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We point out unique relations between the decay widths for leptoquarks and Higgs bosons that can be
used to test the unification of quarks and leptons at the TeV scale. We discuss the main predictions of the
minimal theory for quark-lepton unification and show how the different decays for leptoquarks and Higgses
are related by the symmetry of the theory.
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I. INTRODUCTION

After the discovery of the Standard Model (SM) Higgs
boson at the large hadron collider (LHC) we know that the
SM of particle physics can describe with high precision the
physics below the TeV scale. Nonetheless, there are reasons
to believe that the LHC could discover new forces and a
new sector that could help address some of the open issues
in particle physics and cosmology.
It is well known that the SM needs to be modified in

order to explain the origin of neutrino masses, the nature of
dark matter, and the baryon asymmetry in the Universe.
Unfortunately, we do not know what is the cutoff scale of
the SM and there is no certainty that the LHC will discover
new physics. The unification of forces in nature is one of
the best ideas we have for physics beyond the Standard
Model. The simplest unified theories based on SUð5Þ and
SOð10Þ can describe physics at the high scale, MGUT ∼
1015−16 GeV (for reviews see Refs. [1,2]), and we cannot
hope to directly test their predictions at colliders because
the fields are superheavy.
Pati and Salam [3] proposed the idea of matter uni-

fication, where the SM quarks and leptons can be unified in
the same multiplet. This idea was crucial to understand the
idea of grand unification. The minimal Pati-Salam model
predicts the same mass for neutrinos and up-quarks, and the
same for down-quarks and charged leptons. Therefore, if
we use the canonical seesaw mechanism [4–7] the relevant
scale is MR ∼ 1014 GeV.

In our view, the generic idea of quark-lepton unification
is very appealing. Some years ago, a simple theory for the
unification of quarks and leptons below the multi-TeV scale
was proposed by one of the present authors, P. Fileviez
Pérez, and M. B. Wise in Ref. [8]. This theory is based on
SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR, and neutrino masses are gen-
erated through the inverse seesaw mechanism [9,10] in
order to have a consistent theory where SUð4ÞC is broken at
the low scale. This theory tells us that one can hope to test
the idea of quark-lepton unification at current or future
colliders.
In this article, motivated by the possibility to test the idea of

matter unification at colliders, we investigate in detail the
Higgs and leptoquark decays in the theory proposed inRef. [8].
This theory predicts three leptoquarks and two Higgs
doublets. The predicted leptoquarks are Xμ ∼ ð3; 1; 2=3ÞSM,
Φ3 ∼ ð3̄; 2;−1=6ÞSM, and Φ4 ∼ ð3; 2; 7=6ÞSM. We point out
relations between the decay widths for Leptoquarks and Higgs
bosons that can be used to test the idea of quark-lepton
unification at the TeV scale.
In the case of the scalar leptoquarks we find several

unique relations for the decay widths, for example,

X3
i;j¼1

Γðϕ1=3
3 → d̄iνjÞ ¼

�Mϕ1=3
3

Mϕ2=3
4

�X3
i;j¼1

Γðϕ2=3
4 → ēidjÞ:

Therefore, if these decays are measured it can be checked
whether this relation predicted by quark-lepton unification
holds. In the above equation the leptoquarks ϕ1=3

3 and ϕ2=3
4

are components of the Φ3 and Φ4 fields, respectively.
The Higgs sector of this theory is special because there

are two Higgs doublets with only four different Yukawa
couplings. One finds, for example, that only two Yukawa
couplings determine the masses for the down-quarks and
charged leptons. In the limit where there is a hierarchy
between the two Higgs vacuum expectation values,
tan β ¼ v2=v1 ≫ 1, we find that the quark-lepton
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unification predicts the following relation for the heavy
CP-even Higgs decay widths:

X3
i;j¼1

ΓðH → d̄idjÞ ¼ 3
X3
i;j¼1

ΓðH → ēiejÞ:

This relation is quite unique because naively we expect the
Higgs decays into leptons and quarks to be different.
Finally, we study the relations between the leptoquark
and Higgs decays when tan β ≪ 1. For example, we find

X3
i;j¼1

Γðϕ−2=3
3 → d̄iejÞ ¼ 4

�Mϕ−2=3
3

MH

�X3
i;j¼1

ΓðH → ēiejÞ:

We discuss how the above relations and other relations can
be used to test the idea of quark-lepton unification at
colliders.
This article is organized as follows: in Sec. II we discuss

the minimal theory for quark-lepton unification at the low
scale. In Sec. III we discuss the properties of the different
leptoquarks and their decays. In Sec. IV the new Higgses
are discussed and we point out the main properties of their
decays into fermions. Our main findings are summarized
in Sec. V.

