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Introduction

Neutrino masses and mixing can be explained by adding to the Standard Model (SM) a new
Weyl fermion N, total singlet under the SM gauge group, which acts as the right-handed
(RH) counterpart of the left-handed (LH) SM neutrino. The lightness of the neutrino masses
can be explained by the see-saw mechanism [1-4]

(1.1)



where v is the Higgs vacuum expectation value (VEV), y the strength of the Dirac type
interaction and My the Majorana mass of the RH neutrino. While there is no indications
on the energy scale at which this mechanism takes place, there is nowadays a strong interest
in models where RH neutrinos have a mass at the EW scale. From one side they are in
fact an interesting alternative, in that they can generate the observed matter-antimatter
asymmetry via neutrino oscillations [5, 6], while they can be searched for at colliders and
at beam-dump experiments [7-25]. Moreover, if lighter than O(100) MeV, they can be
relevant for the solution of longstanding anomalies reported in the neutral-current [26-28]
and charged-current [29-37] semileptonic decay of B mesons [38-40]. Their phenomenology
is driven by the mixing # with the active neutrinos

~FZ <mV>W , (1.2)
Mn Mn

which drives their production rates and their decay width and hence their lifetime. The
naive see-saw scaling of eq. (1.2) can be modified if multiple RH neutrinos are present with
specific Yukawa and Majorana mass textures that ensure an approximate lepton number
symmetry [41, 42]. Consequently scenarios with a much larger mixing angles can be realized,
thus altering the RH neutrinos phenomenology. It’s also interesting to speculate on the
possibile presence of additional NP states at a scale A > v, My, whose effects can be
parametrized in the language of effective field theories in the so called vSMEFT, where
a tower of higher-dimensional operators A(f—ild built out with the SM fields and the RH
neutrinos is added to the renormalizable lagrangian. At the lowest possible dimension,
d = 5, there are two genuine, i.e. that contains at least a RH neutrino field, vYSMEFT
operators: one that triggers the decay of the SM Higgs boson into a pair of RH neutrinos
and a dipole operator with the hypercharge gauge boson [43, 44]. Already at d = 6 many
more operators are present [9, 45, 46] with interesting phenomenological consequences, since
they also can induce new production and decay channels.

Many of these operators have been subject of theoretical studies, especially for what
concerns their phenomenology at the Large Hadron Collider (LHC), see e.g. [9, 21, 43, 44, 47—
53]. However, RH neutrinos with a mass at the EW scale are one of the primary goals of
future lepton colliders, since the generally small production cross section proper of EW
singlet states can be overcome, thanks to the clean detector environments and the typically
lower SM backgrounds with respect to hadronic machines. For the post LHC era many
future lepton colliders have been proposed. These includes eTe™ facilities, both circular
ones as the Future Circular Collider [54-57] (FCC-ee) and the Compact electron-positron
collider [58, 59] (CEPC), and linear ones as the International Linear Collider [60-62]
(ILC) and the Compact Linear Collider [63, 64] (CLIC). Finally, a great attention has
recently arose for multi TeV p*p~ colliders [65], which could provide a great handle to test
higher-dimensional operators whose effect grows with energy.

In a recent paper [66], we have investigated the prospects of these machines, commonly
denoted as Higgs factories, in testing the two genuine d = 5 operators of the vSMEFT
through Higgs and Z boson physics and focusing on RH neutrinos with masses in the
[1GeV — my, z] range. There we have shown that future lepton colliders can test exotic



branching ratios (BRs) for the Higgs and Z boson down to ~ 1073 and 10~ respectively,
greatly surpassing the reach of future indirect measurements of the Higgs and Z boson
width. In this paper we extend our previous work by studying the phenomenology of the
vSMEFT operators that arise at d = 6. Since these are typically generated by different
ultraviolet (UV) completions than the d = 5 ones, the bounds on the cut off-scale A derived
in [66] do not necessarily direct apply.!

We focus on EW scale RH neutrinos with masses in the [1GeV — myy| range and
study the additional production and decay channels induced by the d = 6 operators. We
distinguish two main decay channels: a two body decay into a SM neutrino and a photon,
N — v7, and a three body decay into a SM leptons and a fermion pair which can proceed
either as N — vff or N — £ff, where £ = e, pu, 7. In the three body decay cases the
final state fermions could involve either a pair of quarks or leptons. For what concerns the
production, we identify the most relevant channels as single-production and pair-production
of RH neutrinos induced by four-Fermi d = 6 operators, since they induce amplitudes that
grow with the energy of the process.

The paper is organized as follows. In section 2 we set our notation and review the
vSMEFT framework, while in section 3 we present the properties of the future colliders
which are under analysis. Then in section 4 we study the main decay channels induced by
the d = 6 operators and present the expressions for the various partial widths. We then
show under which conditions these additional decay modes can dominate with respect to
the one already present at renormalizable level and induced by the active-sterile mixing.
We further quantify the lifetime of the RH neutrinos once these operators are switched on.
In section 5 we discuss the additional production modes relevant for studies at future Higgs
factories. We present our results in section 6, section 7 and section 8 for prompt, displaced
and detector stable RH neutrinos. We finally conclude in section 9. We then report in
appendix A the expressions for the spin averaged matrix elements squared relevant for the
N three-body decay via an off-shell SM boson induced by d > 4 operators.

2 Theoretical framework

The vSMEFT is described by the following Lagrangian

n

@)
An—4

_ _ - 1 _
L=Lsy+ NJIN-—LY,HN — 5MNNCN + Z
n>4

+ hec.. (2.1)

Here N is a vector describing A flavors of RH neutrino fields, singlet under the SM gauge
group, and N¢ = CNT, with C = i4?~°. Furthermore Ly, is the SM lepton doublet, Y, is
the 3 x NV Yukawa matrix of the neutrino sector with H = io2H*, My is a N x " Majorana
mass matrix for the RH neutrinos and O" the Lorentz and gauge invariant operators with
dimension n built out from the SM and the RH neutrino fields, with A indicating the
EFT cut-off. In [9, 43-46] the ¥YSMEFT has been built up to d = 7 and at d = 5 only
three operators exists. The first is the well-know Weinberg operator [69] while the two
genuine ¥YSMEFT operators are O3 5y = ayg(N°N)(HTH) and O35 = aygN°c* NB,,,

1For related works on the phenomenology of the YSMEFT at future lepton colliders see e.g. (67, 68].



