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Abstract

We study diagonal and transitiquark dipole operators in a class of extended technicolor (ETC) models, taking account of
the multiscale nature of the ETC gauge symmetry breaking and of the mixing among ETC interaction eigenstates. Because of
this mixing, terms involving the lowest ETC scale can play an important role in dipole operators, and we focus on these terms.
We derive from experiment new correlated constraints on the quark mixing angles and phases. Our bounds yield information
on mixing angles individually in the up- and down-sectors, for both left- and right-handed quark fields and thus constrain even
quark mixing parameters that do not enter in the CKM matrix. With phases of order unity, we conclude that these mixing angles
are small, constraining future ETC model building, but plausibly in the range suggested by the size of the CKM elements. These
values still allow substantial deviations from the standard model predictions, in particular for several CP violating quantities,
including the asymmetries in— sy andB; — ¢ K5, Re(¢’/¢), and the electric dipole moments of the neutron an(}%?blg
atom.

0 2004 Elsevier B.VOpen access under CC BY license.
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1. Introduction netic and electric, and chromomagnetic and chromo-
electric, dipole moments in a class of ETC models
Extended technicolor (ETC) provides a framework [2_g] taking account of the multiscale nature of the
[1] for the generation of fermion masses in theories gTc gauge symmetry breaking, and mixing between
of dynamical electroweak symmetry breaking. In this ETC interaction eigenstates to form mass eigenstates
Letter we study diagonal and transition quark mag- for the fermions and gauge bosons. The transition
electric and magnetic dipole moments contribute to
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electric dipole moments contribute to a non-zero elec-  Nevertheless, the models share interesting features,
tric dipole moment (EDM) for the neutron and atoms including a mechanism for CP violation, that are worth
such ast®*Hg. We work out the predictions for ETC  studying in their own right. We approach this study
contributions to these quantities and compare these phenomenologically, relying on only the generic fea-
with measurements or bounds to obtain constraints ontures and using current experimental data to constrain
the models. We ask whether these constraints can beparameters and guide future model building within the
satisfied without fine tuning in these models and find general class.
that they can. This is an extension to quarks of our In any ETC model, the bilinear fermion con-
study of lepton dipole moments in R¢T]. densates forming at each stage of ETC breaking
The class of ETC models in Refl—6] is based have non-zero phases, providing a natural, dynam-
on the gauge group SB)eTc which commutes with ical source of CP violation. Below the electroweak
the standard model (SM) gauge group. It breaks se- symmetry breaking scale, the effective theory con-
quentially to a residual exact $P)tc technicolor sists of the SM interactions, mass terms for the quarks,
gauge symmetry, naturally producing a hierarchy of charged leptons, and neutrinos, and a tower of higher-

charged lepton and quark masses. ThugSHttc — dimension operators generated by the underlying ETC
SU(4)eTc at a scaleA1, with the first-generation SM  dynamics. Here we focus on the dimension 5 opera-
fermions separating from the others; then(&lgtc — tors describing the electric/magnetic and chromoelec-
SUR)eTc at a lower scaleA> and SU3)gtc — tric/chromomagnetic dipole moments of the quarks.
SU(2)1c at a still lower scaleAs, with the second-  In a companion papg®], we discuss the impact of

and third-generation fermions separating in the same dimension 6 operators.
way, leaving the technifermions.

The models of Ref[6] exhibit charged-current fla-
vor mixing, intra-family mass splittings without ex- 2. Quark mass matrices
cessive contributions to the differenge— 1 where

p = mi,/(m% cog by), a dynamical origin of CP- The dipole operators are related to the dimension
potential see-saw mechanism for light neutrinos with- given in general by

out the presence of a grand unified sci@@g A key
ingredient is the use of relatively conjugate ETC rep- £, — —f_L,jM](-f)fR,k +h.c. (1)
resentations for both down-quark and charged lep-
ton fields[6]. The choice of SR) for the techni- ~ Wheref labelthe ETC eigenstates of tige= 2/3 and
color group (i) minimizes the TC contributions to € = —1/3 quarks, respectively, and the indicgsk
the electroweaks parameter, (i) with a SM fam-  label generation number. The mass matriggé’ can
ily of technifermions in the fundamental representa- in general be brought to real, positive diagonal form
tion of SU2)tc, can yield an approximate infrared M@ by the bi-unitary transformation
fixed point[8] and associated walg behavior, and : _
(i) makes possible the mechanism for light neutri- U MOUu T =M@, 2
nos.

