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ABSTRACT 

We investigate systematically the condition that CP 

violation in IASl = lprocesses is "microweak" [i.e., of order 

of GFc h/mw) 2 where m is a typical hadronic mass] naturally 

(i.e., for all values of complex parameters of the theory) in 

SU(2) x ~(1) gauge theories of weak and electromagnetic inter- 

actions. We consider only those models in which CP violation 

occurs in the quark mass terms. The conditions for microweak 

CP violation in jAS( = 1 processesare that (1) quarks of 

charge - l/3 and of a given chirality have the same weak iso- 

spin I and 13, and (2) quarks of charge 2/3 c-4/3, if they 

exist) and quarks of charge - l/3 do not belong to the same 

weak isomultiplets for at least one chirality. 

Special attention is given to a more restricted class of 

models in which (1) quarks of a given charge and chirality have 

the same weak isospin I and 13, and (2) quarks of charge q and 

quarks of charge q+l do not belong to the same isomultiplets 

for at least one chirality. In such models, the electric dipole 

moment of a quark arises only in second-order weak interactions, 

and is estimated to be of order of10 -30 cm. Several examples of 

this class of models are given, one of which is the six quark 

model of Kobayashi and Maskawa. 
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I. INTRODUCTION 

Since the discovery of CP violation in two pion decays 

of K L in 19641 all attempts to detect CP violation effects 

elsewhere have been futile. Phenomenological success of 

superweak theory ‘ in accounting for the known CP violation 

effects in the neutral K meson system3 suggests that in the 

regime of known particles (but excluding charmed particles 

and particles in the psion family) observable CP violation 

is confined to IASl = 2 processes. 

In the meantime, the theory of weak interactions has 

experienced spectacular advances in the development of unified 

gauge theory of weak and electromagnetic interactions. 4 We 

propose in this paper to investigate systematically a class 

of gauge theories which describe the observed weakness of CP 

violation in IAS\ = 1 processes naturally, that is, for any 

values of parameters of the theory. 3 More precisely, we will 

investigate the conditions that have to be met in order for a 

renormalizable qauge model to be a theory of microweak CP 

violation, the precise meaning of which will be given in 

Proposition IV below, and investigate the consequences of 

such models. To be systematic, it is necessary to spell out 

the basic assumptions explicitly and in detail. 

Proposition I. The theory of weak and electromag- 

netic interactions is a gauge theory based on SU(2) x U(l).6 

CP violation is to be described in this framework. The theory 

of strong interactions is a gauge theory based on color SU(3).7 
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The important point of this proposition is that, contrary to 

what we assume, CP violation may not be associated with the 

ordinary weak interactions after all. It may be due to a new 

interaction not at all envisaged within the present framework, 3 

or it may arise in a grand unification of all interactions 

through the mismatch of CP properties of known interactions 

with unknown. 8 The reason CP violation has only been observed 

in a weak process may be that only in this process backgrounds 

are low enough. 

Proposition II. The theory is maximally CP violating, 

in the sense that any parameter that can be complex is complex. 

In a renormalizable theory, once CP is broken, any parameters 

of the theory that can be complex has to be complex to ensure 

renormalizability. We reject the possibility, in this paper, 

that the observed CP violation arises spontaneously. It is 

not that there is something wrong with spontaneous CP violat- 

ion: on the contrary, it is an attractive possibility. 9 

Rather, it is outside the scope of the present study. 

Proposition III. The Lagrangian for Higgs scalars is 

CP conserving, not because CP invariance is imposed on it, 

but because it is impossible to write down a renormalizable 

Lagrangian which violates CP. This again is an ad hoc 

assumption. This proposition sets a restriction on the 

representation contents of the Higgs mesons. It is possible 

to write down a theory in which CP violation arises only in 

the Higgs Lagrangian and not anywhere else due to the 
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representation contents of fermions, as indeed Weinberg has 

done." Either possibility simplifies the problem and is 

therefore esthetically preferable to the general case in 

which CP violation arises everywhere. 

Proposition IV. CP violation does occur in lowest- 

order weak interactions. However, it is suppressed by a 

factor (m/m,) 2 in IASI = 1 processes for arbitrary values of 

parameters of the theory. Here m is a typical hadronic (or 

quark) mass, assumed to be at most several GeV. This pro- 

position asserts that there is no CP violation of order 

GFc - lO-3 GF in IA.91 = 1 processes: in these processes CP 
2 violation has to be at most of order GFc(m/mW) - 10 -6 GF. 

Here E is the usual parameter -10 -3 which measures CP admix- 

ing in the KLKS system. '1 (It is in principle possible that 

two different CP violating phases are involved in /ASI = 1 

and IASl = 2 processes, in which case CP violation in 

IASl = 1 processes need not be proportional to E. We need 

not worry about this point, however, if we are interested in 

models where there is only one CP violating phase.) This, 

together with Proposition II, is what we mean by a "natural 

gauge theory of microweak CP violation." The alternative, 

nanoweak proposition that "CP violation inany process is at most 

forfameZZZeZZ12 

lo-' GF" is hard to satisfy within the present 

It must be said that experimental evidence for 

nanoweak (usually called superweak) proposition, or for that 

matter, a microweak condition, is not that compelling. A 
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milliweak theory with proper selection rules can fake a 

nanoweak theory as far as what is experimentally known today. 13 

A test for milliweak theories is the electric dipole moment 

of the neutron for which the present experimental upper limit 14 

_ 4 x 5-25 cm is close to the expectations in most of these 

theories.1' We also require 

Proposition V. There is no CP violation in semileptonic 

and leptonic processes for all values of parameters in the 

theory in first-order weak interactions. This has to be 

achieved naturally, by the number and representation contents 

of leptons. 