Operators involving the Higgs boson four-Fermi vector operators
Operator Definition Operator Definition
Ofnu (LHNR)(H'H) + h.c. ORe (NrY"NR)(€rVuer)
O%NB (I_JUWNR)BWET + h.c. (916\,“ (Nry"*NR) (URYuUR)
0% v (Lo"”Ng)o "W, H + h.c. 0% (NrY*NR)(drvudr)
O%n (N Np)(H'i D, ) 0% | (Ney"Ne)(@ar)
Okerr | (Neyer)(1i D H) + huc. O%, | (Ney"Na)(LuvLe)
O (NrY"NR)(Nrv,Nr)
ONeau | NrY"er)(druur) + hec.

four-Fermi scalar operators Other four-Fermi operators
Operator Definition Operator Definition

OSy | (NENR)(NENR) + hec. OS.un | (@%drd$)NR + hec.

O Lau (NrL)(qrug) + h.c. O%an | (@5eqrd%)Nr + h.c.

Of Nga (LNR)e(qrdr) + h.c.
OF 4 (Ldr)(qrNR) + h.c.
O% Nie (LNg)e(Leg) + h.c.

Table 1. Genuine d = 6 operators in the YSMEFT [46]. For each operator the Wilson coefficient,
which is a matrix in flavor space, is implied.

where By, is the SM hypercharge field strength tensor and 20# = i[y*,~"], which have
been recently investigated in [66]. At d = 6 many more operators are present. They are
reported in table 1, where we split them between operators that involve the Higgs boson
and four-Fermi operators which do not.?

2.1 Neutrino mixing formalism

We summarize here the properties of the neutrino sector of the vYSMEFT, and we refer
the reader to [66] for a more detailed discussion. Under the approximation in which the
contribution to the active neutrino masses dominates over the ones induced by the effective

operators the active neutrino mass matrix takes the standard form
2
v 1 T * o d
my =~ ?YVFNYV =U mVUT s (22)
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [70, 71] and m? is the
diagonal matrix of neutrino masses. Eq. (2.2) can be solved for the Yukawa matrix of the

neutrino sector. In the Casa-Ibarra parametrization [72] one obtains

Y, ~ \/ﬁU*\/%R\/MN, (2.3)

W
2For each operator the corresponding Wilson coefficient, which is again a matrix in flavor space, is implied.




where /m is a 3 x N matrix containing the physical neutrino masses m; and R is a complex
orthogonal N' x A/ matrix. We restrict now our study to the case N' = 2 where for the
normal hierarchy (NH) and inverted hierarchy (IH) one has for the matrix /m,?

0 0 0 /mq
V/MNE = 0 /mal, mmpg = | v/ma O , (2.4)
\/773 0 0 0

while we parametrize the orthogonal matrix R in terms of the complex angle z = 8 + i as

» ( COS z ismz) . (2.5)

—sinz +cosz

The active-sterile mixing angle is given by

1
0N ~ —U"V/mR——. 2.6
It’s crucial that the angle z is, in general, a complex parameter. In fact, in the limit in
which z is a real number, by taking U and R with entries of order unity and by assuming
an equal value for the diagonal entries of the Majorana mass term for the two RH neutrino
mpy, = mpy, = my, one obtains the naive see-saw scaling®

VmNmy, _8 ( my )1/2
Y, ~+—~4x1 . 2.
v x 10 1GeV (2.7)

This relation is drastically modified by the imaginary part of z, that gives an exponential
enhancement. In the limit v > 1 one has

y—if ;
_— (1 j:z) | (2.8)

2 —1 1

and the relation of eq. (2.7) is modified to

(2.9)

my >1/2
1 GeV ’

Y, ~ 2 x 107877 <

Clearly the same enhancement is inherited by the active-sterile mixing, that now reads

1/2
! Gev) . (2.10)

Oni = (Bun)y; ~ T2 x 107077 (
my

We use o« = 1,2, 3 for the active neutrino flavor and ¢ = 1,2 for the RH neutrino flavor.
This deviation from the naive see-saw scaling has a crucial impact on the RH neutrinos
phenomenology, especially for what concerns their decay width and consequently their
lifetime, with drastic implications for search strategies at future colliders as recently shown
in [66, 73].

3When needed, for our numerical estimate we take m,., = 8.6 x 1072 ¢V and m,, = 5.1 x 1072 €V for the
NH while we take m,, = 4.9 x 10726V and my, = 5.0 X 102 ¢V for the TH.

4We have assumed NH and fixed m, = my,. The expression holds also for the IH case modulo order one
factors.



Higgs run High-energy run
Collider | v/s[GeV] | [ L[ab™!] Collider | /s[TeV] | [ L£[ab™}]
FCC-ee 240 5 CLIC 3 3
ILC 250 2 (pol) M 3 1
CLIC-380 380 1 (pol)
CEPC 240 5.6
Z pole run
Collider | v/s[GeV] | [L[ab™}]
FCC-ee my 150
CEPC my 16

Table 2. Center of mass energies and total integrated luminosities for the various collider options
considered in the analysis.

3 Future Higgs factories

In this work we study the phenomenology of the vYSMEFT at future Higgs factories, both
at their low energy runs, relevant for physics at the Higgs-strahlung threshold and at the Z
pole, together with high-energy multi TeV runs, which can greatly enhance the sensitivity on
higher-dimensional operators which induce a quadratic grow with the energy, as for the case
of four-Fermi operators. For what concerns the low energy runs, various e™e™ prototypes,
presently at different stages of their design, have been proposed. These include circular
ones, as the Future Circular Collider (FCC-ee) [54-57] and the Circular Electron Positron
Collider (CEPC) [58, 59], and linear ones, as the International Linear Collider (ILC) [60-62]
and the Compact Linear Collider (CLIC) [63, 64]. Regarding colliders in the multi TeV
regime, prototypes include CLIC with a center of mass energy of 3 TeV [63, 64] and a u™ ™
colliders with various center of mass and luminosity options [65]. We report in table 2 the
main parameters of these colliders prototypes. For concreteness and clarity of presentation,
in this work we will present our results only for the case of FCC-ee at /s = my and
Vs =240 GeV, for a pup collider at /s = 3 TeV and for CLIC at 3 TeV, since the ILC and
CEPC prototypes will have an overall similar behavior to the considered options.

