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The juxtaposition of the precision of lepton flavor measurements and the limited energy range of the
Large Hadron Collider (LHC) to discover dynamical degrees of freedom linked to the generation of the
observed lepton mass patterns naively suggests only a limited relevance of the LHC’s high luminosity
phase. This, potentially, extends to future colliders. Using the concrete example of the type-II seesaw model
and its effective field theory extension, we show that blind directions create a rich phenomenological
interplay of muon precision measurements and electroweak resonance searches at present and future
colliders, with testable implications for the HL-LHC phase.
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I. INTRODUCTION

The observed mass hierarchies in the lepton sector of the
Standard Model (SM) of particle physics present a moti-
vated source for physics beyond the SM. The history of,
e.g., dynamically explaining the smallness of neutrino
masses [1-4] is as illustrious as it is long. What singles
out the neutrinos in comparison to the charged leptons is
the plethora of model-building avenues that present them-
selves to generate mass terms. These can rely on the direct
inclusion of right-handed neutrino SM singlets [5,6], on
extending the scalar sector of the SM [7-12], or on
employing direct couplings to matter to source mass terms
via loop-effects [13,14]. Given that the neutrinos are related
to the charged sector via gauge-invariance of the SM, the
precision measurements that can be performed in the
charged lepton sector have a wider phenomenological
relevance in these scenarios. In particular for models with
extra scalars, the requirement of nontrivial electroweak
quantum numbers makes these states excellent targets for
exotics searches at colliders, e.g., through Drell-Yan-like
production as discussed in [15,16] (see Refs. [17-20] for
recent searches at the Large Hadron Collider, LHC). The
charged scalars have a rich phenomenology and can also be

fContact author: upalab@iitk.ac.in
‘Contact author: christoph.englert@ glasgow.ac.uk
*Contact author: w.naskar.1 @research.gla.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(5)/055010(13)

055010-1

probed through low-energy meson decays, through off-
shell production [21,22].

It is conceivable that mass scale of the degrees that
underpin the generation of neutrino masses lies outside the
direct sensitivity range of the LHC. While entirely pos-
sible, and even expected in, e.g., type-II seesaw mecha-
nism scenarios, the relevant energy scales could even lie
beyond the reach of future machines. However, if the new
physics scenario does indeed deviate from its simplest
implementation, new phenomenological implications can
change this picture. In the context of seesaw mechanisms,
in particular the precision measurements of 4 — 3¢ and
u — ey provide tight constraints that quickly push the
mass scale of the new BSM degrees of freedom outside the
LHC discovery potential.

In this work, to explore a related but different avenue,
we consider modifications of the type-Il seesaw
model by including higher dimensional effective operators.
Identifying a relevant set of couplings, we show that
consistency with precision electroweak and muon data
could still be compatible with resonances in the LHC-
accessible energy regime. This comes at the price of a TeV-
scale departure from the standard type-II scenario, which
provides a testable implication in its own right. This work is
organized as follows. In Sec. II A we swiftly introduce the
type-1I seesaw scenario to make this work self-contained.
We then consider constraints on this model class in Sec. II B.
In Sec. I C, we review these findings from the vantage point
of nonminimal, TeV-scale modifications. These can move
mass scales to a range that is probable at present and future
colliders. We comment on the connection of the low-energy
precision observables (we focus on muon physics) and its
TeV scale implications via the renormalization group flow in
Sec. I1 C 2 before concluding in Sec. III.

Published by the American Physical Society
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II. PHENOMENOLOGY OF THE (DEFORMED)
TYPE-II SEESAW MODEL

A. The model

The type-Il seesaw offers a natural and a minimal
framework to account for the smallness of observed
neutrino masses, which comes about by extending the
SM scalar sector minimally by an SU(2), triplet scalar A,
characterized by a hypercharge Y, = 1. The inclusion of A
leads to new terms in the scalar potential V(®, A),

V(®,A) = —m2, (®T®) + Ay (DT D)2 + miTr[ATA]
+ A, (Tr[ATA])? + 24, Tr[(ATA)?]
+ 25, (OTO)TI[ATA] + 1y, ®TAATD

+ [ua®@'ic?AT® + H.c.], (2.1)
where ® denotes the original SM SU(2), doublet scalar. In
addition to the neutral components, A also comprises
singly-charged and doubly-charged scalars, holding sig-
nificant phenomenological implications as direct probes of
the type-II seesaw mechanism and its characteristics in
various collider experiments [18,23-30]. We can explicitly
express @ and A in the following manner by expanding
around their vacuum expectation values (vevs) denoted by
ve and vy, respectively,
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Since A acquires nonzero vev, the scalar sector, apart
from the doubly charged scalar (A**) involves nontrivial
mixing, as can be seen in Egs. (2.6), (2.7), and (2.8). The