Proposition VI. Neutral current conserves strangeness to 

order GFa naturally. Evidence for this is so strong, espe- 

cially with the almost certain discoveries of charmed parti- 

cles,16 that I take it as aximatic. The analysis of micro- 

weak CP violation can be carried out without it; in fact we 

can deduce Proposition VI from Proposition III. However we 

might as well assume it, if only to save verbiage, since the 

observational foundation for Proposition VI is immeasurably 

stronger than that for Proposition III. As Glashow and 

Weinberg 17 have shown, this proposition requires that all 

quarks of charge -l/3 and a given chirality have the same 

weak I 2 and 13. 

Sometimes, we will assume a stronger condition: 

Proposition VI'. Neutral current conserves all flavors 

as well as strangeness to order GFu naturally. There is no 
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experimental evidence for or against this proposition. 

However, theoretical inferences one can draw from this pro- 

position is so far-reaching that it is worthwhile to enter- 

tain this possibility. This implies that all quarks of any 

given charge and a given chirality must also have the same 

weak I 2 and I 3' 
We find that these propositions taken together are 

restrictive enough to single out a class of models admissible. 

In these models the quarks of charge 2/3 and the quarks of 

charge -l/3 should not belong to the same weak isomultiplets 

for at least one chirality, and the quarks of charge -4/3 

(if they exist) and the quarks of charge -l/3 should not 

belong to the same weak isomultiplets for at least one 

chirality in order to contain CP violation to the microweak 

level in IAS/ = 1 processes. We shall emphasize a more 

restrictive class of models in which the quarks of charge 

q and the quarks of charge q + 1 do not belong to the same 

isomultiplets for at least one chirality, for any q. In 

such models, the electric dipole moment of any quark appears 

only in second-order weak interactions, and is estimated to 

be of order of 10m3' cm. 

When is a natural theory CP-violating? Often, complex 

parameters in a given theory do not give rise to CP violation 

because of the possibility of changing the definition of CP 

transformations on fields. In Section II, we give the neces- 

sary and sufficient conditions for CP violation in theories 
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satisfying our propositions. More precisely, we give a 

formula for the number of CP violating phases that a natural 

gauge theory can have. In Section III, we explore the con- 

sequences of Proposition IV and arrive at the characteriza- 

tion of admissible models given in the last paragraph. 

Section IV is a general discussion of the process s + s -+ d + d 

in these models, as the prototype of [ASI = 2 processes. In 

Section V, we discuss the electric dipole moment of quarks 

in the more restrictive models mentioned. In Section VI, we 

give three examples of natural models of microweak CP violation. 

In Appendix A, we discuss the condition for CP conservation 

in single exchange of a physical Higgs meson in IAS = 1 

processes. 

II. CP VIOLATION - CRITERION 

We shall denote by 5 and n the left- and right-chiral 

quark fields. The components of : and n are labeled by 

I, Y, u and 13, where a distinguished different multiplets 

of the same I and Y. The couplings of the fermions to gauge 

bosons are 

4 ( s+u, T; 5 + Q+Y~ T; rl)w- + h.c. 

f m[E+y,,(Tt - sin2BWQL)< (2.1) 

R + n+u,(T3 - sin2BWQR)n 1 Z' , 
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where Q = T3 f Y/2 is the electric charge operator. The 

mass term of quarks is of the form 

C+Mn + h.c. , (2.2) 

where M is a general matrix 18 :it need not be real. It com- 

mutes with the electric charge: 

QLM - MQR = 0 . (2.3) 

Since MM+ and MtM are hermitian and have the same eigenvalues, 

it is possible to write the matrix M in the form 

M = UL’ s UR , 

where UL R are unitary, and MU is nonvanishing only along , 
the diagonal with nonnegative real elements. It follows 

from Eq.(2.3) that 

[QL,UL] = [QRJJR] = o - 

The physical fermion fields $, and $R are defined by 

$,=U,C, a,=u,n t 

J, =( fgtiL +(g$R . 

(2.4) 

(2.5) 

(2.6) 

The components of il, are labeled by the electric charge q and 

the flavor a. The mass term (2.2) can be written as 
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The couplings of the fermions to gauge bosons can be written 

as 

g[$Yu(+) Tt $ + T y,(2) T; +]W-' + h.c. 

+ m[T yu (>)( T t - sin2BwQ) $ 

TR 
3 - sin2ewQ IJJ 2' , 1 1 

where 

Ti = u TiU+ , 

for both left-and right-handed ones. 

