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The gauge sector of the standard model exhibits a flavor symmetry that allows for independent unitary
transformations of the fermion multiplets. In the standard model the flavor symmetry is broken by the
Yukawa couplings to the Higgs boson, and the resulting fermion masses and mixing angles show a

pronounced hierarchy. In this work we connect the observed hierarchy to a sequence of intermediate
effective theories, where the flavor symmetries are broken in a stepwise fashion by vacuum expectation
values of suitably constructed spurion fields. We identify the possible scenarios in the quark sector and

discuss some implications of this approach.
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L. INTRODUCTION

The origin of flavor remains one of the main mysteries in
modern particle physics, and many attempts have been
made to understand the phenomenon of flavor by postulat-
ing certain (discrete) flavor symmetries (see e.g. [1-6] and
references therein), or by localizing fermions in extra
dimensions (see e.g. [7-14] and references therein), to
name two popular ideas. While such scenarios can success-
fully explain some of the issues related to the hierarchies
observed in fermion masses and mixings, the origin of the
proposed new mechanisms (e.g. from the embedding into a
grand unified theory or even string theory, respectively)
still remains an open issue.

Alternatively, we may start from a bottom-up approach
in which the phenomenon of flavor is just parametrized as
in the standard model (SM). In fact, the SM has an ap-
proximate global flavor symmetry G (see below), which
is broken by the Yukawa couplings, inducing the fermion
masses and mixings. Such an explicit symmetry breaking
is usually parametrized by introducing spurion fields with a
definite behavior under the symmetry to be broken. In the
case at hand, focusing on the quark sector, the Yukawa
matrices Yy and Yp are considered as complex spurion
fields [15], transforming nontrivially under G.

A special role is played by the top quark, which has a
Yukawa coupling of order one, breaking the original flavor
symmetry group G to a smaller subgroup G/, (see below),
which is still a good symmetry as long as the remaining
Yukawa couplings are negligible. In a recent paper [16],
two of us have shown that in such a case it is convenient to
consider a nonlinear representation of G in which the
subgroup G’ is linearly realized. In this context, it turned
out to be useful to assign a canonical mass dimension to the
Yukawa spurion fields, since in this way the top Yukawa
coupling could be understood as originating from a
dimension-four operator, while the remaining Yukawa
terms are dimension five, thereby reflecting the hierarchy
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between the top mass and the lighter quark masses.' If we
take this approach seriously, two immediate implications
arise:

(i) The spontaneous breaking Gp— G) induces
Goldstone modes, which call for a dynamical inter-
pretation. One possibility is to consider local flavor
symmetries, where Goldstone modes become the
longitudinal modes for massive gauge bosons.
Another alternative is to keep the Goldstone modes
as physical axionlike degrees of freedom.” These
issues will be discussed in somewhat more detail in
a separate publication [19].

(ii) The breaking Gr — G’ induced by the top-quark

Yukawa coupling can be considered the first step in
a sequence of flavor symmetry breaking steps taking
place at different physical scales A > A’ > A" >
... Through the vacuum expectation values (VEVs)
of the spurion fields, the hierarchy of scales should
be directly related to the observed hierarchy for
quark masses and mixings.

In the following, we shall identify the flavor subgroups for
each of the intermediate effective theories in the construc-
tion above and identify the corresponding representations
for quark fields, spurions, and Goldstone modes. We will
also briefly discuss the requirements for the spurion poten-
tial necessary for such a scenario.

I1. SUCCESSIVE FLAVOR SYMMETRY BREAKING

In this section we identify the sequence of intermediate
(residual) flavor symmetries which arise when the original
flavor symmetry of the SM gauge sector is broken in a

'A similar construction can be performed in the lepton sector,
when the SM is minimally extended by a dimension-five opera-
tor in order to describe nonvanishing neutrino masses [17,18].

2An option to avoid Goldstone modes altogether is to restrict
oneself to discrete flavor symmetries.
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stepwise fashion at different scales, set by the VEVs of the
relevant spurion fields and linked to the observed hierar-
chies in the quark masses and Cabibbo-Kobayashi-
Maskawa (CKM) angles. Considering the Yukawa sector
for the quarks,

— Ly, =Y,0,HUg + Y,0,HDy + H.c., 2.1)

we may consider independent phase transformations for
the three quark multiplets (Q;, Ug, D) and the Higgs field
(H). Among these four phases, two are identified as baryon
number U(1), and weak hypercharge U(1)y, which are not
broken by the Yukawa matrices, whereas the 2 remaining
U(1) symmetries are broken by (Yy;) # 0 or (Yp) # 0. We
thus define the flavor group in the quark sector as

Gr= SU(3)3 X U(1)4/(U(1)B X U(l)y)
=SUQB)g, X SUB)y, X SUB)p, X U(1)y, X U(1)p,.
(2.2)

For the Yukawa sector to be formally invariant under Gp,
we assign the following transformation properties to the
spurion fields:

Yy~ (3, 3» 1)71,0» Yp ~ (3, 1, g)0,71, (2.3)

where the terms in brackets refer to the three SU(3) factors,
and the subscripts to the two U(1) factors, respectively.
Counting parameters, we have 2 X 18 = 36 entries for the
spurions Yy p and 3 X 8 + 2 = 26 symmetry generators,
leaving 36 — 26 = 10 physical parameters in the quark
Yukawa sector, which can be identified with the six quark
masses, the three CKM angles, and the CP-violating CKM
phase (see also [20]).*

30ur discussion differs from the one in [15] where the inde-
pendent phase rotations for the Higgs fields have been
overlooked.