II. MINIMAL QUARK-LEPTON UNIFICATION

A simple renormalizable theory for quark-lepton unifica-
tion was proposed in Ref. [8] which can be seen as a low-
energy limit of the Pati-Salam theory. This theory is based on
the gauge symmetry, SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR and the
SM matter fields are unified in three representations:

FQL ¼
�
u ν

d e

�
∼ ð4; 2; 0Þ; ð1Þ

Fu ¼
�
uc νc

�
∼ ð4̄; 1;−1=2Þ; ð2Þ

Fd ¼
�
dc ec

�
∼ ð4̄; 1; 1=2Þ; ð3Þ

while the gauge fields live in Aμ ∼ ð15; 1; 0Þ. The minimal
Higgs sector has three scalar representations:Φ ∼ ð15; 2; 1=2Þ,
χ ∼ ð4; 1; 1=2Þ, and H1 ∼ ð1; 2; 1=2Þ. This minimal sector
allows us to write a full realistic theory for matter unification.
The gauge symmetry, SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR, is

spontaneously broken to the SM gauge group by the
vacuum expectation value (VEV) of the scalar field χ,
i.e., hχi ¼ diagð0; 0; 0; vχ=

ffiffiffi
2

p Þ, which gives mass to the
vector leptoquark Xμ, defining the scale of matter uni-
fication. See Appendix A for more details.
The Yukawa interactions for the charged fermions can be

written as

− L ⊃ Y1FQLFuH1 þ Y2FQLFuΦ

þ Y3H
†
1FQLFd þ Y4Φ†FQLFd þ H:c:; ð4Þ

while for neutrinos one can implement the inverse seesaw
mechanism using the terms

−L ⊃ Y5FuχSþ 1

2
μSSþ H:c:: ð5Þ

Here the fields S ∼ ð1; 1; 0Þ are SM fermionic singlets. In
order to achieve very small neutrino masses one needs a
seesaw mechanism. The minimal scenario to have the
SUð4ÞC symmetry broken at the low scale and generate
small neutrino masses without fine-tuning is using the
inverse seesaw mechanism [8]. This is a key idea that
allows us to realize matter unification below the multi-
TeV scale.
The mass matrix for neutrinos in the basis (ν, νc, S)

reads as

ðννcSÞ

0
BB@

0 MD
ν 0

ðMD
ν ÞT 0 MD

χ

0 ðMD
χ ÞT μ

1
CCA
0
B@

ν

νc

S

1
CA; ð6Þ

where MD
χ ¼ Y5vχ=

ffiffiffi
2

p
and MD

ν is given in Eq. (21).
The light neutrino masses are given by

mν ≈ μðMD
ν Þ2=ðMD

χ Þ2; ð7Þ

when MD
χ ≫ MD

ν ≫ μ and the heavy neutrinos form a
pseudo-Dirac pair.
In order to test the generic idea of quark-lepton uni-

fication we need to understand the predictions of the
different theories where this idea is realized. In this article,
we focus on the minimal theory for matter unification that
can describe physics below the multi-TeV scale, because
we can hope to test this idea at current or future colliders.
For phenomenological studies of this theory see
Refs. [11–14].

III. LEPTOQUARK DECAYS

The theory discussed in the previous section predicts a
vector leptoquark, Xμ ∼ ð3; 1; 2=3ÞSM, associated with the
SUð4ÞC symmetry, and four physical scalar leptoquarks.
The scalar leptoquarks Φ3 ∼ ð3̄; 2;−1=6ÞSM and Φ4 ∼
ð3; 2; 7=6ÞSM can be written in SUð2ÞL components as

Φ3 ¼
 

ϕ1=3
3

ϕ−2=3
3

!
; and Φ4 ¼

 
ϕ5=3
4

ϕ2=3
4

!
; ð8Þ

where the numbers in the superscript denote the electric
charge. The Yukawa interactions for Φ3 and Φ4 are
given by
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− L ⊃ Y2εabla
LΦb

4ðucÞL þ Y2εabQa
LΦb

3ðνcÞL
þ Y4Φ

†
3lLðdcÞL þ Y4Φ

†
4QLðecÞL þ H:c:; ð9Þ

where a and b correspond to the SUð2ÞL indices. Notice
that in this sector we only have two different Yukawa
couplings because the SUð4ÞC symmetry relates the differ-
ent Yukawa interactions in a unique way.
The physical scalar leptoquarks in this theory are

ϕ1=3
3 ; ϕ5=3

4 ; ϕ−2=3
3 ; and ϕ2=3

4 :

The leptoquarks ϕ−2=3
3 and ϕ2=3

4 can mix but the mixing
angle is determined by the electroweak scale, and hence, it
is generically very small. Consequently, in this work we
ignore this mixing. For the interactions of these fields see
Appendix E.
Now, let us discuss the different decays of the lepto-

quarks and their decays to understand how the quark-lepton
symmetry predicts unique relations between the different
decay widths.
Xμ decays: The vector leptoquark Xμ can have the

following decays:

Xμ → ēidj; ν̄iuj;

where i; j ¼ 1; 2; 3 correspond to the family indices.
Unfortunately, naively one expects that the vector lepto-
quark mass must be above 103 TeV to satisfy the exper-
imental bounds on rare decays such as KL → e�μ∓ [15],
unless one uses the freedom on the mixings between quarks
and leptons. For the vector leptoquark there is a very simple
relation for the decay widths:

X3
i:j¼1

ΓðXμ → ēidjÞ ¼ 2
X3
i;j¼1

ΓðXμ → ν̄iujÞ: ð10Þ

Notice that the total widths for a given decay channel are
clean, meaning that they are independent of the unknown
mixing angles between quarks and leptons determined by
the matrix VDE defined in Appendix E. If the right-handed
neutrinos are much lighter than the Xμ boson, the decay
widths of Xμ into quarks and leptons are equal.
Scalar leptoquarks: In the case of the scalar leptoquarks

one can have the decays

ϕ1=3
3 → d̄iνj; d̄iNj; ϕ5=3

4 → ēiuj;

ϕ−2=3
3 → d̄iej; ūiνj; ūiNj; ϕ2=3

4 → ēidj; ν̄iuj; N̄iuj:

Even though the Feynman rules for the scalar leptoquarks
listed in Appendix E are involved, it is possible to define
some total widths for different channels that are indepen-
dent of the unknown mixing angles entering in the
interactions: for example, by defining

ΓTðϕ1=3
3 → d̄νÞ≡X3

i;j¼1

Γðϕ1=3
3 → d̄iνjÞ

¼
3Mϕ1=3

3

16π
Tr½Y†

4Y4�; ð11Þ

which turns out to be independent of any mixing angle
when the fermion masses are neglected; see Appendix B for
the details of the calculation. In order to understand this
simple result, notice that the individual decay width
Γðϕ1=3

3 → d̄iνjÞ is a complicated function of mixing matri-
ces and Yukawa couplings. See the Feynman rules in
Appendix E for the details. However, since the leptoquarks
are heavy we can neglect the fermion masses and by
summing over the family index we find a total decay width
that is a function only of the Yukawa couplings. This
simple idea allows us to find relations between the different
decays.
We investigated the different leptoquark decays into

fermions and found the following set of relations predicted
by quark-lepton unification:

ΓTðϕ1=3
3 → d̄νÞ
Mϕ1=3

3

¼ ΓTðϕ2=3
4 → ēdÞ
Mϕ2=3

4

¼ ΓTðϕ−2=3
3 → d̄eÞ
Mϕ−2=3

3

: ð12Þ

Now, if the decay channels with the heavy pseudo-Dirac
neutrinos are available, neglecting all fermion masses one
finds

ΓTðϕ1=3
3 → d̄NÞ
Mϕ1=3

3

¼ ΓTðϕ2=3
4 → ν̄uÞ
Mϕ2=3

4

¼ ΓTðϕ−2=3
3 → ūNÞ
Mϕ−2=3

3

; ð13Þ

ΓTðϕ5=3
4 → ēuÞ ¼

Mϕ5=3
4

Mϕ−2=3
3

½ΓTðϕ−2=3
3 → ūNÞ

þΓTðϕ−2=3
3 → d̄eÞ�: ð14Þ

Furthermore, if the pseudo-Dirac neutrinos are light and
when ϕ1=3

3 and ϕ5=3
4 are the lightest elements of the Φ3 and

Φ4, respectively, then their total widths will be dominated
by the lþ q decays, and hence, their lifetimes will satisfy

Mϕ1=3
3

τϕ1=3
3

¼ Mϕ5=3
4

τϕ5=3
4

: ð15Þ

Similarly, if ϕ1=3
3 and ϕ2=3

4 are the lightest elements of the
Φ3 and Φ4 we then have
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Mϕ1=3
3

τϕ1=3
3

¼ Mϕ2=3
4

τϕ2=3
4

: ð16Þ

The same is true when ϕ−2=3
3 and either ϕ2=3

4 or ϕ5=3
4 are the

lightest elements:

Mϕ−2=3
3

τϕ−2=3
3

¼ Mϕ2=3
4

τϕ2=3
4

; ð17Þ

Mϕ−2=3
3

τϕ−2=3
3

¼ Mϕ5=3
4

τϕ5=3
4

: ð18Þ

Clearly, these relations are predictions from the unification
of quark and leptons and can be used to test this idea at
particle colliders.
It is well known that any theory, including the SM, does

not predict the values of the gauge and Yukawa couplings
present in the interactions, but can predict relations between
the different physical quantities. In this case, the minimal
theory for quark-lepton unification is predicting a set of
relations for the decay widths that can be tested if these
leptoquarks are discovered in the near future.
It is important to mention that the branching ratios for the

leptoquark decays depend on the mass splittings of the
different components of Φ3 and Φ4. For example, ϕ1=3

