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1 Introduction

A Majorana mass term for neutrinos always implies also the existence of lepton number
violating (LNV) processes. The best-known example is neutrinoless double beta decay
(0vBp), for reviews see [1, 2]. A high-scale mechanism, such as the classical seesaw type-
I [3-5], however, will leave no other LNV signal than Ov33 decay. From this point of view,
models in which the scale of LNV is around the electro-weak scale are phenomenologically
much more interesting.

Low-scale Majorana neutrino mass models need some suppression mechanism to ex-
plain the observed smallness of neutrino masses. (For a recent review on theoretical aspects
of neutrino masses see [6].) This suppression could be due to loop factors [7, 8], or neutrino
masses could be generated by higher order operators [9, 10], or both. In this paper, we
will study the phenomenology of a particular class of models, namely d = 7 1-loop mod-
els [11]. Our main motivation is that d = 7 1-loop contributions to neutrino masses can be
dominant only, if new particles below approximately 2 TeV exist. This mass range can be
covered by the LHC experiments in the near future, if some dedicated search for the LNV
signals we discuss in this paper is carried out.

Lepton number violation has been searched for at the LHC so far using the final state
of same-sign dileptons plus jets, [*1%jj. Many different LNV extensions of the standard
model (SM) can lead to this signal [12, 13]. However, ATLAS and CMS searches usually
concentrate on only two theoretical scenarios, left-right symmetry [14] and the standard



model extended with “sterile neutrinos”. Note that these two models lead to the same
final state signal, but rather different kinematical regions are explored in the corresponding
experimental searches. CMS has published first results from searches at run-II [15] and
run-1 [16], both for eejj and pujj final states, concentrating on the left-right symmetric
model.! There is also a CMS search for sterile Majorana neutrinos, based on £ = 19.7/fb
at /s = 8 TeV [18]. ATLAS published a search for lljj based on 8 TeV data, for both SM
with steriles and for the LR model [19]. However, only like-sign lepton data was analyzed
in [19] and no update for /s = 13 TeV has been published so far from ATLAS. No signal
has been seen in any of these searches so far and thus lower (upper) limits on masses
(mixing angles) have been derived.

Other final states that can test LNV have been discussed in the literature. For example,
in the seesaw type-1I [20] the doubly charged component of the scalar triplet A can decay to
either AT — [T]T or AT — WTWT final states. If the branching ratios to both of these
final states are of similar order, LNV can be established experimentally [21-24]. No such
search has been carried out by the LHC experiments so far. Instead, ATLAS [25-27] and
CMS [28] have searched for invariant mass peaks in the same-sign dilepton distributions.
Assuming that the branching ratios for ee and/or pup are large, i.e. O(1), lower limits on
the mass of the AT+ up to 850 GeV [27], depending on the flavour, have been derived.
Note that, if only one of the two channels are observed, LNV can not be established at the
LHC but the type of scalar multiplet could be still determined [29].

Dimension-7 (d = 7) neutrino mass models can lead to new LNV final states at the
LHC. The proto-type tree-level model of this kind has been discussed first in [10], in the
following called the BNT model. As pointed out in [10] the model predicts the final state
WEWEW* + WTFI[TIT. The LHC phenomenology of the BNT model has been studied
recently in detail in [30]. Again, as in the case of W*W®* 4 IFIF predicted by the seesaw
type-11I, no experimental search for this particular LNV final state has been published so far.

At tree-level the BNT model is unique in the sense that it is the only d = 7 model
that avoids the lowest order d = 5 contribution to the neutrino mass, without relying on
additional (discrete) symmetries [9, 11]. Recently, we have studied systematically d = 7
1-loop neutrino mass models [11]. These models, while necessarily more rich in their
particle content than simple d = 5 (or d = 7) tree-level neutrino mass models, offer a
variety of interesting LNV signals at the LHC, so far not discussed in the literature. As
we show below, depending on the unknown mass spectrum, several different multi-lepton
final states with gauge bosons up to WEW*ITIT 4 [*[F[FIF can occur. Note that for such
high multiplicity final states one can expect very low SM backgrounds.

Apart from LNV signals, the parameter space of d = 7 neutrino mass models can be
constrained by a variety of searches. First, neutrino masses and angles should be correctly
fitted. Since we now know that all three active neutrino mixing angles are non-zero, this fit
leads to certain predictions for lepton flavour violating decays. We therefore discuss also
current and future constraints coming from p — e7y, 4 — 3e and p — e-conversion in nuclei.

'CMS has searched also for 77754 [17]. However, that search is not a test for LNV, since one 7 is assumed
to decay hadronically.



Constraints on our models come also from lepton number conserving LHC searches.
The same-sign dilepton searches [25-28], discussed above, can be recasted into lower mass
limits valid for our models. In addtion, also multi-lepton searches [31], motivated by the
seesaw type-III, can be used to obtain interesting limits. We note in passing that we have
also checked that the LNV searches for [ljj [15, 19] are currently not competitive for the
models we consider in this paper.

The rest of this paper is therefore organized as follows. In the next section, we discuss
the basic setup of d = 7 models and then present the Lagrangians of our two example
models. Section 3 then calculates neutrino masses and constraints from low energy probes.
Section 4 discusses LHC phenomenology. We first derive constraints from existing searches,
before discussing possible searches for LNV final state. We then close with a short summary
and discussion.

