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Introduction

Heavy (Majorana) sterile neutrinos are a generic prediction of the seesaw 
mechanism – super-heavy in the standard (GUT-inspired) picture

                                                    ⇒

However, no model-independent prediction for their masses. Some sterile 
neutrinos could be much lighter, in the GeV-TeV range, and accessible at the 
LHC (can be natural in scenarios like the inverse seesaw)
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[SHiP physics case, 1504.04855]
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PARAMETER SPACE FOR STERILE NEUTRINOS

from 1504.04855

Direct Searches 
rely on decay 

channels+lifetime dictated 
by active-sterile mixing

UeI = mixing of NI with ⌫e
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Collider searches rely on the production of the sterile neutrino through its 
mixing with the active SM neutrinos

Best current limit from DELPHI (from                                       )
in the range                                   :

Consider an alternative scenario in which N is produced in the decay of an 
EW-produced heavier particle:

➞ production of N unsuppressed by mixing with SM neutrinos
➞ mixing angle enters N decays (⇒ possibility of measuring the active-sterile 
mixing angles if displaced decays)

Explicit realization of this mechanism: sterile neutrino as the supersymmetric 
partner of a pseudo-Goldstone boson
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,
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(same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes the ee and µµ final
states.
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Figure 1: The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
flavour is denoted by ↵ and �. Lepton flavour is assumed to be conserved, such that ↵ = �. The W boson produced
from the N decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the first model, the SM is extended in the simplest way
to include right-handed neutrinos [8], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [9]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos, N, can be produced via an o↵-shell W boson, pp ! (W±)⇤ ! `±N. Due to
previous limits [10, 11], the heavy neutrino is assumed to be more massive than the W boson and therefore
subsequently decays to an on-shell W boson and a lepton. The on-shell W boson produced in the decay
of the heavy neutrino predominantly decays into a quark–antiquark (qq̄) pair. The final state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, where pT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in figure 1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos, V`N , and the masses of the heavy neutrinos, mN . In this framework, LEP has set direct limits
for mN < mZ [10, 11] and CMS has set direct limits for 90 < mN < 200 GeV in ee final states [12] and
40 < mN < 500 GeV in µµ final states [13].

The second model is the left-right symmetric model (LRSM) [4, 14–16], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosons VR = {WR,Z0} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into final states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according to WR ! N` and Z0 ! NN and can subsequently decay via
an o↵-shell WR boson into a lepton and a qq̄ pair, N ! `W⇤R with W⇤R ! qq̄0. The tree-level processes
are shown in figure 2. A previous ATLAS search in this framework has excluded mWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
The z-axis points along the beam direction, the x-axis from the interaction point to the centre of the LHC ring, and the y-axis
upwards. In the transverse plane, cylindrical coordinates (r, �) are used, where � is the azimuthal angle around the beam
direction. The pseudorapidity ⌘ is defined via the polar angle ✓ as ⌘ = � ln tan (✓/2) .
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directly, but the production cross section
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(originally proposed for light sterile neutrinos
by Chun, Joshipura, Smirnov ’95 - Chun ’99)
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Sterile neutrino as a « pseudo-Goldstone fermion »

The model: supersymmetric extension of the SM with a global U(1) symmetry 
spontaneously broken at a scale

Also small explicit breaking ⇒ pseudo-Goldstone boson

Only Higgs and leptons (with generation-independent and vector-like couplings 
to avoid FCNCs and astrophysical constraints) charged under the U(1)

              ⇒ down-type Yukawa couplings and mu-term not allowed by U(1)
⇒ must be generated by higher-dimensional operators (à la Froggatt-Nielsen, 
but no explanation of the mass hierarchies)

U(1) charge of     = -1

R-parity not imposed, but baryon parity assumed

f � MW
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In the EFT below f, we are left with

                                ensured by U(1) symmetry [suppression factor         ], 
which also suppresses trilinear R-parity violating couplings

                                        contains the pseudo-Goldstone boson a and
its partners s (assumed to get a large mass from supersymmetry breaking)
and    (the pseudo-Goldstone fermion, which gets a mass of order the  
gravitino mass from supersymmety breaking [Cheung, Elor, Hall, arXiv:1104.0692])

⇒ assume                             with

The Lagrangian contains the following fermion bilinear terms: 
 

⇒                   mixing, suppressed by               ,                      and

