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We point out that in the standard model there is meaningful quark mixing even in the extreme chiral (EC)
limit, where only the third generation of quarks acquires mass. This mixing is in general expected to be of
order 1 and the fact that jV13j2 þ jV23j2 ≈ 1.6 × 10−3 implies a novel fine-tuning problem in the SM which
we point out for the first time. We propose a possible way of avoiding this fine-tuning by introducing a
symmetry S which leads to VCKM ¼ 1, with only the third generation of quarks acquiring mass. We
consider two scenarios for generating the mass of the first two quark generations and full quark mixing
based on the assumption that the masses of the first two quark families are not generated by the standard
Higgs. One consists of the introduction of a second Higgs doublet which is neutral under S. The second
scenario consists of assuming new physics at a high energy scale, contributing to the masses of light quark
generations, in an effective field theory approach. This last scenario leads to couplings of the Higgs particle
to ss̄ and cc̄ which are significantly enhanced with respect to those of the SM. In both schemes, one has
scalar-mediated flavor-changing neutral currents which are naturally suppressed. Flavor-violating top
decays are predicted in the second scenario at the level Brðt → hcÞ ≥ 5 × 10−5.

DOI: 10.1103/PhysRevD.94.115031

I. INTRODUCTION

The recent discovery of the Higgs particle at the LHC
rendered it even more urgent to understand the mechanism
responsible for the generation of fermion masses and
mixing. In the framework of the standard model (SM),
fermion masses arise exclusively through Yukawa inter-
actions and the Brout-Englert-Higgs mechanism. Some of
the outstanding questions that one may ask include:

(i) Two of the salient flavor features in the quark sector
are the strong hierarchy of quark masses and the fact
that the VCKM matrix is close to the identity. In the
framework of the SM, can one conclude that these
two features are related in some way? How can one
understand small quark mixing in the SM?

(ii) In the SM, all fermion masses are generated through
the vacuum expectation value (VEV) of the standard
Higgs. Alternatively, one may consider a scenario
where the standard Higgs only gives mass to the
third generation, while the masses of the two first

generations originate from another source. A crucial
question is: how can this alternative scenario be
tested at the LHC and future accelerators?

In this paper, we address the above two questions. With
respect to (i), we show that actually in the SM the “natural”
value of ðjV13j2 þ jV23j2Þ is of order 1, much larger than
the observed experimental value of 1.6 × 10−3. In order to
address this question, we study in detail quark mixing in the
extreme chiral (EC) limit, where only the third generation
of quarks acquires mass, while md, ms, mu, mc remain
massless. In fact, the smallness of ðjV13j2 þ jV23j2Þmay be
interpreted as a hint from experiment, indicating that one
should find a symmetry or a principle accounting for this
fact. This implies in all generality a fine-tuning problem in
the SM. The fact that there is flavor mixing even in the limit
where the first two quark generations do not acquire mass
has been previously discussed in specific frameworks,
namely in the framework of supersymmetric theories with
a U(2) flavor symmetry [1–3].
With respect to question (ii) we consider the possibility

that in leading order the SM Higgs only gives mass to the
third generation. This is achieved in a natural way through
the introduction of a discrete symmetry S which leads to
quark mass matrices of rank 1, aligned in flavor space. We
then conjecture that the generation of the mass of the first
two generations arises from a different source. If this new
source is just another Higgs doublet and if one assumes that
the new doublet is neutral with respect to the symmetry S,
then one is led to a flavor structure analogous to what one
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encounters in a class of models [4,5] known as Branco-
Grimus-Lavoura (BGL), which have been extensively
analyzed in the literature [6–12]. If, on the other hand,
the new contribution arises in the framework of an effective
field theory where the new physics (NP) particles have been
integrated out, then assuming that this NP contribution is of
order ms and mc in the down and up sectors, one can
estimate the couplings of the Standard Higgs to tt̄, bb̄, cc̄,
ss̄. It turns out that the couplings to tt̄, bb̄ do not differ
much from those in the SM, but the couplings to cc̄, ss̄ are
significantly enhanced with respect to those in the SM.

