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1 Introduction

After the discovery of the Standard Model (SM) Brout-Englert-Higgs boson at the Large
Hadron Collider (LHC) the question remains open of whether there exist more particles
within reach of experiments. One simple possibility is to have a second Higgs doublet
carrying the same quantum numbers as the SM Higgs. The Two-Higgs-Doublet Model
(2HDM) is predicted in different extensions beyond the SM and can provide a framework
for dark matter, spontaneous CP violation and baryogenesis. However, there is a large
freedom in the parameter space of this simple model and it is difficult to make unique
predictions that can be tested by different experiments. For reviews on the 2HDM we refer
the reader to refs. [1, 2].

The idea of matter unification proposed by J. Pati and A. Salam [3] remains one
of the best ideas for theories for physics beyond the Standard Model. In this context,
the SM quarks and leptons live in the same representations and the theory predicts the
existence of right-handed neutrinos needed for the seesaw mechanism for neutrino masses.
The Pati-Salam symmetry, SU(4)C , must be broken around the canonical seesaw scale,
MR ∼ 1014 GeV, if neutrino masses are generated through the Type-I seesaw mechanism
because the theory predicts similar values for the Dirac neutrino mass matrix and the mass
matrix for the up-quarks. Flavor violating processes also impose a non-trivial bound on
the scale of new physics. The vector leptoquark, Xµ ∼ (3,1, 2/3), predicted by the SU(4)C
symmetry must be generically heavy, MX & 103 TeV, in order to satisfy the experimental
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bounds on the lepton flavor number violating rare Kaon decays, i.e. KL → e±µ∓. It is
important to mention that this bound can be relaxed since we do not know the values of
the mixing between quarks and leptons entering in these predictions.

A simple theory for quark-lepton unification at the low scale was proposed in ref. [4].
This theory is based on SU(4)C ⊗ SU(2)L⊗U(1)R, which is the minimal gauge group that
can be used to unify matter, and neutrino masses are generated through the inverse seesaw
mechanism [5, 6] so that the breaking of SU(4)C can occur at the low scale. The minimal
way to break the degeneracy between the masses for the down-type quarks and the charged
leptons is to introduce a scalar Φ ∼ (15,2, 1/2) which contains a Higgs doublet with the
same quantum numbers as the doublet in the SM, H2 ∼ (1,2, 1/2). Therefore, this theory
predicts a simple Higgs sector with two Higgs doublets but the SU(4)C symmetry predicts
unique relations between the Yukawa interactions for these Higgs bosons.

In ref. [7] we recently pointed out relations between the decay widths of the scalar lep-
toquarks and the new Higgs bosons that can be used to probe the idea of quark-lepton uni-
fication. In this article, we study the phenomenology and study how the relations between
the Higgs decay widths are realized in scenarios that are compatible with LHC searches
and experimental constraints on flavor violating observables. We demonstrate that the re-
lation between the heavy CP-even and CP-odd Higgs decays can be used to test the idea of
quark-lepton unification. In the case when there is non-flavor violation one finds the simple
relations: Γ(H → τ̄ τ) = 3 Γ(H → b̄b) and Γ(A → τ̄ τ) = 3 Γ(A → b̄b) for small values of
tan β, and Γ(H → τ̄ τ) = Γ(H → b̄b)/3 and Γ(A → τ̄ τ) = Γ(A → b̄b)/3 for large values of
tan β. We also discuss the properties of the charged Higgs decays and the LHC constraints
to understand the testability of the theory using the Higgs decays. The constraints coming
from K−K̄ mixing and the lepton number violating process µ→ eγ are discussed in detail.

This article is structured as follows: in section 2, we overview the minimal theory of
quark-lepton that can live at the low scale. In section 3, we discuss the Higgs sector of
the theory. In section 4, we study the different decay channels of the new Higgs bosons
and find relations among them predicted from quark-lepton unification. In section 5, we
study the production of the new scalars at the LHC study the constraints from current
searches by the CMS and ATLAS collaborations. In section 6, we study the constrains from
flavor-violating observables and propose an ansatz for the Yukawa couplings motivated by
quark-lepton unification. We summarize our results in section 7.

2 Minimal theory for quark-lepton unification

The minimal theory for quark-lepton unification that can describe physics at the TeV scale
was proposed in ref. [8]. This theory is based on the gauge symmetry,

GQL = SU(4)C ⊗ SU(2)L ⊗U(1)R,
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and the SM matter fields are unified in the following representations:

FQL =
(
ur ug ub ν

dr dg db e

)
∼ (4,2, 0), (2.1)

Fu =
(
ucr u

c
g u

c
b ν

c
)
∼ (4̄,1,−1/2), (2.2)

Fd =
(
dcr d

c
g d

c
b e

c
)
∼ (4̄,1, 1/2). (2.3)

In this context the leptons can be understood as the fourth color of the fermions.
The Lagrangian of this theory can be written as

L421 = −1
2Tr(FµνFµν)− 1

2Tr(WµνW
µν)− 1

4BµνB
µν

+iF̄QL /DFQL + iF̄u /DFu + iF̄d /DFd + LY − V (H,χ,Φ), (2.4)

where Fµν = ∂µAν − ∂νAµ + ig4[Aµ, Aν ] is the strength tensor for the SU(4)C gauge
fields, Aµ ∼ (15,1, 0). Wµν = ∂µWν − ∂νWµ + ig2[Wµ,Wν ] is the strength tensor for the
SU(2)L gauge fields, Wµ ∼ (1,3, 0), and for the U(1)R gauge field, Bµ ∼ (1,1, 0), we have
Bµν = ∂µBν − ∂νBµ. See ref. [7] for the full expression of the scalar potential V (H,χ,Φ).
The covariant derivatives for the fermionic fields are given by

/DFQL = γµ(∂µ + ig4Aµ + ig2Wµ)FQL, (2.5)

/DFu = γµ(∂µ − ig4A
T
µ −

i

2g1Bµ)Fu, (2.6)

/DFd = γµ(∂µ − ig4A
T
µ + i

2g1Bµ)Fd. (2.7)

The Yukawa interactions for the charged fermions can be written as

−LY ⊃ Y1FQLFuH1 + Y2FQLFuΦ + Y3H
†
1FQLFd + Y4Φ†FQLFd + h.c., (2.8)

where H1 ∼ (1,2, 1/2) and Φ ∼ (15,2, 1/2) are needed to generate fermion masses in a
consistent manner. The Φ field contains a second Higgs doublet H2 that is coupled to all
the SM fermions

Φ =
(

Φ8 Φ3
Φ4 0

)
+
√

2T4 H2 ∼ (15,2, 1/2), (2.9)

where T4 is one of the generators of SU(4)C and it is normalized as T4 = 1
2
√

6diag(1, 1, 1,−3).
The scalar components of Φ consist of the two leptoquarks Φ3 ∼ (3̄,2,−1/6)SM, Φ4 ∼
(3,2, 7/6)SM, and the color octet Φ8 ∼ (8,2, 1/2)SM; the SM subscripts denotes that these
quantum numbers are under the SM gauge group.

