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Origin of neutrino mass: Neutrino mass generation mechanisms

• Dirac vs. Majorana neutrinos
⇒ Majorana mass generated by Weinberg operator
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• Effective operator LHLH suppressed by Λ � 〈H〉 ' 100GeV � mν

• Can be generated via seesaw mechanisms, minimal UV completions
Minkowski; Yanagida; Glashow;Gell-Mann, Ramond, Slansky; Mohapatra, Senjanovic.

• However not the only possibility to generate neutrino mass
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• among many other possibilities

Why should I be interested in anything beyond the seesaw mechanisms?
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Connection to other physics: Dark matter (DM)

• Scotogenic model Ma hep-ph/0601225

• Discrete symmetry N→ −N, η → −η

to forbid tree-level contribution
• Lightest new particle is a DM
candidate

L

H H

L

η η

N N

N ∼ (1, 1, 0) η ∼ (1, 2, 12 )

• Scalar DM:
very similar to same as inert doublet model Lopez-Honorez, Nezri, Oliver, Tytgat hep-ph/0612275

• Fermionic WIMP DM:
close connection with neutrino mass due to bounds from lepton
flavour violation recent study: Vicente, Yaguna 1412.2545; Lindner, Platscher, Yaguna, Merle 1608.00577

• Fermionic FIMP DM:
one neutrino (almost) massless. Otherwise DM phenomenology
mostly decoupled from neutrino physics Molinaro, Yaguna, Zapata 1405.1259
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Connection to other physics: B physics anomalies (1)

Hints for violations of LFU in RK(∗) and RD(∗)

RK(∗) =
Γ(B̄→ K̄(∗)µ+µ−)

Γ(B̄→ K̄(∗)e+e−)
RD(∗) =

Γ(B̄→ D(∗)τ ν̄)

Γ(B̄→ D(∗)`ν̄)
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Connection to other physics: B-physics anomalies (2)

One leptoquark [φ ∼ (3, 1,−1/3)] model has been postulated as
explanation of b→ c anomalies at tree level but b→ s through
one-loop box diagrams Bauer, Neubert 1511.01900
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Connection to other physics: B-physics anomalies (3)

based on dimension-9 operator O11 = LLQdcQdc Angel, Cai, Rodd, MS, Volkas 1308.0463

Two LQs φ ∼ (3, 1,−1/3) and Majorana fermion ξ ∼ (8, 1, 0)
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Minimal scenario: only necessary to consider
non-negligible w3a (scale factor)

Important points:
• x13 cannot be turned off ad libitum
⇒ µN→ eN serious constraint

• inconsistent with hierarchy |x23| � |x33|
needed for RK(∗) and τ → µ constraints
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Connections to other physics

• Anomalous magnetic moment (g− 2)µ
• New scalars can induce strong electroweak phase transition
• New bosons help with stability of electroweak vacuum
• baryogenesis, leptogenesis
• …
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Interesting phenomenology testable in current/future experiments
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Papers on radiative neutrino mass generation
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We discuss a one loop model for neutrino masses which leads to a seesaw-like formula with the
difference that the charged lepton masses replace the unknown Dirac mass matrix present in the usual
seesaw case. This is a considerable reduction of parameters in the neutrino sector and predicts a strong
hierarchical pattern in the right handed neutrino mass matrix that is easily derived from a U (1)H family
symmetry. The model is based on the left–right gauge group with an additional Z4 discrete symmetry
which gives vanishing neutrino Dirac masses and finite Majorana masses arising at the one loop level.
Furthermore, it is one of the few models that naturally allow for large (but not necessarily maximal)
mixing angles in the lepton sector. A generalization of the model to the quark sector requires three iso-
spin singlet vector-like down type quarks, as in E6. The model predicts an inert doublet type scalar dark
matter.

© 2009 Elsevier B.V.

