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The standard model does not provide an explanation of the observed alignment of quark flavors i.e. why
are the up and down quarks approximately aligned in their weak interactions according to their masses? We
suggest a resolution of this puzzle using a combination of left-right and Peccei-Quinn (PQ) symmetry. The
quark mixings in this model vanish at the tree level and arise out of one loop radiative corrections which
explain their smallness. The lepton mixings, on the other hand, appear at the tree level and are therefore
larger. We show that all fermion masses and mixings can be fitted with a reasonable choice of parameters.
The neutrino mass fit using seesaw mechanism requires the right-handedWR mass bigger than 18 TeV. Due
to the presence of PQ symmetry, this model clearly provides a solution to the strong CP problem.
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I. INTRODUCTION

The standard model (SM), in spite of its spectacular
successes, leaves many questions unresolved such as the
gauge hierarchy problem, the strong CP problem, neutrino
masses, and dark matter. One rarely discussed puzzle is:
why are the up and down quark flavors approximately
aligned in their weak interactions according to their masses,
i.e., the top quark is aligned with the bottom quark and
similarly for other generations? Note that the flavor is
defined by the W� interaction prior to symmetry breaking
and the masses and mixings of fermions are determined by
the Yukawa couplings. It is not a priori guaranteed that the
quarks that appear in the gauge interaction will remain
dominantly coupled to each other after symmetry breaking.
We will call this the “flavor alignment” puzzle. Since the
Yukawa coupling matrices that determine the alignment are
arbitrary in the SM, with no correlation to masses, flavor
alignment is not explained. It is therefore interesting to
search for models where flavor alignment arises naturally
for quarks. As for the lepton sector, the question of
analogous alignment is not clear yet. For example, if the
neutrino mass hierarchy is normal, it will be similar to the
case of quarks although deviations from alignment are
substantial due to the large mixing angles.
There have been several proposals to address this

issue: within the framework of Randall-Sundrum models,
even if the quarks of different flavors are misaligned in the

bulk [1], warping can lead to alignment at the branes; other
examples include implementing an extra local B − L
symmetry exclusively for the third generation [2], and
using appropriate global symmetries [3] that align t and b
naturally. In this note, we propose an alternative solution
based on a combination of Uð1ÞPQ symmetry [4] and the
left-right symmetry [5] which resolves this puzzle for all
the three generations, while simultaneously solving the
strong CP, neutrino mass and dark matter problems. Flavor
alignment emerges in this model in a natural manner. The
quark mixings vanish at the tree level and arise at the one
loop level [6,7] providing an explanation for their small-
ness. Left-right symmetry is essential for our framework
since it puts the right-handed up and down quarks together.
The neutrino mixings arise at the tree level via the seesaw
mechanism which explains why their mixings are “large.”
We emphasize that the Uð1ÞPQ symmetry is needed in
addition to left-right symmetry to guarantee alignment. The
PQ symmetry, of course, solves the strong CP problem and
provides the axion as a dark matter candidate.
Getting quark mixings out of one loop effects requires

additional colored scalars in the model [6] with masses in
the 10 TeV range. The colored scalars could either be
triplets or sextets. We pursue the triplet alternative here,
which is more minimal, although our discussion also
applies to the case with sextets. The assignment of PQ
charges guarantees that the proton decay is forbidden
despite low mass for the color triplets. Since the color
triplet scalar connects the up quark to the down quark, the
flavor changing neutral current constraints on their cou-
plings are much weaker. We also give a fit for the lepton
sector and find that fitting the neutrino oscillation obser-
vations and the charged lepton mass spectra requires the
WR mass to be in the 20 TeV range.
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The paper is organized as follows: in Sec. II, we discuss
the details of the model; in Sec. III, we discuss symmetry
breaking; in Sec. IV we show how the flavor alignment
emerges naturally as a result of the symmetries of the
model. Section V is devoted to showing how the quark
mixings arise from radiative effects and how they can fit the
observations; Sec. VI is devoted to a demonstration of how
lepton mixings arise. In Sec. VII, we discuss some
phenomenological implications of the model and give
our conclusions. In the Appendix, we explain in detail
how the various stages of the symmetry breaking emerge.