2 Theoretical setup: d = 7 models

2.1 d = 7 neutrino mass models

Before we discuss our example models, it may be useful to recapitulate some basics about
Majorana neutrino masses in general and d = 7 models in particular. Majorana neutrino
masses can be generated from d = 5 + 2n operators:

Q=5+ — [LHH x (HH")" (2.1)

The lowest order, d = 5, is the well-known Weinberg operator [32]. At tree-level, the
Weinberg operator has three types of ultra-violet completions [33], known in the literature
as seesaw type-I, type-II and type-III. These (simplest) neutrino mass models make use of
either a right-handed neutrino (type-I), a scalar triplet (type-1I) or a fermionic triplet with
zero hypercharge (type-I11I).

Higher order contributions to neutrino masses are expected to be subdominant, unless
the underlying model does not generate @®".2 This can be achieved essentially in two
ways: either via introducing a discrete symmetry [9] or simply because the particle content
of the model does not allow to complete the lowest order operator [10, 11]. We will not be
interested in models with additional discrete symmetries here, since such models, although
interesting theoretically, usually are based on additional SM singlet states, which leave very
little LHC phenomenology to explore.? Consider, instead, the BNT model [10]. This d = 7
tree-level model introduces a vector-like fermion pair, ¥ and ¥ with quantum numbers

3{ and a scalar quadruplet S = 45 (Here and elsewhere we will use a notation which

9
gives the SU(2)y, representation ang()i/ hypercharge in the form Ry with a superscript S or
F, where necessary.) By construction, at tree-level the lowest order contribution to the
neutrino masses is d = 7, see figure 1. Being higher order, already at tree-level, two new
particles are needed in order to generate a neutrino mass. This model has a rich LHC
phenomenology [10, 30] and, in particular, generates the LNV final state WEWEW+ +

WFITIT.

20W and higher order operators could give similar contibutions to neutrino masses, if the coefficient of
OWY is small. We are not interested in this case.
3«Sterile” neutrino searches at the LHC, see introduction, provide of course constraints on these models.
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Figure 1. d = 7 neutrino mass diagram, for the BNT model [10].

As mentioned in the introduction, the BNT model is unique at tree-level in the sense
that no additional symmetries are required to make it the leading contribution to neu-
trino masses (we call such models “genuine”). In a recent paper [11], we have analyzed
systematically d = 7 1-loop models. While there exists a large number of topologies, only
a few of them can lead to genuine d = 7 models. These topologies can still generate 23
different diagrams, but all models underlying these diagrams share the following common
features: (i) five new multiplets must be added to the SM particle content; and (ii) all
models contain highly charged particles. In all cases there is at least one triply charged
state. Thus, see also the discussion, one expects that all d = 7 1-loop models have rather
similar accelerator phenomenology. For this reason, in this paper we concentrate on only
two of the simplest example models.*

According to [11] one can classify the d = 7 models w.r.t. increasing size of the largest
SU(2)r, multiplet. There is one model, in which no representation larger than triplets
is needed. All other models require at least one quadruplet. Our two example models,
introduced below, are therefore just the simplest realizations of @9=7 at 1-loop, but are
expected to cover most of the interesting phenomenology.

Finally, let us mention that the d = 7 operator, see eq. (2.1), generates automatically
also a 1-loop d = 5 neutrino mass:

1 11
— LLHHHH' “LLHH 2.2
A3 1672 A (2.2)

It is easy to estimate that this loop contribution will become more important than the
tree-level if A > 2TeV. Our main motivation for the present study is that the LHC can
explore large parts of this parameter space.

2.2 Triplet model

Our first example model is the “minimal” 1-loop d = 7 model. This model is minimal in the
sense that it uses no multiplet larger than triplets. The model adds two new (vector-like)

4Strictly speaking this is true only for variants of the d = 7 1-loop models for which the particles
appearing in the loop are colour singlets. For a brief discussion for the case of coloured particles see
section 5.



fermions and three scalars to the standard model particle content:

P+

F 77# S 775L++ S
U= | U | ~3 m= 4|~ 23 P ]~ 25
\1,0 U Tlo
4+
n3+++ S o F
n3 = T3 ~ 33 wl = wf_—i_ ~ 25/2'
nyt

Note that both, ¥ and ¥ are needed. The Lagrangian of the model contains the following
terms:
& = |\YiHYUPLL + Yo, PLLus + Yan Uty 4+ YamUPLL + Ys egniey + Hee.| (2.3)
—~MyOW — My, 191 — Vicalar,
with the scalar part given by:

Vicatar = myHTH +m2 nln +m2,nbno +m2,nins (2.4)

+ |1 Hon + pommnt + Aany H H + X ninon] H + H-C-]

1 1 1 1 1
oM HTH)? 4+ SXa(nim)? + 5 s (nhm)” + She(ngns)” + S A7 (ndnd) (nsms)

FAs(HH) (glm) + Mo (HTH) (ndn2) + Ao(HTE) (mlns) + Ma (i) (rma)
Fhaa(nim) (ms) + A (ndne) (nins) + Ava(H ) (0] H) + As(H o) (nh H)

+6(H ns) (b H) + Aiz(nin) (nbm) + As(nins) (mdm) + Mo(nins) (nkne)

The model contains many charged scalars, but the only neutral scalar is the standard
model Higgs.

From the Yukawa couplings only Y7, Y5, Y3 enter the neutrino mass calculation directly,
see next section. Similarly, from the scalar terms only the coupling A2 and mass term py
and the mass matrix of the doubly charged scalars play an important role. We therefore
give here only the mass matrix for the Si+ * states. In the basis (11, n2,73) it is given as

2  A9v?
mS12 5 0
2 I . 2 v
M= = omg, -] (2.5)
_ v 2
0 z M,

Here, v is the SM Higgs vacuum expectation value (vev) and:

A7
m?gl = m,?“ + ?U2, (26)
Ag + A
2 2 8 14 92
mg, = m,, + 72 v,
Ag + A
2 2 9 15 2
mg, = My, + T’U .



