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1. INTRODUCTION

In a previous paper [1], hereafter referred to as I, we investigated sponta-
neous CP violation in a class of extended technicolor (ETC) models [2,3,4,5].
We constructed the effective Hamiltonian generated b} broken ETC interactions
and minimized its contribution to the vacuum energy, as called for by Dashen’s
Theorem [6]. As originally pointed out by Dashen, and more recently by Eichten,
Lane and Preskill in the context of the ETC program, this aligning of the chiral
vacuum and Hamiltonian can lead to CP violation from an initially CP symmet-
ric theory (7,8].

The ETC models analyzed in I were distinguished by the global flavor invari-

ance of the color-technicolor forces:

Gr=MNUR)LQU2)r (1)
For these models, we found that, in general, the occurrence of spontaneous CP
violation is tied to CP nonconservation in the strong interactions and, thus,
to an unacceptably large neutron electric dipole moment. However, strong CP
violation is avoided by imposing a discrete invariance, denoted by GP, on the

effective Hamiltonian.

We also showed that if CP violating phases do arise when the vacuum is
aligned, their size scales with a ratio of ETC gauge boson masses rather than

being on the order of one as expected by Eichten, Lane and Preskill.

Here, we address several problems deferred in I. First, the models considered
in I did not include electro-weak degrees of freedom. The chiral symmetry group,
Eq. (1), was “horizontal,” i.e., operated in the space of fermion generations. Of
course, when the electro-weak interactions are included, GF must be enlarged to
contain G = SU(2); ® U(1)y. In sect. 2 we argue that the analysis carried
out in I remains applicable when Gy, is embedded in Gp.

In sect. 3, we exhibit the results of I in the context of a toy model based on

an SO(10)gr¢ group.



In sect. 4, we raise and discuss a possible flaw in this mechanism for CP
violation related to the contribution of techniquarks to strong CP violation.
Finally, we note that conditions exist under which the GP symmetry constraint
can be relaxed, allowing the development of a realistic quark mass matrix without

sacrificing its hermiticity. *

2. INCLUSION OF ELECTRO-WEAK DEGREES OF FREEDOM

In considering models with G given by (1), the requirement that the low-
energy effective ETC Hamiltonian be a Gy singlet forced us to identify flavor
doublets as generational rather than electro-weak. The alternative would have
led to a trivial problem with only CP conserving solutions. But, in reality, Gp
contains Gy as a subgroup. Therefore, in the analysis of I, we simply ignored
electro-weak degrees of freedom. Here we argue that this simplification is as

reasonable as it is expedient.

If we assume all left-handed fermions occur in weak SU(2); doublets, the
multiplicity of each irreducible representation of Gr¢ & G must be doubled.
This yields "

Gr=NUM4)LQU4r .

Now, the analysis carried out in I depended crucially on G being a product of
U(2);, @ U(2)R factors. However, it is easy to see that if the chiral vacuum is
to conserve electric charge, its alignment must be specified by an element of the
subgroup.

IT [U(2)L @ U(2)R]up @ U(2)L @ U2)Rl4own ; (2)

that is, up-like and down-like fermions are to be rotated independently. Other-
wise, a non-zero vacuum expectation value with the Gy, properties of iy dp will

appear, spontaneously breaking electric charge.

*See I, sect. 3.1.



More precisely, the vacuum is specified by the expectation values
- ’
B 60 = arerrwY)

where p and o denote irreducible representations of G¢c ® G, r, is a flavor
index, and W) is a 4 x 4 unitary matrix, wie) — wREWLK)! (Gre ® Go
indices have been suppressed). Clearly a conserved electric charge exists only if
w=(W0 0 ) o
0 wie.d)
in some basis, where W(#:%) and W{P9) are 2 x 2 unitary matrices. Thus, if we
restrict our interest to charge conserving vacua, the effective flavor invariance
is given by (2) and the CP character of charge conserving critical points of the
vacuum energy is determined by the analysis promulgated in I. In particular, a
GP operation can be defined and its conservation by the effective Hamiltonian
will imply that the CP symmetry of the strong interactions is unmolested. Also,
phases will be suppressed through the mechanism identified in L

_Of course, in a given model, the true, global minimum might spontaneously
break charge conservation. In this case, the model would be disqualified on

grounds unrelated to the fate of CP.

