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ABSTRACT: We study the connection between quark and lepton mass matrices in a super-
symmetric SO(10) GUT model in six dimensions, compactified on an orbifold. The physical
quarks and leptons are mixtures of brane and bulk states. This leads to a characteristic pat-
tern of mass matrices and high-energy CP violating phases. The hierarchy of up and down
quark masses determines the CKM matrix and most charged lepton and neutrino masses
and mixings. The small hierarchy of neutrino masses is a consequence of the mismatch of
the up and down quark mass hierarchies. The effective CP violating phases in the quark

sector, neutrino oscillations and leptogenesis are unrelated. In the neutrino sector we can

accomodate naturally sinflog ~ 1, sin 13 < 0.1 and my < mg ~ 1/Am§01 <mg~ AmZ, .
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1. Introduction

Grand unified theories (GUTSs) appear to be the most promising framework [fl, f] to address
the still challenging question of quark and lepton masses and mixings. During the past
years new results from neutrino physics have shed new light on this problem, and the large
differences between the mass hierarchies and mixing angles of quarks, charged leptons and
neutrinos impose strong constraints on unified extensions of the Standard Model (SM) [B, .
Massive neutrinos are most easily incorporated in theories with right-handed neutrinos,
which leads to SO(10) as preferred GUT gauge group [B, fi].

Higher-dimensional theories offer new possibilities to describe gauge symmetry break-
ing, the notorious doublet-triplet splitting and also fermion masses. A simple and elegant
scheme is provided by orbifold compactifications which have recently been considered for
GUT models in five and six dimensions [[]—-[[J]. In this paper we analyse in detail the con-
nection between quark and lepton mass matrices in the six-dimensional (6D) GUT model
suggested in [LJ], for which also proton decay [I4], supersymmetry breaking [[I5] and gauge
coupling unification [[L] have been studied. An alternative SO(10) model in five and six
dimensions has previously been studied in [[L7]. For a recent discussion of CP violation in

a 5D orbifold GUT model, see [1§].



An important ingredient of orbifold GUTs is the presence of split bulk multiplets whose
mixings with complete GUT multiplets, localised at the fixed points, can significantly
modify ordinary GUT mass relations. This extends the known mechanism of mixing with
vectorlike multiplets [I—RI]. Such models have a large mixing of left-handed leptons and
right-handed down quarks, while small mixings of the left-handed down quarks. In this
way large mixings in the leptonic charged current are naturally reconciled with small CKM
mixings in the quark current.

Our model of quark and lepton masses and mixings relates different orders of magnitude
whereas factors O(1) remain undetermined. Hence, we can only discuss qualitative features
of quark and lepton mass matrices. Recently, orbifold compactifications of the heterotic
string have been constructed which can account for the standard model in four dimensions
and which have a six-dimensional GUT structure as intermediate step very similar to
familiar orbifold GUT models [3-R4]. In such models the currently unknown O(1) factors
are in principle calculable, which would then allow for quantitative predictions.

The goal of the present paper is twofold: As a typical example, we first study the
model [[[J] in more detail and explicitly compute the mass eigenstates, masses and mixing
angles. Second, we investigate the question of CP violation, both in the quark and lepton
sector and possible connections between the two. In previous studies, CP violation has
mostly been neglected assuming that, barring fortunate cancellations, the phases and mix-
ings are practically independent. Nevertheless this question and the flavour structure are
strongly interconnected, and we will see that a specific pattern of mass matrices can give
a distinct signature also in the CP violation invariants.

This paper is organised as follows: In section f] we describe the 6D orbifold GUT
model and the diagonalisation of the mass matrices defining the low energy SM fermions.
In section Bl we discuss the CP violation in the quark sector, whereas section {f is devoted to
the CP violation in the leptonic sector. Conclusions are given in section [l Two appendices
provide details to the computation of the mass eigenstates and CP violation in extensions

of the SM.

2. SO(10) unification in six dimensions

We study an SO(10) GUT model in 6D with N = 1 supersymmetry compactified on the
orbifold T2 /(Z% x ZES x Z$%) [0, [J]. The theory has four fixed points, Oy, Ops, Oga and
Oq, located at the four corners of a ‘pillow’ corresponding to the two compact dimensions
(cf. figure [l). The extended supersymmetry is broken at all fixed points; in addition,
the gauge group SO(10) is broken to its three subgroups Gps = SU(4) x SU(2) x SU(2);
Gaa = SU(5) x U(1)x; and flipped SU(5), Gqg = SU(5)" x U(1), at Ops, Ogg and Og,
respectively. The intersection of all these GUT groups yields the standard model group
with an additional U(1) factor, Ggyy = SU(3) x SU(2) x U(1l)y x U(1)ys, as unbroken
gauge symmetry below the compactification scale.

The field content of the theory is strongly constrained by imposing the cancellation of
irreducible bulk and brane anomalies [R§]. The model proposed in ref. [[J contains three
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Figure 1: The three SO(10) subgroups at the corresponding fixed points (branes) of the orbifold
T2 /(75 x 755 x 7§S).

spinors 1;(16), i = 1...3, as brane fields as well as six vectorial fields H;(10), j =1...6,
and two pairs of spinors, ®(16) + ®°(16) and ¢(16) + ¢°(16) as bulk hypermultiplets.

The massless zero modes N(®) and N¢(P€) acquire vacuum expectation values (vevs),
vy = (N) = (N€), breaking B — L and thus Ggyy to Ggm. The breaking scale is close to
the compactification scale so that 1)12\[ /M, ~ 10 GeV, where M, is the cutoff of the 6D
theory. At the weak scale, the doublets Hy(H;) and H,(Hs) acquire vevs, v = (Hy) and
vy = (H,), breaking the electroweak symmetry.

The three sequential 16-plets are located on the three branes where SO(10) is broken
to its three GUT subgroups; in particular, we place 1 at Ogg, Y2 at Og and 13 at Opgs.
The parities of Hs, Hg, ¢, and ¢¢ are chosen such that their zero modes,

C

L(¢) = <4> L L) = <4> L di(Hs), da(H),  (21)
€4 €4

have the quantum numbers of a lepton doublet and antidoublet as well as anti-down and

down-quark singlets, respectively. Both L(¢) and L¢(¢°) are SU(2); doublets. Together

these zero modes act as a fourth vectorial generation of down quarks and leptons.

The three ‘families’ v; are separated by distances large compared to the cutoff scale
M,. Hence, they can only have diagonal Yukawa couplings with the bulk Higgs fields;
direct mixings are exponentially suppressed. The brane fields, however, can mix with the
bulk zero modes for which we expect no suppression. These mixings take place only among
left-handed leptons and right-handed down quarks, leading to a characteristic pattern of

mass matrices [[3, [4].

The mass terms assume the characteristic form,

W = u;mius + damiﬁdg + eameages + ygmgﬁug + SuEmNvg

(2.2)

where latin indices only span 1, 2, 3, while greak indices include the forth generation states.
The up quark and Majorana neutrino mass matrices, m* and m?”, are diagonal 3 x 3

matrices,
2
hijva 0 0 Mize O ,
mt=| 0 hHvw 0 [, m¥=1 o ahE o |- (2.3a)
0 0 h§3v2 0 0 hN ﬁ

33 M,



Since v§ is part of an SU(2); doublet, it cannot couple to the other SM singlets in ;
via the B — L breaking field. Furthermore, there is no other coupling giving it a direct

Majorana mass.

The Dirac mass matrices of down quarks, charged leptons and neutrinos, m?, m¢ and
mP | respectively, are 4 x 4 matrices instead, due to the mixing with the bulk field zero

modes,

h{v1 0 0 gf%vl

md — 0 hduvy 0 gg%vl (2.30)

d dvN ’ .

fion fooy faun MY
h‘lil’Ul 0 0 h§4v1 thl'UQ 0 0 hﬂ’vg

mé — 0 hgvr 0 hjun mP — 0 hiva 0 hijvs (2.3¢)

0 0 hg?’?}l h§4?}1 ’ 0 0 h%;fgvz h§)41)2 ’

MmtoMmL oMb M MmtoML oMb M

up to corrections O(v%/M?2). The diagonal elements satisfy four GUT relations which
correspond only to the local unbroken groups, i.e., SU(5), flipped SU(5) and Pati-Salam
subgroups of SO(10). The hypothesis of a universal strength of Yukawa couplings at each
fixpoint leads to the identification of the diagonal and off-diagonal elements of m*/ tan 3,
m?, me¢, and mP” /tan 8, where tan 8 = vs /vy, up to coefficients of order one. This implies
an approximate top-bottom unification with large tan § and a parametrisation of quark
and lepton mass hierarchies in terms of the six parameters p; and ;.

¢ me® and m” are the mixings between the six

The crucial feature of the matrices m
brane states and the two bulk states. The first three rows of the matrices are proportional
to the electroweak scale. The corresponding Yukawa couplings have to be hierarchical
in order to obtain a realistic spectrum of quark and lepton masses. This corresponds to
different strengths of the Yukawa couplings at the different fixed points of the orbifold.
The fourth row, proportional to M¢?, M! and vy, is of order the unification scale and, we

assume, non-hierarchical.

The mass matrices m?, m¢ and m” are of the common form
m 0 0
0 0 u
| 0 0 | 24
O 0 ks o
My My M3 My

where p;, 11; = O(v12) and Z\Z = O(Mgur). This matrix can be diagonalised using the
unitary matrices

m = UyUsD V4 v,/ (2.5)

where the matrices Uy and Vj single out the heavy mass eigenstate, that can then be
integrated away, while Us and V3 act only on the SM flavour indices and perform the final



diagonalisation also in the 3 x 3 subspace. The explicit expressions for the mixing matrices
and the mass eigenstates are given in appendix [Al.

The parameters in the matrix eq. (.4) are generally complex; however, we can absorb
seven phases with appropriate field redefinitions and choose the remaining three physical
phases to be contained into the diagonal parameters p;,

e 0 0 m
B 0 pale®™ 0 i 96
B 0 0 |us|e™ fis (2:6)

My My Mz M,
This is the maximal number of physical phases for four generations of Dirac fermions, given
as usual by (n — 1)(n — 2)/2 for n generations, so our texture above does not reduce the
CP violation from the typical n = 4 case. We will see that the phases survive in the low
energy parameters, but that only one combination defines the single phase characteristic
of three generations.

