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After a brief review of the minimal flavour violation hypotsie and its implementation in the
MSSM, the most general parametrisation of the soft superstny-breaking terms by means of
the charged lepton and neutrino spurions is constructedrebly a type | seesaw mechanism is
assumed to generate neutrino masses. This expansioniog®deveral new CP-violating phases,
whose effects on the leptonic electric dipole moments aresiigated.
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Revisiting CP-violation in MFV

1. Introduction

The particular flavour structure of the Standard Model tesione of the major puzzles of
particle physics. The excellent agreement of the SM priedistfor hadronic observables, such as
FCNC, K and B mixings etc., imposes very stringent constraints on theoflastructure of any
extension of the SM. On the other hand, the discovery of meumasses and mixing confirmed
the non-conservation of lepton flavour. It is not easy to arthat in a model for new physics
the new particles carrying flavour quantum numbers shoulddmve the TeV scale or that the
whole SM extension should be flavour-blind. Minimal flavoimlation (MFV) provides a model
independent symmetry principle to accommodate a noratrilgvour structure while allowing new
physics below the TeV scale. This is achieved by implemgritie same suppression mechanism
for flavour transitions that is at work in the SM into the newysgios lagrangian. Although MFV
does not allow for new sources of flavour transitions, itddtrces new CP-violating phases and
their impact on flavour-diagonal CP-violating observalblas to be analysed.

Besides of being free of hadronic uncertainties, the leptrtor provides tight experimental
limits for lepton flavour violating (LFV) processes and efecdipole moments (EDM). If the
forthcoming experiments see any deviation from the SM teh, which is essentially zero, it
would be a clear signal of new physics. It is thus naturaludythe effects of the new CP-violating
phases on the leptonic EDMs. This is done within the MSSM witlipe | seesaw mechanism to
account for the neutrino masses.

2. Theprinciple of MFV

First, let us review the MFV hypothesis starting from the dlawstructure of the SM. It was
pointed out in [1] that the gauge sector of the SM is invariamder the flavour symmetry group

Gt = U(3)° = U(B)oxU(3)y xU(3)pxU(3)L xU(e, (2.1)

i.e. we can rotate the fermion fields in family space, leatimagkinetic terms invariant. This flavour
symmetry is extended by an addition&(3)y factor when three heavy right-handed neutrinos are
added to the SM patrticle content. Of course this symmetryakdn by the Yukawa couplings, e.g.
E'YJYL'Hg, wherel ,J = 1,2,3 are family indices.

We can nevertheless make the whole SM lagrangian forn@lljnvariant by promoting the
Yukawa matrices to spurions. This means tfais required to transform as

G .
Ye — geYeg! with ge €U(3)e, gL €U(3)L, (2.2)

and analogously foY, andY 4. At the end of the day the spurions are fixed to the physicaleval
of the couplings and the flavour symmetry is explicitly bnokd his formal invariance allows us
to formulate the MFV hypotesisThe flavour symmetry Gs broken minimallyf2]. This means
that no matter what the origin of the flavour structure is)yahle known sources, i.e. the SM
spurions, are responsible for the breaking of the flavournsgtry. Requiring a model to respect
MFV allows one to parametrise every flavour structure in teohthe SM spurions and thus the
model will automatically inherit the hierarchical struadwof the Yukawa couplings. We now have
a symmetry principle at hand that can accommodate a naaidtfigvour structure.
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To start using MFV, we first have to clarify the spurion contienthe SM. It is found [3] that
assuming a type | seesaw mechanism [4], there are two sguridhe lepton sectoiY ¢, which has
already been mentioned above, angd The background value fof¢ is given by the mass matrix
of the charged leptons

1 m O O
Ye=c-| 0 my 0 with Vg = (0[H{40) . (2.3)
“\o om

In view of applying MFV to the MSSM, we already define the spas with two Higgs doublets.
Since the neutrino mixing parameters are not directly hi@the Yukawa coupling matrix ,,
there is no simple relation to fix the spurion unambiguougigsuming the heavy right-handed
neutrinos to be degenerate, we get the expression [5]

M i . G
Yiv, = Sruymee®ymut with YIY, 2o Yivegl. 2.4)
u

Mg is the seesaw scalm, = diag(m,1,my,2,My3) the mass matrix of the light neutrinos add=
Upmns: diag(1,€9/2,€P/2) is the Pontecorvo-Maki-Nakagawa-Sakata mixing matrixwéh the
two Majorana phases andf. The three real parameters of the antisymmetric majx= &« ok
collect the arbitrariness mentioned above and provide ditiadal souce of CP-violation.