II. THE MODEL

The left-right symmetric model is based on the gauge
group SUð2ÞL × SUð2ÞR ×Uð1ÞB−L with fermion assign-
ments as doublets of the left and right SUð2Þ’s as

QT
L;a ¼ ð uL dL Þa; QT

R;a ¼ ð uR dR Þa;
ψT
L;a ¼ ð νL eL Þa; ψT

R;a ¼ ðNR eR Þa
where a ¼ 1, 2, 3 represents the family index. We choose
the following Higgs multiplets: bidoublet ϕð2; 2; 0Þ;
ΔRð1; 3;þ2Þ and ΔLð3; 1;þ2Þ, as in the minimal LR
model [8]. In addition, we add the color triplet fields
ωL;Rð1; 1;− 2

3
Þ, and gauge neutral fields σ1;2ð1; 1; 0Þ. The

former radiatively induces small CKM mixings while the
latter spontaneously break the PQ symmetry. The PQ
charges and gauge assignments for all the fields are
presented in the Table I.
The most general gauge-invariant Yukawa couplings

allowed by the PQ charges are given as

LY ¼ hqQ̄LϕQR þ hlψ̄Lϕ̃ψR

þ gab½QT
L;aτ2ωLC−1QL;b þ L → R�

þ fab½ψT
L;aτ2C

−1ΔLψL;b þ L → R� þ H:c: ð1Þ

The PQ charges by nature are asymmetric between left and
right chiral fermion fields. Note that the conjugate bi-
doublet field ϕ̃≡ τ2ϕ

�τ2 has PQ charge −2 and is therefore
forbidden from coupling to the quarks instead it (and not ϕ)
couples to leptons. As a result, the quark Yukawa matrix hq
can be diagonalized by a change of basis. This feature of
our model plays a crucial role in determining the flavor
alignment for quarks and is different from the minimal left-
right symmetric models where both ϕ and ϕ̃ couple to
fermions, thereby spoiling alignment. The Uð1ÞPQ also
provides the additional advantage of solving the strong CP
problem and yielding a dark matter candidate of the
universe in the form of axion. Note that the coupling
matrices gab are general anarchic complex matrices which
at the one-loop level provide quark mixings as well as the
CKM CP phase. Similarly, fab being anarchic provides the
lepton mixings at the tree level via the seesaw mechanism.
We wish to point out that while we have used Uð1ÞPQ
symmetry, any global symmetry that prevents the ϕ̃
coupling to quarks would also lead to the same result.

III. SYMMETRY BREAKING

To discuss the symmetry breaking pattern, we begin with
the general gauge and L-R symmetric renormalizable Higgs
potential:

Vðϕ;ΔL;R; σ1;2;ωL;RÞ
¼ V0ðϕÞ þ V0ðΔLÞ þ V0ðΔRÞ þ V0ðσ2Þ þ V0ðσ1Þ
þ V0ðωLÞ þ V0ðωRÞ þ

X
α;β

Vαβ þ μ12σ2σ
�2
1

þ αϕσTrðϕ†ϕ̃Þσ22 þ α3Trðϕ†ϕΔRΔ
†
RÞ

þ βTrðϕ†ΔLϕ̃Δ
†
RÞ þ αωσω

†
LωRσ

�2
2 þ L ↔ R: ð2Þ

where V0 typically contains a bilinear and quartic terms in
the corresponding field, i.e., for a generic field H, we have

V0ðHÞ ¼ �μ2HH
†H þ λHðH†HÞ2: ð3Þ

We choose the þ term in Eq. (3) for ωL;R and σ2 and − for
the rest of the scalar fields. Note that some fields like ϕ can
have more than one quartic term. Similarly, Vαβ contain
mixed quartic couplings between different scalar fields of
the form

Vαβ ¼ λαβðH†
αHαÞðH†

βHβÞ ð4Þ

The interlocked terms α3, β, αϕσ and αωσ are shown
explicitly since each of them have important implications
for our discussion. We also define L-R symmetry for σ
fields as σ1;2 → σ�1;2 while using the usual definitions of
parity transformation for other fields, i.e., ϕ → ϕ† for the

TABLE I. The assignments of fermion and scalar fields in the
model among various irreps of gauge group.