With this choice, the matrix V} is real, while Uy contains complex parameters; however,
the imaginary part is suppressed by |u;|/ M so that their effect on the low energy CP
violation is negligible as long as the mass of the heavy eigenstate is large compared to the
electroweak scale. From the unification of the gauge couplings, we expect indeed M to be
of the order of the GUT scale [[[f]. Then the discussion of the low energy CP violation,
which would in general be characterised by many CP invariants [P, 7], reduces to the
case of three light generations (see appendix ).

The effective mass matrix is given by m, the 3 x 3 part of

50 2 1 (Va)1s + fin(Va)aj
m' = UjmV, = (0 ]T/f) + O (ﬁ) o m= | pa(Va)2j + pa2(Va)as | 5 (2.7)
13 (Va)sj + fiz(Va)aj

in terms of the parameters in eq. (@), it reads

—~ —~ M/ M2 M2 Mar/ M2 012

[ My _ ﬁl My 0 —1 My M2 +1\43 _ ﬁl M, M2 +M3
Vapeaz '\ arag TN N

— iyl o H2 Mo ML H2 Ve Al

\/ M2+ 02 oy ESYE M \/N3+033 M /M4 013

— iyl Syp— 13 MM 13 My M

\/M2+02 NS RSV RS VRV N N /24012

As any matrix, m can be transformed into upper triangular form just by basis redefinition

3
I

on the right,

R YH1 1 B
m=m V3= 0 po apg | . (2.8)
0 0 fs



This form is particularly suitable in the case of the down quarks, where 173 acts on the
right-handed quarks and disappears from the low energy Lagrangian due to the absence
of right-handed current interactions. Note that we can reshuffle the phases, reabsorbing
three of them into the unitary transformation 173, but we are still left with three complex
parameters. We can exploit this freedom to obtain real diagonal elements iz, fi3 and Y1,
while «, 3, and j1; remain complex.

On the other hand, we can still redefine two phases on the left-hand side, keeping an

overall phase free, with a diagonal matrix
Pp3 = diag (eﬂ(l,eﬂ@, 1) . (2.9)

This transformation allows us to shift the phase of iy into «, which will be convenient
later in the limit where ~ vanishes. Again, such a phase shift does not reduce the number
of complex parameters in the down quark matrix, which remains three. Moreover, this
reparametrisation does not change the CKM matrix, since the up quark mass matrix is
diagonal and so such phase transformation can be compensated by an identical one for
both u; and 5.

The matrix 173 differs from the upper 3 x 3 part of the diagonalising matrix V3 = ‘73‘/},',
however, they are very similar in the hierarchical case. The relation between these two
can be found in appendix [A], together with the general expression for Us, the 3 x 3 part of
which is the CKM matrix.

For the leptons, it is the matrix V,V3 that acts on the left-handed states, so the
mismatch between the charged leptons and neutrinos (see eq. (2.3d)) basis appears in the
charged current interaction and the definition of the flavour neutrino eigenstates. However,
the matrix Vj which contains large mixing angles and rotates away the heavy eigenstate
is the same for charged leptons and neutrinos since the heavy state is an SU(2);, doublet.
Therefore the PMNS matrix will be given only by the mismatch between the 173 ~ V3
matrices for charged leptons and neutrinos.

The complete expressions for the parameters in m are given in appendix Al in this
section, we will only consider the limit of small p; as well as small g1 and/or pe. For
w1 = pp = 0, the first row simply vanishes, whereas for y; = p2 = 0, the two first rows of
the mass matrix are aligned (see eq. (£.4)). Therefore both cases correspond to vanishing
down-quark and electron mass.

Since Ji1/fia gives Vyg, we focus on the case 1 = o = 0, where!

g B2 (s _ MM + igy
fio \is M Tis M ’

= === (2.10)

! As mentioned above, it is instructive to choose the basis in which 7 is real and the vanishing parameter
~yp1 complex. Then it is obvious that we are left with only two complex parameters in m, namely « and g,
containing the same phase.



The eigenvalues of the heavier states are given by

my =713, (2.11a)
~2 ~
m? =12 + | > = 12 (1 + %) ~ M3,  where % ~ Vs - (2.11Db)
2

In this limit, only one single physical CP violating phase survives, even in the 4 x 4 picture;
it is contained in pg and so in « and [ (see eq. (R.1()). We will see, however, that this
single phase is not sufficient to have low-energy CP violation.

The down-quark mass is indeed very small, so we will use these expressions as the
order zero approximation, together with the corrections proportional to |us|/fi2, which
determine the masses of the down-quark and the electron. Our expansion parameter will
therefore be of the order of the mass ratio of the down and strange-quark, mg/ms. In fact,
for |p1| < |u2| we have at leading order

md:%al :ﬁlnj—anj—g‘ ~ |N2|Mj—1’ 2‘/us |M2|’ (2116)
2 p3 K2

so our expansion parameter is

o  _ma
T maV 0.23 . (2.12)

The mass ratio of electron and muon is much smaller than the ratio of down and
strange quark. This implies (p2fi1/i3)e < (pofi1/fi3)q- Assuming that the difference is due
to the smallest matrix elements, this indicates (u2)e/(p2)q < 1 and/or (fi1)e/(p1)q < 1 for
(fi2)e =~ (f12)q. This fact can easily be accommodated, as we see in egs. (B.J): the presence
of the second generation on the flipped SU(5) brane leads to different values of uo for the
down quarks and charged leptons and the parameter pi; stems from different couplings in
the superpotential.

While we derived the fermion mass matrices (B.3)) within a specific model, they can also
arise in other models, where additional matter is present at the GUT (or compactification)
scale. Thus we could take these matrices as a starting point for the following discussion,
leaving open the question of their origin.

3. CP violation in the quark sector

We will first consider the CP violation in the quark sector. As we have seen in the previous
section, our effective 3 x 3 down quark mass matrix contains three phases as a remnant
of the original 4 x 4 matrix, with the dominant complex element being afio. We will now
derive the combination of the three phases, which plays the role of the CKM phase.

To describe CP violation for three generations, as is the case in the SM, it is convenient
to use the Jarlskog invariant [B§], .J,, which is given by

6i AMZAMG Ty = tr[Hy, Hy® =6 Imtr (H2H3H,Hy) (3.1)



where H = mm’ and
A = (m3 —m3) (m3 —m3) (m3 —mi); (3.2)

note that A.#? has mass-dimension six. In our model, the up quark mass matrix is
diagonal, as is H,. Then the invariant strongly simplifies and reads

I (HRHPHI)
A

(3.3)

It is clear from this expression, that any diagonal phase transformation of m on the left
does not have any effect on the Jarlskog invariant.

As discussed in appendix [B, we can use the effective 3 x 3 mass matrix

1

HSE = mm! = mm'. By means of eq. (E), we obtain

il (1+18P + 1[?) e (1+ a*B) Fufiaf
ff T * = =T
Hy = Liifiz (1 + of%) i3 (1 + \04’2> popzo | (34)
fiifis 5" fiofizr* i3
where Jis and Ji3 are real parameters, as displayed in eqs. (A.4). Then we have
12 23 31
tm {(Hﬁﬂ) (")~ () ] — [ T3 Im a3 (1 + o) (3.5)
= |p1 | B3 Tm 08"
= Fiofi3 I [(afiz) (B71)" ]

We see that the Jarlskog invariant is always independent of the argument of v and it
vanishes in the limit pq, 11 — 0 such that iy = 0. As we might expect, J; vanishes for
a = 3 as well, i.e., in the limit uy, uo — 0.

So the presence of a single phase in « is not sufficient to give CP violation in the
low energy: this phase cancels out in the Jarlskog invariant. This effect stems from the
alignment of the vectors in flavour space; however, even in the case of vanishing first
generation mass, the corresponding eigenvector does not decouple from the other two and
the mixing matrix does not reduce to the two-generational case. In fact, the CKM matrix
is given by (see appendix [A])?

1 B ha
ﬁg ,1_113 .I-
I Hoa VCKM 0
Vexkm (md = O) ~ — _—; 1 T | Us = 0 1] (3.6)
_Dza”
0 Tis 1

Hence, we cannot conclude that the CP effects disappear due to the reduction of the system

to two generations, nor to the mass degeneracy between quarks. Instead the absence of

2We can exploit the phase transformation Psj, (@) to absorb the phases of fi1, @ and make all elements
of the CKM matrix real showing explicitly that the CP violation disappears.



low energy CP violation is caused by the particular texture of m in exactly the same basis
for the left-handed quark doublet, where the up quark matrix is diagonal. This feature
is similar to the absence of CP violation in 4D SO(10) constructions, where a single ten-
dimensional Higgs field generates fermionic masses, yielding a trivial CKM matrix. Note
that there is still some CP violation effect arising from the dominant phase €3 in g3, but
it is only apparent in the mixings involving the fourth heavy state.

Now, the down quark is not massless and the real physical case corresponds to non-zero
1, 2 and 1. From the up quark phenomenology, we know that p; : pe is similar to the
mass ratio of up and charm-quark [[J]; in addition, i1 : fis is fixed by the Cabibbo angle.
We will therefore focus on the linear terms in puo and keep p; ~ 0.

As is apparent in eq. (B.H), contributions to J, come from the complex quantities afia,
(i1, and Ji1; however, 87i1 is independent of po (see eq. (A4)),

B = iy | B2 MatisMat iGMs | (3.7)
K3 M ,u,gM

The first order terms are

o My JizMy + M
5(0&,[1,2) = —Uo2— - =
M MgM
iz My figMy — 1My
5”1 = M _—2_—27— __NS 9 (38)
2 p3 M s M

and the Jarlskog invariant reads

A3 MyMs [(1 B %f) 1 M3k | MMy |s|” I 22

— — m—— +—= = =
AT 2 M? fisfia M2 B3 i

Jg = (3.9)
We see that J; vanishes if either po or ps vanish, so two complex quantities are needed to
obtain CP violation at low energies.

It is instructive to calculate Hgﬁ also from the matrix m, eq. (2.7). Here we notice
that the off-diagonal elements of such matrix are relatively simple since we can exploit the
unitarity of the matrix Vj, which gives Zzzl(w)ik(w);k = d;5 — (Va)ia(Va)}4- So we have
for i # j

o i My + pi;

ijo .
<H§H> = pifij (1 — a;aj) a; — , (3.10)
pi M

from which we get the simple expression
12 23 31
Im [(Hgﬂ) (Hgff) <H§H> } —pn Y (1 + |ai|2> Tm (ajay).  (3.11)
cycl. perm ijk

In the limit of vanishing u;, we see that a; = M4/M; thus for g1 = po = 0, the expression
simplifies to

12 23 31 M?2 M. M.
() ) (o)™ = st 14 3 w3 2 0.



