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We discuss how the intensity and the energy frontiers provide complementary constraints within a
minimal model of neutrino mass involving just one new field beyond the Standard Model at accessible
energy, namely a doubly charged scalar S™* and its antiparticle S™~. In particular, we focus on the
complementarity between high-energy LHC searches and low-energy probes such as lepton
flavor violation. Our setting is a prime example of how high- and low-energy physics can cross-fertilize

each other.
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I. INTRODUCTION

The origin of neutrino mass and mixing is an outstanding
open question, as the existence of massive neutrinos, which
follows from the discovery of neutrino oscillations [1,2],
cannot be accommodated within the Standard Model (SM)
of particle physics. Together with other puzzles like the
nature of dark matter or the generation of the observed
matter-antimatter asymmetry in the Universe, this consti-
tutes a leading motivation to search for new physics beyond
the SM.

The experimental effort to unravel the nature and
properties of such new physics is pursued along three
main avenues: the energy, intensity, and cosmic frontiers,
which provide highly complementary probes of new
physics. A prime example of such a complementarity
arises if the new physics responsible for neutrino masses
and mixings lies not very far above the electroweak scale,
in which case both low- and high-energy experiments could
be sensitive to it. However, even though there are well-
motivated scenarios for the generation of neutrino masses
and mixings which predict signatures at both the intensity
and high-energy frontiers, such as low-scale seesaw models
(see e.g. the discussion in Ref. [3]) and loop-induced
models [4-9], these scenarios generically predict the
existence of multiple new particles, making concrete
predictions for phenomenology difficult to extract.

A doubly charged scalar particle ST is predicted in a
large class of these scenarios in connection to lepton
number violation (LNV) and the generation of neutrino
masses. An extension of the SM by just one new particle at
accessible energy, ST [being an SU(2), singlet to avoid
the introduction of extra degrees of freedom from an
SU(2), multiplet], in the presence of effective operators
giving rise to LNV, provides the most minimal framework
which captures the main features of a large class of neutrino
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mass models [10]. It allows us to fully exploit the
complementarity between collider searches and low-energy
probes such as lepton-flavor-violating (LFV) processes.

In this work we manifestly explore the complementarity
of the two experimental avenues as a probe of a doubly
charged [but SU(2), singlet] scalar particle S**. From the
low-energy perspective (intensity frontier), while the exper-
imental limits on the LFV processes y — ey from MEG
[11] and ¢ — 3e from SINDRUM [12] are at present the
most stringent ones, the most dramatic upcoming exper-
imental advances are to occur in g~ —e” conversion in
nuclei, which is expected to become the most sensitive LFV
probe in the future [13], and expected to reach a sensitivity
to branching ratios of 10~!7 already in the nearer future
[14]. At the same time, the Large Hadron Collider (LHC)
will probe during run II the TeV region for new particles
like ST. It is these two probes that we concentrate on here,
assessing their respective reach in these scenarios. Our
discussion reveals how strongly information from both the
intensity and energy frontiers can complement each other,
to maximize our benefit from ongoing and near-future
experiments searching for new physics.

II. INTENSITY/ENERGY COMPLEMENTARITY: A
KEY APPROACH TO NEUTRINO MASSES

Let us start by discussing the theoretical framework
for the SM with the addition of an SU(2), singlet, doubly
charged scalar S= STt or S™~. Our renormalizable
Lagrangian is

L= Ly + (D, ST (D!ST) + fup(Cr)5CrpSTT
+H.c., (1)

with a, b = e, u, 7 being flavor indices and f,;, a symmetric
matrix in flavor space. The scalar ST is assumed to have a
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FIG. 1. Neutrino mass generation for the example of the m?Y,
element of the full neutrino mass matrix. Similar diagrams are
responsible for the full matrix m?,, where a,b = e, p, 7.

mass Mg. The Lagrangian (1) conserves lepton number,
thus not leading to neutrino mass generation. However,
allowing for non-renormalizable operators containing both
ST+ and SM fields leads to LNV. Assuming that S** is
connected to the generation of neutrino masses (which by
construction forbids the D =5 Weinberg operator), the
leading LNV operator appears at D =7 [10] (see also
Refs. [15,16]):

% [H" iy (D, H))[HT ioy(D'H)]S* + Hee., (2
which leads to an interaction S**WTWT. Combined with
the last term in (1), this breaks lepton number by two units
and at two-loop order gives rise to light neutrino masses of
Majorana nature, as shown in Fig. 1, by adding only one
new particle to the SM.

