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Abstract

We study diagonal and transition quark dipole operators in a class of extended technicolor (ETC) models, taking acco
the multiscale nature of the ETC gauge symmetry breaking and of the mixing among ETC interaction eigenstates. B
this mixing, terms involving the lowest ETC scale can play an important role in dipole operators, and we focus on thes
We derive from experiment new correlated constraints on the quark mixing angles and phases. Our bounds yield inf
on mixing angles individually in the up- and down-sectors, for both left- and right-handed quark fields and thus constr
quark mixing parameters that do not enter in the CKM matrix. With phases of order unity, we conclude that these mixin
are small, constraining future ETC model building, but plausibly in the range suggested by the size of the CKM elemen
values still allow substantial deviations from the standard model predictions, in particular for several CP violating qu
including the asymmetries inb → sγ andBd → φKS , Re(ε′/ε), and the electric dipole moments of the neutron and the199Hg
atom.
 2004 Elsevier B.V.
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1. Introduction

Extended technicolor (ETC) provides a framewo
[1] for the generation of fermion masses in theor
of dynamical electroweak symmetry breaking. In t
Letter we study diagonal and transition quark m
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netic and electric, and chromomagnetic and chro
electric, dipole moments in a class of ETC mod
[2–6], taking account of the multiscale nature of t
ETC gauge symmetry breaking, and mixing betwe
ETC interaction eigenstates to form mass eigenst
for the fermions and gauge bosons. The transi
electric and magnetic dipole moments contribute
processes such asb → sγ . A CP-violating transition
chromoelectric moment contributes to Re(ε′/ε) in the
kaon system, and the diagonal electric and chro
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electric dipole moments contribute to a non-zero e
tric dipole moment (EDM) for the neutron and atom
such as199Hg. We work out the predictions for ETC
contributions to these quantities and compare th
with measurements or bounds to obtain constraint
the models. We ask whether these constraints ca
satisfied without fine tuning in these models and fi
that they can. This is an extension to quarks of
study of lepton dipole moments in Ref.[7].

The class of ETC models in Refs.[2–6] is based
on the gauge group SU(5)ETC which commutes with
the standard model (SM) gauge group. It breaks
quentially to a residual exact SU(2)TC technicolor
gauge symmetry, naturally producing a hierarchy
charged lepton and quark masses. Thus, SU(5)ETC →
SU(4)ETC at a scaleΛ1, with the first-generation SM
fermions separating from the others; then SU(4)ETC →
SU(3)ETC at a lower scaleΛ2 and SU(3)ETC →
SU(2)TC at a still lower scaleΛ3, with the second-
and third-generation fermions separating in the sa
way, leaving the technifermions.

The models of Ref.[6] exhibit charged-current fla
vor mixing, intra-family mass splittings without ex
cessive contributions to the differenceρ − 1 where
ρ = m2

W/(m2
Z cos2 θW), a dynamical origin of CP

violating phases in the quark and lepton sectors, a
potential see-saw mechanism for light neutrinos w
out the presence of a grand unified scale[3]. A key
ingredient is the use of relatively conjugate ETC re
resentations for both down-quark and charged
ton fields [6]. The choice of SU(2) for the techni-
color group (i) minimizes the TC contributions
the electroweakS parameter, (ii) with a SM fam
ily of technifermions in the fundamental represen
tion of SU(2)TC, can yield an approximate infrare
fixed point [8] and associated walking behavior, and
(iii) makes possible the mechanism for light neu
nos.

The sequential breaking of SU(5)ETC to SU(2)TC
is driven by the condensation of SM-singlet fermio
which are part of the models. At the scaleΛTC, tech-
nifermion condensates break the electroweak sym
try. The models do not yet yield fully realistic fermio
masses and mixings, and they have a small numb
unacceptable Nambu–Goldstone bosons arising f
spontaneously brokenU(1) global symmetries. Addi
tional interactions at energies not far aboveΛ1 must
be invoked to give them sufficiently large masses.
Nevertheless, the models share interesting featu
including a mechanism for CP violation, that are wo
studying in their own right. We approach this stu
phenomenologically, relying on only the generic fe
tures and using current experimental data to const
parameters and guide future model building within
general class.

In any ETC model, the bilinear fermion co
densates forming at each stage of ETC break
have non-zero phases, providing a natural, dyn
ical source of CP violation. Below the electrowe
symmetry breaking scale, the effective theory c
sists of the SM interactions, mass terms for the qua
charged leptons, and neutrinos, and a tower of hig
dimension operators generated by the underlying E
dynamics. Here we focus on the dimension 5 ope
tors describing the electric/magnetic and chromoe
tric/chromomagnetic dipole moments of the quar
In a companion paper[9], we discuss the impact o
dimension 6 operators.