The small neutrino masses can be generated while allowing the SU(4)C symmetry to
be broken at the low scale using the inverse seesaw mechanism.

−L ⊃ Y5FuχS + 1
2µSS + h.c. , (2.10)
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with three copies of SM fermionic singlets S ∼ (1,1, 0). The mass matrix for neutrinos in
the basis (ν, νc, S) is

(
ν νc S

) 0 MD
ν 0

(MD
ν )T 0 MD

χ

0 (MD
χ )T µ


 ννc
S

 , (2.11)

where MD
χ = Y5vχ/

√
2. The light neutrino masses are given by

mν ≈ µ
(
MD
ν

MD
χ

)2

, (2.12)

where MD
χ � MD

ν � µ, and the heavy neutrinos form a pseudo-Dirac pair. Notice that
the symmetry SU(4)C⊗U(1)R is broken to SU(3)C⊗U(1)Y once the Higgs, χ ∼ (4,1, 1/2),
acquires the vacuum expectation value vχ. Since vχ � v we can safely neglect the mixing
between χ and the Higgs bosons in the SU(2)L doublets. For more details about this
simple theory for quark-lepton unification at the low-scale see refs. [7, 9–12].

3 Higgs sector

The scalar sector in the theory is a special case of the general 2HDM in which both Higgs
doublets are coupled to quarks and leptons, this is commonly referred in the literature
as the type-III 2HDM. Nevertheless, since the theory arises from quark-lepton unification
there are only four independent Yukawa couplings defining the interactions between the
Higgs doublets and the Standard Model fermions:

−L = ūR

(
Y T

1 H1 + 1
2
√

3
Y T

2 H2

)
QL + N̄R

(
Y T

1 H1 −
√

3
2 Y T

2 H2

)
`L

+ d̄R

(
Y T

3 H
†
1 + 1

2
√

3
Y T

4 H
†
2

)
QL + ēR

(
Y T

3 H
†
1 −
√

3
2 Y T

4 H
†
2

)
`L + h.c. , (3.1)

in the first line above, the contraction of SU(2)L indices is implicit, e.g. H1QL = εabHb
1Q

a
L.

The doublets are given by HT
1 = (H+

1 , (v1 + H0
1 + iA0

1)/
√

2) and correspondingly for H2.
After electroweak symmetry breaking the fermion mass matrices read as

MU = Y1
v1√

2
+ 1

2
√

3
Y2

v2√
2
, MD = Y3

v1√
2

+ 1
2
√

3
Y4

v2√
2
,

MD
ν = Y1

v1√
2
−
√

3
2 Y2

v2√
2
, ME = Y3

v1√
2
−
√

3
2 Y4

v2√
2
.

In our convention, the fermionic mass matrices are diagonalized as follows:

UTMUUc = Mdiag
U , (3.2)

DTMDDc = Mdiag
D , (3.3)

ETMEEc = Mdiag
E . (3.4)
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An important aspect is that quark-lepton unification allows us to write the Yukawa matrices
in terms of these mass matrices, and the scalar sector becomes more predictive than a
generic 2HDM as we shall see below.

The scalar potential forH1 andH2 with quantum numbers (1,2, 1/2) can be written as,

V (H1,H2) =m2
11H

†
1H1 +m2

22H
†
2H2−m2

12

[(
H†1H2

)
+h.c.

]
+ λ1

2
(
H†1H1

)2
+ λ2

2
(
H†2H2

)2
+λ3

(
H†1H1

)(
H†2H2

)
+λ4

(
H†1H2

)(
H†2H1

)
+
[
λ5
2
(
H†1H2

)2
+λ6

(
H†1H1

)(
H†1H2

)
+λ7

(
H†2H2

)(
H†1H2

)
+h.c.

]
. (3.5)

The physical Higgs fields are defined by:(
H

h

)
=
(

cosα sinα
− sinα cosα

)(
H0

1
H0

2

)
, (3.6)(

G

A

)
=
(

cosβ sin β
− sin β cosβ

)(
A0

1
A0

2

)
, (3.7)(

G±

H±

)
=
(

cosβ sin β
− sin β cosβ

)(
H±1
H±2

)
, (3.8)

where h is identified as the SM-like Higgs, H is an additional neutral Higgs, H0
i , H

±
i , A

0
i

are the neutral, charged and CP-odd components of the Higgs doublets, respectively, and
G, G± are the would-be Goldstone bosons. The mixing angle β is defined by the ratio
of the vevs of the Higgs doublets, tan β = v2/v1. The couplings of h are SM-like in
the alignment limit sin (β − α) → 1, which corresponds to α = β − π/2. The parameter
cos(β − α) can also be written as

cos2 (β − α) = M2
L −M2

h

M2
H −M2

h

, (3.9)

where the mass parameter ML is given by

M2
L = v2

(
λ1c

4
β + λ2s

4
β + 2λ345s

2
βc

2
β + 2λ6c

2
βs2β + 2λ7s

2
βs2β

)
, (3.10)

where v2 = v2
1 + v2

2. From eq. (3.9) we can see that the alignment limit can be achieved
whenever there is a cancellation between ML and Mh or in the decoupling limit when
MH�ML,Mh.

In this limit, the physical Higgs masses are given by

M2
H = m2

12
sβcβ

+ v2
[
λ1c

2
βs

2
β + λ2c

2
βs

2
β − 2λ345c

2
βs

2
β

− 2λ6(ctβ + cβsβc2β) + 2λ7(tβ + cβsβc2β)
]
, (3.11)

M2
h = v2

(
λ1c

4
β + λ2s

4
β + 2λ345s

2
βc

2
β + 2λ6c

2
βs2β + 2λ7s

2
βs2β

)
, (3.12)

M2
A = m2

12
sβcβ

− v2

2 (2λ5 + λ6ctβ + λ7tβ), (3.13)

M2
H± = m2

12
sβcβ

− v2

2 (λ4 + λ5 + λ6ctβ + λ7tβ), (3.14)
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where λ345 = λ3 + λ4 + λ5. Here cβ = cosβ, sβ = sin β, ctβ = cotβ and tβ = tan β. See
appendix B for more details on the scalar potential and the masses of the scalar fields.

