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Abstract We propose an economical model to address the
mass hierarchies of quarks and charged leptons. The light
generations of the left-handed fermions form doublets under
an SU(2) flavor symmetry, which is gauged. The genera-
tional hierarchies emerge from three independent rank-one
contributions to the Yukawa matrices: one is a renormalizable
contribution, the second is suppressed by a mass ratio, and
the last by an additional loop factor. The model is renormal-
izable, features only a handful of new fields, and is remark-
ably simple compared to typical completions of gauged flavor
symmetries or Froggatt—Nielsen. The model has a rich phe-
nomenology, and we highlight promising signatures, espe-
cially in the context of K and B meson physics. This includes
an interpretation of the latest BT — KTvb measurement
from Belle II.

1 Introduction

The flavor hierarchies observed in particle physics stand as
a captivating enigma. In the Standard Model (SM), fermion
masses and mixings originate from the interactions with a sin-
gle Higgs field, H. Three Yukawa couplings (square matrices
of dimension three) are associated with up- and down-type
quarks and charged leptons. The eigenvalues of these matri-
ces dictate the spectrum of charged fermion masses, which
are intrinsically arbitrary parameters of the theory.

We observe a consistent hierarchy spanning 1-2 orders of
magnitude between Higgs couplings to consecutive genera-
tions of fermions, consistently through all three generations.
They range from y, ~ 107 for the electron to y, ~ 1 for
the top quark. Also, the misalignment between up and down
Yukawa matrices captured by the CKM mixing matrix (V;;)
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reveals a hierarchical pattern. It is characterized by V;; ~ 1
(i =1,2,3)and V;; > Vip > Va3 > Vi3, indicating only
modest inter-family mixings. While the Yukawa parameters
are technically natural according to ’t Hooft [1], it is hard
to accept such a hierarchical pattern within the SM, a theory
where the relevant input parameters all enter at the same foot-
ing. The puzzle is likely to be resolved with physics beyond
the SM.

Addressing the enigma of flavor hierarchies prompts the
question: what truly constitutes a solution within a quantum
field theory? Often, new models bring forth a plethora of
new parameters, transforming the inquiry into a question of
statistical distribution. Our guiding principle in this paper is
the introduction of new marginal interactions characterized
by parameters around (O(0.3) or loosely within the range
[0.1, 1] (avoiding Landau poles when extrapolating to high
energies typically requires values < 1). Yet, when many
parameters are present, a few from the tail of the distribution
might appear deceptively small. For example, here, we do not
account for the somewhat small y, ; ~ 0.01 while accom-
modating other flavor parameters within the aforementioned
interval. The balancing act lies in the complexity of these
models versus the broadness of the parameter distributions.

A review of prior attempts to address flavor hierarchies
brings several solutions to the fore. A non-exhaustive list
of representative examples include Froggatt—Nielsen models
[2-9], (gauged) flavor symmetries [10-21], accidental flavor
[22-24], radiative mass models [25-30], multi-Higgs models
[31-33], multiscale flavor [34—43], warped compactification
[44-46], partial compositeness [47—49], clockwork [50-52],
modular symmetries [53], etc. An underlying theme amongst
many of these mechanisms is the complexity of their typical
ultraviolet (UV) completions. For instance, Froggatt—Nielsen
often demands intricate chains of vector-like fermions or
scalar fields [3,5,6], while gauged flavor symmetries typi-
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cally require complicated spontaneous symmetry-breaking
sectors [54].

In this paper, we propose a streamlined model that inte-
grates features from various mechanisms previously men-
tioned. While common gauged flavor models often start with
large subgroups of U(3)> global group [55] (or U(2)° [56—
591), we consider arather small subgroup. The SU(2), global
symmetry of the left-handed quarks emerges as an approxi-
mate symmetry of the quark sector, as was nicely illustrated
in the recent work [60] on SM flavor invariants. Imposing
SU(2), symmetry in the SM Yukawa sector entails an acci-
dental SU(2), x SU(2); symmetry of those same Yukawa
couplings. The SM parameters by themselves offer no insight
into any potential right-handed symmetry.

Building on this insight, the keystone of our model is the
gauged SU(2) ¢ flavor (horizontal) symmetry group, under
which light generations of left-handed quarks and leptons
transform as doublets [61-63]. This choice stands out as it
ensures an anomaly-free gauge symmetry without introduc-
ing additional chiral fermions. Moreover, the mass hierar-
chies of charged leptons mirror those observed in quarks.
The symmetry selection rules implied at the level of renor-
malizable interactions predict that the three Yukawa matrices
are all of rank one, resulting in one massive and two massless
generations. This provides a basis for coherently explaining
the observed hierarchy between the third and light genera-
tions.

The lightness of the first two families is attributed to the
gauge-invariant dimension-5 operators (e.g., ¢ H ®d) built
with a symmetry-breaking scalar SU(2),4¢ doublet @, witha
VEV structure (®) > (H). Interestingly, when one attempts
to generate this effective interaction at tree level with a mini-
mal set of new heavy vector-like fermions (VLF) denoted as
F with Mg > (®), the resulting Yukawa matrices become
of rank two, predicting the first generation to be massless
while giving a small mass to the second generation. This sets
the basis for the hierarchy between the first two generations.

Finally, to generate hierarchically suppressed masses for
the first generation, we opt for generating linearly indepen-
dent contributions to the dimension-5 operators at the loop
level. Instead of introducing new fields above the UV scale
Mp, we introduce new IR states, scalar leptoquarks (LQ)
whose masses can be anywhere below the UV scale and
which play a role in renormalization group (RG)—induced
dimension-5 operators, see Figs. 1 and 2. The emerging SM
flavor structure is largely insensitive to the masses of these
scalars as long as they are light compared to the UV scale.
This provides a robust structure in which the hierarchies are
controlled solely by the ratio (®)/MF.

This paper is organized as follows: Sect. 2 presents our
model, anchoring our discussion on the rank of Yukawa
matrices and detailing how the model generates the SM flavor
patterns. In Sect. 3, we delve into the rich phenomenology of
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Fig. 1 The mechanism for flavor hierarchies. The leading gauge invari-
ant operators under SU(2),+¢ horizontal gauged symmetry matching
to the SM after SSB by (®) > (H). p € {1, 2, 3} is a flavor index
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Fig. 2 The schematic spectrum of the UV completion for operators in
Fig. 1

the model, focusing on the flavored gauge bosons, vector-like
fermions, and leptoquarks. In conclusion, Sect. 4 offers our
perspective on the remaining open questions of the model,
weaving this mechanism into the Pati—Salam quark-lepton
unification framework.

2 Model

This section constructs our model for flavor hierarchies. It
discusses in detail the three steps required to fill the rank of
the Higgs—Yukawa coupling matrices.

2.1 Rank 1

The basis of our model is a version of the SM where the
two light generations of left-handed fermions form doublets
under a new gauge symmetry SU(2),4¢. The charges of the
fields are detailed in Table 1. We anticipate having to break
the new symmetry at a high energy scale and introduce a new
SM-singlet scalar doublet ® of SU(2)44¢, whose VEV will
dothe trick. The choice to use a doublet is determined because
it allows for constructing dimension-5 mass operators for
the first two generations of SM fermions. Without further
exploring the scalar potential, we take the VEV of the doublet
to be

0
(@%) = ( > ey
Vo



Eur. Phys. J. C (2024) 84:213

Page30of 18 213

Table 1 The SM gauge symmetry is extended with an SU(2)44¢ of
the light left-handed families (¢ = 1, 2). The theory is supplemented
with the complex scalar field ®, responsible for breaking SU(2), .
This setup produces Yukawa matrices of rank 1, setting the basis for the
hierarchy between the first two and the third generation

Field SUQ3), SUQ)L Uy SUQ2)y+e
q® 3 2 1/6 2
a 3 2 1/6 1
uk 3 1 2/3 1
dy 3 1 -1/3 1
o 1 2 ~1/2 2
% 1 2 -1/2 1
ek 1 1 -1 1
H 1 2 1/2 1
(0] 1 1 0 2
which we treat as a free scale of the model. «, 3, ... denote

doublet indices of SU(2) 4.