2. Quark mass matrices

The dipole operators are related to the dimens
3 mass terms of the up-type and down-type qua
given in general by

(1)Lm = −f̄L,jM
(f )
jk fR,k + h.c.,

wheref label the ETC eigenstates of theQ = 2/3 and
Q = −1/3 quarks, respectively, and the indicesj, k

label generation number. The mass matricesM(f ) can
in general be brought to real, positive diagonal fo
M(q) by the bi-unitary transformation

(2)U
(f )
L M(f )U

(f )−1
R = M(q).

Hence, the interaction eigenstatesf are mapped to
mass eigenstatesq via

(3)fχ = U(f )−1
χ qχ , χ = L,R,

whereq = (u, c, t) andq = (d, s, b) for Q = 2/3 and
Q = −1/3, respectively. In this way, the Cabibbo
Kobayashi–Maskawa (CKM) quark mixing matrix e
tering the charged current interactions is generated

(4)V = U
(u)
L U

(d)†
L .
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Each of the matricesU(f )
χ , χ = L,R, depends gen

erally on three anglesθ(f )χ
mn , mn = 12,13,23, and six

(independent) phases. Using the conventions of[17],
we write

U(f )
χ = P (f )χ

α R23
(
θ

(f )χ

23

)
P

(f )χ∗
δ R13

(
θ

(f )χ

13

)
(5)× P

(f )χ
δ R

(
θ

(f )χ

12

)
P

(f )χ
β ,

whereRmn(θ
(f )χ
mn ) is the rotation throughθ(f )χ

mn in the
mn subspace,P (f )χ

α andP
(f )χ
β are given by

(6)P
(f )χ
a = diag

(
eia

(f )χ
1 , eia

(f )χ
2 , eia

(f )χ
3

)
, a = α,β

andP
(f )χ
δ = diag(eiδ(f )χ

,1,1). The mixing angles are

typically small if the off-diagonalM(f )
jk ’s are more

suppressed than the diagonal ones.
In ETC models, the off-diagonal entries of th

quark mass matricesM(f ) arise via mixing among th
ETC gauge bosons. In the model of Ref.[6], employ-
ing a relatively conjugate ETC representation for
down-type quarks, this is true also of the diagonal e
ments.1 We note that in this model,M(u) is Hermitian,
so thatU(u)

L = U
(u)
R , while M(d) is a more genera

complex matrix.
As for the phases, a complete theory should al

the computation of all the observable ones[10]. In this
Letter, having neither a complete theory nor argume
to suggest that the phases are small, we derive bo
on combinations of mixing angles and phases. We t
bound the mixing angles with the assumption that
phases are generically of order unity. An important
ture study will be to see whether this is naturally t
case. We comment further on this and the strong
problem in Section4.

3. Electromagnetic and color dipole moment
matrices

The magnetic and electric dipole-moment matrice
D(f ) of the quarks appear in the dimension 5 opera

(7)LDM = 1

2
f̄LD(f )σµνfRFµν

em + h.c.

1 We note that in this model, the ETC mixing arises from
coupling to certain condensing SM-singlet fermions, and takes th
form of two-, three-, and four-point ETC gauge-boson vertices.
Similarly, the color (chromo-) magnetic and elect
dipole-moment matricesD(f )

c enter the operators

(8)LCDM = 1

2
f̄LTaD

(f )
c σµνfRGµν

a + h.c.,

whereTa andG
µν
a denote a generator, and the fie

strength tensor, for color SU(3)c. (We include the
color SU(3)c coupling gs in our definition ofD(f )

c ,
just as it is usual to include the electromagnetic c
pling e in the definition of the electric dipole momen
we note that some authors separategs out from their
definition ofD(f )

c .)
In the class of ETC models we consider, the E

gauge bosons do not carry SM quantum numb
Hence, in the respective diagrams that produce
dipole moment matrices and color dipole moment m
trices, the photon and gluon couple only to the virt
(techni)fermions. Therefore,

(9)D
(f )
c = gs

eQf

D(f ),

where gs = gs(µ) is evaluated at the appropria
scaleµ.

Transforming to the mass-eigenstate basis, we h

f̄LD(f )σµνfRFµν
em + h.c.

(10)= q̄LD(q)σµνqRFµν
em + h.c.,

where

(11)D(q) = U
(f )
L D(f )U

(f )−1
R .

Analogously, D(q)
c = U

(f )

L D
(f )
c U

(f )−1
R . Both D(q)

andD
(q)
c are independent ofP (f )χ

β , χ = L,R.

DecomposingD(q) into Hermitian and anti-Hermi
tian parts,D(q) = D

(q)
H + D

(q)
AH , where D

(q)
H,AH =

(1/2)(D(q) ± D(q)†), the dipole operator takes th
form (1/2)[q̄D

(q)
H σµνq + q̄D

(q)
AH σµνγ5q]Fµν

em . Then
the EDM ofqj is

(12)dqj = −iD
(q)
AH,jj .

DefiningD
(q)
c,AH analogously, the chromo-EDM ofqj

is

(13)dc,qj = −iD
(q)
c,AH,jj .

