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Spontaneous CP violation in the 3-3-1 model with right-handed neutrinos
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We implement the mechanism of spontaneous CP violation in the 3-3-1 model with right-handed
neutrinos and recognize their sources of CP violation. Our main result is that the mechanism works
already in the minimal version of the model and new sources of CP violation emerges as an effect of new

physics at energies higher than the electroweak scale.
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I. INTRODUCTION

There are two possibilities of implementation of CP
violation in gauge models. The most popular one is the
explicit CP violation mechanism [1]. This is the case of
CP violation in the quark sector of the standard model
(SM) of the electroweak interactions. Basically it is as-
sumed that the Yukawa parameters of the model are com-
plex, thus providing a complex mass matrix for the quarks
whose diagonalization requires unitary transformation. As
a consequence, considering three generations of quarks,
one arbitrary phase will remain in the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix [1,2]. As such a mixing
appears only in the quark sector that is the only place where
CP violation can arise in the SM [3].

Another way to obtain CP violation is through the
spontaneous breaking of the gauge symmetry. In gauge
models the breaking of the gauge symmetry is achieved
through a nonzero vacuum expectation value (VEV) of
some neutral scalars. In the general case such a VEV
should be complex. In this case, even though we depart
from a real Lagrangian, when the neutral scalars of the
model develop VEV’s, phases will be introduced into the
Lagrangian. Some of these phases can remain in the model
depending on the constraints of the scalar potential at its
minimum and whether the fields redefinition does not eat
them. If at least one phase survives, we have spontaneous
CP violation (SCPV) [4].

Although more appealing than the explicit case, it is not
straightforward to implement the SCPV mechanism in
gauge models. Usually the phases that accompany the
real part of the VEVs can be easily eliminated by an
adequate gauge transformation. For example, in the stan-
dard model the SU(2); ® U(1)y gauge symmetry allows us
to eliminate the phase of the standard VEV. The minimal
extension of the standard model that accommodates SCPV
does it through the addition of a second Higgs doublet in
the context of the most general potential [5].

The procedure to implement the SCPV in any model is
quite simple. Consider all neutral scalars that can develop
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complex VEV’s in the respective model. Obtain the con-
straint equations on the phases which come from the
minimum condition of the scalar potential. Check how
many phases the gauge transformation can eliminate.
Finally, wherever it is possible, redefine the fields as to
absorb the remaining phases. If, in the end, at least one
phase survives, then the SCPV mechanism works in the
model considered.

In this work we implement the SCPV mechanism in the
SUB3)c®SUB), ® U(1)y (3-3-1) gauge model for the
electroweak and strong interactions that possess right-
handed neutrinos composing the fundamental representa-
tion [6]. The SCPV was already considered in other ver-
sions of the 3-3-1 models [7,8]. In general all the 3-3-1
models require at least three scalar triplets in order to
generate the correct particle masses of the model.
Considering that each scalar triplet involves at least one
neutral scalar, we are going to have at least three phases
when no complex coupling is assumed. Nevertheless, the
SU(3); ® U(1)y symmetry allows us to eliminate two of
these phases and, certainly, the minimum condition of the
scalar potential of the model will provide an additional
constraint over the phases. Thus, it is expected that, in the
case of three triplets and three phases, the gauge symmetry
and the minimum constraint lead to a trivial solution, i.e.,
that these three phases can be washed out of the model. It
was shown in Ref. [7] that this kind of 3-3-1 model requires
three triplets and one scalar sextet in order for SCPV to be
implemented.

The minimal 3-3-1 model with right-handed neutrinos
also requires only three scalar triplets to generate the
needed masses. What motivates our investigation of the
SCPV in this model is that its scalar sector differs from the
other models in a subtle aspect. Two of its three scalar
triplets possess each one two neutral scalars. Thus, in this
model, we dispose from the beginning of a total of five
neutral scalars. When we assume that all of them develop
complex VEV’s, five phases appear in the model. We will
show that in this scenario one phase still survives the gauge
transformation, the constraints for the minimum of the
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potential and the fields redefinition, allowing for the SCPV
mechanism with only three scalar triplets.

