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Aspects of soft and spontaneou€P violation

Paul H. Frampton and Masayasu Harada
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599-3255

(Received 15 September 1998; published 8 January)1999

We study four different models fdZ P violation: the standard Kobayashi-Maska(av) model, the aspon
model of spontaneous breaking, and two models of soft breaking. In all except the standard model, the strong
CP problem is addressed and solved. Testable predictions for the area of the unitarity triangle antejqr (
are emphasized. The issue 6P violation may well become the first place where the standard model of
particle theory is shown definitively to be deficient. There are two reasons for expecting this to happes:
strong CP problem is still not understood in the unadorned standard model(Znthe KM mechanism,
although unquestionably present, may not provide the full explanation epf and (¢'/€)k .-
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PACS numbgs): 11.30.Er, 12.60-i, 13.25.Es, 13.25.Hw

[. INTRODUCTION PEP-II experiment at SLAC and by the BELLE experiment
at the KEKB factory.

There are several models for describi@@ violation by The layout of the paper is as follows. In Sec. Il we de-
scalar dynamics. SpontaneoG$ violation [1,2] is one of scribe in detail the different models we shall analyze. In Sec.
the interesting schemes, especially wher® is broken si- !l the constraints arising frone, are derived. The predic-
multaneously with SU(2)x U(1)y . This kind of model has tions for €'/ e are given in Sec. IV. In Sec. V the constraint
been widely studiedsee e.g. Refd.3-5]). of B-B mixing is discussed. Section VI covers @& asym-

There are other models in which heavy quarks and scalargetry predictions for neutra decay. In Sec. VIl the lower
are introduced an€ P violation is originated in the heavy limits on ® are calculated, together with the corresponding
scalar sector. ThE P violation is transported to the ordinary lower limits on the neutron electric dipole moment. Finally
quark sector through the Yukawa interactions among a heavjn Sec. VIII the different predictions are summarized.
quark, ordinary quark, and heavy scalar. At the same time,

an attempt is made to resolve the strabg problem. These Il. MODELS
models may be divided into two classes by the existence of
the tree level flavor changing neutral curréRCNC). Here we shall list four different models f@& P violation

There are two typical models without the tree level which exemplify all of the ideas we are considering. At the
FCNC. In one class of model only right-handed quarks hav&nd of the paper we shall summarize the similarities and
Yukawa interactions with heavy quarks and scalf} differences of the experimental predictions. Thus the hurried
while in another class only lefthanded quarks have thd€ader could read just this section and that summary to
Yukawa interactiori7]. In both model<CP is violated in the ~ S@mple the main points: the intervening sections provide
heavy mass terms softly or spontaneously. technical details.

A typical model with the tree level FCNC is the aspon
model [8]. This model is widely studiedsee, e.g. Refs. A. Standard model

[9,10). In this model one vectorlike SU(g)doublet of The first model is just the standard mod&M) with the

quarks are introduced. Those quarks have same charges asyp . ; : ‘s

. yashi-Maskaw#&KM) mechanisni12] of explicit CP
anS fown' tylpes oflordlr;ary quarks. Two heayy SLQ(|2) violation. Principally, we are interested in models which also
XU(1)y sing et scalars have vacuum expectation Valuey,)ve strongCP (as all the other three wjll The standard
(VEVS) which br(a_akQPspontaneoust. Anothgr model with model requires an additional mechanism, e.g., the Peccei-
tree level FCNC is given in Ref11], where unlike the mod- Quinn mechanisnii13] or massless up quarisee, e.g. Ref.

e|5| c%ﬂsldered here, tnc()j add|t|otnad_l%1sym(;netr):jp(tz_curs. ¢ 114D to accomplish this. Nevertheless, it forms an essential
n this paper we study constraints and predictions of theg, o aricon for all the other cases.

above two models of soff P breaking comparing with those
for the aspon model. These considerations are timely because
experiments are underway to measure botheRe{) and the

CP asymmetries irB° decays. In fact, there are two experi-  The class of models we consider for s6fP violation is
ments each to measure both effects. The former is beingonstructed by adding two SU(2)singlet scalarsy, (I
measured by the NA-48 experiment at CERN, and by the=1, 2) with hypercharg&’, and one nonchiral quar to
E799/E832(KTEV) experiment at FermiLab. The latter is the standard model. Thes® and x, carry the opposite
being studied by the BaBar detector of #iee™ storage ring  charges of an extra U(]l9, Symmetry. The hypercharge &f

B. Two models(typesL and R) of soft CP breaking
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is determined in such a way that the Yukawa interactions

among x,, Q and the ordinary quark| are allowed:Yq
=Y, +Yq. The Yukawa interactions in the models can be
written as

2 3
-~ —Zl Zl hi[Qdixi+aiQx{ 1, (2.2)

wherehiI is a real Yukawa coupling.