3. MFV inthe MSSM

Knowing the two spurions relevant to the lepton sector, wermaw implement MFV in the
MSSM. In constrast to the SM, the flavour symmetry of the gasgdor is not only broken by the
Yukawa couplings in the superpotential, but also by the sgfiersymmetry-breaking terms

Zsott=—L ML —EmZET+EA(LHg)+ ..., (3.1)

since the superpartners transform in the same way uBgdas their corresponding SM fields. The
matricesm?, mZ, andA. (3 x 3 matrices in family space) are not fixed by the theory itsetf ean
cause huge flavour changes. The MFV hypothesis requiresftibreaking terms to be formaly
invariant undeiG; which means that we have to impose the following transfaomatroperties

G G G
m? —Sgomigl, mZ SgemZgl, and Ae—>geAeg . (3.2)
We can now expand these matrices in terms of the spu@randY , [2]. Remembering that
G G
Yive = g YiYeg! and Y]Y, ZaYlYugl, (3.3)

we can write the soft-breaking terms as sums of arbitrarygpewfA = YI{,Ye andB = Y3YV in
such a way that the correct transformation properties @@)eproduced. With the help of the
Cayley-Hamilton identity it is then possible to reduce theams to a finite number of terms [7-9]
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and the final result reads

m? = mb(a;1+ aA + agB + ayB? + as{A,B} + asBAB
+ibs[A,B] +ibo[A,B?| +ibs(B?AB — BAB?)) ,

mZ = mg(az1+ Ye(agl+ aoB +a1oB? + a1 {A,B} +a;oBAB (3.4)
+ibg[A, B] +ibs[A, B?] + ibg(B2AB — BAB?))Y{) '
Ae = AgYe(C11+ CoA + 3B + c4B2 + c5{A, B} + csBAB
+ chi[A, B] + dhi[A, B?] + ¢7i(B2AB — BAB?)) ,

wheremy and Ag set the supersymmetry-breaking scale. So far we have jusitten the soft-
breaking terms in a hermitian basis. For large coefficiants, ¢; andd;, the off-diagonal elements
of the soft-breaking terms can still induce large flavoumgjes. MFV requires the coefficients to
be of ©(1), which then gives a non-trivial but suppressed off-diagflamour structure. Note that
there has been no reduction of the number of free param@teeshermiticity ofm? andm2 forces
the coefficients; andb; to be real, whereas there is no such constraingfandd;.

It will be important later on to summarise the CP-phases we lira our setup. Clearly, the
spurionYiYV introduces already several CP-violating phases: one Pinase, the two Majorana
phasesa and 3 and the three seesaw parameters of the ma&trixThe second source of CP-
violation are the MFV coefficients themselves, b, ¢, andd; contain all possibl&; singlets, in
particular traces oY:gYe andYﬁYv. But since the spurions carry complex phases, their treaes c
be complex and it would be inconsistent to require all MFVfficients to be real. In fact, th&s
symmetry does not protect the MFV coefficients from being plemand it is not even possible to
define a CP-limit independently for the spurions and for thefficients [9].

4. Observables and CP-phases

Equipped with this flavour structure of the soft-breakingrs, let us investigate the MSSM
contributions to the leptonic EDMs and LFV processes. Theloop contributions to the effective
operator

Hett =ed” PLowyRF* +he. (4.2)

have already been calculated exactly [10] and in the masstims approximation (MIA) [11].
Only chargino and neutralino contributions will be cons@tk neglecting Barr-Zee [12] and t8n
enhanced non-holomorphic corrections [13]. The MIA catoh provides a good approximation
even for light sparticles and it will help us to classify th#fatent sources of CP-violation.

We now randomly generate sets®@f1) MFV coefficientsa;, bj, ¢;, andd; and plot the result-
ing values of the observables in the BR— ey) — de plane. In fig. 1, 90% contours are plotted,
i.e. the area where 90% of the calculated points lie. Thedifft colours correspond to different
settings of parameters. In practice, not all the terms inMR&/ expansion of eq. (3.4) give a
significant contribution to the observables. To understhednain features of fig. 1, it is sufficient
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Figure 1: The BR\u — ey) — de plane is plotted on a logarithmic scale, normalized to theeexnental
limits BR( — ey) < 1.2 x 10-1* and|de| < 1.6 1027 ecm [14]. The green contours represent the case for
random MFV coefficients, whereas the turquoise ones havawaut-blind phase, i.e; is real. The purple
contours have alt; real, which is the case when only the flavour off-diagonalgelsagive contributions
to the EDM. The neutrino parameters are varied (see [9] faildg and the other parameters are fixed to:
tanB = 10, my; = 0, my = 600 GeV,Ag = 300 Gev,u = 300 Gev,M; = 200 GeV,M, = 400 GeV. The
roman numbers distinguish different valued: I: Mr = 10° GeV, II: Mg = 10 GeV, and lIl:Mg = 10%3
GeV.