_\/E”AU(D+1}AUQ)(/1A3 +AA4> ”\/%1;&;+202A(/1A1 +/1A2)

Most importantly, the addition of the complex triplet results
in novel Yukawa interactions between A and the left-
handed lepton doublet (y;). These are quintessential for
generating nonzero neutrino masses through the nonzero
vev of the complex triplet A after electroweak symmetry
breaking (EWSB),

LBSM

Yukawa _(YA)ijli/ziAWL; +H.c. (23)

Here, Y, is the BSM Yukawa coupling matrix. The
Lagrangian for the type-II seesaw mechanism is therefore
given by,

Ltype— -1 _ EBSM

Yukawa*

(2.4)

= Ly + Tr[D,ATDFA] = V(®, A) +

After EWSB, the two vevs vg and v, contribute to the
masses of the gauge bosons, with,

7 +4>
4

M? *—(vﬁ,+2v2A),

2 __
W= Mz =

(va+4v3), (2.5)

where g and ¢ are the coupling constants for the SU(2),
and U(1), gauge groups, respectively. The masses of the
scalars become,

—V2Upve + vaV0(Aa, + Aa,)

(2.6)
[
physical states can be recovered in the following
manner,
<h>_<cosa sina)(gb)
A°)  \ —sina cosa/\&")’
<G0> B < cos fy sinﬂ())(;y)
A) —sinfy cospy) \x/)’
G* cos sin +
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with
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Vo [V21a — VA (Aay +4a,)]

tan 2a = . (2.11)
03 Gl55 = ) + VA (Aa, +4a,)]
tan fy = 20a/ Ve tanfe = V20s/ve.  (2.12)

In addition to the three Goldstone bosons (G° and G%),
this gives rise to additional singly-charged scalars A*,
one CP-odd scalar A, and CP-even scalars A° and h.
We identify the latter with the observed 125 GeV Higgs

. . . 2
boson. By diagonalizing M. .1 cp-evens
M?

charged?
neutral scalars, CP-odd scalars and charged scalars
respectively, while the masses of the Goldstone bosons
are identically zero. The electroweak vev is defined as
v? = v} + 203 ~ (246 GeV)?, signalizing a violation of
custodial isospin: the ratio of the gauge boson masses is
parametrized by the p-parameter, given by p = M3,/
(MZ% cos? Oy), and the current electroweak precision con-
straints on p, sets an upper limit on the triplet vev v, <
4.8 GeV [24,27] at 95% CL. Upon EWSB, the new physics
contributions to the Yukawa interactions in the neutrino
sector are given by,

2
M neutral, CP-odd and
we can determine the masses of the CP-even

VA .
LY ikawa O NG [(Ya + Y375,
where i, and j are flavor indices. The neutrino mass-mixing
matrix (M) originating from the Lagrangian is diagonal-
ized by the unitary Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix,

(2.13)

diag y 71
M, = UpynsMo gUPMNS’ (2.14)
where M2 — diag(m,,,m,,.m,,). The different m, re-
present the three physical neutrino masses; the Yukawa
matrix therefore is given by,

M,

\/EUA.

The nature of the Yukawa matrix is thus determined
by neutrino oscillation parameters and v,. Non-zero
neutrino mass-splittings allow for nonzero flavor off-
diagonal couplings, which can lead to interesting lepton
flavor violating signatures [31-33], which we further
discuss in Sec. II B 3.