4Similarly, considering the U(1) phases in the lepton sector,
we obtain the SM flavor group

G = UB?/(U(1), X U(1), X U(1),)

for massless neutrinos, and

Glron = y(3)2

for massive neutrinos which are generated by a lepton-number
violating dimension-five term in the Lagrangian

— Ly = (HE ) (HE,).

1
AL gV
In the first case, we have 18 parameters in the spurion Y and
2 X8 —1=15 symmetry generators, leaving three physical
parameters to be identified with the three charged lepton masses.
In the second case, we have 18 + 12 = 30 parameters from the
spurions Yz and g,, from which we subtract 2 X 9 = 18 sym-
metry generators, to obtain 12 physical parameters, which are
the 6 lepton masses, the three Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) angles, one Dirac phase, and the two
Majorana phases.
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In order to specify the sequence of flavor symmetry
breaking, we have to identify a hierarchy between the
Yukawa entries (Y);; and (Y)p);;. However, before the
flavor symmetry is actually broken, the Yukawa matrices
can be freely rotated by transformation matrices in G, and
therefore the a priori ranking of individual entries in the
Yukawa matrices seems to be somewhat ambiguous. On
the other hand, the right-handed rotations and a common
left-handed rotation for up- and down-quarks are not ob-
servable in the SM, anyway, leaving the quark masses and
CKM angles as the only relevant parameters. We therefore
find it sufficient to choose a basis where the right-handed
rotations are unity, while for the left rotations we restrict
ourselves to matrices V,,, and V, , which scale in the same
manner as the CKM matrix. This leaves us with the generic
power counting’

2\t A 1+n, /\3

Yp)ij~ (Vi )ij); ~ | AlFmeame A2 |,

/\3+n“ /\2+n( 1
2.4)
N\l /\H—nJ /\3+nb
Yp)ij ~ (Va)ija); ~ | AlFreame A2Fm |
A3tna )2t A\

where we introduced the scaling for quark Yukawa cou-
plings with the Wolfenstein parameter (A ~ 0.2 < 1) as
y; ~ A" (with n, = 0), and inserted the standard power
counting for CKM elements,

1A A
VML -~ VdL -~ VCKM -~ A 1 /\2 (25)
Az

The scaling of the quark masses can be constrained from
the phenomenological information in Table I, where we
assume in the following that renormalization-group effects
(in the sequence of effective theories to be constructed) do
not change the hierarchies observed at low scales a lot.
More precisely, to keep the discussion simple, we restrict
ourselves to

(i) ng>ng>n,>0and n, >n,>n, =0,

(i) n, = n,, and ny, > n,.

The remaining degree of freedom in choosing values for
the n; leads to several options, among which are also cases
where one or two spurions receive their VEV at the same
scale simultaneously. To be concrete, we focus on three
cases with more or less natural and distinct scale separa-
tion, (al) n.<n,+2<n,+3<n;, (a2) n.<n,+
2<ny<n,+3, and (b) n, +2<n.<n,<n,+1,
which are summarized in Table II. A detailed derivation

*During the sequence of flavor symmetry breaking, some of
the entries can actually be set to zero by exploiting the freedom
to rotate the VEVs of certain spurion fields with respect to the
corresponding residual flavor group.
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TABLE II.

TABLE L.
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SM values for the quark masses [21], and approximate scaling with the Wolfenstein

parameter A ~ 0.2. Light-quark masses (u, d, s) are given in the MS scheme at u = 2 GeV,
charm and bottom masses as 7.(7,) and 17, (17,), and the top mass is evolved down to the scale
my,. The evolution between the scales m; and m, is negligible for our considerations.

u d s
my [1.5-4.5] MeV [5.0-8.5] MeV [80-155] MeV
n, = log,(m,/m,) 6-9 6-8 4-6

c b t
my [1.0-1.4] GeV [4.0-4.5] GeV [250-300] GeV
n, = log,(m,/m,) 34 2-3 0

Three alternative sequences of flavor symmetry breaking, and associated parameter counting for the Yukawa matrices.

Notice that the following equalities always hold: #Spurions + #VEVs — #Symmetries = 10, #Goldstones + #Spurions + #VEVs =
36, where 10 refers to the 6 quark masses + three CKM rotations + one CKM phase, and 36 refers to the original 2 X 18 real
parameters in the Yukawa matrices Yy and Yp.

