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Horizontal gauge symmetries between fermion families and their spontaneous breaking can be at
the origin of the inter-family mass hierarchies. The corresponding gauge bosons must have flavor
changing couplings to fermions and generically the very stringent limits on their masses arise from
flavour changing phenomena and CP-violation. However, in the special cases of chiral horizontal
symmetries separately acting on left and right species, manifesting suppression effects due to
custodial symmetry, the flavor-changing bosons acting between first two families are allowed to
be as light as few TeV, without contradiction with the existing experimental limits and thus they
can be detectable as new resonances at the LHC.
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The replication of fermion families is one of the main puzzles of particle physics. All known
particle species are described by Standard Model (SM) SU (3) x SU(2) x U(1), and its electroweak
(EW) part is chiral with respect to fermion multiplets. In other words, three families of the left
-handed (L) quark and lepton fields ¢; = (u,d"), li = (V',€'), form weak doublets while the right-
handed components u%, d%, e% are singlets, where i = 1,2,3 is the family index. The chiral fermion
content of SM has remarkable feature that fermion masses can emerge only after spontaneous
breaking of EW gauge part, via the fermion Yukawa couplings Ylf with the Higgs field ¢ which
also breaks SU(2) x U(1) down to U(1)gm, (¢°) = vew = 174 GeV. The fermion mass matrices
M =Y vpw, f =u,d, e, v, can be diagonalized via bi-unitary transformations V]TRMf Vi = M(J;iag.
The known masses of quarks and leptons, m,,m,,mgy....my,my,m,, are the eigenvalues of these
mass matrices, while the CKM mixing matrices of quarks and neutrinos in charged weak currents
are respectively V7, = VJLVdL and Vj; = VJ 1 Ver. Remarkably, no mixing emerges at tree level in the
neutral currents, while the Yukawa matrices Y/ become diagonal together with mass matrices. In
this way, no flavor changing effects emerge at the tree-level in the fermion couplings to Z-boson and
Higgs boson, remarkable feature known as natural suppression of flavor-changing neutral currents
(FCNC) in the SM [1]. However, SM itself tells nothing about the structure of the Yukawa coupling
matrices Ylf which remain arbitrary, and thus SM has no answer on the origin of fermion mass
hierarchy and structure of weak mixing angles.

On the other hand, the fermion mass spectrum and weak mixing pattern indicate towards
interesting features. Namely, the inter-family hierarchy between the charged lepton and down
quark species can be parametrised by a small parameter € ~ 1/20 or so, while the mass spectrum
of up quarks shows much stronger hierarchy:

me:m“:mrwmd:ms:mbwez:ez1, mu:mc:m,~84:82:1 (1)
On the other hand, one can observe that the CKM angles of quark mixing in V,; are small:
sin 6]‘12 ~ sin 0513 ~E, sin 61‘13 ~ &2 2)

while the neutrino mixing angles are large and presumably there is no significant hierarchy between
the neutrino masses.

The key towards understanding the fermion mass and mixing pattern can be in symmetry prin-
ciples. One can consider e.g. the situation in which different fermion species are separated by
different charges of some extra U(1) flavor symmetries [2]. Alternatively, one can consider non-
abelian horizontal gauge symmetries SU (3) or U(3) unifying different families [3, 4]. It is sugges-
tive to think that in this case the fermion mass hierarchy and mixing pattern should be related to the
structure of vacuum expectation values (VEV) of horizontal “flavon" scalar fields that break this
symmetry, coined as hypothesis of horizontal hierarchies (HHH) in Ref. [4]. This hypothesis, in
particular, implies that the horizontal family symmetry should have a chiral character, transforming
left and right particle species in different representations as the SM itself, and thus fermions should
not be allowed to get masses until this gauge symmetry is spontaneously broken. This means that
fermion masses should emerge via higher order operators containing flavon scalars, which oper-
ators in the context of UV-complete theories can be induced via renormalizable interactions after
integrating out some heavy messenger fields, scalars [3] or verctor-like fermions [4].
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In the context of the SM, the maximal chiral symmetry is U (3)°, transforming species q,u,d,
and e as triplets of independent groups U(3), x U(3), xU(3)qa x U(3); x U(3).:

qri~3g up~3.,  d¥~3,, Lp~3,  ei~3,. 3)

In the context of grand unification SU(5), the choice is restricted to U(3)? = U(3); x U(3)., since
fermion species are unified in 5-plets (I,d°) pr and 10-plets (g,u‘,e¢);r, so that we would have
Qi i, @ ~ 3¢ lo,dg ~ 3;. We consider a situation when only non-abelian parts SU(3) of horizontal
U (3)’s are gauged while abelian U (1) factors remain as global symmetries giving rise to Goldstone
bosons as axion, majoron and familon with interesting phenomenological implications [5]. In the
context of supersymmetry, such SU (3) symmetries can lead to interesting relations between particle
and sparticle mass spectra and naturally realize the minimal flavor violation scenarios [6, 7].