II. MIXING IN THE EC LIMIT

We analyze quark mixing in the EC limit, where the
quark mass matrices Md and Mu are rank 1 matrices
generated by two independent Yukawa coupling matrices
Yd, Yu. Therefore, Md, Mu can be written

Md ¼ Ud†
L diagð0; 0; mbÞUd

R;

Mu ¼ Uu†
L diagð0; 0; mtÞUu

R: ð1Þ

One does not lose generality by considering the specific
ordering ofmb,mt in Eq. (1), since a permutation changing
these positions can always be included in the unitary
matrices Ud;u

L;R. The quark mixing matrix appearing in the

charged weak interactions is given by V0 ¼ Uu†
L Ud

L and it is
at this stage an arbitrary mixing matrix. Taking into account
that in the EC limit the first two generations are massless,
one can make an arbitrary redefinition of the light quark
masses through a unitary transformation of the type

Wu;d ¼
�
Xu;d 0

0 1

�
; ð2Þ

where Xu;d are 2 × 2 unitary matrices. Under this trans-
formation V0 transforms as V0 → V 0 ¼ W†

uVWd. One has
the freedom to choose Xu;d at will to diagonalize the 2 × 2

upper left sector of V 0, leading to jV 0
12j ¼ jV 0

21j ¼ 0.
Unitarity of V 0 leads then to the constraint V 0�

13V
0
23 ¼ 0.

One can then choose, without loss of generality, V 0
13 ¼ 0

and VCKM becomes then an orthogonal matrix, with mixing
only between the second and third generation, character-
ized by an angle α, with jV 0

23j ¼ jV 0
32j ¼ j sin αj. The

important point that we wish to emphasize is that this
mixing in the EC limit of the SM is arbitrary. The smallness
of jV13j2 þ jV23j2 in the SM, in general, cannot be related
to the smallness of the mass ratios m2

i =m
2
3, where i ¼ 1, 2.

Therefore, in the framework of the SM the observed
smallness of jV23j ¼ Oð10−2Þ provides a hint for the
presence of a flavor symmetry. The appearance of a
nontrivial mixing, even in the EC limit case, corresponds
to a misalignment of the two mass matrices Md, Mu.

III. AN INVARIANT MEASURE
OF ALIGNMENT

Experimentally one encounters in the quark sector
VCKM ≈ 1 which corresponds to an alignment of the quark
mass matrices in flavor space. It is useful to have an
invariant measure of the mixing defined in terms of the
mass matrices when they are written in an arbitrary weak
basis. This can be done by defining the following weak
basis invariant [13]:

A≡ 1

2
trB2; with B ¼ hd − hu ð3Þ

where the building blocks are the two matrices

hd ¼
Hd

tr½Hd�
; hu ¼

Hu

tr½Hu�
ð4Þ

with the notation Hu;d ≡Mu;dM
†
u;d. By construction, one

has tr½hd� ¼ tr½hu� ¼ 1. Given the two rank 1 matricesMd;u

described before, corresponding to the EC limit, one
obtains

A≡ 1

2
trB2 ¼ jV23j2 þ jV13j2: ð5Þ

The result of Eq. (5) is exact in the EC limit. In this limit,
this invariant A varies from 0 to 1, with 0 corresponding to
exact alignment and 1 to total misalignment. The invariant
A still gives a measure of the size of mixing when the first
two generations acquire mass, and in this case we
have A ≈ jV23j2 þ jV13j2 þOðms=mbÞ4.

