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Theta angle versusCP violation in the leptonic sector
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Assuming that the axion mechanism of solving the strongCP problem does not exist and the vanishing of
u at the tree level is achieved by some model-building means, we study the naturalness of having large
CP-violating sources in the leptonic sector. We consider the radiative mechanisms which transfer a possibly
largeCP-violating phase in the leptonic sector to theu parameter. It is found that a largeu cannot be induced
in the models with one Higgs doublet as at least three loops are required in this case. In the models with two
or more Higgs doublets the dominant source ofu is the phases in the scalar potential, induced byCP violation
in the leptonic sector. Thus, in the minimal supersymmetric standard model framework the imaginary part of
the trilinear soft-breaking parameterAl generates the corrections to the theta angle already at one loop. These
corrections are large, excluding the possibility of large phases, unless the universality in the slepton sector is
strongly violated.

PACS number~s!: 11.30.Er, 11.10.Hi, 11.30.Pb, 14.80.Mz
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I. INTRODUCTION AND MOTIVATION

The strongCP problem whose existence was realiz
over twenty years ago@1# remains a complete mystery. Th
theta term of the QCD Lagrangian breaksP andCP invari-
ance, and thus induces a variety ofP-, T-odd observable
effects, among which the electric dipole moments~EDMs! of
the neutron and heavy atoms play a prominent role@2#. The
conflict between strong limits onu resulting from experi-
mental searches of EDMs and natural expectations ofu;1
presents a severe fine-tuning problem, usually referred t
the strongCP problem. Using the experimental limits on th
EDM of the neutron@3# together with the result of a recen
QCD sum rule calculation ofdn(u) @4# one can place a very
stringent limit on the theta term:

u,6310210. ~1!

A common and universal solution to the strongCP problem
may come through a dynamical relaxation mechanism@5#
which requires the existence of a light pseudoscalar~axion
@6#! in the particle spectrum. Negative results from expe
mental searches@7# of an axion together with very restrictiv
astrophysical@8# and cosmological bounds@9# on its cou-
pling constant stimulate searches for alternative solution

Another possibility is a model-building constructio
whereu can be naturally chosen to be zero at some hi
energy scale due to exact parity orCP symmetry@10,11#. In
this case however,u is not protected against radiative co
rections at lower scales where parity and/orCP symmetry
are spontaneously broken. Thus the theta term is extrem
sensitive to the presence of additional, other than Kobaya
Maskawa~KM !, CP-violating sources in the hadronic secto
This sensitivity is unique:u can receive contributions from
theCP-violating phases in the ‘‘heavy’’ sector of the theo
without powerlike suppression, in contrast with oth
CP-violating operators. Thus, in the SUSY variants of the
models large soft-breaking phases in the squark and gl
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sectors are excluded, as they penetrate into the low-en
effective expression foru already at one loop level. There
fore, a necessary consequence of these constructions s
to be a strong restriction on CP violation, i.e., noCP viola-
tion other than the KM phase. Is this also true forCP vio-
lation which resides solely in the leptonic sector? In oth
words, how susceptible isu to theCP violation in the lep-
tonic sector?

If the axion mechanism does not exist, the theta term
expected to be a dominant source ofCP violation at low
energy as it is theCP-odd operator of lowest dimension
What would be a signal of the ‘‘u dominance’’ among
CP-violating observables? Both neutron and mercury ED
produce similar bounds onu and one should naturally expec
that

dn.10226 e cm
u

10210
~Ref. @4#!

dHg.10228 e cm
u

10210
, ~Ref. @4#! ~2!

dTl;2310229 e cm
u

10210
. ~Ref. @12#!

Comparing the predictions ofu-dominated EDMs with cur-
rent experimental limits@3,13,14#, one can easily see that fo
u510210, dn and dHg are within a factor of 2–3 from the
current experimental figures, whereasdTl is smaller by five
orders of magnitude than its present limit. In other wor
u510210 will produce thallium EDM at the level equivalen
to dTl , induced by the electron EDMde;4310232e cm.
Thus, it appears that the signal ofu-dominance could be
easily distinguished from the case of the minimal supersy
metric standard model~MSSM! with largeCP SUSY phases
and axion-type solution to the strongCP problem. In the
latter casedTl is expected to be much more important than
Eq. ~2! and competitive withdn anddHg .
©2000 The American Physical Society10-1



i-

o
e
x
a

it
ce

en
ith

s
th

ec
he
tre
c

on
a
n

et

ion
m

e
fe

nt

st

m

of
e

ght-

f-

lets
of

u-
ion

ym-

rk

si-
via
e,
let
is.
in

ere
the

p
e
f
r:

to a

e

th
up,
es
ve-
, of
ome
er

A. DEDES AND M. POSPELOV PHYSICAL REVIEW D61 116010
However, if CP violation is initially concentrated in the
leptonic sector, the ‘‘u signal’’ ~2! could be different. In this
case the EDM of the electron anddTl could be enhanced
relative to~2! and, at the same time, theu term, induced by
a leptonCP phase via radiative corrections would still dom
natedn anddHg .

