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Abstract With very few exceptions, the large amount of
available experimental bounds on heavy neutral leptons —
HNL - have been derived relying on the assumption of the
existence of a single (usually Majorana) sterile fermion state
that mixes with only one lepton flavour. However, most of the
extensions of the Standard Model involving sterile fermions
predict the existence of several HNLs, with complex mixing
patterns to all flavours. Consequently, most of the experimen-
tal bounds for HNLs need to be recast before being applied to
a generic scenario. In this work, we focus on LHC searches
of heavy neutral leptons and discuss how to reinterpret the
available bounds when it comes to consider mixings to all
active flavours, not only in the case with a single HNL, but
also in the case when more heavy neutral leptons are involved.
In the latter case, we also consider the possibility of inter-
ference effects and show how the bounds on the parameter
space should be recast.
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1 Introduction

Generating neutrino masses and their mixing as observed in
neutrino oscillation phenomena requires to go for beyond
the Standard Model of Particles (BSM). Many options are
presently explored as extensions of the Higgs and/or gauge
sectors, most of the time with new fields within the particle
content. In particular heavy neutral fermions, such as right-
handed neutrinos vg, are often present as building blocks of
several neutrino mass generation mechanisms. For instance,
at least two vg are required to accommodate light neutrino
masses via the type-1 seesaw mechanism [1-5]. Moreover,
in several variants of the type-I seesaw realized at low scale,
other sterile (from SM gauge interactions) fermions vg are
considered, as in the case for the Inverse [6—-8] and Linear
[9,10] seesaw mechanisms; these variants allow to have large
neutrino Yukawa couplings with a comparatively low seesaw
scale, potentially within reach at colliders. From now on, we
will refer to these states (Vg s) as Heavy Neutral Leptons
(HNL).

Due to the presence of HNLs, the charged and neutral cur-
rents are modified, with the leptonic mixing matrix encoding
now not only the PMNS mixing matrix [11,12], but also the
active-HNL mixings Uy, @ = e, i, T. With these modifi-
cations and depending on the mass scale of these new neutral
leptons, one expects an impact on numerous observables and
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thus to abundant constraints on the plane (My, |Uyn |2) (see
Refs. [13—15] and references therein).

In this work we will be interested in HNL searches at high-
energy colliders, mainly at the LHC due to its current exten-
sive program dedicated to HNL searches, see for instance
[16], and the numerous dedicated works and analyses [17—
58]. With very few exceptions, the large amount of available
HNL bounds have been derived relying on the assumption of
the existence of a single (usually Majorana) HNL that mixes
with only one lepton flavour. However, most of the BSM
scenarios involving new neutral leptons address the lepton
mixing as a whole, as it impacts flavour physics studies and
lepton properties — Dirac or Majorana nature for neutrinos —
with different lepton number conserving/violating processes.
The mixing pattern in these scenarios is expected to be quite
complex, so applying the bounds from negative searches on
the HNL space of parameters derived in the context of simpli-
fied hypotheses (with only one HNL which mixes to only one
active flavour) does not seem adequate. Indeed, as we will
see, using these limits directly will in general overconstrain
the parameter space. Consequently, most of the experimental
bounds for HNL need to be recast before being applied to a
generic BSM scenario.

The motivation for reinterpreting LHC bounds in general
is a well-established topic, see for instance Ref. [59] and
references therein. In the context of HNL searches, the rein-
terpretation of the obtained bounds on the HNL mixings to
active flavours has been addressed in previous works, as in
for instance Ref. [50] discussing searches for Heavy Neutral
Leptons with Displaced Vertices, and more recently in Ref.
[58] focusing on HNLs decaying promptly to a tri-lepton final
state. In the latter, the single-flavour mixing results obtained
by ATLAS have been recast to a low-scale seesaw model
with a pseudo-degenerate pair of HNLs, the most minimal
and simple extension in order to accommodate neutrino oscil-
lation data (the lightest neutrino being massless). Due to the
simplicity of this model, the active neutrino masses and mix-
ings determine the flavour pattern of the HNLs [60,61], and
it is possible to define benchmark points beyond the single-
flavour scenario [62]. While being a very interesting scenario,
as it is probing the parameter space connected to light neu-
trino masses, this approach has the drawback of being model
dependent. For example, considering other sources for light
neutrino masses,! such as additional HNLs not necessarily
within the LHC range, could spoil the correlation between
light and heavy sectors that motivated the definition of these
scenarios.

For this reason, in this work we will follow a different
approach. We will instead work with physical HNL states

! This would actually be needed in order to relax the hypothesis of
the lightest active neutrino being massless and thus have in general 3
massive active neutrinos.

@ Springer

with independent mixings and masses, with the motivation
of covering every scenario that could be realized at generic
BSM models. We will also discuss how to go beyond the
simplest single-flavour mixing scenario, however we will
not attempt to explain light neutrino masses and mixings.
This idea is actually the most straightforward extension to
what is usually assumed at LHC searches. In doing so, we
will discuss what would be the most relevant quantities to
be bounded experimentally in order to easily reinterpret the
results.

Furthermore, we will also extend the study to the case
where more than one HNL is present and, in particular, tak-
ing into account possible interference effect when at least
two heavy neutral leptons are in the same mass regime
(nearly degenerate or possibly forming a pseudo-Dirac neu-
trino pair). This possible interference effect can lead to dif-
ferent bounds on the active-sterile mixings, see for instance
[63-65].

This work is organised as follows: after having thoroughly
discussed the status of high-energy collider searches of HNL
in Sect. 2, a first insight of going beyond the single active-
sterile mixing approximation is examined in Sect. 3. In this
section, we also discuss how one would reinterpret exper-
imental data from branching ratios to limits on the model
parameter space, i.e. HNL masses and mixings. In Sect. 4, we
consider the generic case of having more than one HNL and
discuss possible changes in the interpretation of the bounds
on HNL, in particular when the interference effects can be
relevant. Final comments are collected in Sect. 5. Further
details for deriving the relevant amplitudes are collected in
the Appendices.

2 Status of HNL searches at high-energy colliders

Heavy Neutral Leptons can be searched for in a wide variety
of processes and experiments, the HNL mass being the key
ingredient to decide which is the optimal one. HNLs lighter
than the GeV scale can lead to signatures in nuclear 8 decays
or in leptonic or semileptonic meson and tau decays, while
heavy HNL above the TeV are better explored indirectly by
electroweak (EW) precision observables or rare flavour pro-
cesses. For a detailed review of all these signals and experi-
mental status, see for instance Refs. [13—-15].