IV. OBTAINING SMALL MIXING
THROUGH A SYMMETRY

As stated before, mixing in the EC limit is parametrized
by an arbitrary mixing angle involving two generations. In
general, in the SM there is no reason to assume that this
mixing angle is either close to zero or maximal; in fact it
can take any value. It is possible to introduce a symmetry
which leads to the vanishing of this mixing. Without loss of
generality, this angle can parametrize mixing between the
second and the third generations. Let us consider the
following symmetry S, in the context of the particle content
of the SM, with only one Higgs doublet:

Q0
L3 → exp ðiτÞQ0

L3; u0R3 → exp ði2τÞu0R3;
ϕ → exp ðiτÞϕ; τ ≠ 0; π ð6Þ

whereQ0
Lj is a left-handed quark doublet and ϕ is the Higgs

doublet. All other fermions transform trivially under S. This
symmetry leads to the following pattern of texture zeros for
the Yukawa couplings:
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Yd ¼

2
64
0 0 0

0 0 0

× × ×

3
75; Yu ¼

2
64
0 0 0

0 0 0

0 0 ×

3
75 ð7Þ

which clearly lead to VCKM equal to the identity. The
matrices of Eq. (7) are written in the weak basis (WB)
chosen by the symmetry. The matrix Yd can be written in
the same form as Yu by means of a rotation of the right-
handed down quarks, which simply corresponds to a
different choice of WB.
Next we present possible ways of extending this

scenario in order to generate the masses of the first
two generations of quarks, as required experimentally,
without generating large mixing and keeping the Higgs-
mediated flavor-changing neutral currents (HFCNC) under
control.

V. GENERATING THE MASSES OF THE FIRST
TWO QUARK GENERATIONS

At this stage, one has to address the question of the origin
of the masses of the first two generations. The discovery of
the Higgs particle at the LHC and the study of its
production and decay has shown that the VEV of the
Higgs field gives the dominant contribution to the masses
of the fermions of the third generation, namely to the top
and bottom quarks, as well as the τ-lepton. It is conceivable
that the masses of the quarks of the first two generations
arise from a different source [14–20] so that the quark mass
matrices have the form

M ¼ Mð0Þ þMð1Þ ð8Þ

where Mð0Þ is generated by the VEV of the standard
Higgs ϕ and Mð1Þ may arise from the VEV of a second
Higgs ϕ0 or from another unspecified source. In either
case, the fact that there are two different sources
giving contributions to the mass of quarks of a given
charge leads to scalar-mediated flavor-changing neutral
currents (FCNC). These currents are naturally suppressed
in both of the scenarios we consider below, once the
experimental values of the VCKM entries are taken into
account.

VI. ADDING A SECOND HIGGS DOUBLET

The simplest possibility to generate masses for the first
two generations is in the context of two-Higgs-doublet
models [21]. If the second doublet ϕ0 is neutral under S, the
implied structure of the Yukawa couplings of ϕ0 is

Y 0
d ¼

2
64
× × ×

× × ×

0 0 0

3
75; Y 0

u ¼

2
64
× × 0

× × 0

0 0 0

3
75: ð9Þ

Since we now have two Higgs doublets, the Yukawa
couplings written in terms of quark mass eigenstates u,
d are

LY ¼ −
ffiffiffi
2

p
Hþ

v
ūðVNdγR − N†

uVγLÞdþ H:c:

−
H0

v
ðūDuuþ d̄DddÞ

−
R
v
½ūðNuγR þ N†

uγLÞuþ d̄ðNdγR þ N†
dγLÞd�

þ i
I
v
½ūðNuγR − N†

uγLÞu − d̄ðNdγR − N†
dγLÞd� ð10Þ

where v≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≈ 246 GeV, γL ¼ ð1 − γ5Þ=2, γR ¼

ð1þ γ5Þ=2 and V denotes the VCKM matrix. The neutral
scalar fields H0, R are orthogonal combinations of the
fields ρj, introduced when one expands the neutral scalar

fields around their VEVs, ϕ0
j ¼ eiαjffiffi

2
p ðvj þ ρj þ iηjÞ, where

we have opted for the notation ϕ1 ≡ ϕ, ϕ2 ≡ ϕ0.
Analogously I stands for the linear combination of the
ηj orthogonal to the neutral Goldstone boson. The physical
neutral Higgs fields correspond to linear combinations of
H0, R and I. The Yukawa couplings of Eq. (9) lead to a
contribution to the quark mass matrices of the form

Mð1Þ
d ¼ v0ffiffiffi

2
p

2
64
× × ×

× × ×

0 0 0

3
75;