4 Decay channels for RH neutrinos

At the renormalizable level, the RH neutrinos only decay thanks to the mixing with their
SM active counterpart, a pattern which is not altered by the inclusion of d = 5 operators
except in the case of a sufficiently large mass splitting my, — my, (with mpy, > mn;)
in which the O35 operator can trigger a non-negligible No — Ny~ decay rate [66]. The
inclusion of d = 6 operators can dramatically alter this behavior, leading to new decay
patterns, see also [74, 75]. For example, the four-Fermi operators reported in table 1 can



Operator Decay Mixing Loop Operator Decay Mixing Loop
Mixing N — 3f v X O% v N — vH* X X
0% Ny — N1y X v O% i N —vZ* v X
N — vy v v O%verr N — W= X X
N — vy X v ng — neutral N — 3f v X
B npw N —vZ* X v O} — charged N — 3f X X
N — (W* X v

Table 3. Decay modes for the RH neutrinos induced by higher-dimensional operators and renor-
malizable mixing. We highlight whether the corresponding rates are mixing and/or loop suppressed.
Neutral and charged indicate the four-Fermi operators with two and one RH neutrino respectively.

induce the decay of a RH neutrino into three SM fermions, N — 3f. Depending on the
operator, the rate for this decay may or may not be suppressed by the active-sterile mixing
angle. In particular, it is suppressed in the case of four-Fermi operators which contain two
RH neutrino fields, while unsuppressed otherwise. On the other side, the operators involving
the Higgs boson can induce, after EW symmetry breaking, the decay into a final state
fermion and a massive SM boson, B = Z, W+, h. Given the range of RH neutrino masses on
which we are interested in, the SM boson turns out to be off shell and the resulting decays
are thus N — vB* and N — ¢B*, with the subsequent decay B* — ff. Also in this case
the rate could be, or not, suppressed by the active-sterile mixing and again the final state
is composed by three SM fermions, as for the case of the four-Fermi operators. However
the kinematic and the flavor composition is generally different. Finally, the SM boson could
be a massless photon, and the decay is thus simply N — vv. We now discuss the various
operators and the decay that they mediate in turn, summarizing their main properties in
table 3, where we highlight whether the decays that they generate are suppressed by mixing
and/or loop effects. We then report in appendix A the spin averaged amplitude squares for
the considered three body decays.

4.1 Operators that induce N — vy

This decay mode is induced at the d = 5 level by the (9]5\, g operator and at the d = 6 level
by the O%NB’LNW operators.

Decay from (’);r’v g+ This operator gives the IV; — v, decay only after a mixing insertion.”

The rate for this decay reads [44]

B lans|? 2¢2 @

L(N; = vay) = (167272 7 A2 [ (4.1)

where ¢, is the cosine of the Weinberg angle and where we have explicitly introduced a
loop suppression factor, since in any weakly coupled UV completion this operator arises at
loop level [76, 77].

5We assume that the two RH neutrinos are (almost) degenerate and that the N2 — N1+ decay rate is
negligible.



Decay from O%NB,LNW. The operators O%NB’LNW induce the decay N; — v,y with a
rate [50]

2
, B |(a6LNB)aij + (O‘GLNW)MSW’ v? m?v
P(NZ — Va’Y) - (16772)2 47_[_ A4 I (42)

where, again, we have explicitly written the loop suppression factor. This decay is not
suppressed by the active-sterile mixing.

4.2 Operators that induce N — 3f

This decay mode has contribution from both operators involving the Higgs boson as well as
four-Fermi operators. Also the decay induced at the renormalizable level by the active-sterile
mixing produces the same final state.

Decay from O% ~g- This operators induces the decay N; — v, H* and the final rate is
thus suppressed by the Yukawa couplings of the SM fermions to the Higgs boson, but is
unsuppressed by the active-sterile mixing. By neglecting phase space effects due to the
masses of the final state fermions and working at O(m;ﬁ) the decay rate reads

TR e

where the factor N, = 3 is present if the final state is a quark-antiquark pair. In our

- 3 N,
L(N; = vof f) = 10963 ‘(aﬁLNH)Oéi

numerical analysis we use the full expression for the decay and sum over the relevant ff
final states for any N mass. For the decay into a bb final state, which is the relevant one for
mpy > 10 GeV, one has

1TeV)4( my
A 30 GeV

_ 5
(N — vbb) ~ 7.5 x 10712 ( ) GeV (4.4)

where the Wilson coefficient has been fixed to one.

Decay from O?\r g+ This operator induces the decay N; — v, Z* and the rate is suppressed
by a mixing insertion. For a generic ff final state arising from the Z* decay one has, in
the limit m; = 0 and at O(m*)

7 Ne 6 2 et o o (v my
L(Ni = vaff) = 30723 ‘(aNH)ijejoé‘ %(QL + 9&) (A) mL (4.5)
where
gL =t3—aqs,,,  9r=—qss, (4.6)
with t3 = £1/2 and where ¢ is the electric charge of the final state fermion pair. For
example for the decay into a final state bottom pair, where t3 = —1/2 and ¢ = —1/3 one has
1TeV\4 my \°
I' ~ 2.3 x 10—902< ) ( ) GeV, 4.7
A 30Gev) (4.7)

where 6 schematically indicates the relevant mixing angle.



Decay from O?\] o+ This operator induces the mixing unsuppressed decay N; — £, W™*.
Working again in the limit where all the final state fermions are massless, the decay for one
of the two charge conjugate modes reads

N (@5 1)ial? [ gv\* md o (1TeV\* / my \°
T(N; N n _ Y\ NeH )ia () N 4x1 9( ) ( )
(Ni = Laf 1) 6ladr®  \ A ) mt, "0y saewv) OV
(4.8)

where the estimate is with N, = 3 and an O(1) Wilson coefficient.

Decay from (92 NB,LNW* The combination of these two operators orthogonal to the one
that induces N — v+ gives again a N — vZ™* decay. In addition, the operator with the W
boson produces a N — ¢W* decay. Both these rates are not suppressed by the active-sterile
mixing. In the massless limit, the neutral decay width is

7 N, ‘(O‘%NB)M' Sw — <a6LNW)ai Cw|2 e \? 2 2 v? m?\f
(N = voff) = 96073 (1672)2 (chw) (91 + gR)F@ (4.9)

while for the charged case we obtain

- N, 1 2,02 mk
D(N; = baf [') = 55 ta903 |(Qnw)ai| 9° 71 (4.10)
(1672)2 192073 ‘ At my,

where, again, the rate is for one of the two charged conjugated modes.