As indicated, the SU(2),4¢ gauge symmetry prevents
marginal Higgs Yukawa couplings with the light genera-
tions of the left-handed fermions. The field content in Table 1
allows only for the Yukawa interactions'

LS —xlGHu —xPPHA" —x! CHe? +He,  (2)

where H' = ¢/ H (and P = ¢ CIJI’g).2 The Yukawa cou-
plings x? are all three-dimensional vectors with flavor indices
P, ... € {1,2,3}.

At this stage, no other independent Yukawa couplings can
be generated. The 3 x 3 SM Yukawa coupling matrices, Y ;’ "
resulting from this theory at low energies will necessarily
have rank 1; each is constructed with just one vector x’.. For
practical purposes, the flavor symmetry of the right-handed
quarks can be used to remove unphysical parameters from
the couplings, which can be parametrized by

x}] = (0, 0, xf3), Xf3 € RS_, 3)

for f € {u, d, e}. The SU(2),1¢ symmetry establishes a
hierarchy for the Yukawa couplings between the third and
the light generations. While having massless first and second-
generation fermions is unphysical, masses can be engineered
as perturbations on our foundation.

1 We keep SU(2)L and SU(3), indices implicit throughout the paper
to avoid unnecessary clutter.
2 We employ the conventions that the antisymmetric tensor of SU(2)

has e!2 = —¢2! = 1. For later convenience, we define X =¢iix ;‘ for
any SU(2),, doublet field X.

Table 2 Vector-like fermion representations Q and L. Their presence
lifts the rank of the Yukawa matrices to rank 2, providing masses to the
second generation

Field SUQB). SUQ2)L Uy SUR)g+¢
OLRr 3 2 1/6 1

Lir 1 2 —1/2 1

2.2 Rank 2

The next step towards a realistic IR flavor structure is a
mechanism to generate higher dimensional Higgs—Yukawa
operators involving the symmetry-breaking scalar ®. Since
® and @ share quantum numbers, it is possible to con-
struct a pair of dimension-5 operators, such as ®“g, Hd?
and 5%}0, HdP, for each fermion species. If both of these
are introduced with uncorrelated couplings of the same size,
there will be no splitting between first- and second-generation
masses. This is a challenge to many potential UV comple-
tion of the dimension-5 operators. For instance, a completion
through VLF partners of the right-handed SM fermions with
SU(2),+¢ charges fails to explain the 1 —2 hierarchy without
resorting to some ad hoc symmetry.

A minimal mechanism for completing the dimension-5
operators includes vector-like fermions Q and L charged
as the third-generation left-handed SM quarks and leptons,
respectively. Their gauge charges are given in Table 2. The
new Yukawa couplings are’

L£> +(yqq)ot + yqa)a)an + (y(q)a + ylaa)zaL
—y QHu” — yP QHA? — y? THe” +He.  (4)

Integrating out Q and L at the tree level (see Fig. 3) results
in the effective dimension-5 operators giving masses to light
generation fermions. Furthermore, the limit Mg, My > ve
explains the hierarchy between the third and light genera-
tions.

As advertised, all new contributions to the SM Yukawa
matrices Y/fr from the dimension-5 operators are propor-
tional to the new vector couplings y}. Thus, VLFs are suf-
ficient only to raise the rank of the matrices from one to
two. This construction, therefore, leaves the first-generation
fermions massless while it explains the hierarchy between
the massive second and third generations.

The @ kinetic term exhibits an SU(2) flavor symmetry
between ® and ED which share quantum numbers. This
enhanced symmetry of the doublet is reminiscent of the
approximate custodial symmetry of the Higgs field in the
SM. Along with the remaining flavor symmetries after intro-
ducing the x]lz couplings, it is used to eliminate redundant,

3 The mass mixing between the third family left-handed and the vector-
like fermions is removed with flavor rotations.
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Fig. 3 Feynman diagrams P H
depicting mass generation for \ A
the second SM family ' !

Table3 Scalarleptoquark fields contribute to radiative mass generation
in the first family, resulting in rank-3 Yukawa matrices

Field SUQ). SU@)L Uy SUQ)g+¢
R. 3 2 7/6 1
Ra 3 2 1/6 1
S 3 1 2/3 2

unphysical parameters from the couplings. We can choose to
parameterize the physical VLF Yukawa couplings as

Y£2. Va3 Ye3s Vg Yo, ye € RE, yuz € C. ©)

This choice simplifies expressions in the following analysis.

2.3 Rank 3

A simple way to provide masses to the first generation is to
introduce a second generation of VLF, whose couplings to
the right-handed fermions would lift the rank of Y ;" to three.
However, barring conspiracies between couplings, a hierar-
chy between the VLF masses would be required to account
for the hierarchy between first and second-generation SM
masses. We propose an alternative scenario where the first-
generation Yukawa couplings are suppressed by a loop fac-
tor compared to the second-generation. This is a more robust
approach, and it does not introduce a new heavy scale to the
problem.

A minimal loop completion of the dimension-5 operators
uses the VLF Q and L already present in the model. This
identifies the scale of the loops with that of the tree-level
contribution. To lift the rank of the Higgs—Yukawa couplings,
one must introduce new vector couplings (in flavor space),
which can come from coupling L to u/d and Q to e via LQ
interactions. To make a long story short, we introduce three
scalar LQ fields R, Ry, and S with charges listed in Table 3
to complete the picture.

The LQ fields have the Yukawa interactions

LD -7 Zu”ﬁu — ZS Zd”ﬁd —z2°0e?R,
~24 Gy LSY — 20 €, 05 + Hec., 6)
involving the VLF. With the LQs added to the model, there are
new loop contributions to the mass-generating dimension-5

operators, as shown in Fig. 4. The mechanism also relies on
a set of quartic couplings,
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VD (D% + 1, D) S R, H*
+ (g @ + 2g®*)SE R H* + Hec., @)

closing the LQ loops. The new vector couplings zl; are suf-
ficient to lift the effective Yukawa coupling matrices of the
SM fermions to rank 3, thereby giving masses to the first
family. The additional loop suppression relative to the tree-
level Yukawas of the second generation accounts for the 1-2
hierarchy.

The phenomenology of the LQs is mostly dictated by their
couplings to pairs of SM fermions:

LD —«t Z3§uu” —«} Z3§dd'” — kP Rye? +He.  (8)

The SU(2),4¢ symmetry dictates a particular structure to
these couplings as compared to vanilla LQs. All such cou-
plings of § are prohibited, whereas the remaining couplings
of R, and R; couple exclusively to third-generation left-
handed fermions at the level of marginal couplings. The result
is a suppressed coupling to light left-handed mass eigen-
states. Naively, one expects anarchic couplings between all
three generations of right-handed fermions.

There are a few unphysical phases in the model, which
allow us to parametrize the new LQ parameters by

2 = (2515 252, 2£3)s 2515 24 Aus ha € RY,
20, 252, 2f3> Aus Ad, Kj’i e C. )

This leaves an accidental U(1)p x U(1), global symmetry,
which is preserved by the remaining marginal parameters of
the scalar potential.* The baryon number symmetry ensures
the absence of proton decay even with the introduction of
LQs, which are infamous for giving rise to B violation. This
was one of the hallmarks of LQ models with gauged lepton
number symmetries [68—70].

