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ABSTRACT: As a minimal theory of fermion masses we extend the SM by heavy vectorlike
fermions, with flavor-anarchical Yukawa couplings, that mix with chiral fermions such that
small SM Yukawa couplings arise from small mixing angles. This model can be regarded as
an effective description of the fermionic sector of a large class of existing flavor models and
thus might serve as a useful reference frame for a further understanding of flavor hierarchies
in the SM. Already such a minimal framework gives rise to FCNC effects through exchange
of massive SM bosons whose couplings to the light fermions get modified by the mixing. We
derive general formulae for these corrections and discuss the bounds on the heavy fermion
masses. Particularly stringent bounds, in a few TeV range, come from the corrections to
the Z couplings.
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1 Introduction

The Standard Model (SM) successfully explains the observed suppression of flavor chang-
ing neutral currents (FCNC) and CP violation effects. However, it says nothing about
the origin of the hierarchies in the fermion masses and the CKM mixing angles. Sev-
eral theoretical ideas have been proposed to explain the peculiar pattern of fermion masses
and mixings, such as horizontal symmetries [1-4], fermion localization in extra dimensional
models of Randall-Sundrum (RS) type [5-8] or wave function renormalization (WFR) [9] by
new strong interactions [10-13]. In most of these models, the flavor hierarchies among SM
fermion masses and mixings are generated directly or indirectly through their dynamical
mixing with new heavy (vectorlike) fermions. SM Yukawa couplings then arise from mixing
angles that are given as ratios of mass parameters. Apart from the heavy fermionic sector,
typically also new bosonic degrees of freedom are introduced that give rise to new flavor
changing neutral currents (FCNC) and CP violating effects at low energy (e.g. flavons, KK
gluons or sfermions). Very good agreement of such processes with the SM predictions leave
little room for new contributions and thus requires the additional dynamics to be suffi-
ciently heavy. While the minimal fermionic sector consists of a certain number of fermions
with the same SM quantum numbers as the light fermions, the bosonic sector is very model
dependent and so are the predictions for the new contributions to flavor violating effects
at low energy.

We therefore find it useful to construct a “minimal” theory of fermion masses that
is capable to explain the hierarchy of SM Yukawa couplings through mass hierarchies.
For this purpose we extend the SM only by a heavy fermionic sector that mixes with
chiral fermions, such that small Yukawa couplings arise from small mixing angles. This
mechanism is generic for many complete flavor models such as Froggatt-Nielsen (FN) or
RS models, and therefore our construction can serve as an effective description of the
fermionic sector of a large number of these kind of models. Besides this aspect one can



regard the model in a bottom-up approach as a minimal extension of the SM that contains
only the essential pieces necessary to parameterize small couplings by small mass ratios.
Even though complete flavor models typically depart from the minimal structure, we think
that this setup can serve as a useful reference frame for a further understanding of the
origin of flavor hierarchies in the SM.

Already this minimal framework gives in general rise to FCNC and CP violating pro-
cesses beyond the SM predictions. Since the light SM fermions have admixture of heavy
fermions which have explicit mass terms, it is clear that 1) SU(2) doublets mix with SU(2)
singlets and 2) SM fermion masses are not aligned with Higgs boson couplings. This im-
plies that the couplings of the light fermions both to the massive SM gauge bosons and the
Higgs boson will receive corrections that in general are flavor non-diagonal, but suppressed
by the ratio of electroweak scale and the heavy fermion mass. Therefore all massive SM
bosons mediate new flavor changing processes at the tree-level. Since these effects are due
to the same mixing that gives rise to SM fermion masses, they depend on the same (small)
parameters that determine the SM Yukawa couplings.

In order to construct a “minimal” model that merely contains the essential structure
needed to parameterize Yukawa couplings in terms of mass hierarchies, we start by adding
an unspecified number of vectorlike fermions to the SM and require that all dimension
four operators that can be constructed are either absent or have couplings that are O (1).
This setup is general enough to effectively describe the fermionic sector of almost every
possible flavor model. On the other hand, there are clearly too many unknown parameters
which prevent the extraction of any useful information. We therefore try to reduce the
number of parameters such that the resulting model can still reproduce SM Yukawas and
in addition maximally suppresses flavor violating effects. In this way we can identify
the minimal FCNC effects and allow the heavy fermions to be as light as possible. In a
last step we restrict to the minimal number of heavy fermions needed to explain all SM
masses. In this procedure we partially give up the original generality, but the resulting
model provides a simple framework which allows to study the minimal phenomenological
effects. It is then straightforward to include additional structures of complete flavor models.
According to this procedure, which we outline here restricting to the up-sector and one
family for simplicity, we start by adding vectorlike fermions® (Q +Q, U¢+ U°) to the chiral
field content of the SM (g, u°) and write the most general Lagrangian, that reads up to
canonical kinetic terms

