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Testing Neutrino Mass Models at the LHC and beyond

1. Introduction

The observed phenomenon of neutrino oscillations requires at least two of the three active neu-
trinos to have non-zero masses, which implies physics beyond the Standard Model (SM). A natural
way to generate neutrino masses is by breaking the B — L symmetry of the SM, parametrized by
the dimension-5 operator LLHH /A [1], where L and H are respectively the SM lepton and Higgs
doublets, and A is the new physics scale. There are three tree-level realizations of this opera-
tor, commonly known as the type-I [2], type-II [3] and type-III [4] seesaw mechanisms, depend-
ing on whether the products of L and H form an SU(2), fermion singlet (L"TH)(LTH)/A, scalar
triplet (L' o,L)(H"06,H)/A or fermion triplet (LT 6,H)(L"6,H)/A, respectively (c,’s being the
usual Pauli matrices).All of these seesaw mechanisms generically predict lepton number violation
(LNV), as well as charged lepton flavor violation (cLFV). These effects might be observable in
both energy and intensity frontier experiments, provided the seesaw scale is below a few TeV or
so, i.e. within an experimentally accessible range. There exists a plethora of such low-scale seesaw
models; for a review, see e.g. Ref. [5]. In this proceedings, we mainly focus on the testable aspects
of the simplest seesaw paradigm, viz. the type-I seesaw scenario, though other seesaw scenarios
are also briefly mentioned. We summarize the current status and future prospects of the searches
for the seesaw messengers at the energy frontier, with particular emphasis on the ongoing Large
Hadron Collider (LHC) experiments. For details, see e.g. Ref. [6] and references therein.

2. Type-I seesaw

This is the simplest extension of the SM for understanding the small neutrino masses. It just
requires the addition of SM-singlet Majorana fermions, known as sterile neutrinos Ny, to the SM
particle content. The relevant piece of the Lagrangian is given by

-~ 1 _
-¥ = (Yv)gaLgHNa-FE(MN)aﬁN[CXNﬁ +H.C., (2.1)

with H = io,H*. The origin of the Majorana mass term My can be readily explained in an ultravi-
olet (UV) completion of seesaw, such as the left-right (LR) symmetric model [7] or SO(10) grand
unified theory (GUT) [8]. After electroweak symmetry breaking by the Higgs vacuum expectation
value (VEV) v, Eq. (2.1) leads to a Dirac neutrino mass term Mp = vY, which, together with the
Majorana mass My, induces the tree-level active neutrino masses by the seesaw formula

My ~ —MpMy'M}. (22)

In a bottom-up phenomenological approach, the mass scale of the sterile neutrinos, synonymous
with the seesaw scale, is a priori unknown, and could be anywhere ranging from sub-eV scale up
to the GUT scale ~ 10'5 GeV. However, theoretical arguments based on the naturalness of the SM
Higgs mass of 125 GeV against radiative effects induced by the neutrino loop suggest the seesaw
scale to be below ~ 107 GeV [9]. Of particular interest to us are TeV-scale seesaw models which
are kinematically accessible to the current and foreseeable future collider energies.

In the minimal type-I seesaw with only the SM gauge group, the active-sterile neutrino mixing
parameter Vyy = MpMy, I'is also required to be sizable, in addition to a low seesaw-scale, to get an
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observable production cross section at colliders [10]. In the canonical seesaw [2], the active-sterile
neutrino mixing parameter is suppressed by the light neutrino mass scale M, < 0.1 eV:

M, ¢ /100 GeV
Vi ~ — <10 _ 2.3
IN My ~ My (2.3)

Thus for a TeV-scale seesaw, the experimental effects of the active-sterile neutrino mixing are
naively expected to be too small. However, there exist low-scale type-I seesaw models [11, 12],
where Vyy can be sizable due to specific textures of the Dirac and Majorana mass matrices in
Eq. (2.2). These textures can in principle be stabilized by imposing some discrete symmetry in
the leptonic sector. But most of these low-scale seesaw scenarios require the sterile neutrinos
having large mixing with the active sector to be quasi-Dirac, thus suppressing all LNV effects,
except when the mass splitting between the pseudo-Dirac sterile neutrino pair is comparable to
their decay width, which could lead to a resonant enhancement of the LNV amplitude [13]. On
the other hand, if the heavy sterile neutrinos have additional gauge interactions, e.g. when they are
charged under the SU(2)g gauge group in LR seesaw models, one could get large LNV signals
at colliders, irrespective of their mixing with the active neutrino sector [14]. Note that the LNV
effects involving only the electron flavor are strongly constrained from neutrinoless double beta
decay searches [12, 15], but those involving the muon and/or tau flavors could still allow for an
observable signal at colliders, depending on the model construction.

Another natural realization of low-scale seesaw with potentially large active-sterile neutrino
mixing is the inverse seesaw mechanism [16], which introduces two sets of SM-singlet pseudo-
Dirac fermions (N, S) with only a small Majorana mass term g for S. In this case, the magnitude
of the light neutrino mass can be decoupled from the heavy neutrino mass scale:

My ~ (MpMy " )us(MpMy")T, (2.4)

thus allowing for large active-sterile mixing even for TeV-scale seesaw without any fine-tuning:

M 1 keV
Viv ~ |2~ 1072, | —2 (2.5)
Us Us

Note that the smallness of g is technically natural, i.e. in the limit of g — 0, lepton number

symmetry is restored and the light neutrinos are exactly massless to all orders in perturbation theory.
However, the smallness of ug implies that all LNV effects will be suppressed. This could be
partially overcome by introducing a Majorana mass term py for the N fermions [17].