This paper is organized as follows. In Sec. II we specify
the model. We then implement SCPV in this 3-3-1 model in
Sec. III. In Secs. IV and V we point out the sources of CP
violation. We finish with our conclusions in Sec. VI.

II. THE MODEL

In the 3-3-1 model with right-handed neutrinos the
leptons come in triplet and in singlet representations,

c
VaL

VaL
far = <%L> ~(13,-1/3), exr~(1L1L=1), (1)

while in the quark sector, one generation comes in the
triplet and the other two compose an antitriplet represen-
tation with the following content,

d;

QlL = _ul -~ (3) g; 0))
di /1

Uup ~ (3, 1, 2/3),

dig ~ (3,1, —1/3),
dig ~((3,1,-1/3),
i3 )
Qs =|ds | ~(331/3),
uy )y
usg ~ (3, 1,2/3),
dyg ~ (3,1, —1/3),
usp ~(3,1,2/3),

where a = 1, 2, 3 refers to the three generations and i = 1,
2. The primed quarks are the new quarks but with the usual
electric charges.

In order to generate the correct particle masses, the
model requires only three scalar triplets, namely,

with n and y both transforming as (1, 3, —1/3) and p
transforming as (1, 3, 2/3).
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The CP conserving potential for this model is given by

V(n, p, x) = mix* + uam? + ppp + Mxt + Lt
+ 030" + LTt n) + As(xF )T p)
+ 26T (ptp) + 1 (x T (9t x)
+ 23Tt x) + As(ntp)(pTn)

+ iE"j’"r;,-pj)(k + H.c. 4

V2

The Yukawa sector of the model is given by the following
CP conserving interactions,

LY = fi/(Qux*dig + Qun'dig) + f33(Qa xusg
+ Oy muthp) + 8ia(Qun*dag + Qi x*dug)
+ h3a(Q3L77uaR + Q3LquR) + g3aQ3LpdaR
+ hiaQin*uaR + GaafaLpeaR + H.c. (5)
We are assuming that the Dirac mass term for neutrinos is
absent and neutrino mass could be generated by higher
order terms [9]. With this set of Yukawa interactions all
fermions, except the neutrinos, gain masses. In this model

neutrinos gain masses through effective dimension-five
operators as shown in Ref. [9].

II1. SPONTANEOUS CP VIOLATION

Let us assume that all neutral scalars composing the
triplets p, n, and y, develop complex VEV’s,

(v, + Ry + il,y)

V2
n= i, n ’
n .
e\/i (Un/ + R"’]/ + llnr)
0, p+
¢ .
p = ﬁ(l}p +/§p + le) , (6)
P
it .
T;(UX + I_QX +il)
X = X

i0
e X .
v (vy + Ry +ily)

The minimum condition for the potential in Eq. (4), when
the scalars develop five nontrivial VEV’s, translates into a
set of constraints on the VEV’s and phases of the model.
On substituting Eq. (6) at the potential in Eq. (4), we obtain
the following set of constraints on the phases

0,+6,+0,=0 0,+6,+0,=0 (1)

and the following ones on the VEVs
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Ay A
By + M, +vy) + > (vy +vi) +
Ay A
py + M, +vy) + 5 (vy +vl) +
Ay A
py + A, +vy) + > (v) +v3) +

A A
,u% + )\z(v%, + v%]) + 74(11?(, + vi) +

A A
2 2 5 (u2 2 6 (2 2
My + Azvp + 5 vy + vy + > (v, +vy) +5

The origin of the constraints on the phases is the non-
Hermitian f-term in the potential in Eq. (4). Observe that
we have only two constraints on the five phases. This is not
sufficient for us to conclude whether we have a nontrivial
solution or not because the SU(3); X U(1)y symmetry
allows us to take two of these phases as zero. This, together
with the constraint in Eq. (7), allows us to get rid of four
phases. Since we have five phases, in the end of the day one
phase survives, and we could possibly end up with SCPV
if, after fields redefinition, such a phase cannot be
eliminated.