YA:

(2.15)

B. Constraints

The addition of the complex SU(2), triplet gives rise to
a large range of theoretical and phenomenological impli-
cations. The addition of several physical BSM scalars
offer unique collider signatures, precision constraints,
and novel interactions sensitive to various low-energy
processes and unique decay channels. All of these

approaches are effective in probing and constraining
parts of the viable parameter space of the model.
Constraints on this vast parameter space have been
analyzed in the existing type-Il seesaw literature. In
particular, Ref. [24] has provided combined theoretical
constraints from vacuum stability, perturbative unitarity,
electroweak precision and Higgs boson data in terms of
the triplet mass splittings (AM = M+ — M p++) and M p++
recently, with implications for the LHC. With the LHC
Run-3 in progress, its high-luminosity phase on the
horizon, and future facilities such as the FCC under
active discussion [34-37], our analysis focuses on
obtaining an updated status on the collider bounds, taking
into account recent measurements performed by the
ATLAS and CMS experiments [17-20] as reference
points. Furthermore, we also comment on potentially
improved future electroweak precision constraints and
explore novel lepton flavor-violating processes predicted
by the type-II seesaw model, which will be measured with
higher precision soon.

1. Direct collider constraints

First, we are going to focus on constraining the param-
eter space of the type-II seesaw model using the wealth of
collider analyses. In particular, we focus on the production
of the doubly charged scalar (A**) which is the primary
LHC search channel and the smoking gun signal for the
type-II seesaw mechanism. The main processes of interest
are the pair production of these doubly charged scalars
through the neutral-current Drell-Yan (DY)-like process
mediated by virtual Z/y contribution. Another relevant
mode of production is via the charged-current interactions
mediated by W bosons (see Fig. 1). The decay channels of
interest for A** for these searches are mainly the decays
into same-sign lepton pairs (A** — [;[; with [ = e, p),
and the decays into gauge bosons (A** — W*W%). In
the limit of v, < 0.1 MeV(< v), the dilepton channel
dominates, and therefore, the four-lepton channel
(ATTA™ = [T[T[7[7) arising from the neutral-current
DY process, will provide a clear BSM signature. This
can be utilized to dramatically suppress expected back-
grounds in the SM through sideband analyses of the same-
sign mass spectra, which are experimentally under very
good control (see [20,38—41]). The branching ratios related
to the exclusive final states of the A** decay depends on
the neutrino mass-mixing matrix and thus serve as a probe
of its structure.

The ATLAS and CMS collaborations have been able to
exclude masses of A** lighter than 850 GeV in their
analyses, assuming a 100% decay into a light-lepton pair
(ee, pu, or eu) [17,18]. From this, model-specific con-
straints can be obtained by direct rescaling of the branching
ratios (which will also include tau contributions). For
comparability, we will follow the discussion of [17,18].
For a larger »,, however, the triplet Yukawa couplings
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FIG. 1.

Representative Feynman diagrams for the production of doubly charged scalars through (a) pair production via neutral-current

DY and (b) associated production via charged-current DY processes.

become small, and the diboson decay channel dominates
(at the price of rising tension with the p parameter). The
limits set by ATLAS currently are at around 220 GeV for
va = 0.1 GeV [19], which is considerably weaker com-
pared to the constraints from the dilepton channels.

The collider analyses carried out by ATLAS and CMS
are not representative of the full parameter space of the
model. They probe specific regions of the triplet vev (in
particular, to the very low and very high values of v, for the
two decay channels), while assuming mass degeneracy of
the scalar triplet masses. These assumptions render the
decays of A** into same-sign leptons and dibosons
phenomenologically dominant. Focussing on the experi-
mentally and theoretically well-motivated four-lepton final
states, we will estimate and compare the expected direct
future bounds from the HL-LHC phase as well as a future
hadron-hadron machine, extrapolating from the current
analyses under identical assumptions.

To this end, we employ FEYNRULES [42] to create a model
with normal neutrino mass hierarchy (i.e., m,, <m,, <m,,),
which 1is interfaced with MADGRAPH_AMC@NLO [43]
through the UFO package [44,45]. Events are generated at
center-of-mass energies of /s = 14 TeV and /s = 100 TeV
for the neutral current DY process: pp — ATTA™™ —
[TIT[7[~. This analysis assumes a 100% branching ratio.
Our investigation is centred around the search for doubly
charged scalars [16,18] with parton-level cuts to provide
qualitative sensitivities at present and future colliders.
We impose specific cuts, requiring all leptons (I = e/u)
to be within the central part of the detector (|57(1)| < 2.5)
and with a transverse momentum pzy > 30 GeV. Only
leptons with no jet activity within the cone radius are
considered (AR(j,l) <0.4), and the final states must
contain exactly one positively-charged and one nega-
tively-charged lepton pair; otherwise, the event is vetoed.
An invariant mass cut is always applied for each lepton
pair M2 > 200 GeV.

