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In the framework of supersymmetry, when R-parity is violated the Higgs doublet superfield Hd can be 
interpreted as another doublet of leptons, since all of them have the same quantum numbers. Thus 
Higgs scalars are sleptons and Higgsinos are leptons. We argue that this interpretation can be extended 
to the second Higgs doublet superfield Hu , when right-handed neutrinos are assumed to exist. As a 
consequence, we advocate that this is the minimal construction where the two Higgs doublets can be 
interpreted in a natural way as a fourth family of lepton superfields, and that this is more satisfactory 
than the usual situation in supersymmetry where the Higgses are ‘disconnected’ from the rest of the 
matter and do not have a three-fold replication. On the other hand, in analogy with the first three 
families where for each lepton representation there is a quark counterpart, we propose a possible 
extension of this minimal model including a vector-like quark doublet representation as part of the fourth 
family. We also discuss the phenomenology of the associated new quarks.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The Higgs particle in the framework of the standard model is 
intriguing, being the only elementary scalar in the spectrum, and 
introducing the hierarchy problem in the theory. Besides, whereas 
for the rest of the matter there is a three-fold replication, this does 
not seem to be the case of the Higgs since only one scalar/fam-
ily has been observed. In the framework of supersymmetry, the 
presence of the Higgs is more natural: scalar particles exist by 
construction, the hierarchy problem can be solved, and the models 
predict that the Higgs mass must be � 140 GeV if perturbativity 
of the relevant couplings up to high-energy scales is imposed. In 
a sense, the latter has been confirmed by the detection of a scalar 
particle with a mass of about 125 GeV. However, in supersymme-
try the existence of at least two Higgs doublets, Hd and Hu , is 
necessary, as in the case of the minimal supersymmetric standard 
model (MSSM) [1], and as a consequence new neutral and charged 
scalar particles should be detected in the future to confirm the 
theory. Similar to the standard model, no theoretical explanation 
is given for the existence of only one family of Higgs doublets.

* Corresponding authors.
E-mail addresses: daniel.lopez@df.uba.ar (D.E. López-Fogliani), c.munoz@uam.es

(C. Muñoz).
http://dx.doi.org/10.1016/j.physletb.2017.05.018
0370-2693/© 2017 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.
In this work we want to contribute a new vision of the 
Higgs(es) in the framework of supersymmetry. We will argue that 
the well known fact that the Higgs doublet superfield Hd has the 
same gauge quantum numbers as the doublets of leptons Li , where 
i = 1, 2, 3 is the family index, is a clue that the Higgses can be 
reinterpreted as a fourth family of lepton superfields. Thus Higgs 
scalars are sleptons and Higgsinos are leptons. This can be done 
only when R-parity (R p ) is violated, since the standard model par-
ticles and their superpartners have opposite R p quantum numbers. 
Early attempts in this direction can be found in Refs. [2,3]. In par-
ticular, in the first paper it was pointed out that in theories with 
TeV scale quantum gravity, the scalar Hd can be a fourth family 
slepton. Since Hu is not present in that construction, with its role 
in the Lagrangian played by Hd through non-renormalizable cou-
plings, Hd is proposed to be part of a complete standard model 
family in order to cancel anomalies. In the second paper, in the 
context of low-energy supersymmetry the scalar Hu was also in-
cluded as a slepton as part of another complete family with op-
posite quantum numbers to the fourth family. Thus, four chiral 
families with standard model quantum numbers and one chiral 
family with opposite quantum numbers are present in that con-
struction.

However, with the matter content of the MSSM, which is suf-
ficient to cancel anomalies, this interpretation of Hd as another 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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lepton superfield in the case of R p violation cannot be extended 
to Hu in a natural way, as we will show in Section 2. Fortunately, 
as we will discuss in Section 3, when right-handed neutrino su-
perfields are allowed in the spectrum, not only the violation of R p

turns out to be natural solving the μ problem and reproducing 
easily current neutrino data, but also the interpretation of Hu as 
part of the fourth family of lepton superfields is straightforward. 
Finally, we will argue in Section 4 that, as a consequence, a vector-
like quark doublet representation might also be part of the new 
fourth family, and we will briefly discuss its phenomenology. Our 
conclusions are left for Section 5.

