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1 Introduction

The Standard Model (SM) provides an accurate description of all the presently available
experimental data for flavour changing neutral current (FCNC) and CP violating processes.
Their precision is already good enough to leave room only for small corrections from the
physics beyond the SM (BSM). Thus, if the scale of new physics is O(1TeV), as is relevant
for the hierachy problem, its flavour structure must be strongly constrained. An interesting
hypothesis that is consistent with the present constraints is that the physics beyond the
Standard Model satisfies the principle of Minimal Flavour Violation (MFV): according to
it the only source of FCNC and CP violation, as in the SM, is the CKM matrix. The
MFV conjecture can be implemented in some concrete BSM theories. For instance, it is
satisfied in the MSSM with universal soft scalar masses and coefficients of the trilinear soft
terms proportional to the associated Yukawa couplings. The new FCNC and CP violating
effects are then small enough to be consistent with the data even for squark masses well
below 1TeV. However if the MSSM is extended to include a spontaneously broken family
symmetry MFV is violated even if, before spontaneous family symmetry breaking, the soft
scalar masses are universal and the coefficients of the trilinear soft terms are proportional
to the associated Yukawa couplings.

The phenomenological implications of the MFV hypothesis can be investigated in an
elegant model independent way by using an effective field theory approach (EFT) [1].
In this framework the SM lagrangian is supplemented by all higher dimension operators
consistent with the MFV hypothesis, built using the Yukawa couplings treated as spurion
fields. The potential deviations of the data from the SM predictions are then parametrized
in terms of few free parameters such as the inverse (messenger) mass scale associated with
the higher dimension operators, with their flavour structure fixed by the structure of the
CKM matrices.

The MFV hypothesis relies on the phenomenological knowledge of the CKM matrix
and implicitly assumes that the eventual theory of fermion masses is consistent with it.
However, this may not be the case. Indeed, explicit theories of fermion masses and mix-
ing usually violate the MFV hypothesis and it is the purpose of the present paper to
investigate this problem. Our laboratory will be Froggatt-Nielsen-like models, [2-9], with
spontaneously broken family symmetries and familon field(s) whose vacuum expectation
values (vevs) determine the Yukawa couplings (for an earlier discussion on the possible
violation of the MFV hypothesis in models with broken family symmetries see [11, 12]
and [13]). In [13] a detailed phenomenological analysis has been performed for the MSSM
with some Abelian and non-Abelian [9] family symmetries.! Following [1] we will analyse
this case using the SM EFT approach. Horizontal symmetries must then be imposed on
the higher dimension operators of the effective SM and the familon fields can be used in
their construction as spurion fields.

Although the effective field theory approach is quite general, care must be taken when
interpreting the bounds on the messenger mass scale because the interpretation does depend
on the nature of the new physics. This occurs if there is more than one scale associated

!See also [10].



with BSM physics. We shall illustrate this problem with a detailed discussion of the SUSY
case in which there are two basic scales, the SUSY breaking scale and the family messenger
scale. In this case it is useful to apply the EFT approach above the SUSY breaking scale
in the manner suggested in [14, 15], and we extend our family symmetry analysis to cover
this approach too.

We first review the MFV hypothesis for the SM viewed as an EFT. We then construct
the analogous higher dimension operators in Froggatt-Nielsen like theories using the spu-
rion technique generalized to this case (for an earlier discussion of the use of the spurion
technique beyond MFV see [1] and in models with family symmetries see [11]). We illus-
trate the expectation by comparing the bounds on the effective messenger scale obtained
in MFV and in a variety of family symmetry models that have been proposed to explain
the observed pattern of fermion masses and mixings. In the second part of the paper we
discuss the problem of the interpretation of the effective messenger scale in supersymmetric
models and extend our analysis to an EFT description above the SUSY breaking scale. In
this paper we will consider only flavour changing processes originating in the quark sector.

2 Minimal flavour violation and beyond

2.1 MFV

The SM fermions consist of three families with two SU(2);, doublets (Qr and Lz ) and
three SU(2), singlets (Ug , Dg and ER ). Each of these fields is a triplet in flavour space.
The largest group of unitary field transformations that commutes with the gauge group is
U(3)°. This can be decomposed as

Gp =SU(3); ® SU(3); ® U(1)°, (2.1)

where SU(3); = SU(3)q, ® SUB)u, ® SU(3)p,, SUB); = SUB)L, ® SU(3)g,. The
symmetry is broken by the Yukawa interactions,

L= QLYDDRH + QLYUURHC + ELYEERH + h.c., (22)

2

where H, = it H* and < HTH >=v?/2. Treating the Yukawa coupling matrix as spurion

fields transforming as

Yy ~ (3,3, Dsu@y, Yo ~ (3,1,3)su@: Ye ~ (3,3)su3)2 (2.3)

the full Lagrangian has an SU(3)? invariant form.

MFV postulates that the only source of Gg breaking are the Yukawa spurions and
parameterises the higher dimension flavour violating terms by using them to construct the
most general SU(3)® invariant set of higher dimension operators that make up the full
effective field theory. The leading terms are the dimension 6 operators given in table 1.
Following [1] it is convenient to write them in terms of products of two-fermion operators
which separately should be SU(3)® invariant, because the flavour structure of all the oper-
ators of table 1 is determined by the flavour structure of these two fermion operators. In



Flavour violating Aprpy(in TeV)

dimension six operator — +

Op = 5 (QrArcy,QrL)? 6.4 5.0
Op1 = H' (DrA\adrcowQr) Fw 93 124
Oc1 = H' (DrAaArcoT°Qr) G, 2.6 3.5
Opn = (QrArcy,Qr)(LrvuLr) 3.1 2.7
Opr = (QrArcYu™ QL) (Lry,mLy) 3.4 3.0
Om = (QrArcy,Qr)(H'iD, H) 1.6 1.6
Ops = (QrArc1,QL)(DrYuDr) ~1

Table 1. Bounds on the suppression scale of the dimension 6 operators in the MFV scenario. The
SM is extended by adding flavour-violating dimension-siz operators with coefficient +1/A3,py (+
or — denote their constructive or destructive interference with the SM amplitude). D’Ambrosio
et al. [1] report the bounds at 99% CL on Aypy, in TeV, for the single operator (in the most
representative cases).

particular the four fermion operators factorise into the product of two fermion operators.
As we shall discuss this factorisation does not always apply beyond MFV.

Due to the smallness of the down quark Yukawa couplings the dominant operators
displayed in table 1 have external down quarks for which the up Yukawa couplings are
responsible for the flavour changing terms. The leading two-fermion operators from which
one may determine the MFV predictions for the operators of table 1 are

QLY.YIQr, DRY V., YiQy. (2.4)

The flavour structure of these operators is determined by the flavour structure of
Yukawa matrices. In the electroweak basis where the down-type quarks are mass eigenstates
(EWDD), to a very good approximation, it is determined by the entries proportional to
the “square” of the top quark Yukawa coupling: (YuYJ )i where 4, j are flavour indices.
In this frame A\pc = (YUYJ)U ~ A\U;Usj where the matrix U is the CKM matrix. The
relative magnitude of various FCNC effects is determined by the order of magnitude of the
mixing angles and their absolute values depend in addition on the ratios of the couplings
of those operators over the (unknown) scale of new physics that has been integrated out.

For the sake of easy reference, in table 1 we quote the bounds on the suppression scale
A from ref. [1], obtained by using the measured values of the mixing angles. Here, the scale
A is defined as an effective scale, with the operator coupling equal to 1. If the new physics
contributes e.g. only at the loop level, the bound on its actual physical scale is lower by
factor a.

2.2 The messenger scale

The dimension 6 operators of table 1 appear in the effective Lagrangian multiplied by a
factor 1/A? that has the dimension of two inverse powers of mass. This factor arises due



to the propagator of the messenger state that is responsible for generating the operator
and that has been integrated out when constructing the effective Lagrangian relevant at
energy scales less than the messenger mass. In phenomenological studies the lower limit
on this factor is determined and gives an estimate of the possible scale of new physics.
However some care is needed in interpreting this limit because there may be more than
one messenger scale involved. In particular, in a realistic extension of the Standard Model
there usually exists a mechanism easing the hierarchy problem, with an associated mass
scale Aj. This role could be played by supersymmetry with the characteristic scale of
mass splittings in supermultiplets, Mgy sy, or by a strongly coupled gauge theory with the
confinement scale Ay, or by the mass scale of Kaluza-Klein states in Randall-Sundrum
models. The sector responsible for the flavour violation has its own characteristic scale,
which we shall call the family messenger scale M which can be larger than A or coincide
with it. The effective Lagrangian is relevant at energy scales less than the messenger mass
M and less than Ajy. Depending on the details of the theory, the suppression factor could
be one of the following: 1/A2, 1/(A,M), 1/M?. If M >> Ay, operators suppressed by only
the first factor will be the most important. We will return to a detailed discussion of the
identification of A in supersymmetric models in section 5.

2.3 Beyond MFV

MFYV is based on the very restrictive assumption that the Yukawa couplings are the only
source of flavour symmetry breaking. This assumption is not valid for many (most) of the
attempts to build a theory of fermion masses and mixing and so it is of interest to develop
a formalism capable of describing such models and highlighting the main discrepancies to
be expected from MFV.