We have described previously[6,7] how the mass
matrix M(f) and dipole matrixD̃(f ) are estimated
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from an underlying ETC theory and have noted h
they are related in the presence of the mixing
ETC interaction eigenstates to form mass eigenst
of the fermions and gauge bosons. An import
result that we need from that analysis is the re
tion

(14)D
(f )
jk � eM

(f )
jk

Λ2
jk

,

where eachΛjk is a dimensionful parameter of o
der the scale above which the (j ↔ k) ETC prop-
agator becomes soft. This structure reflects the
that the leading dipole contribution contains two a
ditional inverse factors of the ETC scale(s) relat
to the mass, and that the corresponding integra
again sensitive to physics at the ETC scales.Λjk is
no greater than min(Λj ,Λk), and can be less. Th
fact that its(j, k) dependence is non-trivial implie
that D

(f )
jk is not, in general,∝ M

(f )
jk . It is therefore

not diagonalized by the transformation that diag
nalizes M(f ); this transformation yields, instead,
non-diagonal and complex form for the dipole m
trix D(q) of Eq. (11). Thus mixing has an impor
tant effect on quark dipole moments in ETC mo
els.

For numerical estimatesof the dipole matrix, we
take the ETC breaking scales to beΛ1 � 103 TeV,
Λ2 � 102 TeV, andΛ3 � 4 TeV, as in our previou
work. Since the ETC interactions are strong at th
scales, there is resultant uncertainty in the calc
tions; this is understood in our bounds. We focus
the contribution to each element of the dipole m
trix in D(q) in the mass-diagonal basis of third-fam
physics arising at the lowest ETC scaleΛ3. Then we
have

(15)D
(q)
jk � eQqmq3F

(f )
jk,3

Λ2
3

,

wheremq3 = mt ,mb for theu,d sectors, respectively

and whereF (f )

jk,3 is a dimensionless function of th

parameters inU(f )

L andU
(f )

R , of O(1) for generic val-
ues of these parameters. Terms involving exchang
heavier ETC vector bosons with massesΛ1 andΛ2 are
also present but are suppressed by the propagator
ratios Λ2

3/Λ
2
j , j = 1,2. Part of this propagator sup

pression may be compensated for by the property
s

these other terms involve fewer small mixing an
factors, and hence they arenot necessarily negligible
however, theΛ3-scale terms on which we focus shou
provide a rough measure of the overall ETC contri
tions.

The experimental constraints will demand sm
mixing angles, so we record here the small-angle fo
of the functionF

(f )

jk,3. Using Eq.(11) and Eq.(5), we
have

(16)F
(f )

33,3 � 1+ · · · ,
(17)F

(f )

23,3 � ei(α
(f )L

2 −α
(f )L

3 )θ
(f )L

23 + · · · ,
(18)F

(f )

32,3 � ei(−α
(f )R
2 +α

(f )R
3 )θ

(f )R

23 + · · · ,
and, forj, k �= 3,

F
(f )

jk,3 � ηjke
i[(α(f )L

j −α
(f )L
3 )−(α

(f)R
k −α

(f )R
3 )]

(19)× θ
(f )L

j3 θ
(f )R

k3 + · · · ,
where each expression is accurate up to a real co
cient of order unity,ηjk can containδ(f )χ phases, and
the dots denote higher-order terms.

4. The strong CP problem

Before considering the phenomenology of the
mension 5 operators, with their CP violating phas
we discuss briefly the strong CP problem within t
class of ETC models being considered. Can th
models lead to the necessary condition

(20)|θ̄ | � 10−10,

where

(21)θ̄ = θ − [
arg

(
det

(
M(u)

)) + arg
(
det

(
M(d)

))]
,

with θ appearing via the topological term

(22)
θg2

s

32π2
GaµνG̃

µν
a

in the QCD Lagrangian?
The quark mass matricesM(f ) (f = u,d) in the ef-

fective theory belowΛTC are generated by integratin
out short-distance physics at scales ranging fromΛTC
to the highest ETC scaleΛ1. AboveΛ1, all fermions
are massless. Some of the global chiral symmetries
anomalous, and hence are broken by instantons.
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FµνF̃
µν terms associated with each (non-Abelia

gauge interaction may be rotated away by chiral tra
formations through the relevant global anomalies
particular, this rendersθ = 0 for SU(3)c in the un-
derlying theory. In the effective low energy theo
then, we havēθ = −arg(det(M(u)))−arg(det(M(d))).
If θ̄ �= 0, the rotation(2) to the real diagonal mas
basis will, of course, regenerate the topological te
through the anomaly. In the models of Refs.[2–6],
M(u) is Hermitian, soθ̄ resides inM(d).