2.4 Producing SM flavor parameters

We now turn to low energies and see how the SM fermion
masses and the CKM matrix are generated. The model repro-
duces the effective Yukawa couplings of the SM(EFT):

Lowerr D Y GV Hu" — Y GPHd"
—Y? ?"He" +He. (10)

4 On the surface, it would seem that there exists an operator RgRy Ry H*
[64]; however, this operator vanishes trivially when R, has no flavor
indices [65—67]. There is no fully antisymmetric contraction combina-
tion of three doublet indices.
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Fig. 4 Feynman diagrams P H
depicting mass generation for . .
the first SM family NS
P e
S, %R,
, AY
] A}
q L u

It generates hierarchical structures for the Higgs Yukawa cou-
plings, Y, that allow for a (mostly) perturbative diagonal-
ization. The result is not only hierarchical masses but also
hierarchical rotation matrices, including the CKM matrix.
This is the essence of our solution to the flavor puzzle.

In addition to the tree-level and loop contributions to the
effective Higgs Yukawa couplings in Figs. 3 and 4, there are
many other loop contributions formally of the same order.
They fall into two categories: (i) leg corrections to one of
the external states or (ii) vertex corrections to the Yukawa
couplings. In either case, such contributions shift the UV
couplings, but they do not contribute new structures that can
lift the rank of the Higgs Yukawa couplings. We will omit all
such contributions here.

The quark—Higgs coupling matrices are of the form

> H > H
‘\ I' ‘\ I'
AN 4 AN 4
PR IS -
S,/ \\Rd S,f \\ U
’ \ 4 AY
1 1 1 \
q L d ¢ Q e

in Appendix A. The left-handed rotation matrices are hierar-
chical and are found to satisfy
Vi
[Lilijgn =0 =k, i<, fefud),
Yy
where the order-1 coefficient is typically the ratio of two
Yukawa couplings. Save for the 1-2 components, the right-
handed rotations are even smaller.

The CKM matrix resulting from the model is nothing but
the product of the left-handed quark rotation matrices. Thus,
it inherits the hierarchical structure of the effective Higgs
Yukawa couplings (11). The leading order contribution to
each entry in the CKM is given by

(14)

1 [ded2 _ muZuZ] [MdZda _ Imgmy ydszuz]
« N Mms2d1 MmeZyl mp2di mpme Yd22ul
T~ MuZyy _ MdZgp Msyd3 _ MeYu3
VCKM = LuLd — [m(-Zul msz41 ] [mhyd2 mtyuZ] (15)
[w Yd3Z, _ MdZgz  mgme Zzzy%] [’"v)’:3 ms}’dS] 1
mp Yd22d1 mpzdi msmy 2d1Yu2 me Yu2 mpyd2
This structure easily reproduces the measured values.
bqj\-u () Zu(d) The effejctive lepton—Higgs coupling matrix produced by
Yuay = | agyuay + bgru@yzua) | » (11)  the modelis
Xu(d) agye + bﬂz\:ze
where Yo = | arye — berjze | (16)
M? e
Yq Vo Zg Vo L
= , =——-—|log——-1], 12
q MQ q 167'[2 ML g /_,Lz ( ) where
. . . 5721)@ 3z¢ Vo Mé
are the suppression factors associated with tree-level and g, = , by = 5—— [ log — — . (17)
loop-generated operators, respectively. The expression for ML 167° Mo K

the loop factor b, (calculated with the Matchete package
[71]) is based on the assumption that My ¢ > Ms R, R,
and the renormalization scale u is roughly the mass scale of
the LQs. The logarithm thus captures the leading RG running
between the masses of the VLFs and the LQs. The mecha-
nism is expected to work also for My, o ~ Mg g, r,, but the
loop function would be more complicated in this event.

With singular value decomposition, the Yukawa coupling
matrices factor as

Yr=L;Y/R, (13)
where ?f is diagonal and L 7, Ry are unitary rotation matri-
ces. In the quark sector, the decomposition can be performed
entirely perturbatively, the full details of which are reported

The structure is largely identical to the quark sector, with the
main difference being that flavor rotations cannot make y,
and y, vanish simultaneously. As a consequence, the diago-
nalization of the matrix involves an order-1 rotation between
the light generations. We parametrize L, = V¢L/,, where L/,
is the perturbative part of the diagonalization, which follows
Eq. (14), while V, capture the large rotation.

A numerical benchmark point fitting the observed quark
and charged lepton masses and the CKM mixing is iden-
tified in Appendix A. In particular, Mo 1 /ve = 100 is a
good starting point for producing the hierarchy of the SM
masses. Indeed, one easily finds a benchmark where most
of the involved marginal parameters in the UV theory are
0(0.3) except for two (accidentally) smaller parameters con-

@ Springer
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tributing to y; and yb.S We expect that the CKM matrix (15)
is dominated by the down-type contributions, as the hierar-
chy in the down quark sector is compressed compared to the
up quark sector, meaning that the ratio between successive
masses is smaller. This is reflected in our numerical bench-
mark.

After integrating out the VLFs, the LQ couplings to the
SM fields also receive matching contributions. For instance,
integrating out Q at the tree level gives rise to the oper-
ators 5‘5‘§aeRu. After @ gets a VEV, all the tree level-
generated dimension-5 couplings result in couplings to
second-generation fermions suppressed by ve /Mg 1. Such
contributions are naively similar in size to what is generated
from the Yukawa couplings (8) by applying left-handed rota-
tions to go to the mass eigenbases. Loop-level contributions
will further populate the effective LQ couplings to the SM
fermions, and these contributions are suppressed at the level
of the 1-3 mixing.

All told, after integrating out the VLFs and taking & to
its VEV, the resulting EFT for the LQs contain the Yukawa
couplings

EEFT D —K,;pr Zpﬁuur — K;pr Zpﬁddr
—k" g7 Rye” + Hec. (18)

The phenomenology of the LQs is primarily determined by
the couplings to the mass states of the fermions given by,

e.g.,
R = (LIl R)P", &Y = (LIKLR)PT,  ete. (19)

Due to the suppressed couplings to the light generations, we

r

., and so

naively expect K&, ~ (pr)*/c,:, /25: ~ (LZP)*K
forth.

3 Phenomenology

Before delving into the phenomenology of the model, it is
crucial to highlight that it exhibits a decoupling limit. By
taking the new mass thresholds substantially heavy — given
afixed vo /Mo, and ensuring Ms g, r, S Mg,1 —the SM
flavor structure remains unaltered. This might extend almost
up to the Planck scale. The decoupling limit detaches the
model from experiments, rendering it less pertinent. Con-
versely, the low-scale variant of the model presents a plethora
of interesting phenomenological implications, potentially
detectable in current and upcoming experiments. Addition-
ally, the inescapable fine-tuning of the Higgs potential, often
called the little hierarchy problem, requires the scales to be

> One could envisage a 2HDM version of the model explaining this
feature. The challenge here is to find a suitable symmetry structure to
avoid flavor bounds.

@ Springer

as close to the electroweak scale as possible. Subsequent sec-
tions will focus on (i) the bounds on the new mass thresholds
given the current data, and (ii) which observables, signatures,
and deviation patterns should be prioritized for scrutiny.

As already pointed out, the baryon number is an accidental
symmetry of the model, which allows this discussion in the
first place. The violation of other (approximate) accidental
symmetries of the SM is expected to provide the leading con-
straints. Those include rare flavor-changing neutral current
(FCNC) processes in the quark sector, charged lepton flavor
violation (cLFV), and CP violation through electric dipole
moments (EDM). In the following, we survey these effects,
organizing our discussion by the involved fields.