We stress that the interactions in (1) suffice to describe
the physical processes which allow us to fully exploit the
low-/high-energy complementarity in this class of scenar-
ios. Nevertheless, the key for complementarity is that the
matrix f,, is far from arbitrary, as it enters into the
generation of the neutrino mass matrix (m?,):

2
mefee mem;tfe;t memrfer
(ml;b) ~ memﬂfe;t m/%f/m m/lmff/lf ’ (3)
mem‘rfef mﬂm’[fﬂ‘[ m%f‘n’

with the symmetric nature of (m",) being just a reflection
of the light neutrinos being Majorana particles. The
structure of (m¥,) is constrained by the measurements of
all light neutrino mass-squared differences and leptonic
mixing angles by neutrino oscillation experiments [17,18].
Combining these with current bounds on f,, and Mg from
LFV processes like u — ey [19-21] and the LNV neu-
trinoless double p-decay process, we extract three repre-
sentative average sets of couplings {f,,} [10], called red
(fee = fee =0), purple (foo =0 & |foufiul = | fuefec):
and blue (only |f,.fp.| = |fucfec]) in Table 1.

This is the ideal situation from the point of view of
complementarity between LHC searches and low-energy
LFV probes, from which y~—e~ conversion in nuclei is
going to be the most powerful in the near future. For each

PHYSICAL REVIEW D 93, 073007 (2016)

TABLE 1. Benchmark sets of couplings for the possible
neutrino mass scenarios.

fee feu fe‘r f/m f/rr f‘r‘r
Red <1070 1072 <107 10* 100 107°
Purple <1070 1073 1072 1073 107 107
Blue 107! 10~ 1072 1073 100* 107

set of couplings (red, purple and blue), the only free
parameter in both cases is the mass of the new particle S™.
In the following, we discuss the analyses for both, and the
resulting complementarity for both the benchmark slopes
(displayed as red, purple and blue lines corresponding to
the representative sets of couplings in Table I) and for
benchmark points (displayed as red, purple, and blue dots)
taken from Ref. [10], where all slopes and points correctly
describe the neutrino masses and mixings.

A. Intensity frontier: u~—e~ conversion in nuclei

We now explore the process of y~—e~ conversion on a
nucleus [22,23] in the presence of ST and its antiparticle
S™~. We discuss here the main results and present the
technical details of the calculation elsewhere [24]. The
branching fraction of u—e conversion with respect to
the ordinary muon capture rate I'cyy, in the limit that
the long-range contributions (mediated by the photon y in
Fig. 2) dominate the process, can be written as

Sa%MmMZ‘e‘ffFi

BR(u™N - ¢ N) = Te
apt

i (@)

—particle’

with the effective atomic charge Z. and the nuclear matrix
element F',,. The term =, encodes the particle physics
part of the amplitude. The above factorization of the
branching fraction into particle and nuclear physics parts
is made possible precisely by neglecting the short-range
(nonphotonic) contributions to the amplitude [Fig. 2
(right)], which are found to be parametrically suppressed
by roughly O(m2/M3,) ~ 1073 [24]. This factorization is
very convenient, since all nuclear physics uncertainties and
isotopic dependences can be absorbed into the experimen-
tal bounds. The particle physics amplitude =, 1S given
by [24]

E article = |H€f:€feﬂ + Hﬂf?yf;m + H‘rf:‘rf‘rﬂ|
pariete 12v/27%m, M

I, = 4mim, — m}[1 — In(m3/M3)]
+ 2(m% — 2m%)\/ m?; 4+ 4m Arctanh
X [m”/\/mi + 4m§} (5)

. with
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FIG. 2. Example diagrams for 4 — ey (left) and u—e conversion long-range (middle) and short-range (right) contributions. The parts
inside the large rectangular frames happen inside the nucleus, which necessitates the distinction of long and short range.