We ask under what circumstances the expressions (2.7) and 

(2.8) are CP invariant. We define CP transformation on $ as 

CP: -T 
Q'S8 C$ , 

iiT + - tjT c -l 8 s+ , 

B = Yo, CYu c-l = - Y;f , 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

where S is a diagonal unitary matrix of the form 
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iu 
calSIb> = e agabr u = 0. 

a 

We insist on the unimodularity of S for later convenience; the 

overall phase of J, is associated with quark number conservation, 

and is not physically observable. We assume that there is no 

symmetry -- discrete or otherwise -- of the mass matrix other 

than that implied by charge conservation, Eq.(2.5). In partic- 

cular, these are no degenerate eigenvalues of the matrix MU. It 

then follows that Eq. (2.10) is the most general form of the 

definition of CPtransformation which leaves the mass term (2.7) 

invariant. The condition of CP invariance of Eq.(2.8) is 

for 

and 

(S" UL TF U; SIT Li = UL Ti UL , 

(St UR T; "R' S)T = UR T; "; . 

i=1,2,3, or 

U; S* UL, TF 1 = 0 

U; S* UR, T; 1 = 0 . 

These conditions imply that, by Schur's lemma, 

T 
'L,R '* "L,R = AL,R 

(2.11L) 

(2.11R) 

(2.12) 

where 
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<I'Y'B; I'IAL,RIIY ; I > 

(2.13) 

= 6 II' 6yy, 6I Lv ALtR 
zz Ba (IY) , 

and the matrices A L'R(IY) are unitary and symmetric. Since 

AL,R are symmetric and unitary they can be written as 

AL,R = 'L,RCe 
i20 T 

)L,R(' ' 1; , R 

where 0 L R are real orthogonal: 

= 611,6yy,61 ,,OL'R(IY) 
- 3 3 Ba 

Equation (2.12) can be solved. We obtain 

U Ji 
' 'L,R (e 

-iO T 
= L,R )L,R'L,R 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

where XL R are real orthogonal matrices which commute with Q . 
I 

That is, if and only if UL R have the representations of Eq. (2.17), 

there is a definition of CP transformation which leaves the 

interaction (2.8) and the mass term (2.71 invariant. We have 

chosen S to be unimodular, since then the phases of det UL R ,' 
are uniquely given by -TroL R . I 

Let NLcRJ (q) be the number of 

left (right)-handed chiral fermions of charge q , NLcRj (IY) the 

number of left(right) chiral fermion multiplets of isospin I and 

hypercharge Y, and Nf the number of flavors. The number of real 

parameters associated with the matrix S is Nf-1, since S is 

diagonal and unitary unimodular. The number NC of CP conserving 
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parameters associated with UL and UR is, from Eq. (2.171, 

N 
C 

= Nf - 1 + i~R I~?rNi(q)[Ni(q) - 11 
, q 

+ I y %Ni(IY) Ni(IY) + 1 c i Ii 
. (2.18) 

, 

In the general case, UL and UR are arbitrary unitary 

matrices (since M is arbitrary) which commute with Q. Thus 

the number of real parameters associated with UL and UR, 

NC + NV, is 

NC + NV = 1 1 Ni2(q) . 
i=L,R q 

Thus the maximum number of CP-violating parameters is given by 

NV = %Ni(q) C Ni (q) + 1 c Ni(IY) + 1 

-N +l . f (2.19) 

In using this formula, the color degrees of freedom are to be 

completely ignored. Thus, in the minimal model, the pair (u,dc) 

must be counted as one isodoublet, not three. The reason is, 

of course, that we assume complete degeneracy of color multiplets, 

so that the color degrees of freedom do not increase the number 

of parameters. 

Let us check how the formula (2.19) works. For the minimal 

model for hadrons, 6 we have NL(q=2/3) = NL(q=-l/3) = NR(q=2/3)= 

NR(q=-l/3) = 2 ; NL(I=1/2,Y=1/31 = NR(I=0,Y=4/3) = NR(I=O,Y=-2/3) 

= 2, and Nf = 4, so NV = 0. Therefore, there is no possibility 

of CP violation in the minimal model, through the couplings of 

quarks to gauge bosons. 
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The condition that the couplings of quarks to gauge bosons 

are CP violating is clearly Nv> 0. If coupling constants are 

not restrained, then such a theory with NV > 0 is CP non- 

invariant. 

The formula (2.19) does not apply to leptons. This has 

to do with the fact that when there are several massless 

neutrinos, the definition of CP transformation, Eq. (2.10), 

can be generalized to include S which is not diagonal, but 

which mixes degenerate neutrinos. In that case, our argument 

fails, which depends critically on S being symmetric. In 

most cases, however, this is not a drawback. The fact that 

massless neutrinos have only one chiral component, and there- 

fore their phases may be varied at will, simplifies the 

determination of CP violating phases, which can be done in 

most cases by inspection. 

It is possible for Higgs scalar fields to violate CP 

invariance through their self-interactions, if the theory is 

not constrained to be CP invariant. However, there are theories 

in which the Higgs mesons cannot violate CP invariance. For 

example, the potential for the doublet Higgs fields in the minimal model is 

always CP conserving. In this paper, we shall only consider 

theories in which the Higgs potential is necessarily CP 

conserving by the representation contents of the Higgs fields. 