The sequential breaking of $8)gtc to SU2)Tc
is driven by the condensation of SM-singlet fermions
vv_hich _are part of the models. At the scalgc, tech- fy = U)((f)fqu, x=L,R, (3)
nifermion condensates break the electroweak symme-
try. The models do not yet yield fully realistic fermion Whereg = (u,c,t) andg = (d, s, b) for 0 =2/3 and
masses and mixings, and they have a small number of @ = —1/3, respectively. In this way, the Cabibbo-
unacceptable Nambu—Goldstone bosons arising from Kobayashi—-Maskawa (CKM) quark mixing matrix en-
spontaneously brokelri(1) global symmetries. Addi- tering the charged current interactions is generated:
tional interactions at energies not far abotg must W)t
be invoked to give them sufficiently large masses. V=UUp". (4)

Hence, the interdion eigenstatey’ are mapped to
mass eigenstatesvia
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Each of the matriceél)((f), x = L, R, depends gen-

erally on three angle&')*, mn = 12,13, 23, and six
(independent) phases. Using the conventionfd @f,
we write

U = P R0 L R

whereR,,, (65,7 is the rotation through',* in the
mn subspaceP.’* and ng)x are given by

. - (f)x
= dlag(e'al e

- (Hx - (X
Péf)X iay ’elaa )’

a=a,B (6)
and Pa(f)x = diag(e ,1,1). The mixing angles are
typically small if the off—diagonalll/l]({)’s are more
suppressed than the diagonal ones.

In ETC models, the off-diagonal entries of the
quark mass matrice® (/) arise via mixing among the
ETC gauge bosons. In the model of Rigf, employ-
ing a relatively conjugate ETC representation for the
down-type quarks, this is true also of the diagonal ele-
ments! We note that in this model ) is Hermitian,
so thattU") = UL, while M@ is a more general
complex matrix.

As for the phases, a complete theory should allow
the computation of all the observable ofi#g]. In this

is(Hx

Letter, having neither a complete theory nor arguments
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Similarly, the color (chromo-) magnetic and electric
dipole-moment matrice@if) enter the operators
Ve _ } = f v

CDM = 2fLTaDc ow fRGE” +h.c, (8)
whereT, and G%" denote a generator, and the field-
strength tensor, for color SB).. (We include the
color SU@3). coupling gs in our definition ofDﬁ-f),
just as it is usual to include the electromagnetic cou-
pling e in the definition of the electric dipole moment;
we note that some authors separgteout from their
definition of D)

In the class of ETC models we consider, the ETC
gauge bosons do not carry SM quantum numbers.
Hence, in the respective diagrams that produce the
dipole moment matrices and color dipole moment ma-
trices, the photon and gluon couple only to the virtual
(techni)fermions. Therefore,

p =& _pw,
eQy
where g, = g;(n) is evaluated at the appropriate

scalepu.
Transforming to the mass-eigenstate basis, we have

©)

]FLD(f)O’lwfR Fel:“: + h.c.

:qLD(q)GMVqRFe%) +h.c, (10)

to suggest that the phases are small, we derive bounds,here

on combinations of mixing angles and phases. We then

bound the mixing angles with the assumption that the
phases are generically of order unity. An important fu-
ture study will be to see whether this is naturally the

p@ =y pHyH-t (11)

Analogously, D = Uéf)Déf)U;ef)’l. Both D@

case. We comment further on this and the strong CP andDéq) are independent o?gf)x, x=L,R.

problem in Sectior.

3. Electromagnetic and color dipole moment
matrices

The magnetic and electridggble-moment matrices

DY) of the quarks appear in the dimension 5 operators = ¢/

1 -
Lpm = EfLD(f)%vaFelfy‘f +h.c. (7

1 We note that in this model, the ETC mixing arises from the
coupling to certain condensing SMRglet fermions, and takes the
form of two-, three-, and four-point ETC gauge-boson vertices.