3 can
have the following decays with the ϕ−2=3

3 in the final state:

ϕ1=3
3 → Wþϕ−2=3

3 ; πþϕ−2=3
3 ; ēiνjϕ

−2=3
3 . Only when the mass

splitting is small one can have a large branching ratio for
ϕ1=3
3 → d̄iνj. For a study about the relation between the

decays of a SUð2ÞL doublet leptoquark see the studies in
Ref. [16]. See also Ref. [17] for a review about leptoquarks
and Ref. [18] for a recent discussion about proton decay
mediated by scalar leptoquarks in this theory, where the
authors have shown that there are no dimension-five
contributions to proton decay.

IV. HIGGS DECAYS

This theory predicts a unique Higgs sector with two
Higgs doublets,H1 ∼ ð1; 2; 1=2Þ andH2 ∼ ð1; 2; 1=2Þ, with
only four independent Yukawa couplings. The Yukawa
couplings for the Higgses can be written as

−LY ¼ ūR

�
YT
1H1 þ

1

2
ffiffiffi
3

p YT
2H2

�
QL

þ N̄R

�
YT
1H1 −

ffiffiffi
3

p

2
YT
2H2

�
lL

þ d̄R

�
YT
3H

†
1 þ

1

2
ffiffiffi
3

p YT
4H

†
2

�
QL

þ ēR

�
YT
3H

†
1 −

ffiffiffi
3

p

2
YT
4H

†
2

�
lL þ H:c:: ð19Þ

Here we neglect the small mixing between the Higgs
doublets and the χ field. Notice that in the general two-
Higgs doublet model (commonly referred in the literature

as the type-III 2HDM) there are eight different Yukawa
couplings, but in our case the SUð4ÞC symmetry relates
quarks and leptons so there are only four independent
Yukawa couplings. For reviews on two-Higgs doublet
models we refer the reader to Refs. [19,20].
After symmetry breaking the charged fermions and the

Dirac neutrino masses are given by

MU ¼ Y1

v1ffiffiffi
2

p þ 1

2
ffiffiffi
3

p Y2

v2ffiffiffi
2

p ; ð20Þ

MD
ν ¼ Y1

v1ffiffiffi
2

p −
ffiffiffi
3

p

2
Y2

v2ffiffiffi
2

p ; ð21Þ

MD ¼ Y3

v1ffiffiffi
2

p þ 1

2
ffiffiffi
3

p Y4

v2ffiffiffi
2

p ; ð22Þ

ME ¼ Y3

v1ffiffiffi
2

p −
ffiffiffi
3

p

2
Y4

v2ffiffiffi
2

p : ð23Þ

Here the VEVs of the Higgs doublets are defined as
hH0

1i ¼ v1=
ffiffiffi
2

p
, and hH0

2i ¼ v2=
ffiffiffi
2

p
. Notice that the above

equations allow us to have different masses for charged
leptons and down-quarks. However, one needs the inverse
seesaw mechanism to generate small neutrino masses
discussed in Sec. II.
In our convention the mass matrices are diagonalized as

UTMUUc ¼ Mdiag
U ; ð24Þ

DTMDDc ¼ Mdiag
D ; ð25Þ

ETMEEc ¼ Mdiag
E : ð26Þ

Notice that the above relations tell us that the Yukawa
coupling Y4 defines the difference between ME and MD,
and one can use these relations to write the decay widths for
leptoquarks as a function of quark masses. For example,

ΓTðϕ2=3
4 → ēdÞ ¼

3Mϕ2=3
4

16π
Tr½Y†

4Y4� ≃
9m2

bMϕ2=3
4

32πv22
: ð27Þ

As in any two-Higgs doublet model, assuming CP con-
servation, the physical fields are as follows: h and H the
CP-even neutral fields, A the CP-odd field, and two
charged Higgs bosons H�. The h field is identified as
the SM-like Higgs boson. We list all the Feynman rules in
Appendix F. As in the case of the leptoquarks, one can find
a set of relations between the decay widths of the Higgs
bosons.
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The physical Higgs fields are defined as