Given that we expect the same-signed leptons to result
from A** decays, we ensure the consistency of the two
masses by calculating,

My + M
M:%, (2.16)

AM - |Ml+l+ —lelf|. (217)

The two masses are considered consistent if AM /M <0.25,
thus imposing a resonant signal character. Additionally, an
event is vetoed if there exists an opposite-signed same-
flavor lepton pair with an invariant mass in the range
M- €[81.2,101.2] GeV to suppress background result-
ing from Z decays.

The total number of signal events is then determined
as Ng=o0xLxA, where A represents acceptance.
Assuming a good background subtraction which is possible
through sideband analyses [20,38-40,46], we calculate the
statistical significance at integrated luminosities £ =
139 fb~! and 3 ab™! at /s = 14 TeV, obtaining 3¢ mass
sensitivities at the LHC and the high-luminosity limit, as
depicted in Fig. 2(a). We calibrate our acceptance to
reproduce the 3¢ LHC bounds from the ATLAS search
for doubly charged scalars reported in [18]. The expected
95% confidence limits (CL) shown by the blue dotted line
in Fig. 2(a) is taken from [18] which demonstrates very
good agreement as the reference point for our extrapolation.
These mass limits also align with those reported in [18,30].
Applying the same methodology to /s = 100 TeV, we
provide a rough estimate of the mass sensitivity at the
FCC-hh with an integrated luminosity of £ = 30 ab™!, as
illustrated in Fig. 2(b). As usual in searches at low back-
grounds, the sensitivity gain when moving to 100 TeV
entirely stems from the much larger relevant partonic
energy range that can be obtained. The scaling of sensi-
tivities therefore directly reflects the available center-of-
mass energy.

2. Electroweak precision constraints

To constrain the model parameter space indirectly (e.g.,
at a future lepton machine), we focus on constraints from
electroweak precision observables, namely the S, T, and U
oblique parameters. Following [47], we can obtain the
oblique parameters as,
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FIG. 2. Cross section for pair production of the doubly-charged scalars through neutral DY currents for (a) /s = 14 TeV and
(b) /s = 100 TeV in the four-lepton final state (assuming a 100% branching ratio as Ref. [18,25]). The 36 LHC (139 fb~!) and
HL-LHC (3 ab™") exclusion bounds are shown by the black dashed and dotted lines respectively on subfigure (a). The 95% CL on the
search for A** with a 100% branching ratio into light leptons, cf. Ref. [18], is represented by the blue dotted line, showing a good
agreement of our analysis. The 95% confidence bound for FCC-hh (30 ab™!) is shown by the black dashed line on subfigure (b). These
plots show that the LHC is sensitive to doubly charged scalars up to masses ~870 GeV currently, and up to masses ~1390 GeV in its
high-luminosity phase. The FCC-hh will be sensitive to similar final states up to a mass scale of ~8.5 TeV.

1 Mi 2 S (Mae M. My M. M3, M3,
s= g 02 ) e (G G e (G ) e
A
1 M. M2 M2.. M2
T=g¢ {n( A=, A;)w( A=, Az)] (2.18b)
ey sty M% T M2 M7 M7
1 M4 2 Mzii M2ii Mzi Mzi MZ(J M20
U=—1 1_222 A’ A 4 A’ A A’ A
semi (0~ () + e (G ) oG
21 (M2, M M2.. M2
—Z e =4, gi)+g A- A, (2.18c¢)
7P\ M3, M, M3, M,

where the functions £ and # are defined as,

_4 5 1 , L, 51 3 X +y . ox 1
§ry) =gy (Y +elx=y) +4[x Y =ze=y) Ty lny 17 40e ) f(x.y)
2
n(x,y) = x+y——>In>,
xX=y 'y
d(x,y) ==1+2(x+y) = (x = y)%,
=2y/d(x,y [arctan — arctan™ } )>0
fxy) Ve) ” (2.180)
X,y) = . .
—1+./=d
a2 o vdey) d(x,y) <0
x+y-—1-4/=d(x,y)

|
Assuming degeneracy of the triplet masses (Mo ~ M+~  obtained from GFITTER by an order of magnitude, and we
M ,++), constraints reported by the GFITTER collaboration  obtain a limit on M=+ 2 105 GeV at 95% CL. This
[48] impose M iz 2 35 GeV at 95% CL. To get an  implies that even dramatically improved electroweak pre-
estimate on the constraints in future from electroweak  cision measurements of oblique parameters at future lepton
precision observables [49,50], motivated from TLEP [51] colliders (such as FCC-ee) will not lead to significant
and GigaZ [52], we reduce the uncertainties in S, T, and U sensitivity enhancements. Nonoblique vertex corrections,
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FIG. 3.

on the other hand, might provide a complementary avenue
to probe nontrivial flavor structures in case such high
precision related to the electroweak input parameter set of
the SM is achieved.