Decomposing? into Hermitian and anti-Hermi-
tian parts, D = DY’ + D), where DY, =
(1/2)(D@ + DY), the dipole operator takes the
form (1/2)[5D§-[1])0/wq + éngIEIU/wVS‘]]FeItr‘z)- Then
the EDM ofg; is

— _iDp¥D

O (12)

Defining Di’q/)m analogously, the chromo-EDM qf;
is

dc,qj — _lD(Q)

c,AH,jj* (13)

We have described previoud§, 7] how the mass
matrix M) and dipole matrixD/) are estimated
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from an underlying ETC theory and have noted how
they are related in the presence of the mixing of

445

these other terms involve fewer small mixing angle
factors, and hence they amet necessarily negligible;

ETC interaction eigenstates to form mass eigenstateshowever, theAz-scale terms on which we focus should
of the fermions and gauge bosons. An important provide a rough measure of the overall ETC contribu-
result that we need from that analysis is the rela- tions.

tion
)
M:
f) Mk
DY ~ (14)
k 2
J Ajk

where eachA j; is a dimensionful parameter of or-
der the scale above which thg & k) ETC prop-

agator becomes soft. This structure reflects the fact

that the leading dipole contribution contains two ad-
ditional inverse factors of the ETC scale(s) relative

The experimental constraints will demand small
mixing angles, so we record here the small-angle form
Ef the functionF;,{’)?,. Using Eg.(11) and Eq.(5), we

ave

to the mass, and that the corresponding integral is and, forj, k # 3,

again sensitive to physics at the ETC scalag; is
no greater than mim;, Ax), and can be less. The
fact that its(j, k) dependence is non-trivial implies
that Dﬁ:,’:) is not, in generalx Mj(.-,’:). It is therefore
not diagonalized by the transformation that diago-
nalizes M("); this transformation yields, instead, a
non-diagonal and complex form for the dipole ma-
trix D@ of Eq. (11). Thus mixing has an impor-
tant effect on quark dipole moments in ETC mod-
els.

For numerical estimatesf the dipole matrix, we
take the ETC breaking scales to ba ~ 10° TeV,
Ay ~ 10 TeV, and Az ~ 4 TeV, as in our previous

)
Fazz=1+--, (16)
s (L (L
Fyfy~eiz —oa il 4. (17)
3 . (HR_ (R ]
el oz e DR (18)
e (DL (f)L (HR__(HR
Filyn et 03 D= mes ol
L R
< 0oL + (19)

where each expression is accurate up to a real coeffi-
cient of order unityy ;x can contairs/)x phases, and
the dots denote higher-order terms.

4. Thestrong CP problem

Before considering the phenomenology of the di-
mension 5 operators, with their CP violating phases,

work. Since the ETC interactions are strong at these we discuss briefly the strong CP problem within the
scales, there is resultant uncertainty in the calcula- class of ETC models being considered. Can these
tions; this is understood in our bounds. We focus on models lead to the necessary condition

the contribution to each element of the dipole ma-
trix in D@ in the mass-diagonal basis of third-family
physics arising at the lowest ETC scalg. Then we
have

f)
@ eQqmgsFji 3

wherem , =m;, my;, for theu, d sectors, respectively,
and whereF;,{)3 is a dimensionless function of the
parameters imléf) andUéf), of 0 (1) for generic val-

6] 51071, (20)
where
0 =0 — [arg(de(M™)) +arg(def M V))],  (21)
with 6 appearing via the topological term

9g2 o

3—27;2GWVG5 (22)

in the QCD Lagrangian?
The quark mass matrica$'") (f = u, d) in the ef-

ues of these parameters. Terms involving exchange offective theory belowAtc are generated by integrating

heavier ETC vector bosons with massgsand A, are

out short-distance physics at scales ranging frora

also present but are suppressed by the propagator mast the highest ETC scalg1. Above A1, all fermions

ratios A%/Aﬁ, j =1,2. Part of this propagator sup-

are massless. Some of the global chiral symmetries are

pression may be compensated for by the property thatanomalous, and hence are broken by instantons. The
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F,”F““ terms associated with each (non-Abelian)

gauge interaction may be rotated away by chiral trans-

formations through the relevant global anomalies. In
particular, this render8 = 0 for SU(3). in the un-
derlying theory. In the effective low energy theory,
then, we havé = — arg(det( M ™)) —argdet( M D)),
If & + 0, the rotation(2) to the real diagonal mass
basis will, of course, regenerate the topological term
through the anomaly. In the models of Ref2-6],
M® is Hermitian, s@ resides inV (@,

More generally, the conditiomargdet M ®)) +
argdet M @))| < 10710 can be rewritten by letting

- (f)
U =% uUP eud), (23)

¢i#? and, from Eq(2),

. . f) )
det(M ) = &P+ deq ML) ). (24)
Hence, the necessary condition reads
Y (o + o)) s207% (25)
f=u,d

Other phases, entering the CKM matrix or the dipole
operators, enter through the unimodular matrld,}a@,
and are, in this sense, distinct from the strong CP
phase.