Fields SUð3ÞC SUð2ÞL SUð2ÞR B-L PQ

QL;a 3 2 1 1
3

þ1

QR;a 3 1 2 1
3

−1
ψL;a 1 2 1 −1 −2
ψR;a 1 1 2 −1 0
ϕ 1 2 2 0 þ2

ϕ̃ 1 2 2 0 −2
ΔL 1 3 1 þ2 þ4
ΔR 1 1 3 þ2 0
ωL 3 1 1 − 2

3
−2

ωR 3 1 1 − 2
3

þ2
σ1 1 1 1 0 þ1
σ2 1 1 1 0 þ2
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bi-doublet and ΔL → ΔR for the triplets. All the parameters
of the potential except α3 are real.
The minimum of the above Higgs potential leads to

following Higgs field vacuum expectation values (VEV)
which spontaneously break the original gauge symmetry
and the PQ symmetry.

hϕi¼
�
κ 0

0 κ0

�
; hΔL;Ri¼

�
0 0

vL;R 0

�
;

hσ1i¼vPQ;

hσ2i¼v2:
ð5Þ

This happens in several steps with the highest scale being
the PQ scale vPQ which we choose to be ∼1012 GeV for a
phenomenologically viable axion dark matter [9]. The next
scale in the model is the right-handed scale, vR, which is
chosen to be of the order of 50 TeV to be compatible with
the rare process constraints. The SM electroweak symmetry
breaking takes place when the fields ϕ acquire a VEV such
that κ2 þ κ02 ¼ v2wk. Getting the electroweak VEV to be of
the order of a 100 GeV requires a fine tuning between the
μ2ϕ and λϕσ1v

2
PQ which is the usual fine tuning of the

invisible axion models [9]. The value of the coupling β is
taken to be ∼10−7 to protect the neutrino masses from
receiving large type-II seesaw contributions. In the
Appendix, we discuss in detail how this symmetry breaking
pattern arises.
From the discussion above, we find that the axion field

has components in all the Higgs fields except the Δ0
R. This

is expected since ΔR is PQ neutral. The contribution from
Δ0

L is small since if vL is small compared to other VEVs.
For leading order in κ0 ≪ κ, we get

a ¼ N
�
4κ02

κvPQ
χϕ1

þ 4κ0

vPQ
χϕ2

−
2v2
vPQ

χσ2 þ χσ1

�
ð6Þ

where χH is used to denote the imaginary part of the
corresponding complex field H andN is the normalization
factor.

IV. FLAVOR ALIGNMENT

To see how this model naturally leads to the alignment of
quark flavors, we note that without loss of generality, we can
choose the basis for the quark fields before symmetry
breaking such that the quark Yukawa couplings hq is
diagonal. This implies that the up quarks of different
generations are aligned with the down quarks of the
corresponding generation. The mass of the top and bottom
quarks aregiven at the tree level bymt=mb ¼ κ=κ0 ¼ mc=ms.
The second tree level relation is not very well satisfied but is
fixed by the one loop correction. Since the one loop
corrections are expected to be small for the second and
the third generation, flavor alignment remains.
The situation in the lepton sector is slightly different. It

follows from the Yukawa couplings that Yukawa matrix hl
can also be diagonalized by the choice of an appropriate

basis. In this basis, both the charged lepton as well as the
Dirac mass matrix for the neutrinos are diagonal. However,
the neutrino masses arise out of seesaw mechanism which
involves the right-handed neutrino mass matrix,MN , which
is a general 3 × 3 complex symmetric matrix unconstrained
by the PQ symmetry.
By adjusting the elements of MN , we can get any flavor

of neutrino to go with any flavor of charged lepton. In other
words, this can allow for large departures from alignment
which is the case for leptons. In fact, this can also allow for
the extreme case of misalignment which occurs when there
is an inverted hierarchy of neutrino masses.