—L =MgQQ + MyUU® + myU v’ +moQq
+ M QU + vhQ U + ahU%q + o/ hQuE + h.c., (1.1)

where h = io?h*, (A, y,a,a’) are O (1) or vanishing and we take m < M such that u®, ¢
are predominantly light fermions. We do not include Yukawa couplings yhqu® since clearly
we cannot get realistic masses for y ~ O (1). Instead SM masses arise after electroweak
symmetry breaking (EWSB) only through the mixing of light (u¢, ¢) with heavy fermions
(U¢, Q) and are suppressed by small mixing angles m/M. In order to see this explicitly,

'In this section we denote fermions with left-handed Weyl spinors.



Figure 1. Graphical representation of the couplings in Lagrangian (1).

we integrate out the heavy fermions by their equations of motion?
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The effective Lagrangian is then given by
.|.
U, e ., h'h meQmu c
= |a— — — h
Lot [QMU + « Mo + aa ’YMQMU MQMU] qu
h th hTh)? h'h
LA LALLM SR UL M ULl ]hqu“, (1.3)
Mg Mg My Mg Mg M MgM;

up to terms O (1/M%Ml2j, 1/M22MZ?}> and a part from the kinetic terms that we will dis-

cuss in a moment. Since we require that all couplings that do not vanish are O (1) and
flavor-anarchic, we have to set & = o/ = 0, since otherwise SM masses would be given
dominantly by the first 2 terms in eq. (1.3), and we cannot fit fermion masses and mixings
with such a structure. We also want to require that FCNCs are as much suppressed as
possible. One immediate contribution to FCNCs arises from the last term in eq. (1.3)
which gives rise to “Higgs-dependent” Yukawa couplings and induces flavor non-diagonal
Higgs couplings [14-17]. In order to suppress this source of Higgs-mediated FCNCs we
therefore set also v = 0. We are left with effective Yukawa couplings
mg muy

Mo My

Yeff = - (14)

and it is well known that one can fit fermion masses and mixings with this structure.

2We do not include kinetic terms and will recover their leading order effects by putting the solutions
back into the heavy kinetic terms.



Let us now discuss hows FCNCs arise in the effective theory. Since in the fundamental
theory we mix SU(2) singlets with SU(2) doublets, it is clear that the couplings of light
fields to the Z boson receive corrections that in general are not flavor-diagonal. Moreover,
light masses arise partially from explicit mass terms and therefore there is no reason why
Higgs boson couplings should be aligned to the light masses. Therefore we expect deviations
from the SM both in Z and Higgs boson couplings, but since these effects are due to SU(2)
breaking and must vanish when we decouple the heavy fermions, they are suppressed at
least by v?/M?. In the effective theory, these effects originate from the kinetic terms of
the heavy fermions. Inserting the solutions of the EOMs into the heavy kinetic terms we
get a contribution to the effective Lagrangian

2 2
ALeg =ut (1 + ;”42) iPuf + ¢ (1 + Q) ilq

i Mg
A2 m A2 m

where we have taken couplings and masses real for simplicity. The terms in the first line of
eq. (1.5) give just an overall rescaling factor for light fermions that will lead to higher order
terms in m/M in Lagrangian. The terms in the second line instead generate (in general
flavor non-diagonal) corrections to the couplings of v and u® to the Z and Higgs boson
(and W) which are of the form

2 2 2
12'1) mQ

v m
89 7un = 2)\ M2 M2 , 89 7ucue = _5)\2 M2 Mg’ (1.6)
3 02 mé 02 m2
SYHuue = — —Yof A + v, (1.7)
e 27° Mg M3~ M3 Mg

as well as corrections to light fermion masses

1 v? m2Q v? m?
oMy = — = Yo A2 + vil. (1.8)
Y2 Mg M3~ M3 Mg

Note that the effective Higgs couplings are no longer aligned to the light masses because
they receive corrections that have different numerical factors. Therefore we have in general
both Z and Higgs mediated FCNC effects.

Let us now shortly comment on the consequences for FNCNs when we allow for v # 0.
In this case the corrections to the Z couplings are not modified in leading order, while
from the last term in eq. (1.3) we get contributions to the Higgs boson couplings that are
suppressed only by a factor m?/M? instead of m*/M* for the case v = 0.