3. A TOY MODEL

In this section, we describe a simple toy model which displays the spontaneous
CP violation discussed in I. The model includes the essential properties of CP
and GP symmetry at the level of the effective Hamiltonian, and spontaneously
generates CP violating phases suppressed by a ratio of ETC mass scales. Our
purpose here is to go some way towards demonstrating the feasibility and internal
consistency of this mechanism, rather than to present a realistic model into which
it is incorporated. As we will see, the model is either pathological or incomplete in
several important respects, which, however, do not obviously bear on the matter
at hand.*

* An evident exception to this is the unrealistic quark mass spectrum implied
by GP symmetry (cf. sect. 1.3.1).



Initially, the unbroken local gauge symmetry is Gpre @ G ® Gy, where
Gere = SO(10)gTc and G Q Gy is the standard color-electro-weak sector.
Fermions occur in three representations:.

1, (u 2
vr ~(16,3,2,) ; ) ~ (18,3, L,3); W\ ~ (18,3, 1,-%) : (4)

The last label for each field is the weak hypercharge.
Immediately, three comments must be made:

1. In general, [GEgpe, G¢] = 0 and/or [Ggre, U(1)y] = 0 implies that some
chiral symmetries are not gauged and therefore leads to massless Goldstone
bosons. This was originally pointed out by Eichten and Lane who concluded
that quarks and leptons must occur together in irreducible representations of
GErc.[4] Here this constraint is “solved” by omitting leptons altogether, thus
eliminating unwanted chiral symmetries.. Were we to introduce color singlets,
SO(10) gre Q SU(3): Q@ U(1)y would, presumably, have to be embedded in some
larger, simple group.

2. The fermion content, (4), leads to vectorial ETC interactions possessing a
global SU(2), ® SU(2)r symmetry. After chiral symmetry breaking, assuming
the vacuum alignment conserved electric charge and ignoring the weak gauging
of SU(2), the model retains a residual vector isospin symmetry and, therefore,

can only generate equal masses for up- and down-like quarks. *

3. By embedding G Q Gy in an SO(10), and adding leptons to fill out the
standard multiplet, a variation of the “vertical-horizontal symmetric” SO(10)y ®
SO(10)g grand unifying model proposed by Davidson, Wali and Mannheim is
obtained.[9] Here, the major departures from that model is the choice of tech-
nicolor group (SU(3) rather than SU(4)) and of fermion representation (16,16)
rather than (16,10) + (10,16)). (In fact, these variations are related since, for

* A non-vectorial realization of the model is obtained by assigning right-handed
up-like fermions to the 16, and right-handed down-like fermions to the in-
equivalent 16* of SO(10)g¢. However, this complication tends to obscure our
program in exchange for extremely meager compensation.



G1¢o = SU(4), the (16,16) contains no technicolor singlets.) Since we are pri-
marily interested in the breaking of Ggpc, which occurs at a mass scale well
below grand unification, and in light of the constraint mentioned in comment 1,

we do not further emphasize this aspect of the model- -

At a mass scale ML, Ggre is broken to SO(8) Q SO(4) = SU(4)7¢c @
SU(2); @ SU(2)y1- A second stage of symmetry breaking occurs at Mo <
Mo leaving intact only the technicolor group, SU(3)p¢. Under SU(3)r¢ ®
SU(2); & SU(2)yy, the fermionic 16-plets transform as
16 =(3,2,1)+(3*,1,2) +(1,2,1) +(1,1,2) .

Thus, there are four generations of both techniquarks and quarks. We denote
these fields by

(5

- Gapr) ~ (L21) 5 diyr) ~ (1,1,2)
where A = 1,2, 3 labels technicolor, r = 1,2 is the SU(2); or .SU(2);r index and
a = 1, 2 distinguishes up- and down-like fermions. The suppressed color degree

of freedom plays a trivial role in what follows.

Now, ideally, Gr¢ would mimic SU(3), with Ao ~ 103A.. Unfortunately,
in this model the technicolor 8 -function is positive, indicating that Gp¢ is
not asymptotically free. Nevertheless, we will assume that, in analogy to the
presumed low energy behavior of the color forces, SU(3)r¢ spontaneously breaks

chiral symmetry at an energy scale of 1 TeV.