Consider the case of the two fermion operators just discussed. The most general set
of nontrivial SU(3); representations of the two fermion operators that can be made up of
quarks and antiquarks is

(3,3,1), (3,3,1), (3,1,3), (3,1,3), (1,3,3), (1,3,3), (8,1,1), (1,8,1), (1,1,8) (2.5)

In MFV, c.f. equation (2.4), the fundamental Yukawa couplings transform as (3,3,1) and
(3,1,3) and these must be combined with the quark bilinears to form SU(3)} invariants
corresponding to the dimension 6 four fermion operators of table 1. However in mod-
els of fermion mass there may be spurions, combinations of fundamental familon fields
with non-vanishing vacuum expectation values (vevs), with different SU(3)2 transforma-
tion properties to those of the Yukawa couplings. This then leads to new possibilities for
the construction of four quark operators. For example in reference [11], the effect of funda-
mental spurions transforming as (8,1, 1) was studied in detail. However, as stressed below,
building SU(S)Z invariant combinations of four quark operators and familon fields typically
involve familon combinations, i.e. spurions, transforming in all possible SU(3)2 represen-
tations, not necessarily with correlated magnitude, in a manner that does not correspond
to building four fermion operators starting from a single fundamental spurion.

An important consequence of this is that family symmetries often require fewer in-
sertions of the familon fields than would be expected in MFV. For example to construct



the (8+1,1,1) representation in MFV requires two Yukawa spurion insertions, @Q LYUYJ Qr
involving LR and RL couplings at the messenger level but can be directly constructed from

familon fields in a manner not involving the RH sector.

3 Family symmetry models

In this paper we shall be concerned with the departures from MFV to be expected in models
of fermion masses and mixings based on spontaneously broken family symmetries. A wide
variety of family symmetries have been considered, varying from one or more Abelian
family symmetries or their discrete subgroups to non-Abelian symmetries or discrete non-
Abelian symmetries. Such models have been shown to be able to generate the hierarchical
structure of quark masses and mixing angles. To illustrate the implications for FCNC we
will consider a variety of representative models.

The first two models [36] have a single Abelian family symmetry factor and a single
familon field whose vacuum expectation value (vev) spontaneously breaks the symmetry.
The third (supersymmetric) model [24, 25] also has a single Abelian factor but has two
familon fields that acquire equal vevs along a D-flat direction. In addition the Higgs field
can carry a charge under the symmetry. The model generates a texture zero that leads to
a precise prediction for the Cabbibo angle in excellent agreement with experiment. The
fourth model [37] involves two Abelian factors. Unlike all the other models considered
here, in the current quark basis, the dominant off-diagonal term generating the Cabibbo
angle comes from the up- and not the down-quark mass matrix. The fifth model involves
a Non-Abelian family symmetry and the model was developed to describe both quark,
charged lepton and neutrino masses and mixing. The group is a discrete non-Abelian
subgroup of SU(3) family symmetry, the discrete subgroup chosen because it leads to near
tri-bi-maximal neutrino mixing in agreement with experimental measurements. However
the structure of the low dimension terms is determined by the SU(3) symmetry and so for
the discussion here it does not matter that only a discrete subgroup is unbroken. Finally we
consider a model [39] with three Abelian factors based on the structure found in F-theory
string models [38] in which the family symmetry is a subgroup of the underlying E(8) string
symmetry. In this the emergence of three Abelian factors is natural and unlike the previous
models the charges of the fermions are strongly constrained by the F(8) symmetry.

For the case that the symmetry is Abelian, all the independent SU(3)Z representations
of spurions bilinear in the fermion fields are generated at a fundamental level. A subset
of the dimension 6 four fermion operators are also fundamental and cannot be built from
the two fermion operators, i.e. they do not factorise. As we shall discuss this leads to a
potential enhancement of flavour violation. For the case the symmetry is non-Abelian,
as for MFV only a restricted set of fundamental spurion representations bilinear in the
fermion fields are present and the dimension 6 operators may be built from them.

One may worry about the possible effects of Goldstone modes resulting from the spon-
taneous breaking of the family symmetry. For the case that the family symmetry is a local
gauge symmetry the familons provide the longtitudinal component of the family gauge
boson. If the symmetry breaking scale is large these bosons will not appear in the effective



1 QLX%Q1
2. DpXE,Dp
3. UrRXYRUr
4. QLXP,Dr
5. QLXLURUR

Table 2. Flavour changing dimension 3 operators in the Standard Model. The associated Lorentz
and colour structure is not shown.

low energy lagrangian and their effect will be negligible. For the case the family symmetry
is a discrete symmetry there are no Goldstone modes and the familons can be very heavy.
In what follows we will not consider the case that the family symmetry is global and so we
will not discuss thepossible effects of massless familons.

We start with a discussion of the quark bilinear operators relevant to the structure of
quark masses and to the construction of higher dimension operators. In the next section
we extend the analysis to the dimension 6 operators relevant to flavour changing processes.
The set of dimension 3 operators that violate flavour are given in table 2. In this we have
suppressed the family index so, for example, QLX?LQL = QZ’LX?L’Z‘J.QLJ fori,j =1,2,3.

As discussed above, for the case of MFV only the first and the fourth operators are
needed to construct the dimension 6 flavour changing operators, the remaining ones give
negligible contributions due to the smallness of the down quark Yukawa couplings. However
for family symmetries all operators can be significant. We turn now to a discussion of the
magnitude of the coefficients, X, of these operators.

3.1 Abelian family symmetry

Consider a U(1) family symmetry. Up to coefficients of order unity the elements of the
Yukawa matrices are given in terms of the family charges of fermions defined as ¢; for the
flavour components of the left-handed doublet @)1,, and u; and d; for the flavour components
of the (left-handed) quark singlet fields U¢ and D¢, the charge conjugate of the right-handed
flavour triplets Ug and Dg, respectively.

We first consider the holomorphic case in which the symmetry is spontaneously broken
via familons carrying only one sign of U(1) charge. For a single familon, §, with U(1) charge
equal +1 the Yukawa matrix of couplings has the form (the U(1) charge of the Higgs doublet
is taken to be zero)?

_ . /o \ Wit
QrYuvUrH. = QY [aﬁ <M> UrjH. if uj +¢; > 0, otherwise =0, (3.1)

where a] are coefficients of order unity and 6 now denotes the familon vev. Note that

this structure applies to the superpotential (F-terms) in supersymmetric theories because

2We work in the canonical basis for the kinetic terms. The rotation from a non-canonical basis to the
canonical one does not change our considerations, see [37, 40].



supersymmetry does not allow terms involving the conjugate of the chiral superfields. Non-
supersymmetric theories do not have this restriction so for them the non-holomorphic form
discussed below applies. The same is true of D-terms in supersymmetric theories.

Given this we turn to the structure in the non-holomorphic case. In supersymmetric
theories this applies to F-terms too for the case there are familon fields with the same
charge but of both sign. This is very common in supersymmetric models where the family
symmetry breaking familon fields 6 and § with U(1) charges +1 and -1 acquire equal vevs
along a D-flat direction. We are denoting this common vev by 0. As just mentioned
the non-holomorphic case also applies to the D-terms and to non-supersymmetric theories
because in them the symmetries allow terms involving the familon or its conjugate. In all
these cases the Yukawa couplings take the form

UgrjH. (3.2)

B . /0 |uj+qil
QrYuvUrH. = QF, [af <M>

To avoid unnecessary duplication of formula we will use the notation |u; + ¢;| to denote
both the cases of equations (3.1) and equation (3.2). In practice the holomorphic form is
only relevant to the form of the fermion mass matrix in SUSY theories; the non-holomorphic

form applies to the operator coefficients in all cases.

o \luwital
Mm

J

We assign to the combination a’ ( transformation rule as for (3,3, 1) under

i
SU(3)2. One can regard the 3x3 matrix of the coefficients a{ as a spurion field transforming
as (3,3,1) under SU(3)3 and the factors ®} = (6/M)% and &l = (§/M)™ as U(1) spurions

which are singlets under the flavour group.? It is notationally convenient to write this as
g\ lwitail it LUt
al <M> = aﬁ(I)ZLCDUj =®ra" Oy (3.3)
where ®,=((8/M)% ,(§/M)%,(6/M)%), (B}, = (6/M)*,....) and the modulus in the expo-

nent is to be taken for the combined charges.
In terms of the familons the quark Yukawa lagrangian reads

Ly = (QrPLa*P® Dp)H + (Qr@La*V @] Ur)H® + h.c. (3.4)

The quark bilinears in these terms correspond to the operators 4 and 5 of table 2. The
remaining operators can be constructed in an analogous way, with the help of familons and
horizontal and flavour symmetries giving:

QroLartdl Qr, UpdyaVe]Ug, Dr®pa’Pol Dp. (3.5)
where the matrices of O(1) coefficients a!” are not related and transform as (8,1, 1), (1,8, 1)
and (1,1,8), respectively for I,J = LL,UU, DD.

The above analysis is readily extended to the case that the family symmetry is U(1)f, x
U(1)g. In this case ®=((A/Mp)% (81/Mp)% (6/M)% ) and
®p=((0/Mp)1 (0r/Mg)% (0z/Mp)% ) where we have allowed for different messenger
scales associated with the familon fields breaking the left and right U(1) symmetries.