Eq. (2.5) can be diagonalized by
M,QI++ = R;++M37++Rn++- (2-7)

All other mass matrices of the model can be easily derived and we do not give them here
for brevity.

2.3 Quadruplet model

Our second example model makes use of the quadruplet S. The full new particle content
of the model is:

GH++
++++
St S X{r+ F X2+++ F
S = S+ ~ 43/2 X1 = + |~ 23/2 X2 =1 Xz ~ 33
X1 ++
S0 X2
+++
¢ _ ¢++ ~ 15 ¢ _ 2 ~ 25
1= ¢ 2 2 = ¢2++ 5/2*

Again, fermions need to be vector-like. The Lagrangian of the model is given by:
2 = Vi PoLér + Yool PLLxa + YaxiSXa + VierXidz + YoerHxa  (28)

+}%6R6R¢1 + HC] - MXllel - MX2¥2X2 - V;calara

with the scalar potential:
Vicalar = myrHVH +m2S1S +m2 611 +m3, ¢hee (2.9)

+ [mqﬂHTqﬁz + Mo STHHH + X3¢, SHH + M\l SHTS + Hee.| + %Al(HTH)Q
FA(0101)? + She(0ho2)? + Sha(818) + SAs(STST)(SS) + Ao (' H)(6]n)
+Xio(HTH) (0h60) + A (HTH)(STS) + Mia(6]61) (8502) + Ma(6161)(STS)

FA14(0hd) (STS) + A5 (H o) (03 H) + Mg (HTS)(STH) + A17(STha) (61.9).

Note that the term proportional to Ao will induce a non-zero value for the vev of the
neutral scalar S, even if m% is larger than zero. One can thus take either A2 or vg as a free
parameter. In our numerical calculation we choose vg, see below.

3 Low energy constraints

In this section we will discuss non-accelerator constraints on the parameters of our two
example models. We consider first neutrino masses and angles and then turn to lepton
flavour violating (LFV) decays. The LHC phenomenology is discussed in section 4.

We have implemented both of our example models in SARAH [34, 35]. Using Tool-
box [36], the implementation can be used to generate SPheno code [37, 38], for the numerical
evaluation of mass spectra and observables, such as LFV decays (1 — ey, p — 3e etc)
calculated using Flavour Kit [39]. The Toolbox subpackage SSP has then be used for our
numerical scans.



Figure 2. 1-loop neutrino mass diagrams for the triplet model (left) and for the quadruplet model
(right). Diagrams are given in the gauge basis. For a discussion see text.

3.1 Neutrino masses

Here we discuss the calculation of neutrino masses in our two example models. We first
consider the triplet model, then only briefly summarize the calculation of the quadruplet
model, since the calculation is very similar in both cases. Note that SPheno allows to
calculate 1-loop corrected masses numerically. We have checked that the description given
below agrees very well with the numerical results from SPheno.

The triplet model is described by the Lagrangian given in eq. (2.3) and generates d = 7
1-loop neutrino masses via the diagram shown in figure 2 to the left. Rotating the doubly
charged scalars to the mass eigenstate basis, the diagram in figure 2 results in a neutrino
mass matrix given by:’

“my, > (R )1i(Rye+)3:Bo(0,md, ,m%,) [(Y1)a(Ya)s + (Y1) (Y2)al

Z (3.1)
Here (R, ++) is the rotation matrix defined in eq. (2.7) and mg, are the eigenvalues of
eq. (2.5). BO(O,mil,m?gi) is a Passarino-Veltman function. In the numerical calculation
we have used eq. (3.1) to fit the neutrino masses of the model to neutrino oscillation data.
However, in order to have a better understanding of the dependence of eq. (3.1) on the
different parameters of the Lagrangian, eq. (2.3), we also give the expression of the neutrino
mass matrix in the so-called mass insertion approximation. This approximation consists
in replacing the full diagonalization matrices and eigenvalues of the doubly charged scalar
mass matrix by their leading order ones. The resulting equation can be written simply as:

(mu)ap = F x [(Y1)a(Y2)s + (Y1)5(Y2)al s (3.2)

®Eq. (3.1) is already an approximation: ¥o mixes with the light active neutrinos. So, the total neutral
fermion mass matrix is (4,4). However, this mixing should not be too large and is estimated here simply
by the factor Z%”



where

1 Ysv %) V1
F = 1672 2 ) 5 My
T My Mg, — Mg Mg, — Mg,
2 2 2 2
m m m m
X [ 5 31 5 ln( §1> - — 52 5 ln( §2>] (3.3)
My, — Mg, My My, — Mg, My

Eq. (3.2) shows that neutrino angles predicted by the model depend on ratios of Yukawa
couplings, while the overall mass scale is determined by the prefactor F. The model has
the interesting feature that det(m,) = 0. Therefore it can fit only hierarchical neutrino
mass spectra (normal or inverse), but not a degenerate spectrum.® The eigenvalues of
eq. (3.2) are:

F (3.4)

mVl(S) = 07 mV2,3( , =

3" (V)a(¥a)a \/Z (V)23 |(3)al?

for normal (inverted) hierarchy. From eq. (3.4), one can estimate the constraints from

neutrino masses on the size of the Yukawa couplings. In order to reproduce the neutrino
mass suggested by atmospheric neutrino oscillations (m,, ~ 0.05eV), keeping the mass
scale of the new particles M ~ 1TeV, the scalar coupling A2 ~ 1 and mass term p ~
1TeV, the Yukawa couplings Y7, Y2, Y3 must be set typically to O(10~2). Note, however,
that this is only a rough estimate and in our numerical calculations we scan over the free
parameters of the model. As discussed in the next subsection, LF'V produces upper limits
on these Yukawa couplings very roughly of this order.