The structure of y—e—y in the middle diagram of Fig. 2
enters the loop functions I, , ..

While naively one could expect not much to change
compared to 4 — ey, whose amplitude is proportional to
C|fiefeu+ Finfun + [icful/M% (Where C is a constant
incorporating all numerical factors), the coefficients II,
(a =e, u, 7) in (5) cannot be factored out. This immedi-
ately explains why the corresponding bound will be very
strong: the benchmark scenarios described in Ref. [10]
all avoid the bound from g — ey by relying on some
cancellation among the couplings in the expression
(fiefeu+ foufuu + focf ). This cancellation is spoiled
if there is no common prefactor C anymore. Thus, when
taking into account the experimental improvements in
searches for py~—e~ conversion, this process provides a
very strong bound on the otherwise perfectly working
scenarios.

The resulting bounds on the scenarios found in Ref. [10]
are displayed in Fig. 4. The model predictions are illus-
trated in two ways, for actual benchmark points (displayed
as red, purple, and blue dots) taken from Ref. [10], and for
the representative sets of couplings in Table I (displayed as
red, purple, and blue lines), which comprise “averaged”
versions of the points with low Mg and illustrate how the
bounds vary with the scalar mass Mg for fixed couplings.
Note that, for large M, the spread of the points around the
line becomes bigger, which is expected from the LFV/LNV
bounds generally becoming weaker for large M. As is
visible from Fig. 4, y~—e~ conversion bounds push from
top to bottom. We have collected several bounds from
current and future experiments [14,25-28]. The different
scenarios can be constrained depending on the exact values
of the model parameters. For example, the blue line is
easier to constrain than the red/purple lines. The reason is
that the coefficients I1, , ., while being sufficiently different
to spoil cancellations between the three contributions to the
total amplitude, are nevertheless all of the same order. Thus,
the benchmark lines with the largest value of |f7.f.,l,
\foufuul or |fifz,| will be easiest to constrain.

B. Energy frontier: LHC searches

Direct searches at the LHC provide a powerful probe of
the existence of S™* and its antiparticle S, highly
complementary to u—e conversion and further LFV

processes. At the LHC, the dominant production mode
of ST* is pair production through the Drell-Yan (DY)
process, via a Z boson/photon in the s channel, as depicted
in Fig. 3 (top). Other channels, like pair production through
vector boson fusion (VBF) [see e.g. Fig. 3 (bottom)] are
largely subdominant, and we will not consider them in the
present analysis. We, however, stress that upon discovery of
S*+, these channels could yield valuable information on
the underlying theory. Moreover, a potential Higgs portal
interaction Ag|H|?|S|?, as well as the linear interaction (2)
would yield new, model-dependent avenues for probing the
existence of S*T (the interplay between these and the
dominant DY production will be explored elsewhere [29]).
We nevertheless stress that the effect of the Higgs portal
interaction Ag|H|?|S|? on the & — yy decay of the 125 GeV
Higgs is too small to be probed at the LHC for Ag < 1 and/
or mg 2 300 GeV [29].

We now analyze the LHC sensitivity to DY production
and same-sign dilepton decays of S™* for the three possible
coupling patterns described above: red, purple, and blue.
We first concentrate on the LHC 7 TeV experimental
searches for doubly charged scalars by ATLAS/CMS
[30,31]. Using the 7 TeV next-to-leading-order (NLO)
DY production cross-section ¢ values and selection effi-
ciencies €40, €34;, €272, (With £ = e, u, and 7 denoting a
hadronically decaying 7 lepton) from Ref. [30], all as a
function of Mg, we can easily derive the bound on M that
Ref. [30] yields for the red, purple, and blue benchmarks.

