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In the Standard Model, Yukawa couplings parametrize the fermion masses and mixing angles with the
exception of neutrino masses. The hierarchies and apparent regularities among the quark and lepton masses
are, however, otherwise a mystery. We propose a new class of models having vectorlike fermions that can
potentially address this problem and provide a new mechanism for fermion mass generation. The masses of
the third and second generations of quarks and leptons arise at tree level via the seesaw mechanism from
new physics at moderately higher scales, while loop corrections produce the masses for the first generation.
This mechanism has a number of interesting and testable consequences. Among them are unavoidable
flavor-violating signals at the upcoming experiments and the fact that neutrinos naturally only have Dirac

masses.
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I. INTRODUCTION

The discovery of the Higgs boson in 2012 [1,2] com-
pletes the tremendous success of the Standard Model (SM).
The SM has, however, a list of theoretical and experimental
problems such that it cannot be the final theory. The
observed masses and mixings of quarks and leptons do
not belong to this list, even though the masses span an
impressive 13 orders of magnitude from the light active-
neutrino mass scale to the top quark mass. The observed
values are readily accommodated by the SM, albeit at the
cost of adding Yukawa couplings with strengths ranging
from 1076 (for the electron) to 1 (for the top quark). This is
not a problem due to chiral symmetry which protects these
drastically different values from big quantum corrections.
However, the observed regularities of the masses and
mixings remain, an unresolved mystery which may point
to a mechanism beyond the SM which explains them. We
present in this paper such a mechanism where new vector
generations with TeV-ish masses lead to a seesawlike
fermion mass matrix with tree-level and loop contributions.
Upon diagonalization, the mechanism naturally produces the
observed patterns without any extra ingredients.

The experimental data reveal that the quark mixing
pattern differs significantly from the leptonic mixing
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pattern. The quark sector’s mixing angles are tiny, meaning
that the Cabibbo-Kobayashi-Maskawa (CKM) quark mix-
ing matrix is quite close to the identity matrix. On the other
hand two of the leptonic mixing angles, are large, and one is
tiny, on the order of the Cabibbo angle, indicating a
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mix-
ing matrix that is substantially different from the identity
matrix. This “flavor puzzle” is one of the features which the
SM does not address. It provides motivation for investigating
models with enhanced field content and expanded flavor
symmetry groups to explain the existing SM fermion mass
spectrum and mixing parameters.

A primary step towards a solution of the flavor puzzle is
to comprehend the physical characteristics of the gener-
ations. Partners from various generations have universal
gauge interactions, but widely differing Yukawa couplings
to the Higgs field. This may imply that there is some
underlying connection between gauge and Yukawa inter-
actions while maintaining the cancellation of anomalies
within a generation, which is a beautiful feature of the SM.
The simplest gauge group with such qualities is widely
known to be based on the difference of the baryon and
lepton numbers, U(1),_;, provided a right-handed sterile
neutrino per generation is added to cancel the anomaly. The
U(1)g_, framework is widely studied in the literature in
different contexts. In the classical framework [9-12], the
U(1)p_, symmetry is considered to be broken at a very
high scale (~10'* GeV) such that the tiny neutrino masses
and mixings are generated via the seesaw mechanism by
generating the lepton-number violating (LNV) Majorana
mass for the sterile neutrino. The breaking of U(1),_,
symmetry at low scale (~ TeV/ sub-TeV) has attracted quite
a bit of interest recently [13,14]. This class is substantially
different from ours in terms of both philosophy and
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FIG. 1.

physics. Note also that one could identify the new Abelian
gauge group as a generic U(1)y. Here, the masses of the
third and second generations of quarks and leptons arise in
the tree level via the seesaw mechanism, while gauge loop
corrections produce masses for the first generation (see
Fig. 1). For a selection of models generating fermion-mass
hierarchies from quantum loop corrections see [15-20]. In
other theories, the mechanism for generating neutrino
masses and mixing are, in general, quite different than
the generation of quark and charged lepton masses. In
contrast to that, our formalism is universally applicable
to the up-type quarks, down-type quarks, charged leptons,
and neutrinos. It is aesthetically appealing to create such a
hierarchical mass pattern in a way that allows for natural
Yukawa coupling [O(1)] values as a result of loop
suppression. Moreover, the neutrinos in most extensions
of the standard model are presumed to be Majorana
particles. The tiny neutrino masses and mixings are realized
using the standard seesaw mechanism [21-27], which
generally generates an effective dimension-5 lepton-num-
ber violating operator O; = (LLHH)/A, suppressed by
the mass scale A of the heavy right-handed neutrino.
However, if the lepton number is a conserved quantum
number, Majorana neutrino masses are prohibited, and the
standard seesaw mechanism does not work. It requires an
alternative explanation for the smallness of the Dirac
neutrino mass. In models where the neutrino mass is zero
at the tree level, it is possible to generate a small Dirac mass
as a radiative correction. Such models are available both in
the context of SU(2) x U(1) gauge theory with right-
handed neutrinos and in the context of SU(2); x SU(2), x
U(1) gauge theories. However, these models [28-56]
assume the existence of new fermions or bosons and in
most cases new discrete symmetries as well, whose sole
purpose is to provide an explanation for the small neutrino
mass. We present a model of Dirac neutrino masses which
does not suffer from this unsatisfactory feature.

This paper is organized as follows. In the next section we
briefly discuss the basic mechanism. Then we describe in
detail the proposed model, its symmetries, particle spec-
trum, gauge sector, scalar potential, and Yukawa inter-
actions. Subsequently, we analyze the resulting masses and
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Schematic Feynman diagrams for three-generation quark and lepton masses.

mixings of quark and leptons, and finally we discuss
phenomenological implications before we conclude.

II. THE FLAVOR SEESAW MECHANISM

Let us first sketch the main ingredients of the flavor
seesaw mechanism. Therefore, consider the following mass
matrix for the up-quark sector, which has, at the tree level,
the form,

( 0
vs{hl Mp

Here |h) is a n-element column vector including the
Yukawa couplings, Mp the explicit mass of a vector
fermion, vgy the electroweak (EW) vacuum expectation
value (VEV), and vg the VEV of a suitable new scalar.
A model realizing these details will be presented in the next
section. For the down sector, we have a similar matrix. Note
that the above matrix yields two nonzero and n — 1 zero-
mass eigenvalues. If Mp > vgw, vy, which we call the
seesaw limit, the nonzero eigenvalues are provided by

my = ag(hlh).  mp=Mp,

where ay = —(vgwvs/Mp). The eigenvector |f) corre-
sponding to m, is proportional to |h). After including loop
effects, we can write

Mo — oM | va|a>
" \vslal ‘ Mp )

where 6M originates from quantum loop effects and |a)
includes corrections. The rank of MM} or MMy which is
also the rank of M, determines the number of massive
fermions in the up sector. Counting the zero eigenvalues of
M yields its rank. We analyze the following eigenvalue
equations in this regard,
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SM|x) + vewla)x, 1 =0,
US<(X|X> +Mpx,, | = 0.

