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Theta angle versusCP violation in the leptonic sector
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Assuming that the axion mechanism of solving the str@problem does not exist and the vanishing of
0 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
large C P-violating phase in the leptonic sector to thearameter. It is found that a largecannot 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 sourc&a$ the phases in the scalar potential, inducecI®/violation
in the leptonic sector. Thus, in the minimal supersymmetric standard model framework the imaginary part of
the trilinear soft-breaking parametAr 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 numbes): 11.30.Er, 11.10.Hi, 11.30.Pb, 14.80.Mz

[. INTRODUCTION AND MOTIVATION sectors are excluded, as they penetrate into the low-energy
effective expression fop already at one loop level. There-
The strongCP problem whose existence was realizedfore, a necessary consequence of these constructions seems
over twenty years agfl] remains a complete mystery. The to be a strong restriction on CP violation, i.e., @® viola-
theta term of the QCD Lagrangian bredR@ndCP invari-  tion other than the KM phase. Is this also true @P vio-
ance, and thus induces a variety Bf, T-odd observable lation which reS|des. solgly in the Ieptpmc_ se<_:t0r? In other
effects, among which the electric dipole momei@®OMs) of WOF'dS, how susceptible ig to the CP violation in the lep-
the neutron and heavy atoms play a prominent faleThe  tonic sector? _ _ .
conflict between strong limits om resulting from experi- If the axion mechanism does not exist, the theta term is
mental searches of EDMs and natural expectationg-oi expected to t_)e a dominant source @P V|olat|on_ at IO\.N
presents a severe fine-tuning problem, usually referred to ergy as it is theCP-odd operator of lowest dimension.

. ' o hat would be a signal of the § dominance” among
the strongC P problem. Using the experimental limits on the i lat o
EDM of the neutror{3] together with the result of a recent CP-violating observables? Both neutron and mercury EDMs

QCD sum rule calculation i, ( 6) [4] one can place a very {)hr;);juce similar bounds ofrand one should naturally expect

stringent limit on the theta term:

6<6x10 1 1) d,=10 % ecm (Ref. [4])

10°%°
A common and universal solution to the stro@¢ problem
may come through a dynamical relaxation mechanjsm dy,~10 28 ecm
which requires the existence of a light pseudoscédaion g
[6]) in the particle spectrum. Negative results from experi-
mental searchgd¥] of an axion together with very restrictive
astrophysical8] and cosmological bound®] on its cou-
pling constant stimulate searches for alternative solutions.
Another possibility is a model-building construction Comparing the predictions df-dominated EDMs with cur-
where 6 can be naturally chosen to be zero at some highrent experimental limit§3,13,14, one can easily see that for
energy scale due to exact parity©P symmetry[10,11]. In #=101 d, and dyg are within a factor of 2—-3 from the
this case howeverd is not protected against radiative cor- current experimental figures, wheredg is smaller by five
rections at lower scales where parity and@®P symmetry orders of magnitude than its present limit. In other words,
are spontaneously broken. Thus the theta term is extremelg= 10" will produce thallium EDM at the level equivalent
sensitive to the presence of additional, other than Kobayashte d,, induced by the electron EDM~4x 10 3% cm.
Maskawa(KM), C P-violating sources in the hadronic sector. Thus, it appears that the signal éfdominance could be
This sensitivity is unique® can receive contributions from easily distinguished from the case of the minimal supersym-
the CP-violating phases in the “heavy” sector of the theory metric standard modéMSSM) with largeCP SUSY phases
without powerlike suppression, in contrast with otherand axion-type solution to the stror@P problem. In the
CP-violating operators. Thus, in the SUSY variants of thesdatter casaly, is expected to be much more important than in
models large soft-breaking phases in the squark and gluingg. (2) and competitive withd, anddyg .

oo (Ref.[4) )

dr~2x102° ecm

o (Ref.[12)
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However, if CP violation is initially concentrated in the
leptonic sector, the 8 signal” (2) could be different. In this
case the EDM of the electron amt}; could be enhanced
relative to(2) and, at the same time, theterm, induced by
a leptonC P phase via radiative corrections would still domi-
nated, anddyg.

The purpose of this article is to study the mechanisms o

transferring CP violation from the leptonic sector to the
theta term in the context of different models without an ax
ion. Assuming no fine tuning which would compensate al
induced value ofg, we find a “maximal” amount ofCP

violation in the lepton sector, which can be consistent with

the bound(1). At the same time, we study possible enhance
ment ofd, andd, due to the same sources ©P violation
and the departure from th&dominance signal, Ed2).