Decay from four-Fermi vector operators: O?Vf and (’)?\,edu. The first operators
are of the form (Nry*Ng)(fr/rVufr/r)- They mediate the decay N — vff which is
suppressed by the active-sterile mixing angle. For simplicity we assume a diagonal flavor
structure for the SM fermion pair final state. In the limit of massless final states the decay

rate reads s
Ne. my

1536m3 A4

where of is the Wilson coefficient of the four-Fermi operator and the factor 2 comes from

T(N; = vaff) = 008 % 2, (4.11)

summing over v and ©, since also the SM neutrino is Majorana. The charged operator
O?Vedu triggers a decay N — ¢~ ud + ¢t ud, which has a rate

NC ‘(a?\fedu)iaP m?\f

F(Nl — Eaud) = 153673 Al

x 2. (4.12)

Decay from four-Fermi scalar operators. These operators induce the decay N; —
U ff, where £ could be a charged or neutral lepton. Each decay proceeds with a rate

— N.|ab |2m3}

where, once more, o® denotes the generic Wilson coefficient of the four-Fermi operator.
Decay via mixing. Finally, the decay induced via mixing has an approximate rate of [78]

mN

5
12
N Gev) G2 GV | (4.14)

Ty ~ 1072 (



4.3 Which decay dominates?

We can now compare the decay rates computed in sections 4.1 and 4.2 to see which one
dominates in the different regions of the yYSMEFT parameter space. This is essentially
determined by three parameters:® the mass of the RH neutrino my, the active-sterile
mixing 6 and the EFT cut-off scale A. We take the latter to be the same for all the
considered operators. Clearly, different UV completions will generate at low energy different
operators, in general suppressed by different mass scales. We will comment in section 4.4
and section 4.5 on the independent limits on the scale A that can be set for the most
relevant ones. For simplicity however, in performing our main analysis, we will assume that
only four fermi operators and the dipole ones triggering the N — vy decay are active, and
that they are associated to a unique scale A.

The first question we want to address is in which region of the parameter space the decay
induced at the renormalizable level by the active-sterile mixing dominates over the decay
generated by higher-dimensional operators, taking into account that current constraints
forces the squared mixing angle to be < 1075 [79-81]. In order to do this we need to make
some assumptions on the number of four-Fermi operators that are active, since each one
can contribute with a multiplicity due to the flavor structure of the operator itself. To
be practical, we parametrize this with a coefficient ¢ which takes into account how many
channels from four-Fermi operators contribute to the decay of a RH neutrino, for example
for a decay into a pair of final state quarks & = N, = 3. Clearly, the most important
four-Fermi operators for N decay are the ones that do not pay a mixing suppression, i.e.
O?Vedu and all the scalar ones. On the other side, for the operators that contribute to the
3f final state via an off-shell h, Z and W, we can consider all possible decays by summing
on their decay modes, since those are fixed by the SM symmetries. In these calculation
we retain the full expressions for the various decay rates. We then show in figure 1 the
region of parameter space where the decay induced by the higher-dimensional operators
dominate over the one induced by the mixing. We illustrate them for the degenerate RH
neutrino masses my = 1 GeV (left) and my = 50 GeV (right).” Above the black solid line
the decay pattern is thus the one analyzed in [66], while effects from higher-dimensional
operators become relevant in the lower part of the plot. The dashed gray lines indicate the
experimental bound on 6, = >7,_; 5 |6as|* reported in [79-81]. We show only the bound on
]9”]2 which turns out to be the most stringent one. Finally the gray shaded area represents
the see-saw limit, below which the lightness of the neutrino masses cannot be explained by
the see-saw mechanism. As we see, for small enough A the dominant decay mode of the
RH neutrino can be induced by the higher-dimensional operators of the vYSMEFT while
retaining compatibility with existent active-sterile mixing bounds. As previously discussed,

SWhile we already stated that we work in the limit where the two RH neutrinos are almost degenerate
and the various entries of the active-sterile mixing matrix 6 are determined by the choice of the NH or
IH once the RH neutrino mass has been fixed, each higher-dimensional operator can in principle have a
different Wilson coefficient. For concreteness, we work under the assumption that they are all equal. We
also consider the NH scenario. Results in the IH case are almost identical.

"The dependence on £ turns out to be completely negligible for the N mass range of our interest up to

€ = 0(100).

~10 -



‘ my=1GeV ‘ my=50 GeV
105} N ] wsp\ o N
6, bound
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03] Ndecss 107 N ey
via mixing via mixing
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S S
- d>4 operators -
1071 F 1 107"¢ N decay via
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See—saw limit
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Figure 1. Dominant decay mode for the RH neutrino in the A — |6.|? plane for my = 1GeV (left)
and my = 50 GeV (right). The black solid line divides the region where the dominant decay is
induced by the mixing or by d > 4 operators. The gray dashed line indicates the bound on the
mixing angle arising from existing experimental searches. In the gray shaded region the lightness of
the neutrino masses cannot be explained by the see-saw mechanism.

in this region two decay modes compete: N — 3f, which produces the same final state as
the decay via mixing albeit with different kinematics, and N — v~. For [0,.|?> < 1076 one
has that the ratio 11:1]:;%;; is almost independent on A and that the vy decay dominates over
the N — 3f decay for

my S 15GeV. (4.15)

In this region the decay is driven by the d = 6 operators O%NB’ Lnwo since the d = 5
operator Onp gives a rate which is mixing suppressed. For larger masses, the operator
that dominates the N — 3f decays is 0%, which is again not mixing suppressed. Given
that we are interested in the phenomenology of the d > 4 operators in the following we will
focus in the region where the decay is dominated by higher-dimensional operators and work
under the assumption of negligible active-sterile mixing.

4.4 Bounds from theoretical considerations

The computation of the neutrino properties outlined in section 2 rests on the assumption that
the d = 4 masses and Yukawa couplings dominate over the higher dimensional contributions.
In order for this to be true, the NP scale will have to satisfy some conditions. Before
enumerating them, it is useful to point out that, unlike what happens in the SMEFT, the
vSMEFT is characterized by two expansion parameters: the active-sterile mixing 6 and
the cutoff scale A~!. As previously discussed and shown in figure 1, the phenomenology
will strongly depend on the interplay between the two. In order to understand the stability
of the d = 4 parameters against the additional contributions, we will consider only those
effects that solely depend on A, neglecting possible effects that are doubly suppressed by
some power of § and of 1/A.
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The two d = 5 operators O3, and O35 give a contribution to the RH neutrino mass
matrix My at tree and 1-loop level respectively. While the contribution from the latter
turns out to be irrelevant, the scale suppressing (’)]5\, g is bounded by

1GeV

A > 60T 4.1
NHNGO eV MN N ( 6)

in order for the d = 4 contribution to dominate. Turning to d = 6 operators, the two main
effects come from O% \,;, that contributes at tree-level to the neutrino Yukawa coupling,
and from 0%\ 5/O% \v/, that contribute at the one-loop level to the active neutrino masses.®

We obtain

1 1
1076\ * /1 2
ALNHzlonev< 0 ) ( Gev>2

6|2 My
i 1 (4.17)
10~ 1GeV) 2
A > 6 GeV
LNVBLNW A~ ¢ ( |62 ) ( My )

where the reference value |0|2 ~ 1076 is the approximate experimental upper bound on the
mixing angle for the RH neutrino mass range of our interest. As we can see, the theory
bound on the scale of 0% \; is pretty strong, while the one on O% \ /0% 1/ is rather weak,
at least for values of the mixing close to the allowed upper bound. In order for the bounds
on the scale of these operators to be of the TeV order we would need |0 ~ 10714, which is
below the see-saw limit, see figure 1.