Here, we are interested in the intermediate regime, with
HNL masses My ranging from few to hundreds of GeVs.
Such HNLs could be directly produced at high-energy col-
liders and their lifetimes are usually short enough to decay
within the detectors, so we could discover them looking for
their decay products. As these are weak processes, the Stan-
dard Model boson masses obviously define the relevant scale



Eur. Phys. J. C (2022) 82:1030

Page 3 of 17 1030

to be compared to. Along this work, we will refer as light>
HNL to those with masses lighter than the W boson, and as
heavy HNL to the ones with My > My . Extensive reviews
about HNL searches at colliders can be found for instance in
Refs. [66-68]. Here we just summarize and update the list of
experimental analyses, introducing at the same time the most
relevant aspects that we will use in our discussion in the next
sections.

As in any collider search looking for heavy unstable par-
ticles, we need to consider both the production and the decay
channels of the HNLs. At a hadronic collider such as the
LHC, the main production channel comes from Drell-Yan
W and Z bosons,

pp— W% > N¢F and pp - 2% — Ny, (1)

where the gauge bosons could be on- or off-shell, depending
on whether the HNL is lighter or heavier than the W or Z
bosons. Additional production channels could also arise from
the Higgs (H) boson decays, which could be motivated in
several models providing large neutrino Yukawa couplings.
Unfortunately, Higgs bosons are produced less abundantly
than weak bosons, so they are usually neglected. Moreover
the W channel has the additional prompt charged lepton that
can help triggering the process and reducing backgrounds,
and thus experimental searches focused mostly on this chan-
nel. Nevertheless, it is worth mentioning that for very heavy
masses, at around the TeV scale, vector boson fusion chan-
nels such as Wy or WW become important and could even
dominate the production of HNLs [25,27,57]. Indeed, the
latest CMS analysis [69] already included the Wy channel
in order to enhance their sensitivity to high HNL masses.

After being produced, a HNL of several GeVs, but still
lighter than My, will decay dominantly via off-shell W or
Z bosons to a 3-body final state

N — ¢£jj, 2)
N — Eaiﬁgv,g . 3)
N = vy jj, “4)
N = vty lf ®)
N — 3v. (6)

On the other hand, if My is above the EW scale, the dominant
decays will be to on-shell W, Z and H bosons, i.e. N —
(*W¥F, vZ, vH. These 2-body decays will be followed by
the decay of the heavy bosons, leading at the end to the same
final states as before. Nevertheless, it is important to keep in
mind that the kinematics in these two mass regimes will be
different.

Combining both production and decay channels, we get a
full process such as the example shown in Fig. 1. Depending

2 Light in the context of high-energy collider searches.

Fig. 1 Drell-Yan HNL production leading to a dilepton signature. The
thunder-shaped arrow indicates that the HNL could be of Dirac or of
Majorana nature, short- or long-lived

on the relative size of My and My, either the first or the sec-
ond W boson will be on-/off-shell, distinguishing the light
and heavy HNL regimes. A full catalogue of HNL signatures,
combining the different production and decay processes, can
be found for instance in Ref. [70]. Here we focus only on
those that have been already searched for at the LHC, which
we collect in Table 1. We notice that similar searches consid-
ering the existence of right-handed currents have also been
performed [71-78], and could in principle be recast to our
setup. Nevertheless, one would naively expect lower sensi-
tivities, as they are optimized for heavy right-handed gauge
bosons.

Most of the LHC searches focused on the smoking gun
signature for Majorana neutrinos, the same sign (SS) dilepton
final state:

pp — LEN — LEl5 +nj. @)

Here, the lepton pair is accompanied by at least two jets (see
Fig. 1), unless M is much lighter or much heavier than My,
which leads to boosted objects and collimated jets that are
reconstructed as a single one.

Being a LNV process, the SS dilepton does not suffer
from severe SM backgrounds. Unfortunately, current col-
lider searches are sensitive only to relatively large mixings
between the HNL and the active neutrinos, too large to
explain the masses of the light neutrinos unless a symmetry
protected scenario is invoked. More specifically, this symme-
try is an approximated conservation of lepton number [79],
which also suppressed the expected LNV signal from HNLs
(see however Refs. [80-82]).

From this point of view, searching for opposite sign (OS)
dileptons, as done by LHCb [83], seems more relevant to
explore theoretically motivated scenarios. The drawback is
the large amount of background from Z — £7¢~ decays,
which reduces the sensitivity. A possible alternative would
be focusing on LFV channels to reduce backgrounds [32,52].

Yet another alternative considers the fully leptonic process

pp— N — LTy, (8)

This channel has a trilepton signature, rather clean in a
hadronic collider, nevertheless it also has a source of MET,

@ Springer
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Table 1 HNL searches at the LHC, classified according to the type of signal searched for. OS/SS are for opposite/same sign for the charges of final

leptons and nj for a number # of final jets

Channel Lepton flavour Experiment Vs (TeV) L (b1 My (GeV)
Prompt SS dilepton pp — £EN — (§£§ +nj ee/ CMS’12 [87] 7 4.98 (50, 210)
L CMS’15 [88] 8 19.7 (40, 500)
eefep CMS’16 [89] 8 19.7 (40, 500)
ee/ ATLAS’15 [90] 8 20.3 (100, 500)
eefen/p CMS’18 [69] 13 359 (20, 1600)
L LHCb’20 [83] 7-8 3.0 (5, 50)
Prompt OS dilepton pp — (XN — e;;e; +nj o LHCb20 [83] 7-8 3.0 (5, 50)
Prompt trilepton pp — Z(:fN — Zfﬁ?@zv eee +ee /e + pupe CMS’18 [91] 13 359 (1, 1200)
eep/upe ATLAS’19 [84] 13 36.1 (5, 50)
Displaced trilepton pp — Lo N, N — £gl,v n—el/i— i ATLAS’19 [84] 13 329 (4.5, 10)
6 combinations of e, ATLAS’22 [85] 13 139 3,15)
6 combinations of e, CMS’22 [86] 13 138 (1, 20)

which might spoil the complete reconstruction of My . The
trilepton channel offers the possibility to search for both
LNV and LNC signals, however most of the experimental
analyses still focus only on the LNV channels as to reduce
backgrounds, again from Z — £*£~. For example, ATLAS
searched [84] for eTe® ¥ and u® T e¥ channels?, but not
for eTeFu® and u*tpuFe®. CMS did something similar for
light HNLs, although they also included channels with OS but
same flavour lepton pairs in the heavy HNL regime, removing
only those events with lepton pairs compatible with adecay of
a Z boson [69]. As stated before for the SS dilepton channel,
searching for HNLs without assuming their Majorana nature
will be helpful to probe scenarios compatible with neutrino
oscillation data, and thus with potentially suppressed LNV
signals.

