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The gauge singlet right-handed neutrinos (RHNs) are essential fields in several neutrino mass models
that explain the observed eV scale neutrino mass. We assume RHN field to be present in the vicinity of the
electroweak scale and all the other possible beyond the Standard Model fields arise at high energy scale
≥Λ. In this scenario, the beyond the Standard Model physics can be described using effective field theory
(EFT) where the set of canonical degrees of freedoms consists of both RHN and SM fields. EFTof this kind
is usually dubbed as NR-EFT. We systematically construct relevant operators that can arise at dimension
five and six while respecting underlying symmetry. To quantify the phenomenological implication of these
EFToperators we calculate different couplings that involve RHN fields. We discuss the constraints on these
EFT operators coming from different energy and precision frontier experiments. For pp, e−p and eþe−

colliders, we identify various channels which crucially depends on these operators. We analytically
evaluate the decay widths of RHN considering all relevant operators and highlight the differences that arise
because of the EFT framework. Based upon the signal cross section we propose different multilepton
channels to search for the RHN at 14 TeV LHC as well as future particle colliders.
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I. INTRODUCTION

The tremendous achievement of the Standard Model
(SM) is that it can make precise numerical predictions
about the particle dynamics up to the TeV scale. The Higgs
boson’s discovery [1,2] at the Large Hadron Collider
(LHC) as well as precision frontier experiments favor
the theoretical claims of this model with significant
precision. Despite these experimental success, there are
many compelling reasons correspond to nonzero neutrino
mass, dark matter or the natural explanation behind the
electroweak symmetry breaking (EWSB) etc. motivate us
to construct beyond Standard Model (BSM) theories that

can satisfactorily answer these questions. These BSM
theories typically contain new degrees of freedom (d.o.f)
that interact with the SM particles. Different experimental
collaborations have extensively looked for these BSM
particles decaying into various SM final states. The results
obtained from these searches so far fail to provide any
conclusive evidence in support of their existence or their
corresponding properties. One of the plausible explanations
behind these null results is that these BSM states are
situated at a very large energy scale Λ and the center of
mass energy of the present day colliders is not sufficient
enough to produce them on shell. However the indirect
effects of these particles can be detected while analyzing
different low-energy observables [3]. In view of this, one
can consider the effective field theory (EFT) [4,5]
approach, which can serve as an efficient pathway to
parametrize these indirect effects that can help us uncover
the nature of BSM.
The construction of any EFT [6,7] typically requires two

ingredients, the canonical d.o.f. that are present in low
energy theory and the symmetries which manifestly dictate
the interactions between these fundamental d.o.f. The
Lagrangian corresponds to the EFT framework [8] is
sum of both the d ¼ 4 renormalizable part as well as
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different higher dimensional operators that are allowed by
the symmetry. We assume at the scale Λ, there exists a
gauge theory that contains extra massive d.o.f. At this scale
these fields get decoupled from the low-energy theory. The
effects of these heavy states can be reinstated in forms of a
tower of effective operators at each order of mass dimen-
sions n > 4. These higher dimensional operators fOng1 are
built upon canonical d.o.f of low energy theory while
respecting space-time as well as the gauge and discrete
symmetries. The decoupling theorem [9,10] guarantees that
all measurable observables corresponding to the heavy
scale physics are suppressed by inverse powers of cutoff
scale Λ. As a corollary of the decoupling theorem one can
establish the hierarchy between the operators that arise at
each dimension. As a consequence, the measurable effects
of the operators at dimension n in general dominant over
the operators arise at dimension nþ 1. One can optimally
use this framework to investigate the physics associated
with neutrinos and establish their connection with the SM
physics.
The absence of right-handed neutrinos (RHNs, N) in the

SM field content, forbids us to generate neutrino mass
similar to other SM fermions. However, the measurements
from different neutrino oscillation experiments [11–15]
strongly suggest nonzero masses for neutrinos thus encour-
ages us to modify the existing SM. The simplest way to
encounter this issue is to add RHNs to the SM particle
contents and write down Yukawa interactions for neutrinos
similar to other SM charged fermions. As these RHN fields
are charge neutral and singlet under the SM gauge group
SUð3Þc × SUð2ÞL ×Uð1ÞY , one can include a Lepton-
number-violating Majorana type mass term MNN̄c

RNR in
the Lagrangian in addition to the previously mentioned
Yukawa interaction. The smallness of the neutrino mass can
therefore be explained as the hierarchy between the
electroweak scale v and the RHN mass scale MN , which

can be expressed as Mν ∼
y2νv2

MN
. Here, yν stands for Yukawa

coupling correspond to neutrinos. If we assume the value of
yν to be Oð1Þ, one can see that the requirement for tiny
neutrino mass set the value of MN in the vicinity of grand
unification regime (roughly around 1014–1015 GeV). This
simplistic setup for neutrino mass is in general known as a
type-I seesaw mechanism [16–19]. The interaction strength
between these heavy neutrinos and the SM particles is
controlled by the active sterile mixing parameter θ, which is
defined as θ ∝ yνv

MN
. The above relation implies a small value

of θ and leads to a small production cross section for the
RHNs at different collider experiments.
The major disadvantage of the type-I setup is that the

physics associated with the RHN fields become relevant at
around the grand unified theory (GUT) scale, which the
current experimental facilities fail to probe. One can alter

this situation while assuming that at least one of these RHN
fields is within the regime of the electroweak scale [20–22]
while satisfying the existing experimental constraints. In
this context one can describe the dynamics involving RHN
using EFT. The EFT of this kind is denoted as NR-EFT.
There are many works which encompass different

aspects of NR-EFT. References [23–26] and [27] present
the nonredundant operator basis up to dimension seven and
dimension nine of NR-EFT, respectively. References [28–
31] discuss the collider phenomenology of the dimension
five NR-EFT at future Higgs factories as well as LHC.
Other studies [23,32–35] also looked into various subset of
these higher dimensional operators and presented their
phenomenological implication at LHC. If the total decay
width of the light RHN is small, then it can give rise
to interesting displaced decay signatures and detailed
study regarding this can be found in Refs. [36–39].
References [40–42] focused on the interesting production
modes that are invoked by the different four Fermi operators
that one construct at dimension six. The study assume
relevant decay modes for theN field to beN → νγ andN →
3f (where f is SM fermions). Reference [43] discusses the
theoretical aspects of the dimension six operators that
involve the Higgs doublet and discuss their sensitivity under
various Higgs mediated processes. In addition to that,
Refs. [44,45] study the sensitivity of different dimension
six operators at LHC and lepton colliders.
In this work we present the complete phenomenological

description of the NR-EFT up to dimension six. In Sec. II
we begin with the general setup and systemically construct
different dimension five (see Sec. II A) as well as dimen-
sion six (see Sec. II B) operators along with highlighting
their physics aspects. In Sec. III, we evaluate the constraints
on different operators coming from precision frontier as
well as direct search experiments. In Sec. IV, we calculate
the cross section for RHN production at pp, e−p, and eþe−
colliders. Depending on the RHN mass, the N field can
decay either to two body or to three body decay modes,
respectively. In Sec. V, we present the detailed analytic
calculations correspond to each of these decay modes and
evaluate the branching ratios (BRs) for different benchmark
scenarios. We also present expected number of signal
events with multilepton final state for above mentioned
colliders in Sec. VI. We summarize our findings along with
few concluding remarks in Sec. VII.

II. GENERAL SETUP

We begin with a phenomenological Lagrangian that can
be expressed as

L≡ LSM þ N̄R∂NR − L̄lYνH̃NR −
1

2
M̃NN̄C

RNR

þ
X
n>4

On

Λn−4 þ H:c:; ð2:1Þ
1The n stands for the mass dimension of these operators.
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where H̃ ¼ iσ2H�, NC
R ¼ CN̄T

R with charge conjugation
matrix C ¼ iγ2γ0. The term M̃N stands for the Majorana
bare mass term, which is a N ×N matrix in the flavor
space. Ll is the SM lepton doublet and Yν is the Dirac-
type Yukawa coupling. The terms L̄lYνH̃NR and
1
2
M̃NN̄C

RNR contribute to the neutrino mass matrix.
The On are the higher dimensional operators, which
one can build at each dimension. The effect of these
operators are suppressed by the cutoff scale Λ with
appropriate power.

A. NR-EFT operators at dimension five

With this general setup in mind, one can write down
three possible NR-EFT operators at dimension five. In
Table I, we present the explicit form of these operators

where αð5Þi (i ¼ 1 to 3) represent the Wilson coefficients
corresponding to each of these operators. Considering the
space time transformation rules, one can realize that the

αð5Þ1 and αð5Þ2 are symmetric matrices in flavor space. In

contrast to that, αð5Þ3 is an antisymmetric matrix that arises

if we only consider more than one NR fields. The Oð5Þ
1 ,

which is famously known as the Weinberg operator [46],
primarily contributes to active neutrino masses. This
is the only operator one can construct in this dimension
solely using SM fields. The renormalizable realization
of this operator can be found in Refs. [47–49] and its
phenomenological implications have been studied in

Refs. [50,51]. On the other hand, operator Oð5Þ
2 provides

additional contributions to the Majorana mass term that is

mentioned in Eq. (2.2). The operator Oð5Þ
3 does not play

any role in the neutrino mass matrix, but the presence of
Bμν in that term brings out nontrivial vertices between
neutrinos and SM neutral vector boson fields. Assuming
the full theory is a gauge theory one may predict that out

of these three operators,Oð5Þ
1 andOð5Þ

2 may be generated in

tree level but the Oð5Þ
3 would only appear via loop

mediated processes. As a consequence, one can estimate

a further 1
16π2

suppression to the αð5Þ3 coefficient [52]. For a
detailed discussion on this aspect the interested reader
may follow Ref. [53].

1. Neutrino mass in dimension five

We will now define the neutrino mass matrix while
considering all the relevant terms up to dimension five. In
the basis fνL; Nc

Rg, the neutrino mass matrix will take the
following form:

Mð5Þ
νN ¼

2
64

αð5Þ
1
v2

Λ
Yνvffiffi
2

p

YT
ν vffiffi
2

p
�
M̃N þ αð5Þ

2
v2

Λ

�
3
75: ð2:2Þ

In the seesaw approximation (when ν − N blocks are
smaller than the ones in the N − N one), this leads to
the following light and heavy neutrino mass matrix:

mð5Þ
light ≈

αð5Þ1 v2

Λ
−
YT
νM−1

N v2Yν

2
; ð2:3Þ

mð5Þ
heavy ≈MN ¼ M̃N þ αð5Þ2 v2

Λ
: ð2:4Þ

The mass matrix in Eq. (2.2) can be diagonalized by a
unitary matrix as

VTMð5Þ
νNV ¼ ðMð5Þ

νNÞdiag: ð2:5Þ

Following the standard procedure of two step diagonaliza-
tion V can be expressed as

V¼UW with UTMð5Þ
νNU ¼

 
mð5Þ

light 0

0 mð5Þ
heavy

!
: ð2:6Þ

Hence, U is the matrix that brings the neutrino mass matrix
in the block diagonalized form, and further W ¼
DiagðUPMNS; κÞ diagonalizes the mass matrices in the light
and heavy sector. One can approximately write the matrix
V as follows:

V¼UW≈

 
1þOðM−2

N Þ θ

−θT 1þOðM−2
N Þ

! 
UPMNS 0

0 κ

!

≈
�
UPMNS θ

−θT κ

�
; ð2:7Þ

where θ ¼ M−1
N

Yνvffiffi
2

p is the mixing angle between the active

and sterile neutrinos, UPMNS is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix and κ isOð1Þ (for details
see Ref. [54]). Following is the mixing relations between
the gauge and mass eigenstates:

νL ≃UPMNSνL;m þ θNc
R;m;

Nc
R ≃ −θTνL;m þ κNc

R;m; ð2:8Þ

where the subscript “m” signifies the mass eigenstate.

TABLE I. All possible NR-EFT operators that appear at
dimension five. The σμν is defined as σμν ¼ i

2
½γμ; γν�, and Bμν

is the field strength tensor corresponding to the Uð1ÞY gauge
group. Λ is the cutoff scale of underlying NR-EFT.

Oð5Þ
1

αð5Þ
1

Λ ðL̄cH̃†H̃LÞ
Oð5Þ

2
αð5Þ
2

Λ ðNR
cNRÞðH†HÞ

Oð5Þ
3

αð5Þ
3

Λ ðNR
cσμνNRÞBμν
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2. Interesting facets of the dimension five operators

In Eq. (2.8), we show the relation between flavor
and mass eigenstates between light (active) and heavy
(sterile) neutrinos. In the subsequent discussion, we
denote the Majorana mass eigenstate of RHN fields as
N ¼ NR;m þ Nc

R;m, while we use similar notation for light
neutrino mass basis, ν ¼ νL;m þ νcL;m. With these defini-
tions we now present various three point vertices that
involve neutrino fields which are coming from renorma-
lizable Lagrangian and dimension five operators. The
details of the calculations have been included in
Appendix B. In Table II, we illustrate the explicit form
of all these couplings. One can notice that the coupling
between the Wμ boson and neutrinos does not get any
additional contributions from the dimension five oper-
ators. However, the situation alters in the case of Higgs as
well as neutral gauge boson operators:

(i) The tree-level vertices that involve Higgs field do get

modified due to the presence ofOð5Þ
1 ,Oð5Þ

2 operators.
In view of Eq. (2.4), one can see that the operator

Oð5Þ
1 regulates the SM neutrino masses. The small-

ness of these mass values forces us to choose a tiny

magnitude for αð5Þ
1

Λ , which is below the order of
Oð10−11Þ GeV for Λ to be in the order TeV. This
is why, the effects coming from this operator cannot
be studied in the present day experimental setup.

Due to this, for all our analysis we will set αð5Þ1 to
be zero.

(ii) In contrast to that, a similar conclusion cannot be

made for the αð5Þ
2

Λ coefficient. Hence, one should
critically analyze its role on a case by case basis.

(iii) The operatorOð5Þ
3 changes the couplings that involve

both massless and massive vector boson fields.
However as we have mentioned before, the structure
of this operator contains two important aspects.

First, the αð5Þ3 is an antisymmetric matrix in the
flavor space and can only exist if we consider more
than one flavor of RHN fields within the EFT
framework. In addition to that, from a full theory
point of view the vertices coming from this operators
cannot possibly be realized in tree level graphs.
Hence, the effects come from this operator must be
further suppressed by the loop factor ð 1

16π2
Þ.

(iv) The compelling facet of the operator Oð5Þ
3 is to

invoke a nontrivial coupling between the photon
field and neutrinos that are not present in the SM

counterpart. The presence of a Bμν tensor in the O
ð3Þ
5

operator introduces an interaction term between the
RHN fields and hypercharge gauge boson Bμ. After
the symmetry breaking the Bμ field can be written as
the linear combination of Z boson and photon
(Bμ ¼ −swZμ þ cwAμ). As a consequence of the

TABLE II. Coupling from the three-point vertices that arise after taking into account both the dimension four and dimension five terms
of the Lagrangian. Here U signifies UPMNS matrix. The abbreviation “RT” stands for renormalizable term, which includes charge
current, neutral current, as well as Yukawa term. The chirality projection matrix is denoted by PL and PR. The momentum factor pν in
different vertices arise from field strength tensor Bμν after transforming it into momentum space.

Couplings Explicit form Operator

C
Wμ

lν
gγμUffiffi

2
p PL þ H:c: RT

C
Wμ

lN
gγμθffiffi

2
p PL þ H:c: RT

Chνν Yνffiffi
2

p U†θ†PR þ αð5Þ
1
v

Λ UTUPL þ αð5Þ
2
v

Λ θ�θ†PR þ h:c: RT, Oð5Þ
1 , Oð5Þ

2

ChN̄N
− Yνffiffi

2
p θ†κ�PR þ αð5Þ

1
v

Λ θ†θPL þ αð5Þ
2
v

Λ κ†κ�PR þ h:c: RT, Oð5Þ
1 , Oð5Þ

2

Ch
ν̄NþN̄ν f− Yνffiffi

2
p U†κ�PR þ αð5Þ

1
v

Λ U†θPL − αð5Þ
2
v

Λ θ�κ�PRg þ fYνffiffi
2

p θ†θ†PR þ αð5Þ
1
v

Λ θ†UPL − αð5Þ
2
v

Λ κ†θ†PRg þ h:c: RT, Oð5Þ
1 , Oð5Þ

2

C
Zμ

ν̄ν
gγμ
2cw

U†UPL − 2i
αð5Þ
3
sw

Λ θ�θpνσμνPR þ h:c: RT, Oð5Þ
3

C
Zμ

N̄N
gγμ
2cw

θ†θPL − 2i
αð5Þ
3
sw

Λ κ†κ�pνσμνPR þ h:c: RT, Oð5Þ
3

C
Zμ

ν̄NþN̄ν fgγμ
2cw

U†θPL þ 2i
αð5Þ
3
sw

Λ θ�κ�pνσμνPRg þ fgγμ
2cw

Uθ†PL þ 2i
αð5Þ
3
sw

Λ κ†θ†pνσμνPRg þ H:c: RT, Oð5Þ
3

C
Aμ

ν̄ν 2i
αð5Þ
3
cw

Λ θ�θ†pνσμνPR þ H:c: Oð5Þ
3

C
Aμ

N̄N 2i
αð5Þ
3
cw

Λ κ†κ�pνσμνPR þ H:c: Oð5Þ
3

C
Aμ

ν̄NþN̄ν f−2i α
ð5Þ
3
cw

Λ θ�κ�pνσμνPRg − f2i α
ð5Þ
3
cw

Λ κ†θ†pνσμνPRg þ H:c: Oð5Þ
3
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field redefinition, RHN fields would couple to
photon. These couplings would have a direct impact
to neutrino magnetic moment [53]. Using XENON
data [55] one can determine the size of the associated

Wilson coefficient
αð5Þ
3

Λ . Here we conclude our dis-
cussion on dimension five operators and in the next
section, we discuss d ¼ 6 operators.

B. NR-EFT operators at dimension six

In the last section we have presented various aspects of
dimension five operators. We will now turn our attention to
the details of the dimension six operators. In Table III, we
enlist all possible operators in systematic manner. For a
methodical construction of these operators, one may read
through Ref. [26].