In our numerical fits to neutrino data, we do not only fit to solar and atmospheric
neutrino mass differences, but also to the observed neutrino angles [40]. This is done
in the following way. First, we choose all free parameters appearing in the prefactor F.
These leaves us with the six free parameters in the two vectors Y; and Ys. Two neutrino
masses and three neutrino angles give us five constraints. We arbitrarily choose (Y7). as a
free parameter, the remaining five entries are then fixed. Since det(m,) = 0, finding the
solutions for those five parameters implies solving coupled quadratic equations, which can
be done numerically.

For the quadruplet model we show the neutrino mass diagram in figure 2 to the right.
The Lagrangian of this model is given in eq. (2.8). The calculation of the neutrino mass
matrix for this model gives:

1 *
(My)ap = 62 E E My (Rg++)1i(Rgt+)3i(Ryt+ )15 (Ry++) 52 (3.5)
PR

xBy(0, miﬁ,quﬁ) [(Y1)a(Y2)s + (Y1)5(Y2)a] -

Here Rg++ and R,++ are the matrices which diagonalize the doubly charged scalar and
fermion mass matrices in the quadruplet model. As in the triplet model, det(m,) = 0.
Thus, the fit of neutrino data is analogous to the one described above for the triplet model.
Recall, however, that in the numerical calculation we use v, as a free parameter.

In order to fit also a quasi-degenerate spectrum we would need to include more than one copy of ¥
or/and 1.
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Figure 3. Example diagrams for ;1 — ey in the triplet model, proportional to (Yi1)c(Ya), (left)
and (Y5)c(Ys), (right).

3.2 Lepton flavour violating decays

As is well-known, experimental upper limits on lepton flavour violating decays provide
important constraints on TeV-scale extensions of the standard model, see for example [6, 41]
and references therein. Flavour Kit [39] implements a large number of observables into
SPheno [38]. In the following we will concentrate on p — ey, u — 3e and p — e conversion
in Ti.

Currently u — ey [42] and p — 3e [43] provide the most stringent constraints. There
is also a limit on muon conversion in Ti [44]. However, while there will be only some
improvement in the sensitivity in g — ey [45], proposals to improve p — 3e [46] and muon
conversion on both Ti [47] and Al [48] exist, which claim current bounds can be improved
by 4-6 orders of magnitude. Constraints involving 7’s also exist, but are much weaker.
Thus, while we routinely calculate constraints also for the 7 sector, we will not discuss the
results in detail.

Again, let us first discuss the triplet model. The Lagrangian, see eq. (2.3), of the
model contains five different Yukawa couplings. We can divide them into two groups: Y7,
Ys and Y3 enter the neutrino mass calculation, while Y, and Y5 are parameters with no
relation to m,. This implies that for the former, neutrino physics imposes a lower bound
on certain products of these Yukawas (as a function of the other parameters), while the
latter could, in principle, be arbitrarily small.

Consider first the simpler case of Yy and Y5. The diagrams in figure 3 show contribu-
tions to u — ey due to these couplings. The current upper limit on Br(u — ev) then puts
a bound on both, Y3 and Y3, of roughly (Yy/s5)e(Yass), < 10~ for masses of 1, and ¥ or x
of the order O(1) TeV.

The fit to neutrino data imposes relations among the parameters Y7, Y5 and Y3, see
the discussion in the previous section. Thus, the dependence of LFV decays on these
parameters is slightly more subtle. Figure 4 shows results for calculated branching ratios
of y — ey, p — 3e and p — e-conversion in Ti, for several different choices of parameters,
as function of Y3. The horizontal lines show current experimental limits (full lines) and
future expected sensitivities (dashed lines). Note that Y3 has no lepton flavour indices
and, thus, by itself can not generate a LFV diagram. Instead, for fixed values of masses
and the parameters Ao and pj, the prefactor F determining the size of the calculated
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Figure 4. Lepton flavour violating decays calculated in the triplet model. Top panel: Br(u — ev);
middle panel: Br(y — 3e); bottom: p — e conversion in Ti. Rates are plotted versus the coupling
Y3, for discussion see text. Left row: pu; = 1TeV, right row gy = 1GeV. The full (dashed)
horizontal lines are the current limits (and future expected sensitivities).
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neutrino masses, see eq. (3.3), depends linearly on Y3. Keeping neutrino masses constant
while varying Y3, thus leads to a corresponding change in (the inverse of) Y; x Y3. For
this reason, for small values of Y3 the branching ratios in figure 4 decrease with increasing
Y3. For the largest values of Y3, diagrams with additional Yzv/myg insertions can become
important and branching ratios start to rise again as a function of Y3. Note that in all
calculations in figure 4, we have chosen Y, and Y5 small enough, such that their contribution
to the LFV decays is negligible.

Both, Y7 and Ys, generate LFV decays. Whether diagrams proportional to (Y7)e(Y1),
or to (Y2)e(Y2), give the more important contribution to p — ey depends on the (mostly)
arbitrary choice of (Y7 )e. In figure 4 we plot results for three different choices of (Y7).. For
(Y1)e = 1072 there is a large range of Y3, for which u — ey and 1 — 3e remain constant.
In this case, diagrams proportional to (Y71)c(Y1), dominate the partial width.