1. NON-SUSY MODELS

n
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and then the third term dominates the expressiorﬁ‘oThe

latter is exactly the case in the minimal SM, whefere-
ceives corrections from “dipole” contributions as it was first

. shown by Khriplovich 15]. Technically, the corrections t®

can be easily calculated within the external field formalism
¥vhich will automatically account for all contributions.

In what follows we determine possible mechanisms of
transmittingCP violation from the leptonic sector into the

theta term in various possible modgl$]. As representative
examples we take the standard model extended by right-
handed neutrino fields, the dilepton Zee model], multi-
Higgs models, and the MSSM in particular.

It turns out that the main criterion which governs the ef-
ficiency of transmitting theCP violation from the leptonic
sector into the theta term is the number of weak doublets
which give masses to the quark fields. The contribution of

the quark masses inté can be separated into the contribu-

We begin with some remarks about the way the low entions of Yukawa couplings and Higgs vacuum expectation

ergy value off should be calculated in a generic theory with
CP violation. Besides the initial value @l cp, the relevant

low energy parameteg receives tree level contributions
from the phases of
SU(3).-charged fermions.

0= OocptargdetM Mg) + - - -. (3

the quark masses and other

values(VEVS):
arg detM My)=arg detY,) +arg dety
+3(argu,targuy).

(6

We take the vanishing of this expression due to some sym-
metry argumentsfor example, hermiticity ofY;, reality of
v;'s) as the starting point for our analysis.

It is often assumed in the literature that the radiative correc- N the SM and in other models whesg=uv7 , the contri-

tions to # are simply contained in the imaginary parts of the
quark and gluino masses. This is certainly true at the tre
level, but at the loop level the structure of radiative correc

tions is more complicated. To give a simplest example, one
can consider an effective Lagrangian for gluons and quarl?

field g which arises after integrating out some unknown
CP-violating physics at the scalk:

2

1(9;2 G2,G +q(id,y*—m—im’ys)q

Leti=0O(AN)

i H_
qG;,

oAz BN 7 LR

(4)

Here §(A) denotes the theta term, coming from the scile
Let us take for simplicitym>Aqcp andm’<m. Then the

bution from the second line in Ed6) is identically zero,
'grespective of the presence GfP violation. Therefore the
only way to insertCP violation into the theta term is to
scomplexify” quark Yukawa couplings and/or create quark
hromoelectric dipoles.

Nontrivial corrections to quark Yukawa couplings sensi-
tive to aCP phase in the leptonic sector must be induced via
Yukawa andSU(2) X U(1) gauge interactions. Furthermore,
it is clear that in the presence of only one Higgs doublet
Yukawa interactions alone are not sufficient to achieve this.
In any possible graph, involving a quark line and leptons in
the loop, it is convenient to separate the loop part where
actualCP violation takes place. Let us suppose now that the
particles circulating in the loop are heawylajorana neutri-
nos, for exampleand the lines connecting the leptonic loop
to a quark line are “soft.” Then it is possible to classify the
effects of CP violation in the leptonic sector in terms of

field g can be also integrated out and the theta parameteffective CP odd operators with dimension 6 and larger:

below the scalen reads as

!

— m
6=0(A)+—+
m

U

log(A2/m?). (5

A2

HTH(B#"B,,); HTH(WA“" W2 ); W3 WP W ey, etc.

One needs at least two loops to attach these operators to a
quark line with no externaBU(2) or U(1) fields allowed.
Together with at least ongeptonig loop needed to generate

these operators, three loops is timnimal order in which

The second term in this expression is the “usual” correctionC P violation from the leptonic sector penetrates ito

due to the phase of the mass term, whereas the third term
generated by the “chromoelectric dipole” in E¢4). It is
usually smaller than the second term due\te- m, although

is In practice, the loop level is often higher. In the SM with
heavy Majorana neutrinos, singlets of the SM gauge group,
one should have a minimum of four flavor-changing vertices

not necessarily negligible. For example, the scale of neven the lepton line. In the weak basis, which is more conve-
physicsA could be comparable to the mass of heaviest fernient because the momenta flowing in the loop are large, of
mions (top quark so that the ratiannf’/A? is not small, or  the order of the heavy Majorana masses, these can only come
m’ can be simply zero from additional symmetry argumentsrom interactions with the Higgs doublet. This adds another
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MSSM where we study in detail the value @fversus com-
plex soft-breaking terms in the leptonic sector.