In the notation of Eq(5),

Z(a;f)x + ﬂ;f)X)i|’

de(U ") = exp{i

x=L,R

J
(26)

and, in terms of these quantities, Eg5) reads

> Dl )+ (e ﬂ,(-f)R)]‘

f=ud j
5 10—10

(27)

(independent o8(/)X). So in terms of these para-
meters, only one linear combination (a sum over fla-
vors j) of the CP-violating phases;f)x andﬁ](.f)x is
tightly constrained.

Whether a resolution of the strong CP problem will

T. Appelquist et al. / Physics Letters B 595 (2004) 442-452

Goldstone bosons, one of which can be associated with
a Peccei—Quinn dynamical relaxatioroab zero. But,

as noted above, these Nambu—Goldstone bosons must
be given large masses by new interactions, eliminat-
ing this approach to solving the problem. Whatever
the resolution of the strong CP problem turns out to
be, an important point is that the relevant phase com-
bination, entering in E(25) or equivalently Eq(27),
involves a sum over the generational phases (labelled
by j), whereas other CP-violating phase combinations
which contribute to the quantities considered here (cf.
Egs. (17)—(19) involve differences of generational
phases (and(/)x). We therefore analyze the effects
of these flavor-dependent phases here.

5. Off-diagonal dipole moments

In this section, we begin our phenomenological
discussion by focusing on the off-diagonal entries in
the matricesD@ and D. We turn to the diago-
nal elements in Sectio®. The off-diagonal elements,
both the CP-conserving andPSriolating pieces, con-
tribute to transitiongy — ¢’y andg — ¢’g, whereg
denotes a gluon (which hadronizes). We derive con-
straints on ETC contributions to the resultant hadron
decays. These complement our previous study of up-
per limits from the electromagnetic leptonic decays
uw— ey, — uy,andr — ey in Ref.[7].

51. b— sy andb — sg

We first consider the processés— sy andb —
sg. The former underlies the decaps— Xy, where
X, denotes a semi-inclusive final state containing an
s quark. For this purpose, one constructs an effective
Hamiltonian describing the physics at energies below
the electroweak scale by integrating out the hedvy
and Z gauge bosons and the top quark. QCD effects
are then taken into account through the renormaliza-
tion group (RG) running of the Wilson coefficients of
this effective Hamiltonian down to the scale relevant
for the physical process of interest, where the matrix
elements of the operators are computed. We use the

emerge in the class of models considered here is notoperator basig; as in[11]. The relevant effective

yet clear[10]. These models include certain Nambu—

Hamiltonian for the processés— sy andb — sg,
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keeping dominant terms, is

10

Z Cv O+ C7, 07y
k=1

Gr

H~——
V2

V;; Vib |:

+C8g08g:| +h.c, (28)
whereV;;, andV,; are CKM matrix elements. Thé@y,
k=1,...,10 are dimension 6 four-fermion operators,
while the last two operators are the dimension 5 oper-
ators of primary interest in this Letter,

em _
07, = Hﬁ[smwbR]F;;: (29)
and
mp _
Oge = gZ?[sLawTabR]Gg”. (30)
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coefficients can be written in the forfhl],

C7y (up) =~ —0.34+0.7AC7), + 0.09ACgg, (34)
Cgg(up) ~ —0.1540.7ACg,. (35)

The first term in each case is the SM contribu-
tion, computed using input CKM parameters based
on global fits[11,13] Each lies essentially along
the real axis, because the rephasing-invariant quan-
tity ViVer/(ViiVip) has a negligibly small complex
phase. In the case 6f7, (1), the dominant ETC cor-
rection comes from the.DAC7, term.

The branching ratio BRB — X,y ) is proportional
to |C7,(up)|?. Experimentally, BRB — X,y) =
(3.344+0.38) x 1074 [12], in agreement with the SM
value at the 10% level. This leads to an allowed an-
nular region in the complexz, (uy)-plane, a band
of width £5% relative to the SM value. The resultant
constraint on the magnitude of the ETC contribution

QCD running between the electroweak scale, taken yenends on its CP-violating phase. This phase depends

here asny, and the scale oB-decaysu, introduces
mixing among the Wilson coefficients, in such a way

that observables determined by any particular opera-

tor Oy at the low scale dependh@ combination of the
Wilson coefficients at the electroweak scale.