5yHuuC = _3yeffA’Y (19)

In table 1 we collect the parametric suppression factors in the corrections to Z and Higgs
couplings for different choices of parameters. These results agree and extend the results
obtained in ref. [16].



Couplings # 0 09z5,7, (Z FCNC) 0Yry, 7, (Higgs FCNC)
,02 U2
a,a )y, A e e
i\ mimji mimji
7 M2 M2 M2 M2
\ mimji mfm?i
M2 M2 MY M2

Table 1. Order of the flavor-violating corrections to the Z and the Higgs couplings in the presence
of the Yukawa interactions in the vector-like sector, v and A, and between the vector-like and the
chiral sector, o and o’'.

To summarize, for a minimal model of fermion masses we consider the schematic

Lagrangian
L~mfF+ MFF + AhFF, (1.10)

where f = (q,u,d), F = (Q,U¢, D) and the appropriate gauge structure is understood.
Since m is a rank three matrix the minimal number of heavy fermions needed is three for
each @, U, D sector. We can further suppress flavor violating effects and reduce the number
of parameters if we take m to be approximately diagonal in the same basis as M. Then
m and M leave a global U(1)? flavor symmetry unbroken which is violated only by the
heavy Yukawa couplings A, so that all flavor violating effects in the light sector are doubly
suppressed by small mixing angles m/M. This setup then defines our minimal model,
containing only the necessary ingredients needed to explain hierarchical Yukawa couplings
through mass hierarchies.

The rest of this paper is organized as follows. In section 2 we discuss the minimal
model in more detail and derive the corrections to the gauge-fermion and Higgs-fermion
couplings that arise from the presence of the heavy fermions. In section 3 we use these
results to obtain approximate lower bounds on the masses of heavy fermions. It turns out
that strong bounds on these masses arise from the corrections to the Z couplings and are
in a few TeV range. A detailed phenomenological analysis is in progress and will appear
elsewhere [18]. In section 4 we discuss the connection of the minimal model to existing
flavor models and in section 5 we envisage some additional structures that can be present
in the heavy fermionic sector. In particular a model with a unitary Yukawa matrix in the
heavy quark sector appears interesting from the point of view of a further reduction of
fundamental parameters. We finally conclude in section 6.

2 A minimal model

We now construct an explicit model according to the philosophy described above where we
restrict our discussion to the quark sector for simplicity. The chiral field content is given



by three families of quarks?

URi, dRi, qLi = <ZLZ> i=1,2,3 (2.1)
Li
and we add for each chiral fermion a vectorlike pair of heavy quarks
Ug, U
Uri,ULi, DRis Driy, Qri = < ’5’>,Qu = ( LQZ> i=1,2,3. (2.2)
D%, D~¥.
Ri Li

In addition to (canonical) kinetic terms the Lagrangian is of the form
—L = }NZ)\gQLiURj + h/\gQLiDRj + MgULiURj + MZ?DLZ-DR]- + MgQRiQLj
+ m%ULiuRj + ngLide + minQRiqu + h.c. (2.3)

with complex 3x 3 matrices \U'P, MUDL-Q mU.D:Q and h = io?h*. We neglect other possible
couplings and assume that their absence is justified by symmetries* or other dynamical
reasons. Moreover we assume that m and M in each sector are approximately diagonal in
the same basis, for example as a consequence of an approximate degeneracy of the heavy
fermions in each sector. At the end of this section we will comment about the consequences
of relaxing these assumptions.

Going into the basis where m and M are diagonal, we can absorb possible phases in
the diagonal matrices with field redefinitions, so we arrive at the Lagrangian

L= EA%QLZURJ' +hAJQriDrj + MY ULiUg; + M Dp;Dp; + MPQriQr;
+mY Uriup; + mP Dpidpi + miQQRiQLi +h.c. (2.4)
where M; and m; are diagonal matrices with positive entries. Instead of m; we will use

Q.U,D
QUD — m;

which are also real and positive. Counting parameters, we have 18 real parameters from
the masses and 18 real parameters plus 18 phases from the heavy Yukawas AP, We
still have the freedom to do phase redefinitions for Ug, Dg, Q1 so we get in total 36 real
parameters and 10 phases. However, 18 of these real parameters are the heavy Yukawa

)\U,D

couplings which we require to be anarchical O (1) numbers. For the phenomenological

analysis to be performed in section 3 we will denote the overall strength of these couplings
by 2 single parameters AV, AP and neglect the flavor dependence. Moreover we will take
the 9 heavy fermion masses to be universal in each sector, reducing their number to three
(Mg, My, Mp). Finally out of the 9 ¢; parameters 8 are determined by masses and mixings
(there is one prediction), leaving only 63Q free. Thus we will describe the model by six real

parameters AU, AP, Mg, My, Mp, 63Q, in addition to the SM ones.

