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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.

DOI: 10.1103/PhysRevD.105.115015

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 10−6 (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-level1 and loop contributions.
Upon diagonalization, themechanism naturally produces the
observed patterns without any extra ingredients.
The experimental data reveal that the quark mixing

pattern differs significantly from the leptonic mixing

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
SMdoes not address. It providesmotivation 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, Uð1ÞB−L, provided a right-handed sterile
neutrino per generation is added to cancel the anomaly. The
Uð1ÞB−L framework is widely studied in the literature in
different contexts. In the classical framework [9–12], the
Uð1ÞB−L symmetry is considered to be broken at a very
high scale (∼1014 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 Uð1ÞB−L
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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physics. Note also that one could identify the new Abelian
gauge group as a generic Uð1ÞX. 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 [Oð1Þ] 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 O1 ¼ ðLLHHÞ=Λ, suppressed by
the mass scale Λ 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 SUð2Þ ×Uð1Þ gauge theory with right-
handed neutrinos and in the context of SUð2ÞL × SUð2ÞR ×
Uð1Þ 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

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 vEWjhi

vShhj MP

�
:

Here jhi is a n-element column vector including the
Yukawa couplings, MP the explicit mass of a vector
fermion, vEW the electroweak (EW) vacuum expectation
value (VEV), and vS 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 ≫ vEW; vS, which we call the
seesaw limit, the nonzero eigenvalues are provided by

mt ≃ a0hhjhi; mP ≃MP;

where a0 ¼ −ðvEWvS=MPÞ. The eigenvector jti corre-
sponding to mt is proportional to jhi. After including loop
effects, we can write

MT ¼
�

δM vEWjαi
vShαj MP

�
;

where δM originates from quantum loop effects and jαi
includes corrections. The rank ofMTM

†
T orM

†
TMT which is

also the rank of MT determines the number of massive
fermions in the up sector. Counting the zero eigenvalues of
MT yields its rank. We analyze the following eigenvalue
equations in this regard,

FIG. 1. Schematic Feynman diagrams for three-generation quark and lepton masses.
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δMjxi þ vEWjαixnþ1 ¼ 0;

vShαjxi þMPxnþ1 ¼ 0:

By eliminating xnþ1, we obtain

ðδM þ a0jαihαjÞjxi≡Mjxi ¼ 0;

where we consider the combination δM þ a0jαihαj as M.
If M has rank r, then MTM

†
T possesses rþ 1 nonzero

eigenvalues and r generations become massive. To inves-
tigate the mass hierarchy, we use the approach of calculat-
ing MT 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.

III. 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 Tk, Bk, VL charged leptons Ek, and VL neutral
leptons Nk, where k is the generation index of these
new particles. The gauge group of the model is given by
GSM × Uð1ÞX and a successful anomaly cancellation can be
achieved by the addition of three generations of right
handed neutrinos νjR with j ¼ 1, 2, 3. Finally, to break
Uð1ÞX, a second scalar η is required. The anomaly free
charge assignments of all particles are given in Table I. We
emphasize that the SM Higgs is charged under Uð1ÞX 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 Uð1ÞX with B − L charge.

B. Gauge boson sector

The Lagrangian of the gauge sector is given by

Lgauge ¼ −
1

4
Ga

μνGμνa −
1

4
Wi

μνWμνi −
1

4
BμνBμν −

1

4
XμνXμν;

ð1Þ

where Ga
μν;Wi

μν; Bμν and Xμν denote the field strength
tensors of the SUð3ÞC, SUð2ÞL, Uð1ÞY , and Uð1ÞX group
respectively with a ¼ 1;…; 8 and i ¼ 1;…; 3 and we will
indicate the couplings of these various gauge groups by
gs, g, g0, and gX. Except for the VL down-type quark, all
fermions are charged under Uð1ÞX and will therefore

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]

LNC ⊃
gX
2

X
i;j

ψ̄ iγμ½qψPL þ qψPR�ψ jXμ; ð2Þ

where ψ ∈ fQ;Ψ; u; d; ν; e; T; B; N; Eg and qψ denotes the
respective charge under Uð1ÞX (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. IV. For now it is important to note that
the generations within one fermion species are treated on an
equal footing, i.e., their Uð1ÞX charges are family inde-
pendent. Moreover, left- and right-handed fields carry the
same charges.

C. Scalar potential

The additional scalar η is a SM singlet charged under
Uð1ÞX. It couples to the SM Higgs via the scalar portal
term. Thus, the Lagrangian in the scalar sector is given by

Lscalar ¼ ðDμϕÞ†ðDμϕÞ þ ðDμηÞ†ðDμηÞ − Vðϕ; ηÞ; ð3Þ

Vðϕ; ηÞ ¼ −μ2ϕϕ†ϕþ 1

2
λϕðϕ†ϕÞ2 − μ2ηη

†ηþ 1

2
ληðη†ηÞ2

þ λϕηðϕ†ϕÞðη†ηÞ: ð4Þ

TABLE I. Particle content and charge assignment under the
gauge group GSM × Uð1ÞX, where j ¼ 1, 2, 3 denotes the SM
family and we introduce k generations of VL fermions. The
electric charge is given by Q ¼ T3 þ Y

2
, where T3 is the third

component of weak isospin.

