos8[M—(M—2E,)

+E, (E, —2M„)]),

where P, is the electron three-momentum and E,
is its energy. The angle (9 is the angle between
the muon polarization vector and the electron mo-
mentum. Letting W =-,'M„be the electron energy,
we can form the differential rate

a8 (A')G'M„P, E, dE, d (cose)
(2zz)'

Mx -E, — ', W-E

t:ose z(w -z.) - t4w -z.i I,
1P

e

which is Eq. (2.7) of the text.
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