The purpose of this article is to study the mechanisms
transferringCP violation from the leptonic sector to th
theta term in the context of different models without an a
ion. Assuming no fine tuning which would compensate
induced value ofu, we find a ‘‘maximal’’ amount ofCP
violation in the lepton sector, which can be consistent w
the bound~1!. At the same time, we study possible enhan
ment ofde anddTl due to the same sources ofCP violation
and the departure from theu-dominance signal, Eq.~2!.

II. NON-SUSY MODELS

We begin with some remarks about the way the low
ergy value ofu should be calculated in a generic theory w
CP violation. Besides the initial value ofuQCD , the relevant
low energy parameterū receives tree level contribution
from the phases of the quark masses and o
SU(3)c-charged fermions.

ū5uQCD1arg det~MuMd!1•••. ~3!

It is often assumed in the literature that the radiative corr
tions to ū are simply contained in the imaginary parts of t
quark and gluino masses. This is certainly true at the
level, but at the loop level the structure of radiative corre
tions is more complicated. To give a simplest example,
can consider an effective Lagrangian for gluons and qu
field q which arises after integrating out some unknow
CP-violating physics at the scaleL:

Le f f5u~L!
g3

2

16p2
Gmn

a G̃amn1q̄~ i ]mgm2m2 im8g5!q

2
im9

2L2
q̄Gmn

a tasmng5q1•••. ~4!

Hereu(L) denotes the theta term, coming from the scaleL.
Let us take for simplicitym@LQCD and m8!m. Then the
field q can be also integrated out and the theta param
below the scalem reads as

ū5u~L!1
m8

m
1

mm9

L2
log~L2/m2!. ~5!

The second term in this expression is the ‘‘usual’’ correct
due to the phase of the mass term, whereas the third ter
generated by the ‘‘chromoelectric dipole’’ in Eq.~4!. It is
usually smaller than the second term due toL@m, although
not necessarily negligible. For example, the scale of n
physicsL could be comparable to the mass of heaviest
mions ~top quark! so that the ratiomm9/L2 is not small, or
m8 can be simply zero from additional symmetry argume
11601
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and then the third term dominates the expression forū. The
latter is exactly the case in the minimal SM, whereū re-
ceives corrections from ‘‘dipole’’ contributions as it was fir
shown by Khriplovich@15#. Technically, the corrections toū
can be easily calculated within the external field formalis
which will automatically account for all contributions.

In what follows we determine possible mechanisms
transmittingCP violation from the leptonic sector into th
theta term in various possible models@16#. As representative
examples we take the standard model extended by ri
handed neutrino fields, the dilepton Zee model@17#, multi-
Higgs models, and the MSSM in particular.

It turns out that the main criterion which governs the e
ficiency of transmitting theCP violation from the leptonic
sector into the theta term is the number of weak doub
which give masses to the quark fields. The contribution
the quark masses intoū can be separated into the contrib
tions of Yukawa couplings and Higgs vacuum expectat
values~VEVS!:

arg det~MuMd!5arg det~Yu!1arg detYd

13~argvu1argvd!. ~6!

We take the vanishing of this expression due to some s
metry arguments~for example, hermiticity ofYi , reality of
v i ’s! as the starting point for our analysis.

In the SM and in other models wherevu[vd* , the contri-
bution from the second line in Eq.~6! is identically zero,
irrespective of the presence ofCP violation. Therefore the
only way to insertCP violation into the theta term is to
‘‘complexify’’ quark Yukawa couplings and/or create qua
chromoelectric dipoles.

Nontrivial corrections to quark Yukawa couplings sen
tive to aCP phase in the leptonic sector must be induced
Yukawa andSU(2)3U(1) gauge interactions. Furthermor
it is clear that in the presence of only one Higgs doub
Yukawa interactions alone are not sufficient to achieve th
In any possible graph, involving a quark line and leptons
the loop, it is convenient to separate the loop part wh
actualCP violation takes place. Let us suppose now that
particles circulating in the loop are heavy~Majorana neutri-
nos, for example! and the lines connecting the leptonic loo
to a quark line are ‘‘soft.’’ Then it is possible to classify th
effects of CP violation in the leptonic sector in terms o
effective CP odd operators with dimension 6 and large
H†H(BmnB̃mn); H†H(WamnW̃mn

a ); W̃mn
a WbnaWa

cmeabc , etc.
One needs at least two loops to attach these operators
quark line with no externalSU(2) or U(1) fields allowed.
Together with at least one~leptonic! loop needed to generat
these operators, three loops is theminimal order in which
CP violation from the leptonic sector penetrates intoū!