We also show in figure 4 two different choices of the parameter p;. To the left: pu; =
1TeV, to the right 1 = 1GeV. Smaller values of pu; require again larger values of the
Yukawa coupling Yo, and thus lead to larger LFV decays. While for pu; = 1TeV nearly all
points in the parameter space are allowed with current constraints, once (Y1), is smaller
than roughly (few) 1073, for u; = 1GeV large parts of the parameter space are already
ruled out. For p1 ~ 1072 GeV and masses below 2 TeV there remain already now no valid
points in the parameter space which, at the same time, can obey upper limits from p — ey
and explain neutrino masses, except in the small regions where different diagrams cancel
each other exactly accidentally.

It is worth to mention that for the triplet model the branching ratio of u© — 3e is
higher than the corresponding of u — ey. Naively one would expect the former to be two
orders (an order of agys) lower than the latter. However, . — ey occurs at loop level,
while in this model there exists a tree level diagram for u — 3e mediated by a Z°, due
to the mixing between leptons and ¥+, so proportional to (Y;)e(Y1),. Other tree level
contributions mediated by doubly-charged scalars are also possible due to this mixing.
These are proportional to (Y4),(Ya)e(Y1)e(Y1)e, so the upper limit given by p — ey is
still dominant.

The plots in figure 4 also show the discovery potential of future y — 3e and u-
conversion experiments. In particular, an upper bound on p conversion of the order 10718
would require both, very small Yukawas (for example: (Y1), < 107°) and a large value
of u1 2 1TeV at the same time. All other points in the parameter space of the triplet
model (assuming they explain neutrino data) with masses below 2 TeV, should lead to the
discovery of p-conversion. This is an interesting constraint, since such small values of the
Yukawa couplings would imply very long lived particles at the LHC. We will come back to
this discussion in the next section.

We now turn to a discussion of LFV in the quadruplet model. Similarly to the triplet
model, we can divide parameters into two groups: Yi1-Y3 depend on the neutrino mass fit,
while Yj-Ys are unconstrained parameters. Constraints on Yy and Y; from LFV are very
similar to those found in the triplet model. The constraints on Yg are somewhat more
stringent, (Ys)ue(Ys)ee < 1077, since there exists a tree-level diagram via doubly-charged
scalar exchange contributing to the decay pu — 3e.
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Figure 5. Lepton flavour violating decays calculated in the quadruplet model. Plots to the left
show results for different choices of the quadruplet vev vg, while the ones to the right use different
masses for the new scalars and fermions. Here, we assume that all new particles have similar masses
of the order indicated in the figure panels.
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Turning to Y1-Y3, figure 5 shows some sample calculations of LFV decays as function of
Y3 in the quadruplet model. The plots to the left show p — ey, u — 3e and p-conversion
in Ti, for several different choices of the quadruplet vev vg. Smaller values of vg need
larger values of the Yukawa couplings Y5 for constant neutrino masses. Thus, LF'V decays
are larger at the same values of Y3 for smaller values of vg. The plots on the right of
figure 5 show the same LFV decays, for a fixed value of vg = 0.1 GeV, but different values
of the new scalar and fermion masses. As simplification in this plot we assume that all
new scalars and fermions have roughly the same mass, M, as indicated in the plot panels.
Larger values of masses lead to smaller LEF'V decay widths, as expected. As also is the case
for the triplet model, future bounds from g — 3e and u — e-conversion will test most of
the relevant parameter space of the quadruplet model up to masses of order 2 TeV.

In fact, even for masses as large as 2 TeV, non-observation of yu — e conversion would
put an interesting lower limit on the value of vg, which we roughly estimate to be around
vg = 0.1 GeV. Note that there is an upper limit on vg from the SM p parameter of the
order of vg < 2.5GeV [10].

In summary, the non-observation of LFV decays can be used to put upper bounds
on the Yukawa couplings of our models. At the same time the observed neutrino masses
require lower bounds on these Yukawa couplings and the combination of both constraints
result in a very restricted range of allowed parameters. We have shown this explicitly only
for our two example models, but the same should be true for any of the possible (genuine)
d =7 1-loop models.

4 Phenomenology at the LHC

4.1 Constraints from LHC searches

We have calculated the production cross sections for the different scalars and fermions of
our example models using MadGraph [49]. Pair production is usually calculated via s-

T+ proceeds

channel photon and Z° exchange, while associated production, such as n~"n
via W7 diagrams. However, as pointed out in [30], for large masses the pair production
cross section of charged particles via photon-photon fusion can give the dominant con-
tribution to the cross section, despite the small photon density in the proton. In our
calculation we use the NNPDF23_nlo_as_0119 parton distribution function, which contains
NLO corrections, necessary for inclusion of the photon-photon fusion contributions. We
have checked numerically and find that at the largest masses cross sections can be enhanced
up to one order of magnitude for multiply charged particles. For this reason we concentrate
on pair production of particles in the following. Note, however, that for lower masses (up
to roughly 1 TeV), associated production is large enough to produce additional signals, not
discussed here.