1. Neutrino mass in dimension six

Before engaging ourselves into an extensive discussion
on these operators, we like to point out possible modifi-
cation that happens in the neutrino mass matrix when one

considers dimension six operators. The operator that falls
under the class of ψ2H3, where ψ2 represents two fermionic
fields, contributes towards the neutrino mass matrix as this
operator would give additional contribution towards the
off-diagonal Dirac elements of the matrix mentioned in
Eq. (2.2). The updated form of this matrix can be illustrated
in the following fashion:

Mð6Þ
νN ¼

2
664

αð5Þ
1
v2

Λ
Yνvffiffi
2

p þ
�
αLNHv3

2
ffiffi
2

p
Λ2

�
YT
ν vffiffi
2

p þ
�
αTLNHv

3

2
ffiffi
2

p
Λ2

� �
M̃N þ αð5Þ

2
v2

Λ

�
3
775: ð2:9Þ

Our next task is to obtain the correct form of eigenvalues
and eigenvectors corresponds to the light and heavy
neutrinos, respectively. To do so, we would consider the
following redefinition of the off-diagonal element of the
above matrix:

Ỹν ¼ Yν þ
�
αLNHv2

2Λ2

�
: ð2:10Þ

TABLE III. List of all possible operators that appear in dimension six construction. The four Fermi operators can arise in this order as
oppose to dimension five NR-EFT. In this paper we would refrain ourselves from discussing the phenomenology that arises from
operators mentioned in the last two rows.

Relevant operators in dim-6

O6 Explicit Form nf

ψ2H3 OLNH ≔ αLNH

Λ2 ðL̄NRÞH̃ðH†HÞ þ H:c: 2n2f

ψ2H2D OHN ≔ αHN
Λ2 ðN̄Rγ

μNRÞðH†iD
↔

μHÞ n2f

OHNe ≔ αHNe
Λ2 ðN̄Rγ

μeRÞðH̃†iDμHÞ þ H:c: 2n2f

ψ2H2X OLNB ≔ αLNB

Λ2 ðL̄σμνNRÞH̃Bμν þ H:c: 2n2f
OLNW ≔ αLNW

Λ2 ðL̄σμνNRÞτIH̃WIμν þ H:c: 2n2f

ðL̄RÞðR̄LÞ OQuNL ≔ αQuNL

Λ2 ðQ̄uRÞðN̄RLÞ þ H:c: 2n4f

ðR̄RÞðR̄RÞ ONN ≔ αNN

Λ2 ðN̄Rγ
μNRÞðN̄RγμNRÞ n2fðnfþ1Þ2

4

OeN ≔ αeN
Λ2 ðēRγμeRÞðN̄RγμNRÞ n4f

OuN ≔ αuN
Λ2 ðūRγμuRÞðN̄RγμNRÞ n4f

OdN ≔ αdN
Λ2 ðd̄RγμdRÞðN̄RγμNRÞ n4f

OduNe ≔ αduNe

Λ2 ðd̄RγμuRÞðN̄RγμeRÞ þ H:c: 2n2f

ðL̄LÞðR̄RÞ OLN ≔ αLN
Λ2 ðL̄γμLÞðN̄RγμNRÞ n4f

OQN ≔ αQN

Λ2 ðQ̄γμQÞðN̄RγNRÞ n4f

ðL̄RÞðL̄RÞ OLNLe ≔ αLNLe

Λ2 ðL̄NRÞϵðL̄eRÞH:c: 2n4f
OLNQd ≔ αLNQd

Λ2 ðL̄NRÞϵðQ̄dRÞ þ H:c: 2n4f
OLdQN ≔ αLdQN

Λ2 ðL̄dRÞϵðQ̄NRÞ þ H:c: 2n4f

L ∩ B ONNNN ≔ αNNNN

Λ2 ðNRCNRÞðNRCNRÞ þ H:c: n2fðn2f−1Þ
6

L ∩ B OQQdN ≔ αQQdN

Λ2 ϵijϵαβσðQi
αCQ

j
βÞðdRσCNRÞ þ H:c: n3fðnf þ 1Þ

OuddN ≔ αuddN
Λ2 ϵαβσðuαRCdβRÞðdσRCNRÞ þ H:c: 2n4f
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We use this parametrization to write down the light neutrino
mass. To evaluate the eigenvalues of the above matrix we

choose the limit MN ≫ αLNHv3

Λ2 , α
ð5Þ
1
v2

Λ . In this limit, the light
and heavy mass eigenvalue will take the following matrix
form:

mð6Þ
light ≈

αð5Þ1 v2

Λ
−
ỸT
ν ðM̃−1

N Þv2Ỹν

2
;

mð6Þ
heavy ≈MN: ð2:11Þ

Looking at the above form of the neutrino mass matrices
one can appreciate the rational behind the parametrization
mentioned in Eq. (2.10). The inclusion of the dimension six
contribution does not alter the form of the mass eigenvalues
as compared to Eq. (2.4). The mass matrix in the dimension
six setup can also be diagonalized using the prescription
discussed in the last section. To do so we need to redefine
the mixing angle between active and sterile neutrino. The
matrix V of Eq. (2.7) will take the following form:

V ≈
�
UPMNS θ̃

−θ̃T κ

�
; ð2:12Þ

where θ̃ is

θ̃ ¼ θð5Þ þ θð6Þ ¼ M−1
N

Ỹνvffiffiffi
2

p ; and θð5Þ ¼ M−1
N

Yνvffiffiffi
2

p ;

θð6Þ ¼ M−1
N

αLNHv3

2
ffiffiffi
2

p
Λ2

:

With this new definition of the mixing angle one can obtain
the corresponding mass eigenstates for the neutrinos. We
illustrate these results in Eq. (2.13)

νL ≃UPMNSνL;m þ θ̃Nc
m;R;

Nc
R ≃ −θ̃TνL;m þ κNc

m;R; ð2:13Þ

where the orthonormality between these two states dic-
tate UPMNS ≃ κ.

2. Interesting facets of the dimension six operators

With this setup, we now point out various aspect of the
dimension six operators that are tabulated in Table III. We
have categorized these operators based upon their Lorentz
structure as well as the field contents that are present:

(i) OLNH: In dimension six, the only possible operator
which can come under the class of ψ2H3 is OLNH
where ψ denotes the charged as well as neutral
fermionic fields present in that operator. Apart from
modifying the neutrino mass matrix, this operator
also contributes toward the Higgs neutrino cou-
plings. The modification of these couplings are

explicitly presented in Table IV that we will discuss
in detail in the later part of this section. Before that
we like to highlight interesting aspects of other
classes of dimension six operators.

(ii) OHN &OHNe: Two operators OHN and OHNe fall in
the class of ψ2H2D, where D represents the covar-
iant derivative corresponds to SUð2ÞL ×Uð1ÞY
gauge group. Upon expanding H†iD

↔

μH
2 and

H̃†iDμH, one can see both active and sterile neu-
trinos couple to Z boson via OHN operator, and not
viaOHNe. On the other hand,OHNe only contributes

to the C
Wμ

lν and C
Wμ

lN couplings. If we expand this
operator explicitly, one can see the W boson couple
to right-handed chiral leptons via this operator. This
is indeed a striking departure from the existing SM
theory. The SM is a SUð2ÞL theory that forbids the
coupling between charged gauge bosons and right-
handed fermions. The present experimental bounds
on the respective coupling can be translated to
estimate the current limit on this operator.

(iii) OLNW &OLNB: The dimension six allows us to write
two operators that involve the field-strength tensor,
i.e., WI

μν and Bμν corresponding to SUð2ÞL and

Uð1ÞY , respectively. Similar to the operator Oð5Þ
3 ,

both these operators would be suppressed by an
extra 1

16π2
as these can only be realized in a full theory

via loop mediated processes. In case of dimension

five, the operator Oð3Þ
5 is an antisymmetric tensor in

the flavor space, which is not the same for the
dimension six case.

(iv) Four Fermi: The dimension six case allows us to
construct various kind of four Fermi operators.
Considering the chirality of different fermions these
operators can be categorized into four separate
classes: ðL̄RÞðR̄LÞ, ðR̄RÞðR̄RÞ, ðL̄LÞðR̄RÞ, and
ðL̄RÞðL̄RÞ. In addition to that, one can write three
more operators that violate either lepton number or
lepton-baryon number. The operator OQuNL that
comes under the ðL̄RÞðR̄LÞ class would contribute
toward the neutral as well as charged four-point
contact interaction terms. Considering the under-
lying Lorentz structure, one can see in the full theory
that this operator can be realized via the charged
scalar mediated process. In contrast to that, the
operator, OduNe, would also give rise to the charged
four-point contact interaction. Moreover, the pres-
ence of γμ matrices in this interaction vertex suggest
that it can be incorporated in a possible non-Abelian
gauge extended theory. These operators lead to the

2Where the explicit form ofH†iD
↔

μH is iðH†DμH−ðDμHÞ†HÞ.
ReplacingH fieldwith the SMHiggs doublet one can see the terms
which contain Z-boson field would only survive.
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single production of RHN, which is not mixing
suppressed. The other operators OeN , OuN , and OdN
would also invoke the pair production of the RHN
fields in the lepton and hadron colliders, respec-
tively. The corresponding production cross section is
independent of the active-sterile mixing angle. The
operators that come under the ðL̄LÞðR̄RÞ class
would also give rise to pair production processes
similar to the operators OeN , OuN , and OdN . The
operator OLN would also invoke an additional
contact interaction term ðν̄LγμνLÞðN̄RγμNRÞ. Never-
theless, one can neglect this term for further dis-
cussion as it is phenomenologically imprudent.

(v) ðL̄RÞðL̄RÞ: In case of ðL̄RÞðL̄RÞ scenario, one can
write three operators OLNLe, OLNQd, and OLdQN

where ϵ stands for 2 × 2 antisymmetric matrices.
From the structure of these operators one can
interpret their effects with heavy scalar mediated
processes. The terms arise from these operators
would contribute to both neutral as well as charged
four-point vertices. Furthermore, the Lorentz struc-
ture of these vertices can possibly be incorporated in
a full theory that contains both neutral and charged
scalar d.o.f.

(vi) ONN &ONNNN : Dimension six also allows us to
build two operatorsONN andONNNN , which involve
four N fields. The differences between these two are
many folds. From the standpoint of the Lorentz
structure, one can see that ONN invokes a vectorlike
process in contrast to the scalarlikeONNNN operator.
On the other hand ONNNN explicitly violates the
lepton number as opposed to ONN . In addition to
that, the Wilson coefficient αNNNN is antisymmetric
in flavor space, whereas αNN is symmetric. How-
ever, the explicit computation of the operators
suggest that the coupling of N with SM neutrinos
coming from these operators would be θ̃3 suppressed
(see Table V for the explicit form). As a result, both
these operators remain inaccessible from present day
collider experiments.

(vii) OQQdN &OuddN : We conclude our discussion while
presenting two lepton ⊕ baryon numbers violating
operators: OQQdN and OuddN . Both these operators
invoke a nontrivial decay mode of N such as
Ni → dαuαdβ. These operators also play an impor-
tant role in physics involving B − L asymmetry.
However in the current paper, we refrain ourselves to
discussing the aspects of these operators.

TABLE IV. The explicit modification of three point couplings after the inclusion of the dimension six operator contributions. The
couplings up to dimension five is embedded in the CSff0 term where S is SM bosons and f and f0 can be the charged as well as neutral
leptons. The column three highlights the dimension six operators that participate in each of these couplings.

Couplings Explicit form Operator

C6Wμlν C
Wμ

lν þ fgαHNev2

2
ffiffi
2

p
Λ2 θ̃

†γμPR − 2ipν
vαLNWffiffi
2

p
Λ2 θ̃

†σμνPRg þ H:c: OHNe, OLNW

C6WμlN C
Wμ

lN þ f− gαHNev2

2
ffiffi
2

p
Λ2 κ

�γμPR þ 2ipν
vαLNWffiffi
2

p
Λ2 κ

�σμνPRg þ H:c: OHNe, OLNW

C6hν̄ν Chν̄ν þ f− 3v2αLNH

2
ffiffi
2

p
Λ2 U†θ̃†PRg þ H:c: OLNH

C6hN̄N ChN̄N þ f3v2αLNH

2
ffiffi
2

p
Λ2 θ̃†κ�PRg þ H:c: OLNH

C6hðν̄NþN̄νÞ Chðν̄NþN̄νÞ þ f3v2αLNH

2
ffiffi
2

p
Λ2 U†κ�PR − 3v2αLNH

2
ffiffi
2

p
Λ2 θ̃†θ̃†PRg þ H:c: OLNH

C6Zμν̄ν C
Zμ

ν̄ν þ f− αHNvmZ

Λ2 θ̃θ̃†γμPR þ 2iswpν
vαLNBffiffi
2

p
Λ2 U

†θ̃†σμνPR − 2icwpν
vαLNWffiffi
2

p
Λ2 U

†θ̃†σμνPRg þ H:c: OHN , OLNB, OLNW

C6ZμN̄N C
Zμ

N̄N þ f− αHNvmZ
Λ2 κ†κ�γμPR − 2iswpν

vαLNBffiffi
2

p
Λ2 θ̃

†κ�σμνPR þ 2icwpν
vαLNWffiffi
2

p
Λ2 θ̃

†κ�σμνPRg þ H:c: OHN , OLNB,OLNW

C6Zμðν̄NþN̄νÞ C
Zμ

ðν̄NþN̄νÞ þ fαHNvmZ

Λ2 θ̃κ�γμPR − 2iswpν
αLNBvffiffi
2

p
Λ2 U

†κ†σμνPR

þ2icwpν
αLNWvffiffi
2

p
Λ2 U

†κ†σμνPRg þ fαHNvmZ

Λ2 κTθ†γμPR þ 2iswpν
αLNBvffiffi
2

p
Λ2 θ̃

†θ̃†σμνPR

−2icwpν
αLNWvffiffi
2

p
Λ2 θ̃

†θ̃†σμνPRg þ H:c:

OHN , OLNB, OLNW

C6Aμν̄ν C
Aμ

ν̄ν þ f−2icwpν
αLNBvffiffi
2

p
Λ2 U

†θ̃†σμνPR þ 2iswpν
αLNWvffiffi
2

p
Λ2 U

†θ̃†σμνPRg þ H:c: OLNB, OLNW

C6AμN̄N C
Aμ

N̄N þ f2icwpν
αLNBvffiffi
2

p
Λ2 θ̃

†κ�σμνPR þ 2iswpν
αLNWvffiffi
2

p
Λ2 θ̃

†κ�σμνPRg þ H:c: OLNB, OLNW

C6Aμðν̄NþN̄νÞ C
Aμ

ðν̄NþN̄νÞ þ f2icwpν
αLNBvffiffi
2

p
Λ2 U

†κ�σμνPR þ 2iswpν
αLNWvffiffi
2

p
Λ2 U

†κ†σμνPR

−2icwpν
αLNBvffiffi
2

p
Λ2 θ̃

†θ̃†σμνPR − 2iswpν
αLNBvffiffi
2

p
Λ2 θ̃

†θ̃†σμνPRg þ H:c:

OLNB, OLNW
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Our next step is to discuss the modifications as well as
emergence of various three-point couplings that involve
RHNs in the dimension six setup. The detail calculation to
determine the explicit form of these couplings are illus-
trated in Appendix C. In the beginning of this section we
have shown how the mass eigenstates of both the active and
sterile neutrinos evolve due to the inclusion of the operator
OLNH. This change can be incorporated by redefining the
mixing parameter from θ to θ̃.
One can divide all the relevant couplings into two

subcategories. In Table IV, we also include those couplings
that one can already find in the dimension fiveNR-EFT. We
write different couplings as C6Sff0 , where C

6
Sff0 includes the

sum of a dimension five contribution CS
ff0 and the Oð 1

Λ2Þ
corrections3:

(i) Unlike dimension five, the coupling between W and
lν=N receives additional correction due to both
OHNe and the loop-suppressed OLNW (which has in
general small value) operators. As mentioned earlier,
the operator OHNe invokes right handed coupling
between SM leptons and theW boson. The upshot of
this coupling is that it would modify the branching
ratios as well as total decay width of W bosons. The
precision measurements on this charged gauge
boson can be used to place meaningful bounds on
the Wilson coefficient αHNe

Λ2 . A recent article [56]

proposed a similar kind of right handed couplings
between SM fermions and W boson on the verge of
solving the W-boson mass tension (see Ref. [57]).

(ii) The Z-boson coupling gets addition corrections both
from tree-level mediated operators OHN as well as
loop-mediated operators OLNB and OLNW , respec-
tively. The last two operators also generate an
appropriate alteration to photon neutrino couplings
via neutral gauge state mixing. We like to reiterate
that the terms coming from these would be 1

16π2

suppressed. Processes induced from these operators
receive appropriate constraints from the different
precession measurements such as Z-boson total
width [58] measurement, BRðZ → νNÞ [59] etc.

(iii) Apart from the gauge bosons, the Higgs-neutrino
couplings also get modified in the underlying EFT
setup due to the operator OLNH. In the beginning of
this section we have shown how this operator enters
into the off-diagonal elements of the mass matrix.
From the parametrization that is displayed in
Eq. (2.10), one can see that this operator also
redefines the active-sterile mixing angles θ̃.

The compelling ingredient of the dimension six NR-EFT
setup is the emergence of various four Fermi operators.
As an upshot, one can write down the four-point contact
interactions that involve at least one RHN field. Couplings
like these play a crucial role in the production as well as
decay of the right-handed neutrinos. Few of these operators
would contribute to various pair production processes in
lepton and hadron colliders with an appreciable cross
section. In parallel to that, these operators have the capacity

TABLE V. The four point coupling arise from different four Fermi operators. Here we have only presented those couplings which are
relevant for the three body decay calculation for N. The other four point couplings that involve more than one heavy neutrino fields are
presented in Appendix C. We represent these couplings while adopting a generic structure GN

f1f2f3
, where f1, f2, and f3 represent the SM

fermions. The greek indices α, β and latin indices i, j, k describe the underlying flavor of the quarks and leptons, respectively.