Finally, it is important to stress that improving the exper-
imental sensitivities to smaller values of mixings implies
exploring HNL with longer lifetimes, which can travel
macroscopic distances before decaying. Such long-lived
HNL would avoid the searches mentioned so far, as they
all assumed prompt decaying HNLs, and therefore we need
a dedicated search for this kind of topologies. Recently, both
ATLAS [85] and CMS [86] have searched for displaced
vertex signatures for light HNLs, setting the strongest con-
straints for GeV masses up to 20 GeV. This can be seen in
Fig. 2, where we summarize all the relevant LHC constraints
explained in this section.

3 Having an undetected (anti)neutrino, it is not always possible to define
a LNV or LNC process unambiguously. Assuming the presence of a
HNL that mixes only to electrons or to muons, as ATLAS did, the
eTer ¥ and pu*puFe¥ channels are originated only from LNV pro-
cesses. However, this is not anymore true if the HNL mixes to both
flavours [58].

@ Springer

Searches at lepton colliders

Despite the fact that our current most powerful high-energy
collider is a hadronic one, it is important to stress that lep-
ton colliders are extremely relevant for HNL searches. Not
only due to the impressive sensitivities expected at future
leptonic colliders such as the FCCee [93], but also because
HNL searches at LEP still provide the most relevant limits
for some My hypotheses.

The great advantage of a leptonic collider is its clean envi-
ronment, in contrast with the hadronic ones. In the case of
LEP, they combined this cleanliness with the huge amount
of Z bosons they collected to search for HNLs produced in
Z — vN.Moreover, they considered both visibles and semi-
invisible HNL decays, such as monojet final states [94]:

ete”™ > VN = vvqq , )

with the gg pair clustered as a single jet due to the large HNL
boost (efficient for My < 30 GeV). For heavier masses,
My € (30, 80) GeV, the signature was composed by two
jets with or without a charged lepton. Such a search would
be very challenging at a hadronic collider, however it has
the advantage of being sensitive to all flavours, including the
mixing to the t lepton, not explored so far by LHC searches.
The DELPHI resutls [94], derived for both long-lived and
prompt light HNLs, were not improved (for mixings to e and
w flavours) by LHC until very recently, and still dominate
for some mass ranges (cf. Fig. 2).

Additionally, the L3 collaboration explored the heavy
HNL regime by considering their production via the t-
channel W diagram [95]. This process dominates the heavy
HNL production at a eTe™ collider running above the Z
pole, however it is sensitive only to mixings to electrons.
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The results by L3 still provide the strongest limits for masses
between 100 and 200 GeV.

Despite the great effort in the search for HNLs by both
LEP and LHC, it is important to analyze their implications for
realistic models introducing and motivating the existence of
HNLs. A common feature of all these searches is the assump-
tion of a simplified scenario, most of the time consisting on
a single HNL mixing to a single lepton flavour, which is not
the standard hypothesis one would use from the theory side.
To our knowledge, the only exceptions to these simplifica-
tions are provided by the recent ATLAS search for long-lived
HNLSs that also considered a minimal but realistic 2HNL sce-
nario [85], and CMS searches for SS e final states [69,89],
although still neglecting the mixing to taus. In the two fol-
lowing sections, we discuss the importance of going beyond
these simplified scenarios to explore more realistic scenarios.

3 Beyond the single mixing assumption

As explained in the previous section, most of the LHC anal-
yses are done assuming the existence of just one HNL that
mixes to a single flavour, which we referred to as the single
mixing scenario. In this section, we consider deviations from
this simplified hypothesis and discuss their implications for

reinterpreting the LHC bounds summarized in Fig. 2. In par-
ticular, we focus only on prompt searches, while the impli-
cations for long-lived HNL were discussed in, for instance,
Ref. [50].

For simplicity, we still consider the presence of a single
HNL (we will discuss deviations from this hypothesis in the
next section), however we open the room for generic mix-
ing patterns. Moreover, we will follow a bottom-up approach
where the SM is extended by ad-hoc masses for the 3 active
neutrinos, as required by oscillation phenomena, and by the
presence of the additional HNL N. This framework is useful
to study, in particular, the collider phenomenology of HNLs
without assuming any specific underlying model or mecha-
nism of light neutrino mass and leptonic mixing generation.*

In such a framework, the lepton mixing matrix is thus
enlarged to a 4 x 4 unitary matrix

3x3 y73x1

U, = va UvN
v U1><3 U1><1 )

Nv YNN
so the would-be-PMNS matrix U, is no longer a unitary
matrix, a feature which is indeed used to constrain these mod-

(10)

4 Notice however that reproducing oscillation data in a given framework
may introduce relations between the HNL mass and mixings, shrinking
the parameter space we will consider.

@ Springer
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els [92], and the fourth column contains the HNL mixings to
each flavour:

ULy = (Uen. Upn. Uen) . (11

For our discussion, it is interesting to parametrize this column
as

ULy = VU2 (ee. . 67) | (12)

where U? represents the total (squared) mixing of the HNL
and the &, its flavour strengths, with |g, |>+ lew 2+le. > = 1.
Notice that this framework is precisely the one considered
by most LHC analyses, the only difference being that they
simplify it by setting the a priori non-relevant mixings to
zero. Here, we are interested in knowing how these bounds
need to be modified in a generic mixing pattern scenario.

The reason why we expect the bounds to be modified is
twofold. The first reason is due to the importance of the HNL
decay width, which depends on every mixing Uy 5, and which
plays a major role in the resonant searches (on-shell produced
HNL) we are interested in. This means that the final cross
sections will depend on all of the mixings, even on those
flavours that are not explicitly present in the charged leptons
involved in the process. The second reason is that for some
channels, considering generic mixings could open new con-
tributing diagrams, which could modify the distributions and
thus the efficiencies of the searches as discussed thoroughly
in Ref. [58]. Complete expressions for the computation of
the total decay width I'y can be found for instance in Ref.
[96], however for our purposes we parameterize it as

Ty = |Uen*T% + |Uun P Th + Uy P T (13)

where I'}; stands for the sum of partial decay widths depend-
ing on the mixing Uy, after factorizing the |U,y|*> depen-
dence itself. Thus, I'}; are independent of the mixings (at
leading order) and depend only on the HNL mass. More-
over, when the HNL is heavy enough so that we can neglect
charged lepton masses, we get I'§, =~ FK, >~ I'};, and thus

Ty o Y |Ua|* = U2, (14)
o

With this discussion in mind, we can now study how the
different processes displayed in Table 1 depend on the HNL
mixings. Let us start focusing on the dilepton channels, the
most straighforward case as we only need to track the effect
of the HNL total decay width.