Mð1Þ
u ¼ v0ffiffiffi

2
p

2
64
× × 0

× × 0

0 0 0

3
75: ð11Þ

In general two-Higgs doublet models (2HDM) the cou-
plings parametrized by the flavor matrices Nd, Nu in
Eq. (10) lead to FCNC. However, it has been shown that
in BGL models [4] the full flavor structure of Nd, Nu only
depends on the VCKM matrix. This structure of Eq. (11)
coincides with what one encounters in a class of BGL
models [4]. In this model there are FCNC but they are
naturally suppressed by small VCKM elements and the
model obeys the minimal flavor violation [5,22,23]
principle.
In this context, there are two types of BGL models:

(1) top models described by Eqs. (6), (7) and (11) with
FCNC only in the down sector and (2) bottom models with
the role of up and down quarks interchanged. This second
class of models gives rise to FCNCs only in the up sector.
From low energy flavor data the scale of new physics in top
models can be quite light at a few hundred GeV [9].
Bottomlike models introduce new scales close to the TeV
region [9]. Flavor-conserving or flavor-blind Higgs observ-
ables can be accommodated in both categories because the
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new couplings, compared to the SM couplings, i.e., the
coupling modifiers κZ, κW , κt, κτ, κb, κg and κγ may deviate
from 1 at the percent level. These models have been
extensively studied in the literature [8–12]. In the Higgs
sector the most relevant prediction specific to top models is
the decay h → bs̄þ sb̄ with branching ratios at most
between 10−3 and 10−2 [11]. The bottom models predict
the rare top decay t → hc with a branching ratio of at most
10−3 [11]. In both classes of models these predictions can
be correlated with h → μτ̄ þ τμ̄ occurring at a branching
ratio which can reach at most 10−2.

VII. GENERATING LIGHT QUARK
MASSES FROM NEW PHYSICS
AT A HIGH ENERGY SCALE

Here, we consider that only one Higgs doublet is
introduced in the framework of the SM and introduce
the symmetry S of Eq. (6) which implies that only the third
generation of quarks acquire mass, with VCKM ¼ 1. We
shall consider that the quark masses of the first two
generations arise from new physics contributing to the
Yukawa couplings in leading order through an effective
dimension-six operator of the form

Leff ¼ −ðYð1Þ
d Þjk

ϕ†ϕ

Λ2
Q̄0

Lj
d0Rk

ϕ

− ðYð1Þ
u Þjk

ϕ†ϕ

Λ2
Q̄0

Lj
u0Rk

~ϕ: ð12Þ

The Yukawa and quark mass matrices have then the
form [16]

ffiffiffi
2

p
Yd;u ¼ Yð0Þ

d;u þ 3Yð1Þ
d;u

�
v2

Λ2

�

Md;u ¼ v

�
Yð0Þ
d;u þ Yð1Þ

d;u

�
v2

Λ2

��
ð13Þ

with Yð0Þ
d ¼ diagð0; 0; mb

v Þ and Yð0Þ
u ¼ diagð0; 0; mt

v Þ. The
fact that Yd;u are not proportional to Md;u leads to
Higgs-mediated FCNCs. At this stage, it is useful to
estimate the size of the new mass scale Λ. From
Eq. (13) and taking into account that v ¼ 174 GeV, mt ¼
173 GeV one obtains ðYð0Þ

u Þtt ≈ 1. Assuming Yð1Þ
u ≈ ðYð0Þ

u Þtt,
one obtains Λ ¼ ½Yð1Þ

u v3

mc
�1=2 ≈ 2 TeV, so the new mass scale

is of the order of a few TeV. For the down quark sector,
taking into account that mb ≈ 4.2 GeV, ms ≈ 0.095 GeV,

one obtains ðYð0Þ
d Þbb ≈ mb

v ≈ 0.02, Yð1Þ
d ≈ 0.07. Note that in

the present framework one obtains jV23j ≈ Oðms=mbÞ but
one does not provide an explanation for the smallness of
mb=mt. We will show that the potentially dangerous
FCNCs are naturally suppressed in the present framework.
The down quark mass matrix is diagonalized by