CP is softly broken by the mass term gf . The models
in this category are divided into two types by the chirality of
the ordinary quarlq which couples td@Q and y, : in the first
type (type R), q is a right-handed down-type quark;,
—1/3[6]; in the second typétypel), q is a left-handed
SU(2), doublet quark),=1/6[7].

Let us explain details of these models for s6f® viola-
tion. The scalar potential fay, is given by

2

>

1,J,K,L=1

2

L,= )\IJKLXrXJXEXL"'I;l M Xt Xa»

X
(2.2

where \ ;. and M;;=M* are real quantities and/,,

=M3%, is a complex quantity. The interaction betwegrand
the ordinary SU(2) doublet Higgs scalaH is given by

‘C)(H:(

where) ; is real. The mass eigenstat¢ is given by a uni-
tary rotation

2

2

v

HTH_;) > Nuxtxs (2.3
1521

2
x/=2> Uuxs,
=

(2.9

whereU is a suitable unitary matrix.
After rotating y to the mass eigenstaj€ as in Eq.(2.4),
the Yukawa interactions become

2 3
—;g fiQaix| +fraiQx/*1, (2.5

wheref;==3_,Uxh’ is a complex Yukawa coupling.

An important combination folCP measurement |9(
=f}f;. The fact that the original Yukawa couplirtg |s
real leads to
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FIG. 1. Box diagram contributions #°-K° mixing in the mod-
els of softCP breaking.

d—r——
Q

Im(Xi;~ %) = —Im(X{; ). (2.6

C. Aspon model

Here the complex scalay, has a vacuum expectation
value (VEV) which spontaneously breaksP (aspon model
[8]). In the aspon model the U(lJ), is gauged, and the
gauge boson acquires its mass from the VE\fof Q and
g have same charge¥ (=0, Yo=Y,), and they have com-
plex mass mixing. Accordingly, there exist tree-level flavor
changing neutral current~CNC) mediated by the aspon
gauge boson ang, .

Let us briefly review the relevant part of the aspon model.
In the aspon moded can be the left-handed doublet quarks,
or the right-handed down-type quarks, in the simplest ver-
sions. In the present analysis we €j@o be the left-handed
doublet quarks for definitenedsll the couplings in the sca-
lar potentials in Eqs(2.2) and (2.3) are real, andCP is
spontaneously broken by the VEV gf :

2.
f 2.7

(x= (Xz)z%Kz-

Kle y

As a result the light quarkg mix with the nonchiral heavy
quark Q. The mass matrix, in the weak basis wherg 3
submatrix for down sector is diagonal, is given [}

mg 0 O Fy
0 m 0 F, )
Ma=| g ¢ m, Fs|’ 28
0 0 0 Mg
where
Fi=hXx1) +hZ(x2). (2.9

This mass matrix is diagonalized by a biunitary transforma-
tion, KIMdKR. The approximate form of the transformation
matrices are given bjg]

1in the concluding Sec. VIII we mention the difference in predic-
tions for anR-type aspon model.

036004-2



ASPECTS OF SOFT AND SPONTANEOUGP VIOLATION PHYSICAL REVIEW D 59 036004

2 2
1 m m
2 * s * b
1- §|X1| X1Xg —5—— X1Xz3 5 X1
a— Ms d— Mp
2 2
my 1 my
* 2 *
XXy — 2 1-35 |X2| XoX3 — 2 X2
Mg — My mg—my
KL= 2 5 )
* My * ms 2
X3X1 2 2 X3X3 2 2 1- §|X3| X3
mb_ md mb_ ms
1 3
Uk Uk Uk 2
X1 X2 X2 1- 52 [x|
2%
mym; mgm, My
* *
1 X1X3 2 m2 X1X3 2_ 2 M X1
d— Mg d— My Q
* msMy 1 * msmy, Mg
XoX71 > > XoX3 > > M—X2
_ ms— My mg—my Q
Koo , (2.10
. MyMy . Mpmg 1 m,
X3X1 2 2 X3X2 2 2 M X3
b~ My b~ Ms Q
My * Mg * my, *
— X} —X; —x3 1
Mq Mq Mq
[
where [ll. CONSTRAINT FROM e