In the narrow width approximation, the processes with
SS and same flavour dileptons can be factorized in the pro-
duction of the HNL together with a charged lepton, times
its subsequent decay to the same lepton plus jets. The first
part depends only on the mixing to the flavour of that lepton,
however the second one involves all the mixings due to the

@ Springer

HNL decay width. More explicitly, we have

o(pp — LEN — 0E6E + nj) o |Upy |2
|UozN|4

BR(N — £Zjj) oc —2—, (15)
Iy

or, assuming a heavy enough HNL,
o(pp — CEN — (E0E +nj) oc U |eq|* (16)

Then, we clearly see that those bounds obtained in the single
mixing benchmark (¢, = 1) will be relaxed in a general
flavour scenario with a fixed U2, since in general we will
have |504|2 < 1. This is actually the expected behaviour, as
switching on other mixings opens for new decay channels,
so not every produced HNL will decay to the final state we
are searching for.

We can repeat the exercise for the different flavour SS
dilepton processes. Obviously, the minimal setup in this case
requires to have two non-zero mixings, which leads to two
diagrams that in principle interfere. Nevertheless, using the
narrow width approximation, we can see that both diagrams
cannot resonate at the same time, so we can neglect the inter-
ference and add both processes incoherently:

o (pp — (x5 +nj) o< (|Uan2BRWV — £5)))
+ Usn P BRIV — ££))))

Uan|*Upn|?
O(| aN|| ﬁN| 0<U2|8a|2|8ﬁ|2-
Iy

7)

The case of the trilepton channels can be more involved,
mainly because we cannot know the lepton number and the
flavour carried by the missing (anti)neutrino. Let us con-
sider first the case of same flavour trileptons. There are two
contributing diagrams, one with a neutrino and one with an
antineutrino, which we can add incoherently.5 Then, consid-
ering for simplicity a W Drell-Yan channel, we have

o

o(pp — ¢Sehe; + Er) <|UaN|2BR(N — 50 0y)
+Uan|* BR(N — Z;E;rvo,)> . (18)

Notice that the first contribution is mediated by the Majo-
rana nature of the HNL, while the second one is of Dirac
type. In principle, both contributions are identical when inte-
grated over the full phase space. However, different spin-
correlations induce different angular distributions, which
might translate into different acceptances under a given

> If light neutrinos are of Majorana nature, then there is an interference
term, which is however negligible as it is proportional to light neutrino
masses.
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experimental analysis. Still, both channels have the same
flavour dependence, so we can write,

o(pp — LI + Er) o Uy |?

|UDtN|4

BR(N — £y lyvy) ox U? |eg|*. (19)

When the trilepton signal involves leptons of two differ-
ent flavours, we need to consider two subcases: the same-
sign same-flavour (SSSF) and opposite-sign same-flavour
(OSSF). These channels are trickier because in a generic
flavour pattern there are new diagrams not present in the sin-
gle mixing scenario. For instance, in the case of the SSSF,
we have two types of contributions:

Majorana-like: pp — (f N, N — Z;{ZE g, 20)
Dirac-like: pp = LGN N = L5l vy
It is clear that the first process requires of a Majorana HNL,
while the second one needs mixings to both flavours. As
before, the interference is negligible, so we have

o (pp = 0505 + Er) o (1Uan2BRIN — €55 7p)

+Uan|? BR(N — z;zj;va)) . Q1)

Due to the missing (anti)neutrino, both processes are almost
identical at the LHC, with the only difference coming again
from the different distributions and acceptances of the exper-
imental analysis. This was studied in detail in Ref. [58] for
the case of light HNLs. Nevertheless, in order to get a first
rough estimate, we can neglect these differences and write

o(pp = €550 + Ex) o |Uan |

|Uan|* + |Ugn |

o U |eg|* (Ieal® + legl?) . (22)
Iy

Table 2 Summary table for generic flavour dependences of dilpeton
and trilepton channels at the LHC assuming a single Majorana HNL
with generic mixing patterns. Flavour indices are to be understood as

The case of OSSF is similar, although now the roles of Majo-
rana and Dirac HNLs are flipped:
Majorana-like: pp — SN, N — €5, Vg,

(23)

Dirac-like:  pp = LIN, N — £, L5vp.

Moreover, since we are working in the prompt HNL regime,
we can also have pp — K;‘N, N — ¢}, vy. This means
that a proper recasting of this kind of signals would require
to compute the efficiencies for all these diagrams. If, for the
shake of this discussion, we neglect these effects again, we
get:

o(pp — Lyt 65 + Er)
o (1UanPBRON — £ £5vg) + [Uan P BRIV — €€, 70)
+ |UsnPBR(N — €5 € vg) + [Upy 2 BR(N — e;;e;f)a))

5 [Uan? +31Ugn ?

oc U? leal? (leal® + 3lepl?) .
'y

(24)

X |Ugn |

Finally, and even if no LHC searches have been performed
so far, we can also consider the case with 3 different flavours.
Following the same steps, we get

o(pp = LS4, + Er)
oc (|U0,N|2BR(N — 060, + [Uan > BR(N — €, €5 vp)
+ [Usn > BR(N — €5, 94) + |Ugn|* BR(N — z;zjva))

oc U {leal® (1 = leal?) + 1ol (1 = lepl?) | (25)

We summarize our discussion in Table 2. Here, we assume
a Majorana HNL, although a similar table can be easily
obtained for Dirac HNL by just switching off the LNV chan-
nels we discussed above. This is done in Table 3. Notice how
some channels that were designed for Majorana HNLs are

different, i.e. « # B # y. For trileptons, we are neglecting the effects
of differential distributions, as discussed in the text

Process (prompt)

Relevant parameters (Majorana HNL)

Approx. Complete dependence
. 2 ..
pp = LELE +nj U2 |eql* |Uan|" BRIV — €2 )
pp — Ll +nj U? leq|? eg)? Uan P BR(N — €5 jj) + |Upn > BR(N — €£j)
pp — LEete, + Er U? |eq|* |Ugn > BR(N — €305 0y) + [Ugn|> BRIN — €5 €5 vy)

U? |sal® (6ol + ep1?)
U? lea|? (leal? + 3legl?)

U2 el (1—leil?)

i=a,f

pp = Gty + Er
pp = 5l 65 + Er
pp — Eof[gf; +Er

|Ugn|? BR(N — ereyvp) + |Uyn | BR(N — €505 va)
|Uan|* BRIN — £5€5v) + [Ugn|* BR(N — £, €5 v)
|Uan | BR(N — €56, ) + [Ugn|* BR(N — £5€,v)
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Table 3 Same as Table 2, but for Dirac HNL. We give the OS dileptons in this case, since the SS are not sensitive to Dirac HNLs

Process (prompt)

Relevant parameters (Dirac HNL)

Approx. Complete dependence
. 2 ..
pp = LG F +nj U? leal* |Uan | BRIV — €5 )
pp = LEL] +nj U? leal® lep? |Uan* BRON — €5 jj) + |Upn > BR(N — € )
pp — LEere, + Er U? |eg|* |Uan > BR(N — €5 €5vy)
pp = L5ty + Er U? |eg|*leg? |Uan P BRIN — €565 vq)

U? lea|® (6ol + 1617
U? |5)/‘2 (1 - |‘9y|2)

pp = 5l 65 + Er
pp— L5, + Er

|Uan > BRIN — £5€4vp) + |Upn > BRIV — £5 €5 vq)
|Uan 1> BR(N = £, €5 vp) + [Upn > BR(N — €, €5 vq)

1.0

@® General Mix.
Single Mix.
0.9

5x107%}
1x1073}
Y 0.6 4~ o~ E
W\Q < 2. 5x1074F
N 05 Z4, bi
S it =)
Q 04 &
04 1x1074¢
08 /g Ay 03 5x1075}
- s e : 0.2 F
09 /% 7% 7% AN 7N AN AN AN
T 00 . . 0.1 5
S VAVAVAVANAVAV. N/ \ 11070 20 30 40 50 60
7777 77 77 7700
00 01 02 03 04 05 06 07 08 09 1.0 My [GeV]

|Uen|?/U?