By eliminating x,,,, we obtain
(6M + agla)(al)|x) = M|x) = 0,

where we consider the combination M + ag|a)(a| as M.

If M has rank r, then MTM; possesses r + 1 nonzero
eigenvalues and r generations become massive. To inves-
tigate the mass hierarchy, we use the approach of calculat-
ing My loop by loop and determining the number of
massive generations based on the rank of the mass matrix
for the light quarks and leptons, M. We discuss system-
atically scenarios with different numbers of vectorlike
fermion generations.

The above features are the basic mechanism which will
be realized and phenomenologically analyzed in a specific
model in the subsequent sections.

ITII. ABELIAN SYMMETRY AND THE
FLAVOR PUZZLE

A. Particle spectrum

In order to successfully implement the flavor seesaw
mechanism, we consider two additional generations of
singlet-vectorlike (VL) fermions for each species of SM
fermions. More precisely, this includes VL up- and down-
type quarks T, By, VL charged leptons E;, and VL neutral
leptons N;, where k is the generation index of these
new particles. The gauge group of the model is given by
Gsm % U(1)y and a successful anomaly cancellation can be
achieved by the addition of three generations of right
handed neutrinos v;; with j =1, 2, 3. Finally, to break
U(1)y, a second scalar  is required. The anomaly free
charge assignments of all particles are given in Table I. We
emphasize that the SM Higgs is charged under U(1)y in
this scenario and the usual Higgs-Yukawa couplings of the
SM are forbidden. Note also that one could identify the new
Abelian gauge group U(1)y with B — L charge.

B. Gauge boson sector

The Lagrangian of the gauge sector is given by

1 (I 1
Gy G =y Wi, Wi — 2 B B — 1 X, X,

gauge — _Z uv
(1)
where Gy, WL,,,BW and X,, denote the field strength
tensors of the SU(3)., SU(2),, U(1)y, and U(1)y group
respectively witha = 1,...,8 and i = 1, ..., 3 and we will
indicate the couplings of these various gauge groups by

9s» 9, ¢, and gx. Except for the VL. down-type quark, all
fermions are charged under U(1)y and will therefore

L

TABLE 1. Particle content and charge assignment under the
gauge group Ggy X U(1)y, where j =1, 2, 3 denotes the SM
family and we introduce k generations of VL fermions. The
electric charge is given by Q = T; —5—%, where T3 is the third
component of weak isospin.

Particle SUB).  SUQ), U(l), Uy
0, - (uj) 3 2 1/3 1/3
Tt d; L
d 3 1 ~2/3 1/3
: 1 2 -1 -1
- (2)
¢i/L
VjR 1 1 0 -1
ejR 1 1 -2 -1
TkL, TkR 3 1 4/3 2/3
Nis Nig 1 1 0 ~2/3
Eir, Exg 1 1 -2 -4/3
ot 1 2 1 1/3
¢ = d)O
n 1 1 0 1/3

interact with the neutral gauge boson X that is associated
with the new Abelian gauge group. In general, the neutral
current interaction involving the gauge boson X is given
by [57]

g -
Lne D TXZ%V” la, P1 + a, Prly; X", (2)
ij

wherey € {Q. ¥, u,d.v,e,T,B,N, E} and g,, denotes the
respective charge under U(1)y (see Table I). In the above
equation we consider the most general case, where the
couplings of X are flavor nondiagonal. We will discuss the
effects of these flavor changing neutral currents (FCNCs) in
more detail in Sec. I'V. For now it is important to note that
the generations within one fermion species are treated on an
equal footing, i.e., their U(1)y charges are family inde-
pendent. Moreover, left- and right-handed fields carry the
same charges.

C. Scalar potential

The additional scalar # is a SM singlet charged under
U(1)y. It couples to the SM Higgs via the scalar portal
term. Thus, the Lagrangian in the scalar sector is given by

‘Cscalar = (D/Aqb)T(DMQb) + (D/m)T (Dﬂrl) - V(¢”7)’ (3)

Lo 1
V(gon) = —pgd’d + 529 $)* = i + 5 2y (n'n)?

+ A (D7) (" ). (4)
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In this notation V/(¢,n) describes the scalar potential and
the covariant derivatives take the form

T g g
D, = <8”+195WM+1EB”+161¢7XX”>¢, (5)
D= (0, +iq XX (6)
ull w Ty A )

with the U(1)y charge of the two scalars g, and g,,. If the
scalars acquire VEVs

w-(, "

_Us
UEW/\/§>’ <77> V2 (7)

V2’
symmetry breaking occurs in two steps,

SUGB) e x SU(2), x U(1)y x U(1)y

SU(3)e x SU2), x UMy BSUG) e x Uy, (8)

where we assume vg > vgw. As a result, the gauge bosons
of the broken symmetries become massive.

Since 7 is a weak singlet, the electrically-charged gauge
bosons acquire mass solely due to the nonzero expectation
value of ¢. Using the convention Wi = (W2 F iW})/v/2,
their tree-level mass is given by

_92”123w

M; 1 ©)

wt T
We note that this result is similar to the SM case. In the
neutral gauge boson sector, mixing between the SM gauge
bosons and the newly added X is induced by ¢ carrying
nonzero charge under U(1). The mass matrix spanning the
neutral gauge boson space (B, W3, X) has the form

| Pokw  —99VEw 9 9xqVEw
M? = 1 —99 Vg I VEw —99x9 VEw
/ 2 2 279 9 2.2
9 I9xq9Vew —99x4pVew 9% (45w T+ 4 Vs)

(10)

By defining the rotation angle s,, = sin6,, = ¢ /\/g*> + ¢
we can transform into a more convenient basis

A c, s, O B
Y|=]|-s, ¢ O w3 |, (11)
X 0 0 1 X

where the squared mass matrix has one zero eigenvalue.
This corresponds to the massless photon A. The submatrix
mixing the two massive states (Y, X) is then described by
the entries

vl (14 252) + ¢?s2 (1 + 2¢2)]

M2, = i ,
. B @Gk + 4v3)
MXX — )
4
2 /
IxqpVew(9Cw + 9'sy)
M%’X - _ ¢ “EW w w ] (12)

4

Diagonalization by a further transformation

()-(5 90 o

yields the two massive eigenstates Z and Z’' with masses

1

M3, = 5 (M3}y + My F (M}y — M3x)V/ 1 + tan 2¢),
(14)
and the mixing angle defined by
2M3
tan2¢ = =1 (15)
Myy — Myx

We note that although Z — Z' mixing is induced in our
model, the mixing angle will be suppressed by O(vdy,/v3).
Hence, in the limit vg > vgy, these effects are rather small
and we will neglect them in the subsequent considerations.
In general, kinetic mixing may occur as well. However, we
consider negligible kinetic mixing in our study.