For puy = 0 but pg # 0, we then obtain

12 23 317 o MoM M2 x
to | (m3)* ()" ()" -t | (1= 20w (22) gy
M? M? Hap2
Ms My |us|® p2\  MaMy |pof? 13
t— = Im|=) - ——— — Im | = .
M? 3 M2 M2 s 13

The complete expression for J, is displayed in eq. (A.19); the dominant terms are exactly

those given in eq. (B.9).
For degenerate heavy masses M, the result simplifies to

1 ﬁ%ﬁ? ~ * 2
= A (37 T (pegga) + sl T (1) ) (3.13)
Note that the numerical factor, %6’ is minimal for degenerate M. Due to the hierarchy of
the down quarks, A.Z C% ~ mgmg o~ ﬁ%ﬁg. So we finally obtain, substituting the order of
magnitude of the parameters, with s ~ |us|,

Jg Vusmd—gns L (3 sin (A3 — B2) +sinfy) ~ 107° (3 sin (A3 — o) +sinfy).  (3.14)

m;  4y/2
This is the right order of magnitude; the current experimental value is J; = 3 x 1075 [R9].
From eq. (B.14) we can conclude that a single complex parameter, with the other two
vanishing, is not enough to have low-energy CP violation in the quark sector and that the
CKM phase is a combination of the high-energy phases 6; weighted by mass hierarchies.
Moreover, maximal phases seem to be needed to give the large low-energy phase observed.

4. CP violation in the leptonic sector

The charged lepton and Dirac neutrino mass matrices can be transformed like the down
quark mass matrix. The heavy state is an SU(2)7, doublet, so Vj singles out the same state
for charged leptons and neutrinos.

The effective 3 x 3-matrices read (cf. eq. (R.7))

p1(Va)1j + fin (Vi) aj p1(Va)1j + p1(Va)a;
m® = | u2(Va)2j + pa(Va)aj | P = | pa(Va)oy + p2(Va)gj | - (4.1)
p3(Va)zj + 13(Va)aj p3(Va)zj + p3(Va)aj

Within our model we assume the hierarchical patterns of p; and p; as well as p; and p;
(¢ = 1...3) to be the same as for down quarks. The precise values, however, can be
different since they originate from different Yukawa couplings, see eqs. (R.3d). Again, we
choose the couplings between the brane states, u; and p;, complex.

Although some of the charged lepton and down quark parameters, namely w1 and ps,
are related by GUT symmetries, the corresponding phases after the redefinition leading to
eq. (R.6) are completely uncorrelated. Thus, there is no direct relation between the CP
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violation in the leptonic and in the hadronic observables, even though, barring cancella-
tions, we expect the leptonic CP violation to be large as well. Furthermore, we will see
that different combinations of the phases determine the experimental observables. Thus
even if there were relations between the phases in the quark and lepton sector, these would
not be observable. Some correlations, however, could survive between charged and neutral
leptons. As in the quark sector, we expect similar suppression for the CP violation due to
the specific mass texture in our model.

The discussion of the charged lepton masses closely follows the discussion of the down
quarks in the previous section. The parameters are chosen such that they match the ob-
served hierarchy, as described in appendix [A.]. The light neutrino masses, however, result
from the seesaw mechanism, since we have heavy Majorana masses for the right-handed
neutrinos. This Majorana matrix is diagonal, but can have complex entries (cf. eq. (R.34)),

Mye?¢1 0 M, e2iAd1s 0 0
m? = 0  Mye*®2 0 = %93 0 Mye?Bd2s | (4.2)
0 0 Mse*®s 0 0 M;

where Ag;; = ¢; — ¢;. Altogether, we have nine independent phases in the lepton sector;
in the limit of small u; and p1, they reduce to seven. Since neutrinos are Majorana, we
have less freedom in the phase reshuffling. However, except for electroweak breaking effects
in Uy, the heavy state is effectively an SU(2)-doublet of Dirac fermions. This allows us to
absorb some phases in the Dirac mass matrix and reduce the system to three generations
for both charged and neutral leptons at the same time. In the following, we will neglect any
effect of this heavy fourth generation doublet and concentrate on the three light generations
including the right-handed neutrinos. We expect this approximation to be valid as long as
M ~ Mgur is much larger than the Majorana masses M; [

4.1 Seesaw mechanism and effective mass matrix

In the case of the leptons, neither m¢ nor m” is diagonal and therefore we will change the
basis in order to simplify the discussion of the CP violation. Luckily, the large rotations
of type ‘//\},, which bring the Dirac matrices into triangular form, are similar for charged
leptons and neutrinos, thanks to the same hierarchical structure.

To distinguish the flavour of the light neutrinos, we first act on the neutrino Dirac
mass matrix with exactly the same 173 that transforms the charged lepton mass matrix into
the upper triangular form, see eq. (B.§), and obtain

Ap1 Dp1 p1
m"” = | Bpy Ep2 p2 | - (4.3)

Cps Fps ps
At this stage the charged lepton mass matrix is not yet diagonal, but not very far from it:
the complete diagonalisation can be obtained by applying another nearly diagonal rotation

matrix on the right, corresponding to the mismatch between V3 and ‘//\},, and a CKM-like
rotation Us on the left as described in appendix [A]. Note that such a transformation from

— 11 —



the left, as Uy, in this case acts on the right-handed fields and leaves both H = ! and
the light neutrino Majorana mass matrix,

Meg = — (mD)—r (mN)_1 mP, (4.4)

unchanged. In fact U, acts in very good approximation as the unity matrix on m~ up to
terms (’)(vQ/MQ), while Us just cancels out.

So apart for the small rotation on the right needed to diagonalise H, which affects the
CP violation in the neutrino oscillation only weakly (see section [.d), the neutrino masses
and mixings can be obtained from eq. ([.4), in the form

C2%03 + B%0s + A%01 CFos3+ BFEgs + ADgy Cps+ Bos + Ao
mlg = — | CFos + BEoy + ADo1 F?03+ E%0s + D*01 Fos3+ Ega+ Doy |, (4.5)
Coz + Box + Apy Fo3+ FEos+ Do 03 + 02 + 01

where g = e~ 219152 /M;. Note that the determinant of the (23)-submatrix of m%; is not of
order 03; instead it reads 302 (F — E) + 0301 (F — D) + 0201 (E — D) , allowing a large
solar mixing angle [B].

The leading part of the light neutrino mass matrix ([[.F) is obtained in the limit
t1, p1 — 0. From the general expressions ([A.24) one obtains

1 1 —~
p1=p1—= [M:sM M*M3M4] ;
73 2 123 — M3
11 L~ — — e~ L~
p2 = Y {Pz [M3M123 M3M3M4] — p2 Mo [M3M4 + Mng} } ;
11 ~ |~ 7 YR Y ~ 31 s * T
p3 = Y {Ps {M3M1223 - M3M3M4] - p3 [M3M3M4 — M3M1224} } ; (4.6)

where we have introduced Moz, = \/Mg + Mg + Mg

In our model, the Dirac neutrino mass matrix has a hierarchical structure similar to
the one of down quarks and charged leptons. The three smallest elements, however, have
a considerable uncertainty. Since m. # my, these elements cannot be equal for the three
matrices. Inspection of m? suggests for p; the range between mg and m,Vy; the difference
is a factor O(1). In the following we shall consider the case of small p;. For large p; so
that |o1| > |es3], in the following discussion we should interchange ps3, 03 with pi, 01 and
consider it as the dominant scale.

We here assume pg : Do : p1 ~ P3 : P2 : p1 ~ My : My : Mg, which yields [IJ]

los] B2 My mZm. 7 losl ~BEM, T mZm, '

such that g; ~ 02 < p3. Hence, in this model, the weak hierarchy in the neutrino sector can
be traced back to the nearly perfect compensation between down and up quark hierarchies.

The relation g1 ~ g9 implies for the two small neutrino masses |mi| ~ |ms| barring
cancellations or small parameters. As computed in appendix [A], the masses at leading order

- 12 —



assuming o3 to dominate are given by
my = —o3 (1+F +|CP?).

(F-E)A-B)+(D-E)(B-C)}
1+|F)? +|C? '

[mami1| = [o201] | (4.8)
The light neutrino mass spectrum has normal hierarchy, and the ratio m3/m3 can be
identified with Am?2,/Am?Z_ ., which is indeed consistent with observations within the

theoretical uncertainties. The coefficients A ... F' of the neutrino mass matrix Mg become
in the limit u1, p1 — 0,

g _Prpeps M
P12 p3 M
p _ P2l = Patiz pis My
P22 M3 M

¢ = Fiaps — papi 2 My

N P33 w2 M
D = %%ﬁ%% [ﬁz 3| My + pispus Mo (ﬁsﬂr& - M§J\74>} )
B =D+ B2 [ Mo + (s — 13300 ) |
F = _i_i_iz; (P33 — p3fis) [ﬁ2ﬂ§ﬁ122 + 5 My </73M3 - /‘:?MA:)} ' (4.9)

p3 M2 iy M2

Note that B, C, F vanish in the limiting case of equal hierarchy in the neutrino and charged
lepton Dirac mass matrix, i.e., for p;/p; = p;/;, and A is in this case proportional to ;.
In fact, if the neutrino and charged lepton vectors are perfectly aligned in flavour space
the neutrino Dirac matrix becomes triangular at the same time as the charged lepton one
and we cannot reproduce large neutrino mixing. There is though no reason to expect such
alignment since the parameters p;, j1; are not related by any GUT relation, as can be seen
in eq. (B-3d). So the large neutrino mixing angles are not generated simply by the large LH
rotation contained in the charged lepton’s Y73, but from its misalignment with the neutrinos.
Using the relations between p;, p; and p;, and f;, fi; and u; due to the hierarchical
structure of the mass matrices in our model, one obtains the simple expressions,
A~C~E2 p~22_ D~E~F~1. (4.10)
H2 P2 H2
The mixing angles are computed in appendix [A.3; in the case the parameters A, C' are
small, they are given by

tan oz ~ |F| |
B
tan 612 ~ ﬁ\/ 1L+ |FP?,
C B(EF +1
sin913 ~ + ( * ) @ . (411)

3/2
VIFIFP (1+(F7) o3|
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The atmospheric mixing angle 623 is naturally large; the current best fit [R9, BI]| restricts
the parameter F' as 0.7 < |F| < 1.4 to have it maximal. Note that F' > 0.7 can naturally
be obtained even for |ps| /ps ~ |us| /i3, as discussed in appendix A.3.