Fig. 3 Rescaling of the bounds on U, x |2 from CMS [69] (solid red line) and LHCb [83] (solid blue line), fixing the active—sterile mixings to
the values corresponding to the green points 1 — 4 in the ternary plot on the left. The orange squared point represents the single mixing case

also sensitive to Dirac HNLs in the case of having generic
mixing patterns, as it was already discussed in Ref. [58].

These tables are to be compared with the minimal mix-
ing scenario where all of the processes scale as |Ugy|?, or
\Uan*1UpN?/({Uan |* + [Upn ) for o # . However, we
see that in general each process is sensitive to a different
combinations of mixing strengths. This means that, in order
to generalize the bounds to a generic pattern, it is better to
set bounds on the quantity on the last columns of Tables 2
and 3 , since then we only need to recompute the new BRs
for each mixing hypothesis.

While there are some experimental results also pre-
senting (in the single mixing assumption) bounds in the
My, Uy N|2><BR) plane, most of the results are given
directly in the (My, |Ugn|?) one. Translating the latter to
the former is straightforward in most of the cases, since
the experimental collaborations usually assume a constant®
BR for channel under study, although not always specifying

6 This is a well-justified approximation, but still an approximation that
could be avoided by setting bounds directly on |Uyy|*>xBR.

@ Springer

the precise value they used. Nevertheless, this recasting to
|Uyn|>%BR is not possible when the experimental results
on |Uyn |* are presented after combining different channels.
This is the case for instance for the latest CMS searches for
trileptons [91], where they combined channels like eTe*e™
and eTe® T (see Table 1). While in the single mixing sce-
nario both channels depend only on |U,y|?, they have a dif-
ferent dependence in the case of a generic mixing scenario
(see Table 2), and thus it is not easy to recast the obtained
bounds without a dedicated analysis. For this reason, together
with the potential efficiency differences discussed above, we
will focus the rest of our discussion only on the dilepton
channels.

As a case of study for the use of Table 2, let us consider
the CMS [69] and LHCb [83] searches for the LNV dimuon
channel u* 1t For a given total active-sterile mixing U2, we
can display the full flavour mixing space in a ternary diagram,
as in the left panel of Fig. 3. Then, the single mixing scenario
constraints by both CMS and LHCb lie in the top corner. As
we move along the ternary, we decrease the flavour strength to
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0.0 My =30 GeV, U?=10"3
1.0 e ptu*, CMS'18
0.1 e*e*, CMS'18

0.9 o oetu*

£
b
/

0.0 0.1 0.2 03 04 05 06 07 08 09 1.0
|Uen|?/U?

Fig. 4 Combination of several bounds in a general mixing pattern for
two benchmark points of mass and total mixing U2. Each bound corre-
spond to the latest SS dilepton searches by CMS (Table 1), which were

muons, so the bounds are relaxed, as shown in the right panel
(dashed lines). Here we chose just few benchmark points for
the light HNL mass regime, although the same logic applies
to the heavy one.

As discussed above, the physical reason for the relaxation
of these bounds is due to the new HNL decay channels in
the generic mixing scenario. On the other hand, this also
implies that the experimental searches for the other channels
with different flavours might become relevant. In order to
show the interplay between different flavour channels, let us
consider again a ternary diagram. We can understand it as
a subspace of the parameter space with fixed values of My
and U?, which is dissected in flavour space. Then, searches
for dimuon channels will cover the area close to the g, =1
corner, becoming weaker as we move further away. Equiv-
alently, dielectron searches will cover the ternary from the
g, = 1 corner, while the et ,ui channel will cover the area in
between. This is depicted in Fig. 4 for two benchmark points,
one in the light regime (My = 30 GeV) and one in the heavy
regime (My = 300 GeV).

Figure 4 clearly shows the complementarity of the differ-
ent dilepton searches, to which we could supplementary add
the bounds from trilepton channels if the above mentioned
concerns are solved. If the combination of every channel
covered all the area of the ternary, we could say that this
My, U? point is excluded no matter which flavour mixing
pattern we were considering. This is not the case in any of
the two examples in the figure, since the bottom left corner
is still allowed by LHC. Notice that this is always the case at

0.0 My =300 GeV, U2=10"1
1.0 e ptu*, CMS'18

e*e*, CMS'18
o e*u*,CMS'18

0.9

7
— 0.1
Yy ;\
'}”‘ 0.0

/
00 01 02 03 04 05 06 07 08 09 10

|Uen|21U?

derived within a single mixing scenario (or assuming Uy y for the e* u*

channel). The white area is still allowed by LHC searches

present, since there are no LHC searches for HNLs mixing
to the tau lepton, so the corner of ¢; = 1 will always be
allowed. Although we already discussed that a single mix-
ing scenario does not seem very natural for a realistic model
including HNLs, closing this gap still motivates the need of
performing dedicated searches in the tau sector.

On the other hand, it is important to stress that the bench-
mark points in Fig. 4 are chosen just for illustrative purposes,
since they are already excluded by LEP searches or global
fit bounds. Indeed, this is actually the case in a large part of
the parameter space for the current LHC bounds discussed in
Sect. 2. Nevertheless, it is worth emphasizing that LHC sensi-
tivities are expected to improve during the currently ongoing
runs, pushing our knowledge about HNLs beyond present
limits. Therefore, combining the different LHC channels as
we discussed here will become crucial in order to determine
whether a heavy neutral lepton with a given mass and mixing
is completely excluded or not.