2. Supersymmetry without right-handed neutrinos

Unlike the standard model where only one Higgs doublet scalar 
(together with its complex conjugated representation) is sufficient 
to generate Yukawas couplings for quarks and charged leptons at 
the renormalizable level, in supersymmetry we need a vector-like 
Higgs doublet representation, with their superfields usually de-
noted as:

Hd =
(

H0
d

H−
d

)
, Hu =

(
H+

u

H0
u

)
. (1)

In addition, the matter sector of the supersymmetric standard 
model, in the absence of right-handed neutrinos, contains also the 
following three families of superfields:

Li =
(

νi
ei

)
,

ec
i− , Q i =

(
ui
di

)
,

dc
i

uc
i
, (2)

where we have defined ui , di , νi , ei , and uc
i , dc

i , ec
i , as the left-chiral 

superfields whose fermionic components are the left-handed fields 
of the corresponding quarks, leptons, and antiquarks, antileptons, 
respectively.

With this matter content, the most general gauge-invariant 
renormalizable superpotential is given by:

W = μ Hu Hd + Y e
i j Hd Li ec

j + Y d
ij Hd Q i dc

j − Y u
ij Hu Q i uc

j

+ μi Hu Li + λi jk Li L j ec
k + λ′

i jk Li Q j dc
k + λ′′

i jk uc
i dc

j dc
k , (3)

where the summation convention is implied on repeated indexes, 
and our convention for the contraction of two SU (2) doublets is 
e.g. Hu Hd ≡ εab Ha

u Hb
d , with εab the totally antisymmetric tensor 

ε12 = 1.
In the absence of the terms in the second line, the terms 

in the first line of Eq. (3) constitute the superpotential of the 
MSSM, where baryon (B) and lepton (L) numbers are conserved. 
This superpotential arises from imposing the Z2 discrete symme-
try R-parity [4], R p = (−1)2S (−1)(3B+L) , which acts on the com-
ponents of the superfields. Here S is the spin, and one obtains 
R p = +1 for ordinary particles and −1 for their superpartners. 
Because of the different R p quantum numbers, there can be no 
mixing between particles and superpartners.

If we allow the terms in the second line of Eq. (3) to be present, 
they violate R p explicitly [4]. The first term μi Hu Li which also 
violates lepton number, together with the superpotential of the 
MSSM, constitute the bilinear R-parity violation model (BRpV). 
This term contributes to the neutral scalar potential generating 
VEVs not only for the Higgses as in the MSSM, but also for the left 
sneutrinos, 〈̃νiL〉 �= 0. The other three terms are the conventional 
trilinear lepton- and baryon-number-violating couplings. The pres-
ence of the couplings μi, λi jk, λ′

i jk , violating lepton number could 
have easily been argued, once the μ-term and the Yukawa cou-
plings for d-type quarks and charged leptons are introduced in the 
first line of the superpotential (3), by noting that the superfields 
Hd and Li have the same gauge quantum numbers. Actually, the 
latter fact might lead us to interpret the Higgs superfield Hd as 
a fourth family of lepton superfields L4, in addition to the three 
families Li of Eq. (2):

L4 =
(

ν4
e4

)
=

(
H0

d

H−
d

)
= Hd . (4)

Notice that this is not possible in the case of the MSSM be-
cause the components of the superfields Hd and Li have opposite 
quantum numbers under R p . Unfortunately, we cannot interpret 
naturally the other Higgs superfield Hu in a similar way, given 
that it has no leptonic counterpart, in particular its neutral com-
ponent. We will see in the next section that this counterpart is 
present when we enter right-handed neutrinos in our supersym-
metric framework.

On the other hand, it is well known that the simultaneous pres-
ence of the couplings λ′

i jk and λ′′
i jk , violating lepton and baryon 

number respectively, can be dangerous since they would produce 
fast proton decay. The usual assumption in the literature of the 
MSSM of invoking R p to avoid the problem is clearly too stringent, 
since then the other couplings λi jk , and μi in the superpotential 
(3), which are harmless for proton decay, would also be forbidden. 
A less drastic solution, taking into account that the choice of R p is 
ad hoc, is to use other Z N discrete symmetries to forbid only λ′′

i jk . 
This is the case e.g. of Z3 Baryon-parity [5] which also prohibits 
dimension-5 proton decay operators, unlike R p . In addition, this 
strategy seems reasonable if one expects all discrete symmetries 
to arise from the breaking of gauge symmetries of the underlying 
unified theory [6], because Baryon-parity and R p are the only two 
generalized parities which are ‘discrete gauge’ anomaly free [5]. 
Discrete gauge symmetries are also not violated [6] by potentially 
dangerous quantum gravity effects [7].