3. Constraints from lepton flavor violating decays

The Yukawa interactions presented in Eq. (2.3), naturally
lead to flavor-changing lepton decays such as I — l;’ I
and [7 — ley [31,53-55]. In this work, we are specifically
interested in two such lepton flavor violating decays,
u — 3e and u — ey (see Fig. 3). The former arises at
tree-level, mediated by the doubly charged scalar (A**),
and its branching ratio is given by,

|(YA)ee(YA);e|2

BR(y — 3e) =
(k= 3e) 4GEME

, (2.19)

where Gp =~ 1.166 x 107> GeV~? is the Fermi constant.
Setting vy = 1€V, and m, =0.05¢V, and using the
global fit of neutrino oscillations data from NuFIT [56],
sets a lower limit on M=+ 2 1650 GeV, from the current
BR(u — 3e) < 1072 constraint [57], which is well beyond
the reach of the current LHC sensitivity regime, as shown in
Fig. 2. u — ey occurs through one-loop penguin diagrams,
mediated by A* or A**. In the process mediated by A¥, the
photon is emitted exclusively from the A* boson at one-
loop, whereas for the A** contribution, the photon can be
emitted from either A** or the charged fermion propagator

10"

nw—3e
ey

103 104

MAt:& [GCV]
(a)

FIG. 4. Constraints from y — 3e and u — ey for (a) m,,

A=

Representative Feynman diagrams for the lepton flavor violating decays ¢ — 3e and u — ey.

in the loop. The contributions from both scalars interfere
coherently as they couple to leptons with the same chirality,
resulting in a branching fraction [24],

1 8 2
BR('u_)eY)_IQZ G2 | A|;4e <M2 +M2 > >
A:t:t

(2.20)

with the electromagnetic fine-structure constant apy =
1/137.

Setting vy =1 eV, M+ ~Mp++, and m, = 0.05 eV
we obtain M-+ > 850 GeV, from the current BR(u —
ey) < 3.1 x 107" constraint [58,59]. Assuming degen-
eracy in the masses of the charged triplet scalars, and
using the neutrino oscillation data from NuFIT, both the
branching ratios contain three free parameters, v,, m,, and
M p==. The current limits on both these branching ratios can
be used to obtain constraints on the resulting parameter
space as illustrated in Fig. 4, where the shaded regions
show the parts of the parameter space currently excluded by
these constraints. The plots indicate that the regions not
excluded by the lepton flavor violating constraints lie
mostly beyond the reach of current LHC sensitivity, as
well as the HL-LHC, especially for the y — 3e process.
More precise measurements for these decays are going to
push the mass limit even further beyond the reach of
colliders. Any potential discovery at the LHC that phe-
nomenologically fits the experimentally clean A** expect-
ation could therefore point toward a richer phenomenology

= 0.05 eV, and (b) v, = 1 eV. The black dashed and dotted lines on both

plots represent the 36 LHC and HL-LHC exclusion limits, respectively.
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of the TeV scale than predicted by the vanilla type-II
seesaw model. We turn to this in the next section.

C. Implications of EFT deformations

In this section, we extend the parameter space of the
type-II seesaw model with EFT deformations to analyse the
implications of a reduced A** mass scale within the LHC’s
sensitivity reach. This provides a new perspective for
accommodating or predicting TeV-scale resonances in
the light of highly constraining lepton flavor experiments.
To this end, we construct the gauge-invariant dimension-6
structures that incorporate at least one A in addition to the
usual dimension-6 SMEFT interactions [60] and analyse
their implications. This construction, which we refer to as a
“BSM-EFT” scenario, is justified by the possibility that the
least massive non-SM particle might exist not very far from
the electroweak scale, making it accessible to upcoming
collider experiments, including improved analysis tech-
niques for the HL-LHC phase [61].