It is also possible that the Higgs-meson couplings to 

fermions are CP violating. In Appendix A, we discuss the 

condition that physical Higgs meson exchanges conserves CP 

in IASI = 1 processes in a natural way. 
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III. MICROWEAK CP VIOLATION 

The condition that there be no CP violating term in the 

neutral current, and therefore in Z-boson exchange, is 

equivalent to the condition that the neutral current is 

diagonal in flavor , since terms off-diagonal in flavor are 

in general CP violating. The latter condition has been 

investigated by Glashow and Weinberg. 17 The condition that 

strangeness is conserved naturally to order GFa in neutral 

current transitions requres that all quarks of charge -l/3 

and a given chiralty have the same values of IL and 13. 

Effects of W-boson exchange may be expressed by a 

phenomenological interaction 

HW = 2 9 d4x AF(x;m$jU(x)j~ +50) 

where j,, is the charged current: 

Iv = 

Since the relevant distance in the operator product of two 

currents is a short one of order l/mW, we may expand HW of 

Eq. (3.11 in a series of local operators in ascending 

dimensions." Relevant operators of dimension less than 

seven are listed below: 

(3.1) 

(3.2) 
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D=3 , : gd3)q 

D=4 : sv-DX(4)q' , 

D=5 uv (5) : %,,J X1 q - 2 (51 rqDX2 q r 

D=6 2 (6) : $.DD x1 q , 6~ 'DuJ X2 '" (6)q and 

similar terms; 

j.+(O) j"(O) , 
(D) where X. 1 is a matrix, which may include the y5 matrix, 

the flavor space, and D is the covariant derivative in 
u 

chromodynamics of strong interactions. We have suppressed 

in 

inessential color indices. In this asymptotically free theory 

the coefficient Cy) of the operator s**.XiD)q is of order of 

g2m, for D=3 

g2 I for D=4 

g2 Cm/n+, for D=5 

g'd % GF , for D=6 . 

ignoring logarithmic factors. Terms of dimension higher than 

six are suppressed by at least one additional factor of (m/mWj2 

and need not be considered in our discussion. Here m is a 

typical hadronic (or quark) mass, assumed to be at most a few 

GeV. 

Operators of dimension three and four are eliminated by 

renormalization of the quark fields q and the mass matrix of 

quarks (this may entail renormalization of the quark-Higgs 

scalar couplings). Consider now operators of dimension five. 

The leading term in (m/mW) 2 of xj5) has the structure 
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x. (5)= 
1 (T+RM,T-L + T-GDT+L) 

f ( T+L”D TSR + T LMDT+R) 

In a natural theory of microweak CP violation, in which the 

mass matrix M = U L+'DUR is arbitrary, the matrix element 

between the s- and d-quarks of each term on the right hand 

side of Eq. (3.3) must vanish separately. Thus we must have 

c 
k 

<djjT+RIxk><xkjM,Ixk><xklT-L~di> = 0 

and 

c 
k 
<dj I T_ RIuK><uk/Moluk><ukiT+Lldi> = 0 , 

where ui, dj, and xk are quarks of charge 2/3, -l/3 and 

-4/3, respectively. In other words, we must have 

and 

<~~lT-~ld~> = 0 or <~~lT-~ld~> = 0 , 

(3.31 

(3.4) 

‘ujIT+RIdi> = 0 or <ujiT+L,ldi> = 0 . 

This requires that the quarks of charge 2/3 

and the quarks of charqe -l/3 do not belonq to the same weak 
isomultiplets for at least one chirality, and the quarks of charqe 
-4/3 (if they exist), and the quarks of charqe -l/3 do not belonq 
to the same weak isomultiplets for at least one chirality. 
In particular the right-handed d- and s-quarks must be the states 
of highest I3 in their respective multiplets, and the right-handed 
quarks of charge 2/3 must be linear superpositions (ingeneral) of 
states of lowest I 3, since transitions from the left-handed u-quarks 
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to the left-handed d-and s-quarks must be allowed on 

phenomenological grounds. This means that the u-d and u-s 

charged currents must be pure V-A. 

Next consider single-quark operators of dimension six. 

The leading term in (m/mWJ2 of Xi(6) has the structure 

x (6) 
i = (T+~T-~ + T- 

+ (T+RT-R + (3.5) 

Since T+J- + T-T, = T2 - T32 , it follows that the leading 

terms of matrix elements of Xic6) between the s- and d-quarks 

vanish if strangeness is naturally conserved in the neutral 

current to order GFe . 

Finally, we consider the two-quark operator ju(0) j+'(O). 

c 
l- 

We need consider only the term &u(a+by5) uj 
c 

uy’ (c+dy5)d 1 . In 

a natural theory of CP violation, a,b,c and d are in general 

complex. If both currents are pure V-A, i.e., a+b = c+d = 0, 

as we have required to suppress CP violation by local operators 

of dimension five, there cannot be CP violation by the two 

quark local operator j,(O) j v+ (0) in [ASI = 1 processes, [ the 

constants a and c may be complex: however, they cannot 

cause CP violation since they are overall factors 
I 

. 

In conclusion, two possible patterns of quark multiplets 

emerge for natural models of microweak CP violation. One is 

that the right-handed quarks of charge -l/3 are singlets. In 

this case, there is no further restriction on quark multiplets 
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other than that implied by Nv>O. The other possible pattern 

is that all right-handed quarks of charge-l/3 are the states 

of highest 13(=1), of multiplets of the same weak isospin 

I#O. It is then necessary that all left-handed quarks of 

charge -l/3 are the states of lowest I 3 of multiplets of the 

same weak isospin. 

