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We study the prospects of probing neutrino mass models at the newly proposed antimuon collider
uTRISTAN, involving uTe™ scattering at /s = 346 GeV and p™pu™ scattering at /s = 2TeV.
We show that pTRISTAN is uniquely sensitive to leptophilic neutral and doubly-charged scalars
naturally occurring in various neutrino mass models, such as Zee, Zee—Babu, cocktail, and type-I1
seesaw models, over a wide range of mass and coupling values, well beyond the current experimental
constraints. It also allows for the possibility to correlate the collider signals with neutrino mixing
parameters and charged lepton flavor violating observables.

I. INTRODUCTION

The origin of neutrino mass and mixing remains one of
the important open questions in fundamental physics [1,
2]. It clearly requires the introduction of new particles
beyond the particle content of the Standard Model (SM).
Qualitatively, we can expect these new particles to induce
novel experimental signatures, such as lepton number vi-
olation (LNV) and charged lepton flavor violation (LFV),
which are either forbidden or highly suppressed in the
SM. Arguably, the cleanest method to identify the new
particle(s) would be via their direct production at a high-
energy collider. By studying the subsequent decays of
these new particles to SM particles, preferably involving
LNV and/or LFV to reduce SM background, one might
be able to pinpoint the underlying neutrino mass model.
A summary of existing collider constraints on various
neutrino mass models can be found in Refs. [3, 4]. Simi-
larly, a summary of the LFV constraints can be found in
Refs. [5, 6].

All past and current high-energy colliders constructed
so far [7] involve electron or proton beams and are there-
fore particularly sensitive to new particles that couple to
electrons or quarks. An entirely new class of couplings
could be probed using muon colliders, originally proposed
long ago [8]. The main advantage is that leptons pro-
vide a much cleaner collision environment than hadrons,
and muon beams suffer less synchrotron radiation loss
than electron beams, thus making muon colliders ca-
pable of reaching higher center-of-mass energies with a
reasonable-size circular ring design [9, 10]. They have
gained considerable attention in recent years [11-15], as
novel muon cooling techniques are now available [16], and
other technical difficulties related to the muon lifetime
and radiation seem solvable [15], making muon collid-
ers an increasingly realistic and desirable option. Most
work has been done in the context of future u*pu~ col-
liders [17], which would mimic LEP [18] and could reach
a center of mass energy of 10 TeV or more.
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Here, we will focus on a different experimental setup,
pTRISTAN [19], which is a proposed high-energy lepton
collider using the ultra-cold antimuon technology devel-
oped at J-PARC [20]. It can run in the p*e™ mode with
Vs = 346 GeV, and later, in the p*ut mode [21] with
v/s = 2 TeV or higher. It can serve as a Higgs factory
and do precision physics [22]. Other new physics studies
for the p*e™ and pTut collider options can be found in
Refs. [23-25] and [25-28], respectively. As we will show in
this article, the unique initial states of fTRISTAN make
it especially sensitive to neutrino mass models involving
leptophilic neutral and/or doubly-charged scalars, allow-
ing for direct production and study of these new scalars in
regions of parameter space otherwise untestable. We take
examples from both tree- and loop-level neutrino mass
models. Specifically, we use the Zee model [29], Zee-
Babu model [30, 31], cocktail model [32], and type-II see-
saw model [33-37] as concrete examples, and we consider
the cleanest final states (with the least SM background),
i.e., the LFV channels p*e™ — (3¢; and ptpt — éif;
mediated by the scalars, as well as the associated pro-
duction of scalars with a photon or Z boson.! We show
that pTRISTAN can provide unprecedented sensitivity
well beyond existing constraints and complementary to
future low-energy LFV searches.

The rest of this article is organized as follows: in Sec. II
we briefly describe the details of the yTRISTAN collider.
In Sec. III we go through several neutrino mass models
(both radiative and tree-level), derive yTRISTAN’s sen-
sitivity and compare to other LFV observables, notably
lepton flavor violation. We conclude in Sec. IV.

II. pTRISTAN

The ultra-cold antimuon technology developed for the
muon anomalous magnetic moment and electric dipole
moment experiment at J-PARC [20] uses laser ionization

L All models under consideration also generate LNV signatures,
such as ,LL+£§E — WHTW=, but since these are typically sup-
pressed by a product of many couplings or even the neutrino
mass, we will focus on LFV processes.



of muonium atoms to provide a low-emittance ™ beam,
which can be re-accelerated to high energies [38]. Al-
lowing a 1 TeV ut beam to collide with a high-intensity
e~ beam at the TRISTAN (Transposable Ring Inter-
secting Storage Accelerators in Nippon [39]) energy of
30GeV in a storage ring of the same size as TRIS-
TAN (3km circumference), one can realize the pte™
mode of pTRISTAN with a center-of-mass energy /s =
346 GeV.? Taking into account muon decay, the deliv-
erable instantaneous luminosity for a single detector at
any collision point in the storage ring is estimated as
4.6 x 10?3 ecm~2 5! [22], which translates to an inte-
grated luminosity of 100 fb~* year—1.