Couplings Explicit form Operator

GN
ljlkνk

αLNLe

Λ2 fU†κ�ðν̄mPRNmÞðēmPRemÞ − κ�U†ðēmPRNmÞðν̄mPRemÞg
þ αeN

Λ2 ðēmγμPRemÞf−κT θ̃†ðN̄mγ
μPRνmÞ − θ̃κ�ðν̄mγμPRNmÞg

þ αLN
Λ2 ðēmγμPLemÞf−κT θ̃†ðN̄mγ

μPRνmÞ − θ̃κ�ðν̄mγμPRNmÞg þ H:c:

OLNLe, OeN , OLN

GN
νklklk

Same as above Same as above

GN
νjlklk

Same as above Same as above

GN
ljuαdβ

αduNe

Λ2 ðd̄mγμPRumÞðκTN̄mγ
μPRemÞ þ αQuNL

Λ2 ðd̄mPRumÞðκTN̄mPLemÞ
−½αLNQd

Λ2 þ αLdQN

Λ2 �κ†ðēmPRNmÞðūmPRdmÞ þ H:c:

OduNe, OQuNL OLNQd, OLdQN

GN
νjuαuα

αQuNL

Λ2 κTUðūmPRumÞðN̄mPLνmÞ − αuN
Λ2 κT θ̃ðūγμPRumÞðN̄mγ

μPRνmÞ
− αQN

Λ2 κT θ̃
†ðūmγμPLumÞðN̄mγ

μPRνmÞ þ H:c:

OQuNL, OuN OQN

GN
νjdαdα

αLdQN

Λ2 ðU†κ�ν̄mPRdmd̄mPRNmÞ þ αLNQd

Λ2 ðU†κ�ν̄mPRNmd̄mPRdmÞ
− αdN

Λ2 ðκT θ̃†d̄mγμPRdmN̄mγ
μPRνmÞ − αQN

Λ2 ðκT θ̃†d̄mγμPRdmN̄mγ
μPRνmÞ þ H:c:

OLNQd, OLdQN OdN , OQN

GN
νjνν

αNNNN

Λ2 ðθ̃�θ̃†κ†θ̃†Þðν̄mPRνmN̄mPRνmÞ − αNN

Λ2 ðθ̃θ̃†κT θ̃†Þðν̄mPRνmN̄mPRνmÞ þ H:c: ONNNN ONN

3In the notation C6Sff0 and CS
ff0 the S denotes W=Z=γ=h, f

stands for either charged or neutral leptons, and f0 corresponds to
either active or sterile neutrinos.
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to participate into the three body decay modes of N. Up to
dimension five, the RHN fields can decay to three body
leptonic/semileptonic final states, where decay is mediated
via off shell W=Z bosons. These can serve as dominant
channels if mass of the N is below MW. The four Fermi
operators instead give rise to relevant four-point contact
interactions which contribute towards these three body
decay modes. In Sec. V, we present the analytic expression
of these decay modes and the relevance of four Fermi
operators in this context.
In Table V, we present some of these couplings with its

explicit structure. Here we restrict ourselves to the
couplings which only involve RHN field and SM fermions
as they are relevant for our later discussion on the three
body decay modes. In addition to that, we have chosen the
mass of various flavor of heavy neutrinos to be same. As a
result the decay from Ni to Nj states with i ≠ j are
kinematically forbidden. Out of these seven couplings,
three of them would be purely leptonic and other three
would be an admixture of hadronic and leptonic state.
There exists one coupling that involves only the active and
sterile neutrinos:

(i) The couplings GN
ljlkνk

ðj ≠ kÞ, GN
νklklk

, and GN
νjlklk

are
controlled by the same operators. However, the
label of the SM leptons suggests that one cannot
treat them on an equal footing. The contribution
coming from OLNLe operator only depends on the
associated Wilson coefficient and the effect coming
from it would be prominent. On the other hand,
the operators OeN and OLN have an additional
dependence on the mixing angle. As a consequence,
their phenomenological implications are difficult
to probe.

(ii) Apart from the leptonic channels, the N can couple
to quarks via four point interactions. Noticeably,
all the operators that furnish the coupling GN

ljuαdβ
are phenomenologically viable as their impact
is not suppressed by the smallness of mixing
angle. Along with that, two other couplings GN

νjuαuα

and GN
νjdαdα

are also possible, which can provide

addition signatures for the collider study of
NR-EFT. The operators’ OuN , OQN , and OdN

contributions in these couplings face an additional
θ̃ suppression, while OQuNL, OLdQN are unsup-
pressed. The vertex GN

ljuαdβ
is not accompanied

with any such suppression.

(iii) The coupling GN
νjνν is mediated via ONNNN and ONN

operators, but its magnitude is proportional to the
cubic order of θ̃.

III. CONSTRAINTS ON RELEVANT
NR-EFT PARAMETERS

The EFT operators discussed above can contribute to the
processes that has already been searched at the LHC and
hence receive constraints from these experimental searches.
Further these operators lead to BSM decay modes of the
SM particles, and hence there are constraints from their
branching ratios measurements. In the following we briefly
discuss that:

(i) Constraints from decay of Z: The operators OLNB
and OLNW can enhance the decay width of Z boson
for nonzero αLNB and αLNW through the decay mode
Z → νN, which is

ΓðZ → NνÞ ¼ 3M3
Zv

2

12πΛ4
ðcwαLNW − swαLNBÞ2

× ð1 −M2
N=M

2
ZÞ3=2: ð3:1Þ

The decay mode Z → νN and subsequent
decay of N to νγ (which can come from operators

such asOð5Þ
3 ,OLNW;LNB) leads to Z → 2νþ γ. There

exist experimental limit on BRðZ → 2νþ γÞ <
3.2 × 10−6 [60] that restricts the values of αLNB
and αLNW for a given Λ. This limit has been
presented in Table VI assuming αLNB ¼ αLNW . To
calculate this we consider BRðN → νγÞ ¼ 1ð0.1Þ
and Λ ¼ 4 TeV; 500GeV. Similarly, OHN leads to
the decay mode Z → NN, with decay width

ΓðZ→NNÞ¼m3
Zv

2α2HN

8πΛ4
ð1−4M2

N=M
2
ZÞ3=2: ð3:2Þ

The subsequent decay of N → νγ can lead to the
decay mode Z → 2νþ 2γ, whose branching ratio is
bounded as BRðZ → 2νþ 2γÞ < 3.1 × 10−6 [58].
The upper limit on αHN obtained from this obser-
vation is presented in Table VI.

(ii) Constraints from decay of h: In our framework, SM
Higgs can have BSM decay modes such as
h → νN=NN=νγN, where νγ arises due to N decay.
If N is stable at the detector length scale, then these
decay modes lead to the invisible decay of Higgs,
which is constrained as Brðh → invisibleÞ ≤ 0.13

[61]. This in turn limits the couplings αð5Þ2 , αLNH, and

TABLE VI. Constraints on αLNB=W and αHN from Z-width measurement [58,60] for BRðN → νγÞ ¼ 1 (0.1).

Λ ¼ 4 TeV Λ ¼ 1.5 TeV Λ ¼ 500 GeV

BðZ → νN → 2νþ γÞ αLNB=W ≤ 1.88 (5.9) αLNB=W ≤ 0.26 (0.84) αLNB=W ≤ 0.029 (0.09)

BðZ → NN → 2νþ 2γÞ αHN ≤ 1.04 (10.4) αHN ≤ 0.14 (1.4) αHN ≤ 0.01 (0.16)
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αLNB=W , which is given in Table VII. We consider
the values of these parameters as per Table VII for
the evaluation of cross section in Sec. IV.

(iii) pp → lþ N: RHN has been searched for at the
LHC by both the CMS [62] and ATLAS [63]
collaborations through the process pp → W� →
lþ N. These searches put bounds on the active-
sterile neutrino mixing (θ̃) as a function of RHN
mass. The limit on θ̃ can be translated into the limit
on σðpp → W� → l� þ NÞ. In the EFT framework
the production of N þ l� can occur dominantly via
a four fermion interaction (pp → lþ N) [42]
along with the s-channel W-mediated process. As
the kinematic feature of pp → lþ N is not similar
to that of pp → W� → l� þ N for all RHN mass,
the above-mentioned constraints cannot be used in
our case without the proper recasting of the CMS
analysis. We check that the pTðlÞ distributions for
both the processes are similar for MN ≃ 800 GeV.
However, for MN < 800 GeV, the distributions are
different and hence inappropriate to apply the limit
directly. Without going into the detail recasting, we
comment on the bounds for MN ≥ 800 GeV. The
95% C.L. limit on active-sterile mixing θ̃ ≤ 0.387
for MN ¼ 800 GeV [62] leads to the limit on cross
section σðpp → l� þ NÞ ≤ 0.8 fb, which can be
translated to the limit on the relevant couplings. For
MN ≥ 800 GeV, the total cross section is domi-
nated by the four Fermi interaction, which is mainly
controlled by αduNe, αLdQN , αLNQd, and αQuNL. We
assume all these couplings to be equal to α.
Considering σðpp → l� þ NÞ ≤ 0.8 fb for
MN ≃ 800 GeV, we obtain constraint on α ≤
0.28ð0.04Þ for Λ ¼ 4 TeV (1.5 TeV). As this is
the strongest constraint on αduNe, αLdQN , αLNQd,
and αQuNL, we consider this for the cross section
calculation in Sec. IV.

(iv) pp → lþ γ þMET: Production of RHN with one
associated lepton occurs via two processes, one is
the four Fermi interaction and the other pp → W →
Nl via s-channel W-mediated process. The decay
mode of RHN N → νγ leads to the final state
lþ γ þMET, which has been searched by the
CMS collaboration [64]. The couplings αduNe,
αLdQN , αLNQd, αQuNL, αLNW , and αHNe that are

involved in the above process receive constraints
from the CMS result. This search has been recasted
in [65] and limits have been set on the four-
Fermi operators. Using the 95% C.L. limit on
BSM events ≤9.7 calculated in Ref. [65], we
calculate constraints on the coefficient (αduNe,
αLdQN , αLNQd, αQuNL) assuming all equal to α
and BRðN → νþ γÞ ¼ 0.1. For MN ¼ 800 GeV
and σðpp → lNÞ ¼ 9.7 fb, we obtain α ≤
0.5ð0.07Þ for Λ ¼ 4 TeV (1.5 TeV). For MN ¼
200 GeV and σðpp → lNÞ ¼ 30 fb, we obtain
α ≤ 0.28ð0.04Þ for Λ ¼ 4 TeV (1.5 TeV). For
these masses the total cross section is dominated
by the four fermion interaction, and the contribu-
tion from the W-mediated channel can be
ignored.

(v) pp → 2γ þMET: This signature can be obtained
via the process pp → NN and subsequent decay
N → νþ γ. Both the four Fermi interaction and the
Higgs production via gluon fusion process lead to a
pair of RHNs. For MN ≥ 100 GeV, the RHN pro-
duction occurs primarily via a four Fermi interac-
tion. TheWilson coefficients that are involved in this
process are αdN , αQN , αuN , αLNQd, αLdQN , αQuNL,
which we assume to be equal. However, one must
note that contributions coming from the respective
operators cannot be treated equally. From
Eqs. (C13), (C14), and (C8), one can notice that
the relevant coupling coming from the operators
OLNQd, OLdQN , and OQuNL receives additional θ̃2

suppression. Hence we can ignore their individual
effect for present constraint calculation. There
exists a search by the CMS collaboration for 2γ þ
MET signature [66], which sets limits on the
BSM contribution to the 2γ þMET events. We
adopt the 95% C.L. limit on observed 2γ þMET
events ≤9.6 for L ¼ 35.9=fb, from Ref. [65],
where the CMS analysis has been recasted. Con-
sidering this limit we obtain α ≤ 1.49ð0.209Þ for
Λ ¼ 4 TeV (1.5 TeV), assuming MN ≥ 800 GeV
and BRðN → νþ γÞ ¼ 0.1.

(vi) pp → νþ N: Production of one RHN in the
process pp → νþ N leads to γ þMET signature
for N → νþ γ decay mode. This process involves
Drell-Yan production (pp → γ� → νþ N), Higgs
production (pp → h → νþ N), and a four Fermi
(pp → νþ N) interaction. The process pp → h →
νþ Nð→ νþ γÞ is not constrained as the photon is
comparatively soft than for the process pp → γ� →
νþ N [43]. The relevant couplings αdN , αQN , αuN ,
αLNQd, αLdQN , αQuNL, and αLNW=B are assume to be
equal. The CMS analysis [67] for the γ þMET
signature sets limits on the BSM contribution. We
consider a 95% C.L. limit on observed γ þMET
events ≤16 from Ref. [43], where the CMS analysis

TABLE VII. Constraints on α52, αLNH , and αLNB=W and from
invisible Higgs decay [61].

(αð5Þ2 , αLNH, αLNB=W) Λ¼ 4 TeV Λ¼ 1.5 TeV Λ¼ 500GeV

ðc; c; cÞ c ≤ 0.115 c ≤ 0.043 c ≤ 0.014
ð0; c; cÞ c ≤ 1.93 c ≤ 0.5 c ≤ 0.242
ðc; 0; cÞ c ≤ 0.115 c ≤ 0.043 c ≤ 0.0144
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has been recasted. We obtain α ≤ 8.67ð1.28Þ for
Λ ¼ 4 TeV (1.5 TeV) assuming MN ≥ 800 GeV
and BRðN → νþ γÞ ¼ 0.1 For the considered mass
leading contribution to the σðpp → νþ NÞ is from
four Fermi operators that involve only one RHN
(αLNQd, αLdQN , αQuNL).

In view of the above discussion, to estimate the production
rate in the next section we consider the values of the
Wilsonian coefficient as follows. For Λ ¼ 4ð1.5Þ TeV, we
assume αHN¼1ð1Þ, αHNe¼1ð1Þ, αLNH ¼ 0.1ð0.04Þ,
αLNW¼0.1ð0.04Þ, αLNB¼0.1ð0.04Þ, αð5Þ2 ¼ 0.1ð0.04Þ,
αdN ¼ αQN ¼ αuN ¼ αLNQd ¼ αLdQN ¼ 0.5ð0.04Þ.

IV. POSSIBLE PRODUCTION MECHANISM

In order to calculate the cross section, we build this
dimension six NR-EFT using FeynRules(v2.3) [68] and
generate corresponding Universal FeynRules Output
(UFO) file. This UFO file can then use to evaluate the
parton level cross section via Monte Carlo simulator
MadGraph5_aMC@NLO(v2.6) [69].

A. Proton proton collider

The LHC is the machine that has the capability to probe
the physics that possibly lies at high energies. Currently the
LHC is going through an upgrade, and after that it will run
at the c.m. energy

ffiffiffi
s

p ¼ 14 TeV with a higher luminosity
that will achieve the potential to collect 3000 fb−1 data by
the year 2030. The detailed plan for the high-luminosity
LHC (HL-LHC) is presented in Refs. [70–72]. In this
paper, we will use 14 TeV LHC to propose various
production processes for the RHNs.

1. gg → h → NN=ν

At LHC, SM Higgs boson is dominantly produced via
gluon-gluon fusion. The RHN field couples to the Higgs
via Yukawa term at the renormalizable level. This coupling

receives extra contribution via the operators Oð5Þ
1 , Oð5Þ

2 , and
OLNH at dimension five and dimension six, respectively.
These operators along with the d ¼ 4 term allow the Higgs
to decay into νN and NN modes if kinematically
admissible.
In Fig. 1(a) we present the Feynman diagram for this

process. The vertices C6hðν̄NþN̄νÞ and C6hN̄N are governed by

the EFT parameters αð5Þ
1

Λ , αð5Þ
2

Λ , αLNH
Λ2 along with the mixing

angle. The smallness of the neutrino mass forces us to fix

the αð5Þ1 at zero. As mentioned in Sec. III the coupling αð5Þ2

and αLNH are considered to be 0.1 for Λ ¼ 4 TeV while
respecting the current experimental bounds. To calculate
the production cross section we have considered θ̃ ¼ 10−3,
which is allowed by the recent electroweak precision data
[73]. In Fig. 1(b), we present the production cross section
for the process gg → h → NN by the blue solid line. As
expected the cross section steeply falls at the mass around
mh
2
beyond which the Higgs decaying to a pair of on shell N

fields is kinematically disallowed. At renormalizable level
(O4) the coupling under consideration is controlled by the
mixing angle θ̃ and the smallness of this parameter leads to
negligible cross section. The result significantly alters once

we include the operator Oð5Þ
2 that enhances the total cross

section up to Oð10 pbÞ order. The cross section of this
process does not substantially change once we include the

(a) (b)

FIG. 1. Left panel: the Feynman diagram and the relevant operator for the process pp → NN=ν. Right panel: the variation
of cross section for the process σðgg → h → NN=νÞ with MN for center-of-mass energy

ffiffiffi
s

p ¼ 14 TeV and cutoff scale Λ ¼ 4 TeV.
σðgg → h → NNÞ is shown with the blue solid line and σðgg → h → NνÞ is shown with the red dashed-dot line. See text
for details.
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contribution coming from dimension six operator as
this contributions depends on both the mixing angle and
αLNH
Λ2 . We represent the cross section for gg → h → Nν in
Fig. 1(b) by the red dashed-dotted line. Interestingly, the
cross section due to the O4 term is comparable with the

effect coming fromOð5Þ
2 . On the other hand the contribution

coming from dimension six operator is independent of the
mixing angle and enhances the total cross section by an
order of magnitude. We would like to point out that the
difference in the cross section between the h → NN and
h → νN also arises due to the difference in associated
kinematic factors.

2. pp → NN via four Fermi operators

We have discussed the pair production of the heavy
neutrinos via Higgs decay. The problem with this pro-
duction mode is that one can only probe a certain range of
MN owing to phase space suppression. In dimension six
one can construct various four Fermi operators, which
can produce these heavy neutral leptons with an appreci-
able cross section for a wider mass range ofMN . In proton
proton collider these operators are OQN , OuN , OdN , and
OQuNL, which can produce single as well as a pair of
RHN fields [41]. In Fig. 2(a), we present the correspond-
ing Feynman diagram of this process. To explicitly see
how different operators participate in these process, we
refer the readers to look into Appendix B. The contri-
butions from OQN , OuN , and OdN are independent of the
mixing angle. Contrary to that, the cross section that is
generated from OQuNL depends on θ̃ and hence will be
suppressed.