D. Yukawa Lagrangian

Having specified the particle content and gauge inter-
actions, it is particularly interesting to consider the explicit
realization of the flavor seesaw in our model. As already
noted, the charge assignments of the U(1), gauge group
forbid Yukawa couplings between left- and right handed
SM fermions via the usual Higgs mechanism. Instead, the
following Yukawa couplings with the VL fermions are
allowed

Ly = —}’ZQ,‘L(,%T/(R - YZTkLWjR - ngjL¢BkR

- yZBkLﬂdeR - ygq_‘jL{kaR - yiﬁkL’?’/jR

- yfll_ij¢EkR - YZEkLﬂTejR +H.c, (16)
where y,, y;, y., and y,; denote the new Yukawa coupling
matrices with superscript g (¢) indicating the quark (lepton)

sector. Besides, the VL. fermions can have explicit mass
terms that are given by

Lexpticit = =Mz T Tig — MpBiy Big — MyN i Nig
_MEEkLEkR +HC (17)

115015-4



FLAVOR SEESAW MECHANISM

PHYS. REV. D 105, 115015 (2022)

Without loss of generality we assume the VL. mass matrices
to be diagonal.

We like to emphasize that the assigned U(1)y charges
prohibit direct Majorana mass terms for neutrinos.
Moreover, within our minimal particle content there is
no suitable scalar field which could generate a Majorana
mass term from Yukawa interactions. In fact, the LNV
Weinberg operator LLHH /A is protected at any loop level,
due to the U(1)y gauge symmetry.

E. Generation of quark masses and mixings

We start by considering the quark sector first. After
spontaneous symmetry breaking, the tree-level mass
matrix for the fermions receives contributions from both,
the VEV of 5 and ¢. In the up-type quark sector this can be
written as

Ty.)

Uir

_ 0 _ _ =
UM g = (i, iy, iy Ty

Urr

with y? a 3 x k matrix and likewise for all other Yukawa
couplings. Similarly, for the down-type quarks the mass
matrix is given by

&LMEJO)dRE(C_ZlL dy, dy By By)
dig
dar
033 | P\ | dsr
((yZ)T<77> | MB> B 1)
Byg

Provided that the column vectors of the respective Yukawa
coupling matrices are linearly independent, the rank of
these tree-level matrices is 2k. Regarding the number of
VL fermion generations, we categorize three different
scenarios. First of all, consider the situation where the
Z' couplings in Eq. (2) are flavor diagonal and thus the one-
loop Z' exchange contribution that is shown in Fig. 2(a) is
proportional to the tensor product of Yukawa couplings,
ie., for instance, ~yd(y])". By introducing three gener-
ations of VL fermions, all SM generations acquire masses
at tree level, which is usually referred to as the universal
seesaw mechanism [3-8]. However, we find that with a
proper choice of parameters the one-loop Z' exchange

diagram can be the dominant source of first-generation
fermion masses. Secondly, one could also think of a
scenario with four generations of VL fermions, of which
one is massless and does not talk to the SM generations but
only to the other VL fermions due to some proper
symmetry. This implies that two generations of SM
fermions become massive at tree level, while the first
generation masses are generated from the one-loop Z’
exchange. In this work, we limit ourselves to a detailed
discussion of a third case, where we consider flavor-
nondiagonal couplings of the Z'. Two massive gener-
ations of VL fermions can then generate tree-level masses
for the third and second SM generation, while the one-
loop contribution of the Z’ enhances the rank of the mass
matrix by one, thus leading to first-generation masses.
This can be understood in more detail considering the
one-loop contribution of Fig. 2(a) for nondiagonal Z’
couplings. In the following, we denote this contri-
bution by M}; = Z;;(p = 0) which is in Landau gauge
given by

2.3 2 q q
3
M, :E : } : ; quQqu[ya];gk[yb]knvEWUS

k=1 m,n=1

> / d4k yy(k'l' MTk)yyg”y
(2)* k> (k* = M3,)((p = k)* = M3)

_ ZZ: 23: 39§CIQCIM[)’Z]mkb’Z]anvas
3272

k=1 m,n=1

2

< MTk MZ/
2 2

(Mz' - MTk)

(20)

where we assume k =2 from now on. We note that the
one-loop contribution of this diagram is independent of
the index 7, j = 1, 2, 3 as a consequence of nondiagonal
Z' couplings. Hence, the loop contribution is the same for
all three generations of ordinary quarks and we can write
6M{; = 6M" subsequently.

Using this result, the mass matrix for the up-type sector
is given to one-loop order by

_ 1 _ _ _ - -
“LMa)“RE(MlL iy, U3y Ty TZL)

Uir
u q Usr
X( oM ‘ ya<¢>) U (21)
GOTm) | oM )R
Tig
T

with 6M" a 3 x 3 matrix where each entry equals oM".
Starting from this general matrix form, it is evident that
the column vectors of the Yukawa matrix yZ need to be
linearly independent from the column vectors of the loop
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(a) Feynman diagram which contributes at one-loop to the mass of the first generation quarks via Z’ boson exchange, where 1,

j.m, n =1, 2,3 denote the three generations of light quarks and k labels the index of the VLF. (b) one-loop contribution to the first-

generation masses via scalar exchange.

contribution that are ~(1,1,1)”. Equal statements apply
to all other Yukawa couplings in order to guarantee that
MW has rank five.? It should be mentioned that there is
an other one-loop contribution to the last column (row) of

/\/ll(,l), since the VL fermions themselves couple to the Z’
(except for the bottom-type which carries no U(l)y
charge). However, we regard this contribution to be
small compared to the tree-level entries and therefore
neglect it in the further calculation. We want to empha-
size that the addition of two generations of VL fermions
is the most minimal setup in order to generate masses for
all three generations of SM fermions. A further reduction
of the number of vector generations would also reduce
the rank of M) and hence lead to one generation of SM
fermions being massless.

