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Custodial symmetry and extensions of the standard model
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We show that the extension of the approximate custodial SU(2); . r global symmetry to all the Yukawa
interactions of the standard model Lagrangian implies the introduction of sterile right-handed neutrinos
and the seesaw mechanism in this sector. In this framework, the observed quark and lepton masses may be
interpreted as an effect of physics beyond the standard model. The mechanism used for breaking this
symmetry in the Yukawa sector could be different from the one at work in the vector boson sector. We give
three model independent examples of these mechanisms.

DOI: 10.1103/PhysRevD.74.115014

I. INTRODUCTION

One of the most important problems in elementary
particle physics is concerned about the origin of the fer-
mion masses. Part of the problem, that we will consider
here, can be formulated as follows: why do weak-isospin
partners have different masses? It is well known that, in the
context of the standard model (SM), the weak-isospin
partners have different masses because the left- and
right-handed components of the fields belong to different
representation of the SU(2); ® U(1)y, and they are not
related by a symmetry [1]. On the other hand, we may
wonder about the natural values for the fermions masses in
the context of the SM. For the light quarks (u, d and s) their
masses are well below the energy scale, A, ~ Aqcp, of the
chiral SU(3); ® SU(3)z symmetry breaking and the spon-
taneous breakdown of this symmetry dominates the dy-
namics of these flavors. We can say that their masses are
natural in the sense that vanishing them will augment the
symmetry of the model. For heavy quarks, whose masses
are larger than A, the explicit breaking of the chiral
symmetry dominates the dynamics [2]. On the other
hand, in the limit of exact global SU(2); .,z isospin sym-
metry we have that m, = m,. The fact that m, = my,
means that the isospin symmetry is not so badly broken.
The case of SU(3); . flavor symmetry is not as good
realized as the SU(2); ;  but is better than the other higher
flavor global chiral symmetries like SU(4); .,z etc.
Moreover, from the point of view of the electroweak
spontaneous symmetry breaking, we would expect the
quark masses to be of the order of magnitude of the
symmetry breaking parameter v = (v2/2Gf)'? ~
246 GeV. Only the quark top satisfies this requirement
since m, /v = 1/~/2.

In this work we will assume that the natural values for all
quarks and leptons are those in which weak-isospin part-
ners have equal masses. This assumption is not in conflict
with the discussion about the light and heavy quarks given
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above; it is in fact complementary. Hence, we have M, =
My, M; = MP"™¢, where M, (M,) denotes the mass matrix
for the 2/3(—1/3) charged quarks and M,(M,,) denotes the
mass matrix for the charged leptons(neutrinos). Notice that
at this point the neutrino masses are of Dirac type. If this
where the case, the observed mass spectra m,, # my, m, #
my, etc., must be considered already an effect of physics
beyond the SM. In the lepton sector whatever is the new
physics it must include the seesaw mechanism for generat-
ing small masses for the active neutrinos.

Independently of the problem above, it was noted in the
late seventies that by ignoring the electromagnetism in the
electroweak sector of the SM, g’ = 0(sinfy, = 0), the W
boson fields W*, W3 = Z transform as triplet under a
global SU(2); g symmetry and, as a consequence, the
masses of the three vector bosons are equal: M, = M-
[3]. The p-parameter defined as p = M3,/ M2cos*6y has
in this limit (cosf@y = 1) the value p = 1. The inclusion of
electromagnetism through the U(1)y factori.e., g’ # 0 (or
sinfy, # 0), breaks the global symmetry and the W3-B
mixing introduces the zero order (in the sense that it does
not depend neither on g, nor on g’) correction factor
cos’fy, # 1 to the ratio of the vector boson masses but
still we have p =1 at the tree level. When radiative
corrections are considered p = 1. That global symmetry
can be in some cases identified with the SU(2) isospin, and
since it protects the value of p from radiative corrections it
is called custodial symmetry. This sort of symmetry has
been also explored in other contexts [4,5].