In practice, the loop level is often higher. In the SM wi
heavy Majorana neutrinos, singlets of the SM gauge gro
one should have a minimum of four flavor-changing vertic
on the lepton line. In the weak basis, which is more con
nient because the momenta flowing in the loop are large
the order of the heavy Majorana masses, these can only c
from interactions with the Higgs doublet. This adds anoth
0-2
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THETA ANGLE VERSUSCP VIOLATION IN THE . . . PHYSICAL REVIEW D 61 116010
loop and indicates that the effect may first appear at
four-loop order and a typical diagram is shown in Fig. 1.

This diagram will be further suppressed by at least
square of the charged lepton mass asCP violation disap-
pears if all charged leptons are massless. A more deta
calculation may reveal further suppression factors. For
purposes it is sufficient to acknowledge that the suppres
factor is at least

ū,S a

4p D 2S 1

16p2D 2 mt
2

M2 JCP
L , ~7!

whereM is the relevant high energy scale, at least as he
asMW . No matter how large theCP-violating combination
of mixing anglesJCP

L in the leptonic sector is, the result forū
is well within the experimental bound. Therefore allCP vio-
lating phenomena discussed in the literature, such asCP
violation in neutrino oscillations,CP violation in the heavy
Majorana neutrino decay, needed for leptogenesis and ot
are entirely possible without causing problems foru.

Precisely the same estimates~in this crude approach! can
be applied to the Zee model to produce similar conclusio
i.e., u generated from theCP violation in the leptonic secto
is small. However, unlike the SM with Majorana neutrino
where the possible electron EDM is likely to be very sm
@18#, the Zee model can havede at a measurable level@16#.

Another group of models has two or more Higgs doubl
which give masses to quarks via two or moredifferent
VEVs. In this case one should look for the effects whi
introduce phases into the scalar potential. Thus the opera
Hu

i Hd
j e i j , (Hu

†Hu)Hu
i Hd

j e i j , etc. may enter with complex co
efficients which then can lead to (argvu1argvd)Þ0.

In the nonsupersymmetric framework a consideration
the radiative corrections to the scalar potential are somew
flawed. Indeed, the dimension 2Hu

i Hd
j e i j -proportional term

enters in the Lagrangian multiplied by some mass squa
parameter. In the non-SUSY framework, at the radiat
level, this parameter will be sensitive to the square of
cutoff L2 which by itself requires fine tuning to ensure th
stability of the electroweak scale. Thus, we believe that
question of induced phases in the soft-breaking sector anu
cannot be solved without a specified framework which
sures the stability of the scalar potential. Thus we aban
non-SUSY two Higgs doublet models and take the case

FIG. 1. A typical diagram, which gives a phase to the qua
Yukawa coupling. The circle is ordinary leptons and Majorana n
trinos, wavy lines are gauge bosons of the electroweak group,
dashed lines the Higgs field. Similar diagrams work for the Z
model with the dashed line inside the circle being a dilepton.
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MSSM where we study in detail the value ofu versus com-
plex soft-breaking terms in the leptonic sector.

III. MSSM WITH COMPLEX SOFT-BREAKING
PARAMETERS IN THE LEPTON SECTOR

We concentrate only on the leptonic sector of the MSS
superpotential, i.e.,

W.eab~Ye! i j L i
aH1

bĒj , ~8!

and the soft breaking terms,

Lso f t.2eab@~AeYe! i j l L̃ i
aH1

beR̃j* 1H.c.#

2@mBeabH1
aH2

b1H.c#, ~9!

where as usualẽ, l̃ are the corresponding scalar compone
of the chiral superfieldsL,Ē appearing in Eq.~8!. Let us
assume universality of the soft trilinear couplings at t
grand unified theory~GUT! scale,Ae5Am5At , and one
common phasefA associated with them. We consider th
third generation of leptons, i.e.,At where the Yukawa cou-
plings are large as compared to those of the first and
second generation. Then the renormalization group runn
of the imaginary part of the parameterAt , denoted asĀt ,
induces an imaginary part of the parameterB, denoted asB̄,
at a scale below the GUT scale and their renormalizat
group equations~RGEs! are given by@19#,

dĀt

dt
5

8uYtu2

16p2
Āt , ~10!

dB̄

dt
5

2uYtu2

16p2
Āt. ~11!

All the other parameters of the SUSY or the soft SUS
breaking sector remain real. The tau lepton Yukawa coup
has a weak running~especially for small values of tanb).
Thus the system of differential equations of Eq.~11! can be
solved trivially and gives

Āt~Q!5Āt~MG!S Q

MG
D

uYtu2

2p2

, ~12!

B̄~Q!52
Āt~MG!