The Wilson coefficients of the effective Hamil-
tonian receive contributins from SM physics as well
as ETC interactions. Our focus is on the ETC contribu-

tions to the dipole operators and we thus take the first

10 Wilson coefficients, computed at the common scale
O(my), to be determined by the SM interactions only:
Cr = CMfor k =1,..., 10. For the dipole-operator
coefficientsC7,, andCg, at the electroweak scale, we
have

Cry8g = C7S)£\{I8g + AC7y 8¢ (31)

in turn on the phase differences in the small-angle
expressions Eqq17) and (18) which enterACz,
through Eq(32).

Two possibilities suggest themselves. One is that
the ETC contribution taC7, (15,) is less than about
5% in magnitude relative to the SM value. There is
then no constraint on the value of the phase, and we

d

03907 <0.02 forx=L,R. (36)

Another possibility is that the magnitude of the ETC
contribution is larger, but that the phase is such as to
yield a value forCz, (1) within the allowed annu-
lar region in the complex plane. The latter case in-
volves some correlation between the magnitude and
phase of the ETC contribution, but would allow a

where the increments are due to the ETC interactions larger value for the mixing angle@é‘é)x with x =

and are given by

2272 Oy F. 2(?3

AC7, >~ — 32
v GFA% VisVib (32)
and
()
2272 F
ACgg =~ — Var? Fag (33)

GFAS 7979

After input of the SM contributions at the elec-
troweak scale and QCD evolution {g,, the Wilson

L,R.

To explore further the possibility of a signifi-
cant relative phase between the standard model and
ETC contributions to theb — sy amplitude, we
consider CP-violating asymmetries B decay. Let
Acp(i — f) denote the CP-violating asymmetry in
the rates for an initial particleto decay to a final state
fiAcpli— f)=Tinp =il /(T + T, 7).
Current data yields—0.093 < Acp(B — X,y) <
0.096 (Belle[12,14]) and—0.06 < Acp(B — X;y) <
0.11 (BaBar,[15]), both at the 90% CL. These limits
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are consistent with the standard model, in which, using
global fits to CKM parameters, this asymmetry is pre-
dicted to be~ 0.005[16]. This agreement constrains
ETC contributions. We use the expression (¢4,
16])

Acp(B — Xsy)

~ (GG e M (€2 C (u0)
14

+ ag7m(Cs, (1) C3, (up))]. (37)

where the coefficients;; are known quantities, and
where we have kept only the largestinterference terms.
The Wilson coefficienC» corresponds to the operator
O =45 yucellcLy™br], and is present already at
tree level in the standard model. The ETC contribu-
tion may be computed using Eq84), (35), and(28).

The current bounds are such tﬂim(F;,‘f?S)| < 0.1 for
Jjk=3223.

Hence, neglecting the special possibility of maxi-
mal destructive interference between the SM and ETC
contributions to thé — sy amplitude, the measured
rate and the bounds on the CP-violating asymmetry for
this decay together constrai@é?’ﬂ < 0(0.02-Q1).
That these mixing angles might not be too far below
this range is suggested by the fact that combinations
of GEZ)L and@l(.Z)L enter the CKM mixing matrix4).

In general, one might expect that the individual mix-
ing anglesej(.z)x and Gj(.‘,f)x would be comparable to
the corresponding measured CKM ang@jgin V. The
measured value of the CKM anglgs is 623 ~ 0.04, in
roughly the same range.

We remark briefly on other CP-violating observ-
ables affected by the possible ETC modification of
C7, andCgg. In the standard model, time-dependent
CP-violating asymmetries in the decagy, BY —

¢Ks, arising from one-loop (penguin)_diagrams, are (1840.4) %10
predicted to be the same as those in the tree-level

decaysBY, BY — J/yKs. ETC contributions to the

¢ Ks asymmetries througlig, could change this. At
present, Belle and BaBaneasurements of the CP-
violating asymmetries inBY, BY — ¢Ks disagree
with each other[17], and hence it is not clear if
this data will confirm or deviate from the SM pre-
dictions. Constraints from other gluon-penguin dom-
inated processes such &, B — n'Ks should
also be taken into account in a complete analy-
sis.