Particle SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞX
QjL ¼

�
uj
dj

�
L

3 2 1=3 1=3

ujR 3 1 4=3 1=3
djR 3 1 −2=3 1=3

ΨjL ¼
�
νj
ej

�
L

1 2 −1 −1

νjR 1 1 0 −1
ejR 1 1 −2 −1

TkL, TkR 3 1 4=3 2=3
BkL, BkR 3 1 −2=3 0
NkL, NkR 1 1 0 −2=3
EkL, EkR 1 1 −2 −4=3

ϕ ¼
�
ϕþ

ϕ0

�
1 2 1 1=3

η 1 1 0 1=3
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In this notation Vðϕ; ηÞ describes the scalar potential and
the covariant derivatives take the form

Dμϕ ¼
�
∂μ þ ig

τi

2
Wi

μ þ i
g0

2
Bμ þ iqϕ

gX
2
Xμ

�
ϕ; ð5Þ

Dμη ¼
�
∂μ þ iqη

gX
2
Xμ

�
η; ð6Þ

with the Uð1ÞX charge of the two scalars qϕ and qη. If the
scalars acquire VEVs

hϕi ¼
�

0

vEW=
ffiffiffi
2

p
�
; hηi ¼ vSffiffiffi

2
p ; ð7Þ

symmetry breaking occurs in two steps,

SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞX
!hηiSUð3ÞC × SUð2ÞL × Uð1ÞY!

hϕi
SUð3ÞC ×Uð1ÞEM; ð8Þ

where we assume vS ≫ vEW. As a result, the gauge bosons
of the broken symmetries become massive.
Since η is a weak singlet, the electrically-charged gauge

bosons acquire mass solely due to the nonzero expectation
value of ϕ. Using the convention W�

μ ¼ ðW2
μ ∓ iW1

μÞ=
ffiffiffi
2

p
,

their tree-level mass is given by

M2
W� ¼ g2v2EW

4
: ð9Þ

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 ϕ carrying
nonzero charge underUð1ÞX. The mass matrix spanning the
neutral gauge boson space ðB;W3; XÞ has the form

M2 ¼ 1

4

0
B@

g02v2EW −gg0v2EW g0gXqϕv2EW
−gg0v2EW g2v2EW −ggXqϕv2EW
g0gXqϕv2EW −ggXqϕv2EW g2Xðq2ϕv2EWþq2ηv2SÞ

1
CA:

ð10Þ

By defining the rotation angle sw ≡ sin θw ¼ g0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
we can transform into a more convenient basis0

B@
A

Y

X

1
CA ¼

0
B@

cw sw 0

−sw cw 0

0 0 1

1
CA
0
B@

B

W3

X

1
CA; ð11Þ

where the squared mass matrix has one zero eigenvalue.
This corresponds to the massless photon A. The submatrix
mixing the two massive states ðY; XÞ is then described by
the entries

M2
YY ¼ v2EW½g2c2wð1þ 2s2wÞ þ g02s2wð1þ 2c2wÞ�

4
;

M2
XX ¼ g2Xðq2ϕv2EW þ q2ηv2SÞ

4
;

M2
YX ¼ −

gXqϕv2EWðgcw þ g0swÞ
4

: ð12Þ

Diagonalization by a further transformation

�
Z

Z0

�
¼
�

cξ sξ
−sξ cξ

��
Y

X

�
; ð13Þ

yields the two massive eigenstates Z and Z0 with masses

M2
Z;Z0 ¼ 1

2
ðM2

YY þM2
XX ∓ ðM2

YY −M2
XXÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 2ξ

p
Þ;
ð14Þ

and the mixing angle defined by

tan 2ξ ¼ 2M2
YX

M2
YY −M2

XX
: ð15Þ

We note that although Z − Z0 mixing is induced in our
model, the mixing angle will be suppressed byOðv2EW=v2SÞ.
Hence, in the limit vS ≫ vEW, 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 Uð1ÞX 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

LYuk ¼ −yqaQ̄jLϕ̃TkR − yqbT̄kLηujR − yqcQ̄jLϕBkR

− yqdB̄kLη
†djR − ylaΨ̄jLϕ̃NkR − ylbN̄kLηνjR

− ylcΨ̄jLϕEkR − yldĒkLη
†ejR þ H:c:; ð16Þ

where ya, yb, yc, and yd denote the new Yukawa coupling
matrices with superscript q (l) indicating the quark (lepton)
sector. Besides, the VL fermions can have explicit mass
terms that are given by

Lexplicit ¼ −MTT̄kLTkR −MBB̄kLBkR −MNN̄kLNkR

−MEĒkLEkR þ H:c:: ð17Þ
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Without loss of generality we assume the VL mass matrices
to be diagonal.
We like to emphasize that the assigned Uð1ÞX 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=Λ is protected at any loop level,
due to the Uð1ÞX 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 VEVof η and ϕ. In the up-type quark sector this can be
written as