Since the fields, (5), are all triplets under G, the G¢ @Q G couplings are
invariant under the action of the global symmetry group

Gr = [U(4) QU(4)Rlg ® [U(4)L QU(4Rlg ® [U(8)L @ U(B)Rlg,q¢ -



By imposing G1¢ Q G & Gy & SU(2)g invariance, we can write down the most
general four-fermion operator which breaks G and contributes non-trivally to

the vacuum energy:

=7 T oA oBr 0k @2

(m) Q’(m) IAr QI ID.s’
ABCD rr’ss’
- (]
+ t&"i;’cpr?ﬁ}.'"’(czﬁi % O QR + )
(6)
= A -
+ T2 QoL QfF Traly +hec)

1Ar ~AY - Yy
rr'zy(Q bR 9bR 9oL + hc)
= 2 !

+ Tty TaL BROR 0L -
In this expression, all I'-tensors are real; m = 1,2 with tﬁill)?CD = d4B0cD,
t%CD = §4pbpc. The indices z,2/, y, ¥ take on the values 1,2, 3,4, with, e.g.,
qz
decouple in ¥'. *

= ¢", for z = 1,2, and ¢* = ¢7, for £ = 3,4. ¢ and.¢’ will eventually

Our program is to compute the I'-tensors to lowest order in gl2~3TC from single

boson exchange interactions. ETC gauge bosons make up a 45 of SO(10) ¢

* The observant reader will have noticed that the technifermions possess a
U(24) ® U(24)R global invariance when their color interactions are neglected.
This symmetry is weakly and explicitly broken by color to the factors appear-
ing in Gr. The larger invariance group implies relations amongst the several
technifermion condensates (see eqs. (12) and (13)) but, since color is strictly
conserved, does not admit additional terms in eq. (6) for ¥'.



together with their transformation properties under SU(3)ro Q@ SU(2); QSU(2) i1

and the fermionic currents to which they couple, they are:

Cu~ (L,1,1): IO = (079,Q — 3770 — @ 1@ +37 1ud)

NG
- I - _
X” ~(1,3, 1) . j” = Qr"]”?r‘gqs"'qr"fﬂ?r‘gqs
3 I = _
Y, ~(1,13): jp = Q'r'Tu?rsle‘I'q’r’Yu?rsq's
A -
D ~(3,1,1): K} =0" vud + 37,04
DA ~(3*,1,1): kAt
s~ 1)K )
AR~ (3,2,2): J* = PRI
~Br .
= Py, leapc @ 'T,-er’Yqucs
~1AF . vy
+ Q" i3 e -7 ith, Q)
AL ~ (3*,2,2): IA* = PE(JAYY
Hp ~ (8, l, l) .
In eq. (7), suppressed indices are traced and k¥ = 1,2, 3,4 with
14+ 3
p* =1 1—73
2|71 — 2
4472

All gauge bosons, except the H,, acquire mass at one, or both, stages of G
breaking. Using the residual SU(3)r¢ symmetry we have

Lmass =H§CLC* + (] XA XM + (pd);;YaY ™
+ (1] )i XY + (6] )i X4C* + (w1 0)iYAC¥ + hoc]

¥ il

+ piD‘;} D+A + (;1'2),c>\A’,f'C AP + [(11"2),«4’:'c DHA +h.c].



Here u%, uz, p? and u?, are real and symmetric and of order MI%TC' u'Q is
hermitian and of order Mgm. In this model, we take u% = /‘%0 = p?,o =
u"? = 0, which is a consistent choice provided SO(10)grc is broken only by
objects transforming as (1, 1) or (1,3) @ (3, 1) under SU(2); Q SU(2);;

The effective current-current Hamiltonian is

W' =ghre (872);; TETPY + ghre (i) T TV

9 2500, 2  —2p-Ap-uAt
+ 91Oy “Ju I + 9ETor, K K
+ gre (W) JiE 1P

Comparing this expression to eq. (6) with the aid of a Fierz transformation, we
find