In Fig. 2(b), blue line represents the pair production cross
section generated via four Fermi operators at 14 TeV LHC.
Lower parton density at high energy leads to decrease in the
cross section asMN increases. The contribution of theOuN is
larger than the OdN due to the difference in their corre-
sponding parton distribution function (pdf). Moreover the
total cross section of this process is primarily governed by
theOQN as it involves both u and d quarks in the initial state.
The operators (OQuNL,OLNQd,OLdQN) involving one RHN
do not contribute substantially due to mixing suppression.
We also present the cross section associated with the single
N with the red dashed-dotted line, where the operators
(OQuNL,OLNQd,OLdQN) involving one RHN are dominant.

3. RHN production via vector boson fusion process

The vector boson fusion (VBF) process remains one of
the intriguing channels which one can study at the LHC.
Here we specify a few VBF signals that are relevant for N
production. Apart from being one of the golden channels
for the Higgs discovery, VBF provides an excellent window
to look for the unitarity of the underlying EWSB mecha-
nism. Along with the Higgs, the W and Z can also be
produced via this process. The large pseudorapidity (Δη)
between the two leading jets helps to devise suitable cuts
that can provide a relatively cleaner environment to search
for the heavy neutrinos.
pp → hjj → NN=νjj.—In Fig. 3(a), we show the

Feynman diagram for single and pair production of the
sterile neutrinos via the VBF channel. The operator
dependence remain same as the gluon-gluon fusion sce-
nario. In Fig. 3(b) we display the cross section of pp →
NNjj and pp → Nνjj with the blue solid line and red

(b)(a)

FIG. 2. Left panel: the Feynman diagram and the relevant operators for the process pp → NN=ν. Right panel: the variation of cross
section with MN for center-of-mass energy

ffiffiffi
s

p ¼ 14 TeV and cutoff scale Λ ¼ 4 TeV. σðpp → NNÞ is shown with the blue solid line
and σðpp → NνÞ is shown with the red dashed-dot line.
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dashed-dotted line, respectively. Although the operator
dependence remains same as of Fig. 1(b), the overall yield
of the VBF Higgs production is lower than the gluon-gluon
fusion Higgs production. This is reflected in the total cross
section for this processes. The combine measurements in
both these channels facilitate us to put suitable bounds on
the EFT parameters.
pp → Zjj → NN=νjj.—Apart from the Higgs boson,

the Z boson can also be produced in VBF mode and its
subsequent decay can give rise to identical final states, i.e.,

jjNN and jjNν. The Feynman diagram corresponding to
these processes are shown in Fig. 4(a), where we mark the
EFT operators that contribute to these processes. Along
with the renormalizable neutral current, dimension five

operatorOð5Þ
3 , dimension six operators such asONH,OLNW ,

and OLNB participate in these processes. However, the

operatorOð5Þ
3 is in general antisymmetric in the flavor space

that vanishes if we consider Z-boson decay into the same
flavor leptons.

(b)(a)

FIG. 3. Left panel: the Feynman diagram with the corresponding relevant EFT operators that contribute to the processes pp → NNjj
and pp → Nνjj. Right panel: the variation of a cross section with MN . σðpp → jjNNÞ is shown with the blue solid line and
σðpp → jjNνÞ is shown with the red dashed-dot line.

(b)(a)

FIG. 4. Left panel shows the Feynman diagram with the relevant contributing EFT operators for the VBF process pp → jjNν=jjNN.
Right panel shows the variation of cross section with RHN neutrino mass MN . The blue and red lines represent σðpp → jjNNÞ and
σðpp → jjNνÞ, respectively.
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In Fig. 4(b), we demonstrate the corresponding
cross sections. In case of Z → NN, shown by the blue
line, the cross section sharply falls down at the mass MZ

2

after which the channel becomes kinematically forbidden.
At dimension four the coupling CZN̄N is primarily controlled
by the quadratic power of mixing angle which is chosen
to be 10−3. Hence, with the renormalizable dimension
four coupling, the cross section is highly suppressed
Oð10−18Þ pb. For OLNW and OLNB, the Z boson couples
to heavy neutrino pair via the gauge state W3

μ and Bμ,
respectively [see Eqs. (C4) and (C7) for details]. From
Table IV one can observe a relative minus sign between
the Wilson coefficient corresponding to these operators.
This leads to destructive interference if we combine their
effects in the cross section calculation. We like to point
out that the cross section is larger if we consider only
OLNB or OLNW instead of both OLNW and OLNB together.
The OHN operator significantly enhances the number of
signal production as the vertex dependency coming from
the OHN operator is θ̃ independent. The red dashed-dotted
line of Fig. 4(b) highlights the cross section associated
with the νNjj final state production via Z decay. Here
also, the interference between the OLNB and OLNW exist
similar to the case of NNjj. Finally the inclusion of OHN
increases the total cross section, but not much as the
coupling coming from OHN also has a mixing angle
dependence.
pp → Wjj → lNjj.—TheW boson is another SM field

that can be produced via VBF process and leads to a single
N production. The advantage of this process is that the
RHN is produced along with a lepton that can be used to
demarcate the signal from pure QCD events that in general

appear during hadron collision. In Figs. 5(a) and 5(b), we
present the Feynman diagram and the associated cross
section for this process, respectively. At dimension four, the
RHN production is only controlled by the mixing angle,
and for θ̃ ¼ 10−3 one cannot achieve any appreciable cross
section as represented by the gray dot-dashed line. As we
include OLNW , the relative sign difference between O4 and
OLNW coupling leads to a destructive interference, which is
shown by the red dot-dashed line. This situation signifi-
cantly improves once we consider OHNe instead of OLNW
as shown by the orange dashed line in Fig. 5(b). The
contribution of OLNW is suppressed by a factor 1=16π2

mentioned in Sec. II B, which leads to a lower contribution
compared to that for the OHNe. Finally, the total contribu-
tion from all these three operators has been indicated by the
blue line. The total contribution is slightly lower than that
for OHNe þO4 due to the destructive interference as
discussed above.

4. Drell-Yan production mechanism

The Drell-Yan process can serve as a viable production
mode for N fields. Both theW and Z can be created in the s
channel via parton parton collision. These s-channel heavy
states will further decay and generate RHN fields. Coupling
of N fields to Z boson is primarily regulated by the choice
of mixing angle except for the OHN . Further there exists an
experimental limit on BRðZ → NN → 2νþ 2γÞ as dis-
cussed in Sec. III, which restricts the choice of αHN . Hence
the expected cross section from this mode is significantly
low and cannot be used to do meaningful phenomenologi-
cal analysis. On the other hand the situation is relatively
better in case of W-boson decay.

(b)(a)

FIG. 5. Left panel shows the Feynman diagram with the relevant contributing operators for the VBF process pp → l�Njj. The right
panel stands for variation of σðpp → W�jj → l�NjjÞ with MN . The gray dot dashed, red dot dashed, orange dashed, and thick blue
line stands for the contribution to this cross section coming from mixing only, mixingþOLNW , mixingþOHNe, and combining all the
operators.
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In Fig. 6(a), we present the relevant Feynman diagram
for pp → W� → lN that arises from the operators, OHNe,
OLNW as well as the d ¼ 4 charge current operator.
The individual effects of these operators are illustrated in
Figs. 6(b) and 6(c). We show the cross section for two
values of θ̃ ¼ 10−6 [Fig. 6(b)], 10−3 [Fig. 6(c)]. For
θ̃ ¼ 10−6, the effect of the d ¼ 4 operator is suppressed.
However, for θ̃ ¼ 10−3 it has notable contribution, which
enhances the cross section as evident from Fig. 6(c). As we
include OLNW , the relative sign difference between O4 and
OLNW coupling leads to a destructive interference, which is
shown by the red dot-dashed line. For θ̃ ¼ 10−3 it is more
prominent as the contribution of O4 become comparable to
that of OLNW . Finally, the total contribution from all the
three operators has been indicated by the blue line. It is
evident from Figs. 6(b) and 6(c) that the operator OHNe

primarily controls the total cross section. For θ̃ ¼ 10−3, the
total contribution is slightly lower than that for OHNe þO4

due to the relative sign difference in the effective coupling.

B. Electron proton collider

We consider the proposed e−p collider, FCC-eh [74],
which will operate with a 60 GeV e− beam and 50 TeV
proton beam providing a c.m. energy 3.46 TeV. Here we set
the cutoff scale as Λ ¼ 1.5 TeV.

1. e− p → jN

Production of RHN in association with a jet arises via
two channels. One is the four Fermi interaction and the
other is W mediated process. Thus cross section for this
process is governed by the d ¼ 4 operator and as well as
d ¼ 6 operators such as O6

duNe, O6
QuNL,O

6
LNQd,O

6
LdQN ,

O6
HNe, and O6

LNW , which are shown in Figs. 7(a) and
7(b). In Fig. 7(c), the gray dot-dashed line indicates the
d ¼ 4 contribution which is mixing suppressed (θ̃ ¼ 10−3).
The red dotted line shows the contribution from the
W mediated process including the effect of O6

HNe and
O6

LNW . The blue line represents the total contribution after

(a)

(b) (c)

FIG. 6. (a) Feynman diagram and relevant operators for the process pp → W� → l�N. (b) and (c) are variations of σðpp →
W� → l�NÞ withMN for θ̃ ¼ 10−6 and 10−3, respectively. In each panel the gray dot-dashed, red dot-dashed, orange dashed, and thick
blue line stand for the contribution to this cross section coming from mixing only, mixingþOLNW , mixingþOHNe, and combining all
the operators.
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including four Fermi interaction. As can be seen,
large a cross section ∼Oð100 fbÞ is possible to obtain for
MN ∼ 50 GeV.

2. e− p → j + 3N=j + 2N + ν

Production of h=Z with jþ N can take place via the two
diagrams shown in Figs. 8(a) and 8(b). These diagrams
involve the d ¼ 6 operator at two vertices, which can lead
to 1=Λx with x > 4 term in cross section, which can also
arise at the d > 6 level. However, we restrict our calcu-
lation up to the 1=Λ4 term in the cross section and ignore
the higher power. The cross section for e−p → jþ 3N can
be around 0.1 fb, which yields ∼100 events with 1000 fb−1

luminosity. However, for e−p → jþ 2N þ ν at most one
event can be achieved with 1000 fb−1 luminosity. In this
scenario, the Higgs mediated process is dominant over the

Z-boson mediated process. Upon production the Higgs
field further decays to Nν. The relevant coupling corre-
sponding to h → νN is dependent on the mixing angle θ̃,
which suppresses the total cross section of the e−p →
jþ 2N þ ν channel.

C. Electron positron collider

We now discuss a different production mechanism
of the N fields for the future electron positron collider.
We choose two different c.m. energies

ffiffiffi
s

p ¼ 91 GeV and
3 TeV, where the corresponding cutoff scales Λ are set to be
500 GeV and 4 TeV, respectively.

1. e+ e− → NN

The four Fermi interaction, s-channel Z=h=γ mediated
diagram, and t-channel W� mediated diagram lead to pair

(a) (b)

(c)

FIG. 7. Upper panel: the Feynman diagram and the relevant operators for the process e−p → jN. Bottom panel: variation of cross
section for the process e−p → jN as a function of the sterile neutrino mass MN . The gray dot-dashed, red dotted, and blue thick lines
stand for the contribution to the cross section coming from mixing only, mixingþOLNW þOHNe, and combination of all the operators,
respectively.
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production of RHN at eþe− collider. The W� mediated
diagram receives extra 1=Λ2 suppression as it has two EFT
vertices and hence it is ignored. On the other hand, the
contribution coming from the s-channel Higgs mediated
process can also be ignored due to the smallness of Cheþe−
coupling. Production cross section for this process is

governed by the operators O6
eN , O

6
LN , O

6
LNW=B, O

ð5Þ
3 , and

O6
HN , which is shown in Figs. 9(a) and 9(b). In Figs. 9(c)

and 9(d) we illustrate the cross section for two different
c.m. energies

ffiffiffi
s

p ¼ 91 GeV and
ffiffiffi
s

p ¼ 3 TeV, the corre-
sponding cutoff scales are Λ ¼ 500 GeV and Λ ¼ 4 TeV.
Active sterile mixing is set to be θ̃ ¼ 10−3, which makes
the contributions of the renormalizable interaction terms
(denoted by O4) suppressed.
For

ffiffiffi
s

p ¼ 91 GeV, Z-mediated process is dominant
where the contribution from the operator O6

HN plays a
major role for e−eþ → NN, as this interaction is not θ̃

suppressed. Whereas, O6
LNW and O6

LNB involve θ̃ depend-
ency. Contrary to that, for e−eþ → Nν, the contribution
from O6

HN is θ̃ suppressed and from the other two d ¼ 6

operators are independent of θ̃. The contribution from four
Fermi operators are ≃1 pb. For

ffiffiffi
s

p ¼ 3 TeV, Contribution
from four Fermi operators are dominant.

2. e+ e− → 2N +2ν=3N + ν

Figure 10(a) shows the Feynman diagram and corre-
sponding operators for this process. As this diagram
involves more than one d ¼ 6 vertex, in the amplitude
level there exist terms with 1=Λn, n ≥ 3. However, for
simplicity we assume such a contribution to be zero [75].
Figure 10(b) shows the production rate for the processes
eþe− → 2N þ 2ν and eþe− → 3N þ ν by the blue and red
dashed lines, respectively. For 2N þ 2ν, CWlν coupling is
involved in two vertices and for 3N þ ν, one CWlν and one

(a) (b)

(c)

FIG. 8. Upper panel: the Feynman diagram and the relevant operators for the process e−p → ðjþ 3NÞ=ðjþ 2N þ νÞ. The cross
section for the process e−p → jþ 3N. Bottom panel: variation of cross section corresponding to these processes as a function of the
RHN mass MN . The blue thick and red dot-dashed lines signify the cross section corresponding to the process e−p → jþ 3N and
e−p → jþ 2N þ ν, respectively. The cross section is evaluated while taking into account all relevant operators.
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(a) (b)

(c) (d)

FIG. 9. In the upper panel we present the Feynman diagram and the relevant operators for the process eþe− → NN=Nν. In the lower
panel we show the cross section for the process eþe− → NN=Nν with

ffiffiffi
s

p ¼ 91 GeV (c) and
ffiffiffi
s

p ¼ 3 TeV (d). The blue thick line and
red dot-dashed lines represent the process eþe− → NN and eþe− → Nν, respectively.

(a) (b)

FIG. 10. In (a) we show the Feynman diagram and in (b) the cross section for the process eþe− → 2N þ 2ν and eþe− → 3N þ ν. The
blue thick and red dot dashed lines represent eþe− → 2N þ 2ν and eþe− → 3N þ ν processes, respectively.
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CWlN couplings are involved. For CWlν coupling, the O4

contribution, which is independent of θ̃, is dominant
compared to the O6 contribution. The presence of extra
CWlν coupling at one vertex makes the cross section for the
2N þ 2ν final state larger compared to that of 3N þ ν.

V. THE RIGHT-HANDED NEUTRINO
DECAY MODES

Depending on the mass, the sterile neutrino can decay
either via two body or three body modes. If we only
consider the renormalizable part of the effective Lagrangian
heavy neutrinos decays to Wl, νZ, and νh modes through
the active-sterile mixing if it has sufficient mass. These
decay modes receive additional contributions if we take
into account the dimension five and dimension six oper-
ators. In Table VIII, we present various two body decay
modes as well as the operators that would contributes to
each of these modes. In principle, Ni → Njh=NjZ=Njγ
(where i ≠ j) mode is also possible. But for simplicity we
have chosen degenerate mass values for all the RHNs.
Hence, those decay modes are kinematically disallowed.
For the decay modes such as Ni → νjZ=νjh=νjγ both i ¼ j
and i ≠ j scenarios are possible and the operators that
would contribute to these modes are mentioned in
Table VIII. However, it is important to point out that the

Oð3Þ
5 operator is antisymmetric in flavor space. Hence it

would not contribute to Ni → νiZ=νiγ modes. All the other
operators are symmetric in the flavor space and participate
in both the i ¼ j and i ≠ j scenarios. There exists a great
volume of work that has studied possible phenomenologi-
cal aspects of these decay modes, and interested readers can
consult this in Ref. [35] for more comprehensive discus-
sions. For completeness, here we briefly discuss the two
body decay width and what role the different operators play
in the corresponding decay width calculation.

A. ΓðNi → ljWÞ
We begin our discussion with the Ni → ljW channel,

which gets contributions from the standard renormalizable
charged current interaction and which depends on active-
sterile mixing as well as dimension six operatorsOHNe and
OLNW . From our discussion on Sec. II B, one can see that

the coupling C
Wμ

lN does not receive any modification from
dimension five operators. On the other hand in dimension
six this coupling does alter and one can find the explicit
form of this coupling in Table IV. However, in general the
operator OLNW is a loop mediated operator and the Wilson
coefficient corresponding to this is suppressed by 1

16π2
.

Hence the contribution coming from this is very minimal
with respect to both the OHNe and θ̃. Hence we can safely
ignore its effect. With this assumption, the partial decay
width of the above mentioned process is

ΓðNi →ljWÞ¼ g2

64πMNM2
W
fðjAj2þjBj2ÞðM2

WðM2
lj
þM2

NÞ

þðM2
lj
−M2

NÞ2−2M4
WÞ

−12Re½A�B�MljMNM2
Wg

×λ
1
2

�
1;
M2

lj

M2
N
;
M2

W

M2
N

�
; ð5:1Þ

where parameter A and B is defined in the following
fashion

A ¼ θ̃; B ¼ v2αHNe

Λ2
:

The left panel of Fig. 11 shows the decay width as a
function of sterile neutrino mass MN . For plotting purpose
we fixed the cutoff scale at 4 TeV and chose the range of
MN from 200 GeV to 1 TeV. The red dashed line and the
brown dotted line represents sole contributions from
renormalizable charged current interaction with θ̃ ¼ 10−6

and θ̃ ¼ 10−3, respectively. On the other hand the black
dashed-dotted curve highlight the effect of OHNe. The blue
thick line shows the decay width when one accounts both
the renormalizable part (θ̃ ¼ 10−3) and dimension six
operator. From the left panel of Fig. 11, one can see the
dominant contribution comes from the dimension six
operator.