ūLM
ð0Þ
u uR ≡ ð ū1L ū2L ū3L T̄1L … T̄kL Þ

×
�

03×3 yqahϕi
ðyqbÞThηi MT

�
0
BBBBBBBB@

u1R
u2R
u3R
T1R

…

TkR

1
CCCCCCCCA
; ð18Þ

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

d̄LM
ð0Þ
d dR ≡ ð d̄1L d̄2L d̄3L B̄1L … B̄kL Þ

×

�
03×3 yqchϕi

ðyqdÞThηi MB

�
0
BBBBBBBB@

d1R
d2R
d3R
B1R

…

BkR

1
CCCCCCCCA
: ð19Þ

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
Z0 couplings in Eq. (2) are flavor diagonal and thus the one-
loop Z0 exchange contribution that is shown in Fig. 2(a) is
proportional to the tensor product of Yukawa couplings,
i.e., for instance, ∼yqaðyqbÞT . 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 Z0 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 Z0
exchange. In this work, we limit ourselves to a detailed
discussion of a third case, where we consider flavor-
nondiagonal couplings of the Z0. 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 Z0 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 Z0
couplings. In the following, we denote this contri-
bution by δMu

ij ≡ Σijðp ¼ 0Þ which is in Landau gauge
given by

δMu
ij ¼

X2
k¼1

X3
m;n¼1

i
3g2XqQqu½yqa�mk½yqb�knvEWvS

8

×
Z

d4k
ð2πÞ4

γμð=kþMTkÞγνgμν
k2ðk2 −M2

TkÞððp − kÞ2 −M2
Z0 Þ

¼
X2
k¼1

X3
m;n¼1

3g2XqQqu½yqa�mk½yqb�knvEWvS
32π2

×
MTk

ðM2
Z0 −M2

TkÞ
log

M2
Z0

M2
Tk

; ð20Þ

where we assume k ¼ 2 from now on. We note that the
one-loop contribution of this diagram is independent of
the index i, j ¼ 1, 2, 3 as a consequence of nondiagonal
Z0 couplings. Hence, the loop contribution is the same for
all three generations of ordinary quarks and we can write
δMu

ij ≡ δMu subsequently.
Using this result, the mass matrix for the up-type sector

is given to one-loop order by

ūLM
ð1Þ
u uR ≡ ð ū1L ū2L ū3L T̄1L T̄2L Þ

×

�
δMu yqahϕi

ðyqbÞThηi MT

�
0
BBBBBB@

u1R
u2R
u3R
T1R

T2R

1
CCCCCCA
; ð21Þ

with δMu a 3 × 3 matrix where each entry equals δMu.
Starting from this general matrix form, it is evident that
the column vectors of the Yukawa matrix yqa need to be
linearly independent from the column vectors of the loop
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contribution that are ∼ð1; 1; 1ÞT . Equal statements apply
to all other Yukawa couplings in order to guarantee that
Mð1Þ has rank five.2 It should be mentioned that there is
an other one-loop contribution to the last column (row) of

Mð1Þ
u , since the VL fermions themselves couple to the Z0

(except for the bottom-type which carries no Uð1ÞX
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 Mð1Þ 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

d̄LM
ð1Þ
d dR ≡ ð d̄1L d̄2L d̄3L B̄1L B̄2L Þ

×

�
δMd yqchϕi

ðyqdÞThηi MT

�
0
BBBBBB@

d1R
d2R
d3R
B1R

B2R

1
CCCCCCA
; ð22Þ

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

Vu
LM

ð1Þ
u ðVu

RÞ† ¼ Mdiag
u ≡ diagðmu;mc;mt; mT1; mT2Þ;

Vd
LM

ð1Þ
d ðVd

RÞ† ¼ Mdiag
d ≡ diagðmd;ms;mb;mB1; mB2Þ:

ð23Þ

Hence, the fermion mass eigenstates are given by

ûL=R ¼ Vu
L=RuL=R;

d̂L=R ¼ Vd
L=RdL=R: ð24Þ

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

L ⊃ Zμ½ūLγ
μguLðZÞuL þ ūRγ

μguRðZÞuR�; ð25Þ

where the coupling strength is given by

guLðZÞ ¼
g
cw

�
1gu;SML ðZÞ − diag

�
0; 0; 0;

1

2
;
1

2

��
;

guRðZÞ ¼
g
cw

½1gu;SMR ðZÞ�; ð26Þ

with gu;SML ðZÞ ¼ T3−Qs2w ¼ 1=2− 2=3s2w and gu;SMR ðZÞ ¼
−Qs2w ¼ −2=3s2w. If we transform to the fermion mass
basis, it is evident that there will be FCNC in the left-
handed sector since guLðZÞ is not proportional to the identity
matrix and the Lagrangian becomes

L ⊃ Zμ½ ¯̂uLγ
μĝuLðZÞûL þ ¯̂uRγ

μĝuRðZÞûR�; ð27Þ

with ĝuLðZÞ≡ Vu
Lg

u
LðZÞðVu

LÞ† and ĝuRðZÞ≡ guRðZÞ.

(a) (b)

FIG. 2. (a) Feynman diagram which contributes at one-loop to the mass of the first generation quarks via Z0 boson exchange, where i,
j, m, n ¼ 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.