W = µ0 HuHd + µi HuLi + �0 HuHd�
0 + �i HuLi�

0 + . . .
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Effect of the                   mixing

➞ two SM neutrinos massive at tree level (also 1-loop contributions from the 
trilinear R-parity violating couplings)

➞ interactions between the EW gauge bosons, neutralinos/charginos and the 
sterile neutrino (N from now on)

(we assume                     ⇒ bino and wino decoupled ⇒ the lightest chargino 
and neutralinos are mostly higgsinos:                         and               )

⇒ N produced in decays of neutralinos and charginos

then decays through its mixing with active neutrinos, via an EW gauge boson
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Sterile neutrino production and decay

Neglecting contributions to neutrino masses beyond                   mixing,
the measured neutrino oscillation parameters fix most model parameters
⇒ left with                                     and a 2x2 complex orthogonal matrix R
(= 1 complex parameter) [reminiscent of the Casas-Ibarra parametrization]

➞ active-sterile mixing angles (normal mass ordering)

➞ other relevant mixing angles

all suppressed by small parameters

µ,M1,M2, tan�,mN , f
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Benchmark point:

[the values of                         needed to reproduce neutrino data correspond to the 
choice                                 ]

Dominant decay modes of the higgsino-like fermions (prompt decays)

The other decay modes are suppressed by small mixing angles (e.g.                    ),
phase space (e.g.                 ) or 1/f (e.g.                   )

⇒ pair-produced                                 (with cross sections of order 10 fb
at                    for                    ) will decay with a BR close to 100% to
                                                      (possibility to trigger on the W and Z
decay products)
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µ = 500GeV

mN (GeV) |VNe| |VNµ| |VN⌧ | |V�̃0
1N

| |V�̃0
2N

| |V�̃0
1,2↵

| f (TeV)

70 1.3⇥ 10�7 6.3⇥ 10�7 5.5⇥ 10�7 0.0062 0.0069 (4.5� 6.2)⇥ 10�6 18.9

110 1.0⇥ 10�7 5.0⇥ 10�7 4.4⇥ 10�7 0.0072 0.0095 (4.5� 6.2)⇥ 10�6 15.1

Table 1: Values of the mixing angles between the active and sterile neutrinos (VN↵,↵ = e, µ, ⌧),
between the lightest neutralinos and the sterile neutrino (V�̃0

1,2N
), and between the lightest neutralinos

and the active neutrinos (V�̃0
1,2↵

), computed in the maximal mixing case (formulae (25), (30)–(31)

and (33)–(34)) for mN = 70GeV and 110GeV, respectively. Also indicated is the value of the
global symmetry breaking scale f . The supersymmetric parameters are chosen to be µ = 500GeV,
M1 = 1TeV, M2 = 2TeV and tan� = 10. For the neutrino parameters, we take the best fit values of
Ref. [45], assuming normal ordering with m1 = 0.

VNe VNµ VN⌧ |V�̃0
1N

| |V�̃0
2N

| |V�̃0
1,2↵

|

1.0⇥ 10�7 5.0⇥ 10�7 4.4⇥ 10�7 0.0072 0.0095 (4.5� 6.2)⇥ 10�6

Table 2: Example point

the 2 ⇥ 2 complex orthogonal matrix R. Regarding the freedom associated with R, we focus
on the maximal mixing case (corresponding to R = 1), for which the active-sterile mixing
angles are given by Eq. (25). For comparison, we will also refer to the minimal mixing case
(corresponding to R11 = R22 = 0, R12 = R21 = 1), for which the active-sterile mixing angles are
given by Eq. (28). In both cases, the CP-violating phases of the PMNS matrix do not play a
significant role and we set them to zero. For the sterile neutrino mass, we consider two values:
mN = 70GeV and mN = 110GeV, corresponding to N decays via o↵-shell and on-shell W and
Z gauge bosons, respectively. The values of the mixing angles relevant for the production and
decay of the sterile neutrino, computed in the maximal mixing case, are displayed in Table 1
for both choices of mN . The value of the global symmetry breaking scale f = hd µ/�0 =
15.8TeV/

p
mN/100GeV is also indicated. We note in passing that the two example points in

Table 1 evade the neutrinoless double beta decay constraint10 |VNe| . 5⇥ 10�5
p

mN/1GeV,
valid for mN & 1GeV [9].