4 Beyond the single HNL

Should HNL exist in Nature, there is a priori no bound on
their number and in general, BSM models involving HNLs do
not introduce just one of them. For example, in the standard
type-I seesaw model at least two HNL are needed to explain
neutrino oscillation data. In this work, in order to explore
deviations from the single HNL hypothesis, we extend the
framework considered in the previous section to include more
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neutral fermions focusing here on the minimal case of SM
extension via two HNLs. In this case, the lepton mixing
matrix is now a 5 x 5 unitary matrix

U3><3 U3><2

o ( S 5 ) (26)
Uy, Unn

with the fourth and fifth columns encoding the mixings of

both HNLs to the active leptons

UeN1 UeNz
Uuny Upn, | - 27
UTN] UTNz

Uy =

For the sake of simplicity, we will assume in this section
that the two HNLs mix to just a single flavour. In a sense, it
can be seen as extending the interpretation of the bounds of
Fig. 2 in horizontal in U, y, to additional columns, while in
Sect. 3 we extended them in vertical, to additional flavours.
The most general case with several HNLs and arbitrary mix-
ing patterns can then be inferred as a combination of these
two discussions.

In the case where only one of these HNLs is within exper-
imental reach or when there are several HNLs but with well-
separated mass regimes, our conclusions derived following
the single HNL scenario will apply to each of the HNLs.
Nevertheless, if two HNLs happen to be close in mass (as
motivated by low-scale seesaw models [61,97,98], resonant
leptogenesis [99] or ARS leptogenesis [100]), they could
lead to interference effects and modify the results and the
bounds obtained in the single HNL hypothesis. Moreover,
these modifications might affect both LNV and LNC branch-
ing ratios, and thus studying their correlation could shed light
on the nature of the HNL (see for instance [64] and references
therein).

In this section we discuss how these effects could affect
the LHC bounds obtained in the single HNL scenario from
searches for LNV and LNC channels, and provide a recipe
to combine both results (on LNV and LNC searches) in
order to bring forth more robust bounds on HNLs param-
eter space. The recipe is also applicable to the case where
HNLSs interfere. We mostly focus on the LHCb [83] results
for the prompt dimuon channel, since this is the only avail-
able analysis addressing both SS and OS dilepton channels
(cf. Table 1). More specifically, this search considers light
HNLSs which are dominantly produced from on-shell DY W
bosons in Fig. 1, that is,

pp = W5 — LEN — 50547,
pp —> WH — N — z;e; q7q . (28)

In presence of just a single Majorana HNL, although the
angular distributions will be different (see Appendix A for
more details), the predictions for the total rates of these two
processes are of similar size: equal for channels with @ = B

@ Springer

and twice as large for « # B. The reason for this difference
is that the channel with crossed £, and £ is also contributing
in the case of the LNV process. However, it must be added
incoherently to the process since the rate is dominated by on-
shell HNLs, fixing the momentum of the first lepton with the
2-body decay kinematics, and thus the interference becomes
subdominant. This means that for channels with & # S, the
total rate for the LNV process is enhanced by a factor of 2
with respect to the LNC one. On the other hand, in channels
with @ = g there is an additional 1/2 factor from having two
identical particles, and thus we obtain the same total rate for
both LNV and LNC.

When assuming the existence of two HNLs, we have two
identical contributions to the total amplitude of the processes,
one for each N;. The squared amplitude is then given as
sum of the individual contributions of each HNL, plus a
potential interference between N| and N; contributions. For
each individual contribution to the amplitudes, we find that
they are proportional to U} N U ; Ni for the SS process and to
uy N UBN; for the OS one, proving convenient to define

Uan; = Ugn,| €%, (29)

with ¢y; € [0,27], ¢ = e, u, 7 and i = 1, 2. In this way,
the interference term resulting from both amplitudes will be
proportional to

|U01N1 | |U0lN2| |Ul3N1 | |U/5N2 | e , (30)

where we have defined ¢+ as follows:

8¢™ = (do2 — da1) (P2 — 9p1) (31)

with +/— for the SS/OS channel. Details with the com-
plete analytical amplitude and decay rates, which we have
additionally checked with Whizard [101], can be found in
Appendix A, both for the case with just one HNL and with
two HNLs.

As already stated, when the mass difference of the two
HNLs is too large (compared to their decay width), the
contribution of each HNL resonate independently and the
interference is negligible. In this case, the total rates for
the LNV and LNC rates are related as in the case of the
single HNL scenario. Therefore, in the following we will
assume the scenario when the interference effects can mod-
ify considerably the relative predictions between LNV and
LNC rates, which corresponds to the case where both HNLs
are close in mass. More specifically, we assume that the
individual contribution of each HNL is of similar size,
My, =~ My, = My,I'y, = T'y, = T'y, and also that
|UO,N2| |U,3N2| = |UaN1| |U,3N1 | However, we consider that
the two HNL mass splitting AMy = My, — My, could be
different from zero as long as it is small compared to the decay
width I y. Notice that this kind of scenario appears naturally
in low-scale seesaws due to the approximated lepton number
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Fig. 5 Left: rescaling of the bounds on |U,LN|2 from LHCb [83] in
the presence of two HNLs. Dark blue line is the LHCb bound in
the LNC searches, while in lighter blue (lower curve) is the rescaled
bound for y = AMy/I'y < 1. The dark green line is the bound in
the LNV searches, which can be relaxed (upper green region) if the
N form a pseudo—Dirac pair (¢ = 7, y < 1), or strengthened

conservation. The only difference is that in these models the
phases of the HNLs are fixed to be opposite, i.e. ¢ = 7
and 8¢~ = 0O (the heavy neutrinos forming a pseudo-Dirac
neutrino pair), and that AMy is somehow related to light
neutrino masses [81,82], while in the following we will let
them free, in the spirit of the bottom-up approach described
before.

Under these conditions, we can write the total decay rate
driven by the two HNLs in the case of W™ channel as

r (W+ - z;egqq/)

_ +
N1&N, 2K+ (v, 007)

r (W+ N ege;qu/) , (32)

Ny

and equivalently for the W™ channel with K_ (y, 8¢F) .
Here, we have factorized the total rate in presence of only
one HNL, and defined the modulation function

! y
ins + ’
Ty oo 1+y2>
(33)

K (v, 80%) = (1 + cos 8¢

with
_AMy
=

(34)

The function 4 codifies the role of the interference. In the
limitof AMy > I'y, the two HNL are too separated in mass,
coherence is lost and the total contribution is just twice the
single HNL contribution for both LNV and LNC. On the
other hand, for AMy < I'y, the modulation function can
take values from O (maximally destructive interference) to
2 (maximally constructive). Thus, we are maximizing the
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(lower green region) if 8¢ = 0. Right: |UMN|2 as a function of y,
with My = 30 GeV and 8¢ = 7. Blue (green) region is for LNC
(LNV) channel with the thick lines corresponding to the (rescaled)
LHCb bounds to the case of a low-scale seesaw with pseudo-Dirac
HNL pair

effects of the interference between the two HNLs. Moreover,
these effects will be different for LNV and LNC, breaking
the equal size prediction in the single HNL scenario.