3In this and the next section we use 4-component Dirac spinors.

“Note that the mixing mass terms m;; typically break some of these symmetries, so that light-heavy
and light-light Yukawa couplings will be generated through this mixing. Our assumption is that they arise
only from the mixing.



Our next goal is to find the corrections to the SM couplings originating from the
presence of heavy vectorlike fermions. Rather general formulae of this type have been
derived in refs. [19-22]. Our approach below is closer to the one of ref. [22] except that we
extend the formulae of that paper to the cases in which direct Higgs couplings to the SM
fermions are absent and Yukawa couplings are only generated through mixing with heavy
fermions. A detailed derivation of these results will be presented in ref. [18].°

In order to derive the low-energy effective Lagrangian, we first go to the mass basis
in the limit of vanishing Higgs VEV v — 0 and integrate out the heavy states using their
equations of motion. Then we include EWSB with v &~ 174 GeV and finally redefine light
fields to get canonical kinetic terms. This redefinition brings electromagnetic currents back
to the standard form, while charged and neutral currents get new contributions due to the
mixing of SU(2) doublets and singlets. In addition one finds (multi-) Higgs couplings that
are not aligned to mass terms because of the presence of explicit mass terms in the original
theory. The resulting low-energy Lagrangian up to O (v4 /M 4) corrections and multi-Higgs
couplings is given by

~Lan > (W hgea + 1) + —Zu

\/> ]neutral
_ _H _
+ HLim?juRj -+ dLimngj + ﬁ (ﬂLiyguRj + dLiyngj) + h.c. (2.63,)
X XX _ X — —X x v X _Q_X
X
v = - (AX) Qéf A — (AR), & @ Ak (2.6c)
e 1 1 ~
Jehargea = ULi [5ij ) (Ag)ij 35 (Ag)ij] Ydrj + TR (A%D)ij YRy (2.6d)

: B " .
Tneutral = UL [5’7 - (AL)ij} Y'urj +ri (AR) ;7" ur;

— ELZ‘ [5U — (AE)1]:| "y“dLj — ERZ’ (Ag)” ")/'ude — 28\2vjtl:lmag (2.66)
(AF).. = U@ ENIAY (4AR), = i—x-ﬂ by (2.61)
i MXMX € iJ MkQM’g;)
2
UD v _U_-DyD \Ux
(AR )z] == QMQ E’L 7 Ak‘jAkZ (2 6g)
kMg
X e X X X X

€ = —F—— M =M (14 €€, ) (2.6h)

1+eXer

where H is the Higgs boson, X = U, D and in eq. (2.6h) X = Q,U,D. Note that the
new contributions to Higgs and massive gauge boson couplings are doubly suppressed by
small mixing angles ¢;, which resembles the structure of flavor suppression in WFR and

5We have been informed by the authors of ref. [19-21] that they confirmed our results using their general
formulae.



RS models and is a direct consequence of requiring the absence of light-heavy Yukawa
couplings, i.e. taking @ = o/ =0 in (1.1).

Finally let us shortly comment on the deviations from the above formulae when we de-
part from our minimal framework. First we have neglected operators of the form yhQgrDr,.
They would give rise to additional contributions to flavor-violating fermion-Higgs couplings
that would be suppressed only by €? instead of €, cf. eqs. (1.7), (1.9). However, as we will
see in the next section, the resulting contributions to FCNCs are not much larger than the
ones from flavor violating Z couplings, so that the bounds on heavy fermion masses do not
dramatically change when we allow for v # 0. Second we have assumed that m and M are
diagonal in the same basis. The presence of off-diagonal entries of m in the basis where M
is diagonal would merely induce corrections to the above formulae that are proportional
to ratios of off-diagonal over diagonal entries. Provided that these ratios are not large,
our expressions are approximately valid also in the case that the alignment of m and M
is not exact.