Let us remark that promoting non-abelian factors SU (3),, etc. as gauge symmetries, one has
to take care of anomaly cancellations. One can introduce some ad hoc fermions [3, 4]. Most
interesting way is to introduce a hidden particle sector, as a mirror copy of the SM described by the
gauge symmetry SU(3)" x SU(2)" x U(1)’ with particle content identical to ordinary one, modulo
the difference that while in the SM ordinary particles are left-handed: qr,ug,dg etc., the mirror
sector has identical Lagrangian in the basis of right-handed mirror particles g, u;,d; etc. In this
way, the parity can be understood as a discrete symmetry of exchange between ordinary and mirror
species, g1 <> gk etc. with respective exchange of ordinary and mirror gauge bosons and Higgses.
In this case, independently of whether mirror symmetry is exact or spontaneously broken (so that
mirror particles become heavier than ordinary ones [8]), if the gauge symmetries SU(3),., SU(3);
etc. are acting between two sectors, their gauge anomalies reciprocally cancelled between ordinary
and mirror fermions I; o, ~ 3; and l,’m ~ 3, er; ~ 3, and e’Li ~ 3., etc. [6]. Thus, horizontal gauge
bosons can be messengers between ordinary and mirror sectors and, provided that they are light
enough, can give an interesting portal for direct detection of mirror dark matter, which also has
many interesting astrophysical and cosmological implications (for review see e.g. [9]).

Spontaneous breaking of family symmetry can be obtained via flavon fields which are the
gauge singlets with respect to the SM. For simplicity, for fully breaking U(3); x U(3),, one can
take three scalar triplets &/ ~ 3, of SU(3); and three scalar triplets n¢ ~ 3; of SU(3),, n = 1,2,3.
The fermion masses then emerge via gauge invariant higher order effective operators:

ig] agi ina a,B
Zz=). %ﬁn Gitjqi + n;/lfn(bda%‘F 6;;72" peila+ L §flaly| +he. @)

which can be induced via ‘universal seesaw’ mechanism [4] via integrating out some extra heavy
vector-like fermions with quantum numbers of quarks and leptons with masses ~ M and, for the
case of neutrino, with Majorana mass .Z > M.

Yukawa couplings of the SM will be obtained after SSB of the family symmetries. Let us
assume that three flavon triplets &, of SU(3), have disoriented VEVs

0 0
(G)=v3| 0|, (&)=wm| 1|, Cy=wvi|vy )
1 X Z
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having a hierarchy between the VEVs vy : v, : v3 ~ €2 : € : 1 with € ~ 1/20 or so, and x, y, 7 are order
1. As for flavons 10, breaking SU (3),, they can have also disoriented VEVs of similar structure but
with values of the same order, u; > 3 ~ v3. In this case, from the couplings (4) we would obtain the
fermion mass matrices which would explain the fermion mass and mixing pattern (1) and (2).

Let us question now, how small the masses of horizontal gauge bosons can be without con-

tradicting to experimental limits.!

Here concentrate on the lepton sector, with horizontal gauge
symmetries SU(3); x SU(3)., and show that flavor gauge bosons of SU(3), interacting with right-
handed leptons can be as light as few TeV. The reason is that after breaking of SU(3), by the VEV
v3, the residual to SU (2), gauge subgroup exhibits an approximate custodial symmetry which sup-
presses the FCNC phenomena at the needed level [11].