Results for the cross sections are shown in figure 6 for /s = 13 TeV. To the left we show
results for scalars, to the right the cross sections for fermions. The scalar cross sections (to
the left) where calculated for the scalars of the triplet model. The fermion cross section (to
the right) correspond to the fermions of the quadruplet model. The underlying Lagrangian
parameters were chosen such, that the corresponding gauge states (index shown in the

~13 -



a(pp->XX) (fb)

10—3,

10~

~<
S
~
~
~
~
~
~

..
T

500

1000 1500
M (GeV)

2000 2500

a(pp->XX) (fb)

1078

-4

500

1000 1500 2000 2500
M (GeV)

Figure 6. Pair production cross sections for the different scalars (left) and fermions (right) of the
two example models. For discussion see text.

figure) are the lightest mass eigenstate of the corresponding charge. Cross sections do also
depend, to some extent, on the hypercharge of the particle. However, since photon-fusion
dominates the cross section at large values of the masses, all mass eigenstates with the
same electric charge have similar cross sections. We therefore do not repeat those plots for
all particles in our models.

For the quadruply charged particles of the models cross sections larger than 10~2 fb
are obtained, even for masses up to 2.5 TeV. Note that at the largest value of masses pair
production cross section ratios for differently charged particles simply scale as the ratio
of the charges to the 4th power. We will come back to this in the discussion of the LNV
signals in the next subsection.

A number of different LHC searches can be used to set limits on the various particles
of our example models. The simplest search, and currently the most stringent LHC limit
for our models, comes from a recent ATLAS search for doubly charged particles decaying
to either efe®, e*u® or pu*u™ final states [27]. Results of our calculation, compared to
the experimental limit are shown in figure 7 for the p*pu® final state.

The two-body decay with of the doubly charged scalar nfr+ is approximately given by:

1 v 2 9
O = 115) = o () (Va0 + ()

(4.1)
my

Since the Yukawa coupling Y4 does not enter the neutrino mass calculation, the exact value
and flavour composition of this decay can not be predicted. However, Y7 enters our neutrino
mass fit. The observed large neutrino angles require that all entries in the vector Y] are
different from zero and of similar order. Typically, from the fit we find numerically ratios in
the range <Y1>e : (Yl)u : (Yl)T ~ ([1/47 1/2] : [173]
allowed range of neutrino angles. Scanning over the allowed neutrino parameters then leads

: 1), but the exact ratios depend on the

to a variation of the branching ratios of the nfr into the different lepton generations. This
explains the spread of the numerically calculated points in figure 7. Combined with the
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Figure 8. Current constraints on charged scalars and fermions using the multi-lepton search [31].
Points are our numerical results, the bands are experimental limits, see also figure 7.

experimental limit from ATLAS, lower mass limits in the range of (500-650) GeV result.
Note that in this plot, we allow all three neutrino angles to float within the 3 o regions of
the global fit [40].

The CMS collaboration has recently published a search based on multi-lepton final
states [31]. The original motivation for this search is the expectation that the fermions
of the seesaw type-III lead to final states containing multiple charged leptons and missing
momentum. For example, 2¥X0 — WHyW*IT from the associated production of the
fermionic triplet ¥ = (3, %% ¥7). The analysis [31] requires than at least three charged
leptons plus missing energy and takes into account both, electrons and muons.

In our models, these final states can occur in various decay chains. Consider for
example X§+- Once produced, it can decay into a X?J“ + W™, which further decays to
a doubly charged scalar and [*. The doubly charged scalar decays to either leptons or
W’s. The missing energy is then produced in the leptonic decays of the W’s. Here, all
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Multiplicity LNV Signal Particles Model | Mass range
4 (6) FE 4+ WFWT SEE oFE oFE 1 Q| m<1.4TeV
6 (8) I+ WFWFF st Q | m<26TeV
6 (10) FEWE + WFWFWT S3+ gt Q | m<20TeV
8 (10) PR IR ITWEW T ns T | m<25TeV
8 (12) FWEWEWE 4 [FIFITWT Xa" Q | m<32TeV
8 (14) FEWEWE + WIWFTWTWT — —

Table 1. List of “symmetric” LNV final states in d = 7 models. The first column counts the
number of final state particles, the second column gives the LNV signal. The multiplicity is given
twice, the value without the bracket gives the number counting W’s, while the number in brackets
counts each W as two jets. This is done, since only the hadronic decays of the W can be used
for establishing LNV, see text. Here, we have separated the total final state into the two sets of
particles, coming from the pair produced states listed in column 3. The invariant masses of the
quoted subsystems should peak at the mass of the particle quoted in column 3. Column four gives
the model in which this signal could be found. The last column gives our simple estimate for the
mass range, which can be probed at the LHC with £ ~ 300/fb. For a discussion see text.

intermediate particles can be either on-shell or off-shell, depending on the unknown mass
hierarchies. Constraints can then be derived from the results of [31], scanning over the
allowed ranges of the branching ratios, which lead to a least three charged leptons plus at
least one W in the final state.

In figure 8 we show results of this procedure for the examples of 17§+, X§+ and X;H.
The lower limits, derived from this exercise, have a rather large uncertainty, due to the
unknown branching ratios. For example, the lower mass limit for 17§+ is in the range of
(550-850) GeV. Note that 77§+ could decay, in principle to four charged leptons with a
branching ratio close to 100 %. The final state from pair production of 77§+ would then
contain eight charged leptons and missing momentum would appear only from the decays
of the 7’s. In this case, our simple-minded recasting of the multi-lepton search [31] ceases
to be valid and the lower limit on the mass of 7]§+, mentioned above does not apply. As
figure 8 shows, the lower limit on the mass of X;H is more stringent than the one for 17§+.
This simply reflects the larger production cross sections for fermions, compare to figure 6.