In the down-type sector, the one-loop mass matrix is
similarly obtained and we quote here the result

- . _ _ _ _ _
dLMgi)dRE(dlL dy, dy, By, By)

dig
v |ty |
((yZ)T<f7> | Mr> B3R .
1R
By

with the obvious replacements of the loop correction in
Eq. (20). For the following, we diagonalize the obtained
matrices by a biunitary transformation, such that

’There exists a second diagram (see Fig. 2(b)) which contrib-
utes at one-loop to the mass matrix. However we consider this
diagram to be suppressed due to small scalar mixing. Furthermore
its contribution is proportional to the tensor product ~yZ(yf)”

and hence does not change the rank of ME}).

VZM:())(V%)T = My = diag(m,, m.,m, mry, mry),
VIM (V)T = MG = diag(mg, my, my, mp;, mp).
(23)
Hence, the fermion mass eigenstates are given by
ﬁL/R = VZ/RUL/R,
dyjr = VY pdpr. (24)

Evidently, there is mixing between SM quarks and their VL.
partners, which will effect the gauge and Yukawa inter-
actions when transforming to the fermion mass eigenbasis.

F. Gauge and Yukawa interactions

In the following section we illustrate our notation
exemplary for the up-type sector. In the flavor basis, the
couplings of the up-type quarks to the Z can be written as

LD Z,a g (Z)uy, + agytgi(Z)ug], (25)

where the coupling strength is given by

g u,.SM . 11
“WZ) =" |1qg;""(Z)—d 0,0,0,—,=-11,
91(2) - {QL (Z) lag( 5 2>]

w

#(2) = L 1ge™(2)) (26)

with g™ (Z) =T5 - Qs2, =1/2-2/3s2 and g™ (Z) =
—Qs2 = =2/3s2. If we transform to the fermion mass
basis, it is evident that there will be FCNC in the left-
handed sector since g4 (Z) is not proportional to the identity
matrix and the Lagrangian becomes

L2 Z,[0 "9 (Z)b, + gy ds(Z)bg], (27)

with 3 (Z) = Vigi(Z)(V})" and §4(Z) = gk(2).
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On an equal footing, we can write down the interaction
with the Z’' boson in the fermion mass eigenbasis

LD Z [0 g8 (Z)ay + 0y gs(Z)ag],  (28)
where

91(Z') = Vigi(Z) (Vi)'
9r(Z') = Vigh(Z)(VR)', (29)

and ¢¥(Z'") = ¢%(Z') denote the coupling strengths in the
interaction basis with nondiagonal entries proportional to
the U(1)y charge of the fermion [compare Eq. (2)].
Consequently, there are tree-level FCNCs mediated by
both, the Z and the Z’' boson. However, in the case of the
Z these effects are rather small since they are only
induced by a small mixing between SM quarks and VL
fermions.

In the mass basis, the coupling of the W boson to quarks
is given by

Lo \% W G,y g (W)d,] + Hee., (30)
where
gL (W) =Vigi(w)(vi)", (31)
and
gl (W) = diag(1,1,1,0,0). (32)

From these definitions we find that the mixing matrix
between the generations is described by a (5 x 5) matrix,
whose three-dimensional submatrix yields the well-known
CKM matrix

Verum = @Z(W)|3x3- (33)

Finally, we consider the Yukawa couplings in the fermion
mass eigenbasis. In our model fermion masses receive not
only contributions from the SM Higgs, but also from the
second scalar 7. Therefore, the couplings of fermions to the
physical Higgs boson are no longer diagonal in the mass
basis and give rise to tree-level FCNCs. Adopting the same
notation as before, the Higgs couplings in flavor basis from
Eq. (16) can be rewritten as

L£>—¢"a,Y,ug +Hec., (34)

where the Yukawa coupling matrix is given by

1 /05 :
sa,:—<33 Y ) (35)
V2\ 0,5 0,

Transforming to the mass basis results in the nondiagonal
coupling

LD —¢"a, Y, 0, +Hec., (36)

where we defined

A

Y, = ViY,(VR)". (37)

We note that the scalar # also induces FCNC. However,
since its mass can be at a high scale, we do not consider
these effects here.

G. Generation of lepton masses and mixings

The generation of neutrino masses succeeds analogously
to the up-type quarks. At one-loop the mass term in the
Lagrangian can be written as

_ 1 _ _ _ - =
VLMZ(/)VRE(UIL Dy by Ny Ny)

V1R

My | y5<¢>) Fak
(o7 N ETY

(v5)" (m) ‘ My Ny

N2R

where 6 M is again a 3 x 3 matrix with each entry equal to
oM*. The loop contribution in the neutrino case can be
inferred from Eq. (20) by replacing the appropriate gauge
charges, Yukawa couplings and VLF masses. Analogously,
for the charged leptons we find

— 1 _ _ _ = =
eLMg)eRE<61L ey & Eyp Ey)

X( M| y’5<¢>> Con
GO | Mg

These matrices can be diagonalized by the transformations

Ve MY (V)T = MEFE = diag(m,,, m,,, m,,, myy, my,),
VEMI (VE)T = M = diag(m,. m,. me, mg, mp),

(40)
where the fermion mass eigenstates are defined by

ﬁL/R = VZ/RVL/R,

éL/R = Vz/ReL/R. (41)
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TABLE II.

Yukawa coupling benchmark points for our analysis.

Benchmark points

Yukawa couplings BP1 BP2
vd 0.625 0.513 0.631 0.522
<0.186 x 1003 0.159) (0.183 x /003 0.158)
0.401 0.327 0.412 0.344
Vi 0.332 0.229 0.335 0.227
<0.34O 0.224 ) (0.352 0.222 )
0.294 0.232 x 00 0.290 0.230 x 00
vi 1.539 1.287 1.501 1.341
<0.195 0.538)6] (0.205 0.600)6]
1.060 0.754 1.061 0.795
v 1.110  0.332 1.129  0.331
( 0.850  1.506 )61 (0811 1.624 )¢
13.969 12.405 14.076 13.236
A 1.306 1.494 1.235 x ™1 0.948
<0.175 1.257)e% ( 0.195 2.283>e2
0.538 0.333 0.443 0.347
v, 0.319 1.048 0.101 1.210
<0.285 0.668)6% (2.871 0.947)62
0.967 0.328 0.243 1.589
B 0.678 1.166 0.484 1.468
<0.854 0.574)61 (0.999 1.281 )61
1.474  0.820 0.617 0.809
N 1.398  0.960 1.555 0.479
<O.740 0.780)61 (1.355 1.381>€1
0.747 1.445 0.858 0.982

Using these conventions, the charged current interaction in
the mass basis reads

Lo \% W [&,7"5, (W)p,] + Hec., (42)
where
(W) =Vigi(W)(Vy)", (43)
and
g5 (W) = diag(1,1,1,0,0). (44)

Following the standard convention, the PMNS matrix is
then given by the 3 x 3 submatrix,

Upmns = @i(W)‘sxy (45)

We note that in this scenario, the PMNS matrix is no longer
unitary as assumed in the SM. For the sake of brevity, we
will not explicitly show the neutral current interactions here
but refer the reader to the conventions outlined in Sec. Il F.