For (ua/fi2)e ~ (p2/fi2)q ~ 0.1 one then obtains |C| ~ 0.1 and a value for 613 close to
the current upper bound. In this case though, /1§ has to be suppressed with respect to the
down quark case in order to give a consistently small m.. The large solar mixing 612 can
then be achieved for B ~ 0.1 — 1 with moderate tuning of £ — F.

Another possibility is that a very small s is called for to explain the smallness of the
electron mass. In this case, we have naturally |A|, |C| ~ 0.01 and the reactor angle is
dominated by the second term in eq. (f.11). Then the angles 615 and 63 depend on the
same parameter B, but for the second one there is a suppression by p2/03. So in the case
of hierarchical g;, both a large and small angle can be explained even with relatively large
B. Such value for B is not unnatural, even for small ps, if we accept pa > (u2).. In this
case we have sinfy3 < 0.1 correlated with the mass eigenvalues m; < mgo S mg. Note that
in general, if all parameters A, B, and C are smaller than one, we obtain the prediction
m1 < mg, while for B ~ 1 the two lowest eigenvalues are nearly degenerate.

The largest of the heavy neutrino masses is given by Mz ~ m?/y/Am2, ~ 10 GeV.
For the lightest heavy Majorana state the model provides the rough estimate M; ~
Msmy, /my ~ 10 GeV.

4.2 Neutrinoless double beta decay (0v303)

The simultaneous decay of two neutrons may result in neutrinoless double beta decay, e.g.,
Ge — "6Se 4 2e. This process is currently most promising to prove the Majorana nature
of neutrinos. The decay width can be expressed as

I'=G|M?||meel|?, (4.12)

where G is a phase space factor, M the nuclear Ov38 matrix element, and mee is the
(11)-element of the light neutrino mass matrix.

Since the electron mass is very small, the charged lepton mass matrix in triangular
form has nearly a vanishing first row. Then the left-handed electron is already singled out;
the remaining rotation mostly affects the (23)-block. Therefore we can already make an es-
timate of mee from the effective neutrino Majorana matrix, mZ;. From eq. ({.5), we read off

[Mee| = |C2Q3 + 3292 + A2Q1

, (4.13)

where the last term can be negleted. This result has the same form as the standard formula
in the case of hierarchical neutrinos [BZ],

|Mee| = ‘\/ Am?2,  sin® 013" (& €2) 4 \/Am2, sin? 015 cos? 013

where £3 and & are the two Majorana phases in the conventional parametrization of neu-
trino mass matrix (|A.34).

, (4.14)
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We can estimate the size of |mee| in our model using

~ ~ P2
psl =P sl = s, 2~ o] = \/AMGy, oo = \/AmZ,,  (4.15)

which gives

1 : r3
] B2 2000 1 22 [ | (4.16)

2

Clearly, the last term dominates, yielding the familiar result for hierarchical neutrinos

[Mee| < W/Amgol ~ 0.01 eV if uo/ps < p2/po.

4.3 CP violation in neutrino oscillations

Leptonic CP violation at low energies can be detected via neutrino oscillations, which are
sensitive to the Dirac phase of the light neutrino mass matrix. For a diagonal charged lepton
mass matrix, the strength of Dirac-type CP violation is obtained from the invariant [27]

tr[h”, h°)> = 6i A2 Tm |(h¥)'2 (h*)* (h”)31] , (4.17)

where h¥ = (m" )Tm” and A.#? is the product of the mass squared differences of the
charged leptons, cf. eq. (B-J). This quantity is connected to the leptonic equivalent of the
Jarlskog invariant through

1 v v v
Jo= =g T [ () ()% ()] (4.18)
where
A = (mf —m3) (m3 —m3) (m3 — m) = 6mZydmi, ~ o2l |os|* (4.19)

is now the product of the light neutrino mass squared differences. In the standard
parametrisation given in eq. (|A.34),

Jg =Im [(Vy)ll(VV)QQ(VV)TQ(VV)SI] = % COS (913 sin 2(913 sin 2012 sin 2023 sin s (4.20)

where 0 is the CP violating Dirac phase in the SM with massive neutrinos.

The expressions (#.1§) and (4.2() assume that the charged lepton mass matrix is
diagonal. In our case, this matrix is nearly diagonal after the 173 rotation, as the electron
mass is very small; in fact, the remaining rotation V3 deviates from a unit matrix only in
the 23 sector and at order O (mi /mz) < 1 (see eq. ((A.13)). Therefore up to corrections
of this order, we can use eq. ({.1§) with the effective neutrino mass matrix m/; given in

eq. (.F), i.e.,

Je = == T [()"® (0l ()] (421)
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with now hlz = (mZH)T myg. We compute the first few terms and obtain

C*F |ma]?
W)= —— 2 C*E (14 F*E+C*B) 0205+ B*F (1+ F*E+C*B)* 0503,
(Pegr) PR |OP ( ) 0203 ( )" 0503
()= _FT Imal” |72n3|2 5+ F* (1+ F*E+C*B) 0205 + E* (1+F*E+C*B)" 0503,
1+|F[*+|C|
(hép)®'= PR NTT + B(14+F*E+C*B) 0905 + C (14 F*E+C*B)* gbo3.  (4.22)

The leading contribution in the cyclic product of A%z, which is o |m3|6, is real and does
not contribute to Jy; that is to be expected since it corresponds to the limit of two massless
neutrinos where no physical Dirac phase can be defined. In general the first non-trivial
terms are of order |os|* |02|*, as A.Z2, so that we expect |J;| < 1. We obtain in fact

(1418 + [EP) (1BP ~|FP + B[ - )
Jp ~ ; Im[C*F(F — E)*(B—C)] . (4.23)
(1+1F1*+ [CP?)

Note that the imaginary part vanishes for F = F or B = C, when the flavour eigenvectors
are partially aligned. Furthermore, the contribution disappears for C' =0, so it is sup-
pressed by the small reactor angle as expected. Due to the unknown parameters O(1), no
useful upper bound on Jy can be derived in the general case, but we see that the Dirac CP
phase is given by a combination of the phases of the neutrino Dirac mass coefficients B,
C, E and F, derived from the complex parameters us, p2, p3, p2. No dependence arises
from the heavy neutrino Majorana phases ¢3 o since they cancel out in |o3|* |o2|*.

In the limit puo — 0, where A = C' = 0, but with B of order unity, the dominant
contribution to Jy comes from higher order terms. We can obtain it from

(h)* = B*F (1 + F*E)" 305+ B'E (1+ B + |E[*) |oal |

(W)™ = F*osf?* (14 |FI?) + F* (1 + F*B) 0205 + B* (1 + F'E)" o3

(hie)™ = B (1+ F'E) 0205 + B (1+ | B + |EP’) loaf”. (4.24)
|2

Note that the leading term, proportional to |B|2 |Q3|4 |o2|”, is real, and in fact we did not

have any |B|2 contributions at that order above. Hence, we consider the next terms,

(hég) " (hég)? ()™ o< (14 F*E) F* (k1 E + roF) 0205
+ (1 + F*E)" F (k1F” + ko E”) 0303 , (4.25)

where we defined the real parameters

mo= (1+BP +1E) (1+1FP),
ko = |1+ E*F|* . (4.26)
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Note again that the two terms in eq. ({.25) are exactly conjugate to each other for £ = F
when the two heavy eigenstates are nearly aligned. In this limit tan 612 becomes maximal.
Therefore, if B gives the dominant contribution, the Dirac type CP violation is suppressed
for maximal solar angle. The CP invariant vanishes as well if B = 0 as the system effectively
reduces to two generations and sin 13 = 0 (recall that we are already in the limit A = C =
0). We then obtain

Im | (h)'? () ? (h)*' | = [BI* o2f* los|* (k1 — k2) Im (Q) (4.27)
with

QO=(1+EF)F (E-F)2,
03

which yields
Jy ~ —|B]* (k1 — k) Tm (Q). (4.28)

Comparison with eq. ([.20) shows then that in this case the standard Dirac phase ¢ is a
complicated function of the phases of us3, p3, p2 in the leptonic Dirac mass matrices, the
difference between two of the Majorana phases A¢ss and neutrino masses. It is suppressed
by the ratio |o2| /|03], as is sin 6;3.

Whenever only few of the parameters in the Dirac neutrino mass matrix matter, we
expect correlations between the lightest eigenvalue, the mixing angles and the maximal
value for J;. In appendix [A.9, we consider the simple case where B dominates and the
lightest eigenvalue m; vanishes; then all the observables are only function of B, E, F, 92/ 03
and we show relations among them. In this specific case, even allowing for the uncertainty
on the phases, upper bounds can be obtained for sin i3, mee and Jy. In the more general
case, subleading terms and other parameters become important and relax any such bounds.

4.4 Leptogenesis

The out-of-equilibrium decays of heavy Majorana neutrinos is a natural source of the cos-
mological matter-antimatter asymmetry [BJ]. In recent years this leptogenesis mechanism
has been studied in great detail. The main ingredients are CP asymmetry and washout
processes, which depend on neutrino masses and mixings.