3We thank A.Weiler for a useful discussion of this point.



3.2 Non-Abelian family symmetry

There has been a proliferation of models based on non-Abelian symmetries driven by the
possibility that they can explain the near bi-tri-maximal mixing observed in the lepton
sector through neutrino oscillation experiments. It is only through a non-Abelian structure
that Yukawa couplings to different families can be related including the O(1) coefficients
and this is needed to generate bi-tri-maximal mixing. Although the motivation comes from
the lepton sector it is natural to try to extend the symmetry to include quarks and for this
reason we include a discussion of non-Abelian family symmetries here. Again the family
symmetry must be chosen to be a subgroup of SU(3)2. Here we consider the simple case
that the non-Abelian family group is the diagonal SU(3) subgroup or a discrete subgroup of
it. The symmetry is broken by familon fields in a definite representation of the symmetry.
For the case that the LH and charge conjugate RH fields are in the triplet representation
they acquire a vev the form ® = (c1,c9,c3) where ¢; are constants. This field must be
used to build the Yukawa couplings and the higher dimension operators. Thus the quark
Lagrangian may contain terms of the form

Ly = apQr®®'DrH/M? + ayQrd®TUrHE/ME + h.c., (3.6)

where we have allowed for different messenger masses in the down and the up sector. The
parameters oy p are (family independent) constants and the relative magnitude of the
Yukawa matrix elements is set by the constants in ®. In practice, in order to generate the
observed masses and mixing angles, several familon fields are necessary. The remaining

two quark operators are constructed in a similar manner and have the form
arQr®®'Qr/Mp, ayyUr®® Ur /MG, appDr®® D /Mp. (3.7)

In what follows we will compare the prediction of MFV with four representative family
models. The structure of these models is given in appendix 1.

4 Comparison of MFV and family symmetry models. Dimension 3 quark
bilinear operators

In this section we compare the predictions for the magnitude of the FCNC effects based on
the MFV conjecture with those to be generically expected in models with family symme-
tries. For the case the operators of table 2 involve down quarks it is necessary to work in
the electroweak basis with diagonal down quark Yukawa matrix (EWDD), as used in the
beginning of this section to discuss the MFV results.

For the case the operators of table 2 involving up quarks it is necessary to transform
to the basis in which the up quarks are diagonal before estimating the coefficients. As
mentioned above, these operators are negligible in the MFV case due to the smallness of
the down Yukawa couplings but may be significant in the family symmetry case.

The mass eigenstate (primed) basis is obtained by rotating right and left fields,

Dy =V}\Dp, Uy =V} Ur, Qr=Q}S). (4.1)



where Sg, Vi p are unitary matrices. In the EWDD basis the down Yukawa couplings are
diagonal so the Lagrangian has the form

L=Q,YpiDrH + Q1518 YyaUrH, + h.c., (4.2)

where the subscript d denotes diagonal matrices. The CKM matrix is U = S:ESd. From
this point on we work in the EWDD basis but drop the primes. To determine the matrices
Su,d we must diagonalise the associated mass matrices. Following from equation (3.4) the
up and down mass matrices have the form

] lqi+uj] 5 0 lqi+d;|
M;; o< (MU> , M7 o (MD> , (4.3)

where we have allowed for different expansion parameters in the up and down sectors. The
first two and the fourth Abelian family symmetry examples presented in appendix 1 have
the same expansion parameter in the up and down sectors, My = Mp. The third Abelian
example and the non-Abelian example both allow for different expansion parameters.

We write the mass matrices in the form

mi € €
M = ms 6/1 T?LQ €3

/ /

€y €3 1

For the models considered here the matrix can be written in leading order of powers of
e = 0/M and up to coefficients of O(1) as

1 61/7’712 €2 ’I’hl 00 1 —6,1/7”712 —6,2
M = ms —61/T~n2 1 €3 0 T?LQ 0 6/1/T~n2 1 —6% s
—€ey  —e3 1 0 01 eh €h 1

where ¢; and €, are small and determined by powers of € (see below). The m; are the ratios
of the two light mass eigenvalues to the third generation mass.
This leads to

w,d

€1 u,d
1 p LD €2
U,
Su7d ~ _ fl 1 €u7d . (44)
My, d2 3
u,d u,d
—€y —e€37 1

For the case of the U(1) models (models I,IT amd III), expressing S in terms of the horizontal
U(1) charges one gets

do|— d —
1 Eljlﬂr 2| —|g2+d2| Equld q3|
~ q1+da|—lgatda| lg2—g3]
Su,d ~ | —€ua | | | 1 ‘ €ud , (4.5)
q1—q3 q2—qs3
_Eu,d _eu,d 1

where €, ¢ = 0/My,p and for model III the charge should be evaluated setting w = 0. It
is straightforward to determine S for the remaining models and the result in all have the

,10,



form
1 €u,d 637 d
Sud~ | —€ua 1 eid . (4.6)
_Ei,d _5i,d 1
Note that the Sy 4 is determined entirely by the charges of the left-handed doublet fields.
For the U(1) models the unitary matrices needed to go to the mass basis of the singlet

quarks are given by

1 6\112-i-cl1|—\¢12-i-d2| e\dl—da\
d
Vp ~ _E|QQ+d1\*|(I2+d2\ 1 6|d2*d3\ (4.7)
dy—d. do—d.
—e‘d 1=d3| —e‘dQ d 1

and Vg is given by the same form with u instead of d. It is again straightforward to
determine V for the remaining models. For all the models the resulting mixing matrices
are given in terms of the Yukawa couplings listed in the appendix by

1 Yp21/YD22 YD 31
Vb= | =Yp21/YD 22 1 YD 32 (4.8)
—Yp 31 —YD 32 1

and the equivalent form for V.

We are now ready to analyze the family symmetry implications for the magnitude of
the dimension 3 two fermion flavour changing operators. Consider first the first operator
in table 2 with down quarks as the external quarks. In MFV X?L is YuY;r transformed to
EWDD and, for the U(1) models considered here, is given by

XPEY = NULUs; ~ Apeltimasltla—al, (4.9)
Transformation to EWDD of the relevant first flavon operator of equation (3.5) gives
Qrora*t el Qp — QLS (®La" ®1)S,Qr. (4.10)

so the equivalent coupling for the U(1) family symmetry case is given by

,U(1
XZU0 — <Sjl(<I>LaLL<1>TL)Sd)ij . (4.11)

For the first two U(1) models of appendix 1 ¢; > 0 and thus X?Egj(l) ~ elawi—aril For
i or j equal to 3 the magnitude is the same for MFV and for the U(1) family symmetry.
However there is a difference for ij = 12. We have (for \; = 1)

JMFEV QU1 _
XMV o arltlaal - x QUL o da—al (4.12)

For the model III the situation is different since the contribution from S; in equa-
tion (4.11) is governed by the charge |q1| — |g2| = 1 while the contribution from &, is
governed by the charge |¢1 — ¢2| = 5. In this case Xgﬁél) is dominated by Sg12 and is of
the same order as for the first two models. However if, in the absence of family symmetry
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breaking, the interactions are family blind there is a GIM cancellation that eliminates this
contribution from Sy. This is clear from equation (4.11) because the family blind assump-
tion requires al{" = aZd and then the contribution to the (1,2) matrix element cancels
between the Sch and Sy contribution. In what follows we will take the extreme family blind
case in our estimates of the possible suppression from family symmetries so for model 111
too we have Xgigj(l) ~ elawi—arl,

The analysis is readily extended to the U(1) x U(1) model IV and the results are
summarised in table 3. Note that in this case it is not necessary to assume the family blind
assumption in the down sector before spontaneous breaking because, in this model, the
rotations needed to diagonalise the down quark sector are very small. However we have
assumed the up sector is family blind when computing the up quark operator suppression
factors given in the table. In the table the operator charges p are listed; the associated
operator coefficients are given by €/?l. A similar notation is used in the case of the F-theory
models involving three Abelian factors. In this case X ER and XgR do not appear except
in combination with a Higgs fields suppressed by vevs. We shall return to a more detailed
discussion of the family blind assumption in the supersymmetric context.

In the model based on a non-Abelian symmetry it is a prediction of the symmetry
that, in the absence of family symmetry breaking, the interactions are family blind and so

Xgi%(l) is given entirely by the spurion contribution. The symmetries of the model [24, 25]

limit the spurion combinations to <I>3<I>;g, <I>23<I>;3, <I>23<I>J{23 and ‘I>123<1>J{23 and this leads to
the suppression factors shown in the fifth column of table 3.

As a second example consider the fourth operator in table 2. In MFV the leading
term transforming as (3,1, 3) is YdT YuYQ:r so in the MFV the operator matrix of coefficient
Xgl’lMFV is given by YdT XLQi%[.FV

For the first two Abelian U(1) models we have

Qr®La*P®} Dy — QrSI(®La P o) VyDp ~ Z QrietiakHantdelldo=diipp . (4.13)
k,p

so the equivalent coupling is

ijgj(l) ~ Z l4i—ak|+1qe+dp|+ldp—d;| (4.14)

k,p

For the third model the result takes a different form due to the appearance of negative
charges that change the form of S; and Vp. For the non-Abelian model the structure is the
same as that for the first operator considered above because the LH and charge conjugate
RH states have the same transformation property under the family symmetry.