q
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FIG. 3. S production channels at the LHC: Drell-Yan (top);
vector boson fusion (bottom).
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TABLE II. LHC Mg bounds (in GeV) for the different benchmarks. The ideal bound assumes 100% efficiencies
for all channels (e4., €34;, €272, = 1).
Energy (TeV) L (fb) Ideal bound Red BR,, =1 Purple BR,, = 0.98 Blue BRs, = 0.99
7 4.9 423 364 293 363
13 100 900 781 664 780
300 1102 977 811 976

The number of signal events for each benchmark is
given by

s=o0(Mg) x L
x {BR} €4s + 2BR;/BR,[br, €4 + br,, €3]

+BR,[br7 €40 + 2b7,, bre €30 4 b1 €002,]}, (6)
where BR,, and BR,, are, respectively, the S™ branching
fractions into two light leptons (£ = e, ) and into a light
lepton and a 7 lepton, which can be directly obtained as
ratios of squared couplings from Table I. The hadronic and
leptonic branching fractions of a z lepton are given by
br,, = 0.65 and br,, = (.35, respectively.

The Mg limit is then obtained using the CL, procedure
[32,33], for which we construct the likelihood ratio test
statistics Q, corresponding to the ratio of likelihoods for
the signal 4 background (s 4 b) and background-only (b)
hypotheses for the observed number of events in each
experimental bin n;, and then compute the exclusion
confidence level of the signal under the assumption of
the b hypothesis by comparing the p values of the
Poissonian distributions of the s + b and b hypotheses:

Nbing A 7
Qze“H(H—%) )
i=1 !

CLszl_p(s+b>’
1=p(b)

For the LHC 13 TeV expected limits, we have computed
the leading-order DY pair-production cross sections with

MadGraph5_aMC@NLO [34] and obtained the rescaled
NLO cross sections via an average, M s-independent x
factor of 1.25 [35]. We then consider both an ideal scenario,
with 100% signal selection efficiencies, and a conservative
one, in which we extrapolate to LHC 13 TeV the values for
the efficiencies €4,, €34,, €242, at 7 TeV (which are expected
to improve from LHC run 1 to run 2). In both cases, we use
(6) and the CL; method under the hypothesis of no
background events (and therefore no observed events).
To obtain a 95% C.L. exclusion under these hypotheses, the
number of signal events must be larger than 3. The results
for the Mg bounds at both 7 TeV and 13 TeV are shown in
Table II, and then included in Fig. 4, which clearly shows
the complementarity between LFV and LHC searches for
the three benchmarks.

III. CONCLUSION

We have shown how the intensity and the energy
frontiers provide complementary constraints within a min-
imal model of neutrino mass and mixing involving just one
new particle beyond the Standard Model, namely a doubly
charged scalar S* and its antiparticle S~~. Focusing on the
complementarity between LHC searches and low-energy
probes such as lepton flavor violation, the results are
summarized in Fig. 4. The complementary nature of these
approaches is very clear from this figure, with the LHC able
to exclude scalar masses approaching 1 TeV, while y~—e~
conversion holds the promise of orders-of-magnitude
improvement in constraining the particle physics amplitude
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FIG. 4. Particle physics parts Zpycie as functions of the scalar mass M for the red/purple/blue scenarios. Different limits from y~—e™
conversion and from LHC searches are indicated; see text for details.
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in (5), albeit with rather large uncertainties due to nuclear
physics.

From a general perspective, the considered framework
provides a minimal and clear example of complementarity
between two of the most important experimental particle
physics strategies presently being pursued, towards uncov-
ering the physics beyond the Standard Model, which must
necessarily be present to account for neutrino mass and
mixing.
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Note added.—Recently, Ref. [36] appeared, which also
discusses the importance of the complementarity of high-
and low-energy data for the case of doubly charged scalars.
While that paper also discusses several LFV aspects, its
main focus is the muon magnetic dipole moment (g — 2),
while our paper focuses strongly on the complementarity
between LHC direct searches and p—e conversion.
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