Given the relevance of string theory as a possible underlying 
unified theory, a robust argument in favour of the above mecha-
nism is that, in string compactifications such as e.g. orbifolds, the 
matter superfields have several extra U (1) charges broken spon-
taneously at high energy by the Fayet–Iliopoulos D-term, and as 
a consequence residual Z N symmetries are left in the low-energy 
theory. As pointed out in Ref. [8], the same result can be obtained 
by the complementary mechanism that stringy selection rules can 
naturally forbid the λ′′

i jk couplings discussed above, since matter 
superfields are located in general in different sectors of the com-
pact space. As a whole, some gauge invariant operators violating 
R p can be forbidden, but others are allowed [9].

Let us finally remark that although the BRpV has the interesting 
property of generating through the bilinear terms μi that mix the 
left-handed neutrinos νiL and the neutral Higgsino H̃0

u , one neu-
trino mass at tree level (and the other two masses at one loop), 
the μ problem [10] is in fact augmented with the three new super-
symmetric mass terms which must be μi � 10−4 GeV, in order to 
reproduce the correct values of neutrino masses. This extra prob-
lem can be avoided imposing a Z3 symmetry in the superpotential, 
which implies that only trilinear terms are allowed. Actually, this 
is what one would expect from a high-energy theory where the 
low-energy modes should be massless and the massive modes of 
the order of the high-energy scale. As pointed out in Ref. [11], this 
is what happens in string constructions, where the massive modes 
have huge masses of the order of the string scale and the massless 
ones have only trilinear terms at the renormalizable level. Thus 
one ends up with an accidental Z3 symmetry in the low-energy 
theory.

To summarize the discussion, instead of the superpotential of 
Eq. (3), a more natural superpotential (in the sense of free of prob-
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lems) with the minimal matter content of Eqs. (1) and (2) seems 
to be

W = Y e
i j Hd Li ec

j + Y d
ij Hd Q i dc

j − Y u
ij Hu Q i uc

j

+ λi jk Li L j ec
k + λ′

i jk Li Q j dc
k . (5)

However, this implies that not only the bilinear terms μi are for-
bidden, but also the crucial μ term generating Higgsino masses. In 
the next section we will discuss a solution through the presence 
of right-handed neutrinos which will also allow us to interpret the 
two Higgs doublet superfields as a fourth family of leptons.

3. Right-handed neutrinos and reinterpretation of the Higgs 
superfields

Right-handed neutrinos are likely to exist in order to generate 
neutrino masses. Thus we will add these superfields to the min-
imal matter content of Eq. (2), allowing us also to write it in a 
more symmetric way:

Li =
(

νi
ei

)
,

ec
i

νc
i
, Q i =

(
ui
di

)
,

dc
i

uc
i

. (6)

This spectrum together with the Higgs superfields in Eq. (1) give 
rise to the following gauge invariant superpotential proposed in 
Refs. [11,8]:

W = Y e
i j Hd Li ec

j + Y d
ij Hd Q i dc

j − Y u
ij Hu Q i uc

j − Y ν
i j Hu Li ν

c
j

+ λi jk Li L j ec
k + λ′

i jk Li Q j dc
k + 1

3
κi jk νc

i νc
j ν

c
k

+ λi Hu Hd νc
i . (7)

This superpotential expands the one in Eq. (5) with the right-
handed neutrinos, and is built using the same arguments of Sec-
tion 2 in order to forbid the bilinear terms μ and μi , and the cou-
plings violating baryon number λ′′

i jk of superpotential (3). The first 
line corresponds to Yukawa couplings which conserve R p , whereas 
the couplings in the second line violate R p explicitly. In the ab-
sence of λi jk and λ′

i jk , R p is restored in the limit Y ν → 0.
The three terms with couplings Y ν , λi and κ are characteristics 

of the ‘μ from ν ’ supersymmetric standard model (μνSSM) [11,
12], and are harmless for proton decay. They contribute to the neu-
tral scalar potential generating VEVs not only for the Higgses and 
the left sneutrinos as in the BRpV, but also for the right sneutrinos. 
As a consequence of the electroweak symmetry breaking, a μ term 
of the order of the electroweak scale is generated dynamically with 
μ = λi 〈̃νiR〉∗ . Let us also remark that the term with Y ν contains 
the Dirac Yukawa couplings for neutrinos, and besides generates 
effectively bilinear couplings, μi = Y ν

i j 〈̃ν jR〉∗ , as those discussed in 
Section 2 for the BRpV. The κ term produces Majorana masses 
for the right-handed neutrinos, Mij = √