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

, We concentrate only on the leptonic sector of the MSSM

: superpotential, i.e.,

FIG. 1. A typical diagram, which gives a phase to the quark
Yukawa coupling. The circle is ordinary leptons and Majorana neu-
trinos, wavy lines are gauge bosons of the electroweak group, and .
dashed lines the Higgs field. Similar diagrams work for the zeeNd the soft breaking terms,
model with the dashed line inside the circle being a dilepton.

WD eab(Ye)ijLiaHkl)Ejr (8

LsotD — €anl (AeY )il H eRr +H.Cl

loop and indicates that the effect may first appear at the

four-loop order and a typical diagram is shown in Fig. 1. —[,uBeabHi‘Hng H.c], 9
This diagram will be further suppressed by at least the

square of the charged lepton massGR violation disap-  where as usua,| are the corresponding scalar components

pears if all charged leptons are massless. A more detailegk ine chiral superfieldsL,E appearing in Eq(8). Let us

calculation may reveal further suppression factors. For ougssyme universality of the soft trilinear couplings at the

purposes it is sufficient to acknowledge that the suppressiogrand unified theoryGUT) scale,A,=A,=A,, and one

factor is at least common phasep, associated with them. We consider the
) , third generation of leptons, i.eA. where the Yukawa cou-
§<(£) (L) EJL ) plings are large as compared to those of the first and the
47| \ 1672 M27CP second generation. Then the renormalization group running

of the imaginary part of the parametar., denoted a#\,,
whereM is the relevant high energy scale, at least as heavy,gyces an imaginary part of the parameiedenoted a8,
asMy . No matter how large th€P-violating combination 5t 5 scale below the GUT scale and their renormalization
of mixing angIesJéP in the leptonic sector is, the result fér  group equation$RGES are given by[19],
is well within the experimental bound. Therefore GIP vio-
lating phenomena discussed in the literature, suctCRs dA, 8]Y |*—

violation in neutrino oscillationsC P violation in the heavy dt 16,2 A, (10
Majorana neutrino decay, needed for leptogenesis and others,
are entirely possible without causing problems for _
Precisely the same estimats this crude approaghcan dB 2Y,|2—
be applied to the Zee model to produce similar conclusions, dt 1672 A (11)

i.e., # generated from th€ P violation in the leptonic sector

is small. However, unlike the SM with Majorana neutrinos, o|| the other parameters of the SUSY or the soft SUSY
where the possible electron EDM is likely to be very smallpreaking sector remain real. The tau lepton Yukawa coupling
[18], the Zee model can hawk at a measurable level6].  pag 5 weak runningespecially for small values of tg8).

Another group of models has two or more Higgs doubletsrys the system of differential equations of Ejl) can be
which give masses to quarks via two or madéferent  gqyeq trivially and gives

VEVs. In this case one should look for the effects which

introduce phases into the scalar potential. Thus the operators v, |2

HyHYei; (HEHU)H'UH{,eij , etc. may enter with complex co- _ — Q\2.2

efficients which then can lead to (arg+argvy) #0. A(Q)=AAMg) M_G ' (12)
In the nonsupersymmetric framework a consideration of

the radiative corrections to the scalar potential are somewhat Iv,2

flawed. Indeed, the dimensiont2,H}e;;-proportional term _ A (Mg) Q\2.2

enters in the Lagrangian multiplied by some mass squared B(Q=——4 1_(M_G> : (13

parameter. In the non-SUSY framework, at the radiative

level, this parameter will be sensitive to the square of theg, eyen if all the parameters at the GUT scale are real apart

cutoff A2 which by itself requires fine tuning to ensure the the leptonic il linaieh. then thi
stability of the electroweak scale. Thus, we believe that thérom € leptonic trilinear coupling 1.eA, , then this param-

question of induced phases in the soft-breaking sectorsand eter affects the running of thé parameter and generates a
cannot be solved without a specified framework which ennonzeroB. We can easily see from E(L3) that the running
sures the stability of the scalar potential. Thus we abandonf the phase of the parametgyi.e., ¢g at a scale Q is given
non-SUSY two Higgs doublet models and take the case dfy
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IY,/2 N
1A (Mg)| ( Q )2#] -4
sin =—————singp(Mg)| 1—| — . 1077 1=
(14 I
Let us now see what happens at the electroweak scale, 1076 — EXCLUDED

i.e.,Q=M;. Itis reasonable to tak& (Mg)|=|B(M;)| in

the MSSM with radiative electroweak breaking. This as- ¢ [r2dl r

sumption of course depends on the choice of the other 10-8 ]
MSSM parameterdVly, M4,», Ag and tan3. We display the

numerical solutions below. FotY,|?/47m=4x10"° and - :
tanB=2 with Mgy1=3%10'® GeV we get, from Eq(14), 5-I0