2There 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 ∼yqaðyqbÞT
and hence does not change the rank of Mð1Þ

u .
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On an equal footing, we can write down the interaction
with the Z0 boson in the fermion mass eigenbasis

L ⊃ Z0
μ½ ¯̂uLγ

μĝuLðZ0ÞûL þ ¯̂uRγ
μĝuRðZ0ÞûR�; ð28Þ

where

ĝuLðZ0Þ ¼ Vu
Lg

u
LðZ0ÞðVu

LÞ†;
ĝuRðZ0Þ ¼ Vu

Rg
u
RðZ0ÞðVu

RÞ†; ð29Þ

and guLðZ0Þ ¼ guRðZ0Þ denote the coupling strengths in the
interaction basis with nondiagonal entries proportional to
the Uð1ÞX charge of the fermion [compare Eq. (2)].
Consequently, there are tree-level FCNCs mediated by
both, the Z and the Z0 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 theW boson to quarks

is given by

L ⊃
gffiffiffi
2

p Wþ
μ ½ ¯̂uLγ

μĝqLðWÞd̂L� þ H:c:; ð30Þ

where

ĝqLðWÞ ¼ Vu
Lg

q
LðWÞðVd

LÞ†; ð31Þ

and

gqLðWÞ ¼ diagð1; 1; 1; 0; 0Þ: ð32Þ

From these definitions we find that the mixing matrix
between the generations is described by a ð5 × 5Þ matrix,
whose three-dimensional submatrix yields the well-known
CKM matrix

VCKM ≡ ĝqLðWÞj3×3: ð33Þ

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 η. 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 ⊃ −ϕ0ūLYuuR þ H:c:; ð34Þ

where the Yukawa coupling matrix is given by

Yu ¼
1ffiffiffi
2

p
�
03x3 yqa

02x3 02x2

�
: ð35Þ

Transforming to the mass basis results in the nondiagonal
coupling

L ⊃ −ϕ0 ¯̂uLŶuûR þ H:c:; ð36Þ

where we defined

Ŷu ¼ Vu
LYuðVu

RÞ†: ð37Þ

We note that the scalar η 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

ν̄LM
ð1Þ
ν νR ≡ ð ν̄1L ν̄2L ν̄3L N̄1L N̄2L Þ

×

�
δMν ylahϕi

ðylbÞThηi MN

�
0
BBBBBB@

ν1R

ν2R

ν3R

N1R

N2R

1
CCCCCCA
; ð38Þ

where δMν is again a 3 × 3matrix with each entry equal to
δMν. 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

ēLM
ð1Þ
e eR ≡ ð ē1L ē2L ē3L Ē1L Ē2L Þ

×

�
δMe ylchϕi

ðyldÞThηi ME

�
0
BBBBBB@

e1R
e2R
e3R
E1R

E2R

1
CCCCCCA
: ð39Þ

These matrices can be diagonalized by the transformations

Vν
LM

ð1Þ
ν ðVν

RÞ† ¼ Mdiag
ν ≡ diagðmν1 ; mν2 ; mν3 ; mN1; mN2Þ;

Ve
LM

ð1Þ
e ðVe

RÞ† ¼ Mdiag
e ≡ diagðme;mμ; mτ; mE1; mE2Þ;

ð40Þ

where the fermion mass eigenstates are defined by

ν̂L=R ¼ Vν
L=RνL=R;

êL=R ¼ Ve
L=ReL=R: ð41Þ
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Using these conventions, the charged current interaction in
the mass basis reads

L ⊃
gffiffiffi
2

p W−
μ ½ ¯̂eLγμĝlLðWÞν̂L� þ H:c:; ð42Þ

where

ĝlLðWÞ ¼ Ve
Lg

l
LðWÞðVν

LÞ†; ð43Þ

and

glLðWÞ ¼ diagð1; 1; 1; 0; 0Þ: ð44Þ

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

UPMNS ≡ ĝlLðWÞj3×3: ð45Þ

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. III 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 ϵ1 ¼ 10−2;
ϵ2 ¼ 10−1ϵ21. For simplicity, we assume that the mass of the
heavy gauge boson M0

Z is 300 TeV and the related gauge
coupling gX equals 1 throughout our analysis. Considering
the first benchmark point we select the VL quark masses
MT1 ¼ 8.00 TeV and MB1 ¼ 40.00 TeV while the second
generation is nearly degenerate with a mass difference of
1 GeV. In the lepton sector we useMN1 ¼ 7.00 × 107 TeV
and MN2 ¼ 1.00 × 108 TeV for the VL neutral leptons
and ME1 ¼ 50.00 TeV and ME2 ¼ 80.00 TeV for charged
VL leptons. For the second benchmark point we assume a
larger degeneracy in the quark sector with MT1 ¼
8.00 TeV, MT2 ¼ 17.91 TeV, MB1 ¼ 40.00 TeV and
MB2 ¼ 65.69 TeV. The VL neutral lepton masses are
given by MN1 ¼ 1.15 × 106 TeV and MN2 ¼ 1.25 ×
106 TeV while those for the charged leptons are ME1 ¼
50.00 TeV and ME2 ¼ 80.00 TeV. Table III shows that
these parameter settings are in accordance with the observ-
able fermion masses and mixings. Furthermore, as a

TABLE II. Yukawa coupling benchmark points for our analysis.