4
F 12S Q

MG
D

uYtu2

2p2 G . ~13!

So even if all the parameters at the GUT scale are real a
from the leptonic trilinear coupling i.e.,Āt , then this param-
eter affects the running of theB̄ parameter and generates
nonzeroB̄. We can easily see from Eq.~13! that the running
of the phase of the parameterB, i.e.,fB at a scale Q is given
by

-
nd
e
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A. DEDES AND M. POSPELOV PHYSICAL REVIEW D61 116010
sinfB~Q!52
1

4

uAt~MG!u
uB~Q!u

sinfA~MG!F 12S Q

MG
D

uYtu2

2p2 G .

~14!

Let us now see what happens at the electroweak sc
i.e., Q5MZ . It is reasonable to takeuAt(MG)u.uB(MZ)u in
the MSSM with radiative electroweak breaking. This a
sumption of course depends on the choice of the o
MSSM parameters,M0 , M1/2, A0 and tanb. We display the
numerical solutions below. ForuYtu2/4p.431025 and
tanb52 with MGUT5331016 GeV we get, from Eq.~14!,

sinfB~MZ!.2231024sinfA . ~15!

Now from the minimization conditions of the scalar Higg
potential we have

v1v25
m* B* uvu2

m1
21m2

2
, ~16!

where m1,2
2 5mH1,2

2 1m2 and uvu25uv1u21uv2u2. Note also

that the parameterm remains real~if it originally is real! at
every scale because its renormalization is multiplicative.

Theu angle is generated ifB is complex and given by eq
~6!. Putting the experimental bound~1! of u parameter into
Eq. ~15! we get

fA~MG!,1026, ~17!

an unnaturally small number at the GUT scale. We concl
that the phase in the leptonic sector produces large add
renormalization of theu-QCD parameter which constitutes
fine tuning problem unless this phase is tiny, of the orde
1026 or smaller.

Three remarks are in order:~i! Even if we assume an
appropriate phase for the parameterm at a scaleQ which
cancels the contribution of thefB , i.e., fm(Q)52fB(Q),
then eventually this pattern will be destroyed by the runn
of fB of Eq. ~13! sincefm does not run,~ii ! the constraint
~17! on fA(MG) is relaxed if we consider nonuniversality o
the soft SUSY breaking trilinear couplings at the GUT sc
in the case of the electron and muon Yukawa couplings,~iii !
if we start with the~trivial! caseA50 GeV at the GUT scale
then there is no contribution to theu term and noCP viola-
tion in the leptonic sector.

We perform a numerical analysis of the RGEs by a
taking into account low energy threshold effects@20#. We
present our results in Fig. 2. We see thatfA&1026 unless
A0 is exactly zero. Small departures from zero~see the line
with uA0u51 GeV in Fig. 2 for instance! put a strong bound
on the phasefA . As uA0u increases the bound becom
stronger, as strong asfA&1028 for uA0u*300 GeV. This
happens becauseuA0u5uAt(MG)u gets much larger than
uB(MZ)u which further enhances the value of theta, as s
from Eq. ~14!.

Therefore we face two possible choices if we still want
keep largeCP violation in the leptonic sector:~i! relax the
universality pattern of the phases at the GUT scale~however,
11601
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even in that case the phases of thet trilinear soft breaking
coupling must be unnaturally small as we prove above!; ~ii !
introducePQ symmetry and the axion solution to the stron
CP problem.

IV. CONCLUSIONS

We have studied the question of naturalness forCP vio-
lation in the leptonic sector to be large without inducin
large corrections toū. This is an important question in th
context of nonaxionic solutions to the strongCP problem.
We find that the main criterion dividing models into tw
classes is the number of Higgs doublets giving masse
quarks. In the case of one doublet the contribution ofCP

phases from the leptonic sector toū is always small, being
suppressed by at least a three-loop factor so that a ‘‘m
mal’’ CP violation in the leptonic sector is allowed. In som
of these models~dilepton model, for example!, de can be
quite large, enhancing dTl with respect to the
‘‘ u-dominance’’ signal, Eq.~2!, usually expected when th
axion mechanism is absent.

In the models with several doublets there is an effici
way of transmittingCP violation from the leptonic secto
into u via complex parameters in the scalar potential.
MSSM without an axion, a large phase of the leptonicAl
parameter is excluded on the grounds of naturalness, un
the lepton universality is broken in a peculiar way that on
Ae ~or Am) has the phase.
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FIG. 2. The extracted value of theu term as a function of the
common phasefA at the GUT scale of the lepton trilinear so
SUSY breaking couplings. The other SUSY breaking parame
have been fixedM05M1/25200 GeV and tanb510. The shaded
region is excluded by the experiment; see Eq.~1!. Results onu
from different values of the modulouA0u51,10,50,300,600 GeV are
also indicated.
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