Let us review how the SU(2) custodial symmetry has
been implemented in the scalar sector of the SM. This
model has only one Higgs scalar doublet H = (h*h%)"
transforming as (2, +1) under SU(2); ® U(1)y. By intro-
ducing the 2-doublet [6]

1 -
b= E(HH), (1)

where H = eH*, we can write the usual SU(2), ® U(1)y
invariant Lagrangian of the Higgs scalar sector in terms of
the 2-doublet
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where V(T ®) = — 2 Trdtd + A(Trd T d)? and the co-
variant derivative becomes

/
D,® - (aﬂcp +idW, 5o+ i%BMdMg). 3)

We see that the Lagrangian in Eq. (2) is invariant under
the local and global SU(2); ® U(1)y symmetry: ® — L®
and ® — ® exp(—io;/2). However in the limit when g’ =
0 we have a larger right-handed symmetry: ® — ®R?
where R is a global SU(2)y transformation. In this case
we have that @ ~ (2, 2) under global SU(2);, ® SU(2),.
The Lagrangian in Eq. (2) has an approximate (valid when
g'=0) SU2); ® SU(2)y global symmetry which is bro-
ken to SU(2); + r when the neutral component of H gains a
vacuum expectation value, (®) = diag(v, v)/+2. Now
L=R and (®)— L(D)LT under SU(2);,z. Next,
SU(2); 4 is broken when g’ # 0.

In the next section, motivated by the idea that it may be
natural that, in the context of pure SM, the weak-isospin
partners have equal masses, we will extend the custodial
symmetry to all the Yukawa sectors of the SM. Within the
minimal SM representation content, i. €., no sterile neu-
trinos at all, that symmetry can be implemented with the
known fermions only in the quark sector. Quarks are strong
interacting particles so that it makes sense to consider the
turning off of the electromagnetic interactions. Moreover,
by adding right-handed neutrinos we are able to extend this
approximate custodial symmetry also to the Yukawa lepton
sector. In this sector we may consider that the equivalent to
the “‘strong interactions’’, with respect to which we can
turn off the electromagnetic interactions, are the large
Majorana masses of the right-handed neutrinos. The latter
ones are sterile with respect to the SM interactions, and
trigger the type-I seesaw mechanism [7]. Hence, this
mechanism is mandatory in the scheme.

II. THE CUSTODIAL SYMMETRY IN THE
YUKAWA SECTOR

The condition under which isospin partners like proton
and neutron have the same mass was put forward by
Weinberg in the early seventies in the context of an
SU(2); ® SU2)r ® U(1) model [8]. This is straightfor-
ward extended for u and d quarks. The generalization of
this symmetry to the other weak-isospin doublets implies
that this equality is valid for any 2/3 and —1/3 charged
quarks and similarly in the lepton sector. As we said in the
previous section the extension of the custodial symmetry to
the Yukawa sector, as it was suggested recently in another
context [9], implies that the weak-isospin partners have the
same mass. On the other hand, in order to be able to
implement this symmetry in the Yukawa leptonic sector
we ought to introduce right-handed neutrinos. If we con-
sider that the weak-isospin partners have equal masses the
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observed fermion masses should be already seen as an
effect of new interactions that break explicitly, or not, the
custodial symmetry. We give some model independent
examples of possible new physics breaking the custodial
symmetry and producing the observed fermion masses.
They are: (i) the existence of extra fermions transforming
as singlets under local SU(2);, (ii) several scalar doublets,
and/or, (iii) new neutral vector bosons with nonuniversal
couplings to fermions.

As usual we define the minimal representation content in
the standard model plus right-handed neutrinos: the dou-
blets Lo, = (vorla)” ~2,—1), Qi = (updiy)" ~
(2,1/3), and the singlets [,z ~ (1, =2), u;x ~ (1,4/3),
dig ~ (1, =2/3), and v, ~ (1,0), where a = e, u, 7 and
i = 1,2, 3. Notice that it is only because we have included
right-handed neutrinos that we are able to define in the
lepton sector the 2-doublets, (2,2) under SU(2), ®
SU@2)g, Lup = (Lo, Vor Larlpr). In the quark sector how-
ever we already have all the fields needed to write the 2-
doublets Q;; = (Q; u;x Qi d;g). Both 2-doublets L,;, and
Q;; transform under SU(2), ® SU(2)g as ®T in the last
section. Thus, we can write the Yukawa interactions which
are invariant under this global symmetry as follows:

- £ly = hab TI‘(Labq)) + glj Tr(Qqu)) + H.c. (4)

We note from the Yukawa interactions in Eq. (4) that if the
custodial symmetry is not broken the mass of the charged
lepton in each generation is equal to the mass of the
respective neutrino. The same happens in the quark sector:
the u-type quarks have the same mass of the d-type quarks,
for each generation. Explicitly we have (M)),, =
(MPr) ) = h,v/+2; and (M,);; = (My);; = giv/2.
After diagonalizing these matrices we obtain the unreal-
istic mass relations M, = ]\;I],?[imc = (v/+/2)diag(h,, hy he);
and M, = M, = (v/~/2)diag(g,, g, g3). It is interesting
that in SU(2); ® SU(2)g ® U(1) gauge models the custo-
dial symmetry implies relations between the masses of
quarks and leptons of each generation [1].