In the SM, e« arises from theV*W~ exchange box dia-
x=F;i/Mq. (2.11 gram, and is proportional to a combination of CKM angles
and to sid where § is the KM phase, and therefore gives a
In the weak basis the aspon gauge boson does not couptenstraint between these SM parameters. Now we study the
to light quarks. However, due to the mixing with the heavy other models defined in Sec. Il. The parameteis given by
quarkQ, light quarks in terms of the mass eigenstates couple

to the aspon gauge boson. This induces FCNC'’s: ei”"‘[lm My, Im A

= + .
2\2lReM,  “ReAq

(3.2)

€K
LN down) = —gaayd'y, A", (212

The second term is related &/e, and much smaller than
where the first term as we shall see below.
The dominant contribution to InM, is given by the
aj=xx;, (i,j=123), scalar-heavy quark exchange box diagram shown in Fig. 1
for the models of sofCP breaking, and by the aspon gauge
boson exchange tree diagram shown in Fig. 2 for the aspon
(2.13 model. The effectiveAS=2 Hamiltonian derived from the
contribution, for typeR soft breaking, is given by

a4i:aik4__ ;k ' (i:l!213)1

3
=1— X; 2’ 1 — _
@u=1=2, Ixi| MU= Ol ) (Sey,de). (32
with A* being the aspon gauge boson agg the gauge s d s d

coupling. In addition to the above FCNC's in the left-handed
sector there exist FCNC's in the right-handed sector. How-
ever, the coupling is suppressed by the mass ratiM q ,

. . d d s
where m;=(my,mg,my). Similarly, flavor changing cou- ’
plings to x, are suppressed by, /Mq. So we will neglect FIG. 2. Tree level aspon gauge boson exchange contributions to
these couplings below. K%-K° mixing in the aspon model.
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where

2
1 v?

cR=
2 2, <
6(4) MQI,Jf

sd

. XL X2 GF(ry 1), (3.3

with r,=M{/M&. The functionF(r,,r;) is defined by

s %
T E = R y——

F(ry,ry)= ry

3r?

+—————1n (3.4
(L=r)3(r,—ry)

r,

where the normalization df(r,,r;) is taken ad~(1,1)=1.
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FIG. 3. Gluon penguin diagram contribution to the imaginary
part of theK— 7 decay for the models of so@ P breaking.

U —
—XRL=3x107%,

Mg (3.9

For typeL soft breaking, and for the aspon model, the effec-where we have defined¢)?=3|Im Xi5'>7_;Re X} us-

tive coupling is the same as E3.2) with the helicities
switched fromR to L, and with the coefficien€'?) replaced
by ClY, andCY), respectively. The formula fo€ly is
exactly as forCY) in Eq. (3.3). We will give the formula for

c@ later.

As in the SM, ReM, is dominated by the contribution

from W-charm exchange box diagram. This is given by

1 _ _
M= SCUM(sLy*d)(sLy,d), (39
U
where
1 M2 m?
(KM) _ W\ % 2 c
CSd _87T2 U2 (VCSVCd) S M\zN) . (36)

The functionS(x) is so-called Inami-Lim functiof15] and
S(m3/M3)=3.48<107*. V., and V.4 are corresponding
elements of the quark mixing matri¥/;V 4 =0.22. Note
that the mixing matrix for the models of sdtP breaking is
real and orthogonal, and thex3 submatrix of it in the

aspon model is also real and orthogonal to a very good a

proximation[16].

Since QCD respects parity invariance, it may be enough

to assume that two operators in E¢3.2) and(3.5) give the

same hadron matrix elements. THep| can be expressed as

1 |Imc{E-»
el = S|~ — 3.7
2\2| ci™

The experimental valupey| =2.26x 10" 2 gives a constraint
to [Im Cgyl:

[Im CRLA|=1.4x 10710 (3.9

This smallness ofim C{&-#

Yukawa couplingf; .

ing the fact that ImX.;2=—Im X.3®. Of course, the corre-
sponding Yukawa couplings involving the third family, e.g.,
Xpds Xps @re not constrained by . It seems natural to say
that M, is bigger than the weak scale, and then E3)9)
gives the lower bounk(?Y=3x104,

In the aspon model

2
v
C&§>=2(;> (X1 %2)?, (3.10

wherek is the scale of U(1)., breaking. The combination
of Egs. (3.8 and (3.10, as is well known[9,17], gives a

constraint onk, using information from® (see Sec. V.
The parametexs is not constrained by .