H. Numerical results

It is worth noting that the parameters for this type of
flavor model cannot be chosen at random. The parameters
of our model are mapped onto SM parameters and in order
to show that our model can reproduce all the observable
perfectly, we give two benchmark points (BPs) and their
predictions. The chosen Yukawa couplings in the quark
and lepton sector are shown in Table II, where €; = 1072,
€, = 107'e3. For simplicity, we assume that the mass of the
heavy gauge boson M/, is 300 TeV and the related gauge
coupling gy equals 1 throughout our analysis. Considering
the first benchmark point we select the VL quark masses
My = 8.00 TeV and My, = 40.00 TeV while the second
generation is nearly degenerate with a mass difference of
1 GeV. In the lepton sector we use My; = 7.00 x 107 TeV
and My, = 1.00 x 108 TeV for the VL neutral leptons
and Mg; = 50.00 TeV and Mg, = 80.00 TeV for charged
VL leptons. For the second benchmark point we assume a
larger degeneracy in the quark sector with My =
8.00 TeV, My, =1791 TeV, Mp =40.00 TeV and
Mp, = 65.69 TeV. The VL neutral lepton masses are
given by My, =1.15x10° TeV and My, = 1.25 x
10 TeV while those for the charged leptons are My, =
50.00 TeV and Mg, = 80.00 TeV. Table III shows that
these parameter settings are in accordance with the observ-
able fermion masses and mixings. Furthermore, as a
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TABLEIIL.  SM observable for the two benchmark points. Here Am3, = Am2, for NH and Am2, = Am3, for IH. Experimental ranges
[58,59] denote 30 intervals except for the charged lepton masses where we demand our model to fulfil the measured value within £5%.

Quark sector

Lepton sector

Model Model
Model prediction prediction

Observable m Observable Exp. range Exp. range (NH) (IH)
(Masses in GeV)  Exp. range BP1 BP2 (Masses in GeV) (NH) (IH) BP1 BP2
m, /1073 1.38 - 3.63 2.12 3.07 wA-SLévz 6.82 — 8.04 6.82 — 8.04 7.583 7.898
m,. 121 - 133 129 1.25 .
m; 171.7 - 174.1 172.3 174.1 10_:";’\,, 2421 - 2.598 —2.583 - —2.412 2.567 —2.432
my/1073 4.16 > 6.11 434 5.08 m,/1073 0.485 — 0.537 0.511 0.527
my 0.078 - 0.126 0.122 0.109 m, 0.100 - 0.111 0.109 0.109
m, 412 - 427 418 4.13 m, 1.688 — 1.866 1.862 1.839
[Vl 0.973 - 0.974 0.974 0.974
|Vl 0.222 — 0.227 0.227 0.226
[Vil/1074 31.0 > 454 384 448 sin?(6,) 0.269 — 0.343 0.269 — 0.343 0.315 0.320
[Vl 0.209 — 0.233 0.226 0.226
|Vl 0.954 — 1.020 0.973 0.973
[Vl/1073 36.8 > 452 423 419 sin?(0,3) 0.407 - 0.618 0411 - 0.621 0.444 0.413
[Vial/107% 71.0 - 89.0 84.0 78.7
|Vi|/1073 355 - 42.1 41.6 414
[Vl 0.923 — 1.103 0.999 0.999 sin®(6;5) 0.02034 — 0.02430 0.02053 — 0.02436 0.02053  0.02300
J /1073 273 —-345 3.12 340 Ocp/0 107 — 403 192 — 360 0 250

measure of CP-violation, we calculated the Jarlskog
invariant which is defined by J = Im(VV, Vi, Vi)
Note that while the first benchmark point correctly
reproduces a normal hierarchy (NH) for neutrino masses,
the second benchmark point demonstrates that our model is
also capable of describing an inverted hierarchy (IH). Using
VL masses of a few tens to a few hundreds of TeV, the
hierarchical mass structure of the quark sector (both up and
down type) can be nicely accommodated for natural
Yukawa coupling values of O(1072)-O(1). For the
charged-lepton sector VL masses in the same range as in
the quark sector also imply similarly moderate Yukawa
couplings. For the neutral leptons, VL masses of the order
O(107) TeV would imply somewhat smaller Yukawa
couplings O(107%), which is still much less hierarchical
than the usual values in the SM ranging from 1013 to 1.
Note, however, that VL masses can have any value without
introducing a new hierarchy problem. One could therefore
choose higher values for the scale of the neutral lepton VL
fermions and obtain in this way Yukawa couplings O(1).
Choosing O(1) Yukawa couplings would then require a VL
mass scale of O(10'7) GeV which leads via the seesaw
formula to the correct neutrino masses. It is also important
to keep in mind that the discussed benchmark points serve
only as a proof of existence and a more detailed scan of the
high-dimensional parameter space is beyond the scope of
this work. This implies that there could be further solutions
with lower scales having more effects on a variety of
beyond the SM observable. Finally, it is important to stress

that the number of parameters in our specific model does
not allow to predict fermion masses or mixing angles.
Instead the parameters are mapped in a way such that the
observed hierarchies and mixing patterns emerge naturally.
Other model realizations of the flavor seesaw mechanism
may, however, be more restricted and thus be predictive.
One can also imagine scenarios where symmetries among
Yukawa couplings explain the observed hierarchies and
mixing patterns in combination with the mapping.

IV. PHENOMENOLOGICAL IMPLICATIONS

A. FCNC processes in quark sector

Due to the tree-level FCNCs that are present in our
model, it is important to estimate the new physics effects on
observables in the neutral meson mixing systems D° — DO,
K°—K° BY—BY, and BY — BY. The dominating contri-
bution to these processes originates from three level ¢ and
7' exchange as shown in Fig. 3.°

In the following we apply an effective operator approach
where contributions from heavy particles are integrated out.
Then, the Hamiltonian responsible for mixing in the neutral
meson system reads

’In principle there are also tree-level FCNCs mediated by the
Z. However, these are rather small since the Z couples diagonally
in the interaction basis and small nondiagonal contributions arise
only via mixing with the VL fermions.
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FIG. 3. Tree-level contribution to neutral meson mixing by (a) SM Higgs exchange and (b) Z’ exchange.