Flavor symmetry GBs Spur. VEVs Symm. Scale
SU@3)g, X SUB)y, % SUB)p, X U(1)? 0 36 0 26
SUQ2)g, X SUQR)y, X SUB)p, X U(1)} 9 26 1 17 A~y,A
SUQ2)g, X SUQ2)y, X SUQ2)p, X U(1)? 14 20 2 12 A~y A
(al) SUQ)p, X U(1)* 19 14 3 7 ACY ~y A
SUQ2)p, x U(1)? 20 12 4 6 ABa) ~ 3 AZA
SUQ2)p, X U(1)? 21 10 5 5 Al ~y A
U(1)? 24 6 6 2 ABD ~ y A
(a2) SUQ2)p, x U(1)? 20 12 4 6 ABa) ~ 3 AZA
U(1)? 23 8 5 3 Al —y A
U(1)? 24 6 6 2 ABD ~y A3A
(b) SUQ)y, X SUQ2)p, X U(1)? 17 16 3 9 ACD) ~ A2 A
SUQ2)p, X U(1)? 20 12 4 6 ABD ~y A
U(1)? 23 8 5 3 ABD) ~y A
U(1)? 24 6 6 2 AGD) ~y AA
U(1)? (cP) 24 4 7+ 1 2 AO ~y AA
... (cP) 26 0 9+1 0 AD ~y, A

of the various steps in the flavor symmetry breaking can be
found in the appendix.

Let us discuss some common and distinct features of the
different scenarios:

@

Common to all scenarios is the second step of sym-
metry breaking, which (at least in our setup with
only one electroweak Higgs doublet) is unambigu-
ously induced by the VEV for the (Y))s3 element,
which gives rise to the bottom-quark mass. Below
the scale A’ ~ y, A, the residual flavor symmetry is

Gy =U@Q)g, X UQ2)y, X UQR)p,- (2.6)
At first glance, it appears as just the two-family
analogue of the original flavor group G. However,
there are two important differences: First, it appears
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one additional U(1) factor compared to G. Second,
it still contains an off-diagonal spurion field Y,
which is a doublet of SU(2),, and the only spurion
which is charged under the additional U(1). Only if
this spurion field (and the associated breaking of the
extra U(1) symmetry) were absent, we would re-
cover an effective two-family model where, as is
well known, one would have no CP violation in
the quark Yukawa sector.

(i) From an aesthetic point of view, the alternative

labeled (al) in Table II is somewhat favored. It
can be realized with a rather natural hierarchy of
scales. For instance, taking

I’lb:2,



THORSTEN FELDMANN, MARTIN JUNG, AND THOMAS MANNEL

which fits well to the phenomenological mass spec-
trum, one obtains an equal separation of scales,’

A = ABFDA

Moreover, the smallest non-Abelian subgroup for
this case is given by

SUQ)p, X U(1)2.

This residual flavor symmetry may thus be taken as
the simplest nontrivial example to study the dynam-
ics of flavor spurions and its consequences for flavor
physics, including the construction of higher-
dimensional operators for flavor transitions with
minimal flavor violation (or beyond [22]), the dy-
namics of Goldstone modes, and the construction of
realistic scalar potentials.

(iii) In all cases, the symmetry is eventually broken
down to

U(1)? =u(),, X U(1)g,.

The corresponding effective theory now still con-
tains three complex spurion fields, among which
one spurion is uncharged under either of the two
U(1) groups. Consequently, when the latter ac-
quires its VEV, its phase cannot be rotated away
by symmetry transformation.” At this very step, we
therefore generically encounter a CP-violating
phase, which in our case is associated with the
(Yp);, element.

(iv) Finally, the two U(1) symmetries will be broken by
the (Yy);; and (Yp);, elements associated with the
up- and down-quark mass. Notice that these sym-
metries are chiral, and the corresponding U(1)
anomalies contribute to the effective § parameter
in QCD. The related spurion fields may serve as a
solution to the strong CP problem as in the general
Peccei-Quinn setup [24-26]. This will be discussed
in more detail in [19].

III. INVARIANTS AND POTENTIALS FOR SCALAR
SPURION FIELDS

In this section we consider how the sequential symmetry
breaking, described in the last section, could be achieved
spontaneously. The question of how an appropriate poten-
tial could look like is discussed in many different contexts

SFor comparison, scenario (a2) can be realized, for instance,
by n, =2.5,n, =3.5,n;, =5,n,, =7, leading to the tower of
scales (A2?, /\35 A /\5 /\55 A6 AT)A. Similarly, case (b) could
be realized by n, =2, n.=45, n;=35, n,g =7, with
(/\2 )14 )145 /\5 )155 /\6 /\7)A

Altematlvely, ina prev1ous step of the construction, one could
have identified two spurion fields with the same quantum num-
bers, whose VEVs in general cannot be made real simulta-
neously. This mechanism thus gives a particular realization of
spontaneous CP violation [23].

PHYSICAL REVIEW D 80, 033003 (2009)

(see e.g. [27-29]), but no general recipe for constructing a
potential that leads to a specific symmetry breaking has
been found.

In any case, a potential for the spurion fields can only
depend on invariants under the flavor symmetry group Gp.
Because of the form of the potential these invariants should
take the appropriate VEVs, which finally specify the ten
physical parameters (six quark masses and four CKM
parameters). Of course we are unable to derive a potential
that achieves this complicated symmetry breaking, but we
may at least identify ten independent invariants in terms of
which we may express the physical quantities. These in-
variants can be constructed from monomials of the basic
scalar spurion fields Yy (x) and Yp(x), and may thus be
classified by their canonical dimension.