It is convenient to work with a diagonal and real matrix for the right-handed neutrinos,
which is obtained from m by the phase transformation

Py = diag (efid’l,e*i@, efid’?’) . (4.29)

For hierarchical heavy neutrinos the generated baryon asymmetry is dominated by decays
of the lightest state Ni. In supersymmetric models the corresponding CP asymmetry is [B4]

3 Im (M3;) M, DAD
= —— N M = Py mPmPtpr 4.30
a=-D, Muo2 M, ML A (4.30)
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where the matrix elements are given, analogously to eq. (B.10),

o piMy + piM;

Mij = eiA¢jiﬁiﬁj (1 - bzb;) s bz — (431)
piM
The terms involving one index 1 simplify for p; = 0 as
M2
My = p? < - T4> :
M2
_ My piMy + piM
Ml] =e ¢11p1pj < — 74[)] i /f] j) (432)
piM
The result then reads
—~_\ -1
3 M M2 p;
u M j=2,3 J
where
M, ;M + A\
n; = —Im e 1 — 74—[)] i NPJ d . (4.34)
M p]’M

Since p3Ms/(p3Ma) ~ 0.2, the CP asymmetry is dominated by the intermediate state
N3, ie., g1 ~ 3/(8m)My\/Am?2, /v:. In any case, the phases involved, A¢i3, A1y and
the phases of ps, po, are completely independent of the low-energy CP violating phase
in the quark sector and also not so directly connected to that in neutrino oscillations
(even if they can contribute to it). For Mj ~ 10° GeV, one obtains e; ~ 1075, with a
baryogenesis temperature Tg ~ M; ~ 10! GeV. These are typical parameters of thermal

leptogenesis [BY, Bg.

The strength of the washout processes crucially depends on the effective neutrino mass

_ My g M3
= = 1—ﬁ ~ 01 <0.01eV. (4.35)

With the efficiency factor [B7]

0.01 eV
Kp~ 1072 (%) ~ 1072, (4.36)

m1
one obtains for the baryon asymmetry
ng ~ 10 %k ~ 1078k, ~ 10710, (4.37)

consistent with observation. So for successful leptogenesis we need a non vanishing p1, 01
and in particular p; ~ 2. In such case a zero neutrino eigenvalue is only possible due to
alignment.
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In the above estimate of the baryon asymmetry we have summed over the lepton
flavours in the final state. In general, the CP asymmetries as well as the washout processes
depend on the lepton flavour, which can lead to a considerable enhancement of the gen-
erated baryon asymmetry B8, BJ]. The neutrino masses M; ~ 101 GeV, m; ~ 0.01 eV
lie in the ‘fully flavoured regime’ where these effects can indeed be important [i{]. Hence,
depending on the CP violating phases the generated asymmetry may be significantly larger

than the estimate ([£.37).

5. Conclusions

We have studied in detail a specific pattern of quark and lepton mass matrices obtained
from a six-dimensional GUT model compactified on an orbifold. Up quarks and right-
handed neutrinos have diagonal 3 x 3 matrices with the same hierarchy whereas down
quarks, charged leptons and Dirac neutrino mass terms are described by 4 x 4 matrices
which have one large eigenvalue O(Mgur). The origin of this pattern are diagonal mass
terms for three ordinary quark-lepton families together with large mixings O(Mgyr) with
a pair of SU(5) (5 + 5) plets. This vectorial fourth generation though is made of different
split multiplets allowing for a relaxation of GUT relations. The six mass parameters of the
model in the quark sector can be fixed by the up and down quark masses. This pattern
of mass matrices has several remarkable features: The CKM matrix is correctly predicted
and the electron mass is naturally different from the down quark mass.

The mismatch between down and up quark mass hierarchies leads, via the seesaw
mechanism, to three light neutrino masses with a much milder hierarchy. Left-handed
leptons and right-handed quarks have large mixings. This leads to large neutrino mixings
and to small CKM mixings of the left-handed down quarks in agreement with observation.

Factors O(1) of the mass matrices are unknown, and the predictive power of the
model is therefore limited. The neutrino mixings sin a3 ~ 1 and sin 613 < 0.1 are naturally

accommodated. The corresponding neutrino masses are my < mgy ~ \/Amzol < mg ~

VAmMZ and [mee| ~ /Am2, < 0.01 eV.

The elements of the mass matrices arise from a large number of different operators.
Hence, most of the CP violating high-energy phases are unrelated. We find that the
measured CP violation in the quark sector can be obtained, even if the CP invariant is
suppressed by the alignment between the two lightest mass eigenstates. Due to the uncer-
tainties of O(1) factors no useful upper bound on the CP violation in neutrino oscillations
is obtained in general. Some constraints can be given in the limited case where the number
of dominant parameters is reduced, as it happens if the parameters A, C' in the neutrino
Dirac mass matrix are suppressed by the smallness of the electron mass. It is indeed
intriguing that in our setting the smallness of the reactor angle can be connected to the
lightness of the electron. The model is consistent with thermal leptogenesis, with a possible
enhancement of the baryon asymmetry by flavour effects.

We conclude that mixings O(Mguyr) of three sequential quark-lepton families with
vectorial split multiplets, a pair of lepton doublets and right-handed down quarks, can
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account simultaneously for small quark mixings and large neutrino mixings in the charged
weak current and, correspondingly, for hierarchical quark masses together with almost
degenerate neutrino masses. The CP phases in the quark sector, neutrino oscillations and
leptogenesis are unrelated. Quantitative predictions for the lightest neutrino mass m, and
sin #13 require currently unknown O(1) factors in more specific GUT models.
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A. Mass matrices

We will discuss here the mass eigenvalues and the mixing matrices for the low energy theory
in relation to the high energy parameters.
Given a general matrix of the form as in eq. (2.4),

pr 0 0
mo | 0 K2 O 2

0 0 pg ps |’

M, M,y M; M,

where p;, f1; = O(v12) and M, = O(Mgur), the matrices Uy and V that single out the
heavy state can be given as [[[4]

1 M +jin My
1 0 0 o
0 1 0 ua M tiip My
Uy ~ M2 Al
4 0 0 1 p3Msz+psMy | ( )
I R I M?2
Myt My poMo+jio My p3Msz+jisMy 1
M2 M2 M2
vV VV/ 1 )
M2+ M} My/M2yaz M

v Mo/ MZ+M? 77,
e T
V7 Mz M2+MZ 37,

VMM M Mg+ M
v 0 | May/MZME 57,

M2+M3 MMMz M
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with M = > ]\ZQ. In general V contains large mixings, while Uy is approximately the
unity matrix, up to terms O (v/ M ). Next, Us and V3 = %Vg diagonalise

m 0 02
= Ulmvi= " 2 ro (L
= Hami <0M+ 7))

so both Us and V3 have a non-trivial 3 x 3 part only. In the following we will use the symbols
Us, V3 both for the that non-trivial upper-left corners and the full 4 x 4 matrices obtained
adding a row and column of zeros and a diagonal 1 to those. The effective mass matrix m
can be brought into the upper triangular form by a unitary matrix ‘73 ~ V3 such that

R Y1 f1 BH
m=mVz=| 0 [z afi
0 0 fs

With v; = (my1, Mz, M43), the new basis is given by

. U . v ex Uy . I
3= —, &= — — 225, 1 =€ X e3. (A.3)
| U] | V2] U

Note that V3 corresponds to a large angle rotation for the right-handed quark fields.

While i3 and fio are real by construction, we have the freedom to choose any entry of
the first row to be real. For concrete calculations, it is convenient to have yp; real or even
use the parameters as given in the basis (A.3); however, yfi; vanishes in the limit pp — 0,
so for a general discussion, it is more appropriate to have fi; real. Here, we list the entries
of m with i1 real in a general form,

— 2
fiz = |vs| = \/|M3|2 + |msl” - % ‘M:sMs + M3M4‘ ;
oy — fop  poMa + fia My 15 M + iz My
H3 M s M
fis = \/qul2 + i) - 55

A, = g3 pn My + iy My M + is My

)

| 2

?

N 2
poa Mo + M2M4‘ — |afia

)

H3 M s M
e il M + My | My (7 il 5 M. * M.
= (22— o) BT 2 (B o) M2 e
2 3 M M \H2 3 m2 M u3 M

—~ —~ |2
Vi = [yi| = \/\Ml!z + |l = = M +M1M4‘ — |’ <1 + !5\2)- (A.4)

In particular, we find as well the simple expressions

ofis B :/73M4+/~6§M3 ﬂ@_&@ (A.5)
fia [ fisM M H2 M
N v o s My pto fis My — 0y
7#12—,&1&@%—#1 @@724—?“—;% ’ (A.6)
Ro fiz M P2 fiz M P2 ps M
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These expressions vanish trivially in the limit g1, ps — 0 and then we obtain the limiting
case discussed in section f]. As already discussed in section [, A% is independent of js.

A.1 Down quarks and charged leptons

Mass eigenvalues and eigenvectors. Now take the matrix m as a starting point and
compute the eigenvalues, eigenvectors and mixing matrices. For making things simpler,
consider for the moment all the parameters as complex, even if actually s, fio, Y1, or fis,
[2, 111 can be chosen real absorbing the phases into V3. To compute the eigenvalues, it is
better to consider the hermitian matrices mim or mm'. The first option simply gives

|||y ]? 1y [y
mim = |mPy  |#e?+ ) ol + |71 |23 - (A7)
[ Py8* [m2lPa + [ [P6* |ms|* + |mal*lel® + [m [*1 617
Then the determinant is simply

det (m'm) = [det (m)|* = |21 |2 i is]? (A8)

and is only non-vanishing if vy, # 0.
The eigenvalue equation is a cubic equation; to obtain the dominant terms, we expand
around v = 0. In this case the equation reduces to a quadratic one with the solutions

—

1. _ _
Aajz =5 [Fisl? + 72 (1 + o) + A (1 + |6%)] (A.9)

—_ _ — 2 — 12 — 12 2
+ \/HM:%’Q—’M2’2(1—’06\2)—\/“\2(1—\5’2)] +4(!/~62\ a+|ml s

N |

So in this limit, we have eigenvalues at lowest order

_ _ _ 22
AwﬂmF+W¥MF+mWWF+O<J>,

A3
2 2 A3
Ay = ‘/_1,2‘ + ‘/_1,1’ -0 ()\_3> , A =0. (A.lO)
We can also compute the first correction to the zero eigenvalue simply as
_det(mim) _ PlaPlEelPlEsl® | PEPleel mi<iiel e e A1l
1— Ao\ T = 12(1= 12 L =12 — =12 L =12 |’Y||M1|()
223 Fs|*(lE2l® + [ma?) — |f2l® + |7
This means that for vanishing u; we have
— ’Mz! ~
mq ~ ||| ~ =l - (A.12)
|7z

Using the eigenvalues, we can also solve for the mixing matrices at lowest order,

1 0 0
‘/3/ —_lo 1 |_2‘2“3“j‘|_1‘2ﬁ ’ (A13)
0 _|_!§2‘2CV*_+‘_!!1|26* /13
|13
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where we must recall that we had already acted on the mass matrix with a large angle

rotation ‘//\},, so the V4 above is just a small correction to it.