Yukawa couplings

Benchmark points

BP1 BP2

yqa
 

0.625 0.513
0.186 × ei0.05 0.159

0.401 0.327

!  
0.631 0.522

0.183 × ei0.05 0.158
0.412 0.344

!

yqb
 
0.332 0.229
0.340 0.224
0.294 0.232 × ei0.05

!  
0.335 0.227
0.352 0.222
0.290 0.230 × ei0.05

!

yqc
 
1.539 1.287
0.195 0.538
1.060 0.754

!
ϵ1

 
1.501 1.341
0.205 0.600
1.061 0.795

!
ϵ1

yqd
 

1.110 0.332
0.850 1.506
13.969 12.405

!
ϵ1 ð

1.129 0.331
0.811 1.624
14.076 13.236

Þϵ1

yla
 
1.306 1.494
0.175 1.257
0.538 0.333

!
ϵ21

 
1.235 × ei0.1 0.948

0.195 2.283
0.443 0.347

!
ϵ2

ylb
 
0.319 1.048
0.285 0.668
0.967 0.328

!
ϵ21

 
0.101 1.210
2.871 0.947
0.243 1.589

!
ϵ2

ylc
 
0.678 1.166
0.854 0.574
1.474 0.820

!
ϵ1

 
0.484 1.468
0.999 1.281
0.617 0.809

!
ϵ1

yld
 
1.398 0.960
0.740 0.780
0.747 1.445

!
ϵ1

 
1.555 0.479
1.355 1.381
0.858 0.982

!
ϵ1
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measure of CP-violation, we calculated the Jarlskog
invariant which is defined by J ≡ ImðVusVcbV�

ubV
�
csÞ.

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 Oð10−2Þ–Oð1Þ. 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
Oð107Þ TeV would imply somewhat smaller Yukawa
couplings Oð10−4Þ, which is still much less hierarchical
than the usual values in the SM ranging from 10−13 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 Oð1Þ.
ChoosingOð1ÞYukawa couplings would then require a VL
mass scale of Oð1017Þ 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 D0 −D0,

K0 − K0, B0
d − B0

d, and B0
s − B0

s . The dominating contri-
bution to these processes originates from three level ϕ and
Z0 exchange as shown in Fig. 3.3

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

TABLE III. SM observable for the two benchmark points. HereΔm2
3l ≡ Δm2

31 for NH andΔm2
3l ≡ Δm2

32 for IH. Experimental ranges
[58,59] denote 3σ intervals except for the charged lepton masses where we demand our model to fulfil the measured value within �5%.

Quark sector Lepton sector

Observable
(Masses in GeV) Exp. range

Model
prediction Observable

(Masses in GeV)
Exp. range

(NH)
Exp. range

(IH)

Model
prediction
(NH)

Model
prediction

(IH)

BP1 BP2 BP1 BP2

mu=10−3 1.38 → 3.63 2.12 3.07 Δm2
21

10−5 eV2 6.82 → 8.04 6.82 → 8.04 7.583 7.898
mc 1.21 → 1.33 1.29 1.25

Δm2
3l

10−3 eV2 2.421 → 2.598 −2.583 → −2.412 2.567 −2.432mt 171.7 → 174.1 172.3 174.1

md=10−3 4.16 → 6.11 4.34 5.08 me=10−3 0.485 → 0.537 0.511 0.527
ms 0.078 → 0.126 0.122 0.109 mμ 0.100 → 0.111 0.109 0.109
mb 4.12 → 4.27 4.18 4.13 mτ 1.688 → 1.866 1.862 1.839

jVudj 0.973 → 0.974 0.974 0.974

sin2ðθ12Þ 0.269 → 0.343 0.269 → 0.343 0.315 0.320
jVusj 0.222 → 0.227 0.227 0.226
jVubj=10−4 31.0 → 45.4 38.4 44.8
jVcdj 0.209 → 0.233 0.226 0.226

sin2ðθ23Þ 0.407 → 0.618 0.411 → 0.621 0.444 0.413
jVcsj 0.954 → 1.020 0.973 0.973
jVcbj=10−3 36.8 → 45.2 42.3 41.9
jV tdj=10−4 71.0 → 89.0 84.0 78.7

sin2ðθ13Þ 0.02034 → 0.02430 0.02053 → 0.02436 0.02053 0.02300
jV tsj=10−3 35.5 → 42.1 41.6 41.4
jV tbj 0.923 → 1.103 0.999 0.999

J =10−5 2.73 → 3.45 3.12 3.40 δcp=∘ 107 → 403 192 → 360 0 250

3In 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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Heff ¼ −
1

2m2
ϕ

�
¯̂qi

�
ðŶqÞij

1þ γ5
2

þ ðŶ�
qÞij

1 − γ5
2

�
q̂j

�
2

þ 1

2M2
Z0

�
¯̂qiγμ

�
½ĝqLðZ0Þ�ij

1 − γ5
2

þ ½ĝqRðZ0Þ�ij
1þ γ5

2

�
q̂j

�
2

; ð46Þ

where q̂i and q̂j indicate the quark fields participating in the
mixing. Regarding a general meson P, the transition-matrix

element is defined by MP
12 ¼ hPjHeff jP̄i from which we

can calculate the physical observable mass splitting

ΔmP ¼ 2ReðMP
12Þ;

and in the case of the kaon the CP-violation parameter
jϵKj ≃ ImðMK

12Þ=ð
ffiffiffi
2

p
ΔmKÞ. For the relevant four-fermion

operators we use the hadronic transition matrix ele-
ments [60]

hPjq̄i
ð1� γ5Þ

2
qjq̄i

ð1 ∓ γ5Þ
2

qjjP̄i ¼ f2PmP

�
1

24
þ 1

4

m2
P

ðmqi þmqjÞ2
�
B4;