Before considering the three-family case, it is instructive
to look at the simpler example of two families with the
flavor symmetry gr = SU(2)p, X SU(2)y, X SU(2)p, X
U(1)?, first. It exhibits 11 symmetry generators, which
leaves 5 physical parameters (4 masses and the Cabibbo
angle) from the 16 parameters in the Yukawa matrices.
Classifying the invariants by increasing canonical dimen-
sion, we find

i = @), oP/N =yl
i) =wD),  WP/A =+
i(l4) = tr(U?) — i(z))2 1)(14)/A4 = —2y2y2,
it = w(uD) — PP,
vS /A = sin?0(y2 — )02 — yD) — y2E — vi,

= w0 - (PP, oI/N = 228 G

where we introduced the combinations

U=YyY], D=Y,Y}, (3.2)

which transform homogeneously under SU(2)y,, and
where we denote with v = (i¥) the VEVs of the 5

invariants. The potential V = V(l('")) may now be ex-
panded around its minimal value in the form

v=>2

km a,f

(i — MDY

(k)
Am+k 4 “Us ). (3.3)

where A is a UV scale, which renders the positive semi-
definite matrix M(a",’l’;k) dimensionless. Notice that higher-

dimensional operators appear unavoidably if we assign
canonical mass dimension to the (scalar) spurion fields
Yy p. As already mentioned, the mechanism showing
how such an effective potential could be generated by
integrating out some new degrees of freedom in an under-
lying theory, remains an open issue.

In principle we may also invert the relations to obtain the

Cabibbo angle and the masses as functions of the v(k)
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however, the above invariants are not yet very suitable for
the further discussion:

(1) As we have seen in the previous section, the order of
the different symmetry-breaking steps depends on
the relative size of the Yukawa entries, which in the
two-family case are characterized by the exponents
{n,, n., ng, ng, (1 + n,)} (in the hierarchical limit). It
is therefore desirable to consider invariants that fea-
ture the very same exponents.

(i) To put the invariants on a similar footing, they
should have the same canonical dimension (i.e. we
have to introduce rational functions of the above
invariants).

(ii1) Instead of i(24) it would be desirable to have an
invariant that vanishes in the no-mixing case (6§ =
0). Such invariants can be constructed from the
commutator [U, D],

i{¥ = det([U, D)),

(®) /A8 2 212(+,2 2)2in2 3.4
v”/A® = 3(yz — y2)*(y5 — y7)*sin*26.

We therefore modify the above definitions as follows:

L=uU), VA =y +
L=tu(D),  Vo/A2 =12+,
! yay?
L=5 0 —uU/1), V3/A?= 2 +y2’
! yiy?
14 25(12 _tr(Dz)/Iz)’ V4/A2 zi )
Vs T Vu
det([U, D))
15 = 47’
LL(I, + 1)
2 0202(32 — v2)26in226
Vi /A2 = (2 — y)* (3 — y7)’sin 35)

20 D02+ 2+ R+ )

The invariants /,_s now take their VEVs according to the
power counting for masses and mixing angles. For in-
stance, with our standard case, n, <n, <1+ n,<n, ~
ng, we have

Vi~ A21e 3> Vy ~ A2 3> Vs ~ A2F20 3> Vi ~ A,

which defines the sequence of symmetry breaking. We may
then solve (3.5) for masses and mixing angle to obtain

, Vi =V V) {VI/AZ

yc,u -

2A* Vi/Ar
2 V2 =+ \/ V2(V2 - 4V4) ~ V2/A2 (3 6)
Vsd = 2A? Clvgar '
sin2g = — V1t VolVs Vs

(Vi —4V3)(V, —4Vy) V)’
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where the approximate relations refer to the SM
hierarchies.

We note in passing that models based on texture zeros,
which imply relations between the masses and the mixing
angles [30], may be mapped onto relations between invar-
iants. In turn, a relation between invariants always charac-
terizes a class of Yukawa matrices that may or may not
feature texture zeros in a particular flavor basis. This may
be explicitly demonstrated by considering a simple two-
family model with one texture zero. We use the basis in
which Yy, is diagonal and

(0 a
YD_(a Zb)

is given in terms of two parameters a and b. This model
implies the relation

(3.7)

_ AV - AV)(VRVE - 2V,) o

Vs
Vi+V,

(3.8)

which translates into a relation between the Cabibbo angle
and the down-type masses,

tanf = |4 (3.9)
m

N

which is phenomenologically reasonable.

We now turn to the three-family case, which can be
studied along the same lines. We have to identify in total
ten independent invariants. The two quadratic and the three
quartic invariants are again given by

i =u), i =uD) (3.10)
and
Y =u@? -2 i =ub) - i?,
iV = w(D?) — (i) (3.11)

The remaining five invariants, which are necessary to
specify the physical quark flavor parameters, thus have to
be built from even higher-dimensional invariants. For the
dimension-six terms, we choose

i\ = w(U?) = 301 — (iP) = 3derV),

i = w(U?D) — LY — i1 — PGP, G12)
i = w(UD?) — Wi — 0D — PPy,
iff) = w(D%) — %i(34)i(22) — (i(22))3 = 3 det(D).

Finally, among the dimension-eight invariants only one is
independent, and we choose
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i¥ = w(UlU, DID), (3.13)

which completes the list of invariants for the 3 X 3 case.