U†
dL

�
Yð0Þ
d þ Yð1Þ

d
v2

Λ2

�
UdR ¼ Dd

v
ð14Þ

where Dd ≡ diagðmd;ms;mbÞ, with an analogous expres-
sion for the up sector. In the quark mass eigenstate basis,
the Yukawa coupling matrix becomes

ffiffiffi
2

p
Ym
d ¼

ffiffiffi
2

p
ðU†

dLYdUdRÞ ¼
3Dd

v
− 2U†

dLY
ð0Þ
d UdR: ð15Þ

At this stage, it is useful to write U†
dLY

ð0Þ
d UdR explicitly.

Taking into account the form of Yð0Þ
d one obtains

ðU†
dLY

ð0Þ
d UdRÞjk ¼ ðU�

dLÞ3jðUdRÞ3k
mb

v
ð16Þ

with an analogous expression for the up sector. The
strength of the Higgs couplings Ym

d is controlled by
Eqs. (15), (16) and one has to take into account the very
strict bounds on flavor-violating scalar couplings, which
can be derived from K0 − K̄0, Bd − B̄d, Bs − B̄s, D0 − D̄0

mixings. These bounds have been recently analyzed in
[24]. From Bs − B̄s mixing, one derives bounds on
jðU�

dLÞ32ðUdRÞ33j and jðU�
dLÞ33ðUdRÞ32j which taking into

account that jðUdLÞ33j ≈ 1 and jðUdRÞ33j ≈ 1 lead to
jðUdLÞ32j ≤ 1.4 × 10−2. Similarly, one derives from
Bd − B̄d mixing the bound jðUdLÞ31j ≤ 3 × 10−3. It is
remarkable that these bounds lead to jðU�

dLÞ31ðUdRÞ32j≃
jðU�

dLÞ32ðUdRÞ31j ≤ 4.4 × 10−4 which guarantees that the

Higgs contribution to K0 − K̄0 mixing is sufficiently sup-
pressed, to conform to the strict experimental bound.
Flavor-changing scalar couplings in the up sector are
controlled by jðU�

uLÞ3iðUuRÞ3jj. On the other hand, UuL

is constrained to be in a region which can generate the
observed VCKM ¼ ðU†

uLUdLÞ. Once these constraints are
taken into account, one predicts, in the present framework,
the strength of flavor-changing decays of the top quark,
namely

Brðt → hcÞ ≥ 5 × 10−5: ð17Þ
It is interesting to notice that in this framework the
previously analyzed new flavor-changing Higgs contribu-
tions all arise from the third column of the matrices UdL,
UdR, UuL and UuR.
So far we have only discussed the off-diagonal

Higgs couplings. In the diagonal couplings, one has to
distinguish between the couplings of the third generation
(i.e. tt̄h and bb̄h) and those of the two light generations.
Taking into account that jðU�

dLÞ33ðUdRÞ33j ≈ 1 and also
jðU�

uLÞ33ðUuRÞ33j ≈ 1 it is clear that the couplings of the
third quark generation coincide with those in the SM. On
the contrary, for the first two generations, one has a
significant enhancement by a factor of 3, leading, for
example, to
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Γðh → qq̄Þ ≈ 9ΓSMðh → qq̄Þ q ¼ d; s; c: ð18Þ

At this stage, the following comment is in order. For the
down sector, the experimental constraints from meson
mixing are very strict and the prediction of Eq. (18) for
q ¼ d, s, is solid. For cc̄ although the enhancement of
Eq. (18) holds for most of the allowed parameter space,
there are regions of allowed parameter space where the
enhancement is not as strong. So far, we have only
discussed the quark sector. Note that the observed lepton
flavor mixing is large and therefore there is no motivation
to opt for the symmetry S to act in the lepton sector in a way
analogous to the quark sector, since this would lead to
VPMNS ¼ 1 in leading order, in contrast to experiment. We
shall assume that leptons are neutral with respect to S,
which leads to couplings of the Higgs particle to leptons
which coincide with those of the SM.
Taking into account that ΓSMðh→ c̄cÞ=ΓSMðh→allÞ∼3%,

and assuming Eq. (18) and that the other relevant
decay channels do not change, we get Γðh → allÞ ≈
1.23ΓSMðh → allÞ. This result gives rise to a definitive
prediction for the signal strength parameters μf [25] in the
decay channels f ¼ γγ, ZZ, WW, ττ̄, bb̄ of