These modulation function can be used to simply recast
the bounds derived by LHCb [83] under the assumption of a
single HNL. Noticing that LHCb searched only for the W
channel and given Eq. (15), to recast these bounds to our
scenario with two HNLs, we need to rescale the mixing as

U > = [Uun [P x 24 (v, 8¢%) (35)
with ¢~ = 0 in this channel with « = S. Following this
modulation, we show in the left panel of Fig. 5 how the LHCb
bounds might vary, depending on the values of y and the rel-
ative phases 8¢, for both LNV and LNC searches, which
defines the green and blue bands, respectively. The vertical
axis needs to be understood now as the (squared) mixing of
each of the HNLs to muons, which in absence of interfer-
ence (y > 1) is just a factor of two stronger with respect to
the single HNL scenario. For y <« 1, however, constructive
interference can strengthen the bounds by up to an additional
factor of two, while destructive interference could relax it,
even avoid it completely in the case of LNV signals. The latter
corresponds to the case where 8¢ = 7, which is precisely
when the two HNLs have opposite phases (thus forming a
pseudo-Dirac pair), as required by low-scale seesaws with
approximated lepton number conservation. Interestingly, the
same choice of parameters that maximizes the destructive
interference of LNV channels also maximizes the construc-
tive interference for the LNC ones, making the bounds from
the latter stronger.
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This interplay prompts us to consider both channels at
the same time, using their complementarity to set absolute
bounds on the mixings that could not be avoided even with
ad-hoc values of the parameters that maximize the interfer-
ence. We show this in the right panel of Fig. 5 for a particular
example of My = 30 GeV and opposite phases, 8¢ = 7,
as required by low-scale seesaws. When the contributions
of the two HNLs is maximally coherent (y < 1), the LNV
searches are avoided at the price of maximizing the LNC
bounds. If coherence is lost (y > 1), then the stronger LNV
bounds always dominate over the LNC ones. We see then that
the largest possible mixing could be obtained in between the
two cases, when the two tendencies cross over, which we can
consider as an absolute bound on the mixing that cannot be
avoided even with 2 interfering HNLs.

To summarize, searches for LNC and LNV processes are
important and complementary, since they can cover areas of
the parameter space even in the case where there is some
interference (partially) cancelling any of the two channels.
This strongly motivates the need of searching for both LNC
and LNV channels in parallel, even if the latter is more chal-
lenging experimentally, since combining both of them we
could set more robust bounds on generic scenarios including
more than one heavy neutral lepton.

CP violation

When a quasi-degenerated pair of HNLSs is considered, new
CP-violating phases are introduced, which can induce differ-
ences in the decays of these particles to leptons over antilep-
tons. If HNLs were discovered in processes such as those
in Eq. (28), and provided that enough events were collected,
one way of measuring this potential CP asymmetry would be
by defining the ratio [65]

BR (W* - z;e;&;q’) _BR (w+ - zge@q’)

AL =
CP ’
BR (W— - z;z;qq/) +BR (W+ - &Tﬁqé’)

(36)

Using our previous results for the W decays, see Eq. (32), it
is straightforward to see that A%P takes the simple form

N y sin8¢p*

=, 37
P14 y2 +cosspt ©7

where +/— denotes again LNV/LNC processes.

As can be seen, this equation does not depend on the HNL
masses, but on their mass difference AMy (through y =
AMy/Tn). It vanishes for the obvious case of §¢* = 0,
since then there is no difference in both the W decay and its
CP equivalent; notice that it is also the case when y is close
to zero or too large. This is shown in Fig. 6 where we display
the CP asymmetry for different values of ¢+ .
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Fig. 6 CP violating ratio A%P, defined in Eq. (37), as function of the

relevant ratio y = AMy /'y and for different choices of the relative
phases 5¢*. Red dots were obtained with Whizard as a cross-check of
our analytical results

Notice that a similar computation was performed in Ref.
[65] with which our results agree but with some slight differ-
ences. On the one hand, we find a discrepancy when applying
the narrow width approximation for the interference term
(see Appendix A for more details). On the other hand, we
performed the computation considering very prompt heavy
neutral leptons, so we did not take into account their time
evolution and their possible oscillations before decaying. Our
approach is appropriate for heavy HNLs, while one should
take into account the evolution effect for very light HNLs,
thus with longer decay lifetimes, as it was done in Ref. [65].
Finally, we also point out that, in order to measure Acp at
a proton-proton collider, we must take into account that the
production rates for W and W™ are not the same [65].

5 Conclusions

In this work, we focused on LHC searches of heavy neu-
tral leptons that decay promptly (short-leaved). In most of
the searches, which we summarized in Sect. 2, the obtained
bounds were derived under the hypothesis of the existence of
a single (usually Majorana) HNL that mixes with only one
lepton flavour, while most of the BSM scenarios involving
new neutral fermions require more than one HNL. More-
over, unless some specific symmetries are present, the mix-
ing pattern in these BSM scenarios is more complex, each
HNL mixing in general with all charged leptons, and thus, the
bounds derived from negative searches on the HNL parame-
ter space have to be recast before being applied to a generic
BSM scenario.

In this study we discussed how to recast the present experi-
mentally obtained bounds on the parameter space, i.e. active-
sterile mixings Uyy, @ = e, i, T, versus the mass of the
HNL, to the case of generic mixing to all active flavours as
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well as to the case with several HNLs. The former was cov-
ered in Sect. 3, where we inspected the flavour dependencies
of each of the channels searched for by the LHC, and stressed
the importance of setting bounds not only on the mixings, but
on the relevant combination of | Uy x |* x BR (see Tables 2 and
3). Considering the bounds on this combination, we proposed
a method to combine the results in flavour space, using the
ternary diagrams in Fig. 4 to conclude whether that area of
parameter space is fully excluded, regardless of the assumed
mixing pattern.

In the case with several heavy neutral leptons, we focused
on the scenario when two HNLs are in the same mass regime,
nearly degenerate or possibly forming a pseudo-Dirac neu-
trino pair, paying special attention to the non-trivial role of
the interference between their contributions. To illustrate its
importance, we focused on dilepton channels and moreover
considered both channels with same and opposite charge of
the final leptons, as it was done by LHCb [83]. We showed the
complementary of the LNC and LNV searches and the impor-
tance of performing both of them in parallel. We stressed that
by doing this, we are not only taking into account the two
possible nature of a single HNL, Dirac or Majorana, but also
covering the case when, for example, two Majorana HNLs
exist and however they interfere destructively, suppressing
the expected LNV signature.

To summarize, we have discussed the importance of
going beyond simplified scenarios such as the single mixing
hypothesis. While they are useful for simplifying experimen-
tal analyses, they are not directly applicable to BSM models
introducing HNLs. Unfortunately, recasting the bounds of
each experimental analysis to a given BSM scenario can be
a tedious task. In this work, we have proposed an alterna-
tive way of presenting the bounds on the parameter space
of the HNLs, which under some approximations can be both
directly constrained by experimental analyses and also easily
recast to a generic BSM scenario.
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Appendix A: Decay process in presence of 2 HNL

In this appendix we collect the relevant details for the com-
putation of the W boson decay into a HNL, followed by
its semileptonic decay. This is the relevant process for the
searches performed by LHCD [83] and that we discussed in
Sect. 4 in the scenario with two heavy neutral leptons.