IV. PREDICTIONS FOR REAL PART OF (€'/e)

In the standard model, an enormous effort has gone into
calculating direcC P violation, characterized by the quantity
Re(e'/€) (see, e.g., Ref$18-21]). There remains some un-
certainties in the prediction due to the quark masses, espe-
cially mg, the QCD scalé\ ocp, and certain hadronic matrix

RElements. One quoted range[ 9]

EI
Re( )=(3.6t 3.4)x10 4. 4.1

€
In particular, a vanishing result results from an accidental
cancellation(rather than a symmetryThe parametet’ is
given by

gl (m2+ 8= 89) ReAz[Im Ag ImA,
2 ReAg ReA; ReA,|

whereA, are the isospin amplitudes W— 77 decays and

€=—

4.2

| is easily understood by small &, are the corresponding final state interaction phases.

To estimate the contributions to the imaginary part of the

To estimate the size of the Yukawa couplings, we carK— 77 decay for the models of sofE P breaking, let us
assume that their real and imaginary parts are comparablepnsider the gluon penguin diagram shown in Fig. 3. For

equateM o andM, and arrive, from Eq(3.3), at

type R soft CP breaking model the chiralities of and d
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W-exchange contribution. Then it is convenient to define the ~(7.7x107?)[ImC{§Y). (4.8

quarks in the external lines are different with those for the e(e')
R
following operators:

. . Assuming that the real and imaginary parts of the Yukawa
Q3=4(sry,dr) > (drY™0R), coupling are comparable, and using the value in )
=uds estimated frome, , we obtain

Qi 2, (7R Ay ), ‘Re(%) ~2X107°0-=2x107° (4.9
Q
L= 4(sSry,dR) a.y*aq,), for the models of sof€ P breaking. Note that Res(/€) can
Qs =4(sr7, q:;,d,s (aura be of order 10“ if we allow that the imaginary part is bigger

than the real part oK, ImX.,~10x ReX.,. The predic-
r_ = — tion in Eq. (4.8) is more reliable than the corresponding pre-
Qe 8q:§u;d,s (srAL)(AudR). 43 diction in the standard model because there is no expectation
of delicate cancellation between diagrams.
By using these operators, theS=1 effective Hamiltonian In the aspon model the dominant contribution is given by
for type R soft CP breaking model is given by the aspon gauge boson-heavy quark exchange penguin dia-

6 gram, and Re{'/€) is estimated af22] Re(e'/€)<10°.

1__
HE =—CR > vi(MpeQ/ (Mpew), (4.9 _
v i=3 V. B%-B? MIXING

whereM ., is a scale around masses of new particles, and In addition to theW-exchange box diagram contribution
the scalar-heavy quark exchange box diagram contribute to
1 _ _ 1 _ Bd-gd mixing in the models of sof€ P violation. The effec-
3 ¥3(Mnew = va(Mnew = = 575(Mnew) = v6(Mnew) tive Hamiltonian derived from the new contribution for the
type R soft CP breaking model takes the same form as that
:“S(Mnew) (4.5 for AS=1 effective Hamiltonian given in Eq3.2) with s
256m - ' replaced byb, and similarly for the typd. soft CP breaking
model and the aspon model. This should be compared with
HereClY) is expressed as the W-top exchange diagram contribution, which takes the
same form as that in E¢3.5 with sandc replaced by and
t. Again it may be enough to assume that the two operators
with different chiralities give the same hadron matrix ele-
ments. Then let us compag,q with CW .
where The experimental value of the top quark mass,
=175 GeV, givesC™ =(3.46x107%)(Vy,Vyg). In the
models of softC P breaking the quark mixing matrix is real
4.7 and orthogonal, and the unitarity triangle is flat. In the aspon
model the imaginary parts of the mixing matrix arise from