4 Higgs bosons decays

In this section, we discuss the decay properties of the new Higgs bosons and relations among
the decay widths that arise from quark-lepton unification. For simplicity we assume the
Yukawa interactions to be flavor-diagonal [13], this will be justified in section 6 where we
discuss constraints from flavor violation. In the limit when h is the SM-Higgs, H does not
interact with SM gauge bosons, so the following decays channels vanish at tree-level

Γ(H →W+W−) = Γ(H → ZZ) = 0, (4.1)
Γ(A→W+W−) = Γ(A→ ZZ) = 0, Γ(H± →W±Z) = 0. (4.2)

Consequently, the total decay width of the heavy Higgs H corresponds to

ΓT(H) = Γ(H → d̄idi) + Γ(H → ēiei) + Γ(H → ūiui) + Γ(H → hh), (4.3)

where the repeated index implies a sum over the different flavors. The trilinear coupling
between H and two SM Higgs bosons can be written as

λeff = 3
2 [λ1s2β(c2β+1)+λ2s2β(c2β−1)−2λ345c2βs2β−2λ6(c2β+c4β)−2λ7(c2β−c4β)] ,

(4.4)
we refer the reader to appendix A for a complete list of the Feynman rules. In the limit
with flavor-diagonal couplings this theory gives clean predictions for the coupling of H
and A to down-type quarks and charged leptons. Namely, both couplings depend on the
physical masses and the value of tan β as given in appendix A.

In the top panel in figure 1 we present our results for the branching ratio of H as a
function of tan β. In this case we fix MH = 300GeV so the decay H → t̄t is kinematically
closed. The blue (green) line shows the branching ratio for the decay channel H → b̄b

(H → τ̄ τ). The orange line corresponds to the channel H → hh which depends on the
value of λeff . As can be seen, the branching ratio for the H → b̄b channel nearly vanishes
for tan β ≈ 0.3, this is because there is a cancellation between the two terms in the coupling
to down-type quarks.

For small values of tan β, quark-lepton unification predicts the following relation

Γ(H → τ̄ τ) = 3 Γ(H → b̄b), (4.5)

from the top-left panel in figure 1 we can see that this relation is already satisfied for
tan β . 0.05. For large values of tan β we have that

Γ(H → τ̄ τ) = 1
3 Γ(H → b̄b), (4.6)

from the plot we can see that for tan β & 3 this relation is already satisfied.
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10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
H

)
MH = 300 GeV λeff = 0.1

b̄b

τ̄ τ

hh

10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
H

)

MH = 300 GeV λeff = 0.5

b̄b

τ̄ τ

hh

10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
A

)

MA = 300 GeV

b̄b

τ̄ τ

Figure 1. Branching ratio for the different decay channels of H and A as a function of the
parameter tan β. In the upper panel, the two different plots corresponds to different values for the
H−h−h coupling λeff and we fix MH,A = 300 GeV.

In the lower panel in figure 1 we present our results for the branching ratio of A as a
function of tan β. In contrast to H, the pseudoscalar A has no trilinear term with hh, this
implies that the decay channel A → hh vanishes at tree-level. Quark-lepton unification
gives the following relation for small values of tan β

Γ(A→ τ̄ τ) = 3 Γ(A→ b̄b), (4.7)

and for large values of tan β

Γ(A→ τ̄ τ) = 1
3 Γ(A→ b̄b), (4.8)

from this plot we can see that eq. (4.7) is already satisfied for tan β . 0.05 while eq. (4.8)
is already satisfied for tan β & 3.

Unfortunately, the theory does not predict the coupling to up-type quarks. However,
we can parametrize this coupling by introducing the parameter κ,

CHuu = CAuu = 1√
2
CLud = κ

4vM
diag
U , (4.9)

where CLud corresponds to the coupling with the charged scalar. Since there is freedom in
the UTCMDT

ν U term, it can be fixed at each point in order to remove the dependence on
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10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
H

)
MH = 500 GeV κ = 0.1 λeff = 0.1

t̄t

b̄b

τ̄ τ

hh

10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
H

)

MH = 500 GeV κ = 0.1 λeff = 0.5

t̄t

b̄b

τ̄ τ

hh

10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
A

)

MA = 500 GeV κ = 0.1

t̄t

b̄b

τ̄ τ

10−2 10−1 100 101

tanβ

10−2

10−1

100

B
r(
H

+
)

MH+ = 500 GeV κ = 0.1

b̄t

τ̄ ντ

Figure 2. Upper panel: branching ratio for the different decay channels of the scalar H as a
function of the parameter tan β. Different plots correspond to different values for the H−h−h
coupling λeff and we fix κ = 0.1 and MH = 500GeV. Lower panel: on the left (right) panel we show
the branching ratio for the different decay channels of the pseudoscalar A (charged Higgs H±) as
a function of the parameter tan β and we set MA = MH± = 500GeV.

the parameter tan β. Since the branching ratios shown in figure 1 are independent of the
parameter κ, the LHC bounds can be avoided by choosing a small value for this parameter.

In figure 2 we show the branching ratios forMH,A = 500GeV when the decayH,A→ t̄t

is kinematically open. In the bottom-right panel we show the branching ratios for the decay
channels of the charged Higgs as a function of tan β. The decay width for H+ → b̄t depends
on the parameter κ given in eq. (4.9), which we fix as before to κ = 0.1 in both plots;
however this decay width changes as we vary κ. Since the right-handed neutrinos acquire
their mass from the SU(4)C symmetry breaking scale they are expected to be heavy, and
hence, the decay channel H+ → ēiNj is kinematically closed.