The potential V = V(i%”) can again be expanded as in
(3.3). The sequential breaking of G as proposed in the last
section can emerge only through a hierarchy of VEVs for
the various invariants. This hierarchy has to be put in by
hand in (3.3) and may perhaps find its explanation in an
underlying theory above the scale A.* In fact, our choice of
VEVs is such that the first breaking of G — G} is ob-
tained, if the potential V generates a (sizeable) VEV for the

i 52) invariant, only,

~y2A2, o™ =0  otherwise,  (3.14)

in which case we obtain a nonvanishing top-quark Yukawa
coupling, while all other parameters (which give rise to the
lighter quark masses and CKM parameters) still (approxi-
mately) vanish.

The next step is the breaking of G} — GY.. Clearly, the
relevant potential V'’ can only depend on the invariants of
G, which we denote as ](m) As before, we introduce

quadratic terms which transform under SU(2); X U(1)r,
namely, two triplets,

U'=vgvPl, D =771, (3.15)
one charged doublet
X =72¢, (3.16)
and one singlet
B =¢le, (3.17)

In terms of these, the invariants of dimension-two can be
written as

P =uw), S =uwD) Y =E, 318

while the fourth-order invariants are

8We note, however, that restricting ourselves to the most
general set of dimension-four operators, where

V= ZmZ :(2) + 22 (2) (2) 4 Z/\ll

only part of the flavor symmetry will be broken by the minimum
of the potential, including the case Gr — G for a particular
subset of parameter space.

PHYSICAL REVIEW D 80, 033003 (2009)

2 (2

](4) — X/‘I‘xl (2)](2)
(3.19)

A =@ = (P2, 5 = D) -
j8) = ul(D) = G5,

Finally, there are two independent invariants of dimension
Six,

jO = xtux, 79 =x"tpx (3.20)

At tree level, the potential V' simply follows from the
original potential V' by expressing the invariants (" by the
invariants ;" and the VEV for the top Yukawa coupling,
see Appendix C. Including radiative corrections in the
effective theory below the scale A (or more precisely,
below the mass scale of the scalar degree of freedom
related to the VEV y,A), the parameters of the effective

potential might change accordingly. The general form is
thus again given by

z Z A/)n1+k 4 (J(m)

kmaB

M))N(m k) (J(k) ’(éc))

(3.21)

The next step in the symmetry breaking G} — G/ will

then be achieved by w(z) y3(A’)%. This scheme can be
repeated until the complete flavor symmetry is broken.

" and jim
are all real. Therefore, the parameters M(m 9 and N(m k)
have to be real as well to yield a Hermltlan potential. As
described above, the CKM phase, corresponding to the SM
mechanism for CP violation, appears when one of the
spurion fields receives a complex VEV. The potential
allows for spontaneous CP violation, as soon as an invari-
ant of one of the residual flavor symmetries becomes
complex. In the scenarios discussed above, this is the
case for

Note, that the invariants i; introduced above

4 *
G L(l) = Re(mejzs{sXm)r

@ ; (3.22)
Ly = Im(XT3§d§s)(23),
and GG?: LM) = Re ,JE ¢ ;r
F (€nécéséa) (3.23)

LYY =&l eley),

where L(z/)(‘l) is odd under CP.

As in the two-family example, we again introduce ra-
tional functions of the invariants that are convenient for the
discussion of power counting or parameter relations in
models with texture zeros. The modified set of invariants
for the three-family case reads
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11=tr(U), Vl/Azzy%—i—y%-}-ytzwAO,
I, = tr(D), Vo A? = y7 + yi + v ~ AP,
1
Iy = 5(11 —w(U?/1),
V,/A? = yaye + yuyt ycyt o
yityi+y:
1
Iy = 5(12 —tr(D?)/1),
VA2 — Yays +yaye Y YV yom,
yi+yity;
15 = det(U)/I /13,
2.,24,2
VS/A2 — - yuycyr - /\znu’
yave + vavi + yevi
Is = det(D)/L,/1,,
2.,2.,2
Ve/A? = YasTb ~ A2, (3.24)

Yays +yavy v
which determines the 6 Yukawa couplings corresponding
to the quark masses, and
_ w(U[U, DID)
AR Sk
_ 1 det([U,[U, D]])
2 BL(I, + L)1

V7/A2 ~ y — A2(11b+2)

Vg/A? =y2603, +y2 —01;013 cosd ~ A2 +3) 4 (2t
2
1 det([U, D1 D))

2 BL(IL + L)L

Vo/A? = y2(03; + 62,03 — 201,0,30,3 cosd) ~ A2 +3),
1y = i det([U, D]) ,
2RI + 1)

Vio/ A% = y20,,0305 sind ~ A* A2+ (3.25)

which determines the angles and the CP-violating phase in
the standard parametrization [31]. Again, the invariants
I,_,o are defined in such a way that they vanish in the
no-mixing case. Moreover, I}, # 0 signals CP violation.
We may again solve for the SM parameters to obtain the
quark Yukawa couplings y7.,(V;35) and yj . ,(V546), as
well as the (approximate) solutions for the mixing angles

1% 1%
035 ==L, 6% = ==,
2! 2!
0,:\2 Vo V2V2
(0120056 - ﬁ) ~ 2 210 (3.26)
03] V5 V2V;Vq
V22
02,5028 = ﬁ
4Y7V8

where we also neglected terms of order A~*y?/y7. Finally,
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we consider again a simple model with texture zeros in the

3 X 3 Yukawa matrices [32],
o ¢, O 0o ¢; O
U~ Ci 0 Bu ) D~ CZ 0 Bd 5
0 B, Al 0 By A4
(3.27)

which yields the following approximate relations between
quark masses and mixing angles:

|Vub|2 ~
Vo> 603 m.’