W =12, 0k QP Ofs ol
B + Pg/’s r"f,, 2, QrAr Q’B’J QlBa
T35t (94 QR @4 @47 caprepor + hic.)
+Thg7%r0, Q0L OfF Gp ol + QUL QUF Tirdi+he) (8
— Tt (@if Qff dhi di + QL 4 Gralr + h.c.)
+ T gr%rl, T iR TR ISL
T gruran T ey
with

r9 =2

o
—
o &
<
~ @
N
N’



rt — 2”—2
1 0
0/
phat—H® il - e 0 0
-1 —2
0 _ o —H12 — B 0 0 _ ot
— —2_ -2 -2 -2 -
P12” — By 13"ty
-2 -2
“H34 —H33
32 0
)
0 2p;
-2
3 0
- Pq'=2( Ho _2) (9)
0 2;111

In eq. (9), I''¥ has been been given in the basis (79,72, 7!, 73), and we have
assumed that ¥’ is invariant under the action of a GP operation defined with

respect to the subgroup of G

Hp= ]I [U@)L®U(2Rlg,® UL U@2)Rlg.,

a=u,d

(10)
QUL QURRI,. QWUERILQU?2Ry,
In other words, ¥ is invariant under
Q. — in2i CPQUAY (CP)™!
(11)

¥ lya — i720 CPi{Jp, (CPY!

This assumption has enabled us to restrict ''% to the form given in (9).

10



Now, when their couplings become strong, G1¢c & G interactions break

Gr to Sp = [U(4)v]g @ [U(4)v]g! @ [U(8)v]¢,a and generate non-zero vacuum

expectation values for fermion bilinears:
(Qaf QER)o = (@4 @8 1o = A%4B5,6,,4 ; AQ = A"
(qaL qu)O = Af 6ab6xy ; A= Aq
and for four-fermion operators:
~A ~B A
(Qaf @ QiR Qo =@ & &% &4
=AQQ6rr’6.ss' + A'QQ‘Sr.s’(ssr’ )
APQ =AQQ"  AIRQ — 70Q° .

- C L )
QY Qfﬁl la7ysy aDLSl)OfADFfBCF =<AQQ’5"'533' , A99 = 799"

=~ A - 1A !
(Qar Q% atrdlr)o = (@4 Q¥ atndlL)o

= A995,46,, , A9 = A9

(@2, afr TR el =AY, 18,0 + A6, 46,0

AN = AW Al — AM9°

(12)

(13)

The vacuum of eqs. (12,13) is invariant under the action of the vector sub-

group of Gp.* The true chiral vacuum, determined by minimizing the ground
F g

state energy, is parameterized by U(4) matrices W and W/ corresponding to chiral

transformations of @Qf and @Y, and a U(8) matrix associated with gZ. However,

as pointed out in sect. 2, by assuming that the true vacuum is electrically neu-

tral, the effective flavor symmetry is reduced to Hp, eq. (10). Furthermore, the

* The equalities A? = A® in (12) and A9Q = AQ'Q’ A9 = A9 jp (13)
follow from the SU(24);, & SU(24)g global invariance of the technicolor sector

when color is neglected and are accurate up to small QCD corrections.

11



residual vector isospin symmetry of ¥’ implies w(er) = wlr.d) at the minimum
of the vacuum energy (cf. eq. (2)). Thus
W = WERWLt = §,,W,.0 = 6 (wo + i D - 7), 0

. (14)
W! = WRWIE = 6, W, = b4e'% (wh + i @ - ),

In addition, with ¥’ diagonal with respect to (g,¢') and invariant under the
GP transformation, eq. (11), charge conserving critical points correspond to

independent rotations of ¢ and ¢

U= URUL = 6™ (ug + i@ - 7),pr
y (15)
U' = URU™ = 6,46 (uy + i T - )

Combining egs. (8), (13), (14) and (15) and using, from I, egs. (1.17), (L.A.1)
and (I.A.7), we obtain the vacuum energy

E(W7 W” U, U’) =const. + wa)‘aQﬂwﬂ + wa)\glswb

+ 2hcos (¢ — ¢') wakf,?'wg +2g [cos(¢ —Jx)wa)\aqguﬁ
(16)
ol 135 v o

— heos(¢p — x)wa ngquig] +g° [uaxzﬂuﬂ + u'akgﬂu’ﬂ

In this expression, h = Mg‘TC/MgTC < 1and g = AQ9/A99 ~ 1079, The )