to look at the dominant terms which are given by [9]

M, o tar? B 2

4
MSU SY

az
a (Yiv,

)

BR(u —ey) ~ BR(U — eVeVy) )12

(4.2)

% . Mea <Imc1 n Imc3Y$YV B b1 Recs

11
YIYe, YIY,IYTY .
a7 aa; alay [YeYe Yy Yu[YuYy

2
e Msysy

The three cases |, Il and lll in fig. 1 show the dependence obbservables on the seesaw
scaleMg. SinceYﬁYV is proportional tdVig, see eq. (2.4), BRu — ey) is roughly proportional to
M2. Once the MSSM mass spectrum is fixed, such that the EDMsynespect their experimental
constraint, we get a bound &y from the LFV limit that does not allow for large valuestY,.

In contrast to the LFV branching ratios, the EDMs are not g\&ensitive to a growinllg. If
the coefficient; has a non-vanishing imaginary part (green contours), Itasiinpletely dominate
and from eq. (4.2) it is clear that the first term hash@ dependence. This dominance has been
investigated already in ref. [15] and could easily be exgioby the future experiments. Setting
Imcy =0, the second term in eq. (4.2) (turquoise contours) takesawd therefore also the EDM
starts increasing witlvig. The same applies also to the case where only the third teres gi
contribution to the EDM (purple contours), i.e. whendm= Imcz = 0. However, given the limit
on Mg from u — ey, these phases are never competitive witltim
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We already mentioned the occurrence of several CP-vigigtirases in the previous section.
The strong hierarchy between the green, turquoise andgumuitours allows us to classify the
various CP-phases according to their contributions togpthic EDMs [9].

e Flavour-blind phaseSince all thec; andd; can be complex, the overall phase of the trilinear
term A¢ has to be defined depending on the convention for the phagee difavour-blind
sector (phase dft, etc.). In principle we can move this overall phase, i.e. ghase ofc,
into the flavour-blind sector which would mean that MFV intuges only relative phases
among the coefficients. However, once the MSSM phases aw dixg we allowc; to be
complex, fig. 1 shows a striking dominance of the flavouréblphase on the EDM of the
electron. This follows clearly from eq. (4.2) since the ftesin is not suppressed by the size
of the spurions.

e Flavour diagonal phasessStill to leading order in the MIA, but already suppressed gy t
spurions, are the parametersdnfor i £ 1. The turquoise contours in fig. 1 show that
these phases are suppressed by several orders of magitede. (4.2) the leading flavour
diagonal phase Ity is shown in the second term.

¢ Flavour off-diagonal phasesThe phases of the spurions as wellbppsindd; can only con-
tribute at second order in the MIA. Since we have expandedsdfiebreaking terms in a
hermitian basis, the diagonal entries of the basis elenweilitalways be real and therefore
the flavour off-diagonal phases can only contribute whendfwhe soft-breaking terms are
multiplied with each other. The strong suppression of tipFseses can be seen by means of
the purple contours in fig. 1. This scenario correspondsdpping the first and second term
in eqg. (4.2), where the third term is the dominant flavourdiffgonal contribution.

This classification of CP-phases does not only apply to thtesector, since also the squark
soft-breaking terms can be expanded in a similar MFV basigebiacingY [Y ¢ with Y:;Yd and
YTy, with YIYy. A complete analysis of the new phases in hadronic CP-wgiaibservables
would be very desirable.

5. Conclusion

The MSSM, equipped with a seesaw mechanism of type |, istred)td respect the principle of
MFV. We have constructed the most general MFV expansioneo$tit-breaking terms (eq. (3.4))
and showed how new CP-violating phases appear. These plraselassified into flavour-blind,
flavour diagonal and flavour off-diagonal, according to thstiongly hierarchical contribution to
the EDMs of the leptons. The numerical analysis shows agthograrchy between these classes,
which can be understood from the structure of the MFV exmanand its connection to the MIA.

Overall, we find that all the CP-violating phases allowed iy MFV principle are compat-
ible with the experimental bounds in the lepton sector. Toa similar analysis has yet to be
performed in the quark sector, the perspective for a richvibRting phenomenology within MFV
looks very promising.
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