A final example is given by the second operator of table 2. It has MFV structure
DrY,Y,Y}YpDr — DrAaArcAaDr. (4.15)
and for the U(1) models is

Dr(®pa”P @)D — DRV} (®pa”Pe))VpDr ~ Dpiel=%! Dp;, (4.16)
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X¢ =, @@ MIMIIMIII U1)? N-A F-theory MFV

(12) 1 1 -5 (3,-1)~5 3 (-2,0,005 5
(13) 3 3 -3 (3,00~3 3 (-1,1,-5)3 3
(23) 2 2 2 (0,1)~2 2 (1,1,-5)2 2

XPpyy=®pi®®h, MIMIIMII  U@1)> N-A F-theory MFV

(12) 1 1 =5 (=53)~11 3 (=2,0,0) 5 5(Ag\s)
(13) 1 1 =5 (=1,1)~3 3 (=2,2,5)53(\aN)
(23) 0 0 0 (4-2)~8 2 (0,2,5)4 2(\N)

Yry=®u; @@, MIMIIMII U(1)? N-A F-theory MFV
) 1 1 -5 (22)~6 3 (=2,0,005 -
(13) 3 3 -5 (-1,2)~5 3 (-=1,1,-5)5 -
) 2 2 0 (1,0)~1 2 (1,1,-5)4 -

XPry=®L; @@L MIMII MII  U1)? N-A F-theory MFV

(12) 3 4 —3+w(7,-1)~9 3 (=2,0,-3) — 5()\)
(13) 3 4 —3+w (3,1)~5 3  (=2,2,2) — 3(\)
(23) 2 3 24w (0,2)~4 2 (0,2,2) — 2(N\)
Ad 4 5 4 (22)~6 4
As 2 3 2 (4,0)~4 2
Ay 0 1 0 (0,1)~2 0

XVpy=®pi@®L  MIMII MIII  U(1)> N-A F-theory MFV

(12) 5 5 34w (40)~4 3  (=2,0,00— -
(13) 3 3 —3+w(3,00~3 3 (-1,1,-5)— —
(23) 2 2 24w (0,1)~2 2 0,0,00—  —
Au 6 6 8 (2,2)~6 4
Ac 4 4 2 (L,1)~3 2
A 0 0 0 (0,00~0 0

Table 3. Charge structure of the dimension 3 operators of table 2. The coefficient of the operator
is given by €lPl where p is the charge. For the U(1)? model the coefficient is elP1l+2lp2]

where, as before, we have assumed for the Model I1I that, in the absence of family symmetry
breaking, the interactions are family blind.

In table 3 we list the resulting charges associated with the various matrix elements of
the dimension 3 operators given in table 2. The first 5 columns give the charge structure
of the operator coefficients X for the models introduced in appendix 1. The associated
operator coefficients are simply given by e” where p is the modulus of this charge. For
the U(1)? model we also show in parenthesis the underlying coefficient in terms of the
two expansion factors. For comparison we show the equivalent charges for the MFV .
In parenthesis we give the Yukawa coupling factor that must also be included when the

,13,



external quarks are not LH down quarks; these are so small that the operator is usually
dropped in MF'V.

5 Comparison of MFV and family symmetry models. Dimension 6 four
quark operators

Of course in phenomenological studies it is the dimension 6 flavour changing operators of
the type shown in table 1 that are relevant.

5.1 Factorisation of operators

We start with a discussion of which dimension 6 operators factorise in the sense that they
are determined by the coefficients of the dimension 3 bilinear operators discussed in the
last section. Note that the factorisation applies to all operators for the case of MFV.

5.1.1 AF, =1, AF; = —1, i # j operators

In our notation, AF; = +1 means a change by one unit of the i — th flavour, for instance
the operator (b....s) annihilates a quark s and creates a quark b, so AFy, = —1, AF3 =
+1. These operators include Op1,G1,1,02,11,45 Of table 1 together with related operators
involving up quarks. For the operators involving only two quarks it is obvious that the
flavour changing component comes from the quark bilinear operator and so the dimension
6 coefficient is determined by equivalent coefficient of the dimension 3 operator. This class
of operator also involves operators involving four quarks, such as Ogs that have family
change only in one factor.

In the Abelian family models, up to O(1) factors, the operator coefficient is determined
by the overall sum of the U(1) charges. For the operator Ogs the charges of the second
bilinear factor sum to zero and the coefficient is determined by the first quark bilinear
operator alone. For the operator related to Oy by a Fierz transformation the overall
charge clearly remains the same and so its coefficient is also determined by the flavour
changing quark bilinear operator formed when Fierz transforming back to the form of Ogs.
The same conclusion applies to the other four quark operators of this type.

For the non-Abelian family symmetry the structure is somewhat different because
the number of familon insertions may change for the operators related by Fierz transfor-
mations if the Fierz transformation results in two quark bilinear factors each of which
involves flavour change. In this case the leading term corresponds to the ordering of the
operator with flavour change in a single bilinear factor and this factor alone determines
the coefficient.

5.1.2 AF, =2, AF; = =2, i # j operators

An example of this class of dimension 6 four quark operator is given by the operator Oy.
Since it involves the square of a dimension 3 two quark operator the coefficient is determined
by the square of the coefficients of the quark bilinear operator. Again this factorisation
is only up to O(1) factors. For this class of operator Fierz transformation does not affect
this structure.
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Flavour violating A/Aypv

dimension six operator Ex. 1 Ex. 2 Ex. 3 U(1)2 N-A F

Oo = ;(QLXLQLQL)Q et et 1 1 2 1
Op = Ht (DRXLD;JWQL> Fl ze 2 ge 3?2 g2 xe xe 2 re?
O = Hf <DRX5EUWTGQL> Gy ze 2 pe 3?2 gpe? re we ? we?

On=(QrX¥vQu)(Lrv.Lr) €2 2 1 1 et o1

Opp = (QLXgL'YuTaQL)(EL’mTaLL) €2 2 1 I |

Om = (QuXy7.Qu)(HiD,H) 2 e 1ol

Op = (QLX7.Q1)(DrvuDr) €2 2 1 1 et o1

Table 4. Bounds on the suppression scale of the familon induced operators. The SM is extended by
adding flavour-violating dimension-six operators with coefficient 1/A%. Here we report the bounds

on A for the family symmetry models in terms of the bounds on Ay;py for MEV given in table 1.

Here = = (m;/my)'/?. The bounds come from the flavour changing operators involving the first

two families.

5.1.3 Non-factorisable operators

There are several types of operator that do not factorise. An example is the AF; =
2, AF; = =1, AF;, = —1, i # j # k operators. Suppressing the Lorentz structure, an
example of these dimension 6 four quark operators is given by (Qr1Qr3)(Qr2Qr3). Here
AF; = -2, A} = AFy = +1. Depending on the particular form of the family symmetry
the coefficients of these operators may not factorise into the product of any combination of
the quark bilinear pairs that make up the operator. Further examples of non-factorising op-
erators are QLiURjQLkDRlXUM, QLiQLj(?RkURlijkl and QLiQLjDRkDRlYQijkl with fam-
ily change in both of the factors.

5.2 Determination of the coefficients of the dimension 6 operators

For the AF; = 1, AF; = —1, i # j operators the dimension 6 operator coefficients are
given by the coefficient associated with the appropriate flavour changing dimension 3 two
quark operator. As discussed above this is determined by €* where x is the modulus of
the associated charge listed in table 3. One exception to this rule are the coefficients of
the operators Op; and Ogy in the Model III where the horizontal charge —w of the Higgs
field has to be taken into account. For the Abelian family symmetries these coefficients
are determined up to an O(1) factor but in the case of the non-Abelian family symmetry
the relative magnitude of the coefficients at a given power of €¢* are determined. The
factorisable AF; = 2, AF; = —1, AF, = —1, i # j # k operator coeflicient is given by
the product of the appropriate flavour changing dimension 3 two quark operator.

Using this the resulting bounds on the scale of new physics coming from the operators
listed in table 1 are shown in table 4 for the models of appendix 1 relative to the MFV
value given in table 1. Note that these bounds come from the operators involving the down
and strange quarks that are dominant in the MFV case. Since ze ~ 1 it may be seen that
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Component MT MIT MIII U(1)2? N-AF
1. X1212 8 9 [6—2w| (11,1)~13 6 5
2. X212 8 9 [6—2w| (6,2)~10 6 5
3. X 3223 4 5 24w (1,2)~5 6 7
4. X213t 6 7 8—w| (2,5)~12 6 3

Table 5. Coefficients X“* of dimension 6 four-fermion operators of the form QLiURjQLkDRl.
The coefficient of the operator is given by €” where p is the modulus of the charge.

all models except the U(1) x U(1) model require a larger mediator suppression scale to
keep the FCNC associated with the operators Op; and Ogy within present bounds. The
reason for this is that only the U(1) x U(1) model has, in the current quark basis, very
small mixing between the first two families in the down quark mass matrix, the Cabibbo

angle being generated from the mixing in the up quark sector.

The physical interpretation of the mediator suppression scale depends on the micro-
scopic physics that has been integrated out. In particular in supersymmetric models it
may be related to the supersymmetry breaking scale and in some cases the bounds on
FCNC may be difficult to reconcile with SUSY solving the hierarchy problem. In the next
section we shall discuss the identification of the mediator scale for the case of the Minimal
Supersymmetric Standard Model (the MSSM) and in section 7 consider the FCNC tests
in SUSY models in more detail.