3.1 Flavored gauge bosons

The gauge bosons of SU(2),4¢ become massive as ® devel-
ops a VEV vg at high scales. In the simplest case, with
no other symmetry-breaking scalars, this results in a heavy,
degenerate vector triplet Z¢, which carries the flavor of the
light generations but is otherwise neutral. The phenomenol-
ogy of flavored gauge bosons from SU(2) flavor groups was
studied in detail in Ref. [63], and here we only consider the
most important bounds for our model.

In spirit with our approach to marginal couplings, we con-
sider only the case of a reasonably large gauge couplings
gr 2 10TeV/M, in which case the gauge bosons are
too heavy to be produced on-shell in current collider exper-
iments. The low-energy physics impact of these flavored
gauge bosons is due to four-fermion operators generated at
the tree level. Using Fierz identities for the SU(2),4¢ gener-
ators, we find (Greek indices take values in the light genera-
tions only, , 8, ... € {1, 2})

1 1 _ _
Lsmerr D —F[SEQSE - 55%5§][(qa)/”qﬂ)(qyy“q5)
[

+2Go v q?) (v %) + Eay )X, v D] (20)

As per usual, the low-energy physics of the massive vector
is independent of the gauge coupling and solely depends on
the VEV vg.

For completeness, let us comment that the flavon field (the
radial component of ®) is expected to have a mass of order
ve and suppressed couplings to SM fermions. Therefore,
this field does not produce any observable phenomenology
in present experiments.

Meson mixing One might anticipate strong bounds from
AF = 2 processes contributing to meson—anti-meson mix-
ing; however, it turns out that there is a strong GIM-like
mechanism. As an example, we consider the contribution to
kaon mixing, which in the mass basis of the quarks, read

1 _
Liger D ——2A?d(sLVudL)27 21
4vg,
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where the coupling matrix
A, = [Lidiag(l, 1, OLs],,, (22)

is determined by the left-handed rotation matrices. The gauge
basis interaction is proportional to the identity but for the
third generation, which is a singlet. Unitarity of the rotation
matrices implies that flavor violation within the same species
must go through the third generation:

Af,f = 8pr —[Ly3plLslsr, f= [ (23)

In the example of kaon-mixing, the flavor matrix is

agbgh z mgm
4, = aba dYd3 ()’d3 o z*>~ dMs -5

T %d3
xd23 Yd2 mi

(24)
Accordingly, there is no significant contribution to kaon mix-
ing. The same is true for D — D mixing, where A, is even
smaller due to the larger hierarchy in the up-quark sector.

If we assume that (14) provides a good approximation of
the left-handed mixing matrices, the strongest meson mixing
bound will come from By — B, mixing. A rough comparison
with current bounds (neglecting RG effects) yields [72]

IReA2,| (10 TeV Y
< 22. 25
0.022 v ) ()

Even with, as we shall see, a very small vep ~ 10TeV,
the naive expectation of Ay, would not conflict with the
bound. The GIM-like suppression mechanism also applies
to u — 3e decays, which are suppressed by A, and simi-
larly irrelevant.

Lepton flavor-violating kaon decays A stringent con-
straint on the symmetry-breaking scale comes from bounds
on K7 — pe. Thisis an example of a flavor-transferring pro-
cess [63], connecting light flavors of one species (down-type
quarks) to those of another (charged leptons). Such processes
mediated by the flavored gauged bosons are entirely unsup-
pressed.

The heavy vectors contribute to the LEFT operators [73]
(cf. Eq. (20))°

1 _ _
Ligrr D —v—zAseAud(MLVueL)(SLVudL)

@
1 _ _
_v_zAsMAed(eLVuHL)(SLVudL) +H.c., (26)
@
which give rise to K;, — pe decays. We have omitted con-
tributions proportional to A.Asq = A:‘Le A%, which are
severely suppressed. Based on these LEFT contributions, we

find a total branching ratio of [74,75]
BR(K, — p*eT)

% We do not include RG effects in this leading order analysis although
they could be sizable.

15 (300TeV Y 2
=59-10 T iASeA,LLd + AdeAusi . (27

The experimental bound setby BNLis BR(K, — u*e¥) <
4.7-1071% @ 90% CL [76].

The combination of coupling matrices appearing in
Eq. (27) is expected to be < 1, and we would generally
expect a bound ve 2 300 TeV. However, the bound can be
avoided entirely for some rotation matrices due to the O(1)
rotation V; of the left-handed leptons. To illustrate this point,
we consider a simple scenario, where L, = L’e = 1. In this
scenario, the CKM matrix is produced by the down-type rota-
tion and

Adyt, = A} 4 = [ Vexmdiag(1, 1, O)Vg]pr. (28)
With these assumptions
AdeAus + Ad;LAxe = 0.90cy¢ + 0.44 594, (29)

where the trigonometric functions ¢y, and sy, are defined
in Eq. (A4). The bound on vg from the non-observation of
lepton flavor—violating kaon decays is entirely avoided for
s¢ = —0.53; however, it turns out that a complementary
bound from muon conversion is sufficient to eliminate the
possibility of a low scale vg.

Muon conversion on heavy nuclei Another strong bound
comes from muon conversion on nuclei. This is also a flavor-
transferring process, so there is no suppression from the GIM-
like mechanism. The LEFT operators relevant to the process
are (cf. Eq. (20))

1 _
Liger O ——5 Aue Ay (L yper) ULy uL)

vy
1 _ _
_%AdeAud(MLyﬂeL)(dLVudL) +H.c.  (30)
To a good approximation A., =~ 0, and we have omitted
such contributions to the Wilson coefficients.
The conversion ratio of muons to electrons on gold atoms
is given by [63]

300 TeV )4

CR(uAu — eAu) =2-107'1. (
Vo

X | Ay A +1.143 Ay Agy|” . (31)

The present experimental limit of CR(uAu — eAu) <
7-1013 is set by SINDRUM-II [77]. Muon conversion pro-
vides a slightly stronger bound than BR(K L — MiejF) but
also here it is possible to circumvent it for suitable coupling
matrices.

In the scenario of (28), the muon conversion rate (31)
becomes
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1y (300Tev Y
CR(uAu — eAu) =2-10 |
Vo
x [1.01 520 — 0.25 co]? . (32)

This is out of phase with combination (29), so the bounds can-
not be simultaneously avoided. Between them they constrain
vy > 300TeVinthelowend (8, = 1.66) andvep > 700 TeV
at the high end (68; = 0.97). Our benchmark of vy = 1 PeV
passes the bound irrespective of the angle.

The planned MU2e and COMET experiments projects a
future sensitivity of CR(uAu — eAu) at the level of 10~!7
[78,79]. The use of aluminum targets rather than the gold tar-
getemployed by SINDRUM-II means changing nuclear form
factors and muon capture rates in our analysis, and the com-
parison with the conversion rate on gold is not one-to-one.
Nevertheless, we expect an improved sensitivity of almost
an order of magnitude on vg and an exciting possibility of
discovering indirect signs of the flavored vector bosons.

3.2 Vectorlike fermions

We have seen that a realistic SM flavor structure is realized
when Mg 1 ~ 100ve. Even for an absurdly low symmetry-
breaking scale inconsistent with Sect. 3.1, the hierarchy
implies VLF masses (at least) at the PeV scale. Consequently,
only the most sensitive low-energy observables can hope to
place meaningful bounds on the VLF masses.