B. ΓðNi → νjhÞ
In case of N decaying to the νhmode, the partial width is

dependent on the mixing angle between active and sterile
neutrinos and also on the dimension six operator OLNH. In

principle the operators Oð5Þ
1 and Oð5Þ

2 can also contribute to
this decay mode. However, from Table II one can notice
that the relevant coupling coming from these operators are
θ̃ suppressed. Hence we can ignore their effects. The
definition of the mixing angle varies with the mass
dimension of underlying EFT. For a better understanding,
remember that, up to dimension five, the mixing angle is
defined as M−1

N
Yνvffiffi
2

p which is independent of EFT param-

eters. In dimension six the operator OLNH modifies the

TABLE VIII. Different possible two body decay modes along
with the operators that can contribute to these decays.

Decay Contributing operators

ΓðNi → ljWÞ ≔ LCC, OHNe, OLNW

ΓðNi → νjZÞ ≔ LNC, O
ð5Þ
3 , OHN , OLNB, OLNW

ΓðNi → νjhÞ ≔ Lyuk, O
ð5Þ
1 , Oð5Þ

2 , OLNH

ΓðNi → νjγÞ ≔ Oð5Þ
3 , OLNW , OLNB
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definition of the mixing angle as discussed in Eq. (2.12)
and the mixing angle θ is replaced with θ̃. To make a
suitable comparison between the two different dimensions,
here we write down the explicit part of θ̃, where θ to be
M−1

N
Yνvffiffi
2

p and the additional part arises from OLNH. The

partial decay width for the process can be written in the
following fashion:

ΓðNi → νjhÞ ¼
jAj2

32πM3
N
ðM2

N −M2
hÞ2; ð5:2Þ

where the coefficient A is expressed as

A ¼
�

3v2

2
ffiffiffi
2

p
Λ2

αLNH −
θMN

v

�
: ð5:3Þ

To realize the effect of individual parameters we refer to the
right panel of Fig. 11. The brown dotted and the black dash-
dotted lines represent the effects of θ and αLNH, respec-
tively. The red dashed line shows the partial decay width if
the mixing angle is 10−6. The relative minus sign in the
definition of A can be understood as the apparent destruc-
tive interference that appears in the full decay width
calculation and is represented as the thick blue curve in
Fig. 11 (right-hand side), which accounts for both the
renormalizable part (θ ¼ 10−3) and dimension six oper-
ator αLNH.

C. ΓðNi → νiZÞ& ΓðNi → νiγÞ
We now turn our attention to RHN decays to νZ and νγ

modes. In the absence of the EFT operators it can only
decay to the νZ channel, and the partial width correspond-
ing to this is regulated by the mixing angle. In the

dimension five scenario the operator Oð5Þ
3 invokes a new

decay mode involving a photon besides modifying the

coupling C
Zμ

ðν̄Nþν̄NÞ. However, this operator is antisymmetric

in the flavor space and does not participate in the NR decay
into the same flavor SM neutrino. For different flavor SM

neutrino, the operatorOð5Þ
3 does contribute, but the relevant

coupling is mixing angle suppressed (see Table II for
details.) Hence we can ignore this operator for present
calculation. At the dimension six level, νZ receives a
contribution from the operators OHN , OLNB, OLNW . But
one can safely ignore OHN as its effect in C6Zμðν̄NþN̄νÞ
coupling is negligible due to small mixing angle and 1

Λ2

factor. The other two operators can provide appreciable
contribution in the decay width and in the following we
present the definite formula for this case

ΓðNi → νjZÞ ¼
ðM2

N −M2
ZÞ2

128πc2wM2
ZM

3
N
fg2jθ̃j2ðM2

N þ 2M2
ZÞ

þ 64c2wM2
ZjAj2 þ ðM2

Z þ 2M2
NÞ

þ 48gcwMNM2
ZRe½θ̃�A�g: ð5:4Þ

The dimension six part is expressed by introducing the new
parameter A, which is defined as

A ¼ cwαLNWvffiffiffi
2

p
Λ2

−
swαLNBvffiffiffi

2
p

Λ2
:

The relative minus sign in the above expression can be
understood from the mass basis definition of the Z boson
and photon. In the SM, the Zμ ¼ cwW3

μ − swBμ and Aμ ¼
swW3

μ þ cwBμ whereW3
μ and Bμ are fields correspond to T3

and Y generators. The relative minus sign in the mass
relation is responsible for the minus sign in A. Similarly, for
the νγ mode we present the explicit dependence of
dimension five and dimension six operators in Eq. (5.5).

ΓðNi → νjγÞ ¼
M3

N

π
ðjAj2 þ jBj2Þ; ð5:5Þ

where A ¼ −
cw
Λ

ðθ̃αð5Þ3 Þ þ cwvffiffiffi
2

p
Λ2

αLNB þ swvffiffiffi
2

p
Λ2

αLNW;

B ¼ cw
Λ

ðθ̃�αð3Þ5 Þ:

FIG. 11. The partial decay width correspond to ΓðN → l�W∓Þ (left) and ΓðN → νhÞ (right) respectively. For both these cases the
cutoff scale is set at 4 TeV. See text for details.
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Here also, we set αð3Þ5 to b1e zero for the reason discussed
above. In Fig. 12, we represent the upshot of each operators
and mixing angle along with their combine role. In left
panel of Fig. 12 we plot the partial decay width of N → νZ
mode. The red dashed line shows the contributions coming
from θ̃ ¼ 10−6. The mixing angle 10−3, which is shown as
a brown dotted line in this figure, has the dominant
contribution over the entire range of the chosen MN .
The effects of dimension six terms shown as a dot-dashed
black curve are subdominant but have the same order of
magnitude as with the mixing angle 10−3. The blue line
shows the full width for N → νZ, which is calculated while
taking into account both dimension six and mixing angle
(θ̃ ¼ 10−3) contributions. The plot on the right side of
Fig. 12 shows the decay width for N → νγ channel and it is
entirely dependent on the operators OLNW and OLNB. In
both cases the cutoff scale is at 4 TeV.
We conclude our discussion on the two body decay

modes while presenting the corresponding branching ratio
in Fig. 13 (left panel). As expected the lW mode, which is
represented by the thick blue line, is dominated in the entire

range of mass. The νZ and νγ channels are shown as red
dashed and black dot-dashed lines, respectively, and their
corresponding BR is less than 10%. Furthermore the BR of
νZ is always greater than νγ as it receives additional
contribution from mixing angle θ̃. The BR of νh, which
is shown as a gray dotted line, remains the minimum for the
entire mass range. For comparison, in the right panel of
Fig. 13, we present the branching ratio corresponding to the
only renormalizable part of the Lagrangian. We have
considered two values of mixing angle θ̃ ¼ 10−3 and
10−6. The pattern of the plot remain unaffected for the
choice of mixing angle as the BR of each individual modes
solely depend on their respective kinematic factor. Here
also, the lW mode, which is illustrated as a blue thick line,
is dominated in the entire range of RHN mass. However
with respect to the EFT counterpart, the BR of theN → lW
channel is relatively small. As a consequence the BR of νh
and νZ mode can achieve around 20% value for
MN ≳ 500 GeV. The νγ curve is absent in this plot as
the N field cannot decay into this mode as it only arises in
the EFT framework.

FIG. 12. The partial decay width correspond to ΓðN → νZÞ (left) and ΓðN → νγÞ (right), respectively. For both these cases the cutoff
scale is set at 4 TeV. The value for αLNW and αLNB is consistent with the current experimental limits.

FIG. 13. The branching ratio corresponding to different two body decay modes for the MN mass range from 200 GeV to 1 TeV. In
the left panel, we show branching ratio correspond to NR-EFT framework up to d ¼ 6where the cutoff scale Λ is set to be 4 TeVand the
mixing angle θ̃ ¼ 10−3. In the right panel we show the branching ratio of possible two body decay modes if we only consider the
renormalizable part of the Lagrangian. This plot correspond to both the mixing angle θ̃ ¼ 10−3 and 10−6, respectively. See text for
details.
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D. Three body decay modes

Now we turn our attention to the mass range where
MN ≤ MW . Hence the only allowed two body decay mode
is ΓðNi → νjγÞ. Having said that, the operators that
control this process are loop suppressed. As a result the
width corresponding to this channel is understandably
low, and we safely choose the corresponding BR value to
be 5% in the mass range 10 GeV ≤ MN ≤ 80GeV.
Instead, this particular mass range motivates us to con-
sider different three body decay modes that can be
perpetrated either via off shell decay of different SM
states or via contact interactions. In the following we
would discuss this in more detail.
Considering operators up to d ¼ 5 the three body decay

modes are primarily mediated via the off shell decay of
SM electroweak gauge bosons. In principle the RHN field
can also decay into three body modes via off shell Higgs
boson decay Ni → νjh�. Upon production, this off shell
Higgs boson h� can decay into SM light fermions.
However the couplings between the Higgs boson and
SM fermions are dependent on the light fermion masses,
which have negligible values. As a result, the partial width
corresponds to N field decay via off shell Higgs boson is
minuscule and can be neglected in practical calculation. In
the case of dimension six one can write different four
Fermi operators. The contact interaction coming from
these operators would significantly modify various three
body decays. In Table IX, we illustrate these decay modes
along with the Lagrangian term that will contribute to
those processes. The latin indices i, j, and k denote the
flavor of the daughter leptons and the greek indices α, β,
and γ are restricted for quark labels. The term LCC stands
for the W-boson mediated decay and LNC denotes the
decay via Z boson. In contrast to Tables II, IV, and V, one
can notice that we have only shown certain operators
responsible for these decay modes. The rationale behind
this choice will be argued for individual scenarios in the
subsequent discussion.

E. ΓðNi → ljlkνk; j ≠ kÞ
This decay is mediated either via W-boson off shell

decay, dimension six operator OHNe or via four Fermi
decay operator OLNLe. The diagram that involves the W
boson can get contributions fromOHNe andOLNW on top of
the tree level charged current LCC. However we have
discussed before that the vertex corresponding to theOLNW
operator is loop suppressed. Hence the effect of this is not
sizeable enough with respect to the other operators for our
choice of parameters and will be ignored hereafter. The
matrix element corresponding to theW mediated processes
can be expressed in the following fashion:

MW ¼ MCC þMð6Þ
HNe

¼ −
g2

2M2
W
ūðk1Þγμ

�
θ̃jiPL þ v2

Λ2
αijHNePR

�
× uðpÞūðk2ÞγμPLvðk3Þ; ð5:6Þ

where p is the momentum of decaying right-handed
neutrinos and k1, k2, k3 are the momentums of the outgoing
leptons (k1, k3 correspond to singly charged leptons and k2
corresponds to light neutrino), respectively. Along with
that, the four Fermi operator OLNLe will participate in this
process and the scattering matrix can be expressed as

Mð6Þ
LNLe ¼ −

αjikk

2Λ2
ūðk1ÞPRuðpÞūðk2ÞPRvðk3Þ

þ αjikk

8Λ2
ūðk1ÞσμνuðpÞūðk2Þσμνvðk3Þ: ð5:7Þ

In a more general setup the dimension six operators OeN
and OLN grant nonzero effects. However the coupling
associated with these operators are proportionate with the
mixing angle in addition to the quadratic cutoff scale
suppression. As an outcome, one can safely ignore their
effect while calculating the partial decay width. Adding
Eqs. (5.6) and (5.7) one can find the total amplitude
associated with the process ΓðNi → ljlkνk; j ≠ kÞ is

MtotalðΓðNi → ljlkνk; j ≠ kÞÞ ¼ MW þMð6Þ
LNLe: ð5:8Þ

Taking square of this total amplitude and performing the
full phase space integral one can obtain the partial decay
width for this process. The final form of this can be
explicitly expressed as

TABLE IX. Various three body decay modes along with the
operators that contribute to the process. Depending upon the final
state flavor label of the particles, the operators might vary.

Decay Contributing operators

ΓðNi → ljlkνk; j ≠ kÞ ≔ LCC, OHNe, OLNLe

ΓðNi → νjlklk; j ¼ kÞ ≔ LCC, LNC, OHNe, OLNLe

ΓðNi → νjlklk; j ≠ kÞ ≔ LNC, OLNLe

ΓðNi → ljuαd̄β; α ≠ βÞ ≔ LCC, OHNe, OQuNL,
ONedu, OLNq, OLdqN

ΓðNi → νjuαūαÞ ≔ LNC, OQuNL

ΓðNi → νjdαd̄αÞ ≔ LNC, OLdqN

ΓðNi → νjνν̄Þ ≔ LNC
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ΓðNi→ljlkνk;j≠kÞ¼ M5
N

512π3

��
g4

M4
W
ðjAj2þjBj2Þþ7

4
jCj2

�
I1ðxνk ;xlk ;xljÞþ6jCj2I5ðxνk ;xlk ;xljÞ

þ2g4Re½A�B�
M4

W
I2ðxνk ;xlk ;xljÞþ

g2Re½A�C�
M2

W
I3ðxνk ;xlk ;xljÞþ

g2Re½B�C�
M2

W
I4ðxνk ;xlk ;xljÞ

�
; ð5:9Þ

where the coefficients A, B, and C stand for

A ¼ v2αHNe

Λ2
; B ¼ θ̃; C ¼ αLNLe

Λ2
:

The explicit form of the integrals I iði ¼ 1 to 5Þ are given in
Appendix D. From Eq. (5.7) one can notice that the
operator OLNLe has two distinct Lorentz structure, one is
independent of γμ matrices and the other is dependent of
σμν. As a result, one can see the pure terms arise from this
operator is dependent on two integrals I1 and I2, respec-
tively. The other three integrals I i (i ¼ 2 to 4) arise due
respective interference terms between A, B, and C. To
realize the impact of each of these terms one needs to
diagrammatically express this for different values of mixing
angle and the cutoff scale Λ. In Fig. 14, we have shown the
partial decay width of this channel where we take the
mixing angle and relevant Wilson coefficients consistent
with the experimental bounds. In each panel of Fig. 14 the
orange dot-dashed, black dotted (red dashed), and gray
dotted lines represent the individual effect of OHNe, LCC

with θ̃ ¼ 10−3 ðθ̃ ¼ 10−6Þ, and OLNLe, respectively. The
blue thick line denotes the total decay width which consists
of individual operator contribution as well as the corre-
sponding interference term. Note that when we are showing
the total decay width we choose the value of mixing angle
as θ̃ ¼ 10−3. The difference between the left and right panel
of Fig. 14 is the cutoff scale and different Wilson coefficient
consistent with the experimental constraint for that cutoff
scale. From this figure, one can see the dominant

contributions are usually coming from the dimension six
operators. One can obtain a rough estimate of the signifi-
cance of these operator while calculating the ratio between
A, B, and C.

F. ΓðNi → νjlklk; j= kÞ
In this case as the flavor labels j and k are same, in

addition to the operators such as LCC, OHNe, OLNLe, one
needs to add the neutral current contribution that mediates
via the Z-boson propagation. If we only consider the
renormalizable part of the Lagrangian, then the coupling

C
Zμ

ν̄NþN̄ν
is dependent on the active sterile mixing angle.

Moreover in case ofNR-EFT this coupling getsmodification
both from dimension five aswell as dimension six operators.

In dimension five, the operator Oð5Þ
3 and in dimension six,

three operators OHN , ONB, and OLNW give some contribu-
tions that might not be tangible for the present calculation.
For example, the relevant coupling coming from OHN
operator is proportional to the mixing angle as well as the
αHN
Λ2 , which suggests that one can ignore this term. On the
other hand, the rest of these three EFT operators are loop
suppressed. So like the charged current, one can avoid its
inclusion into the calculation. Bringing all these points
together, one can write down the matrix element for the Z-
boson mediated diagram in the following manner4:

FIG. 14. Partial decay width corresponds to the decay mode ΓðNi → ljlkνk; j ≠ kÞ for RHN mass ranging from 10 to 80 GeV. The
orange dot-dashed, black dotted (red dashed), and gray dotted lines stand for the individual contribution coming from OHNe, LCC with
θ̃ ¼ 10−3 ðθ̃ ¼ 10−6Þ, and OLNLe, respectively. The blue thick line denotes the total decay taking into account all the contributions. The
left panel is for cutoff scale Λ ¼ 500 GeV and 4 TeV, respectively.

4We define gL ¼ 2 sin2 θw − 1 and gR ¼ 2sin2θw and sin2 θw
as the Weinberg angle.
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MZ ¼ −
g2

2M2
W
ūðk1ÞγμθkiPLuðpÞūðk2ÞγμðgLPL þ gRPRÞvðk3Þ: ð5:10Þ

Along with the MZ one should take into account the MW and MLNLe, which are illustrated in Eqs. (5.6) and (5.7),
respectively. The total scattering matrix for this process is

MtotalððNi → νjlklk; j ¼ kÞÞ ¼ MZ þMW þMLNLe: ð5:11Þ

Using this one can compute the partial decay width of this process, which takes the subsequent analytic structure:

ΓðNi → lklkνkÞ ¼
M5

N

512π3

��
g4

M4
W
ðjAj2 þ jBj2ðg2R þ ðgL − 1Þ2ÞÞ þ 7

4
jCj2

�
I1ðxlk ; xlk

; xνkÞ þ 6jCj2I5ðxlk ; xlk ; xνkÞ

þ 3g2Re½A�C�
M2

W
I2ðxlk ; xlk;xνk Þ þ

�
2g2Re½A�C�

M2
W

þ 2jBj2g4
M4

W
gRðgL − 1Þ

�
H1ðxνk ; xlk

Þ

þ
�
g4Re½A�B�

M4
W

ðgL − gR − 1Þ þ g2Re½B�C�
M2

W
ð2ðgL − 1Þ − gRÞ

�
H2ðxνk ; xlk

Þ

þ 3Re½B�C�
2M2

W
g2ðgL − 1ÞH3ðxνk ; xlkÞ

�
; ð5:12Þ

where the coefficients A, B, and C signify

A ¼ v2αHNe

Λ2
; B ¼ θ̃; C ¼ αLNLe

Λ2
:

The explicit form of the integrals Hi (where i ¼ 1 to 3) is
given in Appendix D. The Z-boson couplings to SM
fermions do vary depending upon the chirality. As a result
in Eq. (5.12), the term corresponding to jBj2 has both gL
and gR dependence. The dependence on the active-sterile
mixing angle also come fromW-boson mediated processes
that justify the ðgL − 1Þ factor in that term. It is important to
highlight that the existing SM couplings receive some
alteration in the EFT setup—examples include gZνν̄ or gWlν.
However, we have assumed all those correction to be
negligible as they are both cutoff scale and mixing sup-
pressed. As expected, the pure term coming from A and C

remains same as that of Eq. (5.9), but the interference
effects do vary due to the emergence of Z-propagating
decay mode. In Fig. 15, we illustrate the effect of these
operators to this decay mode and the color code is same as
in Fig. 14.