As noted above the U(1) x U(1) model illustrates the fact that family symmetry models
can give approximately the same expectation for the table 1 operator coeflicients as MFV.
In this case one must turn to the other possible operators involving the third generation to
distinguish them. We emphasised above that, in contrast to the MFV case, the operators
appearing in table 1 may not be the only ones contributing significantly to flavour changing
processes in the family symmetry models. For the factorising operators it is easy to use
table 3 to determine the coefficients of the remaining operators. For example for flavour
changing involving the light quarks, the (1,2) sector, the first three dimension 3 operators
of table 2 all have the same order of coefficients for the family models considered. This is to
be compared to MF'V in which only the first operator is significant c.f. table 1. The second
and third operators have a different Lorentz structure and consequently the implications
for the phenomenological importance of the dimension 6 operators involving them may be
significantly different from those involving the first operator of table 2. It is beyond the
scope of this paper to perform a complete analysis of the FCNC effects following from these
terms. However in section 7 we will consider the phenomenological implications of all the
operators of table 2 for the case of supersymmetric models.

Finally we turn to the non-factorising operators of the form AF, = 2, AF; =
—1, AF, = —1, i # j # k. There are many possible operators of this type because
one can combine the different dimension 3 bilinear operators in many ways. In tables 5
and 6 we illustrate the family symmetry prediction for the coefficients of these operators
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Component MI MII MIII U(1)> N—-A F

1. Y212 2 2 10 (6,2)~10 8 10
2. Y4218 4 4 8 (6,1)~8 8 10
3. Y523t 2 2 2 (0,1)~2 6 6
4. Y213t 2 2 3 (6,1)~8 8 10

Table 6. Coefficients Y;jkl of dimension 6 four-fermion operators of the form QL,iQL,jDR,kDR,L
The coefficient of the operator is given by €” where p is the modulus of the charge.

by just two examples. For the Abelian family symmetries the coefficient of the dimension
6 four quark operator is given by the factor e where p is the modulus of the overall charge
of the operator. For the non-Abelian symmetry the coefficient is determined by identify-
ing the product of familon fields needed for a given operator, chosen from the allowed set
listed above. One sees a very wide range of coefficients and low suppression in many cases.
Moreover the predicted coefficients differ significantly between models so the the observa-
tion of a specific pattern of flavour changing processes would provide strong evidence for a
particular family symmetry.

6 SUSY

The analysis has so far considered the effective field theory relevant at energy scales below
the mass of the new states responsible for generating the flavour changing operators. It
is important to stress that the analysis is quite general and covers all possibilities for
Beyond the Standard Model physics. However, as discussed above, the interpretation of
the meaning of the inverse mass scale characterising the bound on the operator requires
a discussion of the underlying physics origin. In this section we discuss the case that the
hierarchy problem is solved by low-energy supersymmetry but allow the flavour symmetry
breaking scale to be much higher.

6.1 Identification of the scale A

Since there are two fundamental scales it is necessary to determine the scale, or combination
of scales, that is relevant to the bound on the scale, A, of table 1. To answer this it is
necessary to consider the leading flavour changing operators in the supersymmetric theory
above the supersymmetry breaking scale, Mgy sy, but below the flavour symmetry breaking
scale, M. Since the quarks and leptons have scalar partners there are new operators that
may violate flavour and the leading ones have a lower dimension than the dimension 6
operators built of SM states alone. The SUSY operators generate the SM dimension 6
operators but, as we shall discuss, A should not be interpreted as the flavour changing scale
if the underlying SUSY operators have dimension < 6. The leading SUSY operators are the
soft supersymmetry breaking operators, the dimension 2 operators bilinear in the squark
fields, the dimension 3 operators trilinear in the squark and Higgs fields and the dimension
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4 four squark operators. The first two contribute to the Standard Model dimension 6
operators at one loop order while the latter contributes at two loop order and is sub-
leading. In general they are not diagonalised by the same rotations that diagonalise the
fermion masses and in this case will induce flavour changing processes. At higher order
there are SUSY operators of dimension 5 and above that are suppressed by additional
inverse powers of M that may also induce flavour changing processes.

The Lagrangian involving the dimension 2 bilinear operators has the form
M gUSYbij(b;r(bj, where ¢; ; are both left-handed or right-handed squark fields and ¢, j are
family indices, corresponding to the squark mass matrix. In the case there is an unbroken
family symmetry, both the squark and quark mass matrices are simultaneously diago-
nalised. However once the family symmetry is broken this is no longer the case and family
symmetry breaking squark mass terms of the form MgU Syqﬁjqﬁj (0/M)%~% are generated.
The important point to note is that the family symmetry breaking scale only appears in
the ratio e = (0/M), the parameter that orders the family symmetry breaking terms. The
SUSY operators subsequently generate the SM dimension 6 operators at one-loop order
principally through gaugino interactions involving gauginos with mass scale Mgy gy. Thus
it is the SUSY breaking scale in the visible sector and not the family symmetry breaking
scale that appears in the denominator after integrating out the supersymmetric states. In
this case A = Mgysy /o where « is the one loop factor associated with the gaugino dressing
— the strong fine structure constant.

The discussion extends readily to the remaining operators. The dimension 3 terms
involving LH- and RH-squarks and a Higgs scalar have a coefficient of O(Mgysy). Thus
again for them we have A = Msygsy /a. The dimension 4 operators have A = Mgy sy /o2,
There may be dimension 5 terms in the superpotential such as Qu°Qd®/M with a single
inverse power of M. For them the relevant scale is A = \/ Msusy M/ a.

6.2 SUSY GIM suppression

There is a further important effect that must be taken into account when determining
FCNC in supersymmetric theories, namely the supersymmetric analogue of the SM GIM
mechanism that leads to a suppression of FCNC. To discuss the contribution of the squark
bilinear operators to the fermionic dimension 6 operators of table 1 we have to go to
the EWDD basis for fermions. For the squarks we still have a choice. A frequently used
approach is to apply the EWDD rotations to supermultiplets and to work with non-diagonal
squark mass matrices. Another possibility is to go to the squark mass eigenstate basis (by
independent rotations of the fermion and scalar components of the supermultiplets), with
the physics of the flavour violation by the squark sector encoded in the quark-squark-
gaugino couplings and closely resembling the GIM mechanism of the SM. To emphasize
this aspect, we first discuss the latter approach for the simplified case of two generations
and later we will work in the EWDD basis for supermultiplets, to make easy use of the
results already existing in the literature.

In addition to the suppression factor A=2 the dimension 6 quark operators have a
further suppression due to the SUSY GIM mechanism as we now discuss. We denote
the physical squark masses by 7;, their squared mass difference by Am? and the average
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squark mass squared m?2. Let us concentrate on the LL squark mass matrices and restrict
ourselves to the 2-family case. For the supersymmetry induced 1-loop coefficient to the
operator O in table 1 one obtains the well known result

2
o = AT 1 >
d rrdt i
ZUdiUis M2 +O<k2—fn2> ) (6.1)

where the elements of the matrix U enter into the quark-squark-gluino couplings.* This

2
Cks
an

matrix is in general a composition of two rotations: the first is the rotation which diag-
onalizes the down quark mass matrix (from the original electroweak basis to the EWDD
basis for quarks) and the second rotation diagonalizes the squark mass matrix (written in
the original electroweak basis). Equivalently, we may look at the matrix U as the one that
diagonalizes the squark mass matrix transformed to the EWDD basis by the rotations on

the supermultiplets. Denoting the rotation angle in U by p, equation (6.1) takes the form

«

7"7182 cos®(p) sin’(p) ‘ - (6.2)

The supersymmetric GIM mechanism is evident in this formula. Let us first consider two
limiting cases. Suppose that in the original electroweak basis the squark mass matrix is
diagonal with split eigenvalues. The matrix U is then given by the matrix Sy of equation
(13) and the angle p is just the quark mixing angle. In this case the effective scale A
associated with these operators should be identified with m/(a sin(p) Am?2 /m?)™ where o
is the one loop factor and n = 1 for the operator Oy and n = 1/2 for the other operators
from the table 1. It is dominated by the gluino contribution in which case «; is the strong
coupling fine structure constant divided by a numerical factor of the order of 100. To a
good approximation the value of Am?, evaluated at the SUSY breaking scale is the same as
it evaluated at the messenger scale associated with the communication of SUSY breaking
from the hidden to the visible sector. However, due to family blind gaugino interactions,

the mean mass m?

is significantly increased in running to the low SUSY breaking scale.
Phenomenological implications of the bounds on A will be discussed in section 7.

The second limiting case we consider has the initial squark mass matrix with degenerate
diagonal masses m? and with the off diagonal terms of the form mzqﬁ;rqu (6/M)%~9 . (The
two mass parameters are not exactly equal because of the renormalization effects but
we neglect this difference in the present discussion.) This matrix is diagonalized by a
rotation p’ = 45 degrees and it dominates the quark mixing angle in the effective angle p

"™ where

in equation (6.2), p ~ p/. For this contribution A = m/(sin(p’) cos(p’)aAm? /m?)
Am?/m? ~ (§/M)%~%. Similar results hold for the RR down squark mass matrix.