Mo 1 /- ) 1 +7s ) 1—ys].\? element is defined by MY, = (P|H|P) from which we
efft = 2m§s 9|\ Xa)ij™ a)ij =5 |9 can calculate the physical observable mass splitting
1 ~ ~q ] 1 },5
+ M <qi7ﬂ [ L(Z )]z]T Amp = ZRC(MIIDZ),
1+7s 2
~q (71 ~
+[0=(Z >]ij D) ]%) ’ (46) and in the case of the kaon the CP-violation parameter

lex| =~ Im(MX,)/(v/2Amy). For the relevant four-fermion
where g; and g, indicate the quark fields participating inthe ~ operators we use the hadronic transition matrix ele-
mixing. Regarding a general meson P, the transition-matrix ~ ments [60]
|

_(1+£ _(1=F _ 1 m>
<P|Qi< 27/5)%'%< 2y5)qj|P> :f%mP <—+——P)2>B4’
4qj

_(M£ys) _(L£ys) 5 5
(P|g; 2 2 qi4i 2 2 C]j|P> :_ﬁf%mP

1ty _ 1ty _ 1
%C]ﬂ]ﬂ”( 2 5)‘1,/'|P> :ngf%’Bh (47)

which depend on the B parameters, the meson decay constant fp and the meson mass mp. With this at hand, the complete
transition matrix element takes the form®

frmp [ 5 m3 - - . . 11 m3
ME =P P~ TP (Y )24+ (Y2)-B,- Y) .. |—+-——"> __.B,.
12 2m(2) 24 (mq,» + mqj)2 (( q>1] + ( q)zj) 2 ’12(#) + ( q)z]( q)lj 12 + 2 (mq,» + mqj)z 4 '74(:”)
fampl N famp N 1 1 m>
+2;455([93(2/)]%j+[Q?e(z')]%j)'Bl"11(ﬂ)+ ]CI%,P [67.(Z")];;l0x(2")),; E+§m * By na(p).

(48)

In above equation 7y, 75, and 1,4 are QCD correction factors for the Wilson coefficients (WC) that account for going from the
heavy mass scale to the hadronic scale 4. We explain their calculation in the following.
Generally, the effective AF = 2 Hamiltonian is described by

5 3
HAF2 =) Ci0i+ > G0 (49)
i=1 i=1

where C; are the WCs for a basis of four-fermion operators

*We use here a Fierz rearrangement for the mixed left- and right-handed current of the Z’ (see [61]).
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0= Q?LVMI?L@Z}’”‘I?L’
04 = qgqu?Lq_{‘jL‘IfR’

and Q, symbolizes the corresponding operator with inter-
changed L < R.

Since the WCs are evaluated at the scale of new physics,
they need to be evolved down to the hadronic energy scale
for consistency. Following [62], the relation between the
WC at the heavy scale My and the WC at the scale y is
given by

C (1) = D3 (b + ey (My). (51)

r,s)

(ra) lrs),

where = a,(My)/a,(m,) and the coefficients b;
and q; are referred to as magic numbers.

For the B, and B, meson we take the magic numbers
from [62] and use the B-parameters (B;,B,,B;) =
(0.87,0.82,1.16). The decay constants are given by f5 =
0.240 GeV and fp = 0.295 GeV while we use mg, =
5.281 GeV and mp = 5.370 GeV for the neutral meson
masses. At the scale My = mgy = 125.1 GeV there are
contributions from the operators Q, and Q,. Using Eq. (51)
with g = m,;, we find

Cy(p) = 1.650 - Cy (M),
C4(M) = 2259 . C4(MH),

Cs(u) = —0.014 - Co(Mpy),
Cs(1) = 0.056 - C4(My).
(52)

Although the operators Q5 and Qs are induced via opera-
tor mixing, their contribution is negligibly small and for
the correction factors we find 7,(u) = 1.650 and 7,(u) =
2.259. Similarly, we proceed in the case of the Z’. Here, the
operators O and Q, contribute at My = M, = 300 TeV
and we obtain

Ci(i) = 0713-Cy(My).  Cylu) = 5.446 - Cy(Myy),
This yields #;(u) = 0.713, 1, (u) = 5.446 and a negligible

contribution of the induced Qs.

For the K — K system we use the magic numbers from
[60], (B, B,,B,) = (0.60,0.66,1.03), fx=0.160GeV
and myg = 0.498 GeV. At the scale 4 =2 GeV the WC
induced by the Higgs effective operators are

Cy(p) = 2.210- Co(Mp),
Cy(p) = 3.523 - C4(Mp),

C;3(u) = 0.003 - C,(My),
Cs(u) = 0.1289 - C4(My),
(54)

which results in 77, (¢) = 2.210 and 54 (u) = 3.523. For the
effective operators generated by the Z’ we find

0, = qirdiL q_zﬁR ‘IfL’

0; = Q?ngLq_zﬁRCI?U

05 = ‘??RCI?L C??LCI?R’ (50)

Icl(ﬂ) —0.674-C,(My),  Cy(u) = 8.181- C4(Mp),
Cs(u) = 0.329 - Cy(My), (55)

and hence 7, (4) = 0.674 and 7,(u) = 8.181.

Finally, for the D meson the B-parameters are given by
(B, B,,B;) = (0.865,0.82,1.08). The decay constant
and meson mass are given by fp =0.200 GeV and
mp = 1.864 GeV, respectively. Using the magic numbers
from [63] to evolve the WCs induced by the Higgs down
to 4 = 2.8 GeV we find

Co(u) = 1.906 - Co(Mpy),
Cy(p) = 2.903 - Cy(Mpy),

C;(u) = —0.006 - C>(Mpy),
Cs(u) = 0.097 - C4(My),
(56)

Thus, #7,(1) = 1.906 and 1, (u) = 2.903. For the Z’ similar
evaluation as before reveals

Ci(u) =0.690 - C\(My), Cy(p) =6.939 - C4(My).
Cs(u) = 0.263 - C4(Mp), (57)

and therefore, #;(u) =0.690 and 14(u) = 6.939.
Evidently, in all cases the induced operators play a
subdominant role and therefore we will not consider them
in our analysis.

Since the model reproduces the correct fermion masses
and CKM mixing angles, contributions of the usual box
diagrams to the neutral meson mixing are almost unaltered
compared to the SM case.” Due to chirality, the new con-
tribution of the Higgs exchange diagram cannot interfere
with the purely left-handed SM contribution. Furthermore,
the leading contribution from the Z' exchange originates
from the operator with mixed left- and right-handed
current. Thus, we will not consider any interference effects
here and write the total mass difference as

Amt = Am3M + AmbP. (58)
Within the theoretical and experimental uncertainties Am's"
should agree with the measured values Amp". Therefore
we demand the new physics contribution to agree within 3¢
with the difference Amp" — AmSM.