Thus, we have to break the custodial symmetry in order
to generate the observed fermion masses. In the context of
the minimal SM i. e., no sterile neutrinos at all, this is not a
problem because there is no a custodial symmetry in the
lepton sector since, as we said before, there is no enough
fields to define 2-doublets as the L,;, above. The custodial
symmetry in the boson sector is broken by turning on the
electromagnetic interactions i. e., g’ # 0, and also by the
Yukawa interactions, with or without right-handed neutri-
nos, if we write them as

= Ly = Qi Thujr + Lo Thyvpp) H + (0 Tid g
+ L, I, l,p)H + Hec., (5)

where i, j = 1,2, 3; a, b = e, u, 7 and we have here, and
below, omitted summation symbols. If all Yukawa cou-
plings I's in Eq. (5) are different, the generated Dirac
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masses in each charged sector are different and arbitrary.
The breaking mechanism of the custodial symmetry in
Eq. (5) is the same as in the boson sector: g’ # 0.
However, instead of assuming the interactions in Eq. (5),
we can look for different ways to obtain arbitrary masses
and mixing matrices, in all charged sectors, starting from
Eq. (4). Then, we will look for mechanisms that can
produce realistic masses for all fermions in the standard
model by breaking the custodial symmetry in at least three
model independent examples: (i) a generalized seesaw
mechanism [10,11]; (ii) multi-Higgs doubletlike SM ex-
tensions; and (iii) radiative corrections mechanism. The
latter case involves extra neutral vector bosons with non-
universal couplings to leptons. In all these cases the seesaw
mechanism is necessary in the neutrino sector.

A. Generalized seesaw mechanism

One way to obtain a general mass matrix for quarks and
leptons is to add at least one extra u- and d-type quarks,
e -type charged leptons, and three sterile neutrinos vj.
These fields transform under SU(3)- ® SUQ2), ® U(1)y
as: Upr~@314/3), D x~31-2/3), E zx~
(1,1, —2), and v; ~ (1, 1, 0), respectively. In this way the
Yukawa interactions to be added to Eq. (4), for breaking
explicitly the custodial symmetry, are

— Ly = Qi 8ivUrH + Qi 8ipDrH + U My;ug
+ DyMpidig + MyyU Ug + MppDy Dy
+ Ly hpERH + MypE, Eg
11—
+ E(VaR)C(MR)ab Vpr + H'C'r (6)
where i, j = 1,2,3; a, b = e, u, 7. The Yukawa coupling

matrices in the u-like quarks and charged leptons are,
respectively,

811 812 813 81U
r — 821 822 823 82u
" 831 83 833 83U
ng @Muz gMus ?MUU, N
hee hey, her heE
T = h,ue h,u# hm h,uE
! hTe h’r,u, hTT hTE ’
gMEe gME,u ?MET gMEE

and similarly, the d-like quark Yukawa matrix is obtained
by replacing in Iy, giyv — &ip, My; — Mp; and Myy —
M pp. The related mass matrices can implement a seesaw-
like mechanism if My > gijv/\/z givv/\2, My;, and
similar conditions in the other charged sectors. In fact, a
particular case of the Yukawa matrix for the charged
leptons I';, where the submatrix h,, is antisymmetric,
was worked out in Ref. [11] showing that it is possible to
generate the observed charged lepton masses, with a fine
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tuning which is not worst than the usual one in the SM. In
the neutrino sector we have the 6 X 6 mass matrix

1 0 Iy
M, =5y B ) (8)
2<ﬁh My

where My, is a general 3 X 3 matrix. With this scheme we
obtain a general mixing between left-handed neutrinos
which allows an arbitrary mixing matrix in the charged
currents coupled to W*. We can verify also that the neu-
trino masses compatible with neutrino oscillation data
implies the existence of at least two large Majorana mass
scales. Assuming for simplicity that (v/~2)h —
(v//2)diag(h,, hy,, h;) = diag(m,, m,, m;), and My =
diag(M,, M,, M), we obtain M, ~ M, = 10° GeV and
M5 = 10'? GeV.