Vial? ~ 9%3 + 9%20%3 20120236,3 cosd md
|Vts|2 0%3 ms

2
013 . M

(3.28)

As before, this can be formulated in a basis-independent
way in terms of the following approximate relations be-
tween invariants:

Vs _ |Vs Ve
(27 Vy

IV. CONCLUSIONS

(3.29)

In this paper we have shown how the hierarchies in
quark masses and mixings can be associated with a par-
ticular sequence of flavor symmetry breaking. The differ-
ent scales at which the individual steps of partial flavor
symmetry breaking occur are separated among each other
by not more than 1-2 orders of magnitude. Depending on
the assumed power counting for the quark masses, we have
identified different scenarios that are compatible with phe-
nomenology. We have also given some general arguments
for the possible form of scalar potentials that may realize
the sequence of flavor symmetry breaking and identified
the invariants that may be used to expand the potential
around its minimum or to classify ansitze for the Yukawa
matrices involving texture zeros in a basis-independent
way.

In all cases, the minimal non-Abelian flavor subgroup is
given by SU(2)p, X U(1)*®). Its further breaking eventu-
ally leads to an effective theory with a residual U(1)? flavor
symmetry, where one of the spurion fields is uncharged.
When this spurion achieves a complex VEV, its phase
cannot be rotated away and provides the one and only
source for CP violation in the quark Yukawa sector. The
CP-violating phase is thus generated at rather low scales
(compared to, say, a grand unified theory scale).

A dynamical interpretation of the Goldstone modes,
appearing at each step of the (global) flavor symmetry
breaking, can be achieved by promoting the flavor symme-
tries to local ones, where the Goldstone modes become the
longitudinal modes of the corresponding massive gauge
bosons. One the other hand, the final chiral U(1)?> symme-
tries are anomalous, and the associated Goldstone bosons
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couple to the QCD instantons. They may thus be used to
resolve the strong CP problem as in the general Peccei-
Quinn setup, with the corresponding Goldstone modes
appearing as axion fields. Details will be presented in a
separate publication [19].
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Note added in proof.—While completing this work, the
paper [33] appeared, where a 2-Higgs-doublet scenario
(2HDM) with a large ratio of VEVs (tanB ~ m,/m; >
1) was considered. In this case, the original flavor symme-
try is broken in one step as Gp — Gy = U(2)*, see
Eq. (2.6) and the discussion in [16]. The possible enhance-
ment with tanB allows for interesting observable devia-
tions from the SM and from minimally flavor-violating
scenarios with minimal Higgs sector. In [33] it has been
shown that they can be identified in a very transparent way
using the nonlinear representation of flavor symmetries
suggested in [16]. It is evident, that the related change in
the hierarchies of the Yukawa matrices for tanB > 1
would also imply a different pattern for the sequence of
flavor symmetry breaking, which could be worked out in
an analogous way as presented in our work.

APPENDIX A: SEQUENCE OF FLAVOR-
SYMMETRY BREAKING IN THE SM

In this appendix, we present the detailed derivation of
the different scenarios for sequential flavor-symmetry
breaking as discussed in the text.

1. Leading order

Neglecting all terms of @(A) in Y;; and Y, only the top-
quark Yukawa coupling in (Yy);3 survives, due to our
general assumption n, > 0. We thus obtain the breaking
(which—apart from the additional U(1) factors—coincides
with the discussion in [16])

Gr— Gl = SUQ)g, X SUQR)y, X SUB)p, X U(l)y
X U(l)Ug X U(1)p,, (A1)

~ SUQ)g, X SUQ)y, X SUG)p, X U(1) g

X U)o X U()p,, (A2)
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where the equivalence in the second line arises if we take
into account the globally conserved baryon number, im-
plying the relation

3B=T+ QP + U? + Dy

for the quark charges, where T counts the quark number for
the third generation in Q; and U, and Q(Lz) and Ug) for the
first two generations (see also Appendix B). The decom-
position of Yy and Y, in terms of irreducible representa-
tions of G and the representation of the nine Goldstone

modes (HZ?‘};S, I8 = —H%R) remains as in [16], with
yo 0
Yy = U(Il,) v 0 |uty,)
0 0 yA (A3)
Y(Z)
Yp = U(HL) Qr ;
&)

and ‘U(IT) = exp[iI1¢T/A].

2. Order A'/A

Let us first consider the transformation properties of the
residual spurion fields with respect to G, [here the sub-
scripts refer to the U(1) factors defined in Eq. (A1)], and
their scaling with A,

M\ )Ll+"<'
YE/Z) ~ (2,2, 1)) 19 (/\Hn” e )A,

)l3+n,, )A’ (A4)

)l2+nb

N )ll +ny
/\l+nd s
EF~(1,1,3)g0_ o (A3*7 A2t Am)A.