-matrices are all of comparable magnitude and are given by
A9 = 4A9T | \@ = 4A9T
9221 = 4A9\T g2)‘¢f = 4N (17)

thQ’ — 4AQQ’)\10 ’ hng'q‘iAQQ)\lO : g)\Qq — 4AQQ”Z2 1,

where

Tr;z_2 0
A = I ; a
( 0 (672 ) (182)

12



Tru7? 0
\I =( P ) (185)
0 (e7)is

di-Hg o o
- 0 0 =2 + -2 9,2
B9 T M3y H14
0 0 2p5° it — gt

Constant terms have been extracted from both A/ and M in (18a,b) (cf. eq.
(1.36)). The variables wq, w),, uq and ul, are real and satisfy wqw, = whwl, =

uqttq = u,ul, = 1. To avoid anomalous elements of G the phases must satisfy

exp 24i(d + ¢') = exp 24i(x + X)) =1

Equation (13) is, of course, the desired result: its minimization follows the
program described in I. Strong CP conservation is assured since vacuum align-
ment takes place within a subgroup, Hp, with respect to which, ¥’ is GP sym-
metric. Whether or not spontaneous CP violation occurs depends only on the
matrices AT, M7 and M0 and on the sign of A®9, as discussed in sections 1.3.3
and 1.3.4.

Thus far, the following assumptions have been made about the breakdown
of SO(10)grc:

() The vacuum which minimizes the effective potential conserves electric
charge. This assumption is plausible, though its complete vindication
would require explicitly minimizing £’ with respect to the full flavor sym-
metry, Gg. Still, we expect that for some range of values of AT ang
A0 charge conservation is obtained. What is not clear is that this range

is consistent with the assumptions which follow.

(ii) u% = I‘%,o = ”%1,0 = p"? = 0. As was mentioned, this is realized if
SO(10)gre is broken only by objects transforming as (1, 1) or (1,3)+(3,1)
under the SU(2); ® SU(2) subgroup.

(iii) X'is CP and GP symmetric.

13



If spontaneous CP violation is to occur, two additional criteria must be

met.

(iv)  The largest eigenvalue of p% is (ﬂ%)gg and the largest eigenvalue of ”%I is

not ([t%l)gg, or vice-versa.
(v) A9€ > 0. Otherwise E is minimized by w = «/ = u = o/ = 1. This is
not a constraint on ETC breakdown and, for purposes of this dicsussion,

will simply be imposed. *

To demonstrate the feasibility and consistency of (i), (iii) and (iv), we resort
to the Higgs mechanism to break SO(10)gr¢. The Higgs sector we'll introduce is
not very aesthetic, even as these things go, and the pattern of vacuum expectation
values is, unfortunately, not general. However, this scheme has the advantage of

quickly and easily justifying (ii), (iii) and (iv).

Higgs scalars comprise four representations of SO(10)grc¢:

E~54; ¢p~45 ;¢ ~45 ;x ~ 126,

and, under SU(4)7¢ & SU(2); & SU(2)yy,
(€)o ~ (L,1,1); (po ~ (¢"do ~ (1,3, 1)+(1,1,3); (x)o ~ (10,3,1)+(10%,1,3) .

(€)o is of the order of My~ and breaks SO(10)gr¢ to SU(4)rc & SU(2)r ®
SU(2)y. It produces

(1) in & MErcen

{#)o, (¢')o and (x)o are order MAy.. (x)o must transform as the SU(3) singlet
found in the 10 and 10* of SU(4), and gives ;4(2) ~ pz ~ MLQ«:TC' Now, if the

* Calculation of A9 is a strong interaction problem, however it looks sus-
piciously like the positive definite square of a mass operator and in simple
approximations this impression is affirmed. On the other hand, in ref. 8, the
author suggests that A?? < 0 but states that a proof has not been found.
If this is true, a vector model will not generate CP violation, though a non-
vectorial model of Gpre can.[10] Of course, Ggre must be non-vectorial for
unrelated reasons, i.e., to produce up-down mass splittings.