Note that it is essential for the SCPV that the model
develops five phases. We have to emphasize that the model
works perfectly well when only three of the neutral scalars
7°, p°, and x'°, develop complex VEVs. In this case the
only constraint that survives is the first one in Eq. (7).
However this constraint together with the gauge freedom
is sufficient to eliminate the three phases. This is also the
case with four VEVs. Thus SCPV in the 3-3-1 model with
right-handed neutrinos necessarily requires that all neutral
scalars of the three triplets of the model develop VEVs.

It is important to stress that in the 3-3-1 model presented
in the second article of Ref. [8] the equivalent trilinear term
explicitly violates CP. As we will see below, there is no
need for any kind of explicit CP violation here, so our
procedure might yield a genuine SCPV mechanism, with-
out recurring to a CP violation coupling, any extra scalar
fields, or a huge potential.

_hllvp
1 ~hav,
\/—2_ h3l(U,’7 + e’exv/\,)

_h12vp

—h
M, = 2V

5.2
PR
5.2
PG
6.2
PR

6.2
2

h32(U7l + eiaXUX)
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+ %(vn/v)(/ + van)Z—z —Jé UZ:p =0,
+ %(v‘fl’v)(' + yan)Z—Z; + E UZ:P =0,
+ %(vxvn + UX/U,,/)Z—); +J§C UZ:X/ =0, (8)
+ %(UXU,” + UX/U,]/)Z—);: —g USZX =0,

= 0.

UaUy i Uy,
2 v, 2 v,

{

Once we are sure that at least one phase remains after the
procedure described above, the next step is to obtain the
sources of CP violation in the model. This is done by
opening up all interaction terms in the model and caring
about the fields rotation we are allowed to make, in order to
render mass matrices real. If after all possible fields re-
definition a phase still survives, we promptly identify the
terms in the Lagrangian which violate CP. In view of this it
is adequate, at this point of the work, to choose which
phases we are going to take as zero. Without any particular
reason we can take

0,=6,=0. )
With this, the constraints in Eq. (7) automatically impose

0/\/’ =0 and 0/\/ = —0,. (10)

n
Next we are going to explore the consequences of this
framework.

IV. QUARK SECTOR

We first concentrate on the up-type quarks. Expanding
the neutral scalars about their respective VEV’s, given by
Eq. (6), and using the results in Egs. (9) and (10), we obtain
the following mass matrix for the up-type quarks in the
basis (u1, uy, us, u})

h31(‘UX/ + e_’vxvn/) l’l32(l))(/ + e_ingn/) h33(‘UX/ + e_iHX'U.,]/) f33(‘UX/ + e_i())(v.,]’)

It is not possible to redefine any quark field in order to
turn this matrix real. Thus in being a complex mass matrix,
it can be brought to a diagonal form by a unitary trans-
formation, V¥M, V4 =m, =diag(m,, m., m, my), which
connects the flavor eigenstates with the mass eigenstates

_h13l)p 0
—hyv 0
2 h i (11)
h33(vn te XU/\/) f33(vn te Xv)()
[
urr ur Uir Ug
u c u c
2L — VZ L , 2R — Vll,é R (12)
Usg Iy Usg g
Uy, T, g Ty
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We represent these new bases (mass eigenstates) as U, = (ug, ¢, t;, Tp)" and Ug = (ug, cg, tr, Tr)".
In regard to the down-type quarks, we obtain the following mass matrix in the basis (d;, d,, d3, d}, d}),

gn(v, + e %))
gn(v, + e %))
832Vp
gy + e,
gzz(l})(/ + evan/)

guv, +e )

1 g21(v7] + e_lexv/\/)
ﬁ 831Vp

gu(vy +eruy)

g vy + exv,)

Again, this matrix cannot be made real by redefinition of
the quark fields, thus it will be diagonalized by a unitary

transformation ViM,vil = m, = diag(mg, mg, my,
mp, mg), where
dir dr dig dg
day S dar SR
dy, | =Vi| b |, dig | = Vg| br | (14
dip By dig Br
S St hR Sk

where the basis for the mass eigenstates is represented by
D, =(dy,s1,b;,B.,S)" and D= (dg, sg, bg, Bg, Sp)".