The effective Hamiltonian for the type soft CP breaking is the imagi“afy parts of the small qu_antitiezs, and the 3.
obtained by switching the helicitie® to L andL to Rin the 3 Submatrix is real and orthogonal in good approximation.
above expressions ar@%}:@? So the current experimental valugV}Vup)/(VigVeb)|

od -

~ * * _ *
To obtain the amplitudes forK—=zm7 we need =0.35 leads 10|(VigVin)/(VcqVep)|=0.65, and |VigV|

to study the renormalization group evolution of the coef-=5-9X10>. This impliesC{jg" =1.2x10™7. On the other
ficients. This is done by using the method described’@nd; when we assume that the Yukawa couplings are inde-
in, e.g., Refs. [20,2]. The resultant coefficients pendent pf thg genera}tlon |nlthe models for §oft or spontane-
are [va(my),va(me), vs(My), ve(My)]=(—1.2,1.5,0.8,4.7) ousCP violation conS|dereFSIL|r/l this D%DLEIEM is roughly pf

x 104, where we have takeM .= My, for simplicity. As  the same order a€q:|Clg" ™ |~|C{G""|~10"1° This

is well known, the gluon penguin diagram gives a contribu-value is much smaller tha@{™ , and negligible. This situ-
tion to only isospin zero channel. We use the valuegation is similar toz=0 in the standard model, which is not
in Ref. [21] for the hadron matrix elements excluded by the experimefl6,23,24.

((Q4(M))o, (Qa(M) Yo, {QE(M) o, { Qs(Me))o) = (—0.01, In the case of generatidndependentukawa couplings,
—0.19,0.09,0.28)(GeV}) By using the experimental values CP violation in B4-B4 mixing is much smaller for the soft
ReA,=3.33x10"7 GeV and Re\,=1.50x10°® GeV and spontaneouSP breaking models than that for the SM.
with |ex|=2.36x10 3, Re(e'/€) from the gluon-penguin On the other hand, we can admit generatitmpendent
diagram is given by Yukawa couplings, and expect thag is larger and roughly

, (4.6

4 [7—29r,+16r,2_ r(3-2r))
(1-r)| 6(1-r,)2 (1-r1))3

|~:(r,)=3 Inr,|.
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of the same order a8(K™ ; |C(R-A|=10"". For the mod-
els of softCP breaklng this corresponds to

v 3
—|de|27>< 10 ’ (51)
Mq
whereXyq is the average value (X anded2 (Note that
Im Xpq=Im X\ 3*=—1m X} 32.) For the aspon modéC{y|
=10"' leads to

v
;|x’1‘x3|:2>< 1074, (5.2
For the typeR soft breaking model InX,q4 is strongly

constrained by, |Im X, <2x10*[see Eq(7.6)]. So the
above constrain(s.1) for | X4 leads thaiReX,4| is much
bigger than|im X,4|. This implies that theCP violation in

B4-By mixing in the typeR soft breaking model is much

PHYSICAL REVIEW D 59 036004

both (case 4; these lead, in general, to a deviation from pure
superweak phenomenology. The four cases are expliditly
[Im Cpg|~[IM Cp ~[IMCgql; (2) [IMCp¢~[ImCsq and
[Im Cy ~[CLG"]; (3) [IMCpp~[IMCyd and |ImCyd
~[CE8™]; (@) |Im Codl ~[CEG™ | and|im Cyd ~|CH™].

The first factor q/p)Bq in Eq. (6.1) measures the indirect
CP violation. In the present models, up to corrections of
order 10°2, it is given by the quantity with modulus one,

3,

Then for ImCpq~Im Cgq we find Im (@/p)s, = 10 2. Note
that any nonvanishing value for Im(p)Bq comes from the

approximation involved in Eq(6.3). On the other hand, for
|Im Cpgl~|CH" | as in 2, 3, and 4as in the SM, which is

Chg"+ Chq

. (6.3
|C<KM>+ Chyl

smaller than that in the SM even if we introduce thepossible for the aspon model and the tylpesoft breaking

generation-dependent Yukawa coupling. For the tiypsoft

model, the InCy,, becomes less negligible and so it is con-

breaking model and the aspon model, however, the corvenient to define

straint from® is not strong, so that th€ P violation in the
By- Ed mixing can be as big as in the SM.

Similarly, for B B mixing, we may expect that, is as
large asC{™ . In such a case, th@P violation in theB¢-B

mixing for the typelL soft breaking model and the aspon
model can be as Iarge as in the SM. On the other hand, due

to the constraint fron®, for the typeR soft breaking model
it is much smaller than that in the SM.