V. ONE LOOP CORRECTIONS AND FITS
TO QUARK MASSES AND MIXINGS

From the Yukawa couplings in Eq. (1), it can be seen that
the up anddownquarkmassmatrices are proportional to each
other at the tree level implying no mixing among the quark
flavors. After the symmetry breaking, there is a new tree level
contribution to the quark mass matrices coming from the αϕσ
term generating an effective coupling of the form hqQ̄Lϕ̃QR

but the generation structure of the coupling is the same as the
coupling hq and can, therefore, be absorbed in it by a
redefinition. However, at the one-loop level the color triplets,
ωðL;RÞ, generate the necessary quark mixing through radia-
tive corrections as shown in fig. 1. To study this, we do an
orthogonal rotation of ωðL;RÞ by an angle α to go the mass
basisωð1;2Þ withmassesm1;2 respectively. Themassmatrices
for up and down quark masses including the one loop
contribution (from Fig. 1) can be written as (in the limit
m1;2 ≫ mtop)

Mu
ij ¼ hqκ þ

3 sin 2α
16π2

ln
m1

m2

ðg†hqgÞijκ0;

Md
ij ¼ hqκ0 þ

3 sin 2α
16π2

ln
m1

m2

ðg†hqgÞijκ: ð7Þ

where the first terms in both these expressions denote the tree
level contribution and the second, the one loop one. It is clear
that the up and down quark mass matrices are not propor-
tional to each other anymore and generate nonzero CKM
angles. The phases appearing in the diagonal elements of the
complex-symmetric Yukawa matrix g can be absorbed

FIG. 1. Quark mixings arising form the one-loop contributions
from color scalars ωL;R.
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through a redefinition of quark fields. In the case of color
triplets, the one-loop corrections to up-type quarks are
proportional to the tree-level masses of down-type quarks.
This feature can naturally explain the inverted hierarchy of
masses for first generation quarks since the tree level masses
of the first generation quarks are much smaller than the one
loop effect (which has the property of inverting them). For the
charm and strange quarks, on the other hand, no such
inversion takes place since the tree level contribution to
charm mass is already close to observed value.

Since the color triplet masses are free parameters, we
take m1 ¼ e ×m2 ∼ 10 TeV and a mixing angle α ¼ π=4
for fitting the fermion masses. This choice is however not
essential to get a good fit for the masses. A point in the
parameter space which fits the fermion masses and mixing
parameters are given below. We find that the neutrino mass
fit requires the right-handed scale vR ≥ 50 TeV. Recalling
that gL ≃ 0.65 and the lowest value of gR allowed in the LR
model is gR ≥ 0.55gL [10], we find that for our model to
work, we must have an MWR

≥ 18 TeV.

The quark sector input parameters:

hq ¼ diagf6.9914 × 10−6; 3.3811 × 10−3; 0.9335g; κ=κ0 ¼ 59.24 κ ¼ 173.98 GeV

g ¼

0
B@

0.6861 0.7081 − 0.0007i 0.0082 − 0.0260i

0.7081 − 0.0007i 0.7255 0.1236 − 0.0007i

0.0082 − 0.0260i 0.1236 − 0.0007i 0.3076

1
CA ð8Þ

lead to

mu ¼ 1.35 MeV; md ¼ 4.83 MeV; mc ¼ 0.589 GeV;

ms ¼ 61.15 MeV; mb ¼ 3.04 GeV; mt ¼ 162.42 GeV ð9Þ

jVCKMj ¼

0
B@

0.9743 0.2254 0.0036

0.2253 0.9735 0.0406

0.0088 0.0398 0.9992

1
CA; and JCP ¼ 3.07 × 10−5; ð10Þ

These numbers correspond to a point in the parameter space that can accommodate all the fermion masses and
mixings.We have chosen the values of the masses in the MS scheme corresponding to the renormalization scale
μ ¼ mtðmtÞ. We do not claim that this set of predictions are generic to the model but is given to show that our basic idea
works in giving a realistic model.