4.2 Production and decay of the sterile neutrino

Since the pseudo-Goldstone sterile neutrino is produced in decays of higgsino-like states, its
production rate is determined by the higgsino pair production cross sections ��̃0

1�̃
0
2
, ��̃±

1 �̃0
2
, ��̃±

1 �̃0
1

and ��̃+
1 �̃�

1
, and by the branching ratios for �̃0

1 ! Z +N , �̃0
2 ! Z +N and �̃

±
1 ! W

± +N . To

compute the latter, we must consider all possible decays of �̃0
1, �̃

0
2 and �̃

±
1 . For the higgsino-like

neutralinos �̃0
1 and �̃

0
2, the following decay modes are available: �̃0

1,2 ! Z +N , �̃0
1,2 ! Z + ⌫,

10This constraint follows from the non-observation of neutrinoless double beta decay by the KamLAND-Zen
experiment, and assumes that the exchange of N is the dominant contribution. We have updated the upper limit
on VNe from Fig. 3 of Ref. [9], using the lower bound T

0⌫
1/2(

136Xe) � 1.07⇥ 1026 yr from KamLAND-Zen [53].
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The sterile neutrinos will subsequently decay, via a W or Z boson, through  
their mixing with the SM neutrinos:

Since the mixing is small,                       , N decays will give rise to displaced 
vertices

contours of constant decay length (1 mm
and 2 m) in the                           plane

For the benchmark point, 75% of the N’s
decay between 1 mm and 2 m
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Displaced vertices can also be used to improve the sensitivity of the LHC
in the standard scenario (SM augmented by a heavy sterile neutrino)

Difference with the pseudo-Goldstone fermion scenario: sensitivity to the 
mixing limited by the production cross section (suppressed by          )

Other difference: the pseudo-Goldstone fermions are produced in pairs

Helo, Hirsch, Kovalenko ‘12 - Izaguirre, Shuve ’15 - Gago, Hernandez et al. ’15 - Antusch, Cazzato, Fischer ’17 
Cottin, Helo, Hirsch ’18 - Abada et al. ’18 - Boiarska et al. ’19 - Dib, Kim, Tapia Araya ’19 - Drewes, Hajer ’19
Liu, Liu, Wang, Wang ’19 - Jones-Perez et al. ’19 …

2 5 10 20

10- 9

10- 8

10- 7

10- 6

10- 5

Mi [GeV]

U
a2

N production cross
section Ua

2�� ��a too small

N
decay outside

detector

N
decay

prom
ptly

Figure 4: A simpliÞed sensitivity estimate based on the analytic approximation(2) using l0 = 5 mm and
l1 = 3 m illustrates the three main obstacles in improving the sensitivity (colored dotted lines). The three
black sensitivity curves correspond to nine expected events for integrated luminosities of 3, 30, 300 fb! 1,
and we have assumed that all e! ciencies are 100 %.

along with the W ! bosons. TheW ! can then decay into leptons and neutrinos or quarks that
hadronise, so that the Þnal states of theN decay can be leptonic or semileptonic.N decays
mediated by the neutral current can also have purely hadronic detector-visible Þnal states.

For a = e, µ the Þrst lepton produced in W ! mediated decays is detector stable and can be
used to reconstruct the displaced vertex. Fora = ! the ! -lepton decays within the detector,
mostly pions, leptons and neutrinos. It has been pointed out in Reference [60] that the Þnite
lifetime of the ! -lepton implies that the published ATLAS e! ciencies for displaced vertices [69]
cannot be applied because they assume that all decay products appear promptly at the displaced
vertex. To avoid this problem the authors only included N decays mediated by the neutral
current. The same strategy was also adapted in Reference [62]. This drastically reduces the
sensitivity in the scenario with a = ! when a cut on the displaced vertex invariant mass is applied
because the unobservable" ! that unavoidably appears in decays mediated byZ ! carries away
part of the energy and momentum. In the present work we include both,N decays mediated
by neutral and charged currents, for all three scenariosa = e, µ, ! . For a = ! this can be
justiÞed with two arguments. First, for ! -leptons with energies! 10GeV in the laboratory frame
the opening angle between decay products is so small that it is hardly noticeable that they do
not promptly originate from the displaced vertex. Second, the displaced vertex reconstruction
algorithms can be improved in the future and therefore do not pose a fundamental restriction.
Such studies aree.g. already under way in the CMS collaboration.

