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CP Violation in Seesaw Models of Quark Masses
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CP phenomenology in "seesaw" models of quark masses is shown to parallel that of the usual left-

right-symmetric models with the additional advantage that it provides a natural solution to the strong

CP problem. For the case where the third-generation mixing parameter V„b is extremely small, the
neutral-Higgs-boson interactions lead to e'/e=10 ' and the electric dipole moment of the neutron

d„=10 e cm. Smallness of the neutrino masses is understood as a two-loop eAect.

PACS numbers: 11.30.Er, 12.15.Ff, 13.25.+m, 13.40.Fn

Understanding the smallness of the fermion masses
compared to the scale of electroweak symmetry breaking
(i.e., m~ t&&mtt, /g) is one of the major puzzles of the
standard model. If the neutrinos have mass, their small
masses add another dimension to this puzzle. For Ma-
jorana neutrinos the "seesaw" mechanism' provides a
way to understand the smallness of m, in terms of a new
scale corresponding to the breaking of local' or global
8 —I. symmetry. This mechanism, however, does not
shed any light on the first question, i.e., why mq ~(&m~.
A new approach has recently been advocated which
addresses both these questions using the seesaw mecha-
nism for the charged-fermion masses, rather than for the
neutrinos. As a result, the Yukawa couplings needed to
understand quark-lepton masses need not be smaller
than 10, alleviating the naturalness problem some-
what. The (Dirac) neutrino masses in this case arise '

at the two-loop level, making them automatically small.
In this Letter, we study the CP-violating consequences of
this model. The result of our investigation is that, even
though the model divers considerably in its structure of
fermion masses from previous formulations of left-right
models, CP-violating phenomenology when the third
generation is nearly decoupled closely parallels that of
the earlier models with the additional advantage that the
present model provides a natural solution to the strong
CP problem. The eAective 0 in this model arises only at
the two-loop level. Furthermore, we find that the model
leads naturally to an electric dipole moment of the neu-
tron d„=10 ecm and longitudinal muon polarization
in KL pp at the level of 10 —10 . The main reason
for the d„ to be considerably enhanced in our model over
the standard model is that in our case it arises at the
one-loop level from the existence of right-handed
charged currents and Higgs-boson interactions whereas
in the standard model d„arises at higher loop level.

While we adopt a strategy similar to that of Refs. 4
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We introduce one set of heavy isosinglet fermions for
each generation transforming as follows: singlet quarks
P(1, 1, —, ), 1V(1,1, ——, ); singlet lepton E(1,1, —2). The
Higgs sector of the model consists only of the following:

gt. =(2, 1, 1); hatt —= (1,2, 1); cr= (1,1,0). A—s in the paper
of Mohapatra, we assume cr to be odd under parity
transformation. It is taken to be charge-conjugation
even, so that it is odd under CP.

The Yukawa coupling between the fermions and

Higgs bosons are given by

and 5, there is an important diff'erence in our approach:
In Refs. 4 and 5, the neutrino mass m, —h mtt, /M,
where h is a typical Yukawa coupling and M is the scale
of singlet masses. For h —1-10, we see that M
~ 10' -10 GeV and since a typical charged-fermion
mass mf = h mtt, mtt, /M, this implies that mtt; is also
in the 10 —10' -GeV range. Thus, eA'ects such as CP
violation associated with the new physics are negligible
at low energies. In our case, we do not include a heavy
neutral singlet lepton; as a result m, arises at the two-

loop level, ' and the singlet fermion as well as the O'R
scale can be in the TeV range, making the new physics
accessible to experiments in the near future. This is the
crucial diAerence between our work and that of Refs. 4
and 5. In fact, if we envision SU(5)LSSU(5)R as the
grand-unification group as in Ref. 4, the heavy singlet
lepton is naturally absent.