�
H

h

�
¼
�

cos α sin α

− sin α cos α

��
H0

1

H0
2

�
; ð28Þ

�
G0

A0

�
¼
�

cos β sin β

− sin β cos β

��
A0
1

A0
2

�
; ð29Þ

�
G�

H�

�
¼
�

cos β sin β

− sin β cos β

��
H�

1

H�
2

�
; ð30Þ

where H0
i , H

�
i , A

0
i are the neutral, charged, and CP-odd

components of the Higgs doublets, respectively, and G0,
G� are the Goldstone bosons. Furthermore, the mixing
angle β is related to the VEVs of the Higgs doublets by
tan β ¼ v2=v1. Since the h field is the SM-like Higgs
boson, in order to agree with the measured properties of the
SMHiggs field wewill work in the limit sinðβ − αÞ → 1 (or
α ≃ β − π=2). In this limit we make sure the couplings of h
are SM-like.
The physical Higgs can have the usual decays to matter:

H;A → ūiuj; d̄idj; ēiej; ν̄iNj;

Hþ → ēiνj; ēiNj; d̄iuj:

The decay widths of these Higgses are a function of the
Yukawa couplings and unknown mixing angles.
Following the same idea used for the leptoquark decays,

we can define the total widths for the different channels and
then find simple relations between the Higgs decays. In the
limit of tan β ≫ 1, quark-lepton unification predicts the
following unique relation for the heavy Higgs:

X3
i;j¼1

ΓðH → d̄idjÞ ¼ 3
X3
i;j¼1

ΓðH → ēiejÞ: ð31Þ

Notice that this is a striking relation for the decays into
down-quarks and charged leptons.
We can find the following relation for the decay widths

of the charged Higgs, H�, if the mass of the right-handed
neutrinos, MNi

, is much smaller than MH� :

ΓTðHþ → d̄uÞ ¼ 3½ΓTðHþ → ēνÞ þ ΓTðHþ → ēNÞ�:
ð32Þ

A similar relation can be obtained for the CP-odd neutral
Higgs:

X3
i;j¼1

ΓðA → d̄idjÞ ¼ 3
X3
i;j¼1

ΓðA → ēiejÞ: ð33Þ

In the tan β ≪ 1 limit the relations between the Higgs
decays become

ΓTðH → ēeÞ ¼ 3ΓTðH → d̄dÞ; ð34Þ

ΓTðA → ēeÞ ¼ 3ΓTðA → d̄dÞ; ð35Þ

and in this limit it is possible to relate the decay widths of
leptoquarks with the ones from the Higgs scalars as
follows:

ΓTðϕ2=3
4 → ν̄uÞ ¼

12Mϕ2=3
4

MH
ΓTðH → ūuÞ; ð36Þ

ΓTðϕ−2=3
3 → d̄eÞ ¼ 4

�Mϕ−2=3
3

MH

�
ΓTðH → ēeÞ: ð37Þ

The following relation holds independent of the value of
tan β∶

ΓTðA → ēeÞ ¼ MA

MH
ΓTðH → ēeÞ: ð38Þ

From our perspective, these relations are very unique.
Notice that the relations in Eqs. (31)–(38) tell us something
interesting: the theory predicts simple relations for the total
decay widths into quarks and leptons. Clearly, these are
predictions from the unification of quarks and leptons. We
are not aware of any model for physics beyond the SM that
can predict these relations for the Higgs and leptoquark
decays.

V. SUMMARY

The idea of quark-lepton unification is one of the best-
motivated ideas for physics beyond the Standard Model.
We have discussed the minimal gauge theory for quark-
lepton unification that can describe physics below the
multi-TeV scale. This theory predicts one vector lepto-
quark, four scalar leptoquarks, and a unique Higgs sector
with only four independent Yukawa couplings.
In this article we pointed out unique relations between

the decay widths for leptoquarks that can be used to test the
idea of quark-lepton unification. We also discussed the
Higgs sector of the theory. The theory has two Higgs
doublets with only four different Yukawa couplings deter-
mined by the symmetry between quarks and leptons. We
discussed the different Higgs decays and showed how the
total Higgs decay widths into quarks and leptons are related
at large (and small) values for the ratio between the vacuum
expectation values. We believe that these results should
motivate new studies to test the idea of matter unification at
the LHC or future colliders.
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APPENDIX A: GAUGE AND HIGGS FIELDS

In this theory the SM gluon fields, the vector leptoquark,
and the new neutral gauge boson live in the adjoint
representation of SUð4ÞC:

Aμ ¼
�

Gμ Xμ=
ffiffiffi
2

p

X�
μ=

ffiffiffi
2

p
0

�
þ T4B0

μ ∼ ð15; 1; 0Þ; ðA1Þ

where Gμ ∼ ð8; 1; 0ÞSM are the gluons, Xμ ∼ ð3; 1; 2=3ÞSM
are vector leptoquarks, and B0

μ ∼ ð1; 1; 0ÞSM. The Higgs
sector is composed of

HT
1 ¼ðHþ

1 H
0
1Þ∼ð1;2;1=2Þ; χ¼ðχuχ0RÞ∼ð4;1;1=2Þ; and

Φ¼
�Φ8 Φ3

Φ4 0

�
þ

ffiffiffi
2

p
T4H2∼ð15;2;1=2Þ: ðA2Þ

Here H2 ∼ ð1; 2; 1=2ÞSM is a second Higgs doublet,
Φ8 ∼ ð8; 2; 1=2ÞSM, and the scalar leptoquarks Φ3 ∼
ð3̄; 2;−1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM. The T4 generator
of SUð4ÞC in the above equation is normalized
as T4 ¼ 1

2
ffiffi
6

p diagð1; 1; 1;−3Þ.