G. ΓðNi → νjlklk; j ≠ kÞ
Apart from these modes the RHNs can potentially

decay via another leptonic mode, i.e., Ni → νjlklk;
j ≠ k. The assigned flavor label suggests that the charged
leptons in this three body mode should have same flavor
as opposed to the active neutrino. Invoking the idea of
electromagnetic charge conservation one can see that a
process like this can only appear via Z-boson off shell
decay along with the four Fermi operator OLNLe. The
matrix element for this process should not contain the
MW term and it can be written as

FIG. 15. Partial decay width corresponds to the decay mode ΓðNi → νjlklk; j ¼ kÞ for RHN mass ranging from 10 to 80 GeV. The
meaning of color code is same as in Fig. 14.
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MtotalðNi → νjlklk; j ≠ kÞ ¼ MZ þMLNLe: ð5:13Þ

Adopting the explicit form MZ and MLNLe as described
in Eqs. (5.10) and (5.7), one can determine the analytic
from of this decay width, which can be written as

ΓðNi → νjlklkÞ

¼ M5
N

512π3

��
g4jBj2
M4

W
ðg2L þ g2RÞ þ

7

4
jCj2

�
I1ðxlk ; xlk ; xνjÞ

þ 2jBj2g4
M4

W
gLgRH1ðxνj ; xlkÞ þ 6jCj2I5ðxlk ; xlk

; xνjÞ

þ ReðB�CÞ
M2

W
g2ð2gL þ gRÞH2ðxνj ; xlkÞ

þ 3ReðB�CÞ
2M2

W
g2gLH3ðxνj ; xlkÞ

�
; ð5:14Þ

where B, C stand for

B ¼ θ̃; C ¼ αLNLe

Λ2
:

In Fig. 16, we illustrate the effects of various operators to
this decay mode. The orange dot-dashed line represents
the impact of OLNLe operator whereas the black dotted
(red dashed) line shows the effect of mixing angle θ̃ ¼
10−3 (θ̃ ¼ 10−6) that is coming from Z-boson mediated
decay. We see that the dominating contribution comes
from the operatorOLNLe. The blue thick line stands for the
total contribution taking into account both the mixing part
(θ̃ ¼ 10−3) and dimension six operator. The left and right
panels are for two different cutoff scales, Λ ¼ 500 GeV
and 4 TeV, respectively.

H. ΓðNi → ljuαd̄β;α ≠ βÞ
So far we have discussed the RHN decays via pure

leptonic modes. The RHN can also decay via hadronic
modes along with either a charged leptons or a light
neutrino. We begin our discussion about RHN decay to
a semileptonic final state: Ni → ljuαd̄β; α ≠ β. The pres-
ence of both up and down type quark along with charged
leptons indicates a charge current mediated process. Hence,
in evaluating this contribution, we consider the standard
renormalizable charge current interaction part. There will
be also contribution from dimension six operators such as
αHNe and αLNW . Similar to before we consider αLNW to be
zero due to loop suppression. In addition to that, a tower of
four Fermi operators would give appreciable contribution
in this process. From Table III, one can see that these
operators are OQuNL, OduNe, OLNqd, and OLdqN . Their
contribution to this decay width is given as

Mð6Þ
QuNL ¼ α�βαijQuNL

Λ2
ūðk1ÞPRuðpÞūðk2ÞPLvðk3Þ;

Mð6Þ
duNe ¼

α�ijβαduNe

Λ2
ūðk1ÞγμPRuðpÞūðk2ÞγμPRvðk3Þ;

Mð6Þ
LNqd ¼ −

αijαβLNqd

Λ2
ūðk1ÞPRuðpÞūðk2ÞPRvðk3Þ;

Mð6Þ
LdqN ¼ −

αjβαiLdqN

2Λ2
ūðk1ÞPRuðpÞūðk2ÞPRvðk3Þ

−
αjβαiLdqN

8Λ2
ūðk1ÞσμνuðpÞūðk2Þσμνvðk3Þ: ð5:15Þ

Considering the chirality of the fermion fields as well as the
intrinsic space-time transformation properties one can
identify the distinction among each of these operator.
For example, both the matrix elements MQuNL and
MLNqd correspond to charged scalar mediated graph in
high scale UV complete model. On the other hand, the

FIG. 16. Partial decay width corresponds to the decay mode ΓðNi → νjlklk; j ≠ kÞ for RHN mass ranging from 10 GeV to 80 GeV.
The orange dot-dashed, black dotted (red dashed) line stands for the contribution coming from OLNLe and mixing angle θ̃ ¼ 10−3

(θ̃ ¼ 10−6). The blue thick line represents the total contribution with the assumption of θ̃ ¼ 10−3. Left and right panel are for cutoff
scales Λ ¼ 500 GeV and 4 TeV, respectively.
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matrix element MduNe hints upon a vectorlike charged
currents that one can realize in BSM theories with SUð2ÞR
extensions. The operator OLdqN contains two separate
Lorentz structures similar to OLNLe. Using appropriate

Fierz transformation one can separate the Mð6Þ
LdqN matrix

into a scalar as well as tensor objects. Adding the matrix
elements that are mentioned in Eq. (5.15) with MW and
performing the full phase space integrals one can obtain the
partial decay width for this channel. In Eq. (5.16), we write
down its explicit form

ΓðNi→ljuαd̄βÞ¼
M5

NNc

512π3

��
g4jVCKMj2

M4
W

ðjAj2þjBj2Þþ4jC2j2þjC1j2þjC3j2þ
3

2
jC4j2

�
I1ðxu;xd;xljÞ

þ2Re½A�B�g4
M4

W
I2ðxu;xd;xljÞþ

�
3jC4j2−

8g2Re½A�C2�
M2

W

�
I5ðxu;xd;xljÞ

þ
�
3g2Re½B�C4�

2M2
W

−
g2Re½A�C1�

M2
W

�
G1ðxu;xd;xlj

Þþ
�
3g2Re½A�C4�

2M2
W

−
g2Re½A�C3�

M2
W

−3Re½C�
2C4�

�
G1ðxd;xu;xlj

Þ

þ
�
3g2Re½A�C4�

2M2
W

þg2Re½B�C1�
M2

W
þ2Re½C�

2C3�−3Re½C�
2C4�

�
G2ðxu;xd;xljÞ

þ
�
g2Re½B�C3�

M2
W

þ3g2Re½B�C4�
2M2

W
þ2Re½C�

1C2�
�
G2ðxd;xu;xljÞ

þ
�
4g2Re½B�C2�

M2
W

−4Re½C�
1C3�

�
G3ðxu;xd;xljÞ

�
; ð5:16Þ

where different vertex factors are defined as

A¼ θ̃; B¼ v2αHNe

Λ2
; C1¼

αQuNL

Λ2
;

C2¼
αNedu

Λ2
; C3¼

�
αLNqd

Λ2
þαLdqN

Λ2

�
; C4 ¼

αLdqN
Λ2

;

and Nc ¼ 3 is the color factor. The integrals Gi (where
i ¼ 1 to 3) are given in Appendix D. The scalar piece of
operator OLNqd contributes to coefficient C3 along with
OLdqN , whereas the tensorial part is treated as a separate
coefficient C4. Without loss of generality, one can choose

the value of both these coefficients are in the same order
while understanding their role in the decay width formula.
In Fig. 17, we display the decay width as a function of mass
MN . As before, the black dotted (red dashed) line corre-
sponds to the mixing angle θ̃ ¼ 10−3 (θ̃ ¼ 10−6) and the
orange dot-dashed line corresponds to OHNe, respectively.
The gray dotted lines show the combined effects of
different four Fermi operators. The blue thick line stands
for the total contribution taking into account both the
mixing part (θ̃ ¼ 10−3) and dimension six operators.
The left and right panel is for two different cutoff scale
Λ ¼ 500 GeV and 4 TeV, respectively. For these two
cutoff scales we set the Wilson coefficient correspond to

FIG. 17. Partial decay width corresponds to the decay mode ΓðNi → ljuαd̄β; α ≠ βÞ for RHN masses ranging from 10 to 80 GeV. In
each panel, the black dotted or red dashed, orange dot-dashed, and gray lines stand for the contribution coming from the mixing angle,
OHNe, and from combination of four Fermi operator. The blue thick line represents the total contribution with the assumption of
θ̃ ¼ 10−3, and the left and right panels are for two different cutoff scale.
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four Fermi operators to be α4−Fermi ¼ 0.004 and 0.25,
respectively, which is consistent with the current exper-
imental bounds.

I. ΓðNi → νjuαūαÞ& ΓðNi → νjdαd̄αÞ
The RHN can also decay via the same flavor hadronic

modes along with missing energy. The flavor neutrality in
the final states suggest that the decay can occur due to the
Z-boson mediation at a renormalizable level Lagrangian.
Furthermore, depending upon the quark flavor, different
four Fermi operators would participate in it. In case of up-
type quarks these operators are OuN , OQN , and OQuNL.

However, out of these three operators the first two are
mixing suppressed, hence they do not play much role in the
decay mode ΓðNi → νjuαūαÞ. For the current calculation
we add the matrix elements MZ and MQuNL and the total
matrix element of the process takes the following form:

MtotalðNi → νjuαūαÞ ¼ MZ þMQuNL: ð5:17Þ

Taking the explicit form of MZ and MQuNL from
Eqs. (5.10) and (5.15) one can obtain the corresponding
partial decay width of this channel

ΓðNi → νjuαūαÞ ¼
M5

NNc

512π3

��
jBj2 þ g4jAj2

M4
W

ðg2L þ g2RÞ
�
I1ðxu; xu; xνjÞ −

2jAj2g2
M2

W
gLgRG3ðxu; xu; xνjÞ

þ Re½A�B�g2
M2

W
ðgR − gLÞG1ðxu; xu; xνjÞ

�
; ð5:18Þ

where A and B are

A ¼ θ̃; B ¼ αQuNL

Λ2
:

Similar to previous cases, we have only considered the
renormalizable neutral current interaction for the dia-
gram correspond to MZ. In Fig. 18, we illustrate the
effects of these operators for this decay mode. The black
dotted (red dashed) line corresponds to the mixing angle
θ̃ ¼ 10−3 (θ̃ ¼ 10−6) and the orange dot-dashed line
corresponds to OQuNL, respectively. The blue thick line
stands for the total contribution taking into account both
the mixing part (θ̃ ¼ 10−3) and dimension six operator
OQuNL. We see that the contribution coming from

renormalizable part (Z-mediated case) dominates over
the dimension six contribution when the mixing angle is
θ̃ ¼ 10−3. The blue thick line denotes the full decay
width with the assumption on the mixing angle as
θ̃ ¼ 10−3. In case of a down type quark the underlying
calculation has an additional complication. As men-
tioned before, the decay receives substantial contribution
from the Z-boson propagation. Along with that, the
operators, OdN , OQN , OLNQd, and OLdqN gives sufficient
contributions. But the effects coming from the operators
OdN and OQN are in general mixing dependent and one
can safely ignore these for practical purpose. On the
other hand the operators OLNQd and OLdqN do play a role
here. Taking into account all of these operators, one can
obtain the following form of partial decay width:

FIG. 18. Partial decay width corresponds to the decay mode ΓðNi → νjuαūαÞ of RHN having mass in the range of 10 to 80 GeV. In
each panel, the black dotted or red dashed and orange dot-dashed line stands for the contribution coming from the mixing angle and
OQuNl. The blue thick line represents the total contribution with the assumption of θ̃ ¼ 10−3, and the left and right panels are for two
different cutoff scales.
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ΓðNi → νjdαd̄αÞ ¼
M5

NNc

512π3

�
2jAj2
M4

W
g4gLgRH1ðxνj ; xdαÞ þ

�jAj2
M4

W
g4ðg2L þ g2RÞ þ

jBj2
4

þ 3

4
jCj2

�
I1ðxdα ; xdα ; xνjÞ

þ 3jCj2I5ðxdα ; xdα ; xνjÞ þ
g2

2M2
W
½ðgL − gRÞRe½A�B� − 3ðgL þ gRÞRe½A�C��G1ðxdα ; xdα ; xνjÞ

−
3g2Re½A�C�

2M2
W

ðgL þ gRÞH3ðxνj ; xdαÞ
�
; ð5:19Þ

where the coefficients A, B, and C are

A ¼ θ̃; B ¼ αLNQd

Λ2
þ αLdqN

Λ2
; C ¼ αLdqN

Λ2
:

In Fig. 19, we illustrate the participation of these operators
in the decay width for mass value 10 to 80 GeV. The black
dotted and red dashed lines denote the contribution from a
renormalizable neutral current process for θ̃ ¼ 10−3 and
θ̃ ¼ 10−6, respectively. The orange dot-dashed line shows
the subdominant contribution coming from the combina-
tion of four Fermi operators. The blue thick line shows the
overall effect coming from mixing (θ̃ ¼ 10−3) and four
Fermi operators. We see that the contribution coming from
renormalizable part (Z-mediated case) dominates over the
dimension six contribution when the mixing angle is
θ̃ ¼ 10−3, and because of this the black dotted and thick
blue lines coincide in each panel.

J. ΓðNi → νjνν̄Þ
The RHNs can also decay to pure active neutrino states.

The decay can be mediated either via off shell Z decay or
via four Fermi operators ONN and ONNNN that arise in the
dimension six setup. However the relevant terms coming
from these dimension six operators are proportional to the
cubic power of the mixing angle along with the inverse of
the quadratic Λ suppression. Hence, once we can ignore
those terms for practical purposes. The partial decay is then
written as

ΓðNi → νjνν̄Þ ¼
G2

FM
5
N

96π3
jθ̃j2: ð5:20Þ

In Fig. 20, we present the corresponding decay width for
different choices of mixing angles. As the EFToperators do
not participate in the process the change in the cutoff scale
is irrelevant in this calculation. In Fig. 21 we illustrate the
total decay width of the RHN fields while taking into
account all possible decay modes in the mass range
10 GeV < MN < 80GeV. The red dot dashed line and
the blue dashed line correspond to mixing angle θ̃ ¼ 10−6

FIG. 19. Partial decay width corresponds to the decay mode ΓðNi → νjdαd̄αÞ of RHN mass ranging from 10 to 80 GeV. The color
code is same as in Fig. 18 except the orange dot-dashed line now stands for four Fermi operators.

FIG. 20. Partial decay width corresponds to the decay mode
ΓðNi → νjνν̄Þ of RHN mass ranging from 10 to 80 GeV. The
black dotted and red dashed lines stand for mixing angles θ̃ ¼
10−3 and θ̃ ¼ 10−6, respectively.
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and θ̃ ¼ 10−3, respectively. On the other hand, the black
thick and the brown dotted lines signify the total decay
width corresponding to full d ¼ 6 NR-EFT, where the
cutoff scale Λ ¼ 4 TeV and 500 GeV, respectively. In the

EFT calculation we set the active-sterile mixing angle to be
θ̃ ¼ 10−3. The value of the total decay width suggests that
the RHN field would behave as a prompt particle in both
the EFT benchmark points as well as θ̃ ¼ 10−3 case for
entire range of 10 GeV < MN < 80GeV.
We now present the branching ratio for the benchmark

points BP1 (Λ ¼ 500 GeV) and BP2 (Λ ¼ 4 TeV) while
setting active-sterile mixing angle to be θ̃ ¼ 10−3. In upper
panel of Fig. 22, we present the corresponding plots for
these scenarios. For both these cases the BR value for the
ljud channel will be maximum for the entire mass range as
shown by the black dotted curve. Similarly, the BR value
for the νjνν̄ mode is minimum. But the relative difference
between the other possible channels vary depending on the
underlying benchmark choice. For comparison purpose we
also present the branching ratio in the lower panel of Fig. 22
while considering only the renormalizable part of the EFT
Lagrangian. The important change in dimension six NR-
EFT is the enhancement of the BR value of pure leptonic
three body modes. In a renormalizable level, the BR for
Ni → νjqαq̄α channels dominate over leptonic channels for
the entire range of 10 GeV < MN < MW . However, the
interplay between the operators OLNLe and OHNe alter
these result and BR of Ni → lklkνk=ljlkνk (gray solid
and brown dotted) dominates over Nj → νjqαqα mode for
both the benchmark scenarios.

FIG. 21. The total decay width correspond to RHN field where
the MN is ranging from 10 to 80 GeV. The blue dashed and red
dot-dashed line stands for the mixing angle θ̃ ¼ 10−3 and
θ̃ ¼ 10−6, respectively. The black solid line represents the total
decay width of the N field under full d ¼ 6 NR-EFT where the
cutoff scale Λ is set to be 4 TeV. Similarly the brown dotted line
stands for the total decay width of the N field with cutoff scale
Λ ¼ 500 GeV.