More generally, the condition|arg(det(M(u))) +
arg(det(M(d)))| � 10−10 can be rewritten by letting

(23)U(f )
χ = eiφ

(f )
χ U (f )

χ ∈ U(3),

whereU (f )
χ ∈ SU(3) andχ = L,R. Then det(U(f )

χ ) =
eiφ

(f )
χ , and, from Eq.(2),

(24)det
(
M(f )

) = ei(−φ
(f )
L +φ

(f )
R ) det

(
M

(f)

diag

)
.

Hence, the necessary condition reads

(25)

∣∣∣∣∣
∑

f =u,d

(−φ
(f )
L + φ

(f )
R

)∣∣∣∣∣ � 10−10.

Other phases, entering the CKM matrix or the dip
operators, enter through the unimodular matricesU (f )

χ ,
and are, in this sense, distinct from the strong
phase.

In the notation of Eq.(5),

det
(
U(f )

χ

) = exp

[
i
∑
j

(
α

(f )χ
j + β

(f )χ
j

)]
,

(26)χ = L,R

and, in terms of these quantities, Eq.(25) reads∣∣∣∣∣
∑

f =u,d

∑
j

[−(
α

(f )L
j + β

(f )L
j

) + (
α

(f )R
j + β

(f )R
j

)]∣∣∣∣∣
(27)� 10−10

(independent ofδ(f )χ ). So in terms of these para
meters, only one linear combination (a sum over
vorsj ) of the CP-violating phasesα(f )χ

j andβ
(f )χ
j is

tightly constrained.
Whether a resolution of the strong CP problem w

emerge in the class of models considered here is
yet clear[10]. These models include certain Namb
Goldstone bosons, one of which can be associated
a Peccei–Quinn dynamical relaxation ofθ̄ to zero. But,
as noted above, these Nambu–Goldstone bosons
be given large masses by new interactions, elimin
ing this approach to solving the problem. Whate
the resolution of the strong CP problem turns ou
be, an important point is that the relevant phase c
bination, entering in Eq.(25)or equivalently Eq.(27),
involves a sum over the generational phases (labe
by j ), whereas other CP-violating phase combinati
which contribute to the quantities considered here
Eqs. (17)–(19)) involve differences of generation
phases (andδ(f )χ ). We therefore analyze the effec
of these flavor-dependent phases here.

5. Off-diagonal dipole moments

In this section, we begin our phenomenologi
discussion by focusing on the off-diagonal entries
the matricesD(q) and D

(q)
c . We turn to the diago

nal elements in Section6. The off-diagonal elements
both the CP-conserving and CP-violating pieces, con
tribute to transitionsq → q ′γ andq → q ′g, whereg

denotes a gluon (which hadronizes). We derive c
straints on ETC contributions to the resultant had
decays. These complement our previous study of
per limits from the electromagnetic leptonic deca
µ → eγ , τ → µγ , andτ → eγ in Ref. [7].

5.1. b → sγ and b → sg

We first consider the processesb → sγ andb →
sg. The former underlies the decaysB → Xsγ , where
Xs denotes a semi-inclusive final state containing
s quark. For this purpose, one constructs an effec
Hamiltonian describing the physics at energies be
the electroweak scale by integrating out the heavyW

andZ gauge bosons and the top quark. QCD effe
are then taken into account through the renormal
tion group (RG) running of the Wilson coefficients
this effective Hamiltonian down to the scale releva
for the physical process of interest, where the ma
elements of the operators are computed. We use
operator basisOk as in [11]. The relevant effective
Hamiltonian for the processesb → sγ andb → sg,
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keeping dominant terms, is

(28)

H � −GF√
2

V ∗
t sVtb

[
10∑

k=1

CkOk + C7γ O7γ

+ C8gO8g

]
+ h.c.,

whereVtb andVts are CKM matrix elements. TheOk ,
k = 1, . . . ,10 are dimension 6 four-fermion operato
while the last two operators are the dimension 5 op
ators of primary interest in this Letter,

(29)O7γ = emb

4π2 [s̄LσµνbR]Fµν
em

and

(30)O8g = gsmb

4π2
[s̄LσµνTabR]Gµν

a .

QCD running between the electroweak scale, ta
here asmZ , and the scale ofB-decaysµb introduces
mixing among the Wilson coefficients, in such a w
that observables determined by any particular op
tor Ok at the low scale depend on a combination of the
Wilson coefficients at the electroweak scale.

The Wilson coefficients of the effective Ham
tonian receive contributions from SM physics as we
as ETC interactions. Our focus is on the ETC contri
tions to the dipole operators and we thus take the
10 Wilson coefficients, computed at the common sc
O(mZ), to be determined by the SM interactions on
Ck = CSM

k for k = 1, . . . ,10. For the dipole-operato
coefficientsC7γ andC8g at the electroweak scale, w
have

(31)C7γ,8g = CSM
7γ,8g + �C7γ,8g

where the increments are due to the ETC interact
and are given by

(32)�C7γ � −2
√

2π2

GF Λ2
3

Qf F
(d)
23,3

V ∗
t sVtb

and

(33)�C8g � −2
√

2π2

GF Λ2
3

F
(d)
23,3

V ∗
t sVtb

.