As we discussed in ref. [7], the idea of quark-lepton unification also predicts relations
among the decay widths of the scalar leptoquarks present in the theory. Assuming flavor-
diagonal Yukawa interactions, we obtain the following relations between the decay widths
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g

g

τ, b

τ̄ , b̄

t, b

t̄, b̄

H,A

Figure 3. Feynman diagram for the production of the new scalars H and A via gluon fusion.

of the leptoquarks

Γ(φ−2/3
3 → b̄τ)
M
φ

−2/3
3

= Γ(φ−2/3
4 → b̄τ)
M
φ

−2/3
4

= Γ(φ5/3
4 → τ̄ t)
M
φ

5/3
4

= Γ(φ1/3
3 → b̄ντ )
M
φ

−2/3
3

= 9(Mb +Mτ )2

32πv2 sin2 β
.

(4.10)
Consequently, if scalar leptoquarks are discovered in the near future, then these relations
can be used to test whether the underlying theory comes from quark-lepton unification.
A detailed study of the collider phenomenology for the scalar leptoquarks is beyond the
scope of this paper.

5 Production at the LHC

The new neutral Higgs bosons can be produced at the LHC through gluon fusion with
the top and the bottom quarks running in the loop as shown in the Feynman diagram in
figure 3. The collider phenomenology in the 2HDM has been studied before in different
contexts, see e.g. [14–24]. The contribution from the bottom quark is relevant only for large
and small values of tan β, and hence, the cross-section mostly depends on the κ parameter
used to parametrize the coupling to the top-quark. The effective coupling between the
neutral Higgs bosons and the gluons is given by

L ⊃ gggH
H

v
GµνGµν + gggA

A

v
GµνG̃µν , (5.1)

where the dual field strength tensor is given by G̃µν = εµναβG
αβ/2 and

gggH = αs
8π
∑
q

τq[1 + (1− τq)f(τq)]CHqq
v

Mq
, (5.2)

gggA = αs
8π
∑
q

τqf(τq)CAqq
v

Mq
, (5.3)

where the sum is over the quarks in the SM, although the dominant contribution comes
from the top quark, and the f(τ) loop function is given by

f(τ) =


arcsin2

(√
τ−1

)
τ ≥ 1

−1
4

(
log 1 +

√
1− τ

1−
√

1− τ
− iπ

)2

τ < 1
(5.4)
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Figure 4. Production cross-section for the process pp → S → τ̄ τ . The region shaded in red
corresponds to the experimental limit by ATLAS [28]. The dashed orange (green) line corresponds
to the production of H (A), while the dashed blue line takes into account both. In the top-left
panel we fix tan β=1/20 and κ = 1, in the top-right panel tan β=1 and κ = 1, in the bottom-left
panel we fix tan β=1/20 and κ = 0.1, and in the bottom-right panel tan β=1 and κ = 0.1. In the
four cases we fix λeff = 0.1.

where τ ≡ 4M2
q /M

2
H . We are interested in the regions with large or small values of

tan β, since in these regions by measuring pp → H,A → τ̄ τ then the cross-section for
pp→ H,A→ b̄b can be predicted by using eqs. (4.7) and (4.8). We implement the model
using FeynRules 2.0 [25] and calculate the cross-sections using MadGraph5_aMC@NLO [26]
which were cross-checked in Mathematica with use of the MSTW2008 [27] set of parton
distribution functions.

In figure 4 we present our predictions for the cross-section pp→ S → τ̄ τ as a function
of the mass of the scalar MS with center-of-mass energy of

√
s = 13TeV. We implement

the following cuts on the transverse momentum and the rapidity of the tau leptons, pT >
30GeV and |η| < 2.5. The dashed orange line corresponds to the case S = H, the green
dashed line is for S = A and the dashed blue line includes the contribution from both
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Figure 5. Production cross-section for the process pp → S → b̄b. The dashed orange (green) line
corresponds to the production of H (A), while the dashed blue line takes into account both. In
the top-left panel we fix tan β = 1/20 and κ = 1, in the top-right panel tan β = 1 and κ = 1, in
the bottom-left panel we fix tan β=1/20 and κ = 0.1, and in the bottom-right panel tan β=1 and
κ = 0.1. In the four cases we fix λeff = 0.1.

S = H,A and assumesMH =MA, since for large masses their mass splitting cannot be large
due the perturbativity of the scalar couplings and the constraints coming from electroweak
precision observables [29]. The region shaded in red corresponds to the exclusion limit from
searches by the ATLAS [28] collaboration for a heavy scalar decaying into a two tau leptons
with integrated luminosity of 139 fb−1 (see also ref. [30]). We fix the trilinear coupling to
λeff = 0.1 which affects only the process involving H.

The two upper panels in figure 4 correspond to κ = 1. For the plot on the left we
set tan β = 1/20 and the LHC bound require the mass of H and A to be above 1.2TeV;
for the plot on the right we set tan β = 10 which requires the masses to be above 1TeV.
These bounds can be avoided by choosing a smaller value for κ. In the lower panels we set
κ = 0.1 and then the heavy scalars can be around the electroweak scale.
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In figure 5 we present the cross-sections for the process pp → S → b̄b with center-of-
mass energy of

√
s = 13TeV for κ = 1 (κ = 0.1) in the upper (lower) panels. In this case

we impose pT > 50GeV for the transverse momentum and |η| < 2 for the rapidity of the
bottom quarks. These cross-sections have a similar magnitude as the ones with τ̄ τ in the
final state; however, the search for b̄b is more challenging experimentally and the current
bounds are much weaker than the values predicted [31, 32]. Nonetheless, these predictions
will be relevant for future searches of a heavy scalar decaying into two bottom quarks. We
checked that for large and small values of tan β the relations from quark-lepton unification,
eqs. (4.7) and (4.8), are satisfied.

For the charged Higgs the most relevant bound comes from the experimental mea-
surement of the transition b → sγ which requires MH± > 790GeV [33, 34]; however, this
observable depends on the coupling between the charged Higgs and the top quark which
is not predicted in this theory and we parametrize in eq. (4.9) using the parameter κ.
That bound corresponds to setting κ ' 1 and it becomes weaker for smaller values of this
parameter. Regarding production at the LHC, the charged Higgs can be pair-produced
through a Z boson or a photon; however, this cross-section is smaller than the one we have
consider for single production of the neutral Higgs bosons, and hence, we do not discuss
it any further. The high luminosity stage at the LHC is expected to reach an integrated
luminosity of 3000 fb−1 and will probe masses for H and A around the TeV scale. Con-
sequently, the relations between the decay widths predicted from quark-lepton unification
can be tested in the near future.