This analysis can be easily extended to the realistic 3 x 3 case. The interplay of
the effects due to the diagonal splitting and to the off diagonal terms in the squark mass
matrices in the original eletroweak basis may be then important if, for instance, the squarks

of the third generation are much lighter than the first two generations.

4For significance of other couplings see for instance [41].
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For easy reference to the results in the literature, we now repeat the above analysis in
the EWDD basis for the superfields, where the squark mass matrices remain non-diagonal.
In this case, the mass insertion approximation can be used to calculate the one-loop dia-
grams. Let us note that even if we start with the diagonal squark mass matrix, the rotation
of the superfields to the EWDD basis generates off-diagonal entries, if the initial diagonal
entries are split. Let’s start with the fnfl 17, sector. In the original electroweak basis

-~ 92 ) PP
Marri; ~ M eldri=azil 4 NGy, (6.3)

2

i

where A; = m? —m?are the mass splittings on the diagonal. We again neglect the difference
in the renormalization of the diagonal and off-diagonal terms (to be discussed later). The

rotation of the superfields to the EWDD basis gives (in leading order in €)

<Sjlm?lLLSd) v 2Tl NS gy + NSy (6.4)
ij

Since Sg;; > elti=a! ) the effect of the initial diagonal splitting can be as or even more
important than the contributions of the initial off-diagonal entries in this case. This result
can be used to calculate the Wilson coefficients of the operators in table 1 by integrating
out the squark and gaugino degrees of freedom at one loop in the mass insertion approxi-
mation [14, 15].

6.3 Factorisation of operators in SUSY

As we have discussed the dominant SUSY operators have dimension 2 and dimension 3.7
Both of these are bilinear in the squark fields and one can generate all the the SM dimension
6 flavour changing operators by dressing one or two copies of these SUSY operators. Thus
for these underlying dimension 2 and dimension 3 SUSY operators the factorisation of
the SM operators is always the case. This means that it is possible to translate the
phenomenological bounds on the dimension 6 operators to bounds on the dimension 2
and dimension 3 operators in a model independent way [14, 15]. As we shall discuss in
the next section this proves to be very convenient when exploring the phenomenological
implications of family symmetries in SUSY theories.

7 Comparison with experiment

7.1 Experimental bounds on the squark masses

As we discussed earlier, in a supersymmetric theory above the supersymmetry breaking
scale Mgi7gy but below the flavour symmetry breaking scale M there are operators bilinear
and trilinear in the scalar fields that may violate flavour. These operators are not sup-
pressed by the scale M and after integrating out the supersymmetric degrees of freedom
we obtain fermionic operators of dimension 6 discussed in section 5, suppressed by the
scale Mgysy. Comparison with experimental data puts bounds on the symmetry breaking
scale Mgy sy that may depend on the theory of flavour violation at the scale M (i.e. in our

5Unless the D=4 contributions are relatively enhanced to compensate for the additional loop factor.
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case on the broken family symmetry) and on the mechanism of supersymmetry breaking.
The latter dependence is an additional interesting element of these considerations. For in-
stance, in the absence of a spontaneously broken family symmetry and in the extreme case
of universal soft terms and A terms proportional to the Yukawa couplings at the high scale
(CMSSM), the MFV conjecture for flavour violation in the effective SM is satisfied since
at low scale universality is broken only by the renormalization effects and the bounds on
Mgyrsy actually do not depend on the theory of flavour violation at the scale M.% Flavour
physics in the CMSSM has been extensively studied in the literature .

A contrasting picture emerges in gravity mediation scenarios for supersymmetry break-
ing with the flavour pattern of the soft terms at high scale determined solely by the broken
horizontal symmetries responsible for the hierarchies in the fermion mass matrices. In this
case the MFV conjecture does not apply and the bounds on Mgysy do depend on the
underlying family symmetry.

In the following we will discuss the bounds on Mgy gy in this case for the family sym-
metry models discussed above, using the analysis of [14, 15]. In this approach the effective
fermionic lagrangian (dimension 6 operators) is obtained by integrating out supersymmet-
ric degrees of freedom at one loop in the EWDD basis for the chiral multiplets, that is
with diagonal down quark masses but with non-diagonal squark mass matrices, with ar-
bitrary off diagonal mass insertions. The Wilson coefficients of the fermionic dimension
6 operators depend on the dimensionful couplings of the operators bilinear and trilinear
in the scalar fields, that is on the diagonal and off diagonal entries in the LL and RR
blocks of the squark mass matrices and on the A-terms contributing to the LR blocks.
Using phenomenological constraints (requiring that the supersymmetric contribution do
not exceed the SM one-justified by the FCNC data) one obtains bounds on the ratio of
off-diagonal squark mass squared insertions to the average of the diagonal mass squared
terms. Since in the family symmetry models we can calculate the off diagonal terms, the
phenomenological bounds can be translated into the bounds on the diagonal entries, that
is on the soft supersymmetry breaking scale in the squark sector. The structure of the

effective lagrangian obtained in [14, 15] is as follows:

o? PR _
Lt = pygma (G Gussdinss) x 1)
+(5?2 RR)Q(JR'YMSRgR'YusR) x f'(x)
+(5?2 LL)((S%Q RR)(JRSLCZLSR) X f”(l') + ...+ hC) (71)
=2
where 6;; v = An;ijM , Afn?j wun » M = L, R, are the off-diagonal entries in the down

qij

2
qij
for the 7, j sector. The loop functions f(x) where z = mg / ﬁzgi ; are explicitly given in [14, 15]

squark mass squared matrices. and mz.. = \/ mfmf is the average diagonal mass squared

and effectively are of the order of 100. All squark masses, the gluino mass and the ratio z

5The MFV conjecture is more general than the CMSSM as it admits nonuniversal soft terms at the high
scale provided they are consistent with MFV. Such scenarios may however be difficult to reconcile with an
underlying family symmetry.
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ij (0 mm (07;)

12 0.01 ~ ¢ 0.0007 ~ €*
13 0.07 ~ € 0.025 ~ €2
23 021 ~e¢ 0.07 ~ ¢
12 0.035 ~ €2 0.003 ~ €3

f Q Qax

Table 7. The phenomenological upper bounds on (6;1]-)MM and on (5gj>, where ¢ = u,d and M =
L, R taken from the summary of Isidori et al. [16, 17]. The constraints are given for mg;; = 350 GeV
and z = m?] / mg = 1.The masses are taken at the soft supersymmetry breaking scale. It is assumed
that the phases could suppress the imaginary parts by a factor ~ 0.3. The bound on (0%)rr
is about 3 times weaker than that on (0%;)r. (given in table). The constraints on (87, 13)arar,
(6%)arar and (095)aras are based on, respectively, refs. [18, 19] and [20].

are taken at the soft supersymmetry breaking scale m. Here we show only a few terms of
the long effective lagrangian, the ones depending on the LL and RR off- diagonal blocks
in the down squark mass matrix and contributing to AF; = 2, Aj = =2, i = 1,j = 2
processes. For the full effective lagrangian for these processes as well as for the processes
corresponding to other values of ¢,j and for AF; = 1,AF; = —1 we refer the reader
to [14, 15] (the terms describing e.g. the BB, are missing there but the generalization
is obvious).

In [14, 15], model independent phenomenological bounds on various §’s are reported as
a function of the average squark masses, taking account of the GIM cancellation discussed
above. An updated version of the bounds can be found in [16, 17] (based on the results
of [18, 19] and [20]) and for LL and RR insertions and their product v/LL x RR is given in
the table 7 for an average squark mass of 350 GeV and for x = 1. For other values of the
squark masses the bounds scale as (m;/350). The dependence of the bounds on the low
energy value of the ratio x is weak; they are slightly weaker for larger values of the ratio of
the gluino to squark masses. In the table we also express the §’s in terms of the expansion
parameter €. Up to O(1) factors it is approximately equal to the Cabbibo angle, with a

range between 0.15 and 0.23. In the table we use the lower value as a conservative estimate.