After input of the SM contributions at the ele
troweak scale and QCD evolution toµb, the Wilson
coefficients can be written in the form[11],

(34)C7γ (µb) � −0.3+ 0.7�C7γ + 0.09�C8g,

(35)C8g(µb) � −0.15+ 0.7�C8g.

The first term in each case is the SM contrib
tion, computed using input CKM parameters bas
on global fits [11,13]. Each lies essentially alon
the real axis, because the rephasing-invariant q
tity V ∗

csVcb/(V
∗
t sVtb) has a negligibly small comple

phase. In the case ofC7γ (µb), the dominant ETC cor
rection comes from the 0.7�C7γ term.

The branching ratio BR(B → Xsγ ) is proportional
to |C7γ (µb)|2. Experimentally, BR(B → Xsγ ) =
(3.34± 0.38) × 10−4 [12], in agreement with the SM
value at the 10% level. This leads to an allowed
nular region in the complexC7γ (µb)-plane, a band
of width ±5% relative to the SM value. The resulta
constraint on the magnitude of the ETC contribut
depends on its CP-violating phase. This phase dep
in turn on the phase differences in the small-an
expressions Eqs.(17) and (18), which enter�C7γ

through Eq.(32).
Two possibilities suggest themselves. One is t

the ETC contribution toC7γ (µb) is less than abou
5% in magnitude relative to the SM value. There
then no constraint on the value of the phase, and
find

(36)
∣∣θ(d)χ

23

∣∣ � 0.02 forχ = L,R.

Another possibility is that the magnitude of the ET
contribution is larger, but that the phase is such a
yield a value forC7γ (µb) within the allowed annu
lar region in the complex plane. The latter case
volves some correlation between the magnitude
phase of the ETC contribution, but would allow
larger value for the mixing anglesθ(d)χ

23 , with χ =
L,R.

To explore further the possibility of a signifi
cant relative phase between the standard model
ETC contributions to theb → sγ amplitude, we
consider CP-violating asymmetries inB decay. Let
ACP(i → f ) denote the CP-violating asymmetry
the rates for an initial particlei to decay to a final stat
f : ACP(i → f ) = (Γi→f − Γī→f̄ )/(Γi→f + Γī→f̄ ).
Current data yields−0.093 � ACP(B → Xsγ ) �
0.096 (Belle,[12,14]) and−0.06� ACP(B → Xsγ ) �
0.11 (BaBar,[15]), both at the 90% CL. These limit
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are consistent with the standard model, in which, us
global fits to CKM parameters, this asymmetry is p
dicted to be� 0.005 [16]. This agreement constrain
ETC contributions. We use the expression (e.g.,[11,
16])

ACP(B → Xsγ )

(37)

� 1

|C7γ (µb)|2
[
a27Im

(
C2(µb)C

∗
7γ (µb)

)
+ a87Im

(
C8g(µb)C

∗
7γ (µb)

)]
,

where the coefficientsaij are known quantities, an
where we have kept only the largest interference ter
The Wilson coefficientC2 corresponds to the operat
O2 = 4[s̄LγµcL][c̄Lγ µbL], and is present already
tree level in the standard model. The ETC contri
tion may be computed using Eqs.(34), (35), and(28).
The current bounds are such that|Im(F

(d)
jk,3)| � 0.1 for

jk = 32,23.
Hence, neglecting the special possibility of ma

mal destructive interference between the SM and E
contributions to theb → sγ amplitude, the measure
rate and the bounds on the CP-violating asymmetry
this decay together constrain|θ(d)χ

23 | � O(0.02–0.1).
That these mixing angles might not be too far bel
this range is suggested by the fact that combinat
of θ

(d)L
jk andθ

(u)L
jk enter the CKM mixing matrix(4).

In general, one might expect that the individual m
ing anglesθ(u)χ

jk and θ
(d)χ
jk would be comparable t

the corresponding measured CKM angleθjk in V . The
measured value of the CKM angleθ23 is θ23 � 0.04, in
roughly the same range.

We remark briefly on other CP-violating obser
ables affected by the possible ETC modification
C7γ andC8g . In the standard model, time-depende
CP-violating asymmetries in the decaysB0

d , B̄0
d →

φKS , arising from one-loop (penguin) diagrams, a
predicted to be the same as those in the tree-l
decaysB0

d , B̄0
d → J/ψKS . ETC contributions to the

φKS asymmetries throughC8g could change this. A
present, Belle and BaBarmeasurements of the CP
violating asymmetries inB0

d , B̄0
d → φKS disagree

with each other[17], and hence it is not clear
this data will confirm or deviate from the SM pr
dictions. Constraints from other gluon-penguin do
inated processes such asB0