A. Quark-neutral scalars couplings

The neutral current interactions among the up-type
quarks and the neutral scalars of the model are given by

‘E:;fu-neutral = UBLAgakUaRHk + iU,BLB/[{}akUaRGk
+ H.c, (15)

where

f33 h3 i
Ao = (ﬁ VggLV:(aR + T;V_%‘ELVZIQQ(@BX@&
+ e 00k + O + O )H,
hia

- ﬁ V?/JL Viar
h3a

f33 u u u u 1
B/[;ak = <ﬁ VagL Viar T E V3/13LL VaaR>(e“9X Oéllk
+ e 0L + O + 01)G,

_ hiq V{AT u

0% H,,
(16)

ﬁ iBL " aaR

where B, o, k = 1, 2, 3, 4, H;, G} are the neutral scalars
mass eigenstates, and the factors OF and O’ are elements
of the diagonalization matrices for the scalars (see the
appendix).

Notice that in Egs. (16), there are phases multiplying
some of the real factors (those related to elements of
orthogonal matrices O’s) but not all. Thus, even if the
products of the diagonalization matrix elements present
in these equations were not complex, this explicit phase

0..G,,

g3y, + 6’71:0”);() fulv, + 87%0“})() fio(v, + 6’7’:0”1)()

g23(v1] + e_loxv,\/) f21(v7] + e_lng)() f22(v7] + e_lexv/\/)
g33l}p‘ 0 0

g13(v/\/’ + elg)(v‘r]/)

g23('UX/ + emxvn/)

fll(v)(’ + eiexvn/)
le(‘UX/ + eieX‘Un/)

le(v/\/’ + EZ:BXU,”/)
f22(v/\/’ + elexvn/)
(13)

{
guarantees that A, and Bj,, carry terms with distinct
phases. Then, the neutral interactions in Eq. (15) involve
flavor changing and CP violation as is usual in models of
SCPV.

The interactions of the physical down-type quarks with
the neutral scalars are given by

£(é—d-neutral — DyLAlyg-kDa'RHk — l.D_yLBlyg-kDo'RGk
+ He, (17

where

f' 8ic —i
A= <£v€” Ve e+ 2lydt yd )(e 0Ol + O,

yok \/z iyL" p \/i iyL " aoR
S rqa 8 d i
+ <% ij;L fog;e + \g VPJ;L Vz(zioR)(elaX 05, + O
83a,d
+ T;V%TL V(lziO'R (lek’
ip,d 8iay,d —i
Bl = <TS Vi)jLL Viort EVWTL V50R>(e O} + O})
Fra yat 8pa dt i
+ (%Vpn foaR + \g prLVZIch>(e 05+ 0)
8
+22 Vil Ve R O (18)

2

where y, o0 = 1,2,3,4,5,p,g =4,5,i =1,2,anda = 1,
2, 3. As before, similar to the up-quarks interactions, a
phase survives here and we have CP violation coming from
interactions presenting flavor changing neutral currents.

B. Quark-charged scalars couplings

Let us now present the Yukawa interactions among
quarks and charged scalars. Making use of the redefinition
of the charged scalars * and p* given in Eq. (A9), the
Yukawa interactions among physical quarks and charged
scalars take the simple form

1= s

5Dy +He,  (19)

where
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. t ysd h t vd h
Agyr = ~JipVigrViyr Ot = 8iaVigrVayr Ot
- €i6*fipvfgLV§7R@3k — e, V?gLvtgyR@gk

+ em*ngggLngR@gk + g3angLVZlyR(92k’
— t yd @h t yd  @h
Bﬁ'yr - f33VZBRV37L(91k + h3aVauﬂRV37L(91k
+ ei0Xf33 V4Mng3d'yL @gk + eiatha Vg;ERV3dyL @gk
ok,
(20)

+ e hy, V:,;F;vaiyL@élk + hpavg,zr;RVZyL

Looking at several terms in these equations, we reach the
same conclusion as before, the surviving phase establishes
that we have CP violation involving quarks and charged
scalars too.