3 Phenomenology

We now make a rough estimate of the FCNC effects induced by the effective Lagrangian up

to O (1) coefficients and leave a more detailed analysis to a future publication [18]. Here we

are only interested in obtaining a lower bound for the masses of the heavy fermions M@U.D.
We first note that the leading order expression for SM masses

X

~ veleXAS (X =U, D) (3.1)
reproduces the Yukawa structure in FN models, and it is well known that one can fit all SM
masses and mixings when \;; are O (1) couplings and the €’s are certain powers of a small
order parameter, e.g. the Cabibbo angle. In particular, since the top Yukawa coupling is

large and CKM matrix elements are given by V;; ~ EZQ / e? for ¢ < j, we take

elQ ~ €3€3Q 652 ~ 6263Q, (3.2)

with € =~ 0.23 keeping e? as a free parameter that is < 1. The remaining six parameters

elU’D are then determined through the six quark masses up to O (1) couplings \;;. We write
these masses as

X
i eiQelX)\f, (3.3)
v

where AX represents the overall strength of the original couplings )\fg and is only included
in order to keep track of the parametric dependence of our results on these couplings. Then
we use the results of ref. [23] to fit quark masses at 1 TeV by certain powers of ¢ (which
are not uniquely determined since € is not particularly small). We will take

My, ] Me 4 ms

— ~ € — ~€ — ~1
v v v
mg . m . my
N€7'8 S N65.6 oo N63, (34)
v v v



which in turn gives

5 2
U U € UL
! 63Q)\U 2 egQ)\U 3 63Q)\U
* * *
4+5 3+4 3
D € D € D €
€ ~ —— €y ~ €3 ~ ——. (3.5)
Q\D 2 Q\D 3 Q\D
€3 Ay €3 Ay €3 A;

Since the constraints on right-handed charged currents (parameterized by A%D ) are rather
weak, we concentrate in the following on Higgs and Z couplings. We begin by rewriting the
couplings to the Higgs scalar and the Z boson in terms of SM masses in matrix notation

vt =T AL - AR (3.62)
A = mX BymXT A% = m™*TBpm* (3.6b)
Fx 00 g 0 0
1 101 # 0 B 1 101 1 0 3 6
Br = Mig( € € ) R = Migg eQQEQQ ) ’ ( : C)
0 0 = 0 0 <o
33 €3¢

where we have neglected terms higher order in ¢; and assumed that heavy fermions are
approximately degenerate in each sector

MPOP s MP PP s MO~ Moup. (3.7)
Going to the light mass basis defined by
VIV = mi,, (3.8)

we get for Higgs couplings in this mass basis
X X X
my; B MG, ~
g = e g —tes s g (3.9)

The Z couplings in the mass eigenstate basis read
iX X B X ixX X B X
AL = Mg BLMGiag AR = Miiag BRMGing (3.10)
B =ViTBLVE Br = V; ' BpV;*. (3.11)
Up to O (1) numbers determined by A;; the dominant entries of the rotation matrices are

(Vi¥)ij ~ €2 /e?, (V)i ~ eX/eX for i < j and (Vi¥)ij ~ €7 /e, (Vi)ij ~ €X/eX for

t > j. This gives

- 1 1 ~ 1 1
B) - L (Ba) ~ b 3.1
( L) M3 € ef B) M e?e? (3.12)
and finally
2 2
i) w0y (A%) ~perer o 313
(Lij M;(Ezej(*) Rij Méele](*) ( )



We are now ready to constrain the heavy masses using the bounds on FCNCs mediated by
Higgs and Z. It is easy to see that Higgs mediated FCNC are negligible. An estimate of
the coefficient of (3gdr)(5rdgr)/(1TeV)? gives

200 GeV\ 2 o2
Crr ~12.5 ( : ) P (D) (mﬂz?d ePef + M;&k?)
D Q

mpg M% *
~ 12.5 A —s A —= 3.14
( o ) Ml%(*) M%e (63)(*)-1—]\422 ) (3.14)

where the quark masses are evaluated at the scale my. Thus Cpp is of the order of
10716 (TeV /M)* for 63 ~ AP ~ 1 and a Higgs mass of 115GeV, to be compared with
the bound from ex that constraints the imaginary part of this coefficient to be < 3 x
10~ [24, 25]. Similarly for D — D% and Bg, . — Bas systems the resulting coefficients are
far below the bounds in refs. [24, 25].