The LEFT dipole operator for the charged leptons can be
parametrized by

Ligrr = —e vpw nyr Fﬂung;w PR, (33)

where vgw = 174 GeV is the Higgs VEV. Contributions to
this operator are generated by diagrams similar to the loop
contribution to the Higgs—Yukawa coupling from the charged
leptons, Fig. 4, but dressed with gauge bosons. The respon-
sible loop is evaluated using the Matchete package [71],
and we find that in the mass basis

0 211 log(Mo /1) — %(  behezen +>
v 3MY log(Mg/p) — % Aryer ’

(34)

where 1 < M is of the order of the LQ masses.’

In terms of the perturbative diagonalization of the Higgs—
lepton Yukawa, the leading contribution to the electron dipole
coefficient is aligned with the electron coupling ?e“ The
subleading term contributes with a phase relative to electron
mass but is suppressed by roughly m,./m, compared to the
leading term. The resultant contribution to the lepton EDM

7 This formula does not include the EM running of the dipole operator
between p and m,.
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is [80]

1PeV ) by A,
de23.2~10_3zecm~( ¢ )Im[—‘f@z]. (35)
Mg [De] hpzer

This is easily compatible with the experimental limit of
1d;?] < 1.1 - 100%¥ecm @ 90%CL reported by the
ACME experiment [81], even for the smallest conceivable
M o masses. The limits set by Br[u — ey ] are even weaker,
and we will not report them here.

3.3 Leptoquarks

The gauged SU(2),4¢ symmetry, along with the assumption
that marginal couplings cluster around O(0.3), determines
the flavor structure of the LQ interactions (see Sect. 2.4
for details). Nonetheless, different mass spectra can alter
the resulting phenomenology. Interesting effects can arise
when the LQs are light, as allowed for by the mechanism
Ms r, Ry S Mg, 1. A limitation on how light the LQs can
be comes from the scalar potential and its VEV structure.
The quartic couplings (7) will destabilize the desired VEV
structure unless at least one of the following conditions is
met:8

e Scenario I: Mg = vg with Ry and R, potentially lighter,
e Scenario I: Mg,, Mg, 2 ve with S potentially lighter.

The former scenario predicts deviations in rare flavor tran-
sitions, whereas the latter may give rise to distinct collider
signatures. In the following, we discuss the two scenarios
separately.

The first scenario characterizes a potentially large viola-
tion of approximate flavor symmetries if Ry and (or) R, are
sufficiently light. We are interested in the parameter range
Vew S Mg, R, S ve. The two leptoquarks are SU(2)L

~

doublets with electromagnetic components (% —%) for Ry

and (%, %) for R, respectively. In principle, LQ states with

electromagnetic charge %, including S, can mix after the

SU@2)L x SU(2)44¢ breaking. However, the constraint on
ve from Sect. 3.1 and the consistency condition Mg 2 ve
together imply that the mixing due to Eq. (7) is suppressed.
Another potential source of mixing, HHR;R; is negligi-
ble compared to the LQ mass terms given the limits derived
below. Therefore, unless accidentally IMﬁd — Mﬁu < véw,
the expected mixing is small and its effects omitted in the
following. Thus, we can discuss the phenomenology of each
LQ in isolation.

8 Consideratoy potential V (x, y, z) = —vxyz+x*+y*+z*. Insucha
configuration, all fields would develop a VEV: (x) = (y) = (z) = v/4
(up to a tetrahedral symmetry). When one of the fields gets a mass
m > v/2, the minimum of the potential moves to the origin, and no
symmetry breaking will occur.



Eur. Phys. J. C (2024) 84:213

Page 9 of 18 213

3.3.1 Scenario I: the phenomenology of a light Ry

Integrating out the R, leptoquark at the tree level gives

p* r

Lowprr D — 4 =d
SMEFT 72
Ry

@y, )@ yrd). (36)

where p,r = 1,2,3 and K5 are Yukawa couplings to SM
fermions (8). As discussed at the end of Sect. 2.4, there
are additional contributions when integrating out VLF. We
expected such contributions to be somewhat smaller than
those generated by the perturbative rotations to the mass
basis, which are enhanced due to the accidentally small t
Yukawa. To illustrate the general expectations, we keep only
the effects of rotations where appropriate in the following.

Rare Kaon decays to neutrinos The effective Lagra-
ngian (36) modifies rare FCNC decays d” — d"v;v;. In
particular, measurements of rare kaon decays:

BR(KT — nvi) = 10.6731- 10711 (NA62 [82]), (37)

BR(K; — 7%vp) <3107 at 90% CL (KOTO [83]),
(38)

set the most stringent limits. Using expressions from Refs. [84,
85], we set limits on the corresponding coupling and mass
combinations as shown in Fig. 5. The present limits are
shown within red solid lines. The future kaon physics pro-
gram [86,87] has the potential to improve by almost one order
of magnitude. Dashed lines show the improvement assum-
ing 5% and 20% precision for the charged and neutral modes,
respectively. In particular, for é = Kﬁ ~ 0.3, the projected
sensitivity will reach masses of about 50 TeV.

Rare B decays to neutrinos Another important channel
for Ry is B — K®vp decays [88-90] which probe a dif-
ferent combination of leptoquark couplings, namely Kﬁ*/{j.
The branching ratio for the K* mode normalized to the SM

prediction is bounded to

Ry« <2.7at90% CL (Belle [88]). (39)

Instead, a recent major update from the Belle II collabo-
ration on the K mode reports evidence for the observation
[90]. Moreover, the reported rate is about 2.8¢ above the SM
prediction (for interpretations see [91-93]). When combined
with previous B — Kvv measurements, one finds [90]

RY =2.84028, (40)

for the branching ratio normalized to the SM prediction.
Taking expressions for Rl;m) from [84,94] (see also [95]),
we show the preferred parameter space in Fig. 6. Fixing
Mg, = 5TeV, the relevant magnitude of the couplings is
|/c§*/<3| = O(1). Hence, B decays overcome K decays and

|
o o o =
o o o o

—_—
—r T T T

m(l@'?l*lﬂ(li)(50 TeV/MRd)2

-15

[ KY > afwp (5% OKT - atup (now)]
LK — i (20% ]

-05 00 05 10 15 2.0
Re(/ifl*/ﬁ}l)(50 TeV/MRd)2

Ll

Fig. 5 Constraints on R, leptoquark from rare kaon decays. The most
recent NA62 analysis [82] confines the region satisfying Eq. (37) within
the red solid boundaries. KOTO [83] does not restrict any part of this
range. Shaded regions within dashed lines represent anticipated bound-
aries from future facilities, see [86,87]

provide the leading phenomenology only for a somewhat
small coupling ratio |« }/k3| < 1072,

Future Belle II data has a great potential for further
improvements. Assuming the SM rates and the improved
projections for Sab~!, the K (K*) mode will be measured to
19% (40%) precision [96] (see also [97]). This will further
improve by a factor ~ 2 at 50ab~!, namely to 8% (23%).
These ultimate projections are shown with dashed lines in
Fig. 6. Slightly weaker, but otherwise similar, constraints are
derived from B — swvv and B — pvv on Kdl*Ks combina-
tion [88].