d , B̄0
d → η′KS should

also be taken into account in a complete ana
sis.
5.2. Other off-diagonal terms

We next consider the processs → dγ which gives
rise to radiative hyperon and meson decays. The r
vant Hamiltonian is similar to that of Eq.(28), with the
respective replacements ofb by s ands by d . Branch-
ing ratios for radiative hyperon decays are of or
10−3; for example, BR(Σ+ → pγ ) = (1.23±0.05)×
10−3 and BR(Λ → nγ ) = (1.75± 0.15) × 10−3 [17].
Angular asymmetries in decays of polarized hyper
have also been measured. A typical radiativeK de-
cay is K+ → π+π0γ , with BR(K+ → π+π0γ ) =
(2.75 ± 0.15) × 10−4. Although the branching ra
tios and asymmetries are only approximately cal
lable, owing to long-distance contributions, the st
dard model yields an acceptable fit. The relevant E
induced transition dipole moment is given by Eq.(15)
with jk = 12 andjk = 21. We find that the ETC
contributions are safely smaller than the SM one
hence these decay rates and asymmetries do not
interesting constraints on the fermion mixing.

The processs → dg provides a tighter constrain
Its chromomagnetic and chromoelectric dipole e
ments produce a (virtual) gluon which then hadroniz
Most importantly, the ETC-induced transition chrom
EDM provides a new contribution to direct CP viol
tion in KL → 2π decays. The latter is measured
the quantity Re(ε′/ε), which is determined via

(38)

∣∣∣∣η+−
η00

∣∣∣∣
2

� 1+ 6 Re

(
ε′

ε

)
,

where η+− and η00 are given in terms of mea
sured amplitude ratios byA(KL → π+π−)/A(KS →
π+π−) = η+− � ε + ε′, A(KL → π0π0)/A(KS →
π0π0) = η00 � ε − 2ε′. Experimentally, Re(ε′/ε) =
(1.8±0.4)×10−3 [17]. There are uncertainties in th
oretical estimates of Re(ε′/ε) in the standard mode
owing to difficulties in calculating the relevant m
trix elements and in choosing input values of so
parameters such as the strange quark mass[18]. Nev-
ertheless, we can deduce a rough bound from the
quirement that the contribution from the ETC-induc
transition quark chromo-EDM operator not be exc
sively large. We obtain

(39)
∣∣Im(

F
(d)
12,3

)∣∣ � 10−3–10−4.
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This bound can be satisfied with the phase diff
ences in Im(F12,3) of order unity providing that

(40)
∣∣θ(d)χ

13 θ
(d)χ ′
23

∣∣ � 10−3–10−4,

whereχ,χ ′ = L,R or R,L.
A similar limit on the corresponding up-type angl

emerges from the processc → uγ . It leads to radiative
decays such asD+ → π+π0γ , D+ → ρ+γ , D0 →
π+π−γ , andD0 → ρ0γ . Using the limit BR(D0 →
ρ0γ ) < 2.4 × 10−4 [17] that has been established
one of these possible decays, we derive the bound

(41)
∣∣θ(u)χ

13 θ
(u)χ
23

∣∣ � 0.008,

whereχ = L,R.
The possibility that these products of angles are

too far below the bounds(40)and(41) is suggested by
the fact that the mixing anglesθ(d)L

jk andθ
(u)L
jk enter

the CKM quark mixing matrix (4). As noted earlier
one might expect thatθ(u)χ

jk andθ
(d)χ
jk would be com-

parable to the corresponding measured CKM angleθjk

in V . The measured value of the CKM angleθ13 is
θ13 � 0.004, in roughly the same range.

The ETC-induced transition dipole moments a
contribute to the elementary decaysb → dγ , affect-
ing both CP-conserving and CP-violating observab
However, the experimental search for these dec
both via inclusive modes and such exclusive mode
B → ργ andB → ωγ , is difficult because of the sma
branching ratios and large backgrounds. Current up
limits on branching ratios for these exclusive mod
from Belle and BaBar are∼ 10−6 [12]. These do no
yield significant constraints on ETC contributions.
the up-sector, because of the large top mass and
ited data on top decays, there are only weak limits
the radiative modest → uγ andt → cγ .

5.3. Discussion

The study of the off-diagonal elements of the m
tricesD(q) andD

(q)
c , focusing on physics at the lowe

ETC scaleΛ3, leads to constraints that can be satisfi
with CP-violating phase differences of order unity a
reasonable limits on the relevant mixing angles. Th
limits are consistent with values in a range sugges
by the fact that the anglesθ(d)L

jk andθ
(u)L
jk determine

the measured CKM angles through Eq.(4).
It is worth observing that at least one combinat
of the phasesα(f )L, β(f )L, and δ(f )L for f = u,d

must be of order unity. The CKM rephasing-invaria
product

(42)

J = (1/8)sin(2θ12)sin(2θ23)sin(2θ13)cosθ13sinδ

is quite small,|J | ∼ 10−5, but this suppression arise
from the small CP-conserving mixing angles. T
intrinsic CP-violating phase angleδ defined in the
standard parametrization byVub = e−iδ sinθ13, is not
small. Indeed, current CKM fits give, for the ratioη̄/ρ̄,
which is equal to tanδ in the standard model, a valu
η̄/ρ̄ � 2 [13].