Instead the strongest bounds on the heavy fermion masses arise from the presence of
flavor off-diagonal Z couplings that we write in the usual notation as

—Leg D %Zu <5gL drytsy, + 5g Sdry"'sr + dgiuryter + 69 uRv‘LcR) (3.15)

with (note that (5gL,R = _%AL,R)

1 o2 1TeV?
g APY? 15 x107280(9)2(AP)? [ —— 3.16
91" ~ 2M26162( )2~ 1.5 x € (e )P (A)? Mo (3.16a)
v2 . 1TeV?
5g% ~ PeD(AP)? ~ 1.5 x 1072 779(e9) 2 (> (3.16b)
2M3 7 3 Mg
1 1TeV\?
5gue ~ 5#61 YY) ~ 1.5 x 1072 7(e9)2(AV)? <Me> (3.16¢)
U
v? 1TeV 2
594~ = ——V e (AU)2 ~ 1.5 x 1072 €7 (e9) 2 () (3.16d)
2 M3 3 Mg

Constraints on K, — p*u~ require \5g%fR| < 6 x 1077 as we found using the upper bound
in ref. [26]. This translates into

Mp > 4TeV x AP Mg = 500 GeV x (3.17)

1
e
Note that the bounds from Z mediated AF = 2 processes are weaker since the constraints
on €x require 59%8,1% to be only ~ 107> at My, giving bounds on Mp and M that are
weaker by a factor 4. Also constraints from other flavor observables are weaker, e.g. the
corrections to b — s are below 1% for M ~ O (1 TeV). What regards the bounds on My,
large long distance contributions to the D° — DO mass difference preclude any meaningful
calculation of the lower bound on Mj;. In fact values of My as low as few hundreds GeV
cannot be excluded at present.

We now compare the above bounds on heavy fermion masses coming from FCNC

processes with the bounds obtained from electroweak precision data. As it has been recently

~10 -



emphasized in various studies performed in the context of RS models [27-29], electroweak
data also strongly constrain any deviation of the Z coupling to the left-handed b quark. In
our minimal model, the correction to Zbrby, coupling is given by

5% ~ 1.5 x 1072(e2)2(A\D)? ( (3.18)

1TeV\?
which is ~ 9 x 10™* for the above value of Mp implying that |5g%b/g§’£SM| ~2x1073
and there is no conflict with electroweak precision data [30]. This is a consequence of the
general relation 59%5 / 59%17 ~ € as both couplings have the same parametric dependence
up to the flavor dependence of )\5. One therefore expects that for flavor anarchic )\5 the
bound on (59%5 is as (or even more) important than the one on 5g%b since 59%5 <6x1077
implies |62/ gil: syl $2x 1073, Note however that the bounds from Ky, — pu*u~ involve
certain non-perturbative uncertainties. Other bounds arise from the contribution of heavy
fermions to the electroweak precision observables S and T which are roughly comparable
to the flavor physics bounds [27, 31, 32]. We will provide an extensive discussion of the
various phenomenological aspects in much greater detail in ref. [18].

It is remarkable that already the minimal FCNC effects that we are studying here give
quite stringent bounds at least on Mp, not much weaker than the typical constraints on
the compositeness/KK scale one finds in complete models [22, 33-37]. On the other hand,
the bounds on Mg 7,p do not exclude the possibility that some of the heavy fermions could
be as light as a TeV.

Finally we comment on the impact of departing from the minimal model by including
~v # 0 with typical strength .. In this case Higgs mediated FCNCs are no longer negligible,
but the bounds on heavy fermions increase only slightly. For example the coefficient of
(5rdr)(5.dRr)/(TeV)? can be estimated to be

200 Gev>2 v2mgmg o

Crp ~ 50 \D)2 3.19
LR < M%Mé 7*( * ) ) ( )

mpy
and the bounds from ex can be satisfied by taking e.g. Mp > 4TeV x v, AP and Mg 2
1.2 TeV x 1, AL for a Higgs mass my = 115 GeV.

4 Connection to existing models

Finally we want to outline the connection of our model with existing flavor models by
comparing complete flavor models with the general Lagrangian (1.1)

L~mfF+ MFF + AhFF +~hF F + ahfF. (4.1)

The bounds on heavy fermion masses derived in section 3 from Z mediated FCNCs should
apply to these models as well. Of course in complete models there are typically addi-
tional (and stronger) sources of FCNCs which however depend on the specific model under
consideration.

Lagrangian (1.1) has been widely used as a simplified formulation [31, 38| for the
fermionic sector of composite Higgs models [39—44] that are dual to certain warped 5d

- 11 -



models [45-47]. In the first picture the chiral fermions represent weakly coupled elemen-
tary fields, while the vectorlike fermions are composite states that are part of a strongly
interacting sector with typical masses around the TeV scale. The composite sector in-
cludes the Higgs boson which does not couple to elementary states implying @ = 0. The
SM fermions are then linear combinations of elementary and composite fields, typically
with small components in the composites. Their couplings to the Higgs are then sup-
pressed by these small mixing angles that correspond to our €’s which in this context can
be interpreted as the amount of compositeness. To see the relation to warped 5d models
one has to diagonalize the explicit mass terms in Lagrangian (1.1). The massive fermions
correspond to the higher KK states, while three chiral fermions remain massless and repre-
sent the KK zero-modes. They receive their mass from EWSB through their couplings to
the Higgs that is localized on the IR brane. These zero-modes have a wave function profile
that is governed by the 5d bulk masses. This profile has by construction an exponentially
hierarchical structure which suppresses all couplings of the zero-modes and corresponds to
our €’s. In both pictures the couplings of the Higgs to heavy fermions are usually taken to
be anarchical and O (1).