It is instructive to illustrate the dependence of the expected number of events on the model
parameters with in a simpliÞed spherical detector of radiusl1. Under the assumptions summarised
in Section 2 the cross section of events in a scenario where the right handed neutrinos mix with

5

|VN ! |2
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In the standard scenario, can probe
(                                                              at the HL-LHC [Drewes & Hajer ’19])
while the naive seesaw formula predicts

⇒ bulk of the seesaw parameter space out of reach of the LHC

In the pseudo-Goldstone fermion scenario, can probe the active-sterile mixing 
consistent with the measured neutrino oscillation parameters for
                                       (namely,                                               )
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Reconstruction of the active-sterile mixing angles 

The probability density for a N to decay to a particular final state f at a 
distance r is

To compute the number of decays between r1 and r2, need to integrate over
the momentum distribution of the produced N’s

However, to a good approximation [Covi and Dradi, 1403.4923]

For 2 intervals such that             and             , one has

⇒ more generally, can extract the total decay width from the shape of
the distribution of decay lengths corresponding to a particular final state
[requires reconstruction of the momentum distribution of the N’s]

Pf (r ) =
! f

!"
e! ! r

!"
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To reconstruct the mixing angles (assuming     has been determined), need to 
distinguish different final states:

Since the proportionality factors are known (depend on                 and on the 
relevant phase space of each channel), can solve for each
(can use e.g.                and       )

Then can reconstruct         , and since     is known from the distribution of the 
decay lengths, can solve for       and

Rates for different final states (       production cross section times branching 
ratios of the decay channels times decay fraction within 2m) at

!
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Process mN = 70 GeV mN = 110 GeV

! ee 0.002 fb 0.003 fb

! eµ 0.10 fb 0.16 fb

! µµ 1.25 fb 1.98 fb

! e! 0.076 fb 0.079 fb

! µ! 1.86 fb 1.94 fb

Table 4: Cross sections corresponding to the Þnal statesl + l ! + jets and l + ! + jets ( l, l ! = e, µ) at the
14 TeV LHC (using " 0 = 40.8 fb and omitting uncertainties), for mN = 70 GeV and mN = 110 GeV
and in the maximal mixing case. The other model parameters are the same as in Table 1.

process rate

e e+ jets 0.003 fb

e µ + jets 0.16 fb

µ µ + jets 1.98 fb

Table 5: Final cross sections of interest at 14 TeV LHC.

To conclude this section, let us recall that the above results were obtained assuming that the
orthogonal matrix R in Eq. (29) is real. Relaxing this assumption would allow for larger values
of the active-sterile neutrino mixing anglesVN " and would therefore enlarge the region of the
(mN , VN " ) parameter space that can be probed by displaced vertex searches. It is interesting to
note, however, that theVN " predicted in the real case correspond to typical, ÒnaturalÓ values
for these parameters. To see this, let us rewrite the active neutrino mass matrix as

(M! )"# ! " mN VN " VN # " me! V÷$0
1" V÷$0

1# , (42)

whereV÷$0
1" is the mixing between the lightest neutralino and the active neutrino of ßavour" , and

me! # 2(c2
W M1+ s2

W M2)m2
Z cos2 #/ (M1M2) ! 0.1 GeV(2 TeV/M 2)(10/ tan #)2 (for M2 = 2M1).

In the absence of cancellations between the two terms in Eq. (42), neutrino data requires

|VN " | ! (1 " 5) $ 10" 7

!
100 GeV

mN
, |V÷$0

1" | ! (3 " 20)$ 10" 6

!
100 GeV

mN
, (43)

where at least one of the two inequalities should be saturated. These numbers are in agreement
with the ones displayed in Table 1 (which corresponds to the maximal mixing case, i.e.R = 1).
Much larger values of the active-sterile neutrino mixing angles, which can be obtained in the
case of a complexR matrix, would imply that the observed neutrino mass scale arises from a
cancellation between two unrelated contributions.
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process rate

e! + jets 0.079 fb

µ ! + jets 1.94 fb

Table 6: Final cross sections of interest at 14 TeV LHC.