For the left-handed quark fields, we have instead at leading order

1 B s
_ 2 M3
M Hoa
Us=| -G 1o (A.14)
B (o~ gy B3
(e =) =

Since the up quark mass matrix is already diagonal, this last mixing matrix corresponds
to the CKM matrix. From U;f mVy = mdiee we get Voxm = Us, so for a = 3 we have the
prediction Viq = (o — %) fif /5 = 0 at leading order, and the CP violation vanishes! On
the other hand, V,;, has the right order of magnitude as we thought.

Quark masses and mixing angles. We can reproduce the observed quark mass eigen-

values and mixing, that satisfy the relations

mu:mc:mt:)\7:)\3:1,
mg:ms:my~ ANl (A.15)

where A ~ Vs ~ 0.22 is the Cabibbo angle. In fact, if we assume

Ml:ugzugf:)\7:)\3:1,

T ifio iz A A%, (A.16)
it gives correctly
i1 [
Vas| ~ @ ~ @ ~ A, (A.17)
2| |p2]
i1 [ [i2 [12
V| ~ 1221 ] ys Vi ~ 2L 12l o
sl [pas sl [ps)
moreover,
mqg =~ L ‘/_1,1‘ ~ |'l_ll—2||l_L—1| mp >~ )\)\3mb ~ )\4mb . (A18)
1+ |2 [f2| 13

Again Viq is suppressed by the difference of o — 3* ~ uo /Ty, p1 /1y, as is the Jarlskog

invariant, J;.

Low-energy CP violation As discussed in the following appendix, we can express
the low-energy CP violation in the quark section via an effective Jarlskog invariant. We
calculate this invariant, using eqs. (A.4). The dominant terms are displayed in eq. (B.9);
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the complete expression reads

finsis | MyMs {_ Mg I 812 n MMy |psl? T P2 (A.19)
AAZ | M2 M2 [i3]L M '

J, = =
! s M2 R ji

~ MZMzM,y |M2|2I i3

MY [
M, M: M2 © MsMy |fis)?
MM [( 4)1111#3#14- 3 My || Im&]

~2

M?2 M? A3k M2 i3 H1
M, M. M2\ | M2 |ps :
NECIELCH TP o B I Py
M? M%) M? i3 fifin
M, M3 |us|* | M. M, ;
MMy ol May i Ms sl
M3 B3 | M A1 M Hsi

M2 |uq|? | MM M, M. M M. ;

(MLl MaMay s MaMa g o MaMy o pais | |
M? py M? 13 M2 H2 M? 342

Charged leptons. The charged leptons show a different hierarchy than the down quarks,

we have in fact

me:mu:mT:)\5_6:)\2:1
mg:me:my~ A A% 1 (A.20)

The discrepancy can be solved with a smaller value for (uofi1)e, compared to (uafiy)g. As
an example, we choose u§ ~ A\* and 1§ ~ A\3~* such that

e e e
Me = Lmﬂ ~ |'L_L—2|@ me =~ NN, ~ XN, (A.21)

V1+ a2 fi2| 13
Regarding the rotations, the large Vj rotation acts now on the left-handed fields, but
it has to act on both the charged leptons and the neutrinos, so it has not a large effect in
the charged current. There is, however, an effect coming from the mismatch between the

two V3’s in the charged leptons and neutrino cases.

A.2 Neutrinos

The charged lepton mass matrix is eventually diagonalised via V3 = 173‘/})’ and Us as the

down quark matrix. For the light neutrino Majorana mass matrix, given by
v _ (. D\l N1 D A .99
mig =—(m”) (m") m”, (A.22)

we can neglect the rotation Us of the right-handed fields as this transformation cancels out.
U, does in principle rotate the RH states, but its effect is suppressed as long as M; < M.
Regarding V3, we do not expect it to be the same for both charged and neutral leptons, so

the mismatch between the two provides flavour mixing in the neutrino sector.
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The neutrino Dirac mass matrix can be written after the large rotation 173 that bring
the charged lepton mass matrix into triangular form as

R Ap1 Dp1 p1
mP =mP Vs = | Bps Eps po |, (A23)
Cps Fps ps
where
Ll (e 1 — o~
plL=——= {Pl p3Miyy — pzMzMy| — p1 My {M3M4 + M3M3] } )
R M? L |
_ 11 1. « 7 7] ~ [~ =7 T
P2 = ——= {Pz M3M1223 — p3MzMy| — pa Mo {M3M4 + M3M3] } )
K3 M2 . |
_ 1 1 o [e —~ ~ L~ T
p3 = — = {ps fisM{ys — pi3MsMy| — ps [M3M3M4 - M3M1224] } ;
Fi3 M2 : :
and, using the notation Mag = /M2 + M2,
111 1 (- —~ _ —~ o~ —~
A=————=< {P1M2H3M1 - p1 [/L2M3M2 + p2 (M3M3 - M3M4>} } )
p1 M2 B3 M
B - P2b2 — p2pi2 pi3 My
P2fi2 o3 M
O [3p3 — p3ps p2 My
P33 H2 M
D=2 LG [l B2, + sl (s — ) |
71 Tia ﬁ% MQ P12 |13 12 T Mop3iVig | 3 M3 — [3iVig

+ ;i My [ﬁzuéﬁ, <M3M4 —~ ﬁsﬁs) + My </7§ - ’M?”QH } :

111 1 (- v Vo (70T M.
E = PRy {p2 [uz s |* M7y + pis gz Mo (ust - M§M4>}
3

+ p2 [ﬁa@% </73M3 - M3M4)

+ 1 (ﬁ§M123 — 2|3 fis M3 My cos 05 + | us|” ]\7124)} } ;

F = ey oty — i) [y + i (sl = iM)] . (a20)
Note that we are here projecting the neutrino flavour states into the basis defined by

the charged leptons as in eq. (JA.3). So we can immediately see that if the neutrino flavour
vectors are aligned with the charged leptons B, C, F' should vanish and the neutrino mass
matrix would become triangular as well. This corresponds to having exactly the same
hierarchy in the rows of the charged and neutral lepton Dirac mass matrices, i.e. %—z = %
We do not expect such alignment since the parameters p;, ii; are generated by different
operators and not related by any GUT relation, as can be seen from eq. (R.3d). We will
consider in the following the case where the neutrino hierarchies are similar to those of

the down quark matrix, while the charged leptons differ due to the lighter electron mass.
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Of course even more involved scenarios are possible. In the following we neglect as well
corrections coming from the final diagonalisation, since the entries of V3 are suppressed by

(na/fi2)? < 0.01.

Mass eigenvalues and eigenvectors. We need to compute the eigenvalues of the neu-
trino mass matrix and the first step is again to compute the determinant of the matrix
mgg. Note that this is a symmetric matrix, but not real. Therefore the eigenvalues are in
general complex and the matrix is diagonalised using a unitary matrix V,, as

V,! migV, = diag (m1,ma, ms) . (A.25)

v

Consider for the moment just the absolute value of the eigenvalues and then see that we
have the relation®

det (mP))?

det (mZs) = —(7 . A.26
€ (meff) det (’I’I’LN) ( )
The last determinant is simply the product of the heavy neutrino masses, while the first
one is given by

det(mP) = pujaps [(F — E)(A— B) + (D — B)(B - C)]. (A.27)

In order to have three non-vanishing eigenvalues, we need all p; # 0 and at least one of
A, B, and C different from zero. Also the three vectors corresponding to the rows of the
Dirac matrix must not be aligned with each other. So we obtain

mymams = —p10203 [(F — E)(A— B) + (D — E)(B - C)?

Pipaps 1 1 1 M,
= T010203= = = 55—~ T~ (A'28)
P1P2P3M2M3M2 M

X {Mz |a|* M3y + 2 | o) fiz || My [/73]\73 cos (0 — 03) — g My cos 92}
+ [paf? [ﬁ%ﬂfs — 2 || fisM3 My cos 05 + |3 Mﬂ} } ;
for p1 = 0, where g; = e_2i¢i,5?/Mi.
Singling out the heaviest mass eigenstate. In the case when p3>> 091, it is easy to

single out the heaviest eigenstate:

1
(W3)" = (C*,F*,1), (A.29)

V14 |F]2+]|C]2

and the mass eigenvalue to lowest order is given by

md = —os (1 +F)? + |C|2> . (A.30)

3Note that for a n x n mass matrix, the minus sign on the r.h.s. gives a (—1)" contribution.
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Then up to a rotation in the 12 submatrix, at lowest order the mixing matrix can be

written as

V 1+‘F‘2 0 c*
1+ F?+|C? V 1+ FP+|C?
VO — —CF* F*

1
v \/1+|F|2+\%|2\/1+\F|2 \/”}F'Q \/1+|F1\2+|C|2

(A.31)

VIHFPHOPVIHER VIHFP V14 FPHCP
this is the basis which gives decoupling of the first eigenstate in the limit of vanishing C.
From this matrix, we can directly read off the dominant part of the mixing angles with the
heavy eigenstate, 623 and 613. The charged lepton mass matrix is nearly diagonal, so we can
actually relate with good accuracy the first row to the electron neutrino flavour. The left-

handed charged lepton flavour eigenstates are given as a function of the mass eigenstates by
0 = (%Vg)T&- (A.32)

and therefore the neutrino flavour eigenstates correspond to
vp = (%V{)T VaVu; = (Vg)T Vovi (A.33)

where 173 cancels out as it acts equally on the whole lepton doublet; moreover, as we have
seen, V3 is limited to the 23 corner and does not modify the electron entry. We use here
the convention of [BZ], and define the PMNS matrix as

C13C12 C13812 S13 1 0 0
0 e¥2/2
6i§3/2

V, = | —s12c03 — c12523513€™  c1aco3 — s12823513€™  c13523€%

$12823 — C12C23513€™  —C1a893 — S12¢23513€™ C13¢03€™ 0 0
1 0 0 ci3 0 813,6_i(S ci2 S12 0 1 0 0
=10 coz S93 0 1 0 —519 €12 0 0 ei2/2 0 , (A.34)
0 —8923 €23 —81361'(s 0 C13 0 01 0 0 ei(5+53/2)

where ¢;; = cos 05, s;; = sin6;;, ¢ is the Dirac phase and &; » are the Majorana phases.