The potential discovery of charged scalars in future
colliders has been extensively studied in the literature within
various BSM models, e.g., complex singlets [62-66], the
two-Higgs doublet model (2HDM) [67-71], or complex-
triplet extensions [16,72—75]. This further motivates the idea
of extending these scenarios with EFT interactions to obtain
a qualitative understanding of energy scales beyond the
reach of current colliders. In parallel, these interactions
highlight correlation constraints that are theoretically
imposed by the most direct implementation of a certain
model." The gauge-invariant structures of the relevant
operators have been adopted from Refs. [60,77].

Given that the constraints from y — 3e set the mass scale
well beyond the reach of the LHC sensitive regime as
discussed in Sec. II B 3, we focus on the impact of EFT
deformations on this particular lepton flavor violating
process in our analysis. The gauge-invariant dimension-6
operators for the SM extended by a complex triplet
scalar, relevant for u — 3¢ have been tabulated in
Table 1. We trace their phenomenological relevance
again by using FEYNRULES. We use FEYNARTS [78], and
FORMCALC [79] for the analytical computation of the
1 — 3e branching ratio including the EFT extensions.

We first look at whether the dimension-6 modifications
of the Yukawa couplings have an impact on the mass

constraints from yu — 3e. The operators O(Ll,;, A O(de), Aij

(’)<ng’[ ;> and O(ng,i ; lead to modifications of the Yukawa
couplings for A after EWSB. The contributions from

For instance, it is known that EFT deformations can signifi-
cantly modify the phase transition history of the early universe
physics, thereby accessing parameter regions that are seemingly
excluded by LHC measurements of the 2HDM [69] with
implications for the LHC exotics program [70]. Similar obser-
vations have been to reconcile the anomalous muonic g — 2 with
leading order constraints of Higgs sector extensions [16,76].

TABLE I. Relevant dimension-6 operators for SM extended by
a complex triplet scalar (A) [60,77,80], contributing to y — 3e,
where i, j, k, m are flavor indices, and a, f are SU(2) indices. @
represents the SM Higgs doublet.

/) f - ady’
Ofany  WiAw)(@'®)  of) 7 ACDpy]
of, WA )TAA)] o) AATAY,,
ok () rwe,)  ORm (@ree;)(@rten)
Oikm WLy, (@' en) ol (D)(y,e;)

(’)(L%A’ij get absorbed into the Yukawa matrix Y, while
generating neutrino masses, and the contributions from
O(LIA)’U and (D(L2A)’ij are suppressed by v3 < v? after EWSB.
Therefore, the modified Yukawa couplings will have
dominant contributions from (’)(ch% a;j in the parameter

region that we have considered above. Upon EWSB, the
modified Yukawa couplings (effectively modifying the
mass-Yukawa coupling relation of the vanilla type-II see-
saw model) can then be written as,

CBSM,2
Vit = (Ya)ij——5— (2.21)

where the C?]-SM is the Wilson coefficient corresponding to

the effective operator O(qu)m.ij- Entering the modified

Yukawa couplings into the BR(y — 3e) in Eq. (2.19),
setting vy = 1 eV, m, = 0.05 eV, and M ++ = 500 GeV
such that exotics searches imply a discovery at the LHC, we
can constrain the Wilson coefficients to the region depicted
in Fig. 5(a). Since the diagonal Yukawas are ~2 orders
of magnitude larger than the off-diagonal counterparts,
Fig. 5(a) clearly illustrates that larger cancellations (~2
orders of magnitude) are required in the ee direction
compared to ue. u — 3e also gets direct contributions

from SMEFT 4-lepton operators ((’);{km, OUkm and (’)ka).
The contributions from Olej(p however, are suppressed. We
therefore do not include these in our analysis. Non-zero

Wilson coefficients for the relevant SMEFT operators (in
particular O}}'12, OL12, OI112 OI211) change the allowed

e
parameter space for the Wilson coefficients of O%AJ/’

which can be seen from Fig. 5(b).

To check how far we can bring the mass scale down, we
set vy =1 eV, m, =0.05eV and CEM = CBM. Since
we obtain tighter constraints along ue compared to ee, the
latter condition was assumed to obtain the tightest
constraints on the BSM-EFT Wilson coefficients, assum-
ing them to be of the same order of magnitude. From the
u — 3e constraints, we obtain the plots shown in Fig. 6,
which illustrates mass scales well within the region
sensitive to the LHC are achievable while satisfying
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constraints from u — 3e. To present a complete argument
on this front, we perform a similar analysis for y — ey. The
modified Yukawas outlined in Eq. (2.21) directly con-
tribute to the 4 — ey branching ratio given in Eq. (2.20).
Additionally, the SMEFT operators that contribute to
u — ey attree-level [81] are listed in Table II. We illustrate
our results to this front on Fig. 6 elucidating the fact that
we can still probe mass scales within (HL-)LHC sensi-
tivity. As anticipated, cancellations from the SMEFT
operators fine-tune and tighten the constraints on the
BSM-EFT Wilson coefficients.