Let us now compare our results for heavy fermions with the studies that have been
done in the context of composite higgs models [16, 31]. In ref. [16] the bounds on heavy
fermion masses have been obtained from tree-level higgs exchange contributions to the
FCNC processes, for flavour violating couplings to the higgs boson corresponding to our
general case with v # 0. It was shown that the constraints on the compositeness scale
(identified with the vector-like fermion mass scale) are generically as strong as from the
exchange of heavy spin-1 resonances. In refs. [16, 44] it is also pointed out that our special
case of v aligned with the SM Yukawa couplings (effectively similar to v = 0) corresponds to
a composite pseudo-Goldstone Higgs boson and implies much milder bounds, in agreement
with our results. In ref. [31] a similar approach is used to discuss the bounds on heavy
fermion masses and on spin 1 resonances from precision electroweak data (Zbb coupling, S
and T'). One of the main results of our paper is that the most generic implication of the
effective theory of fermion masses based on the Lagrangian (1) are modifications of the Z
boson couplings that lead to the bounds on the heavy fermion masses as strong (or even
stronger) than the previously discussed bounds.

Our second point is that the effective model based on Lagrangian (1) captures not
only the flavour physics of composite higgs models but also that of Froggatt-Nielsen mod-
els [1-4]. Since this point has been discussed less often, we give below some details. In this
case the heavy fermions play the role of messengers that communicate flavor symmetry
breaking to the light fields. The mass terms m mixing light fields and messengers arise
from flavor symmetry breaking and are parameterized by the VEV of a single scalar field
(¢) in the simplest cases. Typically a large number of messengers is introduced and by
successively integrating out® these heavy fermions higher powers of (¢) /M are generated
in the Lagrangian. Let us start by writing the schematic Lagrangian for the down-type

SInstead of integrating out, one can think of decoupling them after diagonalizing their mass terms.
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sector and one flavon ¢

L ~MgQQ + MpDeD® + agpQQ + appDeD® + bodQ q + bpd D d°
+ M@ D¢ + vhQ D¢ + ahQ d° + BhDC q, (4.2)

where a,b, \, 7, «, § are O (1) matrices whose structure is determined by the flavor symme-
try. Obviously this Lagrangian is of the form (1.1) once we replace the flavon by its VEV.
In order to make contact to our minimal model we have to integrate out all messengers but
three in each sector. For each messenger that we integrate out we can get a small factor
(¢) /M entering the effective couplings. To ensure that these factors suppress only the
effective masses m and not the effective couplings A, we want to integrate out only those
messengers which do not have A couplings. Moreover we need to require that no messengers
have Yukawa couplings with light fields. To recover the structure of the minimal model
(with v # 0) we therefore impose” that 1) « = 8 = 0, 2) Mg and Mp approximately
universal and 3) rank A\ = 3, such that only three D’s (and U’s) couple to (the same) three
Q’s. If we now integrate out the messengers that do not have Yukawa couplings by their
EOMs which are of the schematic form

o) o) h — — ¢ ~
@ “QMQQ+ QMQ“”MQ @ aQMQQ (4.3)
6 6 ho b
D€ ~ De c DE ~ De 4.4
Zhym +bp Dd +7NDQ ap gD, (4.4)

we obtain an effective Lagrangian that is again of the form (4.2), but with certain powers
of the suppression factor (¢) /M entering the effective couplings ag p,bg,p,7. Therefore
the mere effect of integrating out heavy fields is to generate small mass terms m and small
couplings v while A remains O (1). This means that the fermionic sector of any flavor model
which satisfies the above conditions is effectively described by the minimal model (1.10),
generalized to include v # 0. There is however a subtlety regarding the case of large mixing
as in the left- and right-handed top sector. In this case we cannot distinguish “light” and
“heavy” fields, and actually do not need to add messengers at all since the corresponding
top Yukawa coupling is not small. Instead we can simply treat the chiral fields as if they
would be heavy, i.e. they can have Yukawa couplings with heavy fields. Then our conditions
above are modified as: 1) no light-heavy and light-light Yukawa couplings except for g3
and u§ 2) Mg,My and Mp universal 3) the matrices for the Yukawa couplings of (@, ¢3)
with (U¢ u§) and D¢ have both rank 3.