Meson mixing Matching the R; leptoquark at one-loop
order to the SMEFT contributes [98,99]

P* r, sx .t
Ka Kakaq Kq

L - d"y*d")(d y*d'). 41
SMEFT D 647’2M12ed( ytd")(d y*d") 41)

This induces contributions to neutral meson oscillations.
Assuming either real or imaginary (K5 *Icg)2 independently,
we adopt the 95% CL bounds in the SMEFT from [72] extrap-
olated to u = 1TeV (see also [100,101]). From K — K
oscillations, we find

2
[Re [(Kg*lctliﬂ]‘(%) <10 (Amg), 42)
d
2
o2 (G ) £3107 @0, @
Rq
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(2.840.8)

14
K*

Re(rg"riq)

Fig. 6 Constraints on Ry leptoquark from B — K®vi decays and
B, — B, oscillations. The leptoquark mass is set to Mg, = 5TeV.
Shown with solid green is the latest R}, average from Eq. (40), including
the most recent Belle II measurement [90]. Solid red is for R‘,’(* and
satisfies Eq. (39). Brown and orange show the constraints from By — By
oscillations, namely Eq. (45). The dashed lines show the future Belle IT
projections with 50ab~"! [96]

Clearly, ex is the most stringent present limit on the Ry
leptoquark for O(1) couplings. However, meson decays
and meson mixings depend differently on the couplings
(quadratic versus quartic). For light leptoquarks and small
couplings, kaon decays will give a relevant bound. For exam-
ple, setting Mg, = 5TeV and K; ~ (.3, one finds that
|/<(}| =~ (0(0.01) passes the ex bound, as well as, K — wvv
which becomes competitive. Interestingly, even for larger
masses Mg, = 50TeV and couplings K5 ~ 0.3, future kaon
decays become competitive to €k .

Moving on to the B physics of B — B and By — B; oscil-
lations, we find [72]

2
)Re(Im)[(Kal,*/cg)z]‘ <5(1)\/1T:V> < 1.6(1.4), (44)
d
2
‘Re(lm)[(fcg*xg)z]‘ (SZJZV> <0.35(0.12). (45)
d

As an illustration, we impose the last equation on Fig. 6.
Regions colored brown and orange satisfy the inequalities
from Eq. (45) for the real and imaginary parts, respectively. It
is instructive to compare these bounds against B — K v,
In the case of Mg, = 5TeV, Re(xﬁ*tcj) = —0.5 and small
imaginary part can barely accommodate for R} anomaly

@ Springer

reported in [90]. For lower masses, the parameter space
opens up due to the aforementioned scaling, while Ry is
in tension with By mixing for larger masses. This scenario
predicting, Mg, < 5TeV, is exciting for collider searches.
The present ATLAS and CMS direct searches for scalar LQs
exclude masses < 1.5TeV [102,103]. Although the remain-
ing parameter space is squeezed, it will take a future collider
to probe it fully [104].

Muon to electron conversion The perturbative left-
handed rotation in the lepton sector will transmit the interac-
tions to light Ieptons. Due to accidentally small y, , the mixing
angles can be rather large. As a benchmark, in the following
we consider [L3?| = 0.1 and |L3!| = 1073 in agreement
with Sect. 2.4. This leads to the charged lepton flavor viola-
tion. In particular, the leading bound is the ;# — e conversion
on heavy nuclei. Translating the limit from [105], we find

L2 |1L31] /5TeVV
il e [TV ) (46)
0.1 1073 MRd

As per the discussion in Sect. 3.1, the future muon conversion
experiments are expected to be able to probe Mg, masses an
order of magnitude beyond the present.

Kaon decays to charged leptons Another important set
of transitions includes s — d¢P¢" decays. For instance,
BR(K; — uu)sp < 2.5 x 1077 [106] implies [74]

32,2 2
L I IL2P (5Tev
}Kd;cd‘ —_ (MRd <1 47)

These are not competitive with the neutrino modes shown
in Fig. 5. Potential future improvements by an order of
magnitude on the mass will involve another observable,
BR(Ks — uu)e—o [107,108].

The lepton flavor-violating channel, BR(K; — pe) <
4.7 x 10712 [76], implies even lesser bound due to the sup-
pression from e—t mixing [74]

L3 |13 (5TeV Y
)@d" el Lo | (STeVY' (48)
0.1 1073 MRd

B-decays to charged leptons Two insertions of the u—t
rotation allow for b — suu decays. The contribution to the
lepton flavor universality ratios Rx ) [109,110] is given by

322 2
_ 2 3 L2717 (5TeV
Rk ~ 1+ 0.06Re(k;*k;) 0.812 < Mr, ) (49)

Rx+» ~1—0.7(Rg — 1). (50)

Interestingly, the LHCb measurements in the central ¢ bin
Rk ~0.951+0.05and Rg» ~ 1.03+0.07[111,112] provide
acomplementary probe to b — sv; ;. In fact, the aforemen-
tioned Ry, anomaly from Eq. (40) correlates with R >~ 0.97
(Rg+ =~ 1.02) for L2} = 0.1 and Mg, = 5TeV. The pro-
jected sensitivity for Rx and R} after the LHCb upgrade II
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is 0.7% and 0.8%, respectively [113], which is comparable
with the present theory uncertainty [114,115].

3.3.2 Scenario I: the phenomenology of a light R,

In contrast to R4, all the most important bounds on R, comes
from loop-level effects. Similarly to the R; couplings to left-
handed lepton mass eigenstates, we expect that the effective
coupling of R, to the left-handed leptons to be dominated by
the L, rotation mixing. We expect it to transfer the marginal
k2 coupling from €3 to the light generation leptons with a
minor enhancement due to the small ¢ Yukawa. We disre-
gard the presumed subdominant contributions from higher-

dimension operators in the following discussion.

Leptonic dipoles The chirally enhanced contribution of
R, to the leptonic dipoles poses severe bounds on the LQ
mass when confronted with the strong complementary exper-
imental limits from electron EDM and i — ey decay rate.
In the leading-log approximation the R, contribution to the
LEFT leptonic dipole (33) at the top scale is’

3 1 (sz)*/c;?x&,/c
1672 M3

r M 2
cl = ¢ log — (51)

t
The internal loop structure is dominated by the LQ couplings
to third-generation left-handed quarks.

The off-diagonal components of the leptonic dipole oper-
ator give rise to LFV decays, the branching ratio of which
is determined with Refs. [116,117]. Confronting the current
experimental bound Br[yu — ey] < 4.2 - 10~13 at 90% CL

from the MEG collaboration [118], we obtain a bound of

<0.017. (52)

M
51 LR 500 Tev Y log S
[k, X3ukK

el 0.1 Mg,

This results in a bound Mg, 2 500 TeV when the couplings
are (J(0.3). The MEG-II experiment [119] will improve the
branching ratio limit by a factor of seven.

The constraint from the electron EDM is even a little
stronger (cf. the discussion around Eq. (35)), clocking in at
Mg,
Mo < 4.1073.

I3 dm (L3 i) e )| (500TeV)2 log
8

10-3 Mg,
(53)

Future improvement of the electron EDM by a factor 10-20
is possible [120]. Clearly, it is possible to evade the bound on
Mg, and obtain an unexpectedly light LQ if the combination
of couplings in the constraints (52) and (53) are accidentally
small.

One could also consider LFV constraints from u — 3e
decays; however, these turn out to be much weaker, resulting

9 Again the loop is evaluated with the Matchete package [71].

in Mg, 2 10TeV. These weaker bounds, generated from a
box diagram in the UV, depend only on the coupling «, and
are not strictly correlated with the bounds from the lepton
dipoles.

Meson mixing The R, LQ produces the SMEFT operator

* .
s S T it

WMHZM(W)VMMV)(W Yuu') (54)
Ry

Lsyerr D —
at one-loop order. This gives a new contribution to D — D
mixing, which is strongly constrained, especially for the CP-
violating contributions. We find that the constraints on the
LQ parameters are [72]

50 TeV
Mg

2
|Re(Im)[ (k)] ( ) < 0.4(0.013). (55)

u

Albeit that the D — D mixing bounds are weaker than those
obtained from the dipole operators, they constrain different
components of the «,, coupling vector.