FIG. 22. Upper panel: the branching ratios of RHN mass ranging from 10 to 80 GeV in various three body modes for the benchmark
points BP1 (Λ ¼ 500 GeV) and BP2 (Λ ¼ 4 TeV). In both cases, we have considered the active sterile mixing angle θ̃ ¼ 10−3. Lower
panel: we calculate the branching ratio of the RHN mass ranging from 10 to 80 GeV in different three body decay modes while
considering the renormalizable part of the Lagrangian.
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VI. PROSPECTIVE MULTILEPTON
FINAL STATES

We focus on producing multilepton final states that arise
from single/pair production of RHN fields and their
subsequent decays. We have calculated various three body
decay modes of the RHNs. In Fig. 22, we show that the N
decaying to purely leptonic final states have branching
ratios of 20% to 25%, depending on the cutoff scale Λ ¼
500 GeV and 4 TeV. With these results, one can estimate
the expected number of events in the heavy neutrino
production processes at pp, ep, and eþe− colliders, which
we show in Fig. 23. We assume in all these cases that the
RHN decays purely leptonically.
Figure 23(a) shows the number of events expected

at the HL-LHC with c.m. energy
ffiffiffi
s

p ¼ 14 TeV and
L ¼ 3000 fb−1. The solid black line represents the num-
ber of events for the 4lþMET final state, which results
from the pair-production of Ns and their subsequent
decay to leptonic final states. N-pair production is either
mediated via Higgs decay, where the Higgs boson is
produced through gluon fusion, or via four Fermi oper-
ators. The Z boson, produced via the Drell-Yan process,
can give rise to the same final state. However, this process
is suppressed by the mixing angle θ̃ and fails to provide
any appreciable contribution. As seen from the figure, the
total number of events for this channel is as large
as Oð106Þ.
Instead, the blue dashed line shows the 2lþMET final

state, resulting from single N production and its subsequent
leptonic decay. Similar to the previous channel, the N in
this case can be produced either via Higgs decay or via four
Fermi operators. Additionally, there is a Drell-Yan con-
tribution via Z-mediated process. These production modes,
however, depend on the active-sterile mixing angle. Hence,

the total number of events for this process is small
compared to the 4lþMET final state, where the four
Fermi andO5

2 operators can give mixing angle independent,
unsuppressed contributions.
The 4lþ 2jþMET and 2lþ 2jþMET final states

are represented by the orange dot-dashed line and the gray
dotted line, respectively. These final states are produced via
Higgs and Z-boson-mediated VBF production modes. The
above two final states can appear depending on the rates for
the decay h=Z → νN=NN and subsequent leptonic decay
of N. Amongst these two processes, the former is domi-
nant, and many signal events can be expected ∼Oð105Þ.
The 3lþMET final state, shown as a red dashed line in

Fig. 23(a), which arises from the qq0 → W → lN produc-
tion mode can provide signal events ranging between
Oð104Þ to Oð103Þ.
In Fig. 23(b) we present the number of signal events one

can obtain at eþe− and e−p colliders. For the eþe− collider,
we consider a c.m. energy of 91 GeV and 3 TeV, respec-
tively. On the other hand, for e−p colliders, the c.m. energy
has been chosen to be 3.46 TeV. In all these cases, we have
considered the luminosity L ¼ 1 ab−1. The gray dashed
line denotes the 4lþMET final state for

ffiffiffi
s

p ¼ 91 GeV.
There can be different processes contributing to the final
state, among which the Z mediated diagram generating two
Ns followed by N → llν decay give rise to a significant
number of events N ∼Oð105Þ. One can obtain 2lþMET
final states via Z-boson decay or four Fermi operators.
Although, the relevant production vertex is suppressed by
the mixing angle θ̃, the presence of Z-pole leads to
substantial number of signal events.
The number of signal events associated with 4lþMET

final state is shown for eþe− collider with c.m. energy
of 3 TeV. This process can arise via VBF production or four

(a) (b)

FIG. 23. The left panel denotes the number of events that can be obtained at HL-LHC with c.m. energy 14 TeV and L ¼ 3000 fb−1.
The right panel shows achievable number events that can be obtained at eþe− and e−p colliders for different c.m. energies.
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fermion contact operators, which give rise to a sizeable
number of events N ∼Oð104Þ.
For e−p colliders, the only process which can generate a

significant number of signal events is the e−p → jN →
2lþ jþMET channel. The number of signal events
corresponding to this channel is represented by the red
dotted curve and is NSignal ∼Oð104Þ.

VII. SUMMARY AND CONCLUSION

The NR-EFT framework can provide a suitable phenom-
enological description of the BSM physics. In this work we
have systematically established this EFT up to dimension
six level and shown the detailed construction of all possible
operators that one can construct at d ¼ 5 and d ¼ 6,
respectively. At each order these higher dimensional
operators either modify different d ¼ 4 couplings involving
RHN field or introduce new set of interactions relevant to
neutrino phenomenology.
The interaction of the RHN with SM fields leads to

new decay modes and hence modifies the decay width
of h=W=Z. However, the existing experimental observa-
tions restrict such modifications and impose meaningful
bounds on mixing angle θ̃, Wilson coefficients and the
associated cutoff scale Λ. One can further tighten these
constraints while incorporating different direct search
limits and determine allowed range of EFT parameters.
Our analysis deduces that, in the case of cutoff
Λ ¼ 4 TeV, one is allowed to fix the mixing angle θ̃ ¼
10−3 and that the Wilson coefficients αð5Þ2 ≤ 0.1 αHN ,
αHNe ≤ 1, αLNW=B ≤ 0.1, and coefficients correspond to
four Fermi operators to be αfour Fermi ≤ 0.5. Similarly, for
the cutoff scale Λ ¼ 500 GeV one needs to rescale these
Wilson coefficients accordingly.
We have presented the viable production mode of the

RHN fields at 14 TeV pp, as well as future eþe− and e−p
colliders. In case of pp collider pair production of N field
via gg → h → NN mode remains dominant production
mode for the mass range MN < mh

2
with the cross section

roughly around Oð10Þ pb. Above this mass range RHN
pair production through four Fermi contact interaction
serves as a dominant production mode with the cross
section ranging between Oð10−1Þ to Oð10−3Þ pb for the
mass range 100 GeV < MN < 1TeV. All the operators
which can generate NN pair can also invoke single N
production. However the cross section correspond to single
RHN field production is comparatively low with respect to
RHN pair production as this is active-sterile mixing sup-
pressed. For completeness we also present RHN production
through VBF as well as Drell-Yan mechanism. Apart from
RHN production viaW-boson decay (whereW is produced
via Drell-Yan process), for all other cases the cross
section is significantly low. The cross section for RHN
production via Drell-Yan W mode is large [roughly around
Oð10−1Þ pb to Oð10−3Þ pb] due to the significant

contribution coming from d ¼ 6 operator OHNe. In case
of ep collider ep → jN mode stands as a viable production
channel for the RHN field. This process can occur either via
t-channel W-mediated process or via contact interaction
through different four Fermi operators and corresponding
cross section lies within the range Oð10−1Þ to Oð10−3Þ pb.
In the case of the eþe− collider we have studied the feasible
production modes for c.m. energies

ffiffiffi
s

p ¼ 91 GeV and
3 TeV, respectively. For

ffiffiffi
s

p ¼ 91 GeV, RHN pair produc-
tion via an s-channel Z boson is the dominant production
mode. The presence of a Z pole in the underlying process
significantly increases the production cross section to
10 pb. In contrast to that for

ffiffiffi
s

p ¼ 3 TeV, this process
is primarily governed by different four Fermi operators
(OeN , OLN etc.) and the corresponding cross section lies
roughly around Oð0.5Þ pb for MN ranging between
100 GeV to 1 TeV.
Apart from the production mechanism, we evaluate

the decay width as well as branching ratio of RHN fields
while considering both renormalizable part of effective
Lagrangian as well as relevant higher dimension operators.
Depending upon RHN masses it can either decay via two
body or three body decay modes where we assume decay
among RHN fields are forbidden due to mass degeneracy.
In case of two body decay calculation, the N fields can
decay into νh, νZ, and lW modes if we only consider the

d ¼ 4 Lagrangian. The presence of EFT operators Oð5Þ
3 ,

OLNB, and OLNW invoke an additional decay mode νγ for
the RHN field. The branching ratio correspond to N → lW
mode remains dominant for entire MN mass range in both
the d ¼ 4 as well as the d ¼ 6 setup and the contributions
from OHNe significantly enhance BRðN → lWÞ with
respect to the d ¼ 4 result. The BR corresponding to the
N → νh mode remains minimum for entire RHN mass
range in both of these setups.
In the case of MN < MW , the RHN fields can decay via

different leptonic as well as semileptonic three body modes
in addition to the two body νγ mode. Up to dimension five
these three body decay modes can only occur due to the off
shell decay of W and Z bosons. In dimension six the
presence of different four Fermi operators significantly
alters this situation. These four Fermi operators can
contribute to the three body modes through contact
interaction and enhance the corresponding partial width.
For example, operator OLNLe would participate in different
leptonic channels Ni → ljlkνk=lklkνk=νjlklk and
increases partial width. The d ¼ 6 operator OHNe notice-
ably increases off shellW mediated contribution but the off
shell Z-boson decay does not receive any significant
enhancement from the EFT operators as the relevant
couplings are either mixing angle θ̃ suppressed or loop
suppressed. We also present comparative analysis between
the branching ratio for two EFT benchmark scenarios
(Λ ¼ 500 GeV, 4 TeV) as well as renormalizable level
Lagrangian. Our analysis dictates that the BR value for
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ljuαdβ mode is maximum and BR value for νjνανα remains
minimum in all these scenarios. The important aspect of
dimension six NR-EFT is the enhancement of the BR value
of pure leptonic three body modes. In renormalizable level
the BR for Ni → νjqαq̄α channels dominate over leptonic
modes for entire range of 10 GeV < MN < MW . However,
the interplay between the operators OLNLe and OHNe alter
these result and BR of Ni → ljlkνk=lklkνk dominates
over Nj → νjqαqα mode for both the benchmark scenarios.
The major advantage of the NR-EFT setup is the

enhancement in the BR value for different three body pure
leptonic decay modes. This motivates us to propose few
golden channel signatures for the RHN field in multi-
leptonic final states. Our study suggest 4lþMET channel
can serve as an optimal discovery mode for the RHN field
at both 14 TeV HL-LHC and future eþe− (with c.m.

ffiffiffi
s

p ¼
91 GeV and 3 TeV) machine. In case of ep collider the
viable discovery mode would be 2lþ jþMET final state.
We will investigate these channels for a detailed cut-based
analysis in our future studies.
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APPENDIX A: USEFUL TRANSFORMATION
RULES BETWEEN FLAVOR AND MASS BASIS

In Eqs. (2.8) and (2.13) we established the relation
between the gauge basis fνL; Nc

Rg and the mass basis

fνL;m; Nc
R;mg in dimension five and dimension six frame-

works, respectively. Furthermore, for the explicit coupling
extraction one needs other possible gauge basis definitions
like νcL, NR etc. In Eqs. (A1) and (A2) we illustrate a
different relationship between the gauge basis and the mass
basis states of both the active and sterile neutrinos.

νL≃UPMNSνL;mþθNc
R;m; νL≃νL;mU

†
PMNSþNc

R;mθ
†

νcL≃U�
PMNSν

c
L;mþθ�NR;m; ν̄cL≃ ν̄cL;mU

†
PMNSþNR;mθ

T:

ðA1Þ

Nc
R≃−θTνL;mþ κNc

R;m; NR
c≃−θ�νL;mþ κ†Nc

R;m

NR≃−θ†νcL;mþ κ�NR;m; NR≃−θνcL;mþ κTNR;m: ðA2Þ

In the above we present all these relations for dimension
five setup. At dimension six, one should replace the mixing
angle θ with θ̃.

APPENDIX B: EVALUATING COUPLINGS UP TO
DIMENSION FIVE SETUP

The RHN fields couple to different SM fields even in the
minimal seesaw Lagrangian. At renormalizable level these
couplings are governed by the mixing angle between the
active and sterile neutrinos. In d ¼ 5 NR-EFTone can write

three more operators Oð5Þ
1 , Oð5Þ

2 , and Oð5Þ
3 , which can

modify the existing couplings as well as introduce new
couplings involving RHN fields. Here we present the
explicit expansion correspond to the relevant part of the
renormalizable Lagrangian as well as dimension five
operators.

L̄γμDμLþ h:c: ⊂
gffiffiffi
2

p ν̄Lγ
μWþ

μ lL þ ν̄Lγ
μ

�
g
2
W3

μ − g0

2
Bμ

�
νL þ H:c:

⊂
gffiffiffi
2

p ν̄Lγ
μWþ

μ lL þ g
2cw

ν̄Lγ
μWþ

μ νL þ H:c:

⊂
gUffiffiffi
2

p ½ν̄mγμPL þ N̄mγμPL�lm þ g
2cw

Zμ½U†Uν̄mγ
μPLνm þ U†θν̄mγ

μPLNm

þ Uθ†N̄mγ
μPLνm þ θ†θN̄mγ

μPLνm� þ H:c: ðB1Þ

The lepton doublets are charged under the SM
SUð2ÞL ×Uð1ÞY gauge group. As a result the left-
handed νL field couples to electroweak gauge bosons
through the covariant derivative term as illustrated in
Eq. (B1). Using the transformation rule as discussed in
Appendix A one can rewrite the νL fields in terms of

mass basis fνm;Nmg. As a result one obtain different
three point couplings between the RHN fields and SM
electroweak gauge bosons. One can notice that the
coupling involving RHN field is mixing angle sup-
pressed as it does not directly couple to W=Z boson in
the renormalizable Lagrangian.
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YνL̄ H̃ NR ¼ Yνvffiffiffi
2

p ν̄l

�
1þ h

v

�
NR ⊂

Yνffiffiffi
2

p hν̄lNR;

¼ Yνffiffiffi
2

p h½U†θ†ν̄mPRνm −U†κ�ν̄mPRNm

þ θ†θ†N̄mPRνm − θκ�N̄mPRNm�: ðB2Þ

In the renormalizable part of the Lagrangian the
neutrino fields can achieve mass through usual Yukawa
term. This will invoke different couplings between both
active, sterile neutrinos with Higgs boson. In Eq. (B2)
we present the explicit structure of these couplings.

Oð5Þ
1 ¼

�
αð5Þ1

Λ

�
ðL̄cH̃†H̃LÞ ¼

�
αð5Þ1

Λ

�
ν̄l

c ðvþ hÞ2
2

νl

⊂
�
αð5Þ1 v
Λ

�
h½UTUν̄mPLνm þ θTUN̄mPLνm

þUTθν̄mPLNm þ θTθN̄mPLNm�: ðB3Þ

The Higgs-neutrino couplings receive further modifica-

tion through the dimension five operators Oð5Þ
1 and Oð5Þ

2 .
In Eqs. (B3) and (B4) we present these corrections in
detailed manner.

Oð5Þ
2 ¼

�
αð5Þ2

Λ

�
ðNR

cNRÞðH†HÞ¼
�
αð5Þ2

Λ

�
ðNR

cNRÞ
ðvþhÞ2

2

⊂
�
αð5Þ2 v
Λ

�
h½θ�θ†ν̄mPRνm− κ†θ†N̄mPRνm

−θ�κ�ν̄mPRNmþ κ†κ�N̄mPRNm�: ðB4Þ

In the above, we only have presented the three point
vertices involving RHN fields and the SM Higgs field.
Apart from the operators involving Higgs field, one can

write another operator Oð5Þ
3 involving the Uð1ÞY field-

strength tensor in d ¼ 5 NR-EFT.

Oð5Þ
3 ¼

�
αð5Þ3

Λ

�
ðNR

cσμνNRÞBμν ¼
�
αð5Þ3

Λ

�
ðNR

cσμνNRÞð∂μBν − ∂νBμÞ;

¼
�
αð5Þ3

Λ

�
ðNR

cσμνNRÞð− sin θwf∂μZν − ∂νZμg þ cos θwf∂μAν − ∂νAμgÞ;

¼ cwAμν

�
αð5Þ3

Λ

�
½θ�θ†ν̄mσμνPRνm − κ†θ†N̄mσμνPRνm − θ�κ�ν̄mσμνPRNm þ κ†κ�N̄mσμνPRNm�

− swZμν

�
αð5Þ3

Λ

�
½θ�θ†ν̄mσμνPRνm − κ†θ†N̄mσμνPRνm − θ�κ�ν̄mσμνPRNm þ κ†κ�N̄mσμνPRNm�: ðB5Þ

Here we define Aμν ¼ ∂μAν−∂νAμ and Zμν ¼ ∂μZν − ∂νZμ.
In above equation, we present the explicit expansion of this
operator. The Bμ field corresponding to the Uð1ÞY gauge
group couples to the RHN field through this operator. One
can redefine this Bμ field as a linear sum of the neutral
gauge boson Zμ and the photon field Aμ. As a consequence
the RHN fields would couple to both the Z and γ. The
coupling between the N fields and the photon is a direct
consequence of the underlying NR-EFT.

APPENDIX C: EVALUATING COUPLING USING
DIMENSION SIX OPERATORS

In this section we present the explicit expansion of
various operators, which leads to different couplings that
involve RHN fields. The dimension six setup allows one to
construct a different class of operators, which are ψ2H3,
ψ2H2D, ψ2H2X, and four Fermi, respectively. The Higgs
to neutrino couplings get substantial modification due to
the operator OLNH that comes under ψ2H3 class. The
H̃ðH†HÞ part of the operator invokes sufficient change in

the neutrino mass matrix once the Higgs field acquires
vacuum expectation value (vev) and break the electroweak
symmetry. As an outcome of the EWSB, this operator also
introduces an Yukawa interaction between Higgs and
neutral leptons. Transforming the gauge basis to a mass
basis using the prescriptions mentioned in Appendix A, one
can deduce the precise form of interaction terms. The
parameter θ̃ is the redefined active sterile mixing. In our
presentation of different interaction terms involving Higgs
field, we stick to three point vertices:

OLNH ¼ αLNH

Λ2
ðL̄NRÞH̃ðH†HÞ þ H:c:

⊂
3v2αLNH

2
ffiffiffi
2

p
Λ2

h½−U†θ̃†ν̄mPRνm − θ̃†θ̃†N̄mPRνm

þU†κ�ν̄mPRNm þ θ̃†κ�N̄mPRNm� þ H:c: ðC1Þ

In Eq. (C1), we present the precise form of Cð6Þhν̄ν, C
ð6Þ
hN̄N , and

Cð6Þhðν̄NþN̄νÞ couplings, respectively. Under the class of

ψ2H2D there are two operators OHNe and OHN . Here also
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we focus only on the three point vertices involving gauge
boson fields. The operatorOHNe invokes coupling between
the W boson and the heavy neutrinos.