μf ¼ Γðh → fÞΓSMðh → allÞ
Γðh → allÞΓSMðh → fÞ ≈ 0.81; ð19Þ

which is compatible with the combined ATLAS CMS
analysis [25]. Looking at the coupling modifiers analysis κf
we have as in the SM no modification of the couplings to
the relevant channels

κZ ¼ κW ¼ κt ¼ κτ ¼ κb ¼ κg ¼ κγ ¼ 1; ð20Þ

but the large enhancement in the undetected cc̄ channel
contributes to the so-called beyond the SM branching ratio
BRBSM ∼ 18.8% in perfect agreement with the 34% joint
upper bound from ATLAS and CMS at 95% C.L. [25].

VIII. TeV COMPLETION

A possible TeV completion of the present model can be
implemented in the framework of an extension of the SM
where one adds threeQ ¼ −1=3 vectorlike quarks,Dα, and
three Q ¼ 2=3 vectorlike quarks, Uβ, isosinglets of SUð2Þ,
to the spectrum of the SM.
We introduce the symmetry S considered in Eq. (6), with

the standardlike quarks transforming as before. The sym-
metry S is spontaneously broken by the VEVof the Higgs
field and we also allow for a soft-breaking term D̄LβdR3
with a similar soft-breaking term for the up sector. In Fig. 1,
we show a diagram contributing, in the down sector, to the
leading higher order operators in Eq. (12).
The challenge of getting a detailed description of

how to generate a realistic quark mass spectrum and a

correct pattern of quark mixing goes beyond the scope of
this paper.

IX. CONCLUSIONS

The crucial points of our paper are the following:
(i) Contrary to what may be a common belief, in the

SM, the natural value of jV23j2 þ jV13j2 is of order 1.
In the SM, without an additional symmetry, the
smallness of VCKM mixings cannot be derived from
the observed strong hierarchy of quark masses.

(ii) We point out that the fact that jV23j2 þ jV13j2 is
small may be considered as a hint of nature,
suggesting the introduction of a symmetry S.
We have given an example of such a symmetry,
which leads to VCKM ¼ 1, with only the third quark
generation acquiring mass.

(iii) We have suggested two different scenarios to gen-
erate the masses of the two lighter quark generations.
One of them consists of the introduction of a second
Higgs doublet, which is neutral under S. This
framework leads to a BGL-type model [4,5] which
hase been analyzed in the literature. Another sce-
nario consists of assuming that new physics at a high
energy scale contributes to the light quark masses in
an effective field theory approach. This scenario
leads to the following striking predictions which can
be tested at LHC run 2, as well as in other future
accelerators: The diagonal Higgs quark couplings of
the third generation, i.e. tth and bbh, essentially
coincide with those of the SM. The diagonal Higgs
couplings of the lighter quarks are enhanced with
respect to those of the SM, by about a factor of 3,
with the most significant effect of this enhancement
given by Eq. (18). In this framework one predicts
Higgs-mediated flavor-violating top decays, as in-
dicated in Eq. (17).

(iv) In this paper we point out a fine-tuning problem that
arises in the context of the SM and propose scenarios
to solve the problem which lead to predictions that
can be observed in the near future. If such scenarios
are not realized in nature this fine-tuning problem
remains an open question. Attempts at solving this
question may lead to novel approaches to address the
flavor puzzle.

FIG. 1. Example of generation of effective mass terms for the
light down quarks after spontaneous symmetry breaking, with
only one soft S breaking term involving the R component of the
third generation down quark.
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