Exchange of flavor gauge bosons lead to four-fermion (current x current) interactions:

1
Logr =820 M) 0 I =2 (e DRV AV | 6)
e

where ., a = 1,2,..8, are the SU(3), gauge bosons and M(%) is their mass matrix induced by the
VEVs (5). In order to better understand the protective power of custodial symmetry, it is useful
to consider first the limit v3 — oo in the breaking of SU(3),. This VEV reduces SU (3), to SU(2),
subgroup, 5 flavor bosons acting on third family become heavy and decouple, while third family
gets a mass. Thus, at low energies there remains only the gauge SU(2), acting between first two
families which will have equal masses M2 = gv% /2, a=1,2,3 inducing effective operators

1 - - 1
— (fRTV" fr) (fRTVuSfR) = 472(6_1}’;161 +éee)’ (7
2

4v%
where fr = (e1,e2)g and ¢ are the Pauli matrices, mediated by gauge bosons ® » 3, or in equiva-
lent form, 87 = %(e1 —i6,), 0} = %( 6) +i6,) and 63. Obviously, no FCNC emerge in this limit.
This suppression effect of SU(2) symmetry is related to custodial symmetry.

Considering SU(3), gauge bosons involving third family, flavour changing neutral currents
can emerge at tree level by two different reasons: 1) the heavy gauge bosons can be mixed with the
lighter ones ®; 3 in the mass matrix 2) the lepton fields e; and e; in the SU(2), doublet do not
coincide with the mass eigenstates e and u, and the mixing with 7 lepton will induce the FCNC:

el e V]e V],J V]T e
S =vilu | = Ve vauvae || ()
e ). ) \Vae Vau Vi T/,

where [Viy| ~ |Vae| ~ € and |Vi¢| ~ |V3,| ~ €2. As we show now, both contributions are suppressed
in relevant processes by respective powers of € parameter and thus the masses of SU(2), gauge
bosons are allowed to be of the order of TeV.

In the context of the models [3, 4, 5] this scale was considered to be many orders of magnitude larger than the
electroweak scale, with vy > 10 GeV or so, for avoiding excessive flavor changing in neutral currents. For exception,
see however Ref. [10].
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The contributions of the new operators to flavour changing processes must be computed and
compared with the Standard Model predictions and experimental results. In particular the following
flavour changing operators involving muons will be considered.

G G
. B erY e — eee —pHeee eRr e —ell 9
NG RY" UrerY" er u 2 RY" UReRY" LR u g O
where G |
B e A (10)

V2 223

By using the experimental limits from [12], [13]
|Guepel /2GF <3107, L(u — eee)/Tipar < 1072 = |Gpeee| /2GF < 1070 (11)

and it is obtained that
va > 10°e3 2y ~ TeV (12)
Analogous operators arise for the 7 lepton family violating decay modes. By using the experimental

limits from [14] it is obtained that v, > £'/25 TeV.
Compositeness limits on the operators —%ER}/ueRe‘Ry“eR, etc. must also be respected ([15],

[16]):

Ag Ar
M > 2TeV vy = M >2.6TeV (13)
221 2T

If v3 is big but finite, then the mixing of gauge bosons must be considered. However the

V) =

matrix elements Ma’b2 o< | /v% for a,b # 1,2, so this contribution is suppressed with respect to the
contribution belonging to the mixing of fermions.

In the presence of mirror sector, the effective flavor changing operator which goes unsup-
pressed, is é(e‘m/” Ur) (i, y*€; ) which would lead to muonium oscillation phenomenon into mirror

muonium, its mass degenerate mirror partner: M(u"e™) — M'(fi’e’). While the present limit on
the muonium disappearance Br(M — invisible) < 5.7 x 10~ [21] is respected for v, ~ 400 GeV or
50, the future experiments on this phenomenon reaching the sensitivity ~ 107! [21] could reveal
this interesting portal to mirror sector.

The same discussion can be applied to quark sector, and it can be shown that also the SU(2),
gauge bosons acting between first and second families can be as light as few TeV. However, in
the SU(5) motivated context, when SU (3), acts also on i and € in the same multiplet as ¢, so the
limits on semileptonic flavor violating decays of kaons and K and B-mesons oscillations must be
checked and generically more stringent limits on v, will be obtained.

Concluding, we have shown that the scale v, originating the mass of the horizontal gauge
bosons mediating flavour changing transitions between families can be as light as few TeV, without
contradicting the experimental limits of the flavour changing. Since M(%) = % and g < 1, the mass
of the gauge bosons O » 3 can be lighter than TeV. Apart of inducing interesting FCNC phenomena
which might be responsible for some observed anomalies in B decays, these bosons could be also
mediators for direct detection of mirror dark matter, and perhaps they can be detected as new

resonances at the LHC.

I thank Zurab Berezhiani for collaboration and useful advices.
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