hPjq̄i
ð1� γ5Þ

2
qjq̄i

ð1� γ5Þ
2

qjjP̄i ¼ −
5

24
f2PmP

m2
P

ðmqi þmqjÞ2
B2;

hPjq̄iγμ
ð1� γ5Þ

2
qjq̄iγμ

ð1� γ5Þ
2

qjjP̄i ¼
1

3
mPf2PB1; ð47Þ

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 form4

MP
12 ¼ −

f2PmP

2m2
ϕ

�
−

5

24

m2
P

ðmqi þmqjÞ2
ððŶqÞ2ij þ ðŶ�

qÞ2ijÞ · B2 · η2ðμÞ þ ðŶqÞijðŶ�
qÞij
�
1

12
þ 1

2

m2
P

ðmqi þmqjÞ2
· B4 · η4ðμÞ

��

þ f2PmP

2M2
Z0

1

3
ð½ĝqLðZ0Þ�2ij þ ½ĝqRðZ0Þ�2ijÞ · B1 · η1ðμÞ þ

f2PmP

M2
Z0

½ĝqLðZ0Þ�ij½ĝqRðZ0Þ�ij
�
1

12
þ 1

2

m2
P

ðmqi þmqjÞ2
�
· B4 · η4ðμÞ:

ð48Þ

In above equation η1, η2, and η4 are QCD correction factors for theWilson coefficients (WC) that account for going from the
heavy mass scale to the hadronic scale μ. We explain their calculation in the following.
Generally, the effective ΔF ¼ 2 Hamiltonian is described by

HΔF¼2
eff ¼

X5
i¼1

CiQi þ
X3
i¼1

C̃iQ̃i; ð49Þ

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

(a) (b)

FIG. 3. Tree-level contribution to neutral meson mixing by (a) SM Higgs exchange and (b) Z0 exchange.

4We use here a Fierz rearrangement for the mixed left- and right-handed current of the Z0 (see [61]).
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Q1 ¼ q̄αiLγμq
α
jLq̄

β
iLγ

μqβjL; Q2 ¼ q̄αiRq
α
jLq̄

β
iRq

β
jL; Q3 ¼ q̄αiRq

β
jLq̄

β
iRq

α
jL;

Q4 ¼ q̄αiRq
α
jLq̄

β
iLq

β
jR; Q5 ¼ q̄αiRq

β
jLq̄

β
iLq

α
jR; ð50Þ

and Q̃i 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 MH and the WC at the scale μ is
given by

CrðμÞ ¼
X
i

X
s

ðbðr;sÞi þ ηcðr;sÞi ÞηaiCsðMHÞ; ð51Þ

where η ¼ αsðMHÞ=αsðmtÞ and the coefficients bðr;sÞi , cðr;sÞi ,
and ai are referred to as magic numbers.
For the Bd and Bs meson we take the magic numbers

from [62] and use the B-parameters ðB1; B2; B4Þ ¼
ð0.87; 0.82; 1.16Þ. The decay constants are given by fBd

¼
0.240 GeV and fBs

¼ 0.295 GeV while we use mBd
¼

5.281 GeV and mBs
¼ 5.370 GeV for the neutral meson

masses. At the scale MH ¼ mϕ ¼ 125.1 GeV there are
contributions from the operatorsQ2 andQ4. Using Eq. (51)
with μ ¼ mb we find

C2ðμÞ ¼ 1.650 · C2ðMHÞ; C3ðμÞ ¼ −0.014 · C2ðMHÞ;
C4ðμÞ ¼ 2.259 · C4ðMHÞ; C5ðμÞ ¼ 0.056 · C4ðMHÞ:

ð52Þ

Although the operators Q3 and Q5 are induced via opera-
tor mixing, their contribution is negligibly small and for
the correction factors we find η2ðμÞ ¼ 1.650 and η4ðμÞ ¼
2.259. Similarly, we proceed in the case of the Z0. Here, the
operators Q1 and Q4 contribute at MH ¼ MZ0 ¼ 300 TeV
and we obtain

C1ðμÞ ¼ 0.713 · C1ðMHÞ; C4ðμÞ ¼ 5.446 · C4ðMHÞ;
C5ðμÞ ¼ 0.165 · C4ðMHÞ: ð53Þ
This yields η1ðμÞ ¼ 0.713, η4ðμÞ ¼ 5.446 and a negligible
contribution of the induced Q5.
For the K0 − K0 system we use the magic numbers from

[60], ðB1; B2; B4Þ ¼ ð0.60; 0.66; 1.03Þ, fK ¼0.160GeV
and mK ¼ 0.498 GeV. At the scale μ ¼ 2 GeV the WC
induced by the Higgs effective operators are

C2ðμÞ ¼ 2.210 · C2ðMHÞ; C3ðμÞ ¼ 0.003 · C2ðMHÞ;
C4ðμÞ ¼ 3.523 · C4ðMHÞ; C5ðμÞ ¼ 0.1289 · C4ðMHÞ;

ð54Þ
which results in η2ðμÞ ¼ 2.210 and η4ðμÞ ¼ 3.523. For the
effective operators generated by the Z0 we find

C1ðμÞ ¼ 0.674 · C1ðMHÞ; C4ðμÞ ¼ 8.181 · C4ðMHÞ;
C5ðμÞ ¼ 0.329 · C4ðMHÞ; ð55Þ
and hence η1ðμÞ ¼ 0.674 and η4ðμÞ ¼ 8.181.
Finally, for the D meson the B-parameters are given by