1. Introduction

One of the major puzzles in particle physics beyond the stan-
dard model (SM) is to understand the origin of neutrino masses
[1]. A simple paradigm is the seesaw mechanism [2] which intro-
duces three right handed (RH) neutrinos with arbitrary Majorana
masses additionally to the SM with the resulting seesaw formula
for the light neutrino mass matrix given by

Mν = −mT
D M−1

R mD . (1)

The input values of mD and MR are then required to find the
neutrino masses. In the simple seesaw framework, the RH neu-
trino spectrum can therefore not be determined from neutrino
observations. Clearly, the knowledge of the right handed neutrino
spectrum would be of great phenomenological interest for testing
the model. If seesaw is embedded into grand unified theories it
is sometimes possible to predict mD , so that one could get some
idea about the right handed neutrino masses. In this Letter, we
present a bottom-up one loop scheme where we obtain the follow-
ing seesaw-like formula from a left–right symmetric model even
though the Dirac mass matrix vanishes to all orders in perturba-
tion theory:

Mν = λ′

16π2
Mdiag

� M−1
N Mdiag

� , (2)

* Corresponding author.
E-mail address: rmohapat@physics.umd.edu (R.N. Mohapatra).

where Mdiag
� is the diagonal charged lepton mass matrix: Mdiag

� =
diag(me,mμ,mτ ) and λ′ is a Higgs self coupling. As a result, the
flavor structure of the RH neutrino mass matrix is completely de-
termined. We find a stronger hierarchy in the RH neutrino sector
compared to the charged leptons. Thus the radiative corrections
transmit the charged lepton mass hierarchy into the RH neutrino
sector (radiative transmission of hierarchies). Furthermore the hier-
archy in the RH sector is such that it is easily obtainable from a
simple U (1)H family assignment. This is the main result of the
Letter. As an application, we predict B(μ → e + γ ) in this model.

We also discuss how the quark sector can be made realistic
since the Z4 symmetry leads to vanishing down quark masses at
tree level. Two ways to generate realistic down quark masses and
CKM angles are: (i) introduction of color triplet iso-spin singlet
fields that give radiative masses to down quarks or (ii) the addition
of three iso-spin singlet vector-like down quarks which generate a
tree level mass for the down quarks. We only present the second
scenario here, which also has the property that it leads to an inert
doublet type scalar dark matter.

2. The model

Our model is based on the left–right (LR) symmetric group [3]
SU(2)L × SU(2)R × U (1)B−L supplemented by a discrete symmetry
group Z4. The quarks and leptons are assigned as in the minimal
LR model to left–right symmetric doublets. The symmetry break-
ing is implemented also as in the minimal LR model by the Higgs
fields φ(2,2,0) and 	R(1,3,+2) ⊕ 	L(3,1,+2).

0370-2693 © 2009 Elsevier B.V.
doi:10.1016/j.physletb.2009.09.042
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We discuss the tension between discrete flavor symmetries and extended scalar sectors arising from

lepton flavor violation experiments. The key point is that extended scalar sectors will generically lead to

flavor changing neutral currents, which are strongly constrained by experiments. Because of the large

parameter space in the scalar sector such models will, however, usually have no big problems with

existing and future bounds (even though the models might be constrained). This changes considerably

once a flavor symmetry is imposed in addition: Because of the symmetry, additional relations between the

different couplings arise and cancellations become impossible in certain cases. The experimental bounds

will then constrain the model severely and can easily exclude it. We consider two examples which show

how these considerations are realized. The same logic should apply to a much wider class of models.
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I. INTRODUCTION

The standard model (SM) is a very successful theory.
Apart from only describing the phenomena observed, it has
even made predictions of new particles such as the Z boson
or the t quark. There is only one missing piece, namely, the
well-known neutral scalar Higgs boson, that will hopefully
be found at the LHC.

Apart from this success there are, however, some obser-
vations which indicate that the SM is incomplete, among
them, e.g., the observation of dark matter [1], the baryon
asymmetry [2], and the hierarchy problem [3]. An exten-
sion of the SM is therefore necessary [this is usually called
physics beyond the SM (BSM)]. The various possible
extensions of the SM very often contain extended scalar
sectors. Other extensions address the flavor problem and
introduce new flavor symmetries to explain the apparent
regularities of masses and mixings.

In this paper we study the difficulties arising when one
tries to combine a model with an extended scalar sector
with a discrete flavor symmetry. The key point is that there
are actually quite strong constraints on models with ex-
tended scalar sectors. Since, however, the scalar sector of a
theory is in most of the cases poorly known (meaning that
there are a lot of free parameters), such a model can usually
not be excluded easily, because of internal cancellations
between several of the parameters that may cause some
observables to nearly vanish. If, on the other hand, some
additional structure is imposed on the model (by, e.g., a
discrete flavor symmetry), then additional relations be-
tween some of the parameters can easily rule out the
corresponding model or at least restrict its parameters to
very narrow ranges.