The Standard Model prediction for the B’-meson
systems are AmpM = (3.475+0.513) x 107" GeV and

5Although there are further diagrams with an intermediate VL.
fermion in the loop, these contributions are highly suppressed.
The VL fermions are weak singlets and a tiny coupling to W* is
only induced by fermion mass mixing making these small
deviations negligible.
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TABLE IV. New physics contribution to observable in neutral
meson mixing for the two given benchmark points.

Model prediction

Observable (in GeV) BP1 BP2

AmyP —-1.402 x 10713 —1.495 x 10714
AmNP 2.663 x 10714 3.003 x 1071
Amb 2.405 x 1071 2.036 x 10715
AmiP 0.504 x 1071 0.109 x 10~15
Am%M (1.205 £0.178) x 10~'! GeV [64], while the

measured values are Amj " =(3.33440.013)x 107" GeV

and Amy® = (1.169 :I:OOOI) x 10711 GeV [58] which
leads to
AmzP — AmM = (=0.141 £ 0.513) x 10713 GeV,

d d

Amp? — AmPt = (=0.036 + 0.178) x 107" GeV.  (59)
For the K°-meson system the theoretical prediction of the
short distance contribution is Am$M = 3.074 x 1075 GeV
[65], where we will assume a 30% uncertainty due to
unknown large distance contributions that cannot be
calculated from first principles [66]. Experiments measured
Amy? = (3.484 £ 0.006) x 10715 GeV [58] which gives
AmZ? — Am$M = (0.410 £ 0.922) x 10715 GeV. (60)
Since we assumed only real Yukawa couplings in the down-
quark sector we do not get any additional contribution to
leg|. Finally, the mass difference for neutral D-mesons is
measured to be Amp” = (6.253775%¢) x 10715 GeV [58].
However, just as it is the case for K 0_mesons, the theoretical
prediction of the Standard Model contribution to neutral D-
meson mixing is subject to large uncertainties [67]. We will
therefore only demand the new physics contribution to be
less than the error on Amj,".

Our results for the two benchmark points are given
in Table IV and agree with the demanded limits. The

additional contribution to BY —B_g mixing is closest to

¢
" ~\
7 \

/ \

/ \
-t > > A
2 Ik %k 4

Y
(@)

experimental limits and could therefore provide an excel-
lent channel to observe new physics effects in upcoming
experiments.

B. Charged lepton flavor violation

The flavor violating couplings of the Higgs and the Z'’
equally impact observable in the charged lepton sector.
Considering the process £; — ¢y, there are two diagrams
contributing at one-loop to the decay and we illustrate them
in Fig. 4. The contribution from the one-loop diagram
mediated by the Higgs ¢ is given by [68]

2

m; —my; o>+ |or
F o o) = 3 R P o)

T 167m?}
with
i
o1 = — 2 {(pom; + Am)Fy (1) + vm Fr(1)],  (62)
167 my,
10k

°R = 16m2m?2 [(Am; + pmj) F (1) + Em Fa (1)), (63)
[

and we sum over all internal fermions ¢, with electric
charge Q. The functions F(¢) and F,(¢) are defined by

?—5t-2 tint
Fi(t) = ,
1) (=17 20-1)
t—3 Int
Fo(t) = , 64
with 1= mj/mj and the couplings p = (Y, )kJ(Ye)k,,
j':(?e)jk(?e):fk’ D:(?e)zj(?e)?k’ and &: (? ) (Y )kl'

For the contribution of the Z’ exchange Eq. (61) equally
applies but with the replacement

iQ
1= Toa |+ A)FA0) + ()
m;m;my
~o T )| (63
Z’
[’i l'k %/ﬁfk ZJ
Y
(b)

FIG. 4. One-loop contributions to the decay #; — £y via (a) SM Higgs exchange, and (b) Z’ exchange.
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FIG. 5. Tree-level contribution of Z’ mediated trilepton decay.
o1 = 2 (Wmy + p/m)) Fo(1) + EmF o)
162>M2, ’
, mimjmk :|
- Fs(t) (66)
2 5 ’
M,

where t = m% / M%, and we defined the functions

]_,()_—5t3—|-9t2—30t—|-8+ 317 Int
S 12(1—1)3 2(t—1)*
£4+t+4  3tlnt
1) = - ,
Falt) 20-12%  (1=1)
=22 +7t—11 Int
F = . 67
sO=—e- Taoe (67)

The couplings in this notation are given by A = [§7 (Z')]} o
922 P =125 0R( 2 & = [9L(Z)]5; %
[9%(Z)]i» and v/ = [53(Z)]};[91.(Z")] -

In addition, the flavor-nondiagonal couplings of the Z’
and ¢ give rise to tree-level contributions to the three-lepton
decay ¢; —» ¢ ;€. The partial decay width mediated by ¢
exchange is given by

_ 1 ml5 N N
R T Rt X[ AT AWCRNCY
¢

with a factor S = 1 for two equally charged fermions in the
final state (k = 1) and S = 2 for k # [. The contribution

from the tree-level Z’' exchange (see Fig. 5) can be written

F(f,—)gjbﬂklxﬂl)

1 m,5 2 , 2 5 5 NE
:mM—;S §|CLL| +§|CRR| +|Crel” +|C gl J
(69)

where we use the abbreviation
[Cxylih = 1052052 (70)

TABLE V. Predicted branching ratios for certain LFV processes
and current experimental limits [58].

Model prediction

Experimental

Process limit BP1 BP2

BR(u~ — e7y) <42x1072 18x 107 63 %1071
BR(r™ = e7y) <33x107% 22x107* 22x107
BR(t~ = u7y) <44x107%  6.8x107" 3.0x10""
BR(u~ —» e"ete”) <10x1072 13x10"8 3.9x 107
BR(r™ = e"ete”) <27x107% 22x107"7 1.8x 107"
BR(t™ = p~ete”) <18x107% 95x10718 4.1x107'8

with X,Y € {L,R} and 9%(Z') denoting the coupling
matrix of the Z’ to charged leptons with chirality X [69].
The additional factor two for the coefficients C;; and Cgp
arises due to the fact that diagrams which differ by the
replacement of two identical leptons can interfere with each
other if the two currents are of same chirality. From our
analysis we find that the Z’ contribution to this process is
much larger than that of the Higgs. The reason behind this
is that the Higgs boson has not only suppressed flavor-
nondiagonal couplings but also small flavor-diagonal
couplings to first- and second-generation leptons.