ðB1; B2; B4Þ ¼ ð0.865; 0.82; 1.08Þ. The decay constant
and meson mass are given by fD ¼ 0.200 GeV and
mD ¼ 1.864 GeV, respectively. Using the magic numbers
from [63] to evolve the WCs induced by the Higgs down
to μ ¼ 2.8 GeV we find

C2ðμÞ ¼ 1.906 · C2ðMHÞ; C3ðμÞ ¼ −0.006 · C2ðMHÞ;
C4ðμÞ ¼ 2.903 · C4ðMHÞ; C5ðμÞ ¼ 0.097 · C4ðMHÞ;

ð56Þ
Thus, η2ðμÞ ¼ 1.906 and η4ðμÞ ¼ 2.903. For the Z0 similar
evaluation as before reveals

C1ðμÞ ¼ 0.690 · C1ðMHÞ; C4ðμÞ ¼ 6.939 · C4ðMHÞ;
C5ðμÞ ¼ 0.263 · C4ðMHÞ; ð57Þ
and therefore, η1ðμÞ ¼ 0.690 and η4ðμÞ ¼ 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.5 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 Z0 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

Δmtot
P ¼ ΔmSM

P þ ΔmNP
P : ð58Þ

Within the theoretical and experimental uncertainties Δmtot
P

should agree with the measured values Δmexp
P . Therefore

we demand the new physics contribution to agree within 3σ
with the difference Δmexp

P − ΔmSM
P .

The Standard Model prediction for the B0-meson
systems are ΔmSM

Bd
¼ ð3.475� 0.513Þ × 10−13 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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ΔmSM
Bs

¼ ð1.205� 0.178Þ × 10−11 GeV [64], while the
measured values are Δmexp

Bd
¼ð3.334�0.013Þ×10−13GeV

and Δmexp
Bs

¼ ð1.169� 0.001Þ × 10−11 GeV [58] which
leads to

Δmexp
Bd

− ΔmSM
Bd

¼ ð−0.141� 0.513Þ × 10−13 GeV;

Δmexp
Bs

− ΔmSM
Bs

¼ ð−0.036� 0.178Þ × 10−11 GeV: ð59Þ

For the K0-meson system the theoretical prediction of the
short distance contribution is ΔmSM

K ¼ 3.074 × 10−15 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
Δmexp

K ¼ ð3.484� 0.006Þ × 10−15 GeV [58] which gives

Δmexp
K − ΔmSM

K ¼ ð0.410� 0.922Þ × 10−15 GeV: ð60Þ

Since we assumed only real Yukawa couplings in the down-
quark sector we do not get any additional contribution to
jϵKj. Finally, the mass difference for neutral D-mesons is
measured to be Δmexp

D ¼ ð6.253þ2.699
−2.896Þ × 10−15 GeV [58].

However, just as it is the case forK0-mesons, the theoretical
prediction of the Standard Model contribution to neutralD-
meson mixing is subject to large uncertainties [67]. We will
therefore only demand the new physics contribution to be
less than the error on Δmexp

D .
Our results for the two benchmark points are given

in Table IV and agree with the demanded limits. The

additional contribution to B0
d − B0

d mixing is closest to

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 Z0
equally impact observable in the charged lepton sector.
Considering the process li → ljγ, 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 ϕ is given by [68]

Γðli → ljγÞ ¼
X
k

ðm2
i −m2

jÞ3ðjσLj2 þ jσRj2Þ
16πm3

i
; ð61Þ

with

σL ¼ iQk

16π2m2
ϕ

½ðρmi þ λmjÞF 1ðtÞ þ νmkF 2ðtÞ�; ð62Þ

σR ¼ iQk

16π2m2
ϕ

½ðλmi þ ρmjÞF 1ðtÞ þ ζmkF 2ðtÞ�; ð63Þ

and we sum over all internal fermions lk with electric
charge Qk. The functions F 1ðtÞ and F 2ðtÞ are defined by

F 1ðtÞ ¼
t2 − 5t − 2

12ðt − 1Þ3 þ
t ln t

2ðt − 1Þ4 ;

F 2ðtÞ ¼
t − 3

2ðt − 1Þ2 þ
ln t

ðt − 1Þ3 ; ð64Þ

with t ¼ m2
k=m

2
ϕ and the couplings ρ ¼ ðŶeÞ�kjðŶeÞki,

λ¼ðŶeÞjkðŶeÞ�ik, ν¼ðŶeÞ�kjðŶeÞ�ik, and ζ ¼ ðŶeÞjkðŶeÞki.
For the contribution of the Z0 exchange Eq. (61) equally
applies but with the replacement

σL ¼ iQk

16π2M2
Z0

�
ðρ0mi þ λ0mjÞF 3ðtÞ þ ν0mkF 4ðtÞ

− ζ0
mimjmk

M2
Z0

F 5ðtÞ
�
; ð65Þ

TABLE IV. New physics contribution to observable in neutral
meson mixing for the two given benchmark points.