A.1 Same sign leptons: W+ — E;“E;q’é

We start with the decay rate for the process W+ — E&“qu’(j
mediated by two HNLs N » almost degenerate in mass, sim-
ilar to that shown in Fig. 1, but without the initial quarks. The
amplitude reads

M = Z & UsnUsn. My, €* Ly y  PLlgqye PLy’
S22 PN P, — My, +iTn My,
(38)

with py = pw — py,. The channel with crossed £, and
£g gives rise to the same amplitude, but it must be added
incoherently to our process since the rate is dominated by on-
shell V;, and thus the momentum of the first lepton is fixed by
the 2-body decay kinematics. Therefore the two processes do
not interfere and we can neglect for the moment the crossed
channel. The only modification results in a factor of 2 in the
rate.

Defining Uy, = |Ugn;| €%, 8¢ = (¢pa2 — $a1) +
(qbﬁz - qﬁﬁl) and using the narrow width approximation
(NWA), the squared matrix element becomes

2
3
2 8
M= |:MM$V:| 7 (Pes - Pq) (2Ee, Eq + Pey - Py')
2 2 My o 2
X 4 |Uani|” |Upny | 8 (py — My,)
I'n,
M

Np 2 a2
FNz 8 (pN MNZ)

+2 |U<XN1| |U<XN2} |UﬁN1| ’UﬁN2| My, My,
x [8 (p}y — MR,) +8 (P} — M3,)]

+ |U011V2|2 |UﬁN2|2
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UnyMy, + T, My,
2 2
(AMJZV) + (FNIMNI + FNzMNz)
AMY

(AM}Z\/)2 + (FNI My, + FNzMNz)ziH ’
(39

X |:cos Sot

—sindg™

where AM?, = Mlz\,2 — MIZ\,1 . Notice that, for the interference
term, we used the NWA as follows:
1
2 _M? +ilyM 2 M?% —iTNy,M
Py N1+l Ny VIN, PN N> Ll N, N,
= 2 2
(AMIZV) + (FNI My, + r‘sz‘/[Nz) l

18 (p%v _ M]%,z)]

iT AM?
n LT AMy 5(p2 — M2
21\2 2 N Ny
(AMN) + (FNI M, + 1—‘NzMNz)
+5 (k- m3,)]. (40)

which differs from the expression in Ref. [65], as discussed
in Sect. 4. Assuming My, ~ My, = My, 'y, = Ty, =
I'y and AMy = My, — My, # 0, and considering that
|Uai | Ui | = |Uans | |Up, | = 1Uan | |[Upn |, we get

2
3
M= [m} 7 (Pey - Pg) E«Ey

M
o) (Ph = M3) T W |Upn

K1

We observe that the squared amplitude in the case of only
one sterile neutrino factorizes out. Integrating over the phase
space and after factorizing the decay width in the single HNL
framework, it is straightforward to obtain

r <W+ = e;z;q/cj) —2 (1 +cos8gt

S)r(wr - e;z;q’q))m , (42)

—sindo™ 5

where we have defined

2 2 2
Y= AMy, ~ MN2 MN1 _ AMN. 43)
2MNT N (MN1 +MN2) 'y Iy

Notice that we obtain the same result of Ref. [63]. This is
because we are using the NWA, which corresponds to con-
sider on-shell HNL, leading to the same result after integrat-
ing over ¢, the time evolution of the intermediate HNL, from
0to oo. In fact the factor 1/ I" coming from the NWA is equiv-
alent to the factor fooo |e_F’ 2 |2 = 1/T, and the interference
part of Eq. (41) coincides with the finding of Ref. [63].

A .2 Different sign leptons: W+ — Z(‘x"ﬁgq/c}

In this appendix, the decay rate for the process W+ —
E(jﬁgq/ g mediated by the two HNLs N 2 almost degenerate
in mass is computed. The amplitude of this process is given
by

3
- 8
M™ = Z —— Uy Ugn. €
2 YaN;YBNi€p
i=1.2 2\/EJWW
XZﬂVMPNVVPLE(-;éVvPLq/
Py — My, +iTN My,

(44)

where, again, py = pw — pe,. With the help of FeynCalc
[102], we obtain for the squared amplitude,

2
—? g’ 2 2

M| = ——— U, U

] (NEM%V) Vo U " (7
K»

2
2 2 2 a2
(PN - MNz) + 'y, My,

+ ‘UaNzyz‘UﬂNzyz

2
2 2 2
pN_MNl) +FN1 MN]

+ 2 Re U:Nl Ugn, UO!NZU;NZ

K12

X , (45)
(P% = M3, +i T, My ) (P} = M3, =i T, M)
22 with the K;; factors defined as
+ MyTy
xX23142]|2coséep 3
(AM3)” + 4T3 M3 16
v (pp - Pq') {MW (pw; 'PN,)

—sind¢™

MyTNAME, ” “h

(AM3)? + 4T3 M2,
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—2Eq[(pn; - pw) (Pn; - Pq)

+ (PN,- -pw) (PN - Pg) ] —Mw [(PN; - Pq) (PN,- * Pa)

(ow, - pa) (oo, - pa)]} . (46)

Assuming as before that My, ~ My, = My and I'y, =~
I'n, =Ty, then K11 = K2 = K12 = K. Also, considering
that |Uan, | |Usn, | = |Uans | |Upn,| = [Uan! |Upn |, we
can simplify the expression notably

2
2 e ) ) ) K
‘M_‘ :< |Uan| }UﬁN| 2 x
2V/2M2, (p% — M3)* +T12 M2
+ Re
(P/zv

with 8¢~ = (a2 — Pa1) — (¢,32 - ¢ﬂ1). And using the nar-
row width approximation, we get

K %
~ M} +iTy, MN,) (p,zv ~ M}, —iTy, MNZ)
47

2
2 3
- 8 2 2 T 2 2
M ’ =2 —5 ) (i lusnl K 5( —M)
‘ <2J§M§V> Uan | Up | Ty My \PN T HN
. 2
ZFNIWZN-FIAMN ei5¢]},
(AM3)" +41% M3

X {1+Re[2FNMN

(48)

Finally, it is straightforward to obtain the total decay width
in terms of the decay width mediated by just one HNL,

r (W+ = z;;z;q/q) —2 (1 +c08 8¢
— sin 8¢_#) x T (W+ — Zjﬁgq’q_) ‘

with y defined in Eq. (43).

, (49)
Ny
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