VI. NEUTRAL B DECAYS AND CP ASYMMETRIES

The CP violation in the neutraB meson decays is ex-

q) — Ai2B
—| =e'“Fa, (6.4
3,

The second factor4/A) in Eq. (6.1) measures direct P
violation in neutraB meson decays. NeutrBImeson decays
are described bp—q’q’q” at the quark level. In this case
the ratio ofW-exchange penguin contribution to the tree con-
tribution is roughly[26]

(KM) . VEV, g7
pengU|n~(4_100/0) tbVtq (65)
A * \/

tree a’'b q'q”

pressed by the product of the two quantities measuring théh addition, there is a contribution from the scalar-heavy

indirect and direcCP violations, respectively, quark exchange penguin diagram in the soft breaking mod-
els, and a contribution from the aspon gauge boson-heavy

q K(g —X) quark exchange penguin diagram in the aspon model. The
AN(Bg—X)= ) m (6.1 ratio of the new penguin contribution to tg-top penguin
contribution is given by
whereB is By or B. In the SM this quantity measures the Alew =
angles of the unitarity triangle. This corresponds to the terms %ﬂ%, (6.6)
in the requirement that Alhauin Coyr

VioVuat VepVeat VipVia=0. (6.2 wherequu and ESJK',\,") are analogues o€ in Eq. (4.4).

This ratio is est|mated by the ratio of the couplings:
The angles between the first and second, second and third, y ping

and third and first terms are called «, andg, respectively.
The KM model predicts a sizeable area of the triangle in- (L)
volving, e.g., sin 3>0.65[24]. Coq Mq/ Vi Vigr
To study the quantity in Eq. (6.1) in the soft and spon- EWN
taneously broken models, let us consider four cases for the ~“ba”
coefficients of the four-Fermi operator as in E¢3.2) and
(3.5. (An alternative analysis of new physics and the quan- (6.7
tity N is in Ref.[25].)
The first case corresponds to generation-independeftherexys=xXi,. For ImCpqp~ImCgq, the imaginary part
Yukawa couplings. The other three cases involve generatioff this ratio is very small, and the new contribution is negli-
dependence, in particular where the third generation couplegible compared with the KM-penguin contribution. When

more strongly than the secortdase 2, the first(case 3or  |ImCpqr|~ |C$§,")| the imaginary part of this ratio can be of

for the soft breaking models,

for the aspon model,
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TABLE I. Values of ImA(By— X) for the examples of the neutrBImeson decay mode€l)—(4) correspond to four cases discussed in
text. A zero indicates that the value is smatl(?(10"2). The column indicated by “SM” shows the predictions in the $&6].

@ 2 ) 4 SM
b—ccs Bg— ¢Ks 0 sin 2By 0 sin 284 —sin2
Bs—Dg Dy 0 0 sin 28, sin 28, —sin 23’
b—ccd By—D'D"~ 0 sin 2B, 0 sin 284 —sin28
Bs— ¢Ksg 0 0 sin 28, sin 28, —sin 26’
b—ccs By—m 7 0 sin 2B, 0 sin 2B, sin 2o
Bs—pKs 0 0 sin 28, sin 28, —sin2(y+g')
b—sss By— ¢Ks 0 sin 284 sin 2o, sin 2(By+ay) —sin2(8-p")
Bs—n'n' 0 0 sin 2(Bs+ ) sin 2(Bs+ arg) 0
b— s« By—KsKs 0 sin 2(By+ ay) 0 sin 2(By+ ) 0
Bs— ¢Ks 0 sin 2oy sin 28, sin 2(Bs+ arg) sin2(8—p')

order one in the typée soft breaking model, while it is small,

=101, in the aspon model. Then if

Vt thq”

B e, (6.9
Vq/bVqu//

=

the tree diagram dominates over penguin diagfa6j, and
the directCP violation in theB system is small. This corre-

sponds to the processks-ccs, b—ccd, andb—uud. On

the other hand, if tree diagrams are forbidden, the penguin

diagram dominates, and

K_Cut'sCiy o
A Ci+Cog '
This is forq’=d ors. When|Im Cy,q/|~ |CE)Kq',\,")| in this case,
it is convenient to parametrize
A I2a "
K~e (6.10

whereaq" is of order one in the typk soft breaking model,
=10 ! in the aspon model, and very small in the typsoft
breaking model.

In Table | we show examples of neutflmeson decay
modes with values of Im(B,— X) for the four cases dis-

couplings are generation-independent, all except the SM pre-
dict aCP asymmetry in this mode too small to be detected.