6 Higgs flavor violation

In the previous study we neglected the flavor-violating Higgs decays because they can be
generically suppressed. There are many studies of flavor violation in the 2HDM see e.g.
refs. [35–47], here we study the constraints from flavor violation that arise in the context
of quark-lepton unification.

The interactions between H and the SM down-type quarks and charged leptons are
defined by

CHdd = (3 tan β − cotβ) M
diag
D

4v + (tan β + cotβ) V
∗
c M

diag
E V †

4v , (6.1)

CHee = (tan β − 3 cotβ) M
diag
E

4v + 3 (tan β + cotβ) V
T
c M

diag
D V

4v , (6.2)

where V = D†E and Vc = D†cEc have the information about the unknown mixings between
the quarks and leptons. Notice that in the above equations, the first term is flavor-diagonal
while the second term generically violates flavor but their values are bounded by the quarks
or lepton masses. The framework of quark-lepton unification implies that the flavor vio-
lating couplings in the quark sector are proportional to the lepton masses and vice versa.

From eqs. (6.1) and (6.2) we see that the effects of flavor violation are proportional to
the fermion masses, and hence, the largest effect will involve the third generation. Here we
discuss a simple scenario where all flavor violating processes are suppressed by the masses
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Figure 6. Experimental constraint from K0 − K̄0 mixing on the parameter space. We show the
results for ∆mK in units of GeV as a function of the mass of the Higgs bosons MH = MA; the lines
with different colors correspond to different values for tan β as shown in the legend. The region
shaded in red gives a larger contribution than the measured value of ∆mEXP

K . For the left (right)
panel we fix the mixing angles to sin θ = sin θc = 1/

√
2 (sin θ = sin θc = 0.1).

of the quarks and leptons from the first and second generations. In this scenario V and Vc
are given by

V = D†E =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

 and Vc = D†cEc =

 cos θc sin θc 0
− sin θc cos θc 0

0 0 1

 . (6.3)

Therefore, the elements (CHdd)a3 = (CHdd)3a = (CHee)a3 = (CHee)3a = 0 and (CHdd)33 =
(CHee)33 = 1 with a = 1, 2. The interactions of the CP-odd Higgs, A, also can be writ-
ten in a similar way,

CAdd = (cot β − 3 tan β) M
diag
D

4v − (tan β + cotβ) V
∗
c M

diag
E V †

4v , (6.4)

CAee = (3 cot β − tan β) M
diag
E

4v − 3 (tan β + cotβ) V
T
c M

diag
D V

4v . (6.5)

The relations in eqs. (6.1)–(6.5) can be seen as an ansatz for the Yukawa matrices which
is motivated by quark-lepton unification. When we use eq. (6.3) one can easily find that
(CAdd)a3 = (CAdd)3a = (CAee)a3 = (CAee)3a = 0 and (CAdd)33 = (CAee)33 = 1. Therefore, all
flavor-violating couplings will be suppressed by the light quark and lepton masses. Now,
we will discuss the predictions for the most relevant lepton violating processes and meson
decays to show that the experimental bounds can be satisfied.

• K0−K̄0 mixing.
The flavor-violating couplings in the quark sector will contribute to the measured
mass splitting for the K mesons (see diagram in figure 8). For studies of the general
2HDM and meson mixing see e.g. refs. [43, 48]. We require this contribution to
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Figure 7. Contour plot in the tan β vs MH plane showing the allowed parameter space by the
experimental measurement of K0−K̄0 mixing. The region shaded in red gives a larger contribution
than the measured value of ∆mEXP

K . For the left (right) panel we fix the mixing angles to sin θ =
sin θc = 1/

√
2 (sin θ = sin θc = 0.1).

s̄

d d̄

s

H,A
K0

K̄0

Figure 8. Feynman diagram for the contribution from the new scalars H and A to K0 − K̄0

mixing.

be smaller than the experimental measured value of ∆mEXP
K = (3.484 ± 0.006) ×

10−15 GeV [49]. For the transition matrix element we use the results presented in
ref. [50]

MK
12 = −f

2
KmK

2M2
H

[
− 5

24
m2
K

(mqi +mqj )2

(
CHij

2 + CH∗ji
2)
B2η2(µ)

+CHij C
H∗
ji

(
1
12 + 1

2
m2
K

(mqi +mqj )2

)
B4η4(µ)

]
, (6.6)

where we use B2(µ) = 0.66, B4(µ) = 1.03, η2(µ) = 2.552 and η4(µ) = 4.362 at
µ = 2GeV [43, 51]. The CHij coefficients are given in appendix A. The mass difference
corresponds to ∆mK = 2Re

[
MK

12

]
. The pseudoscalar A gives the same contribution

simply by replacing H ↔ A above.

In figure 6 we present our results for the mass splitting ∆mK in units of GeV as a func-
tion of the mass of the Higgs bosons where we setMH =MA. We take mK = 498MeV
and fK = 160MeV for the decay constant. In the left panel we take maximal mixing
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Figure 9. Branching ratio for the process µ → eγ as a function of the mass of the Higgs bosons
MH = MA. The region shaded in red corresponds to the experimental upper bound on this
branching ratio. For the left (right) panel we fix the mixing angles to sin θ = sin θc = 1/

√
2

(sin θ = sin θc = 0.1).

µ e

γ

µ

H,A

Figure 10. Feynman diagram for the contribution from the new scalars H and A to µ→ eγ.

sin θ=sin θc=1/
√

2. The blue line corresponds to tan β=1/20 and the experimental
measurement of ∆mK requires MH & 18TeV; while for tan β=1 (tan β=10) we find
that MH & 1.8TeV (MH & 9TeV) is allowed. This bound becomes weaker as the
mixing angles are reduced, this can be seen in the left panel in figure 6, where we
present our results for sin θ=sin θc=0.1.

In figure 7 we present our results as a contour plot in the tan β vs MH plane. The
region shaded in red is ruled out since it gives a larger contribution than the measured
value of ∆mEXP

K . In the left panel we take maximal mixing angles which requires
MH & 1.8TeV but for large and small values of tan β to be allowed it requires
MH & 10TeV. Therefore, for the Higgs bosons to be around the TeV scale this bound
requires the Yukawa couplings to be very close to flavor-diagonal. On the right panel
we take small mixing angles of sin θ = sin θc = 0.1 which require MH & 250GeV.