Observable (in GeV)

Model prediction

BP1 BP2

ΔmNP
Bd

−1.402 × 10−13 −1.495 × 10−14

ΔmNP
Bs

2.663 × 10−14 3.003 × 10−14

ΔmNP
D 2.405 × 10−15 2.036 × 10−15

ΔmNP
K 0.504 × 10−15 0.109 × 10−15

(a) (b)

FIG. 4. One-loop contributions to the decay li → ljγ via (a) SM Higgs exchange, and (b) Z0 exchange.
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σL ¼ iQk

16π2M2
Z0

�
ðλ0mi þ ρ0mjÞF 3ðtÞ þ ζ0mkF 4ðtÞ

− ν0
mimjmk

M2
Z0

F 5ðtÞ
�
; ð66Þ

where t ¼ m2
k=M

2
Z0 and we defined the functions

F 3ðtÞ ¼
−5t3 þ 9t2 − 30tþ 8

12ðt − 1Þ3 þ 3t2 ln t
2ðt − 1Þ4 ;

F 4ðtÞ ¼
t2 þ tþ 4

2ðt − 1Þ2 −
3t ln t
ðt − 1Þ3 ;

F 5ðtÞ ¼
−2t2 þ 7t − 11

6ðt − 1Þ3 þ ln t
ðt − 1Þ4 : ð67Þ

The couplings in this notation are given by λ0 ¼ ½ĝlLðZ0Þ��kj×
½ĝlLðZ0Þ�ki, ρ0¼½ĝlRðZ0Þ��kj½ĝlRðZ0Þ�ki, ζ0 ¼ ½ĝlLðZ0Þ��kj ×
½ĝlRðZ0Þ�ki, and ν0 ¼ ½ĝlRðZ0Þ��kj½ĝlLðZ0Þ�ki.
In addition, the flavor-nondiagonal couplings of the Z0

and ϕ give rise to tree-level contributions to the three-lepton
decay li → l̄jlkll. The partial decay width mediated by ϕ
exchange is given by

Γðli → l̄jlkllÞ ¼
1

1536π3
m5

i

m4
ϕ

SjðŶeÞ�ijðŶeÞklj2; ð68Þ

with a factor S ¼ 1 for two equally charged fermions in the
final state (k ¼ l) and S ¼ 2 for k ≠ l. The contribution
from the tree-level Z0 exchange (see Fig. 5) can be written

Γðli → l̄jlkllÞ

¼ 1

1536π3
m5

i

M4
Z0
S

�
2

S
jCLLj2þ

2

S
jCRRj2þ jCRLj2þjCLRj2

�
ij

kl
;

ð69Þ

where we use the abbreviation

½CXY �ijkl ¼ ½ĝlXðZ0Þ�ij½ĝlXðZ0Þ�kl; ð70Þ

with X; Y ∈ fL;Rg and ĝlXðZ0Þ denoting the coupling
matrix of the Z0 to charged leptons with chirality X [69].
The additional factor two for the coefficients CLL and CRR
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 Z0 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,

Γtot
μ ¼ 3.00 × 10−19 GeV and Γtot

τ ¼2.27×10−12GeV [58],
the branching ratios for the decays μ− → e−γ, τ− → e−γ,
τ− → μ−γ, τ− → μ−eþe−, τ− → e−eþe−, and μ− →
e−eþe− 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
μ− → e−γ 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 Z0 mass scale of
Oð100Þ 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=γ exchange at the pp collider, singly charged vector-like
leptons will lead to 2lþ =ET; 4lþ =ET signatures and vector-
like quarks will lead to promising jjþ 4l; bb̄þ 4l; tt̄þ 4l

FIG. 5. Tree-level contribution of Z0 mediated trilepton decay.

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

Process
Experimental

limit

Model prediction

BP1 BP2

BRðμ− → e−γÞ <4.2 × 10−13 1.8 × 10−14 6.3 × 10−15

BRðτ− → e−γÞ <3.3 × 10−8 2.2 × 10−14 2.2 × 10−14

BRðτ− → μ−γÞ <4.4 × 10−8 6.8 × 10−15 3.0 × 10−15

BRðμ− → e−eþe−Þ <1.0 × 10−12 1.3 × 10−18 3.9 × 10−19

BRðτ− → e−eþe−Þ <2.7 × 10−8 2.2 × 10−17 1.8 × 10−17

BRðτ− → μ−eþe−Þ <1.8 × 10−8 9.5 × 10−18 4.1 × 10−18
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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 SUð2ÞL singlet vector-like lepton can be
probed up to a mass of ∼3 TeV at 100 TeV future collider
looking at multileptons, and =ET 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 t=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. It isworth 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], Rð�Þ
K [73–76]

anomalies. We find that it is very difficult to address the

Rð�Þ
K [73–76] anomalies at tree level in our framework since it

suffers from strong flavor constraints from BS − B̄S 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.6 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 Z0 in
our theory is on the order of Oð100Þ 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 Z0 scenario can be probed at a future
muon collider experiment with a center of mass energy offfiffiffi
s

p ¼ 3 TeV and an integrated luminosity of L ¼ 1 ab−1

looking at μþμ− → μþμ− signature while considering the
strength of the gauge coupling gX ¼ 1ð ffiffiffiffiffiffi

4π
p Þ [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 h → eτ; μτ
which can be a clear sign of newphysics.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

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 Uð1ÞX 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 Oð1Þ. 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 M0

Z ¼ 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 li → ljγ process and B0
d − B0

d 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
M0

Z 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 Z0 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 Uð1ÞX 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.

6In 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.
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