The electroweak gauge group of the model is SU(2)L
SSU(2)ttU(1)tt —t wtth the known quarks and lep-
tons assigned to the gauge group representations as fol-
lows (suppressing generation index i,j,k):

+Y habQL, a2rLPR, b + hah Qt. ,aXL+R, b + hah +t. ,a+LER, b + (I + ) + H. C

+P, (m,"b + ifab csfs )Pb ++ (mab + tfab tT $5 )&b +E,(I,'b +ifab ctys )Eb (2)

Here, I' and f' are Hermitian matrices, whereas h "s are arbitrary complex matrices. To get the correct symmetry-
breaking pattern, it was shown in Ref. 3 that (ct) =peO leading to complex masses for P, %, and E. The gauge-
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symmetry breaking is achieved by the following vacuum
expectation values for gz g doublets which minimize the
potential: (gL) =KL, (gR) =xR. In this model, the 8'L-
8'g mixing vanishes at the tree level and arises only at
the one-loop level and is given by

1'

m, mg
gw, w, =-

4R sin Og I~R
In the unitary gauge, this model has only three neutral
Higgs bosons, oz, c.~, and o.. They, however, mix at the
tree level with crL-op mixing of order X(x'L/I~g).

Before turning to discuss CP violation, let us briefly
review the situation wi:h neutrino mass in the modej. It
is clear from Eq. (2) that subsequent to symmetry break-
ing m, =0. Nonzero contribution to the neutrino mass
arises at the two-loop level involving 8'z and 8'g ex-
changes, leading to

m, re~
fH„— (3)

4Z sin 0~ Pal~
I

Ul@

or m, ,
=10 m~, for M=m~„. (Here M is the singlet-

fermion mass scale. ) This not only explains the small-
ness of the neutrino masses, but is also consistent with
the cosmological bounds.

The mass matrix for charged fermions (that includes
the light and heavy sector) is given by (for the up-quark
sector)

M+=
PM~ ~O

where M" =m" +i(a)f"; m" and f" are both Hermitian

pa

pq
A =I.,R,

—h'M" 'h" v K 0
„[I+O(p')].

We can further diagonalize D+ hy the following two»n-
itary matrices

Kzp=+ (KL~ 0

0 Kzg

via the biunitary transformation Md+;, g
=Kz+D+K~+ .

Two distinct cases arise depending on whether we as-
sume (a) CP violation is intrinsic or (b) it is spontane-
ous. In case (a), the matrices h" and M" are arbitrary
complex matrices; therefore Kz, Kz and Kg, K~ are total-
ly unrelated to each other. We, therefore, have both
mixing angles and phases arbitrary in the left and right
sector. In this case, the weak Lagrangian in the mass-
eigenstate basis can be written as (to order p)

matrices but M is not. Similar mass matrices M and
M' arise for the down-quark and the charged-lepton sec-
tors, respectively. To diagonalize the above mass ma-
trices, define matrices

p' =v AM' ' p' =K M'

If we assume that kLh" « kgb"'«M" (which is reason-
able since M" is a gauge singlet mass), then typical ele-
ments of pz and p~ are much smaller than 1. To second
order in pz g, the matrix M is block diagonalized by
the transformation D+ =ULM+UjI, where

k ~g (uL ypI I dL+ uL y„KLpLKL NL+PL ) I KL~pL KL dL)
2

(9)+ Vrg+(u/y„Vpd/+u/ypKgpgK)p N/+PgypKRpR K/ d/)+H. c.+ leptonic part.

Here V~ =K~K~, 4 =J,R are the usual quark mixing matrices. The interactions involving the physical Higgs bosons
oL =&2RegL and o.~ = J2RegR and the fermions can now be written as

J2X 'ss'=uLMd;. „sup + +uLKLh "Kg PgaL+uRKgh'KL PLcr~+H. c.
kz K'R

r
ia 0 iP

R
I 0

—(a L ()

0
e

—ip '

and similarly for the down-quark and lepton sectors.
Here we have neglected the couplings of the singlet a
connecting ordinary and heavy quarks, since these are
suppressed at least by a factor kzf"M" '. These formu-
las [Eqs. (9) and (10)] simplify once we turn to case (b),
where CP is spontaneously violated by (cr)AO. In this
case, the matrices M', i =u, d, e are symmetric because
of left-right symmetry. As a result, in Eq. (8), KL ~ and
Kl z satisfy the following relations: Kz =K&*, I =u, d;
Kz =KR*, o =P,Ã. This implies that the rotation angles
in I and R are the same, but the phases are diA'erent. In
particular, for two generations, we have