VI. LEPTON SECTOR

In the lepton sector, the Yukawa coupling hl can be rotated into a real diagonal matrix, like in the quark sector. The
couplings hl is now completely determined by the charged lepton masses such that hl ¼ fme;mμ; mτg=κ. The neutrino
masses are generated through a combination of type-I and type-II seesaw mechanisms and the neutrino mixings arise from
the right-handed neutrino mass matrix which is completely anarchic. The light neutrino mass matrix can be approximated as
Mν ¼ fvL − hlf−1hl

vR
κ02. The diagonal phases of the complex-symmetric Yukawa coupling f can be absorbed through a

redefinition of neutrino fields.
Lepton sector input parameters:

f
10−2

¼

0
B@

0.11438 1.7757þ 0.030602i −7.28103þ 0.0871i

1.7757þ 0.030602i 14.6833 −99.81152þ 1.82564i

−7.28103þ 0.0871i −99.81152þ 1.82564i 99.73409

1
CA vL ¼ 0.5501 eV; vR ¼ 50 TeV

ð11Þ
Output in the lepton sector:

sin2θ13 ¼ 0.0215; sin2θ12 ¼ 0.3209; sin2θ23 ¼ 0.43

m1 ¼ 0.00294 eV; m2 ¼ 0.00917 eV; m3 ¼ 0.05058 eV; sin δCP ¼ −0.951 ð12Þ
This leads to

Δm2
21 ¼ 7.56 × 10−5 eV2; Δm2

31 ¼ 2.55 × 10−3 eV2;X
mν ¼ 0.062701 eV and hmββi ¼ 0.36 × 10−3 eV ð13Þ

ABHISH DEV and RABINDRA N. MOHAPATRA PHYS. REV. D 98, 073002 (2018)

073002-4



VII. DISCUSSIONS AND CONCLUSION

Several points worth noting about the model:

A. Flavor changing neutral current constraints

There are two sources of quark flavor violation in the
model:

(i) As in the minimal LR model, there are two neutral
Higgs-mediated flavor changing effects, once the
one loop effects are included to generate quark
mixings. This puts a lower bound on the ϕ0

2 mass
in the range of 10 TeVor higher. This is lower than
the vR scale in our model and is natural.

(ii) A second source of flavor violation in themodel comes
from the quark couplings to the color triplet fields
ωL;R. The corresponding case for color sextet fields
were analyzed in Ref. [11]. The difference in our case
is that color triplets always connect up quarks to down
quarks, which is similar to the up-down connecting
sextet field analyzed in [11]. At the tree level, they lead
to flavor violating decays such as B → ππ, K → ππ
etc. From Ref. [11], we find that in the case products
such as g12g�11 etc. are bounded and forMω ∼ 1 TeV,
thesebounds are oforder one. Since in our casewe take
m1;2 ∼ 10 TeV, these bounds are weaker and are
consistent with our choice of gab. The second type
of FCNC comes from box graphs which lead to
processes such as K − K̄, B-B̄ mixing. Again, the
most stringent constraint of this type are:

P
ag1ag

�
a2 ≤

0.1ðMω=TeVÞ from K − K̄ mixing and
P

ag1ag
�
a3 ≤

0.2ðMω=TeVÞ fromBd − B̄d mixing and
P

ig2ag
�
a3 ≤

1.0ðMω=TeVÞ from Bs − B̄s mixing. Clearly for our
choice ofMω ∼ 10 TeV, our choice of parameters are
quite consistent with these bounds. Since the phases in
our model are small and the triplet mass is 10 TeV, we
find that the correction to the CP violating effects in
the meson systems is consistent with observations.
According to our fermion mass fit, we expect that
corrections to standard model predictions for FCNC
effects should appear soon. The details regarding this
are presently under study.