2κi jk 〈̃νkR〉∗ , instrumental 
in the generation of correct neutrino masses and mixing through a 
generalized electroweak-scale seesaw [11,8,13–17].

Because of the VEVs acquired by the neutral scalars and the 
violation of R p , all fields in the spectrum with the same colour, 
electric charge and spin mix together contributing to the rich 
phenomenology of the μνSSM. For example, the neutral (scalar 
and pseudoscalar) Higgses mix with the left and right sneutrinos, 
the charged Higgses with the charged sleptons, the neutralinos 
of the MSSM with the left- and right-handed neutrinos, and the 
charginos with the charged leptons. Besides, in the μνSSM the 
scale of the breaking is set up by the soft terms, which is in the 
ballpark of a TeV. This nice features give rise to realistic signa-
tures of this model at colliders [13,14,18–22], well verifiable at the 
LHC or at upcoming accelerator experiments. For example, prompt 
and/or displaced multi-leptons/taus/jets/photons final states.

Concerning cosmology in the μνSSM, as a consequence of R p
violation the lightest supersymmetric particle (LSP) is no longer 
a valid candidate for cold dark matter. Nevertheless, embedding 
the model in the context of supergravity, one can accommodate 
the gravitino [23,12] as an eligible decaying dark matter candidate 
with a lifetime greater than the age of the Universe. Its detection 
is also possible through the observation of a gamma-ray line in the 
Fermi satellite [23–26]. In Ref. [27], the generation of the baryon 
asymmetry of the universe was analysed in the μνSSM, with the 
interesting result that electroweak baryogenesis can be realised.

Similarly to the discussion for λi jk and λ′
i jk in Section 2, the 

presence of the λi term which violates lepton number in the su-
perpotential (7), could have been deduced from the presence of 
the couplings Y ν because of the same quantum numbers for the 
superfields Hd and Li . Actually, the simultaneous presence of both 
terms in order to solve the μ problem and generate correct neu-
trino masses implies that all the charges of Hd and Li must be 
the same even if extra U (1)’s are present. Thus the argument of 
the extra U (1) charges used in Section 2 to forbid the couplings 
λ′′

i jk is unlikely that can be used in typical string models to forbid 
the couplings λi jk and λ′

i jk . This makes more robust the superpo-
tential (7). Besides, as discussed in Ref. [8], even if λi jk and λ′

i jk
are set to zero, they are generated by loop corrections (although 
with very small values) due to the presence in the superpotential 
of couplings like Y d, Y ν, λi .

In Section 2, the fact that the superfields Hd and Li have the 
same gauge quantum numbers led us to discuss in Eq. (4) the 
possibility of interpreting Hd as a fourth family of lepton super-
fields L4. However, we were not able to interpret naturally the 
Higgs superfield Hu in a similar way, given that it has no lep-
tonic counterpart in the spectrum of Eq. (2). On the contrary, for 
the spectrum of Eq. (6) it is possible to interpret Hu as another 
lepton superfield Lc

4:

Lc
4 =

(
ec

4

νc
4

)
=

(
H+

u

H0
u

)
= Hu . (8)

Thus, at the level of weak eigenstates the superfield Hd/L4 con-
tains the fourth-family left sneutrino and the Hu/Lc

4 the fourth-
family right sneutrino, as shown in Eqs. (4) and (8). In the limit 
were the others sneutrinos are decoupled in our model, the Higgs 
discovered at the LHC is described by a mixture of Hu and Hd as 
in the case of the MSSM. In addition, also as in the latter case, 
for reasonable values of tanβ the standard model-like Higgs is 
mainly Hu . Therefore, in this supersymmetric framework the first 
scalar particle discovered at the LHC is mainly a right sneutrino 
belonging to a fourth-family vector-like lepton doublet representa-
tion.