4.5 Bounds from precision measurements

The operators of table 1 involving the Higgs bosons will also trigger additional decay of the
SM bosons, which are constrained by precision measurements from LEP and LHC data. By
asking that these additional decay modes do not exceed the absolute uncertainty on the
measurement of the Z and W boson width, and that they contribute less than 10% to the
SM Higgs boson width, one obtains that the strongest limit arises from the constraints on
h — NN decay given by (9% ng that reads

A > 5TeV, (4.18)

a result compatible with the one reported in [50]. This is due to the small total width of the
SM Higgs boson, which compensates for the lower absolute precision on its determination
with respect to the Z and W cases. For the latter we obtain a bound of A 2 0.8 TeV and
0.6 TeV, respectively. While for O%N g the theoretical bound discussed in the previous
section is stronger, for the dipole operators the experimental bounds are stronger.

The interplay between the OY p.Lnw operator and the active-sterile mixing also
generates a magnetic moment dﬂﬂaaﬁ vF,p for the SM neutrinos which can be estimated as

N 1 v
B 1672 A2

8We have explicitly checked that the contribution from the operators O,(iNqu, O%qu and (96quN give

(OzNBCw -+ aNWSw)GZN . (4.19)

weaker bounds with respect to the ones shown.
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This is another example of effect which is suppressed by both 6 and powers of 1/A. The
value of the active-sterile dipole moments constrained by reactor, accelerator and solar
neutrino data [82, 83] which give

1/4
A>4x1072 o1 TeV
~ 1010 '

that is weaker than A 2 1 TeV for the allowed mixing angles range.

4.6 Lifetime of RH neutrinos

After having discussed the main RH neutrinos decay modes, it is important to determine
the lifetime of these state, to assess whether their decay happen with a prompt or displaced
behaviour or if instead they are stable on collider lengths. We quantify the three behavior
as follows:

Prompt decay. We consider a RH neutrino to decay promptly if its decay happens
within ~ 0.1 cm from the primary vertex. At the renormalizable level, prompt RH neutrino
decays require a large breaking of the naive see-saw scaling. In the notation of section 2.1,
this is parametrized by a large value of the « parameter, see eq. (2.10). Large mixing angles
are however constrained by a variety of experimental searches, and too large values of v are
thus ruled out.

Displaced decay. A particle is considered to decay displaced if it decays away from the
primary vertex but within the detector environment. The precise distance for defining a
vertex to be displaced clearly depends on the specific detector geometry. Given that our
study focuses on future proposed ete™ and uTpu~ colliders, for which detailed detector
characteristics have not yet been settled, we consider as displaced particles decaying between
0.1cm and 1m from the primary vertex. Taking into account the preliminary nature of our
study, we also consider the detector to have a spherical symmetry, instead of a cylindrical one.

Decays outside the detector. Also in this case, the precise value of the decay length
of the RH neutrinos needed for it to be considered detector stable depends on the specific
geometry of the detector. We then consider as detector stable, RH neutrinos which decay
more than 5m away from the primary vertex.

The decay length in the laboratory frame Svcr can be readily obtained for the two dominant
N production modes that will be discussed in section 5, i.e. pair-production and single-
production from four-Fermi operators. The g factor is fixed by the kinematic of the process

and reads
4 2
Vs 1-— MmN Pair — production,
By = s (4.20)
2m N 2
miy . .
- — Single — production .

S
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N pair—production — yv decay N pair—production — 3f decay
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Figure 2. Isocontour of Syer in cm from exclusive N — vy (left) and N — 3f (right) decays
induced by d > 4 operators for /s = 240 GeV (black) and /s =3 TeV (red). Neutrino pair-production
is assumed. We show the results in the limit of negligible active-sterile mixing.

As discussed in the previous section, in the region where the RH decay width is dominated
by the d > 4 operators, two decays compete: N — vy and N — 3f. As an example, we
show in figure 2 the isocontours of et for the case of exclusive vy (left) and 3f (right)
decay, fixing /s = 240 GeV and 3 TeV and considering the pair-production case. These
lifetimes are dominated by mixing unsuppressed operators and thus do not strongly depend
on the mixing angle. As in section 4.3, the dependence on £ is extremely mild. The case of
single-production is qualitatively similar, with more pronounced differences appearing for
large my in the case /s = my. From the figures we see that the RH neutrino can have,
for both final states, a prompt, displaced and stable behaviour, depending on the values
of my and A considered, although a detector stable N can only arise for my < 20 GeV
for A < 100 TeV. Clearly, if one considers only the decay induced by mixing suppressed
operators these will in general give larger values for the proper ¢r decay length, which are
compatible with a displaced or stable behavior for N and that can be of the same order of

magnitude as the one induced by the active-sterile mixing.

5 Production modes for RH neutrinos

At the renormalizable level, RH neutrinos are produced only via their mixing with the
active neutrinos, while at d = 5 two different production mechanisms arise: one from an
exotic decay of the Higgs boson and one from the exotic decay of the Z boson. These have
been studied in [66], where the N were considered to decay only via mixing, being this the
dominant mechanism for d < 5. The inclusion of d = 6 operators brings new production
modes for RH neutrinos. The main mechanisms can be divided in two categories.
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i) Single- and pair-production of N via four-Fermi operators,
it) N production via Z, W and h decay from d = 6 operators involving the Higgs boson.

In this work we focus on production via four-Fermi operators while we leave the analysis
of the production from SM boson decay for future work.
5.1 Single and pair-production of IN via four-Fermi operators

At lepton colliders there are three four-Fermi operators that can produce RH neutrinos.
The Of;, and Of;; operators generate the process £T¢~ — N;N; with a rate

2
1 4m? NG 1 TeV\*
=—— (s—4m%)/1 - — ~150fb < > 1
O ALY P (240 GeV) A) o B

while the operator O% NI induces ¢T0— — v, N; with a rate

2 2
1 m3 m3 Vs 1TeV\*
0N T 247 AL” <1_s> <1+8s ~300fb | Gy ( A ) o (5:2)

where the numerical approximation is valid in the massless limit. In both cases we have set

to unity the Wilson coefficient of the operator inducing the process and assumed fixed flavors.
Appropriate multiciplicity factors must be included to compute the inclusive cross-sections
in all flavors.