14



triplets under SU(2); & SU(2);1 are denoted by
($)o:9~(1,3,1), & ~(1,1,3) ;
(0 :7 ~(1,3,1), & ~(1,1,3) ;
(x)o : 0" ~ (10,3,1), @" ~ (10%,1,3) ;

then each (3,1) + (1,3) contributes, for example,

2 =2 2 —+ 2
(11)ijc 0% 65 — viv; , (B ©° 65 — wywj

v3ws3 V-wW- Vaw— w3v-—
VW4 V3w3 —W3V4+ —v3wW4
p%a — (0% + @)1 -2 =@,
V3W4 w3v— —v3w3 V_v4
w3vy —V3W_  V4W-  —U3W3
where vy = v] £ tv9, wy = w; + two. By choosing
— —f /
6 =(v1107 v3) ) w=(w170) w3) y v =(07 v2)0) ?
@' = (0,uh,0), ¥ =(0,0,45), @" = (0,0, uf) (20)

we readily obtain CP and GP conservation. For u% and p%, we find

v} +vd+ o2 0 0
pic 0 i+ o+ v ,
0 —vjv3 v} + off
wi + w§ + wl? 0 0
pha 0 wi+uw +ulf? —wiws
0 —u w3 wi? + w'22

in the (72,71, 73) basis. A straightforward computation of eigenvalues shows that
vh and wh are easily adjusted to meet criterion (iv), above. Specifically, CP is
spontaneously violated when

>1 1
oF 508+ ud+ %) — o /(of + of + of2)2 — doful?

15



and

1 1

wif i E(wf + wd + wi?) — 5\/(w% + w? + wi?)? — qwiwl? (21)

provided A99 > 0. o
This result suggests that spontaneous CP violation occurs for a sizable range
of vacuum expectation values. However, it must be pointed out that, although
the VEV's 3, @, ?" and @" may always be brought into the forms of eq. (20), our
choice of v} = vh = w| = w} = 0 is very special. We conclude that our ansatz
is not to be taken too seriously; in particular, the constraint (ii), introduced here

to simplify exposition, is far too strong.

4. A PROBLEM WITH TECHNIQUARKS

When CP is spontaneously broken, strong CP violation is typically signalled
by the appearance of an anti-hermitian component in the quark mass matrix.
Putting the matrix in real diagonal form then requires an anomalous axial U(1)
transformation which induces a change in the Lagrangian

2
. g I
6[, = _'oeffﬁZTch -Fc , 0eff = arqg det Mquark ’

where F, is the color field strength tensor and F. its dual. If the model con-

tains colored technifermions, i.e., techniquarks, evidently f.¢s has an additional

component when their mass matrix is not hermitian.

Now, the light quark mass matrix is readily identified in the effective low
energy theory obtained after integration over heavy technicolor and broken ETC
degrees of freedom. It is hermitian to a part in 109 provided the matrix

o,mpga,m Ay o)t _ g
E Z ZAq I1rr’.sxéx"/Vr’t Ws’s =AMy,
0 rrisgd m

is hermitian.[7] This is the statement of eqs. (1.6) and (L.7).

However, though the corresponding techniquark operator, MQ, will generally
be hermitian whenever M is [7,10,11], its connection to s is not as straight-

forward. In fact, there is no reason to believe that techniquarks renormalize

16



0crr primarily through this operator. Thus, in a model with techniquarks, the
Eichten, Lane, Preskill criterion (M? = M?!) appears to be insufficient for pre-

dicting the fate of strong CP conservation.

In this section, we investigate the techniquark contribution to Ocrr in the
context of models described by eq. (1) (and by straightforward extension, those
of sect. 2). Our results suggest that suppression of this contribution requires an
additional constraint on the effective ETC Hamiltonian beyond those invoked in
L

For simplicity, we consider a model with no technileptons, i.e., color singlet
technifermions. This restriction will in no way affect our conclusions. We will
also ignore effects at the level of a part in 10°. Explicitly, then, the CP violat-
ing technifermion operator which renormalizes 8, 17 1s just the four-techniquark

terms of ¥':

) . -
o o)t A(p)r r =(0)s ~(0)d
Ho=3 3 rin Wi ot o ofy
T )

where color and technicolor indices have been suppfessed, and the sum is over
inequivalent, non-trivial representations, p, o, of GTc QG . CP violating phases
reside in the matrices W(P). On dimensional grounds, we expect the leading

contribution to ., from this operator to be of order (assuming phases are 0(1))

oire (QQ) 1 ~ ™1 1073

which is, clearly, unacceptably large.