T. Appelquist et al. / Physics Letters B 595 (2004) 442-452

5.2. Other off-diagonal terms

We next consider the process> dy which gives
rise to radiative hyperon and meson decays. The rele-
vant Hamiltonian is similar to that of E¢R8), with the
respective replacementsioby s ands by d. Branch-
ing ratios for radiative hyperon decays are of order
10-3; for example, BRZt — py) = (1.2340.05) x
103 and BRA — ny) = (1.75+ 0.15) x 103 [17].
Angular asymmetries in decays of polarized hyperons
have also been measured. A typical radiatkrede-
cay is KT — ntn0, with BRIKt — nt70y) =
(2.75+ 0.15) x 10~4. Although the branching ra-
tios and asymmetries are only approximately calcu-
lable, owing to long-distance contributions, the stan-
dard modelyields an acceptable fit. The relevant ETC-
induced transition dipole moment is given by E45)
with jk = 12 and jk = 21. We find that the ETC
contributions are safely smaller than the SM one and
hence these decay rates and asymmetries do not yield
interesting constraints on the fermion mixing.

The process — dg provides a tighter constraint.
Its chromomagnetic and chromoelectric dipole ele-
ments produce a (virtual) gluon which then hadronizes.
Most importantly, the ETC-induced transition chromo-
EDM provides a new contribution to direct CP viola-
tion in K; — 27 decays. The latter is measured by
the quantity Ré&’/¢), which is determined via

2 /
:1+6Re<6—>,
€

where ny_ and noo are given in terms of mea-
sured amplitude ratios by (K, — ntn7)/A(Ks —
ata)=ni_~e+¢€, A(KL - %% /AKs —
7979 = noo ~ € — 2¢’. Experimentally, R&'/¢) =
3[17]. There are uncertainties in the-
oretical estimates of Re'/¢) in the standard model
owing to difficulties in calculating the relevant ma-
trix elements and in choosing input values of some
parameters such as the strange quark rfi&js Nev-
ertheless, we can deduce a rough bound from the re-
guirement that the contribution from the ETC-induced
transition quark chromo-EDM operator not be exces-
sively large. We obtain

M4—
100

(38)

Im(F{g%)| <1073-107%, (39)
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This bound can be satisfied with the phase differ-
ences in IniF12,3) of order unity providing that

@)x @y’ ~3_10-4
6157653 " | < 107°-107%, (40)

wherey, x'=L,ROrR, L.

A similar limit on the corresponding up-type angles
emerges from the process> uy . It leads to radiative
decays such a®* — 7tz%, Dt — pty, DO —
atn~y, and D% — p% . Using the limit BRD? —
%) < 2.4 x 1074 [17] that has been established on
one of these possible decays, we derive the bound

615765 | < 0.008 (41)

wherex =L, R.

The possibility that these products of angles are not

too far below the bound#0)and(41)is suggested by
the fact that the mixing angleesj(.i)L andej(.Z)L enter
the CKM quark mixing matrix 4). As noted earlier,
one might expect tha’;t](.z)x ande(.jf)x would be com-
parable to the corresponding measured CKM afigle

in V. The measured value of the CKM andle; is
0132 0.004, in roughly the same range.

The ETC-induced transition dipole moments also

contribute to the elementary decays~> dy, affect-

ing both CP-conserving and CP-violating observables.
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It is worth observing that at least one combination
of the phasest"L, BIL andsHL for f =u,d
must be of order unity. The CKM rephasing-invariant
product

J = (1/8) sin(2012) Sin(2623) sin(2613) c0sH13SiNé
(42)

is quite small,|J| ~ 10~°, but this suppression arises
from the small CP-conserving mixing angles. The
intrinsic CP-violating phase anglé defined in the
standard parametrization b, = ¢~*® sinfy3, is not
small. Indeed, current CKM fits give, for the rafjgp,
which is equal to ta# in the standard model, a value

n/p=2[13].

6. Diagonal electric and chromoelectric dipole
moments

The diagonal electric and chromoelectric dipole
moments for the up and down quarks arising from
ETC interactions provide tighter constraints on certain
combinations of phase differences and mixing angles.
These moments derive from the diagonal elements of
Dﬂ) (Eq. (15)). Recall that this expression is correct
to leading order in ETC scales, depending explicitly

However, the experimental search for these decays,on the inverse square of only the lowest ETC scide
both via inclusive modes and such exclusive modes as Thus,

B — py andB — wy, is difficult because of the small

branching ratios and large backgrounds. Current upperg —
limits on branching ratios for these exclusive modes

from Belle and BaBar are- 10 [12]. These do not
yield significant constraints on ETC contributions. In

the up-sector, because of the large top mass and lim-
ited data on top decays, there are only weak limits on

the radiative modes— uy andt — cy.
5.3. Discussion

The study of the off-diagonal elements of the ma-
tricesD@ andD'?’, focusing on physics at the lowest

eQud N eQumt|m(F1(’1?3) 43
g Y (43)

gS A3

(d)
eQampIMm(Fy7’3)

dg = ¢Qd deaq ™ 13 (44)

3 A2

gS 3

with the small-angle expressions for tﬁ{e{g given by
Eqg.(19) and involving flavor-differences of phases.