3.3.3 Scenario II: the phenomenology of a light S

In an alternative scenario where My is light and vy <
Mg, r, < Mg, 1, we encounter a profoundly distinct phe-

u ~o

nomenology: The interactions of S with SM fermions arise
primarily through the mediation of heavy fields, either lep-

toquarks or vector-like fermions. These interactions can be

*, P
LGSO HeP

Ry

described by dimension-5 operators such as

P
Y —

and 2527 S*HeP. As a benchmark, we take one compo-
M; 1o

nent of the flavor doublet to have mass Mg ~ 1TeV, while
the other component is heavy. Given the limit on vy from
Sect. 3.1, the couplings of S with SM quarks and leptons are
expectedtobemax{v¢vEW/M12Qd " va/MQ,L} < (9(10_4).
As a result, the flavor bounds due to S exchange analogous
to those discussed in the previous section are easily satisfied.

Conversely, a light leptoquark can be directly produced in
pairs at the LHC through QCD interactions, gg — SS7. The
overall decay width is parameterized by:

s 1 v

A BV 56
Ms 16w A2 (56)

The specifics hinge on the couplings and the spectrum. In
the following, we take vg < A < Mg  to demonstrate
the potential range, considering the uncertainty in Mg, g,
and marginal couplings O(0.3). Consequently, the S lepto-
quark has a longer lifetime than those typically considered
in the standard leptoquark searches. Given that g = Fs_l >
A(_)éD , this leptoquark undergoes hadronization into a neutral
or charged spin-1/2 hadron before its decay. Its phenomenol-
ogy at colliders as a function of v provides valuable insights
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Fig. 7 Proper lifetime of the S leptoquark in seconds for Mg = 1TeV
as a function of the SU(2), ¢ breaking scale. See Sect. 3.3.3 for details

about the scale of the flavor breaking. The search strategies
vary based on the lifetime [121,122]:

e Prompt decay occurs when cts < 1 um. Conventional
leptoquark searches [103,123] remain relevant (assum-
ing hadronization effects can be ignored). When the
decay width is dominated by R;/R, exchange, the main
decay modes involve a combination of third and lighter
generations.

e Displaced decay occurs when 1 um < ctg < 10m. A
dedicated search strategy should follow in the steps of
Ref. [124].

e Detector-stable decay occurs when ctg 2 10m. The
signature involves exotic ionizing tracks suitable for %
searches [125].

e Cosmology: When vg is exceptionally large, the longevity
of S can influence cosmological evolution. However, if
LQ decays before the onset of Big Bang Nucleosynthe-
sis (BBN), these bounds are satisfied. For a more careful
treatment, see, e.g., [126,127].

Figure 7 displays the proper lifetime from Eq. (56) as a
function of the VEV v¢ for Mg >~ 1 TeV. The two predictions
correspondto A = vgp and A = My = 100 vg, respectively.
The colored areas in the figure roughly indicate where one of
the aforementioned search strategies becomes relevant, serv-
ing as a visual guide for the reader. Remarkably, the discovery
of a leptoquark via a distinct signature could indirectly shed
light on the scale of flavor dynamics in the deep UV. These

@ Springer

searches will greatly benefit from the increase of collider
energy at the future hadron collider (FCC-hh) [128,129].

4 Discussion and outlook

In this paper, we have outlined a minimal version of a flavor
model based on the horizontal SU(2),4¢ gauge group for
the light generations. We have demonstrated a very rich phe-
nomenology, and upcoming experimental results can poten-
tially discover various low-energy signs of the model. While
itis UV complete in its own right, there remain several open
questions and interesting possibilities to explore in future
work.

Neutrino masses So far, our primary focus has been on
flavor hierarchies within the charged fermion sector. Let us
now delve deeper into the realization of neutrino masses
and mixings consistent with the neutrino oscillations data
(see, e.g., [130]). A straightforward mechanism for generat-
ing small neutrino masses is provided by the standard type-I
seesaw mechanism [131-133]. Let us add three copies of
right-handed neutrinos v, where p is the flavor index. The
new fields are singlets under the Ggy x SU(2)44¢ gauge
symmetry, allowing for a lepton number—violating Majorana
mass term £ D —%M{;rvl,vr, where M{{r is an arbitrary
complex-symmetric mass matrix.

A scenario with very large Majorana masses (in compar-
ison to the EW scale) explains the smallness of the active
neutrino masses,

my, ~ —~MpMg' M} ~ UTn, U, (57)

via the high-scale see-saw mechanism. Here Mp = Y, vgy is
the Dirac mass matrix, U the unitary PMNS mixing matrix,
and ﬁivL a diagonal, active neutrino mass matrix. This for-
mula disregards a contribution to the PMNS mixing from
the (perturbative) charged lepton mixing matrix Lé.lo With-
out additional ingredients, our model predicts Y, to have a
similar hierarchical structure to the charged lepton Yukawa
matrix (16). When confronted with the observed neutrino
parameters, especially the large PMINS mixing angles, a hier-
archical Mp results in a hierarchical Majorana mass matrix
Mg per Eq. (57). In the spirit of this paper, such a hierarchy
craves an explanation.

A possible resolution comes from a mechanism to gen-
erate anarchic Y, . To this end, we can extend the field con-
tent with a single vector-like fermion representation Np, r ~
(1, 1, 0, 2). When the mass of this field i’s comparable to
v, marginal interactions Eaﬁ N® and N, o vp wash out
the hierarchy in Y,,. In this case, the required Majorana mass

10 7 does not depend on the potentially large rotation Vy, which is
common to both charged and neutral leptons.
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matrix MR is also anarchic. This is an elegant solution, pro-
vided one accepts the coincidence of scales My ~ vg.

Higgs hierarchy problem Another obvious limitation of
our model is the little Higgs hierarchy problem. One reason
for exploring a low-scale resolution to the flavor puzzle is to
circumvent potential destabilizing effects on the Higgs poten-
tial. However, the flavor constraints from Sect. 3.1 already
require vy 2 300 TeV, and, thus, Mo ; 2 30PeV, meaning
that the one-loop corrections due to Eq. (4) introduce correc-
tions to u%{ of order M é ./ (1672). Tt is worth noting that in
this model, the Higgs mass is not calculable. But if the model
were to be supersymmetrized above the VLF scale, this esti-
mation would accurately reflect the fine-tuning. A possible
way forward is to implement the mechanism starting from
the MSSM.

Embedding in the Pati-Salam gauge group The con-
struction of the loops giving mass to the first generation
fermions (Fig. 4) is very suggestive of quark—lepton unifica-
tion; compared to the tree-level dimension-5 operators, the
loops exchange the vector-like quark for a lepton and vice-
versa. To this end, a Pati—-Salam (PS) [134] scenario seems
like the way forward. We imagine that our model gets embed-
dedina SU(4) x SU2)L x SU(2)r x SU(2)4+.¢ gauge group
in the UV.

At a simplified level, one can imagine starting with the
simpler SU(4) x SU(2)L x U(1)r x SU(2)4+¢ group, having
traded right-handed isospin for a U(1)r charge [135,136].
Remarkably, all the five scalar fields of our model fit
into just two irreducible scalar representations of the new
gauge group, namely H, R,, Ry € Xy ~ (15, 2, 1/2, 1)
and &, € Xp ~ (15,1, 0, 2). The fermions fol-
low the usual embedding along the PS unification: all the
fermions can be arranged in chiral fields Y ~ (4, 2, 0, 2),
Yp ~ 4.2,0, 1, Y ~ 4.1, 1/2, 1), and ¥ ~
4, 1, —1/2, 1); along with a vector-like fermion W r ~
(4, 2, 0, 1). This embedding also accounts for the introduc-
tion of three right-handed neutrinos. We leave a detailed anal-
ysis of this model for future work.