7.2 Family symmetry prediction for soft masses
7.2.1 Contribution from non-degeneracy of squark masses and D-terms

As discussed above, one source of the flavour changing (b;[(ﬁj terms arises if the squarks
are not degenerate for then, in going to the appropriate quark mass eigenstate basis, off
diagonal terms are generated. In the case of a non-Abelian family symmetry such as SU(3)
the symmetry does require that the squarks of a given flavour be degenerate. In general
this is not the case but it may happen that the origin of supersymmetry breaking in the
visible sector is family blind and in this case the squarks will be degenerate. This happens
in gauge mediated supersymmetry breaking models and also in particular supergravity
mediated models. However, even if this is the case, there is a significant additional source
of non-degeneracy in models with a family gauge symmetry. This comes from the D-terms
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associated with the gauge symmetry. For the case of a U(1) symmetry the D-term is

_ ~ ~ 2
D2 = g3 (162 = |8 + g, AL + cgpldrl + .. (7.2)

where gy is the gauge coupling constant, ¢ is the familon field, c;; , are the family charges
of the down squarks and the (...) stands for similar terms for all the other sfermions. This
term gives contributions to the squark masses of the form

Amf;LR =cq pdf <D > (7.3)
where
<D >=gp <o 3] > (7.4)
Following from this one has
<D> *
5f2LL ~ 2 (Cd'L Sa115g91 + €5, Sa125320 + G, Sd135§23) (7.5)

where /m? is the average squark mass squared. Similar expressions are obtained for the other
2
)
are the soft supersymmetry breaking masses squared of the familon fields. If this factor
2

Jds. As discussed in [21-25] the magnitude of the D-term is proportional to (mé —m=) where

2

m;

is of order m* one sees that the expectation is that 5?2 11, is of order €. In table 7 we see
that, for mg;; = 350 GeV the phenomenological upper bounds on the LL and RR 0’s are at
most of the order of €2, and the product v/LL x RR in the (1,2) is bounded by €* Thus, at

3 compared to the experimental

the first sight the D-term contribution is off by a factor e
bounds found assuming mg; = 350GeV. However, these predictions are valid at the
scale M of the family symmetry breaking and before comparing them to the experimental
bounds one should correct them using the renormalisation group running to determine
them at low scales where the experimental bounds apply. The dominant renormalisation
effects are flavour blind strong interaction contributions to the diagonal squark mass entries
coming from terms proportional to the gluino mass. These effects depend strongly on the
ratio xg = m% /2 /m% where mq/o and mg are the gluino and squark masses at the scale
M [26]. For a rough estimate of such effects in the running down from the GUT scale
one can use approximate formulae mg ~ 3my/, and mg- ~ m% + Gm% /2° First, we see that
x = 1 implies xg = 1/3 and very weak gluino renormalisation effects. The squark mass of
350 GeV corresponds then to mg = 200GeV and my/, = 120 GeV. Next, we can ask for
what values of xy we can gain at least factor € , to make the predictions consistent with
the experimental bound. Neglecting the small renormalisation of the off-diagonal entries,
one finds consistency for my /my = 7. For 350 GeV squarks this implies my = 20 GeV
and my /5 = 140 GeV. For this value of z larger values of m, /, are also comfortable. For
instance, for my/; = 300 Gev we get mgz = 900GeV and mg = 800 GeV, consistent with low
fine-tuning [28, 29]. As a final example, for xg ~ 1 the values of the ¢’s are renormalised
in the running down from the GUT scale to 1 TeV by a factor of order 0.1 and to bring
the result into agreement with the bounds requires the squarks of the first two generations
of about 15TeV. Such a large mass introduces a large fine tuning implying that SUSY
does not solve the little hierarchy problem. This discussion nicely illustrates the interplay
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between the FCNC effects and the soft supersymmetry breaking spectrum in models with
family symmetries [24, 25, 30, 31].

The magnitude of the D-term can be much smaller also for other reasons [24, 25]. One
possibility in supergravity mediated SUSY breaking occurs in family symmetry models such
as model III with conjugate pairs of familons ¢ and ¢. In this case the factor (mi — m%)
vanishes for degenerate familons eliminating the D-term contribution. Such degeneracy
can result if the underlying SUSY breaking field is dominantly the dilaton that couples
universally. For the case of gauge mediated supersymmetry breaking the soft familon
masses are automatically much smaller that the soft squark masses because they are SM
gauge singlets and their coupling to the gauge mediation sector is via their coupling to the
quark, introducing an additional loop factor in the mass squared calculation. Such a factor
is expected to render this contribution subdominant.

Finally it may be that the family symmetries are discrete rather than continuous and
in this case there is no D-term to worry about. Although our discussion has been in the
context of continuous symmetries they may also apply to their discrete subgroups. To
be specific the results are unchanged for the Zy subgroup of U(1) provided the operator
charges are not greater than N/2 giving a lower bound on N.

7.2.2 Contributions from off diagonal squark mass

Consider the bounds coming from the LL terms. For them the squark mass terms in
the Lagrangian have the form mql-jqjqjelqr%l corresponding to (5%)LL = elu—ail| This is
the suppression associated with the dimension 3, ®r; ® <I>TLj, operators listed in table 3.
The other entries of table 3 immediately give the remaining suppression factors associated
with the other (5%) M- As for the D-terms, these predictions are valid at the scale M
of the family symmetry breaking and one should correct them using the renormalisation
group running to determine them at low scales where the experimental bounds apply. The
previous discussion remains valid in this case, too. Thus, the coefficients taken from table 3
should be rescaled by a factor depending on the value of the ratio zg of the soft masses at
the scale M, before comparing them with the phenomenological bounds of table 7.

As mentioned earlier, for mg; = 350 GeV the phenomenological upper bounds on
the product v/LL x RR in the (1,2) sector is ¢*. A comparison of table 3 with table 7
shows that only this term requires special attention in some of the models for an average
squark mass of 350 GeV. In Models I and II, the suppression factor for the v/LL x RR in
the (1,2) sector is only € so we need either large enough value of the ratio zy or heavier
squarks or both, as discussed in the previous subsection. The (1,3) and (2,3) sectors are
still safe even for light 3rd generation squarks. Models III, U(1)?, the non-Abelian model

8 € and € respectively for the

and the F-theory model have suppression factors of €, €
VLL x RR in the (1,2) sector. Allowing for a modest suppression due to running of O(0.1),
corresponding to zo = 1, even for a light squark sector with masses of O(350 GeV') they are
safely within the present bounds. It is interesting that Model III predicts an unsuppressed
RR insertion in the (2,3) sector and an improved phenomenological bound separately on

this insertion would be very interesting.
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ij (03;) LR
12 2x107%~ ¢
13 0.08 ~ €
23 0.01 ~ €2

11 4.7x 1076 ~ €8
11 93 x 106 ~ ¢
12 0.02 ~ €2

€ € Q Q. Q ax

Table 8. The phenomenological upper bounds on chirality-mixing (5;1]')LR; where ¢ = u,d taken
from the summary of Isidori et al. [16, 17]. The constraints are given for mg = 17eV and for
x = mgz/mg = 1. It is assumed that the phases could suppress the imaginary parts by a factor
~ 0.3. The constraints on 6{, 5, dl5, 055 and 7 are based on refs. [18-20] and [35] respectively
(with the relation between the neutron and quark EDMs as in [42]).

To summarise, supersymmetric family symmetry models of fermion mass generically
violate the MFV hypothesis. However, they offer a broad spectrum of possibilities, from
being consistent in the FCNC sector with the present experimental bounds with no con-
straints on the soft supersymmetry breaking parameters to requiring special pattern of
SUSY breaking. Various models predict “significant” departures from the MFV but only
in a limited number of processes involving heavy quarks suggesting a systematically study
of all FCNC data may reveal deviations from MFV.

8 A terms

We turn now to the A—terms that enter in the trilinear scalar quark couplings Ang q47.:9R;j
where H,, ¢ = u, d are the g—type Higgs bosons and v, = (H,). These terms give rise to

q
vgAlscrm
2

chirality-mixing (9;)rr = squark mass insertions in the SCKM basis, where

q = u,d and mg;; is the average sqauark mass defined above. In table 8 we give the current
bounds on these chirality mixing masses [16, 17], see also [27]. In the table we also express
the ¢’s in terms of the expansion parameter e.

To determine the implications of these bounds for the family symmetry models note
that in them Agj are suppressed by the same powers of € as the Yukawa~couplings ng given
in appendix 1. In such models, Agj = Angi? where the coefficients Agj are given by an
overall mass scale factor multiplied by O(1) constants. Rotated to the appropriate basis
(in the case of the operators involving d squarks the SCKM basis and the EWDD basis are

equivalent) Agj|SCK M X <S§Aqu>i" In all examples of charge assignments considered in
this paper, the off-diagonal A?j] S(;KJ M are also suppressed by the same powers of € as the
Yukawa couplings ng given in appendix 1. Assuming for the moment that the constant
of proportionality is the average squark mass the chirality-mixing (5%) LR X ngq /mygij.
Comparing with the factors of appendix 1 and taking into account that vy/mg;; < € one
sees that the bounds are satisfied in all cases in Model IV. In the other models the bounds

are satisfied for the off-diagonal entries. In model I the (5?1) LR entry is too large by the
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factor 1/e. So, for squark masses in the TeV range all but Model I satisfy the bounds, the
discrepancy with Model I being in comparison with the (5?1) LR entry. Squark masses in
the TeV range are perfectly acceptable from the point of view of still solving the fine-tuning
problem [28, 29].

The strong bounds on (67;),z come from the bounds on the electric dipole moments
(EDM) and, being CP violating, are sensitive to the phase of (61;)rr. In supersymmetric
models there are new CP violating phases (beyond those associated with (61,)rr) associated
with the gaugino mass and p-term that must be less that 1072 to be consistent with
the EDMs. In family symmetry models there is a very natural explanation [33] for this
suppression that follows if the underlying supersymmetric theory is CP conserving and
CP is spontaneously broken by the familon vevs. Taking the phases of the familon vevs
to be of O(1) one readily generates the observed CP violation while keeping the gaugino
mass and p-term phases below 1072, In this case the leading contribution to EDMs is that
coming from (6%;)rr. The bound on the latter assumes that the phases could suppress the
imaginary parts by the factor 0.3 and we consider this a reasonable estimate.