We stress that these mixing-induced terms can be
the dominant contributions to the up- and down-quark
EDM’s only if the sum over all flavor-phases (in Egs.
(25)or(27))is negligibly small, that is if the strong CP
problem has been solved. We note that the pure elec-

ETC scaleds, leads to constraints that can be satisfied troweak contribution to quark electric dipole moments

with CP-violating phase differences of order unity and

has been estimated to k1032 ecm and hencis

reasonable limits on the relevant mixing angles. These negligibly small[19,20]

limits are consistent with values in a range suggested

by the fact that the angleﬁi)L andej(.z)L determine
the measured CKM angles through E4).

CP-violating electric dipole moments such as those
of the neutron and certain atoms lik&%Hg receive
contributions from the quark EDM’s and the quark
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color EDM’s. The latter lead to CP-violation in the The most stringent limits on these quantities are ob-
hadronic wave function (the CEDM enters as a cor- tained from upper bounds on EDM’s of atoms, in par-
rection to z-channel gluon exchange between the ticular from 19%Hg. Experimentally|diogg| < 2.1 x
bound quarks). There are also contributions from the 10-28 e cm[25], which is about a factor of 50 smaller

CP-violating triple-gluon operatat,scGa:,.G}," G, than the upper limit ond, |. From this we obtain the
[21], and loop-induced CP-violatingy ™W~y ver- bounds
tices[22]. @ .

We focus here on the quark-EDM contributions. To  |Im(Fy1’s)| $0.3x 1077, (45)
estimate them, one starts as in the case of the off- “m(Fl(i)3)’ <0.6x 10-6. (46)

diagonal elements with operators defined at short dis-
tances, uses renormalization-group methods to evolveWe note that in the class of models Ref2-6],
these to hadronic distance scatesl fm, and then |m(F1(L1’?3) (19) vanishes identically. This is because
computes the relevant hamhic matrix elements. For M@ s Hermitian in these models and therefore
two reasons, we adopt a simpler approach here. Be-y" = ",

cause the direct SM contribution to the EDM’s is many From Eq.(19), we see that Eq¢45) and (46)con-
orders of magnitude smaller than the expected ETC strainaproducto@g)Leg)R times the imaginary part
contribution, we neglect the SM contribution here. of 3 phase factor, fof = u, d. If the phase differences
And because the computation of the hadronic ma- are of order unity, then

trix elements, involving only first-generation quarks,

is more uncertain than for the off-diagonal matrix el- lei‘é)L@{‘é)R] <0.6x107°, (47)

ements, we also neglect the RG running of the ETC . ] WOL R, - .
contribution. with a tighter bound orj6;3"“6,3" | if M™ is not

Hermitian. The bound47) is comparable to that on
the corresponding product of charged-lepton mixing

6.1. Boundsfrom EDM's angles coming from the current limit on the electron

EDM [7].
The current experimental upper bound on the  The above bound may be satisfied Wiﬂﬁ)Ll ~
neutron electric dipole moment, is |d,| < 6.3 x ()R

"6 _ : 16,5 | < 0.0008. We note again that the correspond-
10~<° e cm[23]. In setting constraints, we assume that ing angleds in the CKM matrixV has the measured
there are no accidental cancellations between different, 51,6 ~ 0.004 only a factor of five larger. Further-

contributions to the experimentally observable ED- ore the expression fahs contains terms propor-
M’s. For an estimate of the hadronic matrix element of tional to products such ;ﬂ{g)L@g)L which could be
the quark EDM operatorsyu| fo,ysfin), f =u.d,

. ) S . the dominant contribution and naturally be of order
various methods yield roughly similar results, which

. 0.004. Hence, although the bouitd7) and its ana-
are comparable to the static quark model relatipe- "g udr) s

. . . logue for f = u do imply quite small values for the
(1/3)(4da — dy). Using these estimates, we infer from indicated products of rotation angles, they can plausi-

the above limit onld,| that [Im(F{1’5)| < 1 x 107 bly be satisfied in ETC models that successfully pre-
and|lm(F1(‘i)3)| <3x10°°. dict the CKM matrix.