The paper is organized as follows: In Sec. II, we intro-
duce the argumentation which leads us to our statement
that models with extended scalar sectors may get into
trouble by the introduction of an additional flavor symme-
try. This is exemplified in Sec. III, where we present two
particular models for which our logic clearly works. The
numerical results that we have obtained are presented and
discussed in Sec. IV, and we finally conclude in Sec. V. The
basic properties of the discrete groups that we use are given
in the Appendixes A (A4) and B (D4).

II. THE GENERAL ARGUMENTS

A natural way to extend the SM is to add further scalar
particles, which have not yet been discovered. These could,
e.g., be additional SUð2Þ singlets [4], doublets (‘‘two Higgs
doublet model,’’ THDM), or triplets [5]. Depending on the
model, it can then be the case that more than one Higgs
field contribute to the masses of all particles or that certain
Higgses only give masses to a particular choice of particles
[6]. These models will then, however, generically lead to
flavor changing neutral currents (FCNCs) [7] and hence to
lepton flavor violation (LFV) processes [8], which are quite
strongly constrained [9]. It is, however, also not easy to rule
them out that way, since they will in general yield complex
3� 3 Yukawa coupling matrices, which hold a lot of free-
dom in their 18 parameters. So, in most of the cases, such a
model will be able to fit all neutrino data without any
problems, even if it is strongly constrained.
On the other hand, there are also ways to impose more

structure onto the SM in order to get an understanding of
quantities like mixing angles, or so. This is usually done by
so-called (discrete) ‘‘flavor symmetries’’ under which the
SM fermions [and, depending on the model, also (addi-
tional) scalars] are charged in a certain way. If, e.g., two
generations of SUð2ÞL doublets are components of the
same doublet representation of a discrete flavor symmetry
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Apparent regularities in fermion masses and mixings are often associated with physics at a high flavor

scale, especially in the context of discrete flavor symmetries. One of the main reasons for that is that the

correct vacuum alignment requires usually some high scale mechanism to be phenomenologically

acceptable. Contrary to this expectation, we present in this paper a renormalizable radiative neutrino

mass model with an A4 flavor symmetry in the lepton sector, which is broken at the electroweak scale. For

that we use a novel way to achieve the vacuum expectation value alignment via an extended symmetry

in the flavon potential proposed before by two of the authors. We discuss various phenomenological

consequences for the lepton sector and show how the remnants of the flavor symmetry suppress large

lepton flavor violating processes. The model naturally includes a dark matter candidate, whose phenome-

nology we outline. Finally, we sketch possible extensions to the quark sector and discuss its implications

for the LHC, especially how an enhanced diphoton rate for the resonance at 125 GeV can be explained

within this model.

DOI: 10.1103/PhysRevD.87.033006 PACS numbers: 14.60.Pq, 14.60.St, 11.30.Hv, 12.15.Ff

I. INTRODUCTION

Much progress has been achieved in the field of particle
physics during the last year. First, the last missing mixing
angle �13 of the Standard Model (SM) with massive neu-
trinos has been measured [1] to be 8� after first hints in
2011 [2] and recently an excess consistent with a SMHiggs
has been observed at 126:0� 0:4ðstatÞ � 0:4ðsysÞ GeV by
ATLAS [3,4] and at 125:8� 0:4ðstatÞ � 0:4ðsysÞ GeV by
CMS [5,6].

Let us first discuss the implications of the large mixing
angle �13. Much of the work in the neutrino sector has been
aimed at explaining tiny values of �13 as deviations from a
tribimaximal (TBM) mixing structure using flavor symme-
tries, but this scenario is now implausible due to the size-
able value of �13.