6. Diagonal electric and chromoelectric dipole
moments

The diagonal electric and chromoelectric dipo
moments for the up and down quarks arising fr
ETC interactions provide tighter constraints on cert
combinations of phase differences and mixing ang
These moments derive from the diagonal element
D

(q)
jk (Eq. (15)). Recall that this expression is corre

to leading order in ETC scales, depending explic
on the inverse square of only the lowest ETC scaleΛ3.
Thus,

(43)du = eQu

gs

dc,u � eQumt Im(F
(u)
11,3)

Λ2
3

,

(44)dd = eQd

gs

dc,d � eQdmb Im(F
(d)
11,3)

Λ2
3

,

with the small-angle expressions for theF
(f )

11,3 given by
Eq.(19)and involving flavor-differences of phases.

We stress that these mixing-induced terms can
the dominant contributions to the up- and down-qu
EDM’s only if the sum over all flavor-phases (in Eq
(25)or (27))is negligibly small, that is if the strong C
problem has been solved. We note that the pure e
troweak contribution to quark electric dipole mome
has been estimated to be� 10−32 e cm and henceis
negligibly small[19,20].

CP-violating electric dipole moments such as th
of the neutron and certain atoms like199Hg receive
contributions from the quark EDM’s and the qua
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color EDM’s. The latter lead to CP-violation in th
hadronic wave function (the CEDM enters as a c
rection to t-channel gluon exchange between
bound quarks). There are also contributions from
CP-violating triple-gluon operatorcabcGaλµG̃

µν
b Gλ

cν

[21], and loop-induced CP-violatingW+W−γ ver-
tices[22].

We focus here on the quark-EDM contributions.
estimate them, one starts as in the case of the
diagonal elements with operators defined at short
tances, uses renormalization-group methods to ev
these to hadronic distance scales∼ 1 fm, and then
computes the relevant hadronic matrix elements. Fo
two reasons, we adopt a simpler approach here.
cause the direct SM contribution to the EDM’s is ma
orders of magnitude smaller than the expected E
contribution, we neglect the SM contribution he
And because the computation of the hadronic m
trix elements, involving only first-generation quark
is more uncertain than for the off-diagonal matrix
ements, we also neglect the RG running of the E
contribution.

6.1. Bounds from EDM’s

The current experimental upper bound on
neutron electric dipole momentdn is |dn| < 6.3 ×
10−26 e cm[23]. In setting constraints, we assume th
there are no accidental cancellations between diffe
contributions to the experimentally observable E
M’s. For an estimate of the hadronic matrix elemen
the quark EDM operators,〈n|f̄ σµνγ5f |n〉, f = u,d ,
various methods yield roughly similar results, whi
are comparable to the static quark model relationdn =
(1/3)(4dd − du). Using these estimates, we infer fro
the above limit on|dn| that |Im(F

(u)
11,3)| � 1 × 10−6

and|Im(F
(d)
11,3)| � 3× 10−5.

The same quantities enter into the quark co
EDM’s and can, in principle, be bounded from th
contributions todn. Since QCD is non-perturbative
the low energies relevant here, there are uncertain
in the proportionality factors connecting the CEDM
dc,f , f = u,d , to dn (e.g.,[24]), and there is the re
lated question of what value to use for the color ga
couplinggs in Eq.(9) at such low energies. In genera
from these CEDM’s one obtains limits that are co
parable to the ones above on|Im(F

(f )
11,3)|, f = u,d .
The most stringent limits on these quantities are
tained from upper bounds on EDM’s of atoms, in p
ticular from 199Hg. Experimentally,|d199Hg| < 2.1 ×
10−28 e cm[25], which is about a factor of 50 smalle
than the upper limit on|dn|. From this we obtain the
bounds

(45)
∣∣Im(

F
(u)
11,3

)∣∣ � 0.3× 10−7,

(46)
∣∣Im(

F
(d)
11,3

)∣∣ � 0.6× 10−6.

We note that in the class of models Refs.[2–6],
Im(F

(u)
11,3) (19) vanishes identically. This is becau

M(u) is Hermitian in these models and therefo
U

(u)
L = U

(u)
R .

From Eq.(19), we see that Eqs.(45) and (46)con-
strain a product ofθ(f )L

13 θ
(f )R

13 times the imaginary par
of a phase factor, forf = u,d . If the phase difference
are of order unity, then

(47)
∣∣θ(d)L

13 θ
(d)R
13

∣∣ � 0.6× 10−6,

with a tighter bound on|θ(u)L
13 θ

(u)R
13 | if M(u) is not

Hermitian. The bound(47) is comparable to that o
the corresponding product of charged-lepton mix
angles coming from the current limit on the electr
EDM [7].