OHNe ¼
αHNe

Λ2
ðN̄Rγ

μeRÞðH̃†iDμHÞþH:c:

⊂
ffiffiffi
2

p
αHNeM2

W

gΛ2
Wþ

μ ½N̄Rγ
μPReR�þH:c:

¼
ffiffiffi
2

p
αHNeM2

W

gΛ2
Wþ

μ ½−θ̃ν̄mγμPRem

þ κTN̄mγ
μPRem�þH:c: ðC2Þ

In addition to that, this operator also generates additional
term to the charged gauge boson and SM leptons. The
presence of a right-handed chiral matrix suggests a non-
standard interaction, which indicates a distinct deviation
from the SM SUð2ÞL gauge properties. Using explicit

definition of the H†D
↔
H, i.e., H†DμH − ðDμHÞ†H one can

see that the RHN fields only couple the neutral gauge
bosons via three point interactions.

OHN ¼ αHN

Λ2
ðN̄Rγ

μNRÞðiH†D
↔

μHÞ

¼ −
�
MZvαHN

Λ2

�
ðN̄Rγ

μNRÞZμ½vþ h�2

⊂ −
�
MZαHNv

Λ2

�
Zμ½θ̃θ̃†ν̄mγμPRνm − κT θ̃†N̄mγ

μPRνm

− θ̃κ�ν̄mγμPRNm þ κTκ�N̄mγ
μPRNm�: ðC3Þ

In Eq. (C3), we present the explicit form of these couplings.
One can notice that this operator modifies the coupling
between the Z boson and active neutrino pair. This coupling
substantially changes the total decay width of the Z boson,
which is precisely measured. However, apart from the
dimension six operator coefficient this coupling is also
dependent on the square of the mixing angle. Hence the
bounds coming from the EWPO can be evaded by suitably
fixing the value of αHN

Λ2 and θ̃. Similar to dimension five one
can write down two more operators that include stress-
energy tensors. We begin with the operator that considers
the Bμν tensor associated with the Abelian Uð1ÞY group. In
Eq. (C4), we present the explicit form of this operator:

ONB ¼ αLNB

Λ2
L̄σμνNRH̃Bμν þ H:c:

⊂
αLNBvffiffiffi
2

p
Λ2

½cwAμν − swZμν�ðν̄LσμνNRÞ þ H:c:

⊂
αLNBvffiffiffi
2

p
Λ2

½cwAμν − swZμν�

× ½−U†θ̃†ν̄mσμνPRνm − θ̃†θ̃†N̄mσμνPRνm

þU†κ�ν̄mσμνPRNm þ θ̃†κ�N̄mσμνPRNm�: ðC4Þ

From the SM, one can rewrite the gauge field as the linear
sum of photon and Z-boson fields. Using that one can
express Bμν as ½cwAμν − swZμν�. Hence this operator gen-
erates different three point vertices between the leptons and
the neutral gauge bosons both massless and massive. The
dimension six also allows us to build an operator that
involves a non-Abelian stress energy tensor. Depending on
the generators the operator ONW can be reexpressed as the
sum of O�

NW and O0
NW :

ONW ¼O�
NW þO0

NW ¼
�
αLNW

Λ2

�
ðL̄σμνNRÞτIH̃WI

μνþH:c:;

ðC5Þ

O�
NW¼vαLNWffiffiffi

2
p

Λ2
W�

μν½−θ̃†ēmσμνPRνmþκ�ēmσμνPRNm�þH:c:;

ðC6Þ

O0
NW ¼ vαLNWffiffiffi

2
p

Λ2
½swAμν þ cwZμν�

× ½−U†θ̃†ν̄mσμνPRνm − θ̃†θ̃†N̄mσμνPRνm

þU†κ�ν̄mσμνPRNm þ θ̃κ�N̄mσμνPRNm�: ðC7Þ

In Eqs. (C5) and (C7) we present the analytic form of these
operators in the mass basis.
Now we turn our discussion to different four Fermi

operators. The operator OQuNL comes under the class of
ðL̄RÞðR̄LÞ:

OQuNL ¼ αLNQ

Λ2
ðQ̄uRÞðN̄RLÞ þ H:c:

¼ αLNQ

Λ2
½ ūLuR d̄LuR �

	
N̄Rνl

N̄ReL



þ H:c:;

¼ αLNQ

Λ2
ðūmPRumÞð−θ̃Uν̄mPLνm þ κTUN̄mPLνm

− θ̃ θ̃ ν̄mPLNm þ κT θ̃N̄mPLNmÞ
þ αLNQ

Λ2
ðd̄mPRumÞð−θ̃ν̄mPLem þ κTN̄mPLemÞ

þ H:c: ðC8Þ

The operator OfN that comes under the ðR̄RÞðR̄RÞ class
signifies a different scenario for different f. The label f
stands for various right-handed gauge singlet SM quarks or
charged leptons:
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ðR̄RÞðR̄RÞ ⊂ OfN ¼ αfN
Λ2

ðf̄RγμfRÞðN̄RγμNRÞ;

¼ αfN
Λ2

ðf̄mγμPRfmÞfθ̃θ̃†ν̄mγμPRνm − κT θ̃N̄mγ
μPRνm − θ̃κ�ν̄mγμPRNm þ κTκ�N̄mγ

μPRNmg: ðC9Þ

In addition to that, one can construct another operatorOduNe, which comes under ðR̄RÞðR̄RÞ and which takes the following
explicit form:

OduNe ¼
αduNe

Λ2
ðd̄RγμuRÞðN̄RγμeRÞ þ H:c:;

¼ αduNe

Λ2
ðd̄mγμPRumÞ½−θ̃ν̄mγμPRem þ κTN̄mγ

μPRem� þ H:c: ðC10Þ

The OFN stands for two different operators that take the generic form ðL̄LÞðR̄RÞ. The F represents various SM-like quarks
and lepton fields that transform as a doublet under the SUð2ÞL gauge group.

ðL̄LÞðR̄RÞ⊂OFN¼
αFN
Λ2

ðf̄ð1ÞL γμfð1ÞL þ f̄ð2ÞL γμfð2ÞL ÞðN̄RγμNRÞ;

¼αFN
Λ2

ðf̄ð1Þm γμPLf
ð1Þ
m þ f̄ð2Þm γμPLf

ð2Þ
m Þfθ̃θ̃†ν̄mγμPRνm−κT θ̃N̄mγ

μPRνm− θ̃κ�ν̄mγμPRNmþκTκ�N̄mγ
μPRNmg:

ðC11Þ

The fð1ÞL and fð2ÞL denotes the up and down components of the left-handed doublet fermions. We conclude this section with
the remaining three operators that comes under ðL̄RÞðL̄RÞ. The ϵij in Eq. (C12)–(C14) is the 2 × 2matrix, which is equal to
iσ2, where σ2 is the second Pauli matrix. The operator OLNLe is constructed only with the lepton fields, whereas the other
two take both quarks and leptons into account.

OLNLe ¼
�
αLNLe

Λ2

�
½L̄iNR�ϵij½L̄jeR� þ H:c:;

¼
�
αLNLe

Λ2

�
½ν̄LNR�½ēLeR� −

�
αLNLe

Λ2

�
½ēLNR�½ν̄LeR� þ H:c:;

¼
�
αLNLe

Λ2

�
½−U†θ̃†ν̄mPRνm − θ̃ θ̃ N̄mPRνm þU†κ�ν̄mPRNm þ θ̃κ�N̄mPRNm�ðēmPRemÞ

−
�
αLNLe

Λ2

�
½−θ̃†ēmPRνm þ κ�ēmPRNm�½U†ν̄mPRem þ θ̃N̄mPRem� þ H:c:; ðC12Þ

OLNQd ¼
�
αLNQd

Λ2

�
½L̄iNR�ϵij½Q̄jdR� þ H:c:;

¼
�
αLNQd

Λ2

�
½ν̄LNR�½d̄LdR� −

�
αLNQd

Λ2

�
½ēLNR�½ūLdR� þ H:c:;

¼
�
αLNQd

Λ2

�
½−U†θ̃ν̄mPRνm − θ̃†θ̃†N̄mPRνm þU†κ�ν̄mPRNm þ θ̃κ�N̄mPRNm�ðd̄mPRdmÞ

−
�
αLNQd

Λ2

�
½κ�ēmPRem − θ̃ēmPRem�ðūmPRdmÞ; ðC13Þ

OLdQN ¼
�
αLdQN

Λ2

�
½L̄idR�ϵij½Q̄jNR� þ H:c:;

¼
�
αLdQN

Λ2

�
½ν̄LdR�½d̄LNR� −

�
αLdQN

Λ2

�
½ēLdR�½ūLNR� þ H:c:;

¼
�
αLdQN

Λ2

�
½U†ν̄mPRdm þ θ̃†N̄mPRdm�½−θ̃d̄mPRνm þ κ�d̄mPRNm�

−
�
αLdQN

Λ2

�
½ēmPRdm�½−θ̃†ūmPRνm þ κ�ūmPRNm�: ðC14Þ

REEXAMINING RIGHT-HANDED NEUTRINO EFTs UP TO … PHYS. REV. D 106, 113008 (2022)

113008-35



APPENDIX D: INTEGRATION FORMULA

Following are the phase space integrals that are required to evaluate the three body decay modes of the RHN field. The λ
here stands for the usual Kellen function of the form λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2xy − 2yz − 2xz:

I1ðxa; xb; xcÞ ¼
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z
ðz − x2a − x2bÞð1þ x2c − zÞλ1

2ð1; z; x2cÞλ1
2ð1; x2a; x2bÞ;

I2ðxa; xb; xcÞ ¼ −
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z
xcðz − x2a − x2bÞλ

1
2ð1; z; x2cÞλ1

2ð1; x2a; x2bÞ;

I3ðxa; xb; xcÞ ¼
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z2

�
xbxcðzþ x2a − x2bÞð1 − x2c þ zÞ − 3

2
xaxaðz − x2a þ x2bÞð1 − x2c − zÞ

�

× λ
1
2ð1; z; x2cÞλ1

2ð1; x2a; x2bÞ;

I4ðxa; xb; xcÞ ¼
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z2

�
3

2
xcxaðzþ x2b − x2aÞð1 − x2c þ zÞ − 2xbðzþ x2a − x2bÞð1 − x2c − zÞ

�

× λ
1
2ð1; z; x2cÞλ1

2ð1; x2a; x2bÞ;

I5ðxa; xb; xcÞ ¼ −
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z
xcxaxbλ

1
2ð1; z; x2cÞλ1

2ð1; x2a; x2bÞ;

H1ðxa; xbÞ ¼
Z

4x2b

ð1−xaÞ2
dz
z
x2bð1þ x2a − zÞλ1

2ð1; x2a; zÞλ1
2ðz; x2b; x2bÞ;

H2ðxa; xbÞ ¼
Z

4x2b

ð1−xaÞ2
dz
z
xbð1 − x2a − zÞλ1

2ð1; x2a; zÞλ1
2ðz; x2b; x2bÞ;

H3ðxa; xbÞ ¼ −
Z

4x2b

ð1−xaÞ2
dz
z
xaxbð1 − x2a þ zÞλ1

2ð1; x2a; zÞλ1
2ðz; x2b; x2bÞ;

G1ðxa; xb; xcÞ ¼
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z2

xað1 − x2c − zÞðz − x2a þ x2bÞλ
1
2ð1; x2c; zÞλ1

2ðz; x2a; x2bÞ;

G2ðxa; xb; xcÞ ¼ −
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z2

xcxað1 − x2c þ zÞðz − x2a þ x2bÞλ
1
2ð1; x2c; zÞλ1

2ðz; x2a; x2bÞ;

G3ðxa; xb; xcÞ ¼ −
Z ð1−xcÞ2

ðxaþxbÞ2
dz
z
xaxbð1þ x2c − zÞλ1

2ð1; x2c; zÞλ1
2ðz; x2a; x2bÞ:

APPENDIX E: COLLIDER SIGNATURES FOR
RHN FIELDS

In this appendix we will present different possible
signatures involving RHN field for pp, eþe−, and e−p
colliders. In Sec. VI, we discussed few of the multi-
lepton final states where the RHN fields produce either
via single or via pair production mechanism and then
subsequently decay to three body pure leptonic chan-
nels. In addition to those channels one can also look for
the RHN fields in other final states. In Table X, we
present different production mode for the RHN fields
for pp colliders. The first row and first column of the
Table X illustrate the flavor label of the final state
leptons and quarks.

Similarly in Table XI we tabulate different single
production of N fields at eþe− colliders. The common-
alities between Tables X and XI is that we only highlight
the single N field production. The majority of the channels
that are presented in these two tables can serve as the pair
production mode for the RHN fields. For example, in the
case of pp collider apart from VBF → Wqq0 → lδNiqq0
and Drell-Yan qq0 → W → lδNi process, all the other
modes can potentially produce pair of RHN fields. On
other hand in case of eþe− collider apart from the t-channel
W-boson mediated process all the other process can
generate pair of N fields. Using Table XII, one can evaluate
the final state signature for these modes. In Table XII we
only illustrate the final states that can arise due to the
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TABLE X. Different collider signatures for the single RHN production at pp collider. Apart from the VBF → Wqq0 → lδNiqq0 and
Drell-Yan qq0 → W → lδNi process all the other channels can be used for the pair production of the RHN fields. For details regarding
the final states correspond to N-pair production, see the text.

Decay

Production Ni → ljlkνk Ni → lklkνk Ni → νjlklk Ni → ljuαdβ Ni → νjqαqα Ni → νjνkνk

gg → h → νδNi 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET ET

qq0 → W → lδNi 3lþ ET 3lþ ET 3lþ ET 2lþ 2q lþ 2qþ ET lþ ET

qq̄ → Z → νδNi 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET ET

pp → Zh → lρlρνδNi 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET 2lþ 2qþ ET 2lþ ET

pp → Zh → νδNi2b 2lþ 2bþ ET 2lþ 2bþ ET 2lþ 2bþ ET lþ 2bþ 2qþ ET 2bþ 2qþ ET 2bþ ET

pp → νδNi via four Fermi 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET lþ ET

VBF → Wqq0 → lδNiqq0 3lþ 2qþ ET 3lþ 2qþ ET 3lþ 2qþ ET 2lþ 4q lþ 4qþ ET lþ 2qþ ET

VBF → Zqq0 → νδNiqq0 2lþ 2qþ ET 2lþ 2qþ ET 2lþ 2qþ ET lþ 4qþ ET 4qþ ET 2qþ ET

VBF → hqq0 → νδNiqq0 2lþ 2qþ ET 2lþ 2qþ ET 2lþ 2qþ ET lþ 4qþ ET 4qþ ET 2qþ ET

TABLE XI. Different collider signatures for the single RHN production at eþe− collider. Apart from the t-channelW-boson mediated
process all the other modes can serve as the pair production mode for RHN fields. For details regarding the final states correspond to N-
pair production see the text.

Decay

Production Ni → ljlkνk Ni → lklkνk Ni → νjlklk Ni → ljuαdβ Ni → νjqαqα Ni → νjνkνk

eþe− → νδNi via Four Fermi 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET lþ ET

eþe− → Zh → lρlρνδNi 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET þ2lþ 2qþ ET 2lþ ET

eþe− → Zh → νδNi2b 2lþ 2bþ ET 2lþ 2bþ ET 2lþ 2bþ ET lþ 2bþ 2qþ ET 2bþ 2qþ ET 2bþ ET

eþe− → Z → νδNi 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET ET

VBF → Zνρνδ → Niνσνρνδ 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET ET

VBF → Wlδνρ → lδνρNilσ 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET 2lþ 2qþ ET 2lþ ET

eþe− → W → lδNi t channel 3lþ ET 3lþ ET 3lþ ET 2lþ 2qþ ET lþ 2qþ ET lþ ET

TABLE XII. Different possible final states that can arise due to the subsequent three body decays of RHN pair. The X in the first row
signifies the SM fields that can generate due to the underlying production mechanism in association with the RHN pair. For explicit
evaluation one should replace X with appropriate field content.

Possible production mode pp → NiNjX and eþe− → NiNjX

Ni decay

Nj decay Ni → ljlkνk Ni → lklkνk Ni → νjlklk Ni → ljuαdβ Ni → νjqαqα Ni → νjνkνk

Nj → lalbνb 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET 2lþ 2qþ ET 2lþ ET

Nj → lblbνb 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET 2lþ 2qþ ET 2lþ ET

Nj → lalaνb 4lþ ET 4lþ ET 4lþ ET 3lþ 2qþ ET 2lþ 2qþ ET 2lþ ET

Nj → lauρdδ 3lþ 2qþ ET 3lþ 2qþ ET 3lþ 2qþ ET 2lþ 4qþ ET lþ 4qþ ET lþ 2qþ ET

Nj → νaqρqρ 2lþ 2qþ ET 2lþ 2qþ ET 2lþ 2qþ ET lþ 4qþ ET 4qþ ET 2qþ ET

Nj → νaνbνb 2lþ ET 2lþ ET 2lþ ET lþ 2qþ ET 2qþ ET ET
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subsequent decay of both Ni and Nj. Moreover, at the
production level other SM particles can arise in association
with the RHN fields. Hence one need to put suitable
particles in place of X as mentioned in the first row of
Table XII.
We like to elaborate this point with two suitable

examples. For the process gg → h → NiNj the possible
final states are the states that are mentioned in this table and
one does not need to put any SM fields in place of X. On the
other hand, in the case of pp → Zh → lρlρNiNj, the X

would be replaced with lρlρ and to obtain the final states
corresponding to this process one needs to add 2l in each
cell of Table XII. In Table XIII, we present different RHN
production modes relevant for the e−p collider. Here we
will restrict ourselves to single production of the N fields.
In principle one can generate more than one RHN fields in
this collider. However, the processes related to these would
involve more than one EFT vertices. Hence the cross
section would receive a higher order cutoff scale suppres-
sion [see Fig. 8(a) for details].
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