Using the same 3 km storage ring and 1 TeV p beams,
one can also consider a putpu™ collider [21] with /s =
2TeV (or 6 TeV for the larger ring option). The beam
intensity will be lower than in the e~ mode due to both
muons decaying in the storage ring. The instantaneous
luminosity is estimated as 5.7 x 1032 cm ™2 s~1 [22], which
translates to an integrated luminosity of 12 fb~! year~1.

The precise luminosity numbers depend on various effi-
ciencies for the muon production, as well as the detailed
designs of the muon accelerator and storage ring. For
instance, a higher luminosity is, in principle, achievable
with better focusing of the e~ beam (compared to the
put beam [20]), following the SuperKEKB design [40].
We will use the numbers given above from Ref. [22] as
realistic but conservative order-of-magnitude estimates
to work with. Assuming negligible SM background for
the LFV signals we study below, the above-mentioned
luminosities correspond to a minimum signal cross sec-
tion of 0.09 (0.75) fb in the p*e™ (u™ ™) mode in order
to achieve 30 sensitivity with 1 year runtime. To be con-
servative, we will use a signal cross section of 0.1 (1) fb in
the pte™ (utp™) mode to derive our sensitivity limits.
These limits can be easily scaled for a longer runtime.
For instance, 10 years of runtime with 1 ab™! integrated
luminosity can achieve the same level of sensitivity with
a signal cross section ten times smaller, thus being capa-
ble of probing a larger model parameter space than what
is shown here.

Since the details of the pTRISTAN detector design
and acceptance efficiencies are currently unknown, we
will only impose basic trigger-level cuts on the transverse
momenta and pseudorapidity of the outgoing leptons and
photons, i.e., the default MadGraph5 cuts pgﬂ > 10 GeV
and |n%7| < 2.5 [41] while calculating the cross sections in
the p*u™ option. For the asymmetric beams in the p*e™
option, we only keep the trigger-level pr cuts and remove
the 1 cuts because the final state particles are boosted
in the p* direction; the detector should be designed to
cover the small-angle region from the beam direction.

We will use unpolarized beams for both uTe™ and
uTut modes to derive our sensitivity limits. Although
the surface antimuons produced by the 7+ decay are
100% polarized due to the V — A nature of the weak
interaction, the final polarization of the antimuon beam

2 A larger storage ring allows for higher-energy collisions. One can
reach /s = 775 GeV with 50 GeV electrons and 3 TeV muons.

depends on a detailed understanding of the beam emit-
tance under the applied magnetic field, which in some
cases can reduce the polarization down to 25% [22]. Sim-
ilarly, the beam polarization option for the e~ beam is
still under discussion for the SuperKEKB upgrade [42].
Including realistic beam polarization effects could mod-
ify our cross sections by a factor of few due to the chiral
nature of the scalar couplings.

III. NEUTRINO MASS MODELS WITH
LEPTOPHILIC SCALARS

The leptonic initial states and clean environment at
uTRISTAN provide an unprecedented opportunity to
directly probe heavy leptophilic particles with possible
LFV interactions. We will mainly focus on the leptophilic
neutral and doubly-charged scalars that arise in well-
known neutrino mass models, both tree-level and radia-
tive, such as the Zee model [29], Zee-Babu model [30, 31],
cocktail model [32], and type-II seesaw model [33-37].
If kinematically allowed, a neutral scalar H with siz-
able LFV coupling ey can be resonantly produced in
pure collisions either by itself or in association with a
photon or Z boson, as shown in Fig. 1(a) and (b) re-
spectively, thus providing unparalleled sensitivity to the
LFV scalar sector. Even for myg > /s, the dilepton
channels pte™ — 167 and ptp® — ¢k, shown in
Fig. 1(c) and (d), respectively, are sensitive to the LFV
couplings of H and give rise to a contact-interaction-
type bound on the scalar parameter space. Similarly,
a doubly-charged scalar can be resonantly produced at
a putut collider, either by itself or in association with a
photon or Z boson (see Fig. 3). The higher center-of-
mass energy of the u ™ option at yTRISTAN allows us
to probe doubly-charged scalars beyond the current LHC
constraints [43]. We only focus on the LFV final states,
as they are free from the SM background (modulo lep-
ton misidentification, whose rate is negligible at lepton
colliders [44, 45]). Also, we do not consider processes in-
volving singly-charged scalars, as they necessarily involve
neutrinos in the final state, making it harder to separate
our signal from the SM background.