The above bound may be satisfied with|θ(d)L
13 | �

|θ(d)R
13 | � 0.0008. We note again that the correspo

ing angleθ13 in the CKM matrixV has the measure
value � 0.004, only a factor of five larger. Furthe
more, the expression forθ13 contains terms propor
tional to products such asθ(u)L

12 θ
(d)L
23 which could be

the dominant contribution and naturally be of ord
0.004. Hence, although the bound(47) and its ana-
logue forf = u do imply quite small values for th
indicated products of rotation angles, they can pla
bly be satisfied in ETC models that successfully p
dict the CKM matrix.

We note, by contrast, that if all the above mixi
angles are of order the CKM angleθ13 � 0.004, then
the relevant combination of phase differences in
down sector must be rather small,� 0.04. The corre-
sponding limit on the up-sector would be even smal
of order 0.002, but would be automatically satisfied
models whereM(u) is Hermitian.

Finally, we comment that ans-quark (chromo-)
EDM can also contribute to the199Hg EDM. This con-
tribution is more difficult to compute since there are
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valences quarks in the nucleon. It can be roughly es
mated, leading to a bound on|Im(F

(d)
22,3)|. This bound

is much weaker than the above bound on|Im(F
(d)
11,3)|,

but it could have important implications for the mixin
anglesθ(d)L

23 andθ
(d)R
23 .

6.2. Discussion

The quark EDM’s and chromo-EDM’s correspo
to the diagonal elements of the matricesD(q) and
D

(q)
c . The bounds on these quantities, in particu

from the measured limit on the EDM of199Hg, lead to
tight constraints on mixing angles and/or CP-violat
phase differences in the individual subsectorsq =
u,d . These derive from the contributions to the e
ments ofD(q) and D

(q)
c from physics at the lowes

ETC scalesΛ3 (e.g., Eq.(15)). If the phase difference
are of order unity, then the down-type mixing ang
are bounded as in Eq.(47), with an even tighter boun
in the up sector ifM(u) is not Hermitian. The boun
(47) is comparable to that on the corresponding pr
uct of charged-lepton mixing angles coming from t
current limit on the electron EDM[7].

7. Conclusions

We have shown that in the class of ETC models[2–
6], mixing effects significantly affect predictions for
diagonal and transition magnetic and electric dipole
and color dipole moments. We have used meas
ments ofb → sγ , c → uγ and Re(ε′/ε), and limits on
CP-violating electric andchromoelectric dipole mo
ments of quarks to set new constraints on the mix
angles and phases in the unitary transformations f
the quark flavor (ETC-interaction) eigenstates to
mass eigenstates. The analysis focuses on physi
the lowest ETC scaleΛ3, taken to be a few TeV to
allow for the measured value ofmt . While there are
ETC contributions to these processes involving al
the ETC scales, the terms arising atΛ3 should provide
a rough measure of the overall ETC effect.

Our bounds provide new information about qua
mixings since they apply separately to the individ
charge sectorsq = u andq = d . By contrast, the mea
sured CP-conserving angles and CP-violating phas
the CKM matrix arise from the (mismatch of the) un
t

tary transformationsU(u)
L andU

(d)
L . Our bounds also

constrain the unitary transformationsU
(q)
R , q = u,d ,

which do not enter in the charged weak current a
associated CKM matrix.

We make two observations about the bounds
have derived assuming the CP-violating phase dif
ences to be of order unity. First of all, each of t
mixing angles in the diagonalization of the quark m
matrices is relatively small, a restrictive requirem
for the further development of ETC models, perha
along the lines of Refs.[2–6]. (The same is true fo
the charged leptons[7].) Secondly, while the mixing
angles must be small, the bounds allow them to
“reasonable”, that is, in the same range as the m
sured values of the CKM angles (which are expre
ible as combinations of mixing angles for left-hand
quarks).

In the class of models of Refs.[2–6], small mix-
ing angles can emerge for the up-type quark ma
because the off-diagonal terms require mixing amon
the ETC gauge bosons, which is suppressed by ra
of ETC scales, while the diagonal terms do not. T
mechanism employed in this class of models for
suppression of down-type quark masses and char
lepton masses requires ETC gauge-boson mixin
generate diagonal as well as off-diagonal eleme
Thus the ingredients for small mixing angles in t
down-quark sector are not yet as evident.

Finally, we note that the experimental constrai
on the dimension-five dipole operators still allow ET
models to produce sizable departures from the
prediction, in particular for several CP violating o
servables. These include the EDM’s of the neutron
of 199Hg, the direct CP violation in the kaon syste
(measured as Re(ε′/ε)) and the CP asymmetry in th
inclusive decayb → sγ , or in the decayBd → φKS .
Improvements in the experimental sensitivity and
ductions in the QCD uncertainties of the SM pred
tion could set more stringent bounds or even all
detection of ETC effects.
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