C. Quark-gauge boson couplings

Finally, we consider the gauge boson interactions with
quarks. The 3-3-1 model disposes of nine gauge bosons.
Four of them are charged, W* and V=, plus a pair of
neutral non-Hermitian gauge bosons, U° and U°F, and
three neutral Hermitian ones, Z°, Z"°, and the photon 1.

In view of the quark mixing given in Eqs. (12) and (14),
the interactions involving the standard charged gauge bo-
sons W= and the quarks are given by the terms

__ & - 8 7 t yd
L& =—""1,V rd, W — =2=T, (ViL V.
W NG LVekmY“arwy 2 L\V3arV3pL
+ VEL Ve )yRD, Wi + He, 1)

where u = (u,c, )7, d=(d,s,b), i=1, 2, p=4, 5,
B=1,2,3 4 and Vegy = (Vid, Vi, + ViE Vy) can
be arranged to mimic the standard CKM mixing matrix
which can be parametrized by three angles and one phase.
Then, as usual, the first interaction term in Eq. (21)
presents CP violation because Vg disposes of a phase.
This term recovers all the standard CP violation implica-
tions as, for instance, the standard model contribution to
the € parameter in the K — K° system. The last interaction
term involving W= and the new quarks B, S, and T arises
due to the mixing among the standard quarks and the new
quarks.

The interactions involving the V= gauge bosons and
quarks are given by

g —
L =— ﬁ(UﬁLVfgLngLVMDyL

+ Up Vi Ve, vy Dy )V (22)

However when the neutral scalars y° and ’° develop their
respective VEVs a mixing among W+ and V' arises
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2
8
(W, V;)T

' vi + vy +us e (v vy tvv,)\ (W,
e (v vy t+v,v,) V2 + v%, + vi, V.|
(23)

The physical charged gauge bosons are obtained by diago-
nalizing this mixing matrix. However such a matrix is a
complex one but we can turn it real through the redefinition

Vi=e%V}. (24)

Note that this redefinition leaves Eq. (22) with an explicit
phase,

. 8 —io (17 yut vd
v \/—Ze “(UpLVigL Vs v Dyt
+ U VI VL ¥ Dy )V (25)

As a consequence the interactions among charged gauge
bosons and the quarks also violate CP.

We show below the interactions among quarks and the
non-Hermitian gauge boson U°,

8 = u u
I rlljeutral = —__° (UBLVSI-‘!LVMIL’)/# UaL

V2

~ D, vt

A VL YED UG + He.  (26)

Again, here the VEV’s v, and v,/ promote a mixing
among the neutral massive gauge bosons Z°, Z"°, and U°
such that the physical bosons come from the diagonaliza-
tion of such a mixing mass matrix. As the mixing is due to
the VEV’s that carry the phases, v, and v,/, the mixing
matrix is a complex one. Similarly to the charged gauge
boson sector, we can make it real through the redefinition
(10]

U0 = e 00, (27)

As an immediate consequence, the interactions in Eq. (26)
gain a phase

g . _
£y = DV Vi U

N d
— D'yLV t

A VL YED, )0 + He  (28)

The interactions among quarks and the neutral self-
conjugated gauge bosons, Z° and Z", always involve
quarks and their conjugate field, thus no phase can be
present on these interactions.

In summary, in addition to the standard source of CP
violation for the quarks, the model disposes of many other
sources of CP violation. This implies that several new
contributions to the physics of CP violation emerges
from this model. However, as can be seen from the results
above, all these new CP violating interactions carry at least
two new unknown mixing matrix elements, and any pro-
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cess of interest will show up as a large product of these
unknown parameters. In view of this we will stick with just
one such effect for illustration purposes. Namely, we will
evaluate the contribution to the neutron electric dipole
momet (EDM) due to the charged scalars. In Fig. 1 we
draw some of the diagrams which enter in the full compu-
tation (diagrams with a photon attached to the internal
quarks are not shown). According to the interactions in
Eq. (19), we have contributions to the EDM of a quark
already at one-loop level. Any such contribution has the
general expression [11]

e mg * mp
dg = z 1672m2 Im(BﬁakAﬁak)<QBJ<m_z>

Bak e e
mp
+ le<—2>>, (29)
mj,
where
_ 1 2rin(r)
1) = 55— r)2<1 bre )
1 2In(r) (30)
0= 507 r)2<3 —re r),

mg and my, are the masses of the quarks and scalars,
respectively, that run inside the loop and Qg and Qy are
their corresponding electric charges.