As a preliminary indication, we can ask what is the maximum scale A that can be
tested by requiring the production of at least one signal event before enforcing any BR
factor and selection acceptance. As mentioned in section 3, we take as benchmark colliders
the FCC-ee at /s = 240 GeV, the FCC-ee at the Z pole, a pp collider with /s = 3 TeV
and CLIC at /s = 3TeV. For all these options, the considered integrated luminosities are
reported in table 2. The maximum scales that can be tested are show in figure 3, where
the left and right panel are for N pair- and single-production respectively. By comparing
this result with figure 1 we see that, for light N in the majority of the allowed parameter
space that can be tested, the decay of the RH neutrino will proceed via higher-dimensional
operators while for heavier N the decay might also proceed via active-sterile mixing.

Even if produced via a four-Fermi operator, the heavy N can nevertheless decay into a
yv final state. For instance, four-Fermi operators of the form (Ny*N)( fyu f) will induce
an unsuppressed pair-production cross-section ete~™ — NN and a decay N — v¢¢ which,
being mixing-suppressed, will typically be subdominant. In addition, this will also always
happen for my < 15GeV, see eq. (4.15). When singly produced via O% ;. instead the
main decay mode can still be the one into a SM neutrinos and a « if only O% 5 and 0% ;.
are present and my < 100 GeV, while it will decay into £T/~v otherwise.

All together, it is clear that one can envisage configurations where both the v+ and
3f decays can dominate when the RH neutrinos are produced via four-Fermi operators.
In order to be concrete, we thus analyze the two possible signatures in turn separately,
assuming a 100% exclusive decay for each mode and separately considering the possibility
of a prompt, displaced and collider stable behavior.
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Figure 3. Isocontours for the production of one ee — NN event from O%, v (left) and one
ee — vN event from 0%, (right) for different collider options, whose characteristics are reported
in table 2.

6 N prompt decay

As shown in figure 2 the RH neutrino can promptly decay into a v+ and 3f final state
in all the N mass range of our interest if A is sufficiently small. We start by considering
the exclusive N — vy decay, moving then to the N — 3f one for both N single- and
pair-production.

6.1 Decay N — v~y

When the dominant decay mode is the one into a SM neutrino and a photon we consider
the following processes for pair- and single-production of N

(0~ — NN — vvyy = Bp + 27, (6.1)

and
("0~ = Nv—wvvy=FEr+7. (6.2)

In the case of N pair-production, eq. (6.1), the final state consists in a pair of 7y and
Fp. Two operators can mediate the N pair-production: (’)]6\,67 n 1, Whose cross section is
reported, for each process, in eq. (5.1). For simplicity, and being conservative, we assume
that only one of the two operators is present and only one pair of RH neutrino is produced.
When the RH neutrino is singly produced, eq. (6.2), the final state consist of a single
photon and J7. Only one operator can mediated this process, O?Ve NI, Whose cross-section
is reported in eq. (5.2). We have implemented? the relevant higher-dimensional operators in

“MadGraph5_aMCNLO is not compatible with four-Fermi operators involving Majorana particles. We have
thus implemented an appropriate vYSMEFT UV completion and fixed the masses of the relevant state to a
value such that the EFT description applies.
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Figure 4. 95% CL exclusion limit for the prompt decay into v+ for N pair-production (left) and
single-production (right) for various collider options. Also indicated is the region where the decay
cannot be prompt so that the described analysis doesn’t apply. See text for more details.

the Feynrules package [84] and exported it under the UFO format [85] in order to generate
parton level signal events with MadGraph5_aMCNLO [86]. Events has been then analysed
with the MadAnalysis5 package [87-89]. The irreducible SM backgrounds ¢(T¢~ — yyFEr
and (T4~ — ~JF1 have been generated with the same prescription. At the analysis level, we
require the photon to be reconstructed with |n7| < 2.44 and, for the pair-production case,
that they are separated as AR(yv) > 0.1. We enforce the following cut on the photon(s):
in the pair-production case we apply p7. > 80 GeV, 20 GeV and 300 GeV for the FCC-ee at
/s =240 GeV, the FCC-ee at /s = myz and CLIC and the pu collider at 3 TeV respectively.
In the single-production case we apply instead pJ. > 20 GeV, 20 GeV and 300 GeV for the
same three collider options. The statistical significance is evaluated in units of standard
deviations as S/v/S + B where S and B are the final number of signal and background
events respectively.

We then show in figure 4 the 95% confidence level (CL) exclusion contours for the
four collider options for the pair-production (left) and single-production (right) cases
respectively. In the figures the gray shaded area is the region with Syecr > 0.1 cm, that is
where the RH neutrinos do not decay promptly and the analysis doesn’t apply. This region
is conservatively shown for y/s = 3 TeV and is smaller for lower collider energies, see figure 2.
In the pair-production case we observe that the FCC-ee running at the Z mass has a higher
sensitivity to this scenario with respect to the FCC-ee running at /s = 240 GeV, thanks
to the higher integrated luminosity of the first option. In the region where the prompt
analysis applies, the bound reaches its maximum at around mpy ~ 30 GeV, then depleting
at the mass threshold for N pair-production, where the 240 GeV run of FCC-ee will retain a
sensitivity up to A ~ 5TeV. Note that the bound on A from Higgs precision measurements,
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see eq. (4.18), partially covers these regions if the Og N operator is switched on. On
the other side a uu collider running at /s = 3 TeV will be able to test in principle up to
A ~ 20 TeV, while CLIC at the same center of mass energy will be able to test scales up to
A ~ 25TeV. However only lower scales will be effectively tested by this analysis since for
higher values of A the RH neutrinos will not decay promptly. We also note that the reach is
dramatically reduced with respect to the maximal one, left panel of figure 3, due to the non
negligible SM background for this process. On this respect the limits obtained in figure 4
can however be considered as conservative and can be improved by dedicated background
treatment and reduction, thus increasing the overall reach on A in a realistic analysis. The
results in the single-production case are qualitatively similar, albeit slightly weaker, with
respect to the pair-production scenario, due to the higher rate for the SM background.