VIl. COMPATIBILITY WITH UPPER BOUND ON  ©;
LOWER BOUNDS ON ELECTRIC DIPOLE MOMENTS

It is interesting to estimate thiwbwer bound on® and
hence on the neutron electric dipole momeiyt, for the
different models. First recall that in the standard model
where the strongCP problem is unresolved—and requires
an additional mechanism such as the Peccei-Quinn symmetry
[13] or a massless up quatsee, e.g., Ref14])—there is no

such lower limit because there is no reason to makamall.

If one simply puts the bar® equal to zerqwithout moti-
vation) then it has been pointed in Ellis and Gailla&¥] that
there is a finite correction at two loops ef10 ¢ and an
infinite renormalization at seven loops which is even smaller,
~10"*2if one arbitrarily puts in a cutoff equal to the Planck
mass. But these are not really predictions for a lower bound
because there is fine-tuning unless there is an additional
mechanism.

The value of® is strongly constrained by the experiment

of the neutron electric dipole mome®@<10"1°. In the
models considered in this paper the determinants of mass

cussed above. One can read from Table | specific features @atrices of quarks are real, and the resultaris zero at tree

the present models. For example:GfP assymetry inBy

—KgKg were large, then it indicates a clear deviation from
the standard model, and those for tree dominant decay modes

are the same: IN(By— yKg)=Im\(By—D"D7)

=Im\(By— 7" 7). On the other hand, if it were small, all

CP violations inBy decays are small.
If we focus just on the “gold-plated” decay modB

— K¢ (top row of Table }J, where the SM predicts an un-

mistakable largeCP asymmetry, then in the typ® soft

level. However, it is generated at some loop level through
corrections to the mass matr®&=Im {t[M ~16M ]}, where

breaking model one must have condition 1 and hence a very 8

smallg (B<10 ?); in the typeL soft breaking model or the

FIG. 4. Three loop diagram which gives a correction to the

aspon model onean admit conditions 2 and 4 and hence imaginary part of thel mass matrix in the model for tygR soft CP
large effectiveB. However, if we impose that the Yukawa breaking.
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TABLE Il. Summary of results for the thre€ P violation models compared to the SM\ denotes the
unitarity triangle determined from neutf@lmeson decays. A query? denotes netessarilypure superweak
(essentially zer@'/e and a flatA\), but becomes so if the Yukawa couplings are generation independent. In
that case, the first two rows in the last three columns become indistinguishable. Values in parentheses denote
weaker bounds for the case of generation-independent Yukawa couplings, to be compared to generation-
dependent ones.

KM R-type soft L-type soft Aspon
¢ few 104 ? ? <10°°
g
A big flat ? ?
) axion? >10 8 (1075 >10"1 (10714 >10 12 (10719
d, 10 %2 >10 2 (10729 >10 26 (10729 >102" (10°%9
M is the tree level mass matrix. . shown in Fig. 4. The correction from the diagram to the

In the aspon model a contribution ® appears at one- imaginary part of the mass matrix of the down sector is es-
loop level due to the mixing between the heavy scglaand  timated as
the ordinary Higgs bosoH given in Eq.(2.3) [9]. This con-

T . 1 1
tribution is estimated af16] M~ 25 VIIMIZYM X (7.3
, 4 dm Lomte? 16m2 ¢ VM3
— AX
0=—, (7.9 . . .
1672 whereags=0.12 is the QCD coupling and is a real orthogo-

) ) . nal KM matrix. The contribution t® is calculated by mul-
where\ is an average value ofj; in Eq. (2.3) andxis an tjplying the abovesM, by (M) 2 and taking trace. Since
average value of;| in Eq. (2.11). From a one-loop correc- A4 is included between two Hermitian matrices atMg,
tion from the quark box diagram a lowest value }ofand  enhancement factors arises from) L. The resultant cor-

hence® are estimated gs7] rection t0® is given by
x? _ X! mZ  [m
t S
A= 1672 ®2(16772)2. (7.2 @(dOWﬂ)’\*—W ththd|mX|12

This by using the upper bound & implies x?<10 3.