The condition of microweak CP violation is patently not 

met by vector models. 20 

In natural gauge theories with microweak CP violation, 

operators of dimension five are all suppressed, so that the 

AI=% rule must arise from selective enhancement of the 

AI=+ (or octet) channel of the two-quark operator ju(O)ju'(O). 

The short distance enhancement discussed by Gaillard and Lee, 19 

and Altarelli and Maiani 19 may be much bigger if there are 

more than four quarks, as noted by Kingsley et al. 20 The 

magnitude of hadronic matrix elements of the two-quark operator 

is being estimated by Kluberg-Stern (private communication). 

IV. IAS/ = 2 PROCESSES 

In order to investigate the size of /AS/ = 2 processes in 

natural gauge theories of microweak CP violation, we study the 

quark process s+s+d+d in the general context of such 

theories in the free quark approximation. 

To fourth order in semiweak coupling this process is 

described by four Feynman diagrams, shown in Fig. 1. Their 

contributions may be summed, with the approximation of Ref. 21, 

into the form 
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L(2) + TeRp;>)] 

+Y, k-” (3) + T-‘(+)I ;:;;‘> Y~[T+~(>) + T;(+)]} 

x Y,, [TvL(>)+ TmR(>)],;;+$ yv[T+L(2) + ?+"(>)I 
{ 

+Y, [T;(2)+ TCR(>)] 1;;;; Ye bmL(>) + T>(s)]}, c4.1j 
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There is an important consequence of the natural microweak 

condition (3.4). It is 

T L MD T-R = T R *D 
+ ,z-I%2 + 

After some manipulations, Eq. (4.1) can be simplified to 

T(s+s -, dd) = g 

where m is the average quark mass and 

Lf = J+LMB2T-L f T-LMD2T+L 

and 

R* = T+%lD2TsR + T-RMD2T+R . 

(4.2) 

(4.3) 

(4.41 

The magnitude of the matrix elements of Li and R& between 

the d- and s-quarks is of order of xAm2 , wherexisacarrplexconstant 

modulus of order less than one and which depends on mixing angles and the CP 

violating phase, and &n2 is same typical mass difference of quarks of charge 

2/3 or -4/3, since if the quarks of charge 2/3 were degenerate 

and the quarks of charge -4/3 were degenerate, then these 

matrix elements would vanish. The integral on the right-hand 

side of Eq. (4.3) is 

k2 i 
(k2-m2)4(k2- 161~~:~s~ 

, 
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so that 

IT(S+S 
GF + d+d) I< 7 CY YX2 (4.5) 

where a1,2m 
2 refer to certain mass differences among quarks 

of given charges, and x1,2 are complex constants of 

modulus of order less than one. As has been shown 

elsewhere,21 the magnitude of Eq. (4.5) is adequate to 

explain the observed KLKS mass difference, for certain 

ranges of quark mass differences and mixing angles. 

In a naturally CP violating theory, T+ L and T 
R 

t are 

arbitrary, aside from the hermiticity and the commutation 

relations which they must satisfy. The matrix elements of 

TL and T, 
R 

t are in general complex and in magnitude of 

order one. Models of microweak CP violation do not predict 

the size of E. Rather, it is possible in these theories to 

choose the CP violating phase so that E is what it is, 
-3 %2X10 . 

V. ELECTRIC DIPOLE MOMENT 

We can generalize the conditions for microweak CP 

violation for IASl = 1 processes deduced in Section III, and 

consider a restricted class of theories in the following way. 

We demand that (1) all quarks of a given charge and a given 

chirality have the same I 2 and 12, and (2) quarks of charge 

q and quarks of charge q+l do not belong to the same weak 

isomultiplets for at least one chirality, for any q. The 
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first of these conditions is equivalent to natural conservation 

of all flavors by the neutral current to order GF" . Both 

conditions are straightforward extentions of the conditions 

derived in Section III: these extended conditions are even 

less directly motivated by experimental observations than the 

microweak condition for CP violation in IASI = 1 processes. 

We entertain these conditions because in theories which satisfy 

these conditions, the electric dipole moment of any quarks 

vanish to order GF . The present upper limit 14 on the electric 

dipole moment of the neutron is barely compatible with 

theoretical expectations based on some milliweak theories. 15 

To lowest order in weak coupling, there are three classes 

of diagrams, shown in Fig. 2, contributing to the electro- 

magnetic form factor of a quark. 22 The contribution of Fig. 2a 

is 

(a) 

.I 

4 

FA (P,q) = -i g2 ::z (try4 Y, biLf+) + TtRr$)] 

x 
?%m)c+~ 

(p+q,'2+kj2-MB2 
'i Q Id-d'2+K+s 

A (p-q/2+kj2-MD2 
y&;(q) + JTR(>)] 

x g"B + kakB(l-6) 1 
k2<-MW2 k2-s2 - 

(5.1) 
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y (%A)- - 

p -q/2 

(a) 

---- 

I; 
Z 

(b) 