In this case the mixing matrices in the quark and lepton
sectors are not exactly unitary and there is also flavor
changing neutral currents (FCNC) coupled to the Z° and
the neutral scalars. However, these sort of currents are
naturally suppressed by the mass of these extra fermions.
For a general analysis see Refs. [12]. On the other hand, the
value of the p parameter is still protected from radiative
corrections since the charged fermion singlets do not con-
tribute to p because they couple to Z° only through vector
currents. We have verified, using the general expressions
given by Veltman [13], that & plsinglets = 0, at least at the
one loop level. Anyway, this issue has to be considered in a
particular model in which the SU(2); ® U(1)y symmetry
and the extra fermions may be imbedded [14,15].

B. Multi-Higgs doubletlike extensions of the standard
model

Another mechanism for breaking the custodial
SU(2); +g symmetry is implemented by adding extra scalar
doublets to the SM. Let us suppose that we add four Higgs
doublets H; = (b, h))", i =2,4 and H; = (h?, —hj_)T,
j =13, allowing to define the 2-doublets P, =
(Hy, Hy)/V2, and ®3, = (Hs, H,)/+2. Other (H; H,)
combinations may be avoided by imposing appropriate
discrete symmetries. In this case we have

— LY = hop Tr(Lapy @1p) + Al Tr(L,, D3)
+ 8i; Tr(Q;;P12) + g}; Tr(Q;;®P34) + Hee. (9)
Denoting (h%) = v;/+/2 and considering v; # v;, for i #

J, we break the custodial symmetry, and obtain the mass
matrices

1
(M) p = —=[hvy + W'yl
V2
1 (10)
(M]VD;rac b = —[hvl + hlv3]ab’

V2
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— l !
(Md)ij = ﬁ[gvz +g U4]ij’
] an
M,);; = E[gvl + g'vsli;,
where we are assuming real vacuum expectation values for
simplicity.

The point here is that because all the vacuum expecta-
tion values are different from each other, the mass matrices
M, and MD™ are numerically different so that they can be
diagonalized by quite different unitary matrices. This sort
of models have FCNC which implies fine tuning in some of
the couplings since the Higgs scalar can not be arbitrarily
heavy. A more economical model with natural FCNC
suppression [16] is the one in which one of the two 2-
doublets, ®,, couples only to leptons, and the other, P54,
couples only to quarks. Then M; = hv,/v2, MY =
hv, /A2, My = g'v,/\2, and M, = g'vy/+/2. In this
case the Dirac masses of the neutrinos are different from
the charged lepton masses and, if we assume that the
Majorana mass matrix for the right-handed neutrinos My
is already diagonal, there is no a realistic mixing in the
leptonic sector. However, if My is not diagonal the active
neutrino mass matrix is M2, = —MDre Ml (MPire)T,
which is numerically different from M],?[irac, and realistic
mixing in the lepton sector may arise. But, if even in this
case the mixing is not the required one, we can still apply
the mechanism of radiative corrections, discussed in the
next subsection, in order to generate the appropriate mix-
ing matrix in the lepton sector and we will get M~ . =~
— MO M (MET)T (see below).

C. Radiative correction breakdown of the custodial
symmetry

Here we will assume again that the Yukawa interactions
at the tree level are those in Eq. (4),1.e., (I, = (I'))yp =
hap, ()i = (I');; = g;;. Next, let us assume that the
correct quark masses have already been obtained by
some of the two mechanisms considered above but lepton
weak-isospin partners are still mass degenerate. Then, we
have to break only the degeneracy between the charged
lepton and the Dirac neutrino masses in order to have an
appropriate mixing in this sector. The question is that, if the
Majorana mass matrix for right-handed neutrinos is as-
sumed diagonal, the charged lepton and neutrino mass
matrices are diagonalized by the same unitary matrices
and, as discussed above, in this case there is no mixing in
the leptonic sector Upyng = U;fL U,;. But in the present
case since M; = M}"™ then U;;, = U, and thus we may
have no enough mixing among active neutrinos. Thus, we
have to break the mass degeneracy, or induce more cor-
rections to the lepton masses, in order to have an appro-
priate mixing matrix. The small masses for the active
neutrinos will arise through the seesaw mechanism as in
the other cases. In this case the custodial symmetry break-
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down of the SM can be implemented by radiative correc-
tions involving fields that are not present in this model.