The couplings will also induce the decay KL → µ±e∓ which for couplings of O(1)
excludes masses of 103 TeV [52]. However, in this case the four-fermion effective
interaction is suppressed by YdsYµe ≈ mµms/(16v2) ≈ 10−8, and hence, this bound
is much weaker than the one from ∆mK .
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• µ→ eγ.
In the leptonic sector, the new neutral scalars can give rise to µ→ eγ at one-loop (see
diagram in figure 10). Since the coupling to the top-quark is not predicted by the
theory and the κ parameter can be small, the two-loop Barr-Zee contribution (with
the top quark running in the loop) is subleading. This process has been constrained
experimentally by the MEG collaboration to be Br(µ→ eγ) ≤ 4.2× 10−13 [53]. For
the calculation of this branching ratio we adapt the results in ref. [54],

Br(µ→ eγ) = 3α
16πG2

F

(
|AL|2 + |AR|2

)
, (6.7)

where

AL =
∑

S=H,A

CSµµC
S
eµ

M2
S

(
ln
m2
µ

M2
S

+ 3
2

)
, (6.8)

AR =
∑

S=H,A

CS∗µµC
S∗
µe

M2
S

(
ln
m2
µ

M2
S

+ 3
2

)
. (6.9)

In figure 9 we present our results for Br(µ → eγ) as a function of the mass of the
Higgs bosons and we take MH = MA. The region shaded in red corresponds to the
upper bound reported by the MEG collaboration. The figure on the left corresponds
to maximal mixing sin θ = sin θC = 1/

√
2. The lines of different colors correspond

to different values for tan β. The blue (green) line corresponds to tan β = 1/20 for
which this bound requiresMH & 1.1TeV (MH & 700GeV ). This experimental bound
becomes weaker as we decrease the value of the mixing angle, for the panel on the
right we show the same result but for sin θ = sin θC = 0.1.
In the context of the general 2HDM, the experimental bounds coming from µ→ eee

and µ − e conversion have been shown to be subleading to the bound from µ →
eγ [35, 36].

In summary, the bound that comes from the measurement of ∆mK is much stronger than
the constraint from µ → eγ on the mixing angles θ and θc. For the Higgs bosons to be
around the electroweak scale this requires the Yukawa interactions to be very close to
flavor-diagonal which justifies the approach taken in section 4.

7 Summary

Quark-lepton unification remains one of the best-motivated ideas for physics beyond the
Standard Model. In this article, we studied the phenomenology of the 2HDM in the
minimal theory of quark-lepton unification that can live at the low scale. In the limit
with no flavor-violating couplings we gave concrete predictions for the branching ratios of
the heavy neutral and charged Higgs bosons. Moreover, we derived relations between the
decay widths of the heavy Higgs bosons into quarks and leptons that arise from quark-
lepton unification. Namely, for small tan β the decay width into bottom quarks should be
three times the decay width into tau leptons, while for large tan β it is the opposite.
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We also studied the production cross-sections of the new scalars at the LHC. The
current experimental bounds by the ATLAS collaboration already exclude some regions in
the parameter space and the future high-luminosity stage will be able to probe this scenario
in the TeV regime. In this theory, the cross-section for the processes pp → H,A → τ̄ τ is
related to pp→ H,A→ b̄b for small and large values of tan β and can be used in the future
to probe the idea of quark-lepton unification.

Furthermore, we studied the experimental constraints on the flavor-violating couplings
in the quark and leptonic sectors induced by the Higgs bosons. We demonstrated that the
experimental measurement of meson mixing gives strong constraints on the off-diagonal
entries and for Higgs bosons around the TeV scale this requires the interacting matrices
to be very close to flavor-diagonal. If new scalars beyond the Standard Model Higgs are
discovered in the near future, this study provides a path to infer whether the underlying
theory arises from quark-lepton unification.
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A Feynman rules

The Feynman for the physical scalars in the two Higgs doublets:

ūidjH+ : i
[
(CLud)ijPL+(CRud)ijPR

]
, d̄iujH− : i

[
(C∗Rud)jiPL+(C∗Lud)jiPR

]
,

ν̄iejH+ : −i(Cνe)ijPR, N̄ iejH+ : i(CNe)ijPL,
ēiN jH− : i(C∗Ne)jiPR, ēiνjH− : −i(C∗νe)jiPL,

ūiujh : i
[
(Chuu)ijPL+(Ch∗uu)jiPR

]
, N̄ iνjh : i

[
(ChNν)ijPL+(Ch∗Nν)jiPR

]
,

d̄idjh : i
[
(Chdd)ijPL+(Ch∗dd )jiPR

]
, ēiejh : i

[
(Chee)ijPL+(Ch∗ee )jiPR

]
,

ūiujH : i
[
(CHuu)ijPL+(CH∗uu )jiPR

]
, N̄ iνjH : i

[
(CHNν)ijPL+(CH∗Nν )jiPR

]
,

d̄idjH : i
[
(CHdd)ijPL+(CH∗dd )jiPR

]
, ēiejH : i

[
(CHee)ijPL+(CH∗ee )jiPR

]
,

ūiujA : (CAuu)ijPL−(CA∗uu )jiPR , N̄ iνjA : (CANν)ijPL−(CA∗Nν)jiPR ,
d̄idjA : (CAdd)ijPL−(CA∗dd )jiPR , ēiejA : (CAee)ijPL−(CA∗ee )jiPR ,

ZZh : i
v g2

2 sin(β−α)
8cos2 θW

, W+W−h : i
v g2

2 sin(β−α)
4cos2 θW

,

ZZH : i
v g2

2 cos(β−α)
8cos2 θW

, W+W−H : i
v g2

2 cos(β−α)
4cos2 θW

,

h(p1)A(p2)Z : i
g2 cos(β−α)

2cosθW
(p1−p2)µ,
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H(p1)A(p2)Z : i
g2 sin(β−α)

2cosθW
(p2−p1)µ,

H±(p1)h(p2)W∓ : i
g2
2 cos(β−α)(p2−p1)µ,

H±(p1)H(p2)W∓ : i
g2
2 sin(β−α)(p1−p2)µ,

HHH : v

2
(
λ1c

3
αcβ+λ2s

3
αsβ+(λ3 +λ4)sαcαsα+β

)
,

hhh : v

2
(
−λ1s

3
αcβ+λ2c

3
αsβ−(λ3 +λ4)sαcαcα+β

)
,

Hhh : v
(
3λ1cβcαs

2
α+3λ2sβc

2
αsα+λ345(cβc3

α−2cβcαs2
α−2sβc2

αsα+sβs
3
α)