1 So maybe there exists no symmetry that
is connected to the regularities in the fermion parameters.
It could rather be that mixing angles are determined at a
high scale from some (quasi)random mechanism. Indeed if
one randomly draws unitary 3� 3 matrices with a proba-
bility measure given by the Haar measure of Uð3Þ, i.e., the
unique measure that is invariant under a change of basis for
the three generations, one finds a probability of 44% for
nature to have taken a more ‘‘unusual’’ choice [9]. This
cannot be interpreted, however, as an indication in favor of
anarchy [10,11], as the sample (three mixing angles and
one mass ratio) is clearly too small to reconstruct the
probability measure to any degree of certainty [12]. The
only statement one can make is that the (very limited) data

cannot rule out the anarchy hypothesis. For any values of
the mixing angles one can always find a flavor model that is
in better agreement with the data.2

Another option is that flavor symmetries are realized in a
different way. One route is to think of solutions that do not
predict TBM. Such models are usually implemented at
high scales and give precise predictions for the leptonic
mixing angles in the experimentally allowed regions.
These models might then be falsified in the same way
that the models that give tribimaximal mixing have been
ruled out, i.e., by a further refinement of the experimental
determination of these angles. This seems to be the only
fruitful direction for models that explain flavor at high
energy scales such as the seesaw or grand unified theory
scale, because mixing angles are generically the only
experimentally testable predictions of such models. An
example are models based on �ð96Þ [14–16].
An interesting question is if flavor symmetries could

even be realized at low scales [17–28]. If this is viable
then such models can be tested by additional observables.
Such observables typically include rare lepton flavor
violating (LFV) decays of leptons and mesons and—
ideally—a direct experimental access to the very fields
that mediate the flavor symmetry breaking. Typically
such models will feature extended Higgs sectors but will
not uniquely determine the mixing angles; they will, how-
ever, rather give relations among the deviations from
patterns such as tribimaximal mixing.
In this work we implement a model based on a flavor

symmetry at the electroweak scale and show that it leads to
*martin.holthausen@mpi-hd.mpg.de
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1See also the recent global fits to neutrino oscillations [7,8].

2This can be done without increasing the degree of complexity
of the model [13].
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We consider a Uð1Þ0 gauge symmetry acting on three generations of right-handed neutrinos. The Uð1Þ0
symmetry is broken at the TeV scale, and its remnant discrete symmetry makes one of the right-handed
neutrinos stable. As a natural consequence of the anomaly cancellation, the neutrino mass matrix consists
of a combination of type I (TeV scale) seesaw and radiative corrections. The stable right-handed neutrino
communicates with the Standard Model via s-channel exchange of the Higgs field and the Uð1Þ0 gauge
boson, so that the observed relic density for dark matter is obtained in a wide range of the parameter space.
The experimental signatures in collider and other experiments are briefly discussed.
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I. INTRODUCTION

Do the physics of neutrino mass and dark matter share the
same origin? The experimental evidence for neutrino mass
[1–4] has provided a compelling reason to extend theminimal
version of theStandardModel (SM).Amongpossibleways to
accommodate the neutrino mass, the introduction of gauge-
singlet fermions (right-handed neutrinos) is one of the most
natural and popular methods. Similarly, the accumulated
evidence for an unknown substance filling our Universe, so-
called dark matter [5–8], has also provided an insight into
physics beyond the SM. A new particle species which is
stable, neutral, and nonbaryonic excellently fits the observed
nature of dark matter. Interestingly, both of these two
indicators may point to the existence of gauge-singlet fields
beyond the SM. It is quite tempting to address these
compelling issues by introducing the right-handed neutrinos
and identifying one of them as the dark matter particle.
Along this line, the simplest extension of the SM is just

adding the right-handed neutrinos. In fact, three generations
of right-handed neutrinos are able to accommodate the
neutrino masses and mixing, dark matter, and baryon
asymmetry of the Universe [9]. Another simple example
is the model in Ref. [10], where a gauge-singlet scalar
which breaks Uð1ÞB−L gauge symmetry is introduced in
addition to the three right-handed neutrinos. Besides their
simplicity, a virtue of these frameworks is that they can be
free from the gauge hierarchy problem. Since no inter-
mediate scale between the electroweak or TeV and the
Planck scale is introduced in these models, the problematic
quadratic divergence in the Higgs mass can be a matter of
the high-energy boundary at which the theory becomes
invalid [11,12]. Since we do not know what sorts of
boundary condition nature can realize, we may postpone
a fundamental solution of the gauge hierarchy problem and