4.2 New LNV searches

We now turn to a discussion of possible LNV signals at the LHC. Table 1 shows examples
of different LNV final states from pair production of scalars or fermions in the two models
under consideration. This list is not complete since (a) associated producion of particles is
not considered; (b) the table gives only “symmetric” LNV states, see below, and (¢) we do
not give LNV final states with neutrinos, since such states do not allow to establish LNV
experimentally.

The table gives in column 1 the multiplicity of the final state and in column 2 the LNV
signal. The multiplicity in column 1 is given twice, once counting directly the number of
leptons and W’s (value without bracket) and second, counting each W as two jets in the
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Figure 9. To the left: ratio of branching ratios of the doubly charged scalar, St decaying to
[£1* divided by W*W* as a function of vg for some fixed choice of the other model parameters
and three different values of Y. This plot assumes that the lightest doubly charged scalar S;" is
mostly the gauge state STT. Results for the other cases are qualitatively very similar and thus not
repeated. To the right: ratio of branching ratios for n§+ decays. As in the case of S, LNV will
be observable only if this ratio is of order O(1).

final state (number in bracket). We stress again that the leptonic decays of the W can
be used in searches to derive lower mass limits on exotic particles, but can not be used to
establish LNV experimentally. This is because the neutrinos from the leptonic W decays
show up only as missing energy, i.e. their lepton number can never be tagged. In the
following, we will discuss final states as leptons plus W, but one should always bear in
mind that we assume the W to decay hadronically.

In the 2nd column, the two possible final states from the decay of the particle given
in column 3 are given seperately. The invariant masses of both separate subsystems in
column 2, should therefore give peaks in the mass of the particle in column 3.

Particles in column 3 are quoted as gauge eigenstates. However, scalars in our models
are, in general, admixtures of different gauge eigenstates. Consider, for example, the
simplest final state [*[* + WTWT, qﬁci can decay to [*1%, via the coupling Yy, while S+
can decay to WEW# via the induced vev vg (or, equivalently proportional to A2). The
doubly charged scalars mix via the entries in the mass matrices proportional to u1, A3 (and
A1), see eq. (2.9). Whether the lightest doubly charged mass eigenstate is mostly ¢1, ¢2 or
S depends on the choice of parameters, but the results are qualitatively very similar in all
cases. We therefore show in figure 9 only the results for the case where Sf * is mostly S.

Figure 9 (left) shows the ratio of branching ratios of the doubly charged scalar, S;
decaying to [*1* divided by the decay to WEW= as a function of vg for some fixed choice
of the other model parameters and three different values of Yg. Observation of LNV is only
possible, if T'(S% — [F1F) is of similar order than T'(S* — W*W*), since both final
states are needed to establish that LNV is indeed taking place. One can see from the figure
that equality of partial widths is possible for different choices of parameters. However, since
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the decay to two charged leptons is proportional to (the square of) a Yukawa coupling that
is not fixed by our neutrino mass fit, the relative ratio of branching ratios can not be
predicted from current data.

Similarly, also for all other decays to LNV final states, the two competing final states
have to have similar branching ratios. Figure 9 to the right show results for the decay
of n§+ of the triplet model. Depending on the parameter p; equality of branching ratio
can occur in a large range of values of the parameter Ao. Note that the rate of LNV final
states is not suppressed by the smallness of neutrino masses. Neutrino masses require the
product of F x Y1Y3 to be small, see eq. (3.2). For a fixed neutrino mass, smaller values
of iAo require larger Yukawa couplings Y1Y2Y3. Depending on the ratio between pqAo
and Y7Y2Y3, either the final state 41 or the final state 2] + 2W can dominate. Whether
LNV rates are observable, therefore, does not depend so much on absolute values of some
(supposedly small) parameters, but on certain ratios of these parameters.

Table 1 is ordered with respect to increasing multiplicity of the final state. Note that,
as discussed in the last subsection, cross sections at the LHC increase with electric charge
and decrease (strongly) with increasing mass. Which of the possible signals has the largest
rate, can not be predicted because of the unknown mass spectrum. However, if the different
members of the scalar (or fermion) multiplets have similar masses, final states with larger
multiplicities have actually larger rates at the LHC. Since large multiplicity final states
also have lower backgrounds, searches for such states should give stronger bounds.

The last column in table 1 gives our estimate for the reach of the LHC. The numbers
for the mass reach quoted in that column are simply based on the cross section calculation,
discussed in the last subsection. We assume here that in particular for the high multiplicity
final states SM backgrounds are very low (order of one event or less). Then we simply take
the cross section for which 3 events for a luminosity of 300 fb~! are produced as the
approximate limit, that maybe achieved in a dedicated search. In fact, with supposedly no
backgrounds even slightly lower masses than those quoted in the table would lead to 5 or
more events, which maybe sufficient for a discovery.

However, we need to mention that our calculation, using MadGraph, calculates the
cross-sections at leading order only. Also our calculation does not include any cuts and
thus, should be taken only as a rough estimate. Thus the numbers in the table should
probably come with an uncertainty of the order of (100-150) GeV or so for the larger
multiplicity states. On the other hand, for the simpler signal pp — [TITW~W ™, the
number given in the table should be taken with a grain of salt. Currently for dilepton
searches with luminosity of 36 fb~! there are no background events in the bins above 1 TeV
in the invariant mass distribution m(ll), see [27]. This in turns implies for a luminosity of
300 fb~! in the most pessimistic case an upper limit of roughly 8 background events for
the signal pp — [TITW =W ~. Our estimate of 3 signal events would then correspond only
a1l o cl limit.