A model calculation of f.rs can be done, based on the single ETC boson
exchange contribution to )(b and the vacuum graphs in fig. 1. If the double
solid lines in fig. 1 represent exact fermion propagators in the presence of color
instantons, * these vacuum amplitudes include a term proportional to TrF,- F,.

The coefficient vanishes in perturbation theory since TrF,-F . is a total divergence,

* Or any other effect which gives rise to a non-vanishing F. - F..

17



but can be extracted in the dilute gas approximation by expanding the fermion

propagators in powers of the field strength.[12,13]

The massive ETC boson exchanged in fig. (1) couples to broken currents
(p)r L(R a o
JL (R)p — E Z E QzL(R) pri, a)r’ ’MQ( L(R) +. (22)
rrl 45

where ¢, § are color indices and technicolor indices have been suppressed. Omitted
in this expression are possible additional terms which, however, do not contribute

to )(b. For the generators we write

TURe _ 23: (TL(R)a

pri,or j pi,0) )a ref -

Now, the alignment of the chiral, technicolor vacuum with respect to the
currents, (22), is specified by a set of matrices. W{?) = WRIWL which,
presumably, harbor CP violating phases. We introduce this CP violation into
the graphs of fig. 1 by choosing WH#) = 1 and rotating the currents:

qu — Jfﬂ
(23)
B~ ST Tl (18 ) 098 ,Q
0 rr 45 a,f
where
P47 = Tr Witrowlo)fy . gror — 97 @roters —=1.  (24)

Having introduced the chiral rotations, W(”), into the broken ETC currents

i.e., into ¥1,), the appropriate fermion propagator is that obtained in the vacuum
@ _

(U)"’)

(Q(p)fQ 0= 6ij6p06rr,Ap . (25)

When the techniquarks carry momenta < Ap¢ this condensate induces a mass

term in the propagator. Above Ay, though, the propagator is 75 -even (there
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is no bare techniquark mass) and the matrices W{) can be rotated away. Thus,

the loop integrals for fig. 1 are naturally cut off.

To perform this calculation, however, we introduce an explicit “hard” mass

into the techniquark propagators,

(mp)ppr = mpbyp

where m, = O(Ar(); the flavor structure follows from eq. (25) and the fact that
we work to lowest order in g%‘.’l‘C' Loop integrals will be cut off with a Pauli-
Villars regulator. The result contains a logarithmic divergence associated with

the techniquark self-energy, which we ignore in view of the natural cut-off.

Using the vertices defined by egs. (22), (23) and (24), the CP violating
amplitude, M,s, is

Mo =!J%5m"ras"'fr' [(Vlﬁ'»ae)a (Agk’pj)ﬂ

. . )
- Tr Sg‘n,pr ](x _ yhﬂsg‘sk,os t(y _ 3)71/751),‘::(17 —)
g (26)
b o' )
+(A5i00)y (Vakpi)g Tr SE™ Mz~ )

k, 74
wsSg " (y — 2y DY (2 - y)]

Here and below, all repeated indices, except p and o, are summed. The trace is

over Dirac indices and space-time parameters and

Tg;a + (TRa(I))a

Df:;: is the massive ETC boson propagator in 't Hooft-Feynman gauge:
1
w __ _ _py
Dab =9 (k‘2——M2)ab .
Lastly,

iS;,-’-ri’pl'Jj(x —-y)= 807 57"’ (z

("—/Di——mp)ij v
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Di; = (0¥ —igcAL);; (27)

is the exact fermion propagator. From (26), (27) and well known properties of

the Dirac matrices, we obtain

Mps = — Q%TCmpma

'[(TJJL;.IUE) (Tﬁcbmq’pa*) (Tﬁa«ft@pa) ( 51? m)]
Tras{z|( D% + m2) T whvuly (D2 + m2)i | 2)v DLy (= — )

where we have dropped a term which is independent of 7.