(iii) As far as the leptonic flavor change is concerned, the
dominant contributions come from ΔL;R exchange at
the one-loop level for μ → eþ γ etc. and at the tree
level for μ → 3e and τ → 3l decays. For Δ masses
near 50 TeV, our parameter choice is consistent with
current bounds from these as well as other processes.

(iv) Any symmetry that forbids the ϕ̃ coupling to quarks
will do for achieving alignment. We choose PQ
symmetry since it not only helps us in achieving that
goal but also provides a solution to the strong CP
problem.

B. Further comments

(i) The choice of our PQ charges for the lepton sector is
dictated by the requirement that proton decay be

forbidden since all scales except the PQ scale are in
the multi-TeV range.

(ii) The lightest right-handed neutrino has a mass
around 100 GeV and is coupled to all three charged
leptons. However, its production rate is suppressed
due to the heavy WR mass as well as due to a small
heavy-light neutrino mixing, with the largest mixing
being the VeNe

∼ 10−6. It is therefore not observable
at the LHC.

(iii) We have not explored the question of leptogenesis in
the model; however, we note that there are two right-
handed neutrinos which are quasi-degenerate in the
model, which is a prerequisite for leptogenesis and
also that MWR

> 18 TeV, which guarantees that all
washout effects are small [12].

(iv) Our fit gives a
P

mν ¼ 0.06 eV. This is below the
current bound from Planck and other experiments
[13]. However, this can be tested in forthcoming
experiments such as the LSST survey and EUCLID
mission etc. which are expected to bring it down
to 0.02 eV.

(v) Our model can accommodate the current central
value for the leptonic CP phase [14].

In conclusion, we have presented a simple resolution of
the “flavor alignment puzzle” of the standard model using a
combination of left-right with Peccei-Quinn symmetry. The
model also solves the strong CP problem as well as the
problem of neutrino masses and mixings.
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APPENDIX: MINIMIZATION OF THE HIGGS
POTENTIAL OF THE MODEL

In this Appendix, we explain how the VEVs chosen in
the model arise from the Higgs potential minimization. We
seek a minimum with the VEV hierarchy vPQ ≫ vR ≫
κ ∼ κ0 ∼ v2 ≫ vL where these VEVs are defined in the
Eq. (5). We will proceed from the highest scale and explain
how the VEVs arise at each scale using the language of
effective renormalizable potential at that scale.
The highest scale in the model is the PQ scale denoted by

vPQ and it arises from the effective potential given by:

Vðσ1Þ ¼ −μ2σ1σ
�
1σ1 þ λσ1ðσ�1σ1Þ2

in the usual way. With a choice of μσ1 ∼ 1012 GeV, we get
the desired vPQ for the invisible axion.
Now, we will consider the potential for the other PQ

charged Higgs field σ2 given by
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Vðσ2Þ ¼ μ2σ2σ
�
2σ2 þ λσ2ðσ�2σ2Þ2 þ μ12σ2σ

�2
1

where μσ2 is naturally chosen to be ∼vPQ. For this potential,
the spontaneous symmetry breaking is solely due to the
cubic term in the potential. For our desired hierarchy, the

minimization gives v2 ¼ μ12v2PQ
μ2σ2

∼ μ12. It should be noted

that a small value of μ12 is radiatively stable since it is the
only term in the Lagrangian that softly breaks the Z2σ2
(σ2 ↔ −σ2). This allows us to naturally choose a value
for v2 ∼ μ12 ∼ vwk.
The next scale in the model is the parity breaking scale

vR which arises similarly to the vPQ from the effective
potential for ΔR. In this case, the effective mass term for the
ΔR field after integrating out the σ1 field has the symbolic
form:

ð−μ2ΔR
þ λσ1ΔR

v2PQÞTrðΔ†
RΔRÞ þ λΔR

TrðΔ†
RΔRÞ2:

Since vR ≪ vPQ, we need a fine tuning between the two
contributions (−μ2ΔR

and λσ1ΔR
v2PQ) to the ΔR mass term.