t
This corresponds to the pseudomanifest left-right sym-
metry. Here Vz is the usual real two-generation Ca-
bibbo rotation matrix. ' Obviously, the exchange of
left-handed 8'z bosons does not lead to any CP-violating
eAect. On the other hand, the CP-violating effects in-
duced by the right-handed 8'z exchange satisfy the "iso-
conjugate" relations leading to e' =0 and the magnitude
of e being proportional to (m~, /m~, ) . These results
have been extensively discussed before and we do not re-
peat them here except to note that they are appjicable in

our case as well. There are, of course, new contributions
to hS =2 CP-violating Hamiltonian from box graphs in-
volving heavy-single-quark intermediate states. They
can arise from 8'z 8 g and 8'~8'~ exchanges, the former
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contribution being the dominant one. To estimate these
contributions, we need to know the orders of magnitude
of the singlet-fermion masses M, and the coupling h,'b.
The values of these parameters are constrained by the
seesaw formula for the quark masses. Ignoring the ef-
fects of mixing, we expect m,"=h,", xzx R/Mp (and sim-
ilarly for down quarks and leptons). For m~, in the

TeV range, we expect the singlet-quark masses (Mp iv)
in the 10 TeV range, leading to h i ~, h i i of order 10
h22 and h;2 of order 10 ', etc. From Eq. (9) we con-
clude that the dominant singlet-quark mediated O'I 8'~
contribution to AS =2 amplitude is given by'' (in the
limit mw, «mw„«Mp. , assuming the ith heavy quark to
dominate)

2
GF 2a mWL

0~m =2=
irsin Oil Mp,

mw
kz X~ 1+ln

Mp, .

—2 ln
mw

IWR
2

(12)

=(K " Kg ),*, (K " Kg );d, A =L,R.
l

We estimate the strength of the above AS =2 amplitude (for mll; =2 TeV, Mp= 10 TeV) to be

(Koi H,'gs'-'!
i
K'&=(K'i H'.;=, i

K')IO'~, ~R . (i4)

~ FCNC

This implies that ki.k~. ( 10 . Additional constraints on p;~" arise from a tree-level flavor-changing neutral-current
contribution, which provide much stronger bounds on p. For this purpose, let us write down the flavor-changing
neutral-current interactions of Z| and Z2 in the down-quark sector in this model':

Sill 0lpZiX cosP+»np l/2 F!J,L'@,Lfpgj, L +2sinptan Oll (cos20ll )' Ffj Rp;, Ry„re, Rsln20w l ~j cos20ll

F;&,~ =(K~p~p~K~)ij. (i6)
The interaction with Z2 is obtained from the above by replacing sinp by cosp and cosp by —sinp. Here sinp is the mix-
ing angle in the neutral-gauge-boson sector which is of order xz/x. R. The parameters p will be constrained by
flavor-changing neutral-current processes such as EI pp and EL —Eg mass difference. The former process leads to
pz;j ( 10 and pR;j ~ 10 (mz, /mz, ) =10 ', in which case the latter constraint is satisfied automatically. This will
also contribute to the d,S=2 CP-violating Hamiltonian via Zl and Z2 exchange. They have strengths (we omit the
CP-violating phase, but note that it is different from the phase that appears in the study of e parameter)

fAs =2z, GFpL GF x 10 sin Oc f6$ =2,z GFpR (mz, /mz, )4 —8 2 4 2

Since, in this model, mz, =mll, cos Oll sec20ll, f&s=2z, =GFx10 ". This should be compared with the usual CP
violating contribution of order GFm, /42r &&10 =GF x10 . Therefore, these contributions are negligible.

To calculate e' in this model we need the direct CP-violating hS =1 nonI, ptonic Hamiltonian. They cannot come
from O'R exchange since WR exchange contributions satisfy the isoconjugati relation and therefore lead to ImA2/Reh2
=ImAo/ReAD. Two possible sources of e' in our model are (a) tree-level liavor-changing neutral currents and (b)
penguin graphs involving singlet-fermion intermediate states.