We need to consider standard model quarks gy, whose
main contribution to their EDM will be those involving
new heavy quarks 7, B, S, and the top quark in the loop.
For simplicity, we consider the new heavy quarks only,
whose mass scale can be naturally assumed to be around
500 GeV. As for the scalars we assume their masses of
order of 10?> GeV. With these choices we have the follow-
ing prediction for the EDM of gqy,

de

qsm

~ 1018 Im(BgarAf,) €cm. 31)

We should stress that Im(BgarAj,,) involves the product
of small (or at most a fraction of a unit) parameters, six
elements of mixing matrix, and two Yukawa couplings. It
would be very reasonable to expect that Im(BgaiAjp,;)

FIG. 1.
EDM.

Some of the one-loop diagrams contributing to neutron
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could be naturally of the order of 10~°, which would result
in the prediction of d¢_ =~ 107*" ecm.

The valence quark contribution to the neutron EDM is
simply obtained from the EDM of the quarks # and d
through the relation

d, =3d, —1d,. (32)

For the values of the EDM of the quarks discussed above,
we get a prediction for the neutron EDM close to the recent
bounds [12], d, = 1072% ecm. Of course, we could have
obtained a much smaller value, depending on the smallness
of our mixing parameters and Yukawa couplings, but it is
interesting that our conservative assumption is fairly able
to explain the experimental observation in the context of
SCPV in this 3-3-1 model.

V. LEPTON SECTOR

Let us start by the gauge boson interactions among
leptons. Forgetting for a while the mixing among the gauge
bosons, the redefinitions in Egs. (24) and (27) lead to the
interactions

8 r- T N
Ly =—%=lPay*eaWi + e v yte, V,
V2
+ e 0 yC  yhy,, U?j] + H.c. (33)

These phases in the gauge boson interactions can be easily
removed by the redefinition

i)C al — e*iHX VCaL’ (34)
which gives
g - N
Lyyu= _E[VaLJ’“eaLW; + € yteaV,
+ €, y* v, U] + He. (35)

Thus, differently from the quark sector, we conclude that
the interactions among leptons and gauge bosons do not
violate CP.

We have to develop now the Yukawa interactions for the
leptons. Opening the last term of Eq. (5), we obtain

I — = 04 3 + Kol I+
£Y - Gaa[eaLeaRp + VarL€arpP t+v aL€aRP ]

+ Hc. (36)

Taking the redefinition in Eqgs. (A9) and (34) and con-
sidering the physical charged scalars given by Eq. (A10),
we get
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£§’ = Gaa[EaLeaRpo + e_io)( IjaL@élkeaRh+
+ e pC,, O e,xh*] + Hec. 37

Similarly as in the quark sector, CP violation in the lep-
tonic sector arises in the interactions among leptons and the
charged scalars of the model. This is a very peculiar result
for this kind of model, since it predicts a not yet observed
CP violation among leptons. There is a possibility of
directly observing these CP violating interactions at the
next generation of colliders if the charged scalar mixing is
not too suppressed. Of course, their indirect effects, as for
instance the dipole moments of leptons, could also be
computed by making some assumptions about the cou-
plings and scalar masses, as well as lepton mixing, but
this is out of the scope of this study.