attack compelling issues such as neutrino mass and dark
matter within physics up to the TeV scale. It is interesting to
explore renormalizable theories beyond the SM that stand
on the same footing as the SM.
If this idea is further pushed with a few more new scalar

fields, one meets with a group of models, the so-called
radiative seesawwith right-handed neutrinos [13–15]. In this
scenario, the usual neutrino Yukawa couplings are forbidden
by some symmetries so that the neutrino masses show up at
some loop level. Unlike the usual seesaw mechanism, the
right-handed neutrinos do not mix with the left-handed ones
and they are separated from the electroweak interactions at
the tree level. The symmetries that forbid the Yukawa
couplings make the lightest particle running in the loop
stable, providing a good candidate for dark matter.
However, onemay argue that there is an unsatisfying point

which is common in the radiative models. In many cases, a
discrete symmetry such as Z2 is imposed to forbid the
Yukawa couplings and stabilize the dark matter candidate.
The use of a global discrete symmetry seems rather ad hoc in
view of the great success of the gauge principle of the SM. In
addition, it has been argued that in the context of quantum
gravity global symmetries are unnatural [16]. These facts
motivate us to upgrade theglobal discrete symmetries to local
ones. A simple realization of this idea, for example, is to
derive Z2 symmetry as a remnant of a gauge symmetry
broken at some high-energy scale [17]. Along this line,
various types of gauge symmetries such as SUð2Þ0 [18],
Uð1ÞB−L [19,20], and Uð1Þ0 [21–25] have been studied.
In this work, we present yet another possibility forUð1Þ0.

We consider a Uð1Þ0 gauge symmetry which acts on the
three generations of the right-handed neutrinos νRi

(i ¼ 1,
2, 3)1 as a symmetry behind the stability of dark matter. The
usual SM particles are neutral under this Uð1Þ0. For the
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1We assume unknown physics governing the generation
structure universally determines the number of fermion families
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We demonstrate that the condition of vacuum stability severely restricts scenarios with fermionic WIMP
dark matter in the scotogenic model. The sizable Yukawa couplings that are required to satisfy the dark
matter constraint via thermal freeze-out in these scenarios tend to destabilize the vacuum at scales below
that of the heaviest singlet fermion, rendering the model inconsistent from a theoretical point of view.
By means of a scan over the parameter space, we study the impact of these renormalization group effects on
the viable regions of this model. Our analysis shows that a fraction of more than 90% of the points
compatible with all known experimental constraints—including neutrino masses, the dark matter density,
and lepton flavor violation—is actually inconsistent.
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I. INTRODUCTION

The scotogenic model [1] is arguably the simplest
radiative scenario that can simultaneously account for
dark matter and neutrino masses. In this model the particle
content of the Standard Model (SM) is extended by a new
scalar doublet (η) and three (or two) right-handed singlet
fermions (Ni). These new fields are further assumed to be
odd under a Z2 symmetry that remains unbroken, while all
SM fields are even. In this setup, neutrinos acquire
Majorana masses radiatively at the one-loop level via
diagrams mediated by the new fields, whereas the dark
matter can be accounted for by the lightest Z2-odd particle
—if it is an electrically neutral scalar or a singlet fermion—
which is rendered stable by the Z2 symmetry. The phe-
nomenology of this model is extremely rich, covering areas
such as dark matter, neutrino masses, collider searches, and
lepton flavor violation, and it has been extensively studied
in the literature—see e.g., [2–20].
The renormalization group equations (RGEs) for the

scotogenic model were first computed in [21] and more
recently improved in [22]. In relation to these works, it was
pointed out that the RGE corrections could potentially
impose strong constraints on the model because they have a
tendency to induce the breaking of the Z2 parity [23]. In
this paper, we will extend such considerations and inves-
tigate further constraints on the model arising from running
effects. The main novelty in our analysis is that, unlike
previous works, we first impose all low energy constraints
—coming from neutrino masses, precision data, the dark

matter density, lepton flavor violating processes, etc.—to
obtain, from a random number scan, a large sample of
points compatible with all known bounds; only then we
analyze how the renormalization group corrections affect
the viability of these points.
Renormalization group corrections are expected to be