When the Yukawa couplings are generation independent, we thth Im X13+ thVtS ImXbs|. (7.4
obtain k<3x10* GeV by combining this with the con-

straint(3.8) from ex . The assumptiox>v gives the lower By using (ng, ms, my)=(8, 150, 4800) MeV and
boundx?=10"5, which leads to®=4x10"1% and hence (Vig, Vis, Vip)=(5.9x10 3, 4.3x10°2, 1), the above
d,=4x10 % cm. As discussed in Se¢V) one can admit expression becomes

|ICW)| is as large as|C{{™| by using the generation-
dependent Yukawa couplings. In such a case the combina-
tion of Egs.(7.2) with the constraint5.2) from B4-By4 mix- x1077. (7.5
ing, we obtaink<10® GeV (rather thark<=3x10* GeV). _

Equation (5.2) with the assumptionc>v gives the lower Then the constrain® <10 ' gives

bound |x} x5|=2%x 1074, which combined with Eq(7.2)

O (down)~[9.0x 1073Im X, 1+ 6.7ImX} 4+ 2.6ImX} ]

leads®=2x 10" 12 and hencal,=2x 10 ?ecm. [Im Xy =<0.1,
In the model for typeR soft CP breaking the corrections
to the imaginary part of the mass matrix of the down sector |ImXpgl=2x1074, (7.6)
first arise at two-loop level, as pointed out in REg). We
estimate this a® =\ {%/(16m2)2, where\ is an average |Im X}, =4x10"*.

value of \,; in Eqg. (2.3 andf is an average value of the (R)[ [ ~(KM) . .
Yukawa couplings. Different from the case of the as:ponWhen we demandCyg|=|Cpg"| consistently with the

model(where the top quark contributes lowest value ok~ 2P0ve upper bound, we need to requiREXp,q|>|1m Xyl

is here estimated from a one-loop correction from the boxThen the bounds foMq and ® are same as those for the
diagrams ofdown-typequarks. The resultant lowest value of generation-independent Yukawa couplings. The combination
@ is estimated a®=[f%/(16m2)%](m,/v)2, which leads of the upper bound7.6) with the constraint obtained from
only to f2<1. This constraint is not strong. However, a €k [Ed. (3.9] gives the upper bound fog: ME<8
stronger constraint comes from the three-loop diagramx10* GeV. The lower bound fof may be obtalned from
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the lower bound foD?sd (_Sd23>< 10" %) derived fromey .

The result is®=3x 1013, and hencel,=3x10 %,
In the model of typd. soft CP breaking, a contribution to
S5M arises at two-loop levéfrom the diagram similar to the

one for the typeR soft breaking model, while the three-loop

diagram similar to the one in Fig. 4 does not contribut®to
So the dominant contribution t® is estimated as®

PHYSICAL REVIEW D 59 036004

leads tof?=7x10"%. From this lower bound the lower

bound for ® is estimated as®=10"' and henced,
=10 %% cm, quite close to the experimental limit.

VIll. SUMMARY OF PREDICTIONS

The predictions of the different models we have studied
are collected togeth&are in Table II. From this table we see

=\f2/(1672)2. Similarly to the aspon model, a lowest value that the predictions for the different models are very diver-
of N\ is estimated from a one-loop correction from the boxgent and therefore when the quantity’{e) is measured
diagram ofboth up-typeand down-type quarks. The result- with an accuracy of 10°, and theCP asymmetry inB

ant value of® is thus estimated a® = f*/(167%)3, which

—yKg is measured to determine whether or not $n2

leads tof?<0.02. For the case of generation-independent>10"> we will be able to exclude models. As mentioned in
Yukawa couplings the combination of this upper bound withthe Introduction we expect that both of these measurements
the constraint from e gives an upper bound for Will be completed within perhaps 2 or 3 years.

Mg: Mg=2Xx10° GeV. The boundXs4=3x10 * leads
to ®=2x10"1 and henced,=2x10 ®ecm. On the
other hand, when we requit€{)|=|C{™|, the combina-
tion of f2<0.02 with the constraint obtained froBd—gd
mixing gives an upper bound forMqg: Mg=7
X 107 GeV. A lower bound foiX, 4 can be derived from the

B4-By mass differencdSec. (V)]: X,q=7x1073, which

2This two-loop contribution is due to Sheldon Glashow.
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3In Table Il the aspon model isl‘“type spontaneous” meaning
that light left-handed quarks couple to the new quarks. If we replace
this by an aspon model with= right-handed down-type quarks,
the lower limits on\ and ® in Eq. (7.2) are each reduced by a
factor (my,/v)?~10"3,
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