Singg(My)=—2xX10 “*sing,. (15 o
o iy ) 10710 4078 106  107¢  107?
Now from the minimization conditions of the scalar Higgs 5 [rad]

potential we have

FIG. 2. The extracted value of thterm as a function of the

u* B*|v|2 common phasep, at the GUT scale of the lepton trilinear soft
V== 5, (16) SUSY breaking couplings. The other SUSY breaking parameters
mi+m; have been fixed ;=M ,,=200 GeV and ta=10. The shaded

5 5 ) ) ) ) region is excluded by the experiment; see EL. Results ond
where mi,=mj; -+ and [v|*=lva|*+[v|*. Note also  from different values of the moduld\,| = 1,10,50,300,600 GeV are
that the parameter remains realif it originally is real) at  also indicated.
every scale because its renormalization is multiplicative.

The 6 angle is generated B is complex and given by eq.
(6). Putting the experimental bour{d) of # parameter into
Eq. (15) we get

even in that case the phases of th&rilinear soft breaking
coupling must be unnaturally small as we prove abptie
introduceP Q symmetry and the axion solution to the strong
CP problem.

— 6
$a(Mg) <1078, (17) IV. CONCLUSIONS

an unnaturally small number at the GUT scale. We conclude e have studied the question of naturalnessder vio-

that the phase in the leptonic sector produces large additivigtion in the leptonic sector to be large without inducing

r_enormqhzatlon of tha-QCD parameter_ Wh'Ch constitutes a #arge corrections ta@. This is an important question in the
fine tuning problem unless this phase is tiny, of the order o g )
context of nonaxionic solutions to the stro@P problem.

-6
10_° or smaller. We find that the main criterion dividing models into two

ap;-rr:)rp?reiatreen;ﬁ;ksse z?(r)er tlﬂeogifgr)n;\::r)gt '; stc(:eal?ags?/vrp]ihan classes is the number of Higgs doublets giving masses to
cancels the contribution of the., i.e., é,(Q) = — ba(Q). quarks. In the case of one doublet the contributionCdét

then eventually this pattern will be destroyed by the running?hases from the leptonic sector fois always small, being
of ¢g of Eq. (13) since ¢, does not run(ii) the constraint sup!?resseq by_ at _Ieast a threg—loop fa(_:tor so that a “maxi-
(17) on (M) is relaxed if we consider nonuniversality of mal” CP violation in the leptonic sector is allowed. In some
the soft SUSY breaking trilinear couplings at the GUT scale®f these modelgdilepton model, for exampled. can be

in the case of the electron and muon Yukawa couplifigs, ~ du'® large, ”er_1hancmg dr with respect to the

if we start with the(trivial) caseA=0 GeV at the GUT scale  ¢-dominance” signal, Eq(2), usually expected when the

then there is no contribution to thieterm and noCP viola- ~ @Xion mechanism is absent. _ o
tion in the leptonic sector. In the models with several doublets there is an efficient

We perform a numerical analysis of the RGEs by alsoV& of t_ransmittingCP violation from the leptonic se_ctor
taking into account low energy threshold effef29]. We into 6 via complex p_arameters in the scalar potenne_ll. In
present our results in Fig. 2. We see tlig{=10 © unless MSSM without an axion, a large phase of the leptoAjc
A, is exactly zero. Small departures from zésee the line parameter is _excludled.on the grgunds of r_1atura|ness, unless
with | Ag| =1 GeV in Fig. 2 for instandeput a strong bound the lepton universality is broken in a peculiar way that only
on the phasep,. As |A,| increases the bound becomes”e (OFA,) has the phase.
stronger, as strong a$,<10 8 for |A,|=300 GeV. This
happens becauspy,|=|A,(Mg)| gets much larger than
|B(My)| which further enhances the value of theta, as seen We thank R. R. Roberts for valuable discussions. A.D.
from Eq. (14). acknowledges financial support from the Marie Curie Re-

Therefore we face two possible choices if we still want tosearch Training Grant ERB-FMBI-CT98-3438. This work
keep largeCP violation in the leptonic sectof(i) relax the  was supported in part by the Department of Energy under
universality pattern of the phases at the GUT s¢atevever, Grant No. DE-FG-02-94-ER-40823.
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