3λ6(cβs3
α+sβcαs

2
α−2cβc2

αsα)+3λ7(sβc3
α+cβc

2
αsα−2sβcαs2

α)
)
,

hHH : v

2(−3λ1cβc
2
αsα+3λ2sβcαs

2
α+λ345(sβc3

α+2cβc2
αsα−2sβcαs2

α−cβs3
α)

+3λ6(cβc3
α−sβc2

αsα−2cβcαs2
α)+3λ7(2sβc2

αsα+cβcαs
2
α−s3

α)),

HAA : v

(
−λ1cβs

2
βcα+λ2c

2
βsβsα+(λ3 +λ4)(c3

βcα+s3
βsα)+ λ5

4 (cα+3β−5cα−β)

λ6
2 sβ(cα+cα−2β+2cα+2β)+ λ7

2 cβ(−sα+sα−2β+2sα+2β)
)
,

hAA : v

(
−λ1cβs

2
βsα+λ2c

2
βsβcα+(λ3 +λ4)(−c3

βsα+s3
βcα)+ λ5

4 (sα+3β−5sα−β)

λ6
2 sβ(sα+sα−2β+2sα+2β)+ λ7

2 cβ(−cα+cα−2β+2cα+2β)
)
,

HH+H− : v

(
λ1cβs

2
βcα+λ2cβs

2
βsα+λ3sβ(c2

βcα+s2
βsα)+ (λ4 +λ5)

4 sα+β(1−c2β+s2β)

+ λ6
2 sβ(3cα+cα−2β)+λ7sβ(sα+cβsβ(cα+sα))

)
,

hH+H− : v

(
−λ1cβs

2
βsα+λ2cβs

2
βcα+λ3sβ(−c2

βcα+s2
βsα)+ (λ4 +λ5)

4 cα+β(1−c2β+s2β)

− λ6
2 sβ(3sα+sα−2β)+λ7sβ(cα+cβsβ(cα−sα))

)
,

where the interaction matrices are given by

CLud = UTc

(
Y T

1 sin β − Y T
2

cosβ
2
√

3

)
D, CRud = −U †

(
Y ∗3 sin β − Y ∗4

cosβ
2
√

3

)
D∗c ,

CNe = NT
c

(
Y T

1 sin β + Y T
2

√
3 cosβ

2

)
E, Cνe = N †

(
Y ∗3 sin β + Y ∗4

√
3 cosβ

2

)
E∗c ,

CHuu = UTc

(
Y T

1
cosα√

2
+ Y T

2
sinα
2
√

6

)
U, CHNν = NT

c

(
Y T

1
cosα√

2
− Y T

2
3 sinα
2
√

6

)
N,

CHdd = DT
c

(
Y T

3
cosα√

2
+ Y T

4
sinα
2
√

6

)
D, CHee = ETc

(
Y T

3
cosα√

2
− Y T

4
3 sinα
2
√

6

)
E,

Chuu = UTc

(
−Y T

1
sinα√

2
+ Y T

2
cosα
2
√

6

)
U, ChNν = NT

c

(
−Y T

1
sinα√

2
− Y T

2
3 cosα
2
√

6

)
N,

Chdd = DT
c

(
−Y T

3
sinα√

2
+ Y T

4
cosα
2
√

6

)
D, Chee = ETc

(
−Y T

3
sinα√

2
− Y T

4
3 cosα
2
√

6

)
E,
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CAuu = UTc

(
Y T

1
sin β√

2
− Y T

2
cosβ
2
√

6

)
U, CANν = NT

c

(
Y T

1
sin β√

2
+ Y T

2
3 cosβ
2
√

6

)
N,

CAdd = DT
c

(
−Y T

3
sin β√

2
+ Y T

4
cosβ
2
√

6

)
D, CAee = ETc

(
−Y T

3
sin β√

2
− Y T

4
3 cosβ
2
√

6

)
E.

In the alignment limit sin(β − α) ' 1, the Higgs interactions take the following form

HHH : −ig2
3
2
M2
H

MW
,

hhh : −ig2
3
2
M2
h

MW
,

Hhh : i
3v
2 (λ1s2β(c2β + 1) + λ2s2β(c2β − 1)− 2λ345c2βs2β − 2λ6(c2β + c4β)

−2λ7(c2β − c4β)) = iλeff v,

hHH : i
v

8 (3λ1(1− c4β) + 3λ2(1− c4β) + 2λ345(1 + 3c4β) + 12(λ7 − λ6)s4β) ,

hH+H− : i
v

8
(
8λ1c

2
βs

2
β + 8λ2cβs

3
β + λ3(3− 4c2β + c4β + 2s2β + s4β)

+4(λ4 + λ5)s2
β(1 + c2β + s2β) + λ6s2β + 4λ7s

2
β(3 + c2β + s2β)

)
.

The interaction matrices in terms of the physical fermion masses are given by

CHdd =
(sinα

sinβ +3cosα
cosβ

)
Mdiag
D

4v +
(cosα

cosβ −
sinα
sinβ

)
V ∗c M

diag
E V †

4v ,

CHee =
(cosα

cosβ +3sinα
sinβ

)
Mdiag
E

4v +3
(cosα

cosβ −
sinα
sinβ

)
V T
c M

diag
D V

4v ,

CHuu =
(

3cosα
cosβ + sinα

sinβ

)
Mdiag
U

4v +
(cosα

cosβ −
sinα
sinβ

)
UTc M

DT
ν U

4v ,

CHNν =
(cosα

cosβ +3sinα
sinβ

)
NT
c M

DT
ν N

4v +3
(cosα

cosβ −
sinα
sinβ

)
V ∗1 M

diag
U K1VCKMK2V K3VPMNS

4v ,

CAdd = (cotβ−3tanβ)M
diag
D

4v −(tanβ+cotβ) V
∗
c M

diag
E V †

4v ,

CAee = (3cotβ−tanβ)M
diag
E

4v −3(tanβ+cotβ) V
T
c M

diag
D V

4v ,

CAuu = (3tanβ−cotβ)M
diag
U

4v +(tanβ+cotβ) U
T
c M

DT
ν U

4v ,

CANν = (tanβ−3cotβ)N
T
c M

DT
ν N

4v +3(tanβ+cotβ) V
∗

1 M
diag
U K1VCKMK2V K3VPMNS

4v ,

CLud = (3tanβ−cotβ)M
diag
U K1VCKMK2

2
√

2v
+(tanβ+cotβ)U

T
c M

DT
ν D

2
√

2v
,

CRud =−(3tanβ−cotβ)K1VCKMK2M
diag
D

2
√

2v
−(tanβ+cotβ)K1VCKMK2VM

diag
E V †c

2
√

2v
,

CNe = (tanβ−3cotβ)N
T
CM

DT
ν E

2
√

2v
+3(tanβ+cotβ)V

∗
1 M

diag
U K1VCKMK2V

2
√

2v
,

Cνe = 3(tanβ+cotβ)V
†

PMNSK
∗
3V
†Mdiag

D V ∗c
2
√

2v
+(tanβ−3cotβ)V

†
PMNSK

∗
3M

diag
E

2
√

2v
.
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The interaction matrices of H in the Standard Model limit are given by