In order to illustrate these conditions, we now consider the UV completion of a simple
U(1) FN model that reproduces the light fermion mass matrices we used in section 3. To
this end we choose U(1) charges of the light fields as u{ 5 3 = (5,2,0), df 5 5 = (5,4, 3) and
q12,3 = (3,2,0) and introduce a single flavon ¢ with charge —1, and take the Higgs to
be uncharged. We then introduce FN messengers Uf 5 54 , Df 5910 &2,1,0 Plus conjugates
which we labeled by their U(1) charge. In addition we have to add a certain number of

"Such a structure could be enforced by the horizontal symmetry, and below we will give an example for
a simple U(1) model.
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these messenger fields with the same U(1) quantum numbers in order to reproduce SM
masses [1-4], so that the total number of messengers with u¢ (d°) SM quantum numbers
is at least 12 (17). It turns out that the minimal number of additional messenger fields
are two copies of D5, ; and one copy of Uf g, D§ and Q1. If we (as usual) require that
the messenger masses are approximately degenerate in each sector, one can easily check
that our conditions are satisfied. The flavor symmetry allows Yukawa couplings only for
the third family and uncharged messengers, and indeed we have just the right number of
uncharged messengers needed to give these Yukawa matrices rank 3.

5 Additional structure: unitary model

Finally one can take a bottom-up approach and consider eq. (2.3) as a minimal extension
of the SM that parameterize small Yukawa couplings through mass hierarchies. In order
to make this model more predictive, one can try to reduce the number of free parameters,
for example by imposing additional structure in heavy fermion sector. One interesting
possibility is to impose a flavor symmetry that is intact in the heavy sector and is broken
only by mass terms m@U-L_ This could explain the absence of light-heavy Higgs couplings
and would force M@U:P and A\UP to be universal and unitary respectively, provided that
heavy fermions transform in three-dimensional representations under the flavor group.

While a unitary SM Yukawa matrix is clearly ruled out by the data, a unitary Yukawa
matrix A in the heavy fermion sector is not only allowed phenomenologically but turns out
to be rather appealing for the following reasons:

e The number of fundamental parameters is reduced to 18 real and 4 phases, imply-
ing only 9 new real parameters and three new phases. This may allow to obtain
interesting correlations of flavor observables.

e As seen in eq. (2.6f) in the case of a unitary A the corrections to the SM Z couplings
to light fermions become diagonal in the flavor space with the diagonal entries being
proportional to e%. After the rotation to the mass eigenstates the non-universality of
€;, necessary for the explanation of fermion mass hierarchies, induce tree level FCNC
transitions which are suppressed not only by heavy fermion masses MX but in the
case of two first generations by the differences in light quark masses.

e Similarly as seen in eq. (2.6¢) also the corrections to the SM Higgs-fermion couplings
become diagonal in the flavor basis implying also suppression of Higgs mediated
FCNC processes.

We will analyze the viability of this scenario in more detail in ref. [18].

6 Conclusions

In this paper we have considered a minimal theory of fermion masses, obtained from ex-
tending the SM by heavy vectorlike fermions that mix with chiral fermions such that small
SM Yukawa couplings arise from small mixing angles. Since under certain conditions this
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model can serve as an effective description of the fermionic sector of a large class of existing
flavor models, it might be regarded as a useful reference frame for a further understanding
of flavor hierarchies in the SM. We emphasized that already such a minimal framework
gives rise to FCNC effects through exchange of massive SM bosons whose couplings to
the light fermions get modified by the mixing. We derived these couplings and used the
results to put lower bounds on the masses of the heavy fermions. Particularly stringent
bounds, in a few TeV range, come from the corrections to the Z couplings. Still, they do
not exclude the possibility that the mass scale of the heavy fermions could be related to
certain dynamics responsible for stabilizing the weak scale. Some of the heavy fermions
can also be lighter than a TeV and thus might be in the reach of the LHC. We outlined the
connection of the minimal theory with complete flavor models such as FN and RS models
and discussed additional structures that could be imposed on the heavy fermionic sector.
Particularly appealing seems to be the possibility that heavy Yukawa couplings are unitary
matrices, a situation that might be enforced by flavor symmetries that remain unbroken
in these sectors. An extensive analysis of several aspects related to the ideas presented in
this paper will be performed in ref. [18].
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