The same quantities enter into the quark color  We note, by contrast, that if all the above mixing
EDM’s and can, in principle, be bounded from their angles are of order the CKM angles ~ 0.004, then
contributions tad,. Since QCD is non-perturbative at  the relevant combination of phase differences in the
the low energies relevant here, there are uncertaintiesdown sector must be rather smaf],0.04. The corre-
in the proportionality factors connecting the CEDM's  sponding limit on the up-sector would be even smaller,
de.y, f =u,d, tod, (e.9.,[24]), and there is the re-  of order 0002, but would be automatically satisfied in
lated question of what value to use for the color gauge models where/ ™ is Hermitian.
couplinggs in Eq.(9) at such low energies. In general, Finally, we comment that an-quark (chromo-)
from these CEDM’s one obtains limits that are com- EDM can also contribute to tH€°Hg EDM. This con-
parable to the ones above pm(Fl({g)L f=u,d. tribution is more difficult to compute since there are no
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valences quarks in the nucleon. It can be roughly esti-
mated, leading to a bound q>hm(F(d)

223 This bound
is much weaker than the above bound|bn(Fl(i)3)|,
but it could have important implications for the mixing

anglessy" ando k.
6.2. Discussion

The quark EDM's and chromo-EDM's correspond
to the diagonal elements of the matrice$? and
Diq). The bounds on these quantities, in particular
from the measured limit on the EDM &°Hg, lead to
tight constraints on mixing angles and/or CP-violating
phase differences in the individual subsectgrs=
u,d. These derive from the contributions to the ele-
ments of D@ and D’ from physics at the lowest
ETC scalesAs (e.g., Eq(15)). If the phase differences
are of order unity, then the down-type mixing angles
are bounded as in E47), with an even tighter bound
in the up sector it ™ is not Hermitian. The bound
(47)is comparable to that on the corresponding prod-
uct of charged-lepton mixing angles coming from the
current limit on the electron EDNF].

7. Conclusions
We have shown that in the class of ETC modgis

6], mixing effects significatly affect predictions for
diagonal and transition ngaetic and electric dipole

and color dipole moments. We have used measure-

ments ofb — sy, c — uy and Réc’/¢), and limits on
CP-violating electric ancdhromoelectric dipole mo-
ments of quarks to set new constraints on the mixing
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tary transformationyz“) and Uid). Our bounds also

constrain the unitary transformatioﬂ&f{’), qg=u,d,
which do not enter in the charged weak current and
associated CKM matrix.

We make two observations about the bounds we
have derived assuming the CP-violating phase differ-
ences to be of order unity. First of all, each of the
mixing angles in the diagonalization of the quark mass
matrices is relatively small, a restrictive requirement
for the further development of ETC models, perhaps
along the lines of Refd2—6]. (The same is true for
the charged leptoni§].) Secondly, while the mixing
angles must be small, the bounds allow them to be
“reasonable”, that is, in the same range as the mea-
sured values of the CKM angles (which are express-
ible as combinations of mixing angles for left-handed
quarks).

In the class of models of Reff2—6], small mix-
ing angles can emerge for the up-type quark masses
because the off-diagonarms require mixing among
the ETC gauge bosons, which is suppressed by ratios
of ETC scales, while the diagonal terms do not. The
mechanism employed in this class of models for the
suppression of down-type quark masses and charged-
lepton masses requires ETC gauge-boson mixing to
generate diagonal as well as off-diagonal elements.
Thus the ingredients for small mixing angles in the
down-quark sector are not yet as evident.

Finally, we note that the experimental constraints
on the dimension-five dipole operators still allow ETC
models to produce sizable departures from the SM
prediction, in particular for several CP violating ob-
servables. These include the EDM’s of the neutron and
of 19%Hg, the direct CP violation in the kaon system
(measured as R€ /¢)) and the CP asymmetry in the

angles and phases in the unitary transformations from jncjusive decay — sy, or in the decayB; — ¢Ks.

the quark flavor (ETC-interaction) eigenstates to the

Improvements in the experimental sensitivity and re-

mass eigenstates. The analysis focuses on physics afjyctions in the QCD uncertainties of the SM predic-

the lowest ETC scalels, taken to be a few TeV to
allow for the measured value of,. While there are
ETC contributions to these processes involving all of
the ETC scales, the terms arising/gg should provide
a rough measure of the overall ETC effect.

Our bounds provide new information about quark
mixings since they apply separately to the individual
charge sectorg = u andq = d. By contrast, the mea-

tion could set more stringent bounds or even allow
detection of ETC effects.
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