(cl 
FIG. 2 

Three classes of diagrams which contribute to the 
electromagnetic vertex of a quark in order 92. The 
straight, wavy, and dotted lines represent the quarks, 
gauge boson and photon, respectively. 
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We are using the %-gauge 23 in the limit <+O (this limit is 

to be taken after integrations, and not in the integrand); 

in this limit, the contributions from unphysical Higgs mesons 

vanish. 24 

The conditions (11 and (2) above imply that 

TtLxTTR = TkRXTFL = 0 (5.2) 

where x is any matrix which commutes with Q. Thus, 

Eq. (5.1) simplifies to 

FA 
(a) = -ig2 lim 

5-o I ( 
r 

(CL4 gaB + c;F42) k2tmh’2 

x 

t 

L4 Y,W + 2 + K)Y,(ti - $ + lc)Yg 

L 1 
Q 

1 
' (p+k+q/2J2-MD2 (p+k-q/2J2-MD2 

+T, 
R 1 Q 1 

(p+k+q/2J2-MD2 (p+k-q/2j2-MD2 

MD 

(p+k+q/2) 

+ 1, 
R % 

(p+k+q,'2)'-MD2 
Q (5.3) 

We use the exponential parametrization of the propagator: 

co 
k2-E2+ie = 

da eia(k2-u2+ie) 

0 

and perform the momentum space integration. Rotating the 

paths of integration over ~1 by +90°, we obtain terms of the 

form, for example, 
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m 
FAbcq) % I~Y,$ P(a) dcrlda2*.* m e 

-f(P2,q2,P.q,~2,~:a) 

0 
2 2 

T*L e 
-"l"D Q e-a2MD T,L . (5.4) 

? 

The functions f, P and Q are real for real values of the 

arguments, and homogeneous in 6's. 

The electromagnetic form factor Fh(p,q) conserves time- 

reversal invariance (thus CP invariance, by the TCP theorem) 

if it satisfies, for q 2 < _ 0 (see Appendix B): 

TF X*k't-dfl = gXXFh(p,q) (5.5) 

where T s i-fly3 satisfies 

* -1 Ty T 
P = gwyu (5.6) 

so that 

Ty*.pT -1 = y.p ; Ty* +q)T-' = y.q . (5.7) 

Thus we see that the term of Eq. (5.4) is CP conserving if 
2 2 

-ul"D Q e-a2% T L 
T (5.8) 

is real. Diagonal elements of such a matrix are real because 

MD2 and Q commute, and 

[T;rR]* = [TLpRIT . (5.9) 

This argument may be applied to each term arising from the 

expression (5.3) to show that diagrams in Fig. 2a do not cause 

CP violation. The argument is unaffected by emission and 

absorption of color gluons by the quark line. 
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Similar arguments can be given for diagrams of Figs. 

2b,c, to show that the electromagnetic vertex diagonal in 

flavor conserves CP to order g2. The crux of the argument 

is again Eq. (5.2) for Fig. 2b; for Fig. 2c, it is the fact 

that the Z-boson couplings to quarks are diagonal in flavor 

and therefore real and CP-conserving. 

In fourth order in g, there are two classes of diagrams 

to be considered separately, which are shown in Fig. 3. The 

photon line is to be attached to each line carrying a charge 

in all possible ways. Other diagrams not in these classes are 

easily seen not to cause CP violation by extention of arguments 

used for order g‘. It is easy to show that diagrams of Fig. 3a 

cannot violate CP. In the flavor space the corresponding 
. amplitudes have the form 

T 
f 

(L,Wz T-(LR)Tr 
l t (LR)XT-(L,R)y 

+ 1 
after momentum-space integrations, where X,Y and Z are 

diagonal in flavors and real. Diagonal elements of the above 

expression are real, due to the property (5.9). 
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In the flavor space, the amplitudes corresponding to the 

class of diagrams in Fig. 3b have the form 

p(a) Q. e 
-f(p2,q2,p*q,mW2,5;cr) 

M (5.11) 

where P, Q, and f are real and homogeneous in a's. To 

compute static moments it suffices to put q2=p.q=0. The 

matrix M must have one of the following forms: 

a. L L L 
T- XIT+ X2T- X3T+L r 

b. T-LXlT-LX2T+LX3T+L , 

C. T-LXlMDT-RX2T+RX3~T+L , (5.12) 

d. T+LXlT-LX2T-LX3T+L , 

e. T+~1LRX2M& LX3T+L r 

and those obtained from the above by exchanges of L and R, 

and f and -, where X. .I has one of the forms: 

xi = 
-criMD2 

and is real and diagonal in flavor. The other possible 

structures vanish due to Eq. (5.2). 

Diagonal elements of the matrix M are in general complex 

and the electromagnetic vertex FA violates CP in this order. 
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Bowever, to order these diagonal elements persist to be 

real. This assertion can be verified for all twenty cases, 

by the use of the relations (5.9) and 

T,TT =(r2 - 132k 13)/2 , 

(5.13) 

(5.14) 

(5.15) 

and by noting that Q, MD and TkTT are real diagonal. Thus, 

CP violation arises only in order g4 (m2/mW2) . 

Therefore, we conclude that the electromagnetic moment 

of a quark in theories specified at the beginning of this 

section is of order, ignoring possible logarithmic factors, of 

where 
mq 

is the generic quark mass of order of a few GeV. 