particularly important in the case of fermionic WIMP dark
matter—which will be our focus in the following—because
the Yukawa couplings required to obtain the observed relic
density via thermal freeze-out must be sizable in that case.
Such large Yukawa couplings drive the quartic self-coupling
associated with the new doublet toward negative values,
destabilizing the vacuum at low scales. Interestingly, a study
of this effect—although yielding important consequences—
does not seem to be contained in the literature on the
scotogenic model. There do exist several analyses for the
inert doublet model (i.e., without singlet fermions): Ref. [24]
studied how the quartic coupling is affected when radiative
effects are included, Refs. [25,26] went further by demon-
strating the impact of vacuum metastability and further
consistency constraints on the dark matter sector, and
Ref. [27] even investigated the behavior of theZ2 symmetry
in the inert doublet model. However, all these references
focused only on the “scalar part” of the scotogenicmodel and
thus have not revealed the issues lying in its “fermionic part”.
We specifically determine, for each viable set of

points, the highest scale for which such a model remains
consistent, denoted by ΛMAX. New physics beyond the
scotogenic model should therefore appear below ΛMAX,
to save the otherwise incompatible setting. Our results
indicate that the scale ΛMAX is always low, often lying
below 10 TeV. Many points, in fact, even feature a ΛMAX
smaller than 1 TeV. Notably, we find that in the great
majority of cases ΛMAX is below the mass of the heaviest
singlet fermion, rendering such otherwise compatible
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A systematic approach: generalized Weinberg operator

Consider operators of type

LLHH(H†H)n

possibly with multiple Higgs fields
Bonnet, Hernandez, Ota, Winter 0907.3143

dimension-7 operator at tree-level

electroweak
triplet fermion
quadruplet scalar
Babu, Nandi, Tavartkiladze 0905.2710

Construct all possible topologies:

• tree-level topologies Bonnet, Hernandez, Ota, Winter 0907.3143

• 1-loop topologies of Weinberg operator Bonnet, Hirsch, Ota, Winter 1204.5862

• 2-loop topologies of Weinberg operator Arisitizabal Sierra, Degee, Dorame, Hirsch 1411.7038

• 1-loop topologies of dimension-7 operator Cepedello, Hirsch, Helo 1705.01489

The dashed lines always denote scalars and solid lines are either fermions or scalars.
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A systematic approach: ∆L = 2 operators

• Black box theorem: Every ∆L = 2 operator lead to neutrino mass
Schechter, Valle Phys. Rev. D25 (1982) 2951

dimension 5 7 9 11

field strings1 Babu,Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344 1 6 21 101
Lorentz structures2 Henning,Lu,Melia,Murayama 1512.03433 2 22 368 6632

1no gauge fields, no Lorentz structure, no products of SM singlets (e.g. LHLHH†H)
2includes hermitean conjugates

• Consider all possible ∆L = 2 operators Babu, Leung hep-ph/0106054; de Gouvea, Jenkins 0708.1344

• UV completions Angel, Rodd, Volkas 1212.6111

• Also describes other ∆L = 2 violating processes:
neutrinoless double beta decay, LNV processes at a collider

• Indication of quantum numbers of new particles

Other criteria: topology, complexity, flavour, common features, …
Farzan, Pascoli, Schmidt 1208.2732; Law, McDonald 1303.6384; Kanemura, Sugiyama 15010.08726; Ho, Toma, Tsumura1604.07894; …
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A systematic approach: ∆L = 2 operators
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Minimal UV completions of ∆L = 2 dimension-7 operators

Y. Cai, J. Clarke, MS, R. Volkas 1410.0689

Any ∆L = 2 operator induces Majorana mass term for neutrinos
Effective ∆L = 2 operators of dimension 7

O′
1 = LLH̃HHH O2 = LLLēH

O3 = LLQd̄H O4 = LLQ†ū†H O8 = Ld̄ē†ū†H

Scalars: leptoquarks, singly charged
scalars, EW doublets and quartets

Fermions: vector-like quarks/charged
leptons mixing with third generation
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O′
1 = LLH̃HHH O2 = LLLēH