To complete the argument, we must take into account what 
was mentioned above, that once the electroweak symmetry is bro-
ken the first three families of sneutrinos turn out to be mixed 
with the fourth one. Nevertheless, the left sneutrinos of the first 
three families are decoupled in all cases, since the mixing occurs 
through terms proportional to neutrino Yukawas or left sneutrino 
VEVs which are very small [8]. Concerning the right sneutrinos of 
the first three families, they are singlets of SU (2) and can mix in 
general with the doublets Hu and Hd , similarly to the case of the 
Next-to-MSSM (NMSSM) [28] where one extra singlet is present. 
As a consequence, the decoupling limit is not necessarily a good 
approximation. For our model, where three singlets are present, 
discussions about viable regions of the parameter space and the 
expected signals at colliders were carried out in Refs. [19] and [22]. 
In those works, where not only LHC constraints but also LEP and 
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Tevatron ones were applied to the parameter space, viable regions 
were obtained.

Summarizing, Eqs. (4) and (8) constitute our reinterpretation of 
Eq. (1), and therefore we can write the whole spectrum in the 
following way:

Li =
(

νi
ei

)
,

ec
i

νc
i
, Q i =

(
ui
di

)
,

dc
i

uc
i
,

L4 =
(

ν4
e4

)
, Lc

4 =
(

ec
4

νc
4

)
. (9)

With this notation, Eq. (7) can be written in a more compact way 
as:

W = Y e
I Jk L I L J ec

k + Y d
I jk L I Q j dc

k − Y u
4 jk Lc

4 Q j uc
k − Y ν

4 Jk Lc
4 L J ν

c
k

+ 1

3
κi jk νc

i νc
j ν

c
k , (10)

where I = i, 4 and J = j, 4 are the new family indexes, with 
i, j, k = 1, 2, 3, and the notation for the Yukawa couplings is self-
explanatory.

4. Proposal for new quarks

We have identified in the previous section the minimal model 
where the two Higgs superfields can be interpreted in a natu-
ral way as a fourth family of leptons. One might think that this 
is just an academic discussion, in the sense that superpotential 
(10) is equivalent from the operational viewpoint to superpotential 
(7). Nevertheless, in this framework where in principle vector-like 
matter can be added to the fourth family consistently with the ex-
periments, we find it natural to make the following proposal. In 
analogy with the first three families in Eq. (9), where each lepton 
representation has its quark counterpart, we add to the spectrum 
of the fourth family a vector-like quark doublet representation as 
counterpart of the vector-like lepton/Higgs doublet representation, 
implying in superfield notation:

Li =
(

νi
ei

)
,

ec
i

νc
i
, Q i =

(
ui
di

)
,

dc
i

uc
i
,

L4 =
(

ν4
e4

)
, Lc

4 =
(

ec
4

νc
4

)
, Q 4 =

(
u4
d4

)
, Q c

4 =
(

dc
4

uc
4

)
, (11)

where Q 4 has hypercharge 1
6 as for the first three families, 

whereas Q c
4 has by construction hypercharge − 1

6 allowing the can-
cellation of anomalies1. It is worth noticing here that the presence 
of extra vector-like matter is a common situation in string con-
structions2 (see e.g. [9,31–33]).

The spectrum of Eq. (11) implies that the following terms as-
sociated to the presence of the new quarks must be added to the 
superpotential in Eq. (7):

W = λ′
i4k Li Q 4 dc

k + Y d
4k Hd Q 4 dc

k − Y u
4k Hu Q 4 uc

k

+ Y Q
j4k Q j Q c

4 νc
k + Y Q

44k Q 4 Q c
4 νc

k , (12)

where the first one corresponds to trilinear lepton-number-vio-
lating couplings, the second and third contribute to the Yukawa 

1 Other extensions of the μνSSM were discussed in Ref. [29] in the context of an 
extra U (1) gauge symmetry.

2 For a standard-like model containing only the Higgs doublets as vector-like rep-
resentations, see however Ref. [30]. Remarkably, in that model the presence of three 
families of right-handed neutrinos is mandatory to achieve anomaly cancellation.
couplings with the Higgses, and the last two terms contribute to 
the quark masses once the right sneutrinos acquire VEVs.