The hadron collider experiments can simultaneously probe the Majorana nature of the neutri-
nos and the active-sterile neutrino mixing parameters through the “smoking gun" LNV signature
of same-sign dilepton plus two jets: pp — N{* — ¢*¢*j;j [10]. This is in contrast with the com-
plementary low-energy probes at the intensity frontier [ 18] which are mostly sensitive to only one
aspect, e.g. neutrinoless double beta decay for the Majorana nature and cLFV searches for the
active-sterile neutrino mixing. The current direct search limits using the same-sign dilepton chan-
nel at /s = 8 TeV LHC range from |Vyy|> <1072 — 1 (with £ = e, u) for My = 100 — 500 GeV [19].
These limits could be improved by roughly an order of magnitude and extended for heavy neutrino
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masses up to a TeV or so with the /s = 14 TeV LHC and further improvements by another order
of magnitude are possible at the proposed 100 TeV pp collider [6]. It is worth emphasizing that
the Wy vector boson fusion processes [20] become increasingly important at higher center-of-mass
energies and/or higher masses, and must be taken into account, along with the usual Drell-Yan
production mechanism via s-channel W boson so far considered in the experimental analyses.

To test seesaw models with suppressed LNV effects, as well as to distinguish between Dirac
and Majorana nature of the sterile neutrinos, one should also study the opposite-sign dilepton signal
pp — N{* — (*07 jj and its ratio with the same-sign signal [21]. Although the opposite-sign dilep-
ton signal suffers from a huge SM background, mostly from Z — £ ¢~ decays, one can exploit spe-
cific kinematic features to get a good signal-to-background ratio [22]. Another promising channel
is the trilepton mode pp — N¢* — ¢F¢F¢* 4 F[23], which has a relatively smaller cross section,
but a smaller SM background as well. In addition, there exist indirect signals for electroweak-scale
sterile neutrinos which can probe large active-sterile neutrino mixing, irrespective of their Majo-
rana nature, such as anomalous Higgs [24] and W /Z decays [25]. For sterile neutrinos lighter than
the W boson, one could also look for displaced vertex signatures [26]. GeV-scale sterile neutrinos
are also constrained at LHCb from searches in rare B-meson decays [27]. In future, this mass range
can be more effectively probed in beam dump experiments, such as SHiP [28].

A future lepton collider, such as ILC or FCC-ee, will provide better sensitivity up to sterile
neutrino masses very close to its kinematic threshold [29], mainly due to its relatively cleaner
environment, as compared to hadron colliders. See also Ref. [30] for sterile neutrino studies at a
future electron-proton collider, such as LHeC. For a summary of all relevant constraints and future
prospects for sterile neutrinos over MeV-TeV mass range, see Refs. [0, 31].

3. Type-1I seesaw

Unlike the sterile neutrinos in the minimal type-I seesaw which, being SM gauge singlets,
can only communicate with the SM sector through their mixing with active neutrinos, the type-II
seesaw messenger, being an SU (2);-triplet scalar (A™*,A* A%), can be directly produced at the
LHC via its gauge interactions. The smoking gun collider signal in this case would be the detection
of the doubly-charged scalars with LNV interactions. The most promising channels at the LHC are
pp — Z¥ )y — AYTATT — 0000 and pp — WE — ATAT — (50T v, using which lower
limits on the triplet mass of up to 600 GeV have been derived at the LHC [32]. These limits could
be marginally improved up to about 800 GeV at the /s = 14 TeV LHC, whereas a future 100 TeV
pp collider could probe up to 5 TeV or so [33], depending on the model parameters.

4. Type-III seesaw

Similar to the type-II seesaw case, the type-IIl seesaw messenger, being an SU(2)-triplet
fermion (X*,X% X7), can be directly produced at the LHC via its gauge interactions. The most
promising production channels at the LHC are pp — W** — X*¥0 and pp — Z*/y* /h* — ZTX",
which lead to multi-lepton final states. Depending on the theoretical scenario considered, the /s =
8 TeV LHC data has excluded fermion triplets of mass up to 540 GeV at 95% CL [34]. These limits
could be improved up to about 1 TeV at the /s = 14 TeV LHC.
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5. Conclusion

Neutrino oscillations have provided us with the first (and so far only) conclusive experimental

evidence of physics beyond the SM. Therefore, it is very important to explore the experimental sig-

natures of neutrino mass models, which might lead to some crucial insights into the underlying new

physics. A simple theoretical paradigm for neutrino masses is the seesaw mechanism, which also
provides potentially attractive solutions to other outstanding puzzles like dark matter and baryon
asymmetry of the universe. We have briefly reviewed the current status and future prospects of the

direct searches for various seesaw messengers at the energy frontier, and show that colliders offer

an ideal testing ground for low-scale seesaw models, which is complementary to the low-energy

probes at the intensity frontier.
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