Yg) ~(2,1,3)0-; = (

We now assume that at the scale A’ < A, the next-
highest entry in the residual spurion fields gets its VEV.
For n, > n,, the spurion §Z will have the largest eigen-
value,’

(&hy=1(0,0,5,)A = (0,0, x,) A, (A5)

with x, = O(1) such that §, ~ A’/A ~ m,/m,. Similarly,
as for the discussion of the 2HDM with large tang in [16],
this further breaks the flavor symmetry to

Gy — Gi = SUQ2)g, X SUQ)y, X SUQ2)p, X U(I)Qm

X U)o X U(1) (A6)

(2)
Dp”

~8SU2)g, X SUQ)y, X SUQ)p, X U1y

X U)o X U(1) 0, (AT)

°If we allow for n. = ny, the spurion YE? also will get its VEV
simultaneously, such that in the scenario (a) discussed below, the
scales A’ and A” would coincide.
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where now U(1)y; acts on all quarks in the third generation.
The five additional Goldstone modes (I, “~**) are in-

troduced as

79 =(yQ x,)uta,),

(A8)
&=(0 0 xA)UtI),

with U(IT") = exp[ill’*T*/A"].

3. Alternative (al): n,<n, +2<n, +3<n;

At this stage, the further breaking of the flavor symmetry
depends on the details about the assumed power counting
for the quark masses. Let us first discuss the scenario (al):

a. Order \'"/A\

In the case of n. < nj, + 2, it is convenient to classify
the residual spurion fields of G/ according to (A7),

)\l+n“ )tlJrn(.
(2 _
YU (2, 2, 1)0,71,0 * (AlJr’lu e >A’

Mt )\1+n5
(2)
Yy ~(2,1,2)0,-1 (AHnd A )A, (A9)
)t3+nb
/\/S -~ (20 1’ 1)7],0,0 o <A2+nb )A;
such that the next spurion getting a VEV is
Q)N _ 0 0 _(0 0 ) y
¥g) (0 y”c)A_<0 LY (A10)

with x, = O(1), implying §, ~ A”/A ~ m,./m,. The VEV
of Y ;]2) thus further breaks the flavor symmetry as

Gl — GV = SUQ)p, X U(1)e X U(l)y X U(1)
X U(1)

oV
(A11)

(1)
Up”

~ SUQ)p, X U(1)¢ X U(I)Q(Ln X U(1)

(1)
Ur

X U(M)pa, (A12)
where U(1) refers to the second-generation quarks in Q;
and Upy. This implies five additional Goldstone bosons
(H’L’,UR“:I"{ P = —H’(’/R3), appearing via

(1)
vy = ’U(HZ)<Yg 0

N A,,)UT(HgR), (A13)

() _ " fj{ _ nf X13
v U(HL)< ff) xo=uap( XY

N
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b. Order A®/A

(3al)
F

The residual spurions of G now scale/transform as

YS) ~ (Do,1,-1,0 © A™,
53 ~(2o10-1 % (A" AlFm),
x13 ~ (Do1,00 * AP,
N~ (2)100-1 = (A1 Ame),

X23 ~ (D000 = A*,

(A15)

where the subscripts refer to the U(1) charges in (A12). In
this case, assuming n, > n;, + 2, the next spurion to re-
ceive a VEV is y»3, which breaks the U(1)- symmetry,

G — G = sU©2)p, X U)o X U)o

X U(1) (Al6)

(2).
DR

The associated Goldstone boson ¢ appears as a simple
phase,

Xoz = X, ®"IAAM and gl — glei" /A" (A17)
with A" /A ~ y, A%
c. Order AW /A
The residual spurions for Ggf}”l) read
YL” ~(1)—y0 =A™,
€~ @)1 = (A Altm), (A18)

e~ (2)0.0,—1 = (AlFraAms),
X13 ~ (D100 % A3,

For ng > n;, + 3, the next spurion to get a VEV is yis,
which breaks another U(1) symmetry,

GY™) — G = sUQ2)p, X U)o X U()

(2).
DR

(A19)

The corresponding Goldstone mode ¢"?) appears again as

a phase factor used to redefine the spurions Y 8) and &,

according to their U(1) charge. It should be noted that after

the U(1) o is broken, the residual spurions &, and &, have
L

the same quantum numbers with respect to Gg“l), and
therefore the relative phase of their VEVs will provide
the source for spontaneous CP violation.

d. Order A® /A
Taking (&) # 0, we next break

G(Fsal) _ GSE”” — U(l)uﬁg) X U(1) (A20)

(1)
Dyp”

and the remaining spurion fields are given by
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YO ~ () A, YY) ~ (1) o A,

(A21)
X12 ~ (1)gp o AT,

Here, we have decomposed the SU(2)), doublet &, into
two complex singlets Yl()l) and y»,

éF = (0, x , AC) Ut (1Y),

(1) (v) (A22)
fd = (YD , XIZ)UT(HRU ).
4. Alternative (a2): n,<n, + 2<ng<n, +3
a. Order N/ A and order A® /A

These steps are the same as for the alternative (al)
above.

b. Order AW /A

In this case, i.e. for ny <n; + 3, the next spurion to
receive a VEV is (£,) ~ y, A, which breaks

G — G = U(1) g X U)o X U(1) 0, (A23)

Dg);
leaving us with four singlet spurion fields
Yy ~ (1) -1 = A™, Yp) ~ (D)1 = A",

X12 ~ (D100 o A™F, X13 ~ (D100 € A™7F3,

(A24)
c. Order A® /A
Taking now (y,3) # 0, we break
GB — Gl — U(I)Ug) X U(1)D<R1,, (A25)

with the remaining spurion fields as for case (al).