The tree-level flavor-changing contributions to CP-violating nonleptonic Hamiltonian can be induced by Zi or Z2 ex-
changes. Their strengths are given by GFpz and GFpR(mz, /mz, ) . Using the bounds for pz and pR derived in the pre-
vious section, it is easily seen that their contribution to e/E is of order 10 and hence negligible.

Turning to case (b), the contribution of the penguin graphs can be either of chirality-fiip or of chirality-conserving
type. In the case of chirality flip, the strength of the penguin graph involving al -a.R mixing is

(i9)

HzV=i =«, , (Kzh KR )-l;(KRh Kz )2i 2 dzo'i, X &RQ Ztj7if„k'q;+L R+H. c. , (IS)
42rMiv Q I

whereas the chirality-conserving Hamiltonian is given by

Hgg=l (Kzh KR )i'(Ki h KR )2'
2 dzi&k SzgiI'g&X g;+L R+H.c.

In order to estimate the relative contribution of the above two operators [Eqs. (18) and (19)] we need an estimate of
the E 2z matrix element of the hadronic operators. We use the estimate of the chirality-preserving operator from
Ref. 13 and the chirality-flipping one from Ref. 14 and find that the chirality-flipping contribution dominates in the
CP-violating K 2ir transition by a factor of 100 leading to a phase (0=10,which in turn implies e/@=10 . This
is in agreement with the recent NA-31' observation. The gauge-boson contribution to the above amplitude with heavy
internal quark is of the same order as Eq. (19) and hence negligible. It is worth suggesting that the above estimate re-
quires the singlet masses to be less than about 10 TeV.
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Next, we discuss the electric dipole moment of the neutron (d„) in this model. It arises from the oz-o~ exchange
graph (Fig. I) and using Eq. (10) leads to the electric dipole moment of the d quark (and a similar expression for the u

quark),

Im[(lk"h"Z ') R'h'Z ')*]=10 "-10 "«m
64~ M~

for the same range of parameters used earlier. This im-

plies that d„=10 —10 e cm. Note that this predic-
tion can distinguish this model from the standard
Kobayashi-Maskawa model. ' It is perhaps worth not-

ing that the dominant contribution to e'/e and d„arises
from the Feynman graph involving the exchange of o.-

Higgs bosons; in this sense, E'/e and d„are related to
each other as in the usual left-right models, where they
arise from 8 I -O'R mixing.

Another interesting aspect of the model is a sizable
electric dipole moment of the electron. Since the neutri-
no masses vanish at the tree level, there is no mixing be-
tween lepton generations in the weak current. However,
there are interactions involving the doublet charged lep-
tons (e,p, r) and Ei, Eq, E3 that are CP-violating. They
would contribute to the electric dipole moment of the
electron via diagrams similar to Fig. 1. Since h'
=6x 10 for the first generation, we expect d, = 10
e cm.

If we parametrize the KL pp decay Hamiltonian
as"

F
Hwk ld j'gS(Qp j'5p+ lb' p), (21)

the longitudinal muon polarization is P=1.8x10 b. In
our model, the dominant contribution to b comes from
box graphs involving o.L-oq exchange and heavy-singlet
fermions. Making the conservative assumption that the
vectorlike lepton dominates, we get

—
1

b= hpph2psinez sinaln(Mz. /M, ),
8J2~'M'

where h and h' stand for the Yukawa coupling ma-
trices, Oq. is the Cabibbo angle, and e is the CP phase.
Using previous estimates that h 22 h 22 2p and choos-

ing M~ =10 TeV, we obtain as a conservative bound P
& 2x10

Finally we comment on strong CP violation in this
model. The eA'ective strong CP parameter is defined as
0 =9+Arg Det(M„Md ). Parity invariance of the theory
implies that 0=0 and a look at the mass matrices [Eq.
(4)] immediately shows that ArgDet(M —) =0 so that

O~

/
/

dL NR

FIG. 1. Typical one-loop graph contributing to electric di-

pole moment of d quark and hence the neutron.
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t
at the tree level 0=0. It is easy to see that the one-loop

contribution to M — arises from crz-ag exchange and
leads to ArgDet(M —+6M ) =0, implying the vanish-

ing of O,„,i«n. Thus, the lowest order in which 0 may
arise is the two-loop order.
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