On top of the usual benefits of quark—lepton unification,
the embedding into SU(4) resolves one of the open problems
of our model; it accounts for the degeneracy Mgy ~ ML
as required for a satisfactory explanation of the SM flavor
hierarchies. Without such a mechanism, there is no a priori
reason for the two fundamental mass parameters to coincide.
Thus, with the quark—lepton unification, the model accounts
for the six charged fermion mass hierarchies on the basis of a
single hierarchy of scales in the UV. The hierarchical CKM
matrix comes along for free.

Cosmological imprints Another exciting avenue to explore
includes potential cosmological imprints of the model. The
SU(2)4+¢ spontaneous symmetry breaking will, under the
right conditions, give rise to a strong first-order phase tran-

sition in the early universe, which would produce a stochas-
tic gravitational wave background. The low-scale break-
ing consistent with the current flavor physics constraints,
Vp ~ 103 TeV, would be ideal for the future ground-based
gravitational wave observatories such as the Einstein Tele-
scope [137] and the Cosmic Explorer [138]. Discovering such
a spectacular signal, together with the predicted pattern of
deviations in precision flavor physics, would represent a sig-
nificant step towards uncovering flavor dynamics in the UV,
similarly to [39].
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Appendix A: Perturbative diagonalization of the Yukawa
matrices

The hierarchical structure of the Higgs coupling matrices to
SM fermions generated by the UV model, Eq. (10), com-
bined with the suitable parametrization of the UV couplings
in Egs. (3, 5, 9) allow for diagonalization with perturbative
methods. We, therefore, obtain good analytic approximations
of both the Higgs couplings to the mass eigenstates and the
rotation matrices rotating the fields between the gauge and
mass eigenstates, defined in Eq. (13). We report only the lead-
ing contribution to every individual entry in the matrices.

A.1 Quark sector

With the chosen parametrization of the UV couplings, the
singular value of the Higgs Yukawa couplings (the couplings

@ Springer
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of the Higgs boson to the fermion mass eigenstates) are

Y, ~ diag(bqiuzuh agYu2, xuz),
Ya =~ diag(bgrazal, agyaz, Xa3)-

(AD)

Matching these to the SM values provides a quick fix to sev-
eral of the UV Yukawa couplings. The corresponding rotation

matrices are

1 bqj\uZuZ bqiuZu3
. g Yu2 Xu3
L, ~ _ bghuzyy 1 ag Yu3 .
~ Ag Yu2 Xu3
bq)‘u[y:.%ZZz —z* ] _”q)’:} 1
Xu3 Yu2 u3 Xu3
1 bq)\ZZul aqbq}\:)’ﬁzul
Qg Yu2 ) XL%}
R ~ _bq)muzul 1 aqyu2yu3
u — ag yu2 s
qru xu3
232 2
bq)huzul [ }':31:2 _ Z* ] _ aq}’uZ}’;j; 1
x53 Yu2 u3 x33
(A2)
for the up-type quarks and
1 bgrdzar bghazas
~ agya2 Xd3
Ly~ _bglrazy, 1 agya3
_ aqyd2 Xd3
hqkd[)mz:}z ok ] _ agya3 1
xa3 L yan d3 Xd3
1 bg)izar  agbg)iya3zai
Ag Yd2 x§3
Ry ~ _ bgrazai 1 a,?deYdS
- agya2 X2y ’
}72)»§Zd1[yd3222 ok ] _03)‘d2)’d3 1
I 2
X3, Va2 d3 X2
(A3)

for the down-type quarks.

A.2 Lepton sector

An O(1) rotation is required to diagonalize the lepton
Yukawa matrix with the tree-level dimension-5 contribution.
It is factored out with the rotation matrix

ce s¢ 0 5
Vi=|=-seci0]., sp= —2—, (A4)
0 01 Vi

where s¢(c¢) = sin(cos)6, for some angle 6.

After this rotation, it is possible to do the remaining singu-
lar value decomposition with perturbative rotation matrices
again. We are let to define the quantities

o ave (R _ (ce—se\ [ A
A@ - )’g +)’g ML, <)\4€> - (S[ C[ > <_)\; ’ (AS)

@ Springer

and find that the diagonalized lepton Yukawa couplings for

the charged leptons are
Ye = diag(behezer, Aryer, Xe3)- (A6)

The left-handed rotation matrix is given by L, = VL, and
we have

1 bphezen Dpezes
_ Aryer Xe3
s %
L ~ _ bz 1 Agyes
¢ - Afyez Xe3
w[% —z* ] _ Agyes 1
Xe3 Ye2 e3 Xe3
1 b()“zzel Alfbé)h:yﬁzel
Aryer X2
R, ~ _bohezer 1 A%ydye?)
¢ — Aryer x5
b%‘)te‘zzel[)’e,?ZZz ok ] _A%YeZ}'ﬁ 1
x623 Ye2 e3 x33

(A7)

With these perturbative formulas, we can establish a bench-
mark point for the UV parameters that faithfully reproduce
the experimental measurements.

A.3 Benchmark values

To illustrate some realistic parameters for the model, we
consider here a single benchmark point. We take the break-
ing scale of SU(2)44¢ to be fairly small at vy = 103 TeV.
The LQ masses influence the Higgs Yukawa couplings only
by controlling the RG running. Thus, their exact values are
less important, and we simply set the renormalization scale
w = 103 TeV as roughly the scale of the LQs.

‘We match the model to the SM Yukawas at the scale  and
so take into account the running of the SM parameter, taken
from Ref. [139], using the RG functions of RGBeta [140] at
loop order 3—2-2 (gauge—Yukawa—quartic). The target values
of the Higgs couplings to the fermion mass eigenstates at
n= 103 TeV are

(Vi Yer V1) gy = (4.54-107°,2.29- 1073, 0.667),
(va. Vs, Yb)gy = (9.95-107°, 1.98 - 107%, 0.0100),
)

(Ver Vs ¥r)gy = (2.87-107°,6.05 - 1077, 0.0103).
(A8)

To a good approximation, the CKM matrix of the SM does
not run, and we use the PDG values [141] directly at the scale
W

We find that VLF masses Mg = M; = 100 vg are a good
starting point for producing the hierarchy of the SM Higgs
couplings. We let

ye=0,
p = 0.2,

yq = 0.25,
z¢ = 0.1,

Zq = 0.3, Ye = 0.2,

du = rg = 0.3, (A9)
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such that
ag =25-1073, by =1.6-107%, (A10)
Ag=2-10", by=16-10"* (A11)

With these choices, the SM values for the Yukawa parame-
ters allow us to fix the diagonal values of the vectors from
comparison with Egs. (A1, A6):

(zuts yu2. xu3) = (0.097, 0.91, 0.67),
(za1, yaz, xa3) = (0.21, 0.079, 0.010),

(ze1. ye2. Xe3) = (0.092, 0.30, 0.010). (A12)

The SM mixing angles, captured by the CKM matrix, pro-
vide only limited information to fix the remaining parameters
in yj,’ and z?. The compressed mass hierarchy in the down
quark sector, as compared to the up quark sector, ensures
that the mixing contributions from off-diagonal down-type
Yukawa couplings are enhanced. Hence, we take the CKM
matrix (15) to be exclusively due to down-type contributions
in this benchmark. To a good approximation, the SM values
for the CKM are obtained with

243 = 0'7761'(0(71.20) ,
(A13)

ya3 = 0.16, zg» = 0.95¢'%,

for any phase «. Non-zero up-type contributions to the CKM
matrix will shift these values only by small amounts.
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