We mention that the final state with 2 [ and 6 W’s and LNV signals with 10 or more
particles are also possible in d = 7 1-loop models, but do not occur within our two example
models. This is simply due to the fact that scalars or fermions with 5 units of charge are
needed for such states. Thus, such signals can appear in versions of the d = 7 1-loop type
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models, that include larger SU(2), representations, such as quintuplets, or with particles
with a larger hypercharge.

Finally, the table considers only “symmetric” LNV final states. Here, by symmetric we
define that both branches of the decay contain the same number of final states particles.
For example, for the quadruplet model, we have included the LNV signal with “symmetric”
final states pp — x%+xg7, Xng — [T ng — W=W~I~, but we have not considered the
possible LNV signal with asymmetric final states pp — x3 x5 , X3 — ITWT x5~ —
W=W~W~I*. The reason for this choice is simply that we consider “asymmetric” LNV
signals, although in principle possible, are less likely to occur. This can be understood
simply from phase space considerations: a two-body final state has a prefactor of 8% in the
partial width, while a four-body phase space is smaller by a factor 30727%. Naturally one
than expects that the ratio of branching ratios for these asymmetric cases is never close to
one, unless there is a corresponding hierarchy in the couplings involved.

Decay widths for the lightest particle in our models are often very small numerically.
This opens up the possibility that some particle decays might occur with a displaced vertex.
Displaced vertices are more likely to occur in the triplet model, so we concentrate in our
discussion on this case. The two-body decay width of 5" is estimated in eq. (4.1). For
the decay of 77§’+, assuming 1753Jr is the lightest particle, one can estimate:

]_ ,LL 2m3++
C(nd ™ — WHitt) ~ < 1) B_g2 Tt —17). (4.2)

32ﬂ.2 m2 m 7172
ny " it

Here, 6, is the mixing angle between the states 1, and 7. Eq. (4.2) contains three
parameters related to the smallness of the observed neutrino masses: p1, 0,,,, and Y.

Assuming all mass parameters roughly equal g ~ My b O Myt S M s = M this leads

to the estimate:
e -os(2) (2 () (2) (S 09
~ 0. mm. .
o b)) \ Vi1 ) \ il ) \Tev) \"M1

Here, the choice for the Yukawa couplings being order 1072 is motivated by the upper

limits on the CLFV branching ratios, discussed in the last section. Eq. (4.3) represents
only a very rough estimate, but it is worth pointing out that more stringent upper limits
from charged LFV would result in smaller values for the Yukawa couplings, leading to
correspondingly large decay lengths. Note also that smaller values of u; would lead to
quadratically large lengths. Eq. (4.3) shows that displaced vertices can occur easily in the
decay of 77§+.

Similarly, one can estimate roughly the order of magnitude of the decay length for 77§+.
The result is:

1\2/1072\2/1072\%/ my \ 2/ TeV
Lo(n*t = WHwritit) ~ 4 — L . 4.4
o™ = ) (/\2> <\Y1|) <!Y4\) (TeV )™ (4.4

The width of 7]§+ is smaller than the corresponding one for n§+ due to the phase space

suppression for a 4-body final state. Eq. (4.4) shows that within the triplet model a
displaced vertex for the decay of 77§+ is actually expected.

~19 —



5 Discussion and conclusions

In this paper we have discussed the phenomenology of d = 7 1-loop neutrino mass models.
Models in this class are far from the simplest variants of BSM models that can fit existing
neutrino data, but are interesting in their own right, since they predict that new physics
must exist below roughly 2TeV. If neutrino masses were indeed generated by one of
the models in this class, one can thus expect that the LHC will find signatures of new
resonances. Searches for doubly charged scalars and multi-lepton final states already put
some bounds on these models. However, for the most interesting aspect of d = 7 1-loop
models, namely lepton number violating final states, no LHC search exists so far. In
particular, final states with large multiplicites are predicted to occur (multiple W and
multiple leptons) for which we expect standard model backgrounds to be negligible.

In our discussion, we have limited ourselves to just two simple example models. Our
motivation to do so is that all d = 7 1-loop neutrino mass models, which are genuine in
the sense that they give the leading contribution to neutrino mass without invoking new
symmetries, predict similar LHC signals. The two models which we considered have either
a SU(2), triplet or a quadruplet as the largest representations. Other d = 7 models will
contain even larger SU(2), multiplets and thus also particles with multiple electric charges,
to which very similar constraints than those analysed here will apply.

Finally, we mention that there exist variants of d = 7 1-loop models, in which the
internal scalars and fermions carry non-trivial colour charges. These variants are not fully
covered by our analysis. While the neutrino mass fit and the constraints from LFV searches
will be qualitatively very similar to what we have discussed here, additional color factors
in the calculations will lead to some quantitative changes. The resulting bounds will,
in general be somewhat more stringent than the numbers we give in this paper. More
important, however, are the changes in the LHC phenomenology. For example, in the
colour-singlet models, which we analyzed in this paper, the lightest doubly charged scalar
will decay to two charged leptons. In the coloured variants of the model, the corresponding
lightest scalar will behave like a leptoquark, decaying to [+ j, instead. Thus, different LHC
searches will apply to the coloured d = 7 models. More interesting, however, is that for
coloured models also the LNV final states, which we discussed, will change, since at the end
of the decay chain instead of two charged lepton, one lepton plus jet will appear. Although
this variety of signals will be interesting in their own rights, we have concentraged here
on the colour singlet variants of the model, because di-leptons are cleaner (and thus more
easy to probe) in the challenging experimental environment that is the LHC.
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