O3 = LLQd̄H O4 = LLQ†ū†H O8 = Ld̄ē†ū†H

Scalars: leptoquarks, singly charged
scalars, EW doublets and quartets

Fermions: vector-like quarks/charged
leptons mixing with third generation

Scalar Scalar Operator

(1, 2, 12 ) (1, 1, 1) O2,3,4
(3, 2, 16 ) (3, 1,− 1

3 ) O3,8
(3, 2, 16 ) (3, 3,− 1

3 ) O3

Leptoquarks (3, 2, 16 ) and (3, 1,− 1
3 ) used to

explain RK (and RD)
Päs, Schumacher 1510.08757 Deppisch, Kulkarni, Päs, Schumacher 1603.07672
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Minimal UV completions of ∆L = 2 dimension-7 operators

Y. Cai, J. Clarke, MS, R. Volkas 1410.0689

Any ∆L = 2 operator induces Majorana mass term for neutrinos
Effective ∆L = 2 operators of dimension 7

O′
1 = LLH̃HHH O2 = LLLēH

O3 = LLQd̄H O4 = LLQ†ū†H O8 = Ld̄ē†ū†H

Scalars: leptoquarks, singly charged
scalars, EW doublets and quartets

Fermions: vector-like quarks/charged
leptons mixing with third generation

Dirac fermion Scalar Operator

(1, 2,− 3
2 ) (1, 1, 1) O2

(3, 2,− 5
6 ) (1, 1, 1) O3

(3, 1, 23 ) (1, 1, 1) O3
(3, 1, 23 ) (3, 2, 16 ) O3
(3, 2,− 5

6 ) (3, 1,− 1
3 ) O3,8

(3, 2,− 5
6 ) (3, 3,− 1

3 ) O3
(3, 3, 23 ) (3, 2, 16 ) O3
(3, 2, 76 ) (1, 1, 1) O4
(3, 1,− 1

3 ) (1, 1, 1) O4
(3, 2, 76 ) (3, 2, 16 ) O8
(1, 2,− 1

2 ) (3, 2, 16 ) O8
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Scalars: leptoquarks, singly charged
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Fermions: vector-like quarks/charged
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Dirac fermion Scalar Operator

(1, 3,−1) (1, 4, 32 ) O′
1
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New particles at the LHC: (scalar) leptoquarks

Decay channels
φ → `q φ → νq

Assuming 100% branching ratio

• first generation LQ (e): mLQ & 1130 GeV CMS-PAS-EXO-16-043

• second generation LQ (µ): mLQ & 1165 GeVCMS-PAS-EXO-16-007

• third generation LQ (τ ): mLQ & 900 GeVCMS-PAS-EXO-16-023

Cai, Clarke, MS, Volkas 1410.0689
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1-loop model (O3b): ζ controls relative size of Yukawa couplings (like Casas-Ibarra parameter)
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New particles at the LHC: vector-like quarks

B T (BY) (XT) (XTB)

(3, 1,− 1
3 ) (3, 1, 23 ) (3, 2,− 5

6 ) (3, 2, 76 ) (3, 3, 23 )

• Searched for at LHC looking using pair production
• Main decay channels to EW gauge bosons and Higgs

B : B→ W−t, B→ Zb, B→ Hb ,

T : T → W+b, T → Zt, T → Ht ,

mT & 0.5− 1.2 TeV
mB & 0.8− 0.9 TeV
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Observed

 (8 TeV)-119.7 fb

CMS

CMS 1507.07129

ATLAS 1504.04605 1409.5500 1505.04306 1705.10751 1606.03903 1509.04261 ATLAS-CONF-2016-032 CMS 1509.04177 1706.03408 1311.7667 1507.07129
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New particles at the LHC: uncolored particles

Vector-like leptons

E (NE) (ED) (NED)

(1, 1,−1) (1, 2,− 1
2 ) (1, 2,− 3

2 ) (1, 3,−1)

currently no dedicated search at LHC

Uncolored scalars

• Charged scalars
• doubly charged scalar: like-sign dilepton pairs (LNV)
• singly charged scalar: similar to slepton pair production search

• Higher-dimensional EW multiplets (doublet, quadruplet, …)
• Drell-Yan production of charged scalar
• possibly long lifetime, if small mass splitting
• disappearing track signature
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Conclusions

radiative neutrino mass interesting possibility

current experiments probe theory space

⇒ clear phenomenological signatures required

plethora of models

⇒ systematic approach needed
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