APPENDIX B: DECAY WIDTHS

Here we present the details on how the expressions for
the decay widths simplify when we sum over family
indices. Let us consider the decay ϕ1=3

3 → d̄iνj and sum
over the family indices,

ΓTðϕ1=3
3 → d̄νÞ≡X3

i;j¼1

Γðϕ1=3
3 → d̄iνjÞ ¼

3Mϕ1=3
3

16π
ðN�Y†

4D
†
cÞijðNYT

4D
T
c Þij

¼
3Mϕ1=3

3

16π
N†αiNiσD†βj

c Djρ
c Y

†αβ
4 Yρσ

4 ¼
3Mϕ1=3

3

16π
δασδβρY†αβ

4 Yρσ
4

¼
3Mϕ1=3

3

16π
Tr½Y†

4Y4�; ðB1Þ

due to the unitarity of mixing the matrices, the final result
turns out to be independent of any mixing parameter when
the fermion masses are neglected. The same simplification
occurs for the decays of the vector leptoquark Xμ after
summing over the family index.

APPENDIX C: HEAVY-GAUGE BOSON MASSES

The VEV of the scalar χ corresponding to hχi ¼
diagð0; 0; 0; vχ=

ffiffiffi
2

p Þ is responsible for the spontaneous
breaking of SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR → SUð3ÞC ⊗
SUð2ÞL ⊗ Uð1ÞY . After this spontaneous breaking, the
gauge boson corresponding to the SUð4ÞC generator T4

(B0
μ) mixes with the Uð1ÞR gauge boson (Zμ

R), which
results in the massless Uð1ÞY gauge boson (Bμ) of the
Standard Model and an orthogonal massive state (Z0

μ)
defined by

�
ZRμ

B0
μ

�
¼
�

cos θ4 sin θ4
− sin θ4 cos θ4

��
Z0
μ

Bμ

�
; ðC1Þ

where the mixing angle and the hypercharge gauge coupling
are given by

sin θ4 ¼
g4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g24 þ 2
3
g2R

q and gY ¼ gRg4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g24 þ 2

3
g2R

q : ðC2Þ

The mass of the heavy neutral gauge boson reads as

M2
Z0 ≃

1

4

�
g2R þ 3

2
g24

�
v2χ ; ðC3Þ

while the mass of the vector leptoquark is given by

M2
X ≃

g24
4
v2χ : ðC4Þ

APPENDIX D: SCALAR POTENTIAL AND
LEPTOQUARK MASSES

The scalar potential may be written as
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V ⊃ μ2H1
H†

1H1 þ μ2χχ
†χ þ μ2ΦTr½Φ†Φ� þ λ1H

†
1H1χ

†χ þ λ2H
†
1H1Tr½Φ†Φ� þ λ3χ

†χTr½Φ†Φ�
þ ðλ4H†

1χ
†Φχ þ H:c:Þ þ λ5H

†
1Tr½ΦΦ†�H1 þ λ6χ

†ΦΦ†χ þ λ7ðH†
1H1Þ2 þ λ8ðχ†χÞ2

þ λ9Tr½ðΦ†ΦÞ2� þ λ10ðTr½Φ†Φ�Þ2 þ ðλ11Ha†
1 Tr½ΦaΦb�Hb†

1 þ λ12H
a†
1 Tr½ΦaΦbΦb†�

þ λ13H
a†
1 Tr½ΦaΦb†Φb� þ H:c:Þ þ λ14χ

†Φ†Φχ þ λ15Tr½Φa†ΦbΦb†Φa� þ λ16Tr½Φa†Φb�Tr½Φb†Φa�
þ λ17Tr½Φa†Φb†�Tr½ΦaΦb� þ λ18Tr½Φa†Φb†ΦaΦb� þ λ19Tr½Φa†Φb†ΦbΦa�; ðD1Þ

where the trace is in SUð4ÞC space, and a, b are SUð2ÞL
indices. Taking the limit vχ ≫ v1; v2 we find that

M2
Φ8

¼
� ffiffiffi

3
p

λ4
4

cot β −
3

8
ðλ6 þ λ14Þ

�
v2χ ; ðD2Þ

M2
Φ3

¼
� ffiffiffi

3
p

λ4
4

cot β þ λ14 − 3λ6
8

�
v2χ ; ðD3Þ

M2
Φ4

¼
� ffiffiffi

3
p

λ4
4

cot β þ λ6 − 3λ14
8

�
v2χ ; ðD4Þ

M2
H2

¼
ffiffiffi
3

p
λ4
4

cot βv2χ : ðD5Þ

These mass expressions imply the following tree-level sum
rule [12]:

M2
Φ8

þ 2M2
H2

¼ 3

2
ðM2

Φ3
þM2

Φ4
Þ; ðD6Þ

which implies that the masses of the scalars in the theory
are related and of the same scale.