6.2 Decay N — 3f

When the dominant decay mode is the one into three SM fermions, we consider the following
processes for pair- and single-production of N:

(0~ — NN — 6f (6.3)

and
(0~ — Nv—3fFr, (6.4)

where the fermion final state could also include quarks. These final state are similar to the
one that arises by singly or pair-produced N that decay via mixing, albeit with a different
kinematics.'? For the pair-production case we focus on the following process with a pair of

same-sign (SS) leptons, which is expected to be particularly clean
ete™ = NN — (F1*4q, (6.5)

where the four quarks arise from the virtual W decay and can be in any flavor combination.
As for the SM background, we follow the same procedure of [66] and compute the SM
background (T¢~ — (¢~ 4q, correcting it for a (flat) lepton charge mis-identification
probability factor of € . i, = 1073 [90], e.g. we compute the background yield as o+, 4g X
2 x € p(l — € . ip). At the analysis level, we require phs > 2.5GeV, pgp > 5GeV,
Inf| < 2.44, || < 2.4 and AR > 0.1,'" between the two leptons and a lepton and jet pair.'?
We furthermore consider the correct mass dependent SS branching ratio from the N decay
induced by 0%, ;. We thus obtain the 95% CL exclusion limit shown in the left panel of
figure 5, where we see that the FCC-ee will be able to test roughly A ~ 5TeV in the whole
considered N mass range for both runs at the Z pole mass and at /s = 240 GeV, while the

high-energy colliders will be able to test up to A ~ 20-25 TeV, although only in a smaller

°Tn practice, we consider a scenario where the decay is triggered by the O%.; operator, which mediate
N — ¢W*. Not being mixing nor loop suppressed, this decay is the dominant one even when the O% ;.
operator that mediate single-production and that can trigger N — ¢fv is switched on.

"'We require AR > 0.05 in the case of CLIC and the 3 TeV pu collider.

12We do not require jets to be isolated between themselves as we assume that they can be reconstructed
as fat-jet objects.
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Figure 5. 95% CL exclusion limit for the prompt decay into 3f for N pair-production for various
collider options. Also indicated is the region where the decay cannot be prompt so that the described
analysis doesn’t apply. See text for more details.

region the RH neutrino will decay promptly. For the single-production case, whose results
are shown in the right panel of figure 5, we study the single lepton channel

("0~ — Nv — 02qFr, (6.6)

and the corresponding SM irreducible background. Other than the same basic selection
cuts imposed in the pair-production case, we further impose a requirement on the missing
transverse energy E?iss > /s/3. This is motivated by the fact that in the signal case the light
active neutrino carries away ~ 50% of the available center of mass energy, while this is not
the case for the background processes, for which the [, distribution peaks at lower values.

7 N displaced decay

We now study the sensitivity for RH neutrinos decaying with a displacement which, as
discussed in section 4.6, we take to be between 1 cm and 100 cm from the primary vertex.
The final event yield for having reconstructed displaced events is parametrized as

Ng = Oprod X €p,, X €disp X £, (7.1)

where o104 is the pair-production or single-production cross section for NV and £ denotes
the total integrated luminosity. ep,, represents the acceptance for having a RH neutrino
decaying within a certain displacement from the primary vertex. This can be computed
from the exponential decay law, taking into account the Lorentz time dilation factor. We
then assign a probability for having the RH neutrino decaying at a distance Az =z — x;
which reads

z; rf

P(xi,xf) =e Prer —e Brer (7.2)
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Figure 6. 95% CL exclusion limits for the displaced decay into a vy final state for pair produced
(left) and singly produced (right) RH neutrinos. The solid lines correspond to eqisp, = 1 while the
dashed ones to €qisp = 0.3.

where the Svcr factors are reported in eq. (4.20) for pair-production and single-production
cases, for which the parameter n in eq. (7.1) takes the value of 2 and 1 respectively. This
means that for the pair-production case we ask to reconstruct both RH neutrinos as decaying
displaced. With egisp we instead parametrize the acceptance for reconstructing the displaced
decaying neutrino, which depend on the actual detector design and performances, and
which therefore we assume as a free extra parameter in the analysis. The irreducible SM
background is expected to be negligible on the considered decay lengths and we thus work
in the zero background hypothesis. We then show the expected 95% CL exclusion limits,
now obtained by requiring Ns; > 3, in figure 6 and figure 7 for the pair-production and
single-production cased under the assumption of exclusive vy and 3f decay respectively.
The solid and dashed lines correspond to the choice egisp = 1 and 0.3 respectively, while the
different colors represents the different collider options.

From the results we observe that a displaced analysis at the FCC-ee running at
Vs = 240 GeV can be sensitive to O(10TeV) NP scale with a 30% efficiency on the
reconstruction of the displaced for my < 10 GeV in the pair-production case, while a higher
reach can be attained in the single-production scenario. The FCC-ee running at the Z pole
mass can slightly increase these reach due to the large integrated luminosity, while the
3 TeV collider prototypes can reach up to A ~ 50-60 TeV for my ~ 40 GeV.

8 Detector stable N

Finally, we discuss the possibility of detector stable RH neutrinos, e.g. the case in which
the decay happens more than 500 cm away from the interaction vertex. In this case, both
pair-production and single-production give rise to a totally invisible final state. This process
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Figure 7. 95% CL exclusion limits for the displaced decay into a 3f final state for pair produced
(left) and singly produced (right) RH neutrinos. The solid lines correspond to eqisp, = 1 while the
dashed ones to €qisp = 0.3.

can be targeted through the emission of an initial state photon, producing a mono-v
signature, /¢~ — yFp, which has as SM background ¢T¢~ — vifp. In [91] exclusion
prospects for various four-Fermi operators producing a weakly interacting massive particle
dark matter candidate were given using a full detector simulation of the International
Linear Detector prototype for the International Linear Collider. Moreover, rescaling factors
for different collider energies, luminosities and beam polarizations where provided. Based
on these results at the FCC-ee with 5ab~! of integrated luminosities, cutoff scales up to
A ~ 1.5TeV can be tested in the pair-production case. In the single-production case the
cross-section is larger than in the pair-production case but the photon spectrum is expected
to be more similar to the SM due to the presence of only one heavy particle in the final
state. Overall we thus expect the exclusion reach on A to be similar to the one of the
pair-production case. However for such low scale the RH neutrino N — v decay happens
inside the detector, see figure 2, unless there is a cancellation among the ayyp and aryw
Wilson coefficient, see eq. (4.2). If the dominant decay is N — 3f instead, the RH neutrino
can be stable on detector lengths if A > 750 GeV and my < 2GeV, so that the derived
limit of 1.5 TeV applies.