To proceed, we expand ( D? + m%)_1 to lowest non-vanishing order in the

ratio of instanton size to m,. After a bit more algebra (cf. fig. 2)
2 2
Moo =gETC9cMp™Mo [Tpt st Topp; @ = Tji0 @ - T p]]

R -1
. - Bigppeq sy IT [(x |(<92 + m%) c", (62 ) g7 ¥ (62 + m%) | y)

[

-1 ! e
(w|(6% + m2) ™" G| D2y (2 — 9) — (& (0% + mD) ™ 835]w)

-1 _~§ -1
(v](0% + m2) ™ Py (0% + m2) T FIY, (68 + md) ™ 2)Dly (2 — o)
(28)
The space-time integrals are carried out in ref. [13] with the result

2 4.2
__ 9; YETC 2( 1 )
Mpo “1672 nz 0 M2

R
°(TI{I ot Ty bmd’pm Tg(fﬂq’pa Tak PJ)

A(Fe- Fo)y; 8ke — (Fe F o) 835

where

e
E'l —
[
N’
1<
o
lll

-1, M? 2  mp
( QZ"P ezt M2)
ab
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and A is a Pauli-Villars mass. For convenience, we have set mpy = mg = mg

which, though by no means general, will not alter our conclusions.

Now recall, to lowest order in 9%;‘1‘0’ we had (cf. egs. (1.2), (1.3), (1.17))

9125TC (]T,lff) b(T/ﬁ?at’) ( ok PJ) EFM "t f;;cgn (29)

where the ¢ ke are SU(3). singlets (again, technicolor is suppressed). In the

same way, we can write

9ETC (_A%?)ab (Ttﬁ?af) ( ok pJ) = ”ZPW i tfﬁcfm

It is easy to verify, using eq. (LA.4) that I'*?™ = T'??""* Thus, we find *

2 [4m2 - =~
Moo = I(‘;iﬁg[—’rg‘i(r(p) — NS i Im Tr (D777 ®7%)| Tr F, - F,
" (30)

where r{#) is the color dimensionality of G¢ @ G¢ representation p and 677 is
the contribution to 6,;.

This result requires elaboration. First, and most obvious, 7 = 0 for p =
o. Equation (30) also implies §*° = 0 when p and o are complex conjugate
representations of color; in fact this is only true when m, = m; as we have
assumed. Otherwise r(?) and r9) do not combine as simply as they do here.
(In the model of sect. 3, eq. (12) implies mg = mey, thus 0.,y = 0 in this

calculation.) Of course, for p 7 o, 0™, 07 is generally non-vanishing and

2 m
eff_zop"—-O(—gen Q)
pF#o M?

There is one case in which the techniquark component of 6, n vanishes triv-
ially. This is when l‘g;' is both GP symmetric and hermitian for all tech-

nifermion F' and F'. Then it’s not difficult to demonstrate that, not only Ik m
but &', is hermitian as well. Thus Im Tr TF "™ &FF = 0 and 97F" vanishes.

* Up to technicolor multiplicity factors.
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We conclude that, in general, techniquarks are a dangerous source of strong
CP violation, even when the Eichten, Lane, Preskill criterion (arg det m g, 4, =
1079) is satisfied. Neutralization of this effect requires an additional restriction
on the tensors I'’9>™ appearing in the effective Hamiltonian. At the level of our
investigation it’s unclear how reasonable this added constraint is (though it's

realized rather effortlessly in the model of sect. 3).

Though we will not go into details here,[10] it is interesting to note that when
the matrices Ffﬁw are b th hermitian and GP invariant, it becomes possible to
obtain arg det mg = O0(10~ 9) without requiring that rfe af be GP symmetric.

That is, GP symmetry can be broken by the quark mass matrix without its
developing a large anti-hermitian part. This reopens the possibility, previously
foreclosed by GP invariance (cf. eq. (I.16)), of quark mass splittings and Cabbibo

mixing.
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FIGURE CAPTIONS

Diagrams contributing in lowest order in gl%l‘TC/M gTC to the strong CP
violating phase f.sr. Double solid lines represent exact techniquark prop-
agators in the presence of color instantons. The exchanged gauge particle

is a massive ETC vector boson.

Dilute gas approximation to fig. 1, corresponding to eq. (28). The fermion

line is a free particle propagator and “x” represents the vertex gca,wFé‘ v,
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