APPENDIX E: LEPTOQUARK FEYNMAN RULES

The vector leptoquark has the following interactions:

−L ⊃
g4ffiffiffi
2

p XμðQ̄Lγ
μlL þ ūRγμνR þ d̄RγμeRÞ þ H:c:: ðE1Þ

For the scalar leptoquarks, after expanding the SUð2ÞL
indices of the Yukawa interactions in Eq. (9), we can
describe the interactions by

−L ⊃ Yji
4 ½d̄iRðϕ1=3

3 Þ�νjL þ d̄iRðϕ−2=3
3 Þ�ejL þ ēiRðϕ5=3

4 Þ�ujL
þ ēiRðϕ2=3

4 Þ�djL� þ Yji
2 ½N̄iϕ−2=3

3 ujL − N̄iϕ1=3
3 djL

þ ūiRϕ
2=3
4 νjL − ūiRϕ

5=3
4 ejL�; ðE2Þ

where i, j correspond to family indices. The mass eigen-
states ϕ−2=3

A and ϕ−2=3
B are defined as

ϕ−2=3
3 ¼ cos θLQϕ

−2=3
A þ sin θLQϕ

−2=3
B ; ðE3Þ

ðϕ2=3
4 Þ� ¼ − sin θLQϕ

−2=3
A þ cos θLQϕ

−2=3
B : ðE4Þ

The masses of the leptoquarks have to be above 1 TeV from
LHC constraints and the mixing is determined by the
electroweak scale; therefore, the mixing angle θLQ is very
small in general.
The Feynman rules for the interactions of the leptoquarks

with fermions are as follows:
(i) Xμ:

d̄iejXμ ∶ i
g4ffiffiffi
2

p ½ðVDEÞijPR þ ðV2ÞjiPL�γμ; ðE5Þ

ūiνjXμ ∶ i
g4ffiffiffi
2

p ðK1VCKMK2VDEK3VPMNSÞijγμPL;

ðE6Þ

ūiNjXμ ∶ i
g4ffiffiffi
2

p Vji
1 γ

μPR: ðE7Þ

(ii) ϕ1=3
3 :

ν̄idjϕ1=3
3 ∶ iðV�

4ÞijPR; ðE8Þ

N̄idjϕ1=3
3 ∶ − iðVT

3K1VCKMK2ÞijPL: ðE9Þ

(iii) ϕ5=3
4 :

ūiejϕ5=3
4 ∶ i½−ðVT

5V
†
PMNSK

�
3ÞijPL þ ðV�

6ÞijPR�:
ðE10Þ

(iv) ϕ−2=3
A :

N̄iujϕ−2=3
A ∶ i cos θLQðVT

3 ÞijPL; ðE11Þ

ν̄iujϕ−2=3
A ∶ − i sin θLQðV�

5ÞijPR; ðE12Þ

ēidjϕ−2=3
A ∶ iðcosθLQðK3VPMNSV�

4ÞijPR

−sinθLQðVT
6K1VCKMK2ÞijPLÞ: ðE13Þ

(v) ϕ−2=3
B :

N̄iujϕ−2=3
B ∶ i sin θLQðV3ÞjiPL; ðE14Þ

ν̄iujϕ−2=3
B ∶ i cos θLQðV�

5ÞijPR; ðE15Þ
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ēidjϕ−2=3
B ∶ iðsinθLQðK3VPMNSV�

4ÞijPR

þcosθLQðVT
6K1VCKMK2ÞijPLÞ; ðE16Þ

where PL;R are the chiral projection operators PL;R ¼ ð1 ∓
γ5Þ=2 and the interaction matrices are given by

V1¼N†
cUc; V2¼E†

cDc; V3¼UTY2Nc;

V4¼NTY4Dc; V5¼NTY2Uc; V6¼UTY4Ec;

U†D¼K1VCKMK2; E†N¼K3VPMNS; VDE¼D†E;

ðE17Þ
K1 and K3 are diagonal matrices containing three phases,
and K2 is a diagonal matrix with two phases.