The combined exclusion contours from u — 3e on the
Wilson coefficients corresponding to the SMEFT 4-lepton
operators and the relevant BSM-EFT operators are pre-
sented in Fig. 7, for three chosen benchmark mass
scales, M ,-+ = 870 GeV (representing the current LHC-
exclusion limit), 1 TeV and 1.4 TeV (representing the
projected HL-LHC exclusion limit). This plot further
elucidates the decrease in the allowed parameter space
as one tries to bring the mass scale down to the LHC
observable region. The constraints on the SMEFT-para-
metrized Wilson coefficients that improve the tension
between the A** states and low energy measurements are
relatively weak, and further discrimination of the two
directions would predominantly be driven by a direct
resolution of the cutoff scale, e.g., at a future FCC-hh. It is
worth noting that experiments like MUONE [82,83]
are unlikely to provide additional constraints as they
predominantly fingerprint the low Q2 behavior of the

TABLE II. Relevant SMEFT dimension-6 operators [60],
contributing to u — ey, where i, j are flavor indices, y, v are
Lorentz indices, and «,  are SU(2) indices. ® represents the SM
Higgs doublet.

Oew (0" e;)T"@Wy, O.p (p,0Me;)®B

pw

scattering process, although the experiment should be
sensitive to the signature of ue — ee.

1. TeV-modified seesaw at colliders

The SMEFT four-lepton operators contributing to y —
3e can be probed directly at electron-positron machines
through the process e*e™ — e*u™. We generate events for
this process on MADGRAPH_AMC@NLO with the UFO model
updated with the relevant dimension-6 operators, for the
FCC-ee running at the Z boson pole at 192 ab~!, and
calibrate our acceptance to reproduce the bounds on 4-
lepton operators presented in Refs. [84,85]. The 20-bounds
on these operators is [C3)"™T| £ 107* TeV~>. At a future

ee-Collider with /s =3 TeV, with an integrated lumi-
nosity of 5 ab™" this improves to [C3}""[ < 107> TeV~>
[84], therefore implying that 4 — 3e will set more strin-
gent bounds on these Wilson coefficients than future
ee-colliders.

In the context of hadron colliders, these effective
operators do not play a role in the production processes
of triplet scalars. The dimension-6 BSM-EFT operators that
modify the Yukawa couplings do influence the branching
ratios; however, given that we have assumed mass con-
figurations with dominant branching ratios for the doubly
charged scalar decaying into light-leptons (e, ), this does
not imply a sensitivity enhancement compared to our prior
analysis. What is more relevant for the production of the
doubly-charged scalars is the relevance of the potential EFT
deformations to the Z/y — A*™ — A=~ vertex. This would
induce modifications of the pair production cross sections.

In Table III, we collect the structures that lead to
modifications of the (Z/y)A*" A~ interactions. It is worth
noting that the contributions from these operators would
lead to an enhanced (when including squared dimension-6
contributions) cross-section for the DY production of A**,
which in principle should provide updated and improved
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limits on M ,++ from collider analyses as functions of these
Wilson coefficients. The analyses performed in the context
of the renormalizable type-II scenario therefore provide
conservative estimates of the sensitivity reach, predomi-
nantly making the mass scales of the type-II exotic states
accessible to collider experiments. More precise measure-
ments of the neutrino oscillation parameters from various
experiments, along with updated measurements of the
p-parameter providing a more accurate estimate of v,,
which essentially fixes the Yukawa matrix, would lead to
amore precise determination of the hadron-collider sensitive
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CBSM. The black dotted lines on both plots represent the LHC exclusion limits.

region for the model. Similarly, we can expect analyses of
the A* states to add additional sensitivity, however, with
reduced experimental sensitivity due to a significant amount
of missing energy and a smaller electroweak coupling.