A. Zee model

In the Zee model [29], the SM scalar sector with one
Higgs doublet H; is extended by adding a second Higgs
doublet Hy and an SU(2)p-singlet charged scalar nt.
The relevant Lagrangian terms are given by

LD pH Hyn~ — fL°Ly* — YILH, — Y/LH, + H.c.,
(1)

where the superscript ¢ stands for charge conjugate and
H, =ioH} (a = 1,2, 09 is the second Pauli matrix). We
have suppressed the flavor and SU(2), indices. Note that
the Yukawa coupling matrix f is anti-symmetric in flavor
space, while Y is an arbitrary complex coupling matrix.
We go to the Higgs basis [46, 47], where only H; acquires
a vacuum expectation value, (H;) = v/v/2 ~ 174 GeV,



and the charged leptons obtain a diagonal mass matrix
M; = Yv/v/2. We work in the alignment limit [48], as
preferred by the LHC Higgs data [49], where the neu-
tral scalars of Ha (the CP-even H and the CP-odd A)
do not mix with the neutral Higgs contained in H; that
can be identified as the SM Higgs boson. The p term in
the Lagrangian (1) will induce a mixing of 5™ with the
charged scalar contained in Hs upon electroweak symme-
try breaking; we denote the mixing angle by ¢ and the
two mass eigenstates by h™ and H™, see Refs. [50, 51]
for details.

The simultaneous presence of f, Y, and pu breaks lep-
ton number by two units and leads to a one-loop Majo-
rana neutrino mass matrix

M" =k (fMY + YT M, fT), (2)

with prefactor k = (167%)~ ! sin 2¢ log(m} . /m?,. ). This
matrix is manifestly symmetric and can be diagonalized
as usual via

MY = U diag(m1, ma, ms3) vt (3)

where U is the unitary Pontecorvo-Maki-Nakagawa—
Sakata matrix and m; the neutrino masses. Through
neutrino oscillations we have obtained information about
the mass splittings and the three mixing angles in U.
The overall neutrino mass scale, ordering, and CP phases
are unknown, although their ranges are partially re-
stricted [52].

With the parametrization of Refs. [53, 54] we can
express Y in terms of M* and f. The puTe™ run of
pTRISTAN will be uniquely sensitive to Y, and Y,
see Fig. 1(a)-(c), so we investigate Y textures where one
of these entries is non-vanishing, which is hardly a restric-
tion. The simultaneous presence of Y;,, and Ye. (or Y},,,)
however would induce large LF'V amplitudes, e.g. u — ey
and p — 3e [55-59], leaving little parameter space for
uwTRISTAN to probe. To evade LFV constraints and
simplify our analysis, we will set as many Y entries to
zero as possible, leading to the four benchmark textures

01 0 01 0
Ya, oc [0 0 —2mellee | o [0 0 0.0035 ), (4)
K M
00 0 00 0
OM“ 10 0 10
Yp, o | —meqp= 00| ~ (00130 0], (5)
0 . 00 0 00
0 01 0 01
Yo, o [ —gm=gs= 00) ~ (0002300, (6)
0 " 00 0 00
0 10 0 10
Yp, OMV 00] ~ 0o 00]. (7
—geart 00 0.00013 0 0

All these Y textures lead to viable two-zero textures in
M [60], indicated by their common name as a subscript,
following the nomenclature of Ref. [61]. The MY two-
zero textures predict the unknown parameters in the neu-
trino sector, i.e., the lightest neutrino mass and the three

name| texture zeros| -, m;/eV |(mgg)/eV|
Ay Mee, Mpue |0.062-0.071 0

ocp/°
44-341

By | Mo, My | >0.13 | >0.036 [85-90 A 270-275
By | My, Mye | >0.16 | >0.047 |87-90 A 270-273
By | Mer, Myr | >0.14 | >0.039 |90-94 A 266-270

TABLE L Predictions for the sum of neutrino masses >, m;,
the effective OvBf Majorana neutrino mass (mgg), and the
Dirac CP phase dcp from the texture zeros employed in the
Zee model, using the 30 normal-ordering ranges for the oscil-
lation parameters from NuFit 5.2 [52].

phases. We show in Tab. I the predictions for the sum
of neutrinos masses ) ; m; (testable via cosmology [62]),
the effective mass parameter for neutrinoless double beta
decay (mgg) = >, U%m, (testable in the next-generation
experiments [63]), and the Dirac CP phase (testable in
neutrino oscillation experiments [64, 65]). Notice that
the > m, predictions of the B textures are already
in tension [66] with limits from cosmology, > m, <
0.12eV [67],% but perfectly in line with laboratory con-
straints [71].