5 Conclusions

Low-scale models of neutrino mass generation often feature sterile neutrinos with masses in the
GeV-TeV range, which can be produced at colliders through their mixing with the Standard
Model neutrinos. In this paper, we have considered an alternative scenario in which the sterile
neutrino is produced in the decay of a heavier particle, such that its production rate can
be sizable even if the active-sterile neutrino mixing angles are small. As we have shown, these
mixing angles can be determined from the decays of the sterile neutrino, provided that they lead
to observable displaced vertices and that di! erent categories of Þnal states can be reconstructed
experimentally. Since the sterile neutrino production cross section is not suppressed by the
active-sterile mixing, displaced vertex searches can probe very small values of theVN ! Ð as
small as the ones predicted by the na¬õve seesaw formulaVN ! !

!
m" /m N , or even smaller.

We presented an explicit realization of this scenario in which the sterile neutrino is the su-
persymmetric partner of the pseudo-Nambu-Goldstone boson of a spontaneously broken global
U(1) symmetry. The pseudo-Goldstone sterile neutrino gets its mass from supersymmetry
breaking and mixes with the active neutrinos and the neutralinos as a consequence of the
global symmetry. Assuming relatively heavy gauginos, the sterile neutrino is produced in the
decays of higgsino-like states and decays subsequently via its mixing with active neutrinos. Once
the Standard Model neutrino parameters are Þxed to their measured values, the active-sterile
neutrino mixing angles are predicted in terms of the sterile neutrino mass and of a complex
orthogonal matrix R. Assuming that this matrix is real, we have shown that a sterile neutrino
with a mass between a few 10 GeV and 200 GeV can be observed at the LHC, and outlined a
strategy for reconstructing experimentally the active-sterile neutrino mixing angles (which in
this mass interval range from 10! 7 to 10! 6). Relaxing the assumption thatR is real would have
the e! ect of allowing for larger mixing angles, and would therefore enlarge the region of the
(mN , VN ! ) parameter space that can be probed by displaced vertex searches.

Acknowledgments We are grateful to Marc Besanücon, Federico Ferri and Gautier Hamel
de Monchenault for useful discussions about heavy neutral lepton searches at the LHC, and to
Tony Gherghetta for an interesting discussion about the model of Section 3. This work has
been supported in part by the European Research Council (ERC) Advanced Grant Higgs@LHC,
by the European Union Horizon 2020 Research and Innovation Programme under the Marie
Sklodowska-Curie grant agreements No. 690575 and No. 674896, and by CONICET and
ANPCyT under projects PICT 2016-0164 and PICT 2017-0802. S. L. acknowledges the hos-
pitality of the University of Washington and of the Fermilab Theoretical Physics Department

20

<latexit sha1_base64="TlAs82OpDSO7+krdafXk5Xii4eE="></latexit>

µ = 500 GeV
<latexit sha1_base64="A/w/fFou1+2BbEyP+i37V+dknE8="></latexit>

mN = 110 GeV, R = 1

<latexit sha1_base64="xJj0fzVGtCVR189BZQ4nZjSS20s="></latexit>

N ! ! ± W ! ! ! ± + 2 jets

<latexit sha1_base64="1j7ACs57DirPNfAtm2J/agDPu1s="></latexit>

N0

<latexit sha1_base64="uQwO+KViULELaZENeWI4INLHUGM="></latexit>

N!! ! ! N0 |VN ! |2 |VN ! ! |2

<latexit sha1_base64="iijB3g/YoHm7AmrLlgQBrZ0J2+s="></latexit>

N!" ! N0 |VN ! |2
!

# |VN # |2

<latexit sha1_base64="KVqvXZLb7P9oBYzBc/5ysiLlGbQ="></latexit>

Nµµ , Neµ
<latexit sha1_base64="lTnjQm8qaYn+Trj9CtTS6DIMUeg="></latexit>

Nµ !



Conclusions

Non-standard neutrino mass generation mechanisms may lead to sterile 
neutrino production at colliders with EW-size cross sections

An example is provided by a model in which the sterile neutrino is the 
supersymmetric partner of a pseudo-Goldstone boson. The pseudo-
Goldstone fermion gets its mass from Susy breaking and mixes with the
SM neutrinos and the neutralinos as a consequence of the global symmetry

Sterile neutrinos are produced in pairs and their decays lead to observable 
displaced vertices for 

The active-sterile mixing angles can be determined if some categories of 
decays of the sterile neutrino are fully reconstructed
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