Thus 

d 1 
9 -I, 7 GF E Q 10-30cm , 

with mw ,? 60 GeV, m 
q 

F$ 3 GeV. 

VI. MODELS 

In this section we shall give several examples of models 

in which the conditions for microweak CP violation are 

naturally satisfied. The examples we will discuss have 
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only singlets and doublets of quarks under weak SU(2)xu(l), 

and only one CP violating phase. 

The first example is the six-quark model of Kobayashi and 

Maskawa, 25 which assigns six quarks to 

L:) 
L 

i::) 
L 

(::I ; 6: 1": 1:. 16*1) 
L 

where the u and d are quarks of charge 2/3 and -l/3, 

respectively. As the authors have shown, this system, with 

arbitrary values of parameters, has one CP violating phase: this 

can be readily verified from Eq. (2.19): 

NL(Q=2/3) = NR(Q=2/3) = 

= NL (Q=-l/3) = NR(Q = -l/3) = 3 , 

= ~~(0,-2/3) = 3 . NL(1/2,1/3) = NR(0,4/3) 

The leptons are placed in the followi: ng multiplets: 

(:‘)L ( :‘I, i i”i, ’ eR, uR, kRe 

Since all three neutrinos are massless, we can always call 

the neutrino associated with the electron the electron- 

neutrino, etc. It is then clear that there is no CP violation 

in the lepton sector. One complex Higgs doublet, as in the 

original Weinberg-Salam proposal, is sufficient to generate 
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masses for the quarks and leptons (e, p and k). The Higgs 

potential for this system is necessarily CP conserving. 

This model has been examined in great detail by Pakvasa and 

Sugawara, 26 Maiani,22 and Ellis, Gaillard and Nanopoulos. 22 

The second model we shall consider assigns six quarks 

to the following multiplets: 

(1:) (::i. 
L' L‘ 

xL I yL 

CR 

d2 ( i x2 

(6.2) 

where x and y are quarks of charge -4/3. According to 

Eq. (2.191, this model contains one CP violating phase. It 

is convenient to express the quark multiplet structure in 

terms of mass eigenstates, u, c, d, s, x and y. One possible 

representation is 

[” coseYi; sin3L 1 “T; “‘i, cos~~sinjR L si~~;cos!l” 
where 9 is the Cabibbo angle, and D is a new mixing angle. 

a is the CP violating phase. 

This model has been discussed in other contexts by 

Glashow and Weinberg, 17 Barnett,27 and more recertly by 

Albright, Quigr: and Shrock,28 without, however, the CP 

violating phase ct. 
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Barnett postulates the lepton family consisting of doublets 

E +++ M+++ 

1. 

(6.4) 
E++cosy-M E++siny+M++cosy R 

and six singlets, eR, pR, (E +++ ),, etc. The leptonic sector 

does not accomodate a CP violating phase. 

To generate fermion masses, we require at least two Higgs 

multiplets -- a complex doublet: 

h= h = io2h* = 

and a complex triplet: 

H= 

The Higgs potential 

HO 

(6.5) 

(6.6) 

t2 V(H,h) = a(h h) t2 + B(Tr H H) + y(TrH+H) (h'h) + eTr(H+Hj2 

+ s(h+Hh) + 6*(?H+h) (6.7) 

+ h(h+h) + UTrHH+ 

where Ct, 0, y, E, A and 1~- are real, is CP conserving, with the 

definition 

CP H+ -$ H* (, 

h + ei@h* (. 

-+x0) I 

-x,x,). (6.8) 
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41 being arbitrary. As discussed in Appendix, with one 

doublet h and one triplet H, single exchange of a physical 

Higgs meson between two quarks is CP conserving in IASI = 1 

processes. 

Current interest in this model is due to the possibility 

that the high y anomaly observed in inclusive antineutrino 

interactions, 29 and the increase in the ratio of neutrino and 

antineutrino charged-current cross sections above certain 

energy 29 may be due to the excitation of a quark of charge 

-4/3, for example, 

This circumstance has been analyzed by Barnett, 27 and more 

recently by Albright, Quigg and Shrock; 28 as emphasized by 

the latter authors, the high y anomaly effect should be 

more pronounced with the neutron target than with the proton, 

if this model is right. In any W(2) X U(1) model the mass 

ratio of the 2 boson and the W boson is given by 30 

(2,’ = (+gq, y;;;:i2 
1,13 

where A 
I,I3 is the vacuum expectation value of the neutral 

member with I 3 of a Higgs multiplet with isospin I. In this 

(6.9) 

model with one Higgs doublet h and one triplet H, we have 
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mZ 1 -= 
I 

l+4(xl,-l/~$,&2 + 

57 cosew 1+201,-l/XL +)2 I 
2, 

or 

mZ 
1 < - cosew ( 

-% 
2. (6.10) 

In this model, as well as in the model of Kabayashi and 

Maskawa,25 the stronger conditions of Sec. V hold so that the 

electric dipole moment of the neutron is expected to be of 

order of 10 -30cm. In this model there are processes in 

which CP violation is milliweak, rather than microweak. 

They are 

(6.11) (x,y) + d + s + (:,u) 

-- 
where (x,y), -+ dR + sL + (c-,,u,) and(x,yjR + sR + dL + 

(T,n;;) interfere with a CP-violating relative phase e 2ia . 