The many zeros in these four Y benchmarks ensure
highly suppressed LFV. Indeed, neither of them give rise
to the most stringent LFV modes, y — ey and u —
3e, despite the non-zero eu entry in Y. However, all
cases induce muonium-antimuonium oscillation [72-75]
through those ep entries, which will turn out to be an
important constraint. In addition, all textures except for
Yp, also give rise to LF'V tauon decays. Furthermore, all
textures contribute to (g—2),, although the 2¢-preferred
region turns out to be already excluded by the muonium
constraint.

The overall scale of Y is degenerate with f and x from
Eq. (2) and can effectively be adjusted at will. The eu
entry of Y is then a free parameter, subject only to per-
turbative unitarity constraints. The second non-zero en-
try of Y is not free, however, but rather predicted by
lepton masses and neutrino mass matrix entries. The lat-
ter are essentially predicted due to the two-zero textures
in M", allowing us to predict the Y entries, as already
shown above. For A;, By, and B4, we find a large ep
entry in Y that drives the H production at yTRISTAN,
plus a suppressed second Y entry that induces LFV. For
Bs, the et entry dominates and pTRISTAN’s reach is
severely limited by tau LFV. Notice that we are focusing
on such extreme textures just for the sake of illustration
to emphasize pTRISTAN’s complementarity to other ex-
perimental probes.

Assuming H to be the lightest scalar, the textures Yy,
Yg,, and Yp, lead to 7= — p~pte¥, 77 — e~ pteT, and
T~ — e~eTuT, respectively, which give limits of order
|Y:0Y3s5] < (mpm/5TeV)?, as shown by the solid black
lines in Fig. 2. For all textures except B3 these are very
suppressed by the small Y., entry. For those textures,

3 Even stronger limits have been obtained in Refs. [68, 69], while
mild indications of a nonzero sum of neutrino masses (in tension
with the stringent Planck limits) was suggested in Ref. [70].
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FIG. 1. Relevant Feynman diagrams for the processes involv-
ing the neutral scalar H in the Zee model at pTRISTAN.
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FIG. 2. uTRISTAN sensitivity to the Zee model parameter
space for various channels as shown in Fig. 1. The shaded
regions are excluded: Purple (pink) shaded from LEP (LHC)
dilepton data, green shaded from (g — 2),, and gray shaded
from muonium oscillation. The future muonium (ILC) sensi-
tivity is shown by the black (purple) dashed line (curve). The
solid black lines show the 7 LFV constraints for different Y
textures (A1, Bz, Ba).

as well as for the Yp, texture which does not give rise
to tau (or muon) LFV decay, the most important LEV
process is the |AL,| = |ALc.| = 2 conversion of muo-
nium (M = e~ pt) to antimuonium (M = et ™) [72-75],
which only requires the Y, entry we are interested in for
pTRISTAN. The conversion probability is currently lim-
ited to P(M < M) < 8.3 x 107! at 90% C.L. by the
MACS experiment at PSI [76], while a sensitivity at the
level of O(1071%) is expected in the future by the pro-
posed MACE experiment [77]. The current MACS limit

sets stringent constraints on the Yukawa couplings Y,

and Y,.:

mpg
Y, _ma
Yennel < 53570V (8)

This is the most important limit for yTRISTAN, as
shown in Fig. 2 by the gray-shaded region (current) and
black dotted line (future).

The muonium limit can be significantly weakened due
to destructive interference in the M — M amplitude [78]
if we choose m 4 =~ my, which renders even the future
MACE projection insensitive to our parameter space of
interest. However, for my ~ ma < mpg+, we would
generate large oblique parameters due to custodial sym-
metry breaking [79, 80]; this puts an upper limit on the
mass splitting between the neutral and charged scalars
in the Zee model [54, 78]. On the other hand, the lep-
tophilic charged scalars in this model are constrained
from slepton searches at the LHC because the slep-
ton decay ¢ — ¢tx° mimicks a charged scalar decay
H* — (v in the massless neutralino limit. The cur-
rent LHC bound is mpy+ > 425 GeV at 90% CL [81] for
BR(H" — ptv.) = 1. To evade the muonium bound
while satisfying the global electroweak precision con-
straint [82, 83], we then require my ~ m4 2 320GeV,
making direct H production in yTRISTAN’s ue™ mode
difficult. To extend our analysis to lighter H, we there-
fore assume the scalar hierarchy my < ma ~ mpg+,
subject to the muonium constraint from Eq. (8).* More-
over, to set the scale of neutrino masses, we choose the f
couplings to be much smaller than Y and can hence ne-
glect the n*-mediated processes at yTRISTAN entirely.

Having established our benchmark scenarios and rel-
evant LFV signatures, we can study this region of the
Zee-model parameter space at gTRISTAN. The relevant
Feynman diagrams and processes are shown in Fig. 1.
Away from the s-channel resonance at /s ~ mp, the