So we have at lowest order for 613 that

Cl

\/ 1+ |F]* +|C)?

This gives us directly a constraint on the parameter C' from the upper bound on

‘Sin@lg‘ < 0.1:
|C| ~ \/1+|F|* +|C|* |sin613] < 0.14/1 + |F|*. (A.36)

Then since the mixing with the first flavour is small, the atmospheric mixing matrix is

(A.35)

(V)13 = sin b3 ~

given simply by requiring the 23 corner of the matrix in eq. (JA.31)) to give

5 0 in Boee 23

— 8in 093€23  cos fg3
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So considering the 23 sector, we get, again at lowest order,

§o3 = arg (F),
tan 923 = |F| . (A38)

To have large mixing angle tan 2623 > 3 [Rd, BI]|, we must restrict |F'| between
0.7<|F|<14. (A.39)

Such a value is natural in the case where p3, p3 and us, 3 are of the same order but
not exactly equal, while ps is small. Note that even a phase difference can be important.
Assuming simply g—i’, = ei“’?’% and degenerate M; gives
24/2(1 — cosws)

3 — cosws

|F| =

(A.40)

so we obtain |F| = 1 for the maximal phase difference ws = 7, while |F'| > 0.7 arises in the
wide interval 0.26 m < w3 < 1.73 7. Hence, a nearly maximal atmospheric angle is natural
even for the most simple choice of parameters. Of course, more solutions are possible for
the general case.

Thus in order to reproduce the observed pattern of mixing parameters, C' has to be
small, while | F| is nearly unity. We can use the maximal value for |F'| and the experimental
bound on ;3 to derive an upper limit on |C/,

IC] <017, (A.41)

in agreement e.g. with the ratio g—i necessary to have a small electron mass. Note, however,
that we can obtain significant corrections from gs; # 0.

Light eigenstates and solar mixing angle. The other two eigenvalues and the cor-
rection to the heavy mass can be obtained from the trace and determinant of the matrix
(mZH)Tm’e’H, which can be computed in any basis. Expanding both the mass matrix and
the eigenvalues to first order,

v __
Mg = Mg + le,Q ;

ms = mg + dms while my 2 =dmi2, (A.42)
we have then

tr {mga mQI,Q]

5m3 =
(m3)*

C e e e =t [ ]

2
2 ‘ml‘Q _ |det(mgff)|

’mQ‘ D)
|m3

(A.43)
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Choosing the basis appropriately, the relations can be simplified to give
omgz = <(VVO)TmQ1,2VVO> >
2 2
mal? + ol =t [m}, | = | (V) T oV), |
(F - E)A-B)+(D-E)B-C)?
5 .
(1+1F12+(CP?)

)

(A.44)

|m2|2 |ml|2 N|9192|2

We will give the result of these expressions for vanishing C' and g; = qgs:
(1—- FE)?+q(1 - FD)?
1+|FJ
tr[mgmmgm} =|02|? [1+q|2+{E2+qD2\2+\BZ+qA2{2+2 |BE4+qAD|*+2 | B+qA|*+2 | E+¢D|*|,
2 [A(F -~ E) + B(D - F)|*

(1+ |F|2)2 '

Then the mass splitting which should generate the solar oscillations is given by

om3 =02

)

[mal? fma|* ~oal* 4] (A.45)

2
oz = J (I + lmal®) " = 4ma? fra

’ 2
B %{[(1*'““2) <|1+C]|2+ ‘E2+qD2|2+|B2+qA2|2

+ 2|BE + gADP +2|B + qA]> + 2|E + qD\2>

— (1= FE? +q(1 - FD)Qﬂ2

9 1/2
~ 4gP? (1+ |F|2) |A(F—E)+B(D—F)|4} . (A.46)

So the solar neutrino mass splitting can be matched even in the case ¢ = 0 or
A(F—-FE)+ B(D—F) = 0, ie., when the lightest neutrino is massless. However, we
do not expect the first limit to be realised, if we assume the same hierarchies between
p; as in the f; in the down quark sector, while for M; as the up quark sector. In that
case we have in fact |o2| ~ |o1| and the two lighter eigenvalues are similar in scale,
my ™~ my ~ 6m§01. On the other hand, the determinant could be suppressed by align-
ment, i.e., for [A(F — E)+ B(D — F)| < 1, and could give us a hierarchy also between
the two light eigenvalues.

We can then compute the solar mixing angle and the first order corrections to the V.3
mixing parameter. After rotating with the V¥ matrix, we can estimate the solar angle by

using only the 12 part of the mass matrix; for C ~ 0 the matrix is given by

B2 AZ B E—F A D—F
19) — Q2+ 01 Q2\/W+ Ql\/m Adr
le,z( ) - B E—_F 1A D—F (E—F)? 4 (D—F)? . ( . )
02 e 01 JIHIFP 02 HF 01 1HF2
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Taking the solar mixing matrix as in eq. (A.37) with 6a3, £23 — 612, 12 we obtain

672{“12 _ (m91,2)12(m91,2)1<1 + (m91,2)22(m91,2)1<2

‘(m91,2)12(m91,2)>1k1 + (m91,2)22(m91,2)>1k2| ’

* * 2
2 ‘(m91,2)12(m91,2)11 + (m91,2)22(m91,2)12‘ _ 2 V L+ ’F’ ’N’

‘(m91,2)22‘2 - |(mgl,2)11‘2 D ,

tan 2912 =

where, for ¢ = o1/02,

N =[B(E - F) + qA(D — F)] (B + qA?)" (1 + ]F\2>
+[(BE-F)+q(D-FP|[B(E-F)+qA(D-F),
D= ‘(E— F)?+q(D - F)z(2 — |B? 4 q4%° (1 + \F!Q)Q.

In order to have a large solar mixing angle, either A ¢ or B must not be small compared
to E— F and D — F. But since A, C x %—;, we are led to the case

_ M

A=C~0, B=2"1_0n). A.48
. (1) (A.48)

Then we can neglect the terms proportional to A and we have simply
2 2 2 E—F)*
2B (L+|FP) + |E— F? + q(D - F)* S0
2 1 2\ 2
1Bt (14 1FP)
(A.49)

tan 201, = 2|B| |E — F|\/1 +|F|
(B~ F)+q(D-F)

This formula simplifies further if we neglect the ¢ (D — F) terms as well.? Then using
general trigonometric formulae leads to the expression in eq. (4.11)),

B
tan 1 ~ |E’_’F| V1+|F2. (A.50)

Taking the experimental value for the solar angle, tan? 615 = 0.4540.05, gives us for |F| ~ 1
the range |B| ~ (0.45 — 0.50) |E — F|.
We can also compute the corrections of order g1 2 to the other two mixing angles, that

we have discussed in the lowest order. In fact, since po < fig, the contribution (JA.35) is
small and the leading contribution to 613 comes from the By term,

_ IB(EF +1)| |o|

. m2
(V)13 = sin 3 ~ ~|B|— ~02 |B| . (A.51)

3/2
<1+ ‘F’Q) ‘03’ ms3

So even for vanishing leading order, we expect the first order term to bring 6,3 near to the
experimental bound. Note that it is the large solar angle that naturally gives 013 ~ 02/ 03;

“Note that taking A = C = D — F = 0 gives a zero determinant for the neutrino mass matrix, so this
case applies when the lightest eigenvalue is suppressed compared to the solar mass scale.
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in our model it seems pretty difficult to suppress this angle to much smaller values, apart
if there is a tuned cancellation between zero and first order.

The corrections to the atmospheric angle are of the same order g2/03 and do not have
a large effect since we need in any case large parameters in the 23 sector. This small shift
can in fact be easily compensated by a small change in the value of F', especially since we
do not have any particular symmetry in the model imposing F' = 1.

Sum rules for B dominance and vanishing mj;. We have seen in the previous para-
graph that in case of vanishing C', A and p;, simple expressions can be obtained for all
observables as functions of only few parameters B, I, F' and g32. Then it is possible to
obtain relations between the different observables,

tan923:|F| s
B
tan 613 = ‘E‘_’F’\/1+ 7%,
B(EF +1
sin913:—’ ( + )‘@

3/2 ;

2\9 2 2\ 2 4
5 (L+[FP) (1+|EP+|BP) ~ 1 - FEB
Mot _ |2l (A.52)
= 5 .
Now we can write the following relation,
sin 613 0Matm _ |E — F||EF + 1| (A.53)

tan 615 dm 2
12 sl \/[<1+]F\2> <1+]E\2)+\E—F\2tan2012] — 1 - EF*

To estimate its value, we can use the fact that |F'| ~ 1 and vary only |E| and the phases
of E, F. We obtain then a maximal value of the r.h.s. for EF =1 so that
dmgo  tanfqs

in 3 < ~ 0.09 . A.54
P13 = OMatm 1 + tan2 012 ( )

Of course, the angle 63 can always be reduced by an appropriate choice of the phases and
in particular for £ = F', so that there is no lower bound in this type of models.

The effective neutrino Majorana matrix, which is relevant for neutrinoless double beta
decay, simplifies such that

[mee| = |BI* |02
tan2 912 ’E — F‘Q

\/[(1 PP (14 [BP) + tan2 00y | B~ FP]” — |1~ PEJ'

= 5msol (A.55)

Again varying the phases and the modulus of E, we find the maximal value for EF = —1,

tan 019

/2 + tan? 012

|Mee| < dMmg) ~ 0.43 dmygel - (A.56)
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Moreover, we can give a simple relation between me. and the reactor angle,

[Meel _ |~ F|
5matm |EF—|— 1|

sin 913 tan 912 . (A57)

Note that the singular value for EF 4 1 = 0 corresponds to a vanishing reactor angle.