A realization of this mechanism implies the existence of
extra neutral vector bosons, say Z', with nonuniversal
couplings with right-handed leptons, which can induce a
general finite mass contribution for these particles. This
sort of models already exist in literature, see for instance
Ref. [17]. The extra neutral vector boson couples to active
left-handed neutrino only through the mixing of Z with Z’
which may arise at the tree level or at higher orders. This is
the case of models in which left-handed and right-handed
neutrino components transform in different representation
with respect to the symmetry that include the Z'. The most
simple case is an extra U(1) symmetry under which only
the right-handed neutrinos are active. The calculability of
the masses is used in the sense of Refs. [8,18]. In this case
there are diagrams, like the one in Fig. 1, that generate
finite mass contributions for neutrinos and similarly for
charged leptons. In the figure the tadpole denotes (h°) =
v/ \/5 We need here only that Z’ has nonuniversal cou-
plings with right-handed leptons, f%, f4. Contributions to
the matrix h,,, arising from Fig. 1, are proportional (up to
logarithm  factors) to gZ f1oMP™A, where A=
(v*/\2)/(M% + MZ) and (MD),, = h,v/+/2. On the
other hand, contributions to the mass matrix of the charged
leptons are proportional to g’ f},MP™A. If only right-
handed neutrinos and the Higgs scalar carry the charge
related to Z', the diagram in Fig. 1 is the only one in the
language in which the gauge symmetry breaking is intro-
duced explicitly by tadpoles [18]. In this way we can
generate arbitrary contributions for the masses of both
charged lepton sectors.

Then, in the lepton sector the mass matrices, after taken
into account the radiative corrections, become

(Ml)ab = (Mllzirac ab + (ZS%V - 1)(MIV)]irac ac(fﬁ?)ch!
(MDirac ab = (MDirac ab + (MDiraC)ac(fflé)chA) (12)

v, v, v,
where f! and f% are general, model dependent, nondiag-
onal matrices. Since the mixing of Z wi~th heavier' zZ ...
has to be small, say A < O(107%) [19], M, and M2 are

@

Z/

vy v | VR vh
o

FIG. 1. Possible finite contributions for the neutrino Dirac
masses. Similar diagrams do exist for charged leptons.
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still of the same order of magnitude but numerically they
can differ enough, depending of the values of f%, f%, to be
diagonalized by different unitary matrices in such a way
that the mixing matrix in the charged currents coupled to
the boson W does appear. The fact that M; =~ MP™ is nota
problem because now we can implement the seesaw
mechanism and the total neutrino mass matrix has the
form as in Eq. (8). This mechanism is useful for generating
a realistic mixing in the lepton sector when the 2 Higgs
doublets extension of the SM with no FCNC is considered
as in the previous subsection. In this case, although the
masses of neutrinos and charged leptons are numerically
different, both mass matrices are diagonalized by the same
unitary matrices since M; = M>™(v,/v;). When radia-
tive corrections are considered, the latter relation is not
valid anymore.

In general, in models with extra neutral vector bosons
with nonuniversal interactions there are also FCNC that
impose constraints on the parameters of the models, see for
instance Refs. [19,20].

III. CONCLUSIONS

We have seen that if we want to extend the custodial
symmetry to the Yukawa sector in the standard model it is
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mandatory to introduce right-handed neutrinos and hence
the seesaw mechanism. We have considered three different
model independent ways, involving new physics, to break
that symmetry, generating the appropriate masses in the
fermion sector. Our analysis was model independent but all
these mechanisms may be implemented in a particular
model in which the custodial symmetry is imposed from
the beginning. The radiative correction mechanism may be
implemented with scalar neutral bosons or heavy leptons as
well. In the latter case there are more than one tadpole in
the internal fermion line and the diagram is finite.

In fact, because the measured value of p is, experimen-
tally, near 1, we know that the custodial symmetry of the
SM is not so badly broken. But, if this is an approximate
symmetry of the full model, its breakdown in the fermion
and in the boson sectors may be related to different sources
(mechanisms) as we have shown in this work. In all these
cases the seesaw mechanism is mandatory in the neutrino
sector in order to generate small masses for the active
neutrinos.
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