For higher center of mass energies we can again use as a guidance the results of [91].
Here the derived reach of CLIC at /s = 3TeV with 1ab™! of integrated luminosity is
A ~ 10TeV. For CLIC and the 3TeV up collider at the same center of mass energy we
expect a reach in the same ballpark, although a dedicated study is required for a quantitative
assessment. By again a comparison with figure 2 we see that a reach of 10 TeV on A will be
able to prove detector stable RH neutrinos up to 5 GeV and 10 GeV if the only available
decay mode is the one into vy and 3f respectively.
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Figure 8. Summary of the main results of this paper. Left panel: 95% C.L. exclusion limits for
RH neutrinos decaying via N — v~. Right panel: same as in the left panel, but for RH neutrinos
decaying via N — 3f. In the gray region the decay is displaced. The solid lines show the sensitivity
for prompt decays (valid in the white region), while the dashed lines show the sensitivity for displaced
decays. The latter curves are drawn considering an efficiency of reconstruction of 30%.

9 Conclusions

In this paper we have considered the ¥*SMEFT and studied how the RH neutrinos N
production and decays may be affected by the inclusion of d = 6 operators. More specifically,
we have studied the reach of future Higgs factories machines on the cutoff scale A at which
the EFT is generated. We focused on four representative machines: the FCC-ee at two
different center-of-mass energies, /s = 90 GeV and /s = 240 GeV, CLIC at a center of
mass energy of 3 TeV and a representative muon collider with /s = 3 TeV.

The complete list of non-redundant d = 6 operators is presented in table 1. At the level
of production, the d = 6 operators induce either IV pair- or single-production. On the other
hand, at the level of decays, they induce the modes N — vy and N — 3f, where various
fermions combinations are possible. The former will dominate for RH neutrino masses
my < 15 GeV, while the latter will dominate for larger masses, unless the only operators
switched on induce a mixing-suppressed decay. Even more interestingly, depending on the
RH neutrino mass and on the cutoff scale A at which the EFT is generated, the decays can be
prompt, displaced or the RN neutrinos can be collider stable. The phenomenology crucially
depends on their decay behavior and we have analyzed in detail all three possibilities. Our
analysis is reported in section 6, section 7 and section 8 for the three possible RH neutrinos
lifetime. We then summarize the results for convenience in figure 8, in which, for the Higgs
factories considered in this work, we show the 95% C.L. exclusion on the scale A as a
function of mpy. We consider RH neutrino masses up to 80 GeV. For larger masses, the W
boson can be produced on-shell in the N decays and our analysis should be slightly modified.
We postpone the analysis of such case to future work, although we do not expect major
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changes with respect to the results shown here. In the left panel we consider the decay
channel N — v+, while in the right panel we show the results for N — 3f. In both panels,
the gray region denotes the parameter space in which the RH neutrino decay is displaced.
The solid lines show the exclusion (combining pair and single-production) computed with
prompt decays, an analysis valid in the white region. The dashed lines, on the contrary,
show the exclusion limit considering displaced decays with an efficiency of reconstruction
of 30%. In the region of validity of the prompt analysis, the FCC-ee will be able to probe
scales up to A ~ 7TeV, while larger values, up to A ~ 20-30TeV, can be probed with a
displaced analysis. These conclusions are valid for both decay channels. In the case of the
colliders at 3 TeV, on the other hand, scales up to A ~ 20 + 30TeV can be probed while the
displaced analysis, on the other hand, allows to probe scales up to A ~ 60 TeV.
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A Spin averaged matrix elements for N decay

We list here the spin-averaged matrix elements |M|? = %Zspins |M|? for the three body
decays of the RH neutrino via the d = 6 operators that proceed through an off-shell boson
considered in the text. The kinematics is fixed as 1 — 2, 3,4 and we define m%j = (pi+ pj)Q.
The final state SM neutrino is always considered to be massless while, depending on the
simplicity of the expressions, some of the amplitudes are reported in the limit of vanishing
masses for the other final state fermions. From these amplitudes squared the partial widths
are readily obtained as [92]

1 L=y o 2
I' = me\/” dm23dm34. (Al)
Decay from O% Ng: N —=>vH* H* — f f. This amplitude include the contribution
from both the decay modes due to the Majorana nature of the involved particles. With

m3 = my = my it reads

vmf>2 (miy —m3,)(m3, —4m?¢) (A.2)

A? (m§4 - m%{)Q

— 9
IMP* = |(ervm)ail 1 (

Decay from (’)?VH: N — vZ*,Z* — ff. Also in this case the amplitude includes
both decay modes due to the Majorana nature of the involved particles. In the limit
m3 = my = my = 0 it reads

— 21 e 4 v\?
M2 = [kt 5 (25 ) 0h+ab) (§)
ww
m3(2m3s + m3,) — 2ma3 — 2mizm3, — m3,
2 b

(m§4 - m2z)
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where

gL = t3 — qs%m Jr = _qsgu' (A.4)

Decay from O?VeH: N — ¢W*, W* — fsfs. Here the reported amplitude is for just
one of the two charged-conjugated decay modes. Setting mg = my = 0and mg,, =m34 =0
one obtains

2 974 (”)4 (miy — m3z — m3y)(m35 +m3,) (A.5)
2 (m3y — m%v)z . '

[MP = |(@fermio

A

Decay from O%NB’W: N — vZ*,Z* — ff. Again the amplitude include the
contribution from both the decay modes due to the Majorana nature of the involved
particles. By setting m3 = m4 = m; = 0 one obtains

6 6 2 2.9
w2 g yB)aicw + (O vy )aiSwl e VT 9 2\ 2
IM|* =4 (1672)2 St F(gL + gRr) M3,

2m3s(m33 +m3,) + my — m% (2m3s + m3,)

(m§4 - m22)2

. (A.6)

Decay from O% Nw: N = EW* W* — f3 fa. Here the amplitude squared is for just
one of the two charged-conjugated decay modes. With all massless final states one obtains

(08 N )ail? 4% m3sm3,(ms + m3y)

L
ME="er2z AT (m3, —m3,)?

(A7)

Decay from four-Fermi operators. For four-Fermi operators of vector type involving
two RH neutrinos we have that, in the limiting of vanishing final state masses,

|(@%)50;0

‘H‘Q - A4

[(2m%3 + m3,)my — 2mas — 2m3zm3, — méd ; (A.8)

where o is the appropriate Wilson coefficients. Once more, the amplitude refers to only
one channel. The same averaged squared amplitude is obtained for the operator O?Vedu
(without the mixing suppression). As for the scalar four-Fermi operators, under the same
conditions as above we obtain

‘(aﬁ)ia‘z 2

IMF = Wmiﬂ

(MR —m3y). (A.9)
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