CP violation in charmed particle decays in this model is 

expected to be very similar to that in the model of Kobayashi 

and Maskawa, 25 which has been discussed by Ellis, et al. 22 

Lastly, a trivial modification on Eq. (6.2) gives the 

third example. We write 
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where, this time, x and y are quarks of charge +5/3. 

As far as CP violation in InS 1 = 1 processes go, this 

example is very similar to the second one. 
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APPENDIX A - HIGGS MESONS 

Single exchange of physical Higgs meson can in general 

cause CP violation of order GF(m/mH)2~ where mH is the 

typical mass scale of physical Higgs mesons. The lower limit 

that can be deduced theoretically on mH is of order of 

several GeV!l If mH > mW, then CP violation caused by Higgs 

meson exchange is microweak automatically. 

We shall investigate in this Appendix the condition that 

single exchange of a physical Higgs meson is CP conserving in 

/AS/ = 1 processes, with the additional assumption that all 

quarks of charge 2/3 have the same IL2, IR2, (IL)3and(IR)3 . 

(This assumption is stronger than the natural conservation 

of strangeness by the neutral current, and presupposes 

natural conservation by the neutral current of flavors 

associated with quarks of charge 2/3 -- charm, for example.). 

From the requirements we have derived for a natural 

theory of microweak CP violation, we find that masses of the 

u-, d- and s-quarks must arise entirely from vacuum ex- 

pectations values of neutral Higgs fields, because it is 

not possible to form invariant bilinear couplings involving 

the right-handed u-quark and the left-handed u-quark, etc. 

We shall denote by UL and UR the multiplets to which the 

left-handed u-quark and right-handed u-quarks belong, 

respectively. We shall denote Higgs multiplets by Hk and 

their vacuum expectation values by hk. We choose the phases 
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of H k so that all Xk are real nonnegative. We can write UL 

and UR in the form 

U 

UL = 

L I 

I UR = 

xd+ys+... 1 I- U 

L R 

where we can always arrange the phases of the d- and s-quarks 

so that the coefficients x and y are real, and 

x2 + y2 ( 1 

The u-quark mass arises from terms of the form 

c UL t akURH k + h-c. 
k 

where the ak are in general complex matrices, subject to the 

condition 

c 
k 

uL+akuRAk = mUul uR 

where m 
U 

is real positive. In order that the coupling of 

neutral Higgs mesons to uLtuR by CP conserving, it is 

necessary that all ak be real. This requires that there 

be one and only one Higgs multiplet whose neutral member 

couples to the quarks of charge 2/3. In this case, 

al = mu/A, which is positive. Once al is positive, we see 

that the coupling of members of the Higgs multiplet Hl to 

dLtuR and + sL uR are automatically CP conserving. 

Similar arguments can be extended to couplings involving 
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d; dR, sLfsR, dLtsR and sLtdR . In conclusion, we find that 

the conditions that single Higgs exchange conserves CP in 

IASl = 1 processes is that the quarks of charge 2/3 receive 

their masses through the couplings to one and only one Higgs 

multiplet, and the quarks of charge -l/3 receive their masses 

through the couplings to one and only one Higgs multiplet. 

The two Higgs multiplets may or may not be identical. Further, 

there should be no Higgs multiplet which does not contribute 

to quark masses. 
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APPENDIX B - ELECTROMAGNETIC VERTEX 

The electromagnetic vertex of a quark F;((p,q) is defined 

as 

[Fh(P,q)l eB = (p + $ - ME)ap 
I 

d4xd4y .i(p+q/2) *xe-i(p-q/2)-Y 

CC, (~P(X)j,(o)~a(y))+~o’(~ - $ - MD)o@- 

where '1-1 is the electromagnetic moment, and the subscript + 

denotes chronological ordering. The relation (5.5) follows 

from this definition and the assumption that 

<OlT($'(x) j,(O)$'(Y)) lo>* 

= <OITtTT(YP(x)j~O)~'(y)l IO> 

where T is the time-reversal operator, which amounts to 

time-reversal invariance of the vacuum. 

Thus, 

Fu*(Pr -9) = T-l@ + 2 fit- s) i(p+g/2) xe-i(p-q/2) Y 

guu<ol (~p(x)ju(0)~u(y))_lO>(~ - ~412 - MD)T 

where the subscript - denotes antichronological ordering. 

We have used the fact that 

T : ju CO)-+ guuju(0) I 

$(x) + T-l$($-x,) 

li, (x) + +,-xo)T 
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where T Q iYlY3 satisfies 

-1 * 
WuT = guuyu . 

For q2<0, the Fourier transforms of the chronological and 

antichronological orderings are identical. 
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Fig. 1 

Fig. 2 

Fig. 3 

FIGURE CAPTIONS 

Four diagrams which contribute to the process 

s+s+d+d to fourth order in semiweak 

coupling. 

Three classes of diagrams which contribute to 

the electromagnetic vertex of a quark in order 

g2. The straight, wavy, and dotted lines 

represent the quarks, gauge boson and photon, 

respectively. 

Two classes of diagrams which may cause CP 
4 violation in order g . The photon line is to 

be attached to charged lines in all possible 

ways. The above are "skeletal" graphs, from 

which all internal gluon lines have been 

removed. 
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