5. Alternative (b): ny, + 2<n,<ng<n,+1

The case n,. > n; + 2 may be considered as somewhat
less likely, because in order to have y./y, < A” at some
high scale we would have to require sizeable renormaliza-
tion effects in order to recover m,/m;, ~ 0.3 at low scales.

a. Order \'"/A

In that case, the next spurion to get a VEV would be

) = (y(; )A B (323 )A”’

with x,; = O(1) and thus A” /A = A?m,,/m,. This leads to
the breaking

(A26)

G — G = SU@)y, X SUQR)p, X UL) g X U(1)

X U(I)Dg>. (A27)

Introducing three new Goldstone bosons ((IT/)=123), we

PHYSICAL REVIEW D 80, 033003 (2009)

parametrize
f t
Y(Z) =U H”)( éu )’ Y(Z) - U H")(gd >’
v (I &l b (I ) (ag)

Xs = UL xy)-

b. Order A® /A
The residual spurions of G(F3b) scale/transform as
&~ Dy (A AlFne),
5:5 ~(1,2)0,-1 * ()\"d ALtng ),
£~ (2 g 1o = (A7 Am),
6~ (1, 2001 = (A1*10 Am),

(A29)

In this case, the next spurion to receive a VEV is fj, which
breaks

G = G = SUQ)p, X U(1) o X U(1) o X U(1)

vy DR
(A30)
introducing three new Goldstone bosons at the scale A®) ~
yeA.
c. Order AW /A

Decomposing the doublet &} into two singlets YS) and
@12, the remaining spurions of G are

ngl) ~ (1)1,—1,0 * A,
Eh~ (@)1 = (e AT,
El~ ()01 = (AT Am).

and @5 ~ (1)190 © A1,
(A31)

Notice that the flavor group and the representations of the
spurion fields are the same as for G(;}“M“Z), only that the
role of y;3 is now played by ¢,.

As in the case of scenario (a2), we assume that the next
spurion to get a VEV is &, breaking the flavor symmetry at

AU~y A,

G — G = U(1) g X U)o X U(1) (A32)

.
Dy

The remaining steps in the flavor symmetry breaking fol-
low scenario (a2), except for AC?) ~ (@,) ~ Ay, A.

6. Order A© /A and order A7 /A

Since in all scenarios the residual spurion field y, is
uncharged under G(6), its VEV will in general be a complex
number whose phase cannot be rotated away by flavor
transformations. The CP symmetry in the Yukawa sector
will thus be broken spontaneously by (y,)/A ~ Ay, ~
A®) /A, if the potential singles out a nonvanishing imagi-
nary part.
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Finally, the VEVs for Yg,l) and Yg) break the remaining
flavor symmetry

G'%Y — nothing (A33)

and give masses to the up- and down-quark, where the
order of symmetry breaking is not really important.

APPENDIX B: VARIOUS U(1) CHARGES

For convenience, we collect in Table III the various U(1)
charges appearing in the construction of the flavor symme-
try breaking. Notice that some U(1) charges are linear
dependent,

3B=T+ QP + U? + Dy, (B1)
=11+ QP + U + DY, (B2)
=m+c+ o’ +ul +Dp?. (B3

APPENDIX C: EXPRESSING THE G INVARIANTS
THROUGH G/, INVARIANTS

The explicit relations between the ten invariants i of

the full flavor group G and the nine invariants jg") of the
residual flavor group G/ read

.(2 .(2 .(2 (2 (2
i =P+ @ =0+ @
for the dimension-two invariants, and
4 4 2
i = j0 )220
4 4 2) .2 2
(9 = @ _ 00 220 (C2)

{9 = 9 4,
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TABLE III.  Various U(1) charges appearing in the discussion
of the sequential flavor symmetry breaking.

3B Uy Dy T 11 O UY DY ¢ o uy DY

(w,d, 1 0 0 0 0 1 0o 0 0 1 0 0

(¢s)y 1.0 0 0 O 1 o o 1 0 0 O

b) 10 011 0 0O O O O O O

Ug 1 1 0 0 0 O 1 0 0 O 1 0

CR 1 1 0 00 O 1 0o 1 0 0 O

R 1 1011 0 O O O O 0 O

dg 1 0 1 00 O O 1 0 0 O 1

SR 1 0 1 00 O O 1 0 0 0 O

by 1 0 1 or o o0 o0 o0 0o 0 0

for the dimension-four terms, together with

O — _3242),

.(6 (4 2) .(4

l():_zAz() 1) (C3)
6 6 4 4 2) ;2 2) (4
()_j() tzAz()_]l)(J() ()J()) ]g)()’

(6 (6 2) 4 2) .2 2) (4

l£)=3](2) ()(]() ()()) ;](3)()’

and

8 2 6 4
i =G = 2209/ + A%+ 4Y)
X (O + JID) 4 O O 1 00

(2))2 (4) (2))2.]-(14). (C4)

+ 30/} + 30
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