The possibility for weakening the bounds on the A-terms following from the bounds on
(5%) rr and making them consistent with squarks lighter than 17TeV is that the constant
of proportionality is much less than the average squark mass scale. As discussed in [34]
in the case of gravity mediated supersymmetry breaking the average squark mass is the
normal expectation for the constant of proportionality but in particular cases this may be
significantly reduced [32]. In the latter case the reduction can be by a factor of 1/e. In
gauge mediated supersymmetry breaking the situation changes dramatically because the
constant of proportionality is then expected to be much less than the average squark mass.
In this case the constraint on the A—terms coming from (5%) LR 8O away.

9 Summary and conclusions

The precise measurements of and limits on flavour changing neutral currents and CP viola-
tion provide sensitive tests of the Standard Model and strong limits on physics beyond the
Standard Model. To date there is no definitive indication of a deviation from the Standard
Model predictions so one obtains bounds on the effective suppression scale of the lead-
ing higher dimension operators contributing to such processes. Since the most stringent of
these bounds are in the hundreds of TeV range, significantly above the TeV range expected
for new physics capable of solving the hierarchy problem, the nature of the new physics
must have a mechanism leading to a strong suppression of FCNC effects.

A minimal possibility is that all flavour changing and CP violation originates from the
Yukawa couplings of the Standard Model processes and its generalisation, such as super-
symmetry, that is responsible for solving the hierarchy problem. Within this framework
there is no tension with the current bounds on the mediator scale and the scale of new
physics needed to solve the little hierarchy problem. However MFV does not address the
origin of the Yukawa couplings and it is of interest to ask whether models that do can
still satisfy the bounds and, if so, how one will be able to distinguish them from MFV.
In this paper we have discussed this question in the context of spontaneously broken fam-
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ily symmetries that are able to generate the hierarchical pattern of fermion masses and
mixing angles.

The structure of family symmetry models is significantly different from MFV. In MFV
the Yukawa couplings act as fundamental spurions with definite transformation under
SU(3)2 and all FCNC operators are built using combinations of these spurions. However
in the case of Abelian family symmetries one generates all possible SU(3)2 representations
from the familon fields so FCNC are not so tightly constrained. Having set up the general
formalism to deal with such structures we considered a set of representative models to
get an indication of the magnitude of FCNC and CP violation to be expected in family
symmetry models.

For the case that the structure beyond the Standard Model is not specified one
obtains new bounds on the effective mediator scale needed to suppress the dimension
6 FCNC quark operators. The most sensitive case turns out to be for the operator
Hf (D RAIAFCO Q L) F,,,, which has the same family symmetry property as the down quark
mass matrix in the current quark basis. All but one of the models considered here have
U,s originating largly from the down quark sector and for them the bound on the mediator
scale is enhanced by a factor of O(100) relative to that found in MFV. To avoid this it
is necessary that U,s comes dominantly from diagonalising the up quark sector and for it
the bound is the same as that found in MFV. The U(1) x U(1) model of [37] provides an
example of this and illustrates that family symmetry models of fermion mass do not neces-
sarily require much stronger bounds on the scale of new physics than that found in MFV.
Of course if deviations from the Standard Model are found it will be crucial to be able to
distinguish between MFV and family symmetry models and ultimately to determine if a
given family symmetry model is correct. The study presented here shows that this may
be possible through the observation of correlations of FCNC effects in a wide variety of
channels because the different models considered here vary greatly in their predictions for
various FCNC processes involving the different families.

A particularly interesting question is whether any of these family symmetry models
is consistent with the solution to the little hierarchy problem that typically requires new
physics at a scale below that found for the effective mediator mass. In the case of super-
symmetric models the most dangerous SUSY terms capable of generating FCNC are the
SUSY breaking squark masses and the soft trilinear scalar ‘A’ terms. For the former the
D-terms associated with continuous family symmetries are problematic and we considered
them in detail. While the present bounds on FCNC do impose strong constraints on these
terms we demonstrated that there are several ways these constraints can be satisfied with-
out reintroducing the little hierarchy problem. The same is true for the FCNC originating
from the off diagonal terms in the squark mass matrices and the soft A terms.

The conclusion is that supersymmetric models with spontaneously broken family sym-
metries are consistent with all present bounds on FCNC and CP violation without the
need to raise the scale of squark masses beyond that needed to solve the little hierarchy
problem. However there is not much room for manoeuvre and one may expect FCNC to
be close to the present bounds. If they are found then there will be characteristic signals
capable of distinguishing between the models and MFV coming from the study of a variety
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of processes involving different family combinations. For example the recent indication of
CP violation beyond the Standard Model in the B system [43] may be difficult to reconcile
with MFV in which the CP violation is strongly constrained as it has to come from the
Yukawa couplings alone. However in family symmetry models there are more sources of
CP violation possible coming from the (possible complex) familon vevs. In addition, as we
have discussed above, in family symmetry models there are additional operators, such as
that associated with Y2323, contributing to AB = 2, AS = —2 processes.
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A Family symmetry models

To illustrate the expectations for FCNC following from a family symmetry model we con-
sider specific models that have been built to explain the quark masses and mixings.

Example I. The first model provides an example of an U(1) holomorphic model with
the familon field, #, carrying only negative charge +1. It is Model 1 of [36] with charges
given by:

qr1,2,3: (3,2,0)

(1:,2,3 : (17 07 O)
u§72,3 : (35 2’ 0) (Al)
This gives the following Yukawa matrices, taking € = f\/‘[g;:
S & 3 8
Yy = e et €& Yp = e e €
e & e 1 1

Example II. A second U(1) holomorphic example [36] has the charge assignement:

qr1,23: (3,2,0)
d‘i2,3 1 (2,1,1)
utlz,2,3 : (37270) (A2)

This gives the following Yukawa matrices
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Q1 -3 0
Q 0 -1
Qs O 0
Dy 1 -2
Dy —4 1
D3 -1
U, 1 -2
U, -1 0
U3 0 0

e o8 e &t
Yy = e et 2 Yp = e 3 8
e 2 1 e € €

Example ITI. The third example is a non-holomorphic model that has not previously
been discussed. In addition to having the good prediction for V, = O(ms/My) it also has
a (1,1) texture zero giving the relation Vis = O(y/ms/mg). In this case there are two
familon fields, 6, 8, with charges +1 and equal vevs to ensure D-flatness. The Higgs fields
have charge —w and the quark charges are

qr1,2,3 : (_3+w72+w7w)
d©1,2,3:  (—5,0,0)
W 1,2,3:  (=5,0,0) (A.3)

where w is a free parameter. It gives the following Yukawa matrices:

8 3 3
eu7 eu,d 6u,d
_ 3 2 2
YU,D - 6u,cl 6u,cl 6u,d
ei 1

1

where €, 4 = A§I161>D and we have allowed for different messenger masses in the up and the

down sectors.

Example IV: A U(1) x U(1)’ model. The charges are defined in table 9, see also [37].
The expansion parameter for the U(1) is €; and for the U(1)’ it is ea. We shall assume
(after [37]) that €; ~ €, and €3 ~ €2. The resulting mass matrices are
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U() U®) u@)”

o -1 1 =2
Qs 1 1 =2
Qs 0 0 3
D, -1 1

Dy 1 1

D; 1 -1 —4
u -1 1 =2
Uy 1 -2
U3 0 0 3
63 -1 -1 5
6y 1 -1 5
Os3 —1 -3 0
54 1 -3 0

Table 10. Charges in the U(1)3 F-theory model.

et e 9 €
Yy = el €2 Yp = el et et
| e b €2

Example V: A Non-Abelian model. The family symmetry is SU(3), under which the
quarks transform as follows (see [24, 25]):

QL ~ 3, D, Ug ~ 3. (A.4)
The familons transform as follows
Ll 3, By~ 3, Brog ~ 3, (A.5)
expectation values of the form:
4 /My p = (0,0,1), Boz/My.p = (0,1, =1) X ey, Proz/Myp = (1,1,1)x (.0)?, (A.6)
where e = 0.15, €, = 0.05 ~ (eg)?.

The allowed Yukawa couplings involving these familons are restricted by additional
family independent symmetries. For the LL and RR operators these symmetries require the
familon fields only appear in pairs involving the same familon field. For the LR terms the
familon fields appear in the combinations ¢123¢93, ¢23¢23 and ¢3¢3 with the corresponding
mass matrices given by

3 3
0 6u,d 6u,al
_ 3 2 2
YU7D 6u,d 6u,d 6u,d
3 2
eu,d eu,d 1
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where we have allowed for different messenger masses in the up and the down sectors.

Example VI: An F-theory model. Recently there has been considerable interest in
F-theory string models and their implications for fermion masses. Such models can have
Abelian family symmetries. These symmetries and the charges of the matter fields under
these symmetries are strongly constrained by the underlying F(8) symmetry of the associ-
ated string theory [38]. To illustrate the structure that can emerge we include here an F-
theory model [39] with an underlying SU(5) GUT symmetry. In this model there is a U(1)3
family symmetry, a subgroup of the SU(5), subgroup of E(8) ( SU(5) x SU(5); C E(8))
when a Z> monodromy is imposed.

The charges of the quarks under these symmetries are given in table 10. Also shown
are the charges of the familon fields breaking these symmetries. There are four familon
fields, 613, 614, 053, 054 and they acquire vevs of O(e?, €3, €2, €3) respectively.

The Yukawa couplings have the form

e b8 0 € €
Yy = e & &2 Yp = 3 2 e
e e 1 0
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