We can even derive a maximal value for the Dirac CP violation for this case. From

egs. (E21) and ([£27) we get

|BJ? (k1 — r2) Im ()

Jp=— (A.58)
2\9 2\9 2 2 2 4
(L+ [FP)2 |1+ [FP)2 (14 |B + |BP) — 1 - EF|
|E— F|* tan? 612 (1 + tan? f12) Im (Q2)
- 2 2
LRI (14 17P) (141BR) + 1B - FPtan? 6] — 1 - EFY’
dmgol |E — F* tan® 615 (1 + tan®6y2) Im [(1 + EF*) F* (E — F) e'823]
"~ Matm 14 |F|? 2 3/2’
n 1+ | [((1+|F|2) (14+1B1) + B FPtan? ;) —|1—EF|4}
where Az is the phase of g3/03. Again, the prefactor is maximal for EF = —1 and
E = —F, giving
§ 1+ tan®6
|| < ool +tan” 01 Isin Ags| < 0.06 . (A.59)

(Smatm 2tan 912 (2 + tan2 912)3/2

Here the imaginary part is only given by the phase Ass, but in more general cases the phases
of E and F will play a role as well. So even for the CP violation in the leptonic sector, the
model displays a suppression given by the ratio of the mass eigenvalues. Contrary to the
quark case, however, the CP violation is not proportional to the smallest mass eigenvalue,
but it can be non-vanishing even for m; = 0.

B. CP violation and weak basis invariants

For completeness we discuss here the CP invariants in the case of an additional vectorial
state. We prove that if the additional state is much heavier than the electroweak scale,
the low energy CP violation can be expressed by the Jarlskog invariant defined from an
effective 3 x 3 down quark mass matrix.

The transformation of a Dirac spinor (¢, Z) under parity and charge conjugation is

given by
P ¢(t7f) Pil =np 70¢(t7 _f)a (B 1)
Co(t,7) C7' = e Co(t,7)T, '
where npc are non-observable phases. The matrix C' obeys the relation v,C = —Cy}f.

Since the Lagrangian is a Lorentz scalar, it only depends on fermionic field bilinears. Thus,
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we deduce the CP transformation for such terms,

)
LT (B2)
)

CP i7" (CP) ™" = =y s -
Note that the operator d,, transforms under CP as 0" — 0.

Quark sector. In the Standard Model, it is easy to verify the existence of the CP
symmetry in the Lagrangian, up to mass terms. In general, the quark mass terms are CP
invariant if and only if it is possible to find a weak basis transformation which realises

HY = W H"W] H* = W HW] | (B.3)
where H%4 = M (M“’d)T. It follows that
Wi [Hy, H) W} = — [Hu, Hy) " (B.4)
such that, for r odd,
tr [Hy, Hy” =0 (B.5)

is a necessary and sufficient condition for CP invariance [[]).
The case of r = 1 is trivial: the trace of a commutator [H,,, Hy] is zero. For r = 3 and

three generations, we have

c u u

Isw = tr [Hy, Ha” = 6i (m —mZ) (m{ —m7) (mg —m7)
oM (B.6)
s md) Jq ’

(mi —m2) (mi —m3) (m

where the quantity J, does not depend of the mass spectrum, and can be related, up
to a sign, with the CKM matrix, V, as |J;| = |Im(Vi2V5V55Va3)|. We conclude that in
order to have CP violation, we need to have J,; # 0. This quantity is the lowest weak basis
invariant which measure CP violating effects and it has mass-dimension twelve. Apart from
CP violation in the strong interactions, there is no other mechanism in the SM which can
generate CP violating effects if J; = 0. Note that in the chiral limit, m, = mq = ms =0,
we do not generate CP violation even if J, # 0.

In the literature, the lowest weak basis invariant is called Jarlskog determinant [Rg],

det [Hy, Hg) = 2i (m? - mi) (m? - mi) (mz - mi) (B.7)
(m2 — m2) (mf —m2) (m2 —m3) J, . '

which is equivalent to the eq. (@)5 The Jarlskog determinant is only applicable to the

case of three generations, in contrast to the more general invariant in eq. (B.F).

For any 3 x 3 traceless Hermitian matrix M one has: tr M® = 3| M].
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Now let us add a down quark isosinglet. The gauge couplings to quarks and their mass
terms are (i,7 = 1,2,3 and a = 1,2,3,4):

L = —% (ariv'dri W5 +h.c.) — eJfiy A,
"~ 2cos Ow (@riv ur;i — driv*dp; — 2sin® Ow Jhy) Z (B.8a)
Ly = — (ups M upj + dp M dpe + dpam§ dra) + hec. (B.8b)

where the matrices M,,, My and mg are of dimension 3 x 3, 3 x 4 and 1 X 4, respectively.
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The electromagnetic current is given by J&,, = suytu — zdyHd.
The most general weak basis transformation consistent with the Lagrangian of

eq. (B9 is:

' N , g af
(ZU> — U/ <ZU> , uri — (Up)?urj,  dpa — (Ugf) dra - (BY)
Li Lj

where U, and Uy are 3 x 3 unitary matrices, while Uj‘é is 4 x 4. Once we diagonalise the
mass terms, the Lagrangian reads

Ly =L [ariv" (Verkm) o dra W +hec] —eJiy Ay

V2
i 7 T -2
~ oos O [uLn’“uLi —dpay* (VCKMVCKM> » drg — 2sin® Ow Jhy | Zu
XM = - (aLi Dy UR; + JLa Ddoz dRa) + h.c. s (BlO)

where Voxym = UgTUg is a 3 X 4 matrix. The number of independent phases which are
related to CP violation is, for N = 3,

ncp:N(N+1)—%N(N—1)—2N:%N(N—l)z?;. (B.11)

With the matrices as defined in eq. (B8H) and H, = M,M;, Hy = MyM!, and
hg = Mdmil, we can write down a set of weak basis invariants,

I, = Imtr H,Hghghl,, I = Im tr H2Hghgh,,

I3 = Imtr H2[H,, Hy] hahl, Iy = Imtr H,H3hgh!,,

Is = Imtr H2H3hgh!,, Is = Tmtr H2 [H,, H3] hahl,,

I; =Imtr H*H H, H3 (B.12)

representing a set of necessary and sufficient conditions for having CP invariance in the
quark sector [f7].
In our model, H; and hy read

ml?+ 7 pafis My + pin My

Hy= fnfiz  |pel® + 03 Fofis : ha = | paMs + fioMy | . (B.13)
~ o~ ~ o~ 2 . —~ T~
V! figfiz  |psl” + 13 p3Msz + 3 My
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Since H, and H, are real, Iy vanishes. The remaining invariants are in general different
from zero; the dominant terms are

I = —m? (i3 + [i3) fisMy Im puz Iy =m} I,

Iy = —mY (32 + [3) fisMs My Im pi3,,

Iy = —mj (T3 + fi3) (i + i3 + i3 + p3) JisMs My Tm pig Iy =m] I,

Is = —m{ (33 + [i3) (i + i3 + i3 + 13) FisMs My Im prs . (B.14)

Hence, CP is generally violated even by the presence of a single complex parameter us.
Note that this case is not equivalent to the chiral limit because both the charm and strange
masses are different from zero, m. o< pg and mg ~ fig (albeit uy < f12). As we might expect,
the invariants vanish if all quarks of the first and second generation are massless.

Now we single out the heavy eigenstate with the rotations Vj, Uy. While the action of
V4 leaves the invariants unaffected, Uy strongly modifies them and reshufflies terms from one
to the other. In fact after this transformation, hy vanishes to lowest order and survives only
at order O(U%W/J\AJQ); then in the new basis all the invariants involving hy, i.e., Iy — I are
suppressed by v%w / M?2 and vanish for M — oco. On the other hand I 7 is now non-vanishing
and given by

2
I = Imtr H2HSTH, <H§H> , (B.15)
where HST = mm' (see eq. (R.7)). Note that Uy also changes the weak interactions,

g _ —
6Ly = 5w (Us = Dy WS+ (vivs - 11>i4 dy Z, +h.c., (B.16)
so we expect both CP violation and CKM unitarity violation from these terms as well.
However, the mass of the heavy state is O (MguT) so that the contributions to low-energy
processes are suppressed by a factor Mgw/Mgur and are negligible.

Hence, at the electroweak scale, we are left to consider the single invariant

Ib =Tmtr H2HSTH, HST? | (B.17)

which corresponds to the usual Jarlskog invariant J, for three generations, but computed
for the effective quark mass m.

Lepton Sector. As discussed above, we can ignore the heavy states for low-energy CP
violation and use the effective 3 x 3 Yukawa matrices instead.
In the SM, extended by right-handed neutrinos, we have three mass terms for the

leptons,
- g 1 -
L =— <eLi my erj + rLimy vrj + 3 v C m%, I/Rj> + h.c. (B.18)
In analogy to the quark sector, invariance of the mass terms under CP transformation
requires
UlmeV =m | UlmpW =m3, , WimyW = —M3 , (B.19)
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where U, V, and W are unitary matrices acting in flavour space. Defining h = m%mD

and H = m}r\,mN, we obtain
WIhW = h*, WIHW = H* . (B.20)
Now we can write down the weak basis invariants

It = Imtr h Hmiyh*my, IS = Imtr h H2myh*my,

I£ = Imtr h H*myh*my H; (B.21)

for the three further invariants, substitute h = 7”11}57716 ml mp for h ] In the basis where
the right-handed neutrino mass is diagonal, one obtains

If =M My (M3 —M}) Im hiy+ My Mz (M3 — M{) Im hig+ Mo Ms (M3 —M3) Im b3,
I5 =My My (Mg — M) Im by + My Mz (M5 — M) Im b+ Mo Mz (M5 —My) Im b3,
I =M M3 (M3 — M7) Im hiy + M7 M3 (M3 — M7) Im his+ M35 M3 (M —M3) Im h3 .

If none of the M; vanish and there is no degeneracy, the vanishing of I, Is, and I3 implies
the vanishing of Im h2,, Im h3;, and Im h3; for CP invariance.

Note that in our model, mp stands for the effective 3 x 3 part of the Dirac neutrino
mass matrix, mp, as given in eq. (A.23). Then we obtain from eq. ([£.3),

hiy = A*Dpi + B*Ep; + C*Fp3 ,
hiz = Ap? + Bp + Cp3
hos = D*p} + E*p3 + F*p3 . (B.22)

The coefficients A, ..., F are displayed in eqgs. (JA.24). They are generically complex, so we
do not expect CP to be conserved.

As in the quark sector, these invariants are rather general and give the necessary
conditions for the presence of CP violation. On the other hand, only few of the phases
remain important also in the low-energy limit. In our case, to study the low-energy Dirac
invariant, we can use the analogue of the Jarlskog invariant,

1

e

or [l hT° (B.23)

as discussed in section [.J. Here, h¥; = (mgﬁ«)Jr mYg and A2 and A#? are the products
of the mass squared differences of the light neutrinos and charged leptons, respectively.
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