This is one of the fine tunings we referred to in the text.
Finally, we address the SM breaking VEVs (κ and κ0).

Note that at this scale SUð2ÞR ×Uð1ÞB−L is already broken
and the fields acquiring VEVs are given by ϕ0

1 and ϕ0
2,

which are the two neutral members of the complex
bidoublet ϕ in our model. Since κ; κ0 ≪ vR, we write the
effective potential for the ϕ0

1;2 using breaking scales vPQ
and vR. We will first set αϕσ ¼ 0. In this case, the potential
for the fields ϕ0

1;2 becomes,

Vðϕ0
1;ϕ

0
2Þ ¼ ð−μ2ϕ þ λΔRϕv

2
R þ λσ1ϕv

2
PQÞðϕ0�

1 ϕ0
1 þ ϕ0�

2 ϕ0
2Þ

þ λeffðϕ0�
1 ϕ0

1 þ ϕ0�
2 ϕ0

2Þ2 þ α3v2Rðϕ0�
2 ϕ0

2Þ:

We need some fine tuning between λΔRϕv
2
R and λσ1ϕv

2
PQ

to get a weak scale mass for ϕ. A convenient way to
find the minimum of this potential is by parametrizing

hϕ0
1i ¼ κ ¼ r cos θ and hϕ0

2i ¼ κ0 ¼ r sin θ and rewriting
the potential as

Vðr; θÞ ¼ −μ2effr2 þ λeffr4 þ α3v2Rr
2sin2θ:

Clearly, the extremum of this potential corresponds to
sin θ ¼ 0 or κ0 ¼ 0 for α3 > 0 (which is what we choose).
The question now is how can a nonzero κ0 be induced?

For this we look towards the contribution of σ2 VEV to the
ϕ0
1;2 potential. Once the VEV hσ2i ≠ 0 it induces a mixing

between ϕ0
1 and ϕ0

2 from the term αϕσTrðϕ†ϕ̃Þσ2σ2. The
effective potential in the presence of this term becomes

Veffðϕ0
1;ϕ

0
2Þ¼ ð−μ2ϕþλΔRϕv

2
Rþ λσ1ϕv

2
PQÞðϕ0�

1 ϕ0
1þϕ0�

2 ϕ0
2Þ

þλeffðϕ0�
1 ϕ0

1þϕ0�
2 ϕ0

2Þ2þα3v2Rðϕ0�
2 ϕ0

2Þ
þαϕσv22ϕ

0
1ϕ

0
2þH:c:

In terms of r and θ, we get

Vðr; θÞ ¼ −μ2effr2 þ λeffr4 þ α3v2Rr
2sin2θ

þ αϕσv22r
2 sin θ cos θ:

Minimizing this with respect to θ, we get

α3v2Rr
2 sin 2θ þ αϕσv22r

2 cos 2θ ¼ 0

which leads to a nonzero minimum for θ at tan 2θ ¼ αϕσv22
α3v2R

.

By choosing appropriate signs for αϕσ and α3, we can
obtain θ < π=4 which gives the phenomenologically pre-
ferred hierarchy: κ > κ0 ∼ vwk.
The potential for vL is given approximately as

λσ1ΔL
v2PQTrðΔ†

LΔLÞ þ κ02vRΔ0
L:

Minimizing this, we get vL ∼ κ02vR=ðλσ1ΔL
v2PQÞ which is

very small compared to other VEVs as desired.
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