Working in low-energy supersymmetry, these terms will induce 
the corresponding trilinear soft-supersymmetry breaking terms in 
the Lagrangian. Together with the soft masses for the squark dou-
blets Q̃ 4 and Q̃ c

4 they constitute the new terms in the soft La-
grangian. Notice that none of them contributes to the minimization 
of the tree-level neutral scalar potential.

Using now the ‘new’ notation for the Higgs superfields, Eq. (12)
can be written as

W = Y d
I4k LI Q 4 dc

k − Y u
44k L

c

4 Q 4 uc
k + Y Q

J 4k Q J Q c
4 νc

k . (13)

This equation together with Eq. (10) allow us to write the whole 
superpotential in the compact notation:

W = Y e
I Jk L I L J ec

k + Y d
I Jk L I Q J dc

k − Y u
4 Jk Lc

4 Q J uc
k

− Y ν
4 Jk Lc

4 L J ν
c
k + Y Q

J 4k Q J Q c
4 νc

k + 1

3
κi jk νc

i νc
j ν

c
k . (14)

New phenomenology is expected from the presence of the new 
quarks (and squarks) of the fourth family. Here we will discuss the 
specially interesting case of the quarks, given their mixing with the 
standard model ones and therefore the modification of the usual 
couplings to the W , Z and Higgs boson. For example, although in 
this construction the Higgs mass is already enhanced at tree level 
due to the λi couplings [8], the presence of the new quarks could 
help to enhance it further through one-loop effects [34]. Besides, 
the presence of flavour changing neutral currents (FCNCs) leads to 
a wide range of final states that can be analysed. Notice that large 
enough masses for the new quarks to be beyond the present exper-
imental bounds, but still accessible at the LHC, can be generated 
by the last term in Eq. (12) with a Yukawa coupling Y Q

44k ∼ 1 and 
typical VEVs of the right sneutrinos 〈̃νkR 〉 ∼ TeV as discussed in 
Section 3.

In the basis of 2-components spinors (u∗
L)

T = (
u∗

I L

)
, (uR)T =(

u J R
)
, one obtains the following up-quark mass terms in the La-

grangian:

Lmass = −(u∗
L)

T muuR + h.c. , (15)

where, using a compact block notation,

mu =
(

Y u
ij

∗〈H0
u〉∗ Y Q

i4k

∗〈̃vkR〉
Y u

4 j
∗〈H0

u〉∗ Y Q
44k

∗〈̃vkR〉

)
. (16)

We can simplify further this matrix redefining the left-handed 
fields in such a way that the new entries (mu)i4 are vanishing and 
(mu)i j = Y ′ u

i j
∗〈H0

u〉∗ , with Y ′ u the redefined Yukawa coupling. Af-
ter these replacements, the 4 × 4 mass matrix is diagonalized by 
two unitary matrices U u

L and U u
R :

U u
L

†mu U u
R = mdia

u , (17)

with

uR = U u
R U R , uL = U u

L U L . (18)

Here, the 4 entries of the matrices U L , U R are the 2-component 
up-quark mass eigenstate fields. After a phase redefinition of the 
d4R field to recover the conventions for the non-supersymmetric 
standard model extensions with vector-like quarks [35], the same 
formulas apply to the down-quark sector with the replacements 
Y u → Y d and 〈H0

u〉 → 〈H0
d〉 in Eq. (16).

Taking the above mixing matrices into account, in the basis 
of 4-components spinors with the projectors P L,R = 1

2 (1 ∓ γ5), 
charged currents are modified in the following way:
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LW = − g√
2

(
Uγ μV L P L D + Uγ μV R P R D

)
W +

μ + h.c. , (19)

where

V L = U u
L

†U d
L , V R = U u

R
†
δdia

R U d
R , (20)

and the matrix δdia
R = dia(0, 0, 0, 1). Here, the measured CKM ma-

trix corresponds to the (non-unitary) 3 × 3 block (V L)i j , and an-
other (non-unitary) CKM matrix V R must be defined for the right-
handed quarks because of the new doublet Q T

4R = (u4R , d4R).
Tree-level FCNC also occur due to the mixing in the right-

handed sector induced by the new doublet. In particular, the neu-
tral current interactions of quarks in the Lagrangian are:

LZ = − g

2cos θW

(
Uγ μ P L U + Uγ μ Xu P R U − Dγ μ P L D

− Dγ μ Xd P R D − 2 sin2 θW Jμem
)

Zμ , (21)

where the matrices

Xu = V R V †
R = U u

R
†
δdia

R U u
R , Xd = V †

R V R = U d
R

†
δdia

R U d
R , (22)

are hermitian and non-diagonal, mediating FCNCs.
Finally, the modified couplings between the neutral compo-

nents of the Higgs doublets and quarks

LHu = − 1

〈H0
u〉∗ U

(
mdia

u − (mu)44U u
L

†
δdia

R U u
R

)
P R U H0

u
∗ + h.c. ,

LHd = − 1

〈H0
d〉∗ D

(
mdia

d − (md)44U d
L

†
δdia

R U d
R

)
P R D H0

d
∗ + h.c. ,

(23)

may change the production and decay of the standard model-like 
Higgs.

Numerous analyses of the phenomenology of vector-like quark 
singlet, doublet and triplet representations have been carried out 
in the literature in extensions of the standard model [36,37,35], 
studying limits on mixing between ordinary quarks and heavy 
partners, the allowed range of splitting between the heavy states, 
and the production at the LHC. In particular, the non-observation 
of FCNCs put stringent constraints on mixing, and only one light 
quark can have significant mixing with the vector-like quark. Since 
the vector-like quarks are usually expected to mix predominantly 
with the third generation [38], one can obtain upper limits on 
the corresponding mixing angles from new contributions to the 
oblique parameters S and T , and Z → bb̄ observables [35]. These 
limits for the case of a vector-like doublet (T , B), where T is a new 
up-type of quark with charge +2/3 and B is a new down-type 
of quark with charge −1/3, can be applied to our model and are 
given for the right-handed fields by sin θu

R � 0.1 and sin θd
R � 0.06. 

The mixing angles for the left-handed fields are not independent 
and must satisfy tan θu

L = mt
mT

tan θu
R and tan θd

L = mb
mB

tan θd
R .

Concerning detection at the LHC, pair production processes 
dominated by QCD have the advantage of being model indepen-
dent, with the new heavy quarks subsequently decaying into or-
dinary quarks and a gauge boson or a Higgs (see couplings in 
Eqs. (19), (21) and (23) for our case). A recent search [39] yields 
observed lower limits on T ranging between 715 and 950 GeV 
for all possible values of the branching ratios into the three de-
cay modes T → W b, T → Zt and T → Ht . Similarly, for B the B B̄
production implies that the limits range between 575 and 813 GeV 
for all possible values of the branching ratios into the three decay 
modes B → W t , B → Zb and B → Hb. In these analyses, the above 
limits on mixing angles are applied since it is assumed that the 
new quarks mainly couple to the third generation. If they are al-
lowed to mix with all standard model families, dedicated searches 
may be necessary.
The above mass bounds can be applied to our supersymmet-
ric case if the light Higgs is a standard model-like Higgs particle 
and the decays of the fourth-family quarks involving non-standard 
model particles (such as e.g. the heavier Higgses or squarks) are 
negligible. Otherwise, the new branching ratios should be taken 
into account implying a new phenomenology. In addition, if the 
lepton-number-violating couplings λ′ of Eqs. (7) and (12), which 
also violate R p , are not small enough, they also could give rise to 
new channels modifying the single production of the new quarks, 
as well as their decay processes. The analysis of these possibili-
ties is beyond the scope of this work, and we plan to cover it in 
a forthcoming publication [40]. On the other hand, the new pro-
cesses induced by the terms characteristics of the μνSSM, and 
violating also R p , can be safely neglected because of the small 
value of Y ν .

5. Conclusions

In this work, in the framework of supersymmetry with right-
handed neutrinos we have been able to reinterpret in a natural 
way the Higgs superfields as a fourth family of lepton superfields. 
From the theoretical viewpoint, this seems to be more satisfac-
tory than the situation in usual supersymmetric models, where the 
Higgses are ‘disconnected’ from the rest of the matter and do not 
have a three-fold replication. Inspired by this interpretation of the 
Higgs superfields, we have also proposed the possible existence 
of a vector-like quark doublet representation in the low-energy 
supersymmetric spectrum. These new quark superfields have the 
implication of a potentially rich phenomenology at the LHC.
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