From the total decay widths of the muon and tau lepton,
It =3.00 x 107" GeV and I'™ =227 x 10712 GeV [58],
the branching ratios for the decays y= — ey, 7~ — e7y,
T o uy, T ouete, T —oeete”, and pu -
e~ ete™ are calculated for the two benchmark points and
can be seen in Table V. In this scenario, all expected
branching ratios are below the current experimental limits.
However, the experimental sensitivity for the process
U~ — e~y is not far from our model prediction and may
be tested in future experiments. Finally, we emphasize the
interesting fact that these flavor-violating observables are
approximately equal for each generation.

C. Other implications

The presence of a heavy neutral gauge boson and
heavy vectorlike fermions in our framework will have
a plethora of implications at collider experiments.
Throughout our analysis, we choose Z' mass scale of
O(100) TeV, although the vector-like fermions might exist
at a much lower scale (a few TeV), accessible to the future
collider experiments. Note that the mass scales of these
new heavy particles can be accommodated at a much lower
scale with proper adjustment of benchmark parameters and
which is beyond the scope of this study. However, we will
briefly mention the collider implications and testable
consequences on flavor anomalies for the low-scale reali-
zation. After being pair produced through the s—channel
Z /y exchange at the pp collider, singly charged vector-like
leptons will lead to 2/ + Er, 41 + F signatures and vector-
like quarks will lead to promising jj + 41, bb + 41, t7 + 41
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signatures at the LHC. There has been an extensive study of
vectorlike lepton searches at future collider experiments
(such as HL-LHC, HE-LHC, and FCC-hh), and it has been
shown that a SU(2), singlet vector-like lepton can be
probed up to a mass of ~3 TeV at 100 TeV future collider
looking at multileptons, and 7 final state signature [70].
Moreover, Ref. [71] has studied the discovery prospects of
vectorlike quarks looking at multilepton final-state signa-
tures (in association with jets or /b quarks) at future collider
experiments, and a mass up to ~7 TeV vectorlike quark can
be probed at 100 TeV collider. Test of these vectorlike
families will be a good test for our model at future collider
experiments. Itis worth noting that there has been an increase
in attention since there are various flavor anomalies in the

muon sectors, such as muon g—2 [72], R<,:) [73-76]
anomalies. We find that it is very difficult to address the

R(I:) [73—76] anomalies at tree level in our framework since it
suffers from strong flavor constraints from Bg — Bg mixing.
However, it is worth noting that muon g — 2 anomaly can be
easily addressed with correct strength and sign in our
framework due to chiral enhancement from vectorlike family
for heavy vectorlike fermions inside the loop.® However, it is
worth mentioning that it suffers from fine tuning in the
absence of additional symmetries since this results in
substantial muon mass corrections at loop level. We should
note that the muon g — 2 contributions from the two BPs are
three orders of magnitude lower than the experimental
finding and muon mass correction is under control.
Although the mass of the neutral heavy-gauge boson Z’ in
our theory is on the order of O(100) TeV, complementary
probe from two-body scattering might be found in a future
muon collider experiment. It has recently been demonstrated
that a 100 (400) TeV Z’ scenario can be probed at a future
muon collider experiment with a center of mass energy of
/s =3 TeV and an integrated luminosity of £ =1 ab™!
looking at ytu~ — utu~ signature while considering the
strength of the gauge coupling gy = 1(v/4x) [78,79]. Note
that there will be additional contributions to the Higgs
observable as well. However, these contributions will be
negligible due to new physics at moderately higher scales as
mentioned in the BPs. For example, our framework leads to
SM Higgs mediated flavor violating signals like 7 — ez, uz
which can be a clear sign of new physics. We analyze and find
that the strength of these Higgs-mediated flavor violating
signals is many orders of magnitude lower than the present
experimental sensitivity.

V. CONCLUSIONS

We propose a flavor seesaw mechanism where large
hierarchies and patterns of mixings of quarks and leptons

°In Ref. [77], it was demonstrated in a different framework that
the muon g —2 anomaly can be addressed with a 45 TeV of
vectorlike lepton within the loop.

arise naturally. The mechanism requires two additional
vector generations of fermions with TeV-ish masses, which
lead to a seesawlike fermion mass matrices with tree-level
and loop contributions. The masses of the third and second
generations of quarks and leptons arise at tree level, while
gauge-boson mediated-loop corrections generate the
masses of the first generation. We realize the flavor seesaw
mechanism in a model where the SM is extended by an
extra U(1)y symmetry. Our fermion mass generation
mechanism is universally applicable to the up-type quarks,
down-type quarks, charged leptons, and neutrinos.

Counting parameters one can see that the model does not
predict masses. Instead it maps the observed hierarchies
and patterns of SM fermion masses onto the extended
theory with Yukawa couplings O(1). An impressive 13
orders of magnitude of the SM from the light active
neutrino mass scale to the top quark mass becomes thus
much simpler. Note that the flavor seesaw mechanism does
not require any additional ingredient such as additional
discrete-flavor symmetries or multiple scalars. The mecha-
nism automatically creates the exhibited patterns after
diagonalization and it is therefore quite appealing to
explain the hierarchical mass pattern and mixing regular-
ities of the SM in such a manner. For our model we
explicitly show how the mapping works numerically
for M’, = 300 TeV.

The model has a plethora of implications and testable
effects. Among these, the most promising one is the
inescapable and complementary flavor-violating signal in
upcoming experiments. We have analyzed all these flavor-
violating signals in the quark as well as the lepton sector,

and find that /; — [y process and B — BY mixing is closest
to current experimental limits and could therefore provide
an excellent signal to observe new physics effects in
upcoming experiments. The presence of heavy vectorlike
fermions at a few TeV scale in our model will result in
promising multilepton signals associated with jets or
missing energy, which can be probed in future collider
experiments like FCC-hh. Note that the discussed bench-
mark point does not imply that other solutions with lower
M’, could not exist. Such solutions would lead to further
phenomenological consequences and their interdependence
could be an interesting method to test the model further. For
instance, due to chiral enhancement inside the loop, a
relatively light Z' can potentially address the observed
discrepancy in muon g — 2 measurement. Another interest-
ing feature is that lepton number is conserved such that
neutrinos have naturally only Dirac masses.

The seesaw flavor mechanism can be implemented in
different ways. We demonstrated the mechanism for an
extra U(1)y symmetry, but other solutions should exist. A
generalization of the flavor seesaw mechanism to non-
Abelian theories seems also possible and embeddings into
GUT groups appear also possible. This will be studied in a
forthcoming paper.
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