2. Impact of RGE running

As the u experiments probe very different energy scales
of the theory compared to the collider searches, RGE
effects can a priori be important. Below the mass scales of
the Higgs sector exotics (which we assume to be degen-
erate), the running of the SM couplings are unchanged. To
estimate the relevance of these effects, e.g., at the scale
of resonance (M, > m,) we can map the modified
A-contributions on the SMEFT four-fermion interaction
that accurately describes y — 3e at the scale of the muon
m, < M. The amplitude is then parametrized by,
C1112( Aii) _ Yrgr]god.(er;leod.)*’

Cllgsm(M3..) = (2.22)

where Y?}"d' can be written in terms of BSM Yukawa
couplings (Y, );; and the BSM-EFT Wilson coefficients as
shown in Eq. (2.21). We then compute the RGE flow of the

SMEFT Wilson coefficients including the BSM effects,
using DSIXTOOLS [86,87] and WILSON [88], between

TABLE III. Dimension-6 operators for SM extended by a
complex triplet scalar (A) [60,77,80], relevant for Drell-Yan
production of A*E,

[A"(D,®)][(D*®)"A]
(@'@)Tr[(D,A)(D*A)]

o), (@ D))ol o,
op, TAA)(D,e) (D) o),
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A, =m, =105 MeV and the scale of the resonance
Ayv = M to obtain a qualitative estimate of the impact
of the renormalization group flow.

The RG evolution of the Wilson coefficients of the four-
fermion operators from A, up to the scale of resonance
Ayy = 1 TeV is given by

Cilgsm(Auy) = L121 x C}/2(A,) +0.003 x CZ1 (A,),
(2.23)

Cl2(Ayy) = 1.113 x CI2(A,,) +0.005 x CIM12(A,).
(2.24)

C}2(Ayy) = 0.963 x C}12(A,) +0.021 x CLI2(A,),
(2.25)

CI21 (Ayy) = 0.968 x CI211(A,) + 0.003 x CIH2(A,).
(2.26)

For this specific resonance scale (M, = 1 TeV), with v, =
1 eVand m, = 0.05 eV for computing Yukawa couplings,
as previously chosen, we substitute the expressions in
Egs. (2.23)—(2.26) for the SMEFT Wilson coefficients into
the y — 3e branching ratio. The resulting exclusions on the
parameter space of the Wilson coefficients of the relevant
SMEFT and BSM-EFT operators are depicted in Fig. 8. We
conclude that the RGE flow does not qualitatively change
our earlier findings.

III. CONCLUSIONS

Neutrino masses and oscillations are direct evidence
of physics beyond the Standard Model with potentially
relevant phenomenological implications for TeV scale phys-
ics that is currently explored at the LHC. At the same time,
precise measurements of lepton observables corner the
parameter space of relevant models at low energies. The
quality of these measurements can imply that new physics is
far removed from the energy scales that the LHC or even
future colliders can explore. What are the circumstances that
colliders and potential discoveries at these facilities can still
play a pivotal role in fingerprinting the underlying dynamics?

In this work, we have considered the type-II seesaw
mechanism and its effective field theory generalization with
a particular emphasis on the complementarity of low-energy
coupling measurements and TeV-scale exotics. Nonminimal
versions of this scenario can be described in full generality
through effective field theory methods. y — 3e and u — ey
when understood as arising from the exchange of the type-II
extended scalar sector can push the spectrum to mass scales
where sensitivity is difficult to obtain. However, we show
that TeV-scale modifications of the type-II scenario can
readily bring down mass scales to collider-relevant scales so
that future discoveries can be contextualized with low-
energy neutrino phenomenology. These effects are corre-
lated with a richer spectrum of interaction above the
dynamical degrees of freedom of the type-II scenario, which
again can be analyzed and constrained at the LHC and future
facilities. As we exploit blind direction in the EFT-extended
parameter space, it has to be admitted that the phenomenol-
ogy discussed in this work is linked to fine-tuning, which we
have not addressed dynamically through concrete UV
completions. A possibility for the latter might be the
extension of “custodial symmetry” to multiple Higgs trip-
lets, similar to the ideas presented in, e.g., [89], which would
correlate coupling modifications with the mass-eigenstates
of the extended scalar spectrum (similar to how the hierarchy
of charged and neutral current interaction strengths is
correlated to the gauge boson masses). While we do not
attempt to provide a dynamical realization of this scenario in
this work, we stress that a continued search for lepton-flavor
relevant new states at the LHC remains a motivated effort,
even when high-precision low-energy measurements might
suggest the contrary.
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