VI. CONCLUSIONS

We basically implemented the SCPV mechanism in the
3-3-1 model with right-handed neutrinos and pointed the
sources of CP violation in the model. A remarkable fact,
when compared to other models available, is that this
model did not demand any extension for the mechanism
to work. In other words, once we departed from a
Lagrangian with no complex couplings, thus conserving
CP at this level, the existence of complex VEV’s inevitably
realizes SCPV in the minimal version of the 3-3-1 model
with right-handed neutrinos [13]. It is also important to
stress that the model recover the standard CKM mixing

|
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matrix with three angles and a phase thus recovering all of
the CP violation effect of the standard model. Other CP
violation effects are genuine effects of new physics at high
energies as, for example, an EDM for the neutron around
the experimental value. All these new effects could be
computed, in principle, if we had a better knowledge of
the several mixing terms and couplings involved, as well as
some assumption over the new scalars masses. Besides, it
would be possible to see some direct effects at the next
generation of colliders since there are CP violating cou-
plings among leptons and charged scalars. Hence, it is a
nice outcome to have a neat realization of SCPV in the 3-3-
1 model with right-handed neutrinos in its minimal ver-
sion, capable of mimicking the CKM CP violation effects
and possessing additional sources of CP violation with
consequences beyond the hadronic physics.
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APPENDIX

The mass matrix for the neutral scalar in the basis
(R,,R,,R,,R,,R,), is given by

mRX A7UX/U,,] )\71)771),,7/ /\7(U77/UX/ + 2va77) _fU,,]/
. Mg, A(vyv, +2v,v,) AU, v, —fuy
2 mg, AMv vy + fu, Sy |, (AD)
WLR,7 fvx’
. mp,
where Ry H,
U,,]/‘UX/U.,] ‘Up‘UXr R77 R H2
mg, = —A +f ; R, | = OF| H; (A3)
Ux X R, H,
VUL UV v,v
mg, = —A n"x“x'"n fpx’ Rn’ H;
K ‘Un/ 'Un/
VU, U v,v
7 UxVq pYn
mp, = —A ,
Ry = Ay o (A2)
X
oy UpUyUy L UpUy
mg, = 7 )
Un n
v,V v,V . .
myp = ( TX nX ) For the case of the pseudoscalars, we have, in the basis
P . .
Up Up Ly, 1y, Iy, I,,, 1,), the following mass matrix
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m,ﬂ, _A7‘U,7”UX/ + fvp /\71}.,]1),,]/ )\7UX/U,,]/ fUn/
| mp Avv, Au v, fuy
Z mIX/ —)anlvx—fup _fvn (A4)
m,n _f‘UX
. my,
[
where It is also a real mass matrix, thus the mass eigenstates are
Uy UpUy v,v, obtained by an orthogonal transformation
m[n/ = -2 v f »
X Ux
VU,V v, U
mIX__)WX,vn_}_ X7p 1 G,
bl Uy I, G,
— -2 ‘Un‘UX‘UT]/ _ U,,va Ip — (91 G3 (A6)
My = v vy (AS) 1 G
X X X 4
VUV v, U, I, G
XY Y% pYx n 5
my A7 —f )
v, v,
(vyvy —vyv, .
my —f ) For the case of charged scalars, we have the following
4 .. .
Up mass matrix in the basis (9", p*, x*, p'"),
— —if —i6
My Agu,v, — fu, e X_/0\7(van tvygv,) e ,GX(/\9UPUT7’ + fvy)
| - m,+ e (v,v, + fu,) e vy + v,v,) (A7)
2 . m,+ Agv,v, — fu,
mp/+
where This is notoriously a complex mass matrix, but we can

UV, VUV, v,U,
+=/\7<v§(+ x X 77)—fp)(+)\9vf,,
U.,] U.,]

vV, — VUV
— 2 2 _ n-x n X
m,+ —)\81)/\,“1‘)\911.,7 f<v—>,
P

p
(A8)
v,v,V v,V
m+ = Agv2 — A U2/+nxn_fnp’
X 8% 7 K v, v,
X X
_U.,]/v

v,U,
m/+=A8‘U2,+A.9U/—f n-X X.
X n v,

easily turn it real by the redefinition of the fields

n+ = eiaxﬁ+ and p+ = ei0)(/3+‘ (A9)

In this case an orthogonal transformation takes the sym-
metric eigenstates into the mass eigenstate

[
U = O" 1y A10
7)o\ o
p hy
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