APPENDIX F: HIGGS FEYNMAN RULES

The Feynman for the physical scalars in the two-Higgs
doublets rules correspond to

(i) Hþ:

ūidjHþ ∶ i½ðCLudÞijPL þ ðCRudÞijPR�; ðF1Þ
N̄iejHþ ∶ iðCNeÞijPL; ðF2Þ
ν̄iejHþ ∶ − iðCνeÞijPR: ðF3Þ

(ii) H−:

d̄iujH− ∶ i½ðC�
RudÞjiPL þ ðC�

LudÞjiPR�; ðF4Þ

ēiNjH− ∶ iðC�
NeÞjiPR; ðF5Þ

ēiνjH− ∶ − iðC�
νeÞjiPL: ðF6Þ

(iii) h:

ūiujh ∶ i½ðCh
uuÞijPL þ ðCh�

uuÞjiPR�; ðF7Þ

N̄iνjh ∶ i½ðCh
NνÞijPL þ ðCh�

NνÞjiPR�; ðF8Þ

d̄idjh ∶ i½ðCh
ddÞijPL þ ðCh�

ddÞjiPR�; ðF9Þ

ēiejh ∶ i½ðCh
eeÞijPL þ ðCh�

eeÞjiPR�: ðF10Þ

(iv) H:

ūiujH ∶ i½ðCH
uuÞijPL þ ðCH�

uu ÞjiPR�; ðF11Þ

N̄iνjH ∶ i½ðCH
NνÞijPL þ ðCH�

NνÞjiPR�; ðF12Þ

d̄idjH ∶ i½ðCH
ddÞijPL þ ðCH�

dd ÞjiPR�; ðF13Þ

ēiejH ∶ i½ðCH
eeÞijPL þ ðCH�

ee ÞjiPR�: ðF14Þ

(v) A:

ūiujA ∶ ðCA
uuÞijPL − ðCA�

uuÞjiPR; ðF15Þ
N̄iνjA ∶ ðCA

NνÞijPL − ðCA�
NνÞjiPR; ðF16Þ

d̄idjA ∶ ðCA
ddÞijPL − ðCA�

ddÞjiPR; ðF17Þ

ēiejA ∶ ðCA
eeÞijPL − ðCA�

ee ÞjiPR; ðF18Þ

where the interaction matrices are given by

CLud ¼ UT
c

�
YT
1 sin β − YT

2

cos β

2
ffiffiffi
3

p
�
D; CRud ¼ −U†

�
Y�
3 sin β − Y�

4

cos β

2
ffiffiffi
3

p
�
D�

c;

CNe ¼ NT
c

�
YT
1 sin β þ YT

2

ffiffiffi
3

p
cos β
2

�
E; Cνe ¼ N†

�
Y�
3 sin β þ Y�

4

ffiffiffi
3

p
cos β
2

�
E�
c;

CH
uu ¼ UT

c

�
YT
1

cos αffiffiffi
2

p þ YT
2

sin α

2
ffiffiffi
6

p
�
U; CH

Nν ¼ NT
c

�
YT
1

cos αffiffiffi
2

p − YT
2

3 sin α

2
ffiffiffi
6

p
�
N;

CH
dd ¼ DT

c

�
YT
3

cos αffiffiffi
2

p þ YT
4

sin α

2
ffiffiffi
6

p
�
D; CH

ee ¼ ET
c

�
YT
3

cos αffiffiffi
2

p − YT
4

3 sin α

2
ffiffiffi
6

p
�
E;

Ch
uu ¼ UT

c

�
−YT

1

sin αffiffiffi
2

p þ YT
2

cos α

2
ffiffiffi
6

p
�
U; Ch

Nν ¼ NT
c

�
−YT

1

sin αffiffiffi
2

p − YT
2

3 cos α

2
ffiffiffi
6

p
�
N;

Ch
dd ¼ DT

c

�
−YT

3

sin αffiffiffi
2

p þ YT
4

cos α

2
ffiffiffi
6

p
�
D; Ch

ee ¼ ET
c

�
−YT

3

sin αffiffiffi
2

p − YT
4

3 cos α

2
ffiffiffi
6

p
�
E;

CA
uu ¼ UT

c

�
YT
1

sin βffiffiffi
2

p − YT
2

cos β

2
ffiffiffi
6

p
�
U; CA

Nν ¼ NT
c

�
YT
1

sin βffiffiffi
2

p þ YT
2

3 cos β

2
ffiffiffi
6

p
�
N;

CA
dd ¼ DT

c

�
−YT

3

sin βffiffiffi
2

p þ YT
4

cos β

2
ffiffiffi
6

p
�
D; CA

ee ¼ ET
c

�
−YT

3

sin βffiffiffi
2

p − YT
4

3 cos β

2
ffiffiffi
6

p
�
E:
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