CHdd = (3 tan β − cotβ) M
diag
D

4v + (tan β + cotβ) V
∗
c M

diag
E V †

4v ,

CHee = (tan β − 3 cotβ) M
diag
E

4v + 3 (tan β + cotβ) V
T
c M

diag
D V

4v ,

CHuu = (3 tan β − cotβ) M
diag
U

4v + (tan β + cotβ) U
T
c M

DT
ν U

4v ,

CHNν = (tan β − 3 cotβ) N
T
c M

DT
ν N

4v + 3 (tan β + cotβ) V
∗

1 M
diag
U K1VCKMK2V K3VPMNS

4v .

The interaction matrices are given by:

V1 = N †cUc, Vc = D†cEc, V3 = UTY2Nc, (A.1)
V4 = NTY4Dc, V5 = NTY2Uc, V6 = UTY4Ec,

U †D = K1VCKMK2, E†N = K3VPMNS, V = D†E,

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

As can be seen from the Feynman rules, due to quark-lepton unification the off-diagonal
entries for the quark interactions will depend on the lepton masses and vice versa. For the
approximation given above the mixing matrices take the form:

V ∗c M
diag
E V †=

 mecosθcosθc+mµsinθsinθc −mesinθcosθc+mµcosθsinθc 0
−mecosθsinθc+mµsinθcosθc mesinθsinθc+mµcosθcosθc 0

0 0 mτ

, (A.2)

V T
c M

diag
D V =

mdcosθcosθc+mssinθsinθc mdsinθcosθc−mscosθsinθc 0
mdcosθsinθc−mssinθcosθc mdsinθsinθc+mscosθcosθc 0

0 0 mb

, (A.3)

the above matrices enter in the couplings Cdd and Cee. Therefore, eqs. (A.2) and (A.3) can
be seen as an ansatz for the Yukawa matrices that arises from quark-lepton unification.
This is different from the commonly used Cheng-Sher ansatz [55].

For a general Higgs decay that couples to massive fermions in the following way

φf jfi : i(A+Bγ5),

the decay width corresponds to

Γ(φ→ f jfi) = NC

8πMφ

{
|A|2

[
M2
φ − (Mi +Mj)2

]
+ |B|2

[
M2
φ − (Mi −Mj)2

]}

×

√√√√1− (Mi +Mj)2

M2
φ

√√√√1− (Mi −Mj)2

M2
φ

, (A.4)

where NC corresponds to the color factor for the fermions.
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The numerical values for the SM fermion masses used in our calculations are evaluated
at the µ=MZ scale

Mt(MZ) = 173.2± 2.4 GeV
Mc(MZ) = 0.63± 0.08 GeV
Mb(MZ) = 2.89± 0.11 GeV
Ms(MZ) = 56± 16 MeV
Mτ (MZ) = 1746.45+0.29

−0.26 MeV
Mµ(MZ) = 102.73 MeV.

B Masses of scalar fields

The minimization conditions (with λ345 = λ3 + λ4 + λ5) read as:

m2
11v1 −m2

12v2 + 1
2λ1v

3
1 + 1

2λ345v1v
2
2 + 3

2λ6v
2
1v2 + 1

2λ7v
3
2 = 0, (B.1)

m2
22v2 −m2

12v1 + 1
2λ2v

3
2 + 1

2λ345v
2
1v2 + 1

2λ6v
3
1 + 3

2λ7v1v
2
2 = 0, (B.2)

with

m2
11 + 3

2λ1v
2
1 + 1

2λ345v
2
2 + 3λ6v1v2 > 0, (B.3)

m2
22 + 3

2λ2v
2
2 + 1

2λ345v
2
1 + 3λ7v1v2 > 0. (B.4)

The physical Higgs masses are given by:

M2
H = m2

12
s2
α−β
s2β

− v2

2
[
2λ1c

2
αc

2
β + 2λ2s

2
αs

2
β + 4λ345cαcβsαsβ

+λ6cβ(3c2
αsβ + 3s2αcβ − ctβs2

αcβ) + λ7sβ(3s2
αcβ + 3s2αsβ − tβc2

αsβ)
]
, (B.5)

M2
h = m2

12tβ(cαctβ + sα)2 − v2

2
[
2λ1s

2
αc

2
β + 2λ2c

2
αs

2
β − 4λ345cαcβsαsβ

+ λ6ctβ(2c2(α+β) − c2(α−β) − 2c2α − 2c2β + 1)

+ λ7tβ(1 + 2c2β + c2α(2 + c2β)− 3s2αs2β
]
, (B.6)

M2
A = m2

12
sβcβ

− v2

2 (2λ5 + λ6ctβ + λ7tβ), (B.7)

M2
H± = m2

12
sβcβ

− v2

2 (λ4 + λ5 + λ6ctβ + λ7tβ). (B.8)

The masses of all the other Higgs fields can now be written in terms of the mass of the
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CP-odd Higgs:

M2
H = M2

As
2
β−α + v2

(
λ1c

2
βc

2
α + λ2s

2
βs

2
α + 2λ345cαcβsαsβ + λ5s

2
β−α

+ 2λ6cβcαsβ+α + 2λ7sβsαsβ+α
)
, (B.9)

M2
h = M2

Ac
2
β−α + v2

(
λ1c

2
βs

2
α + λ2s

2
βc

2
α − 2λ345cαcβsαsβ + λ5c

2
β−α

− 2λ6cβsαcβ+α + 2λ7sβcαcβ+α
)
, (B.10)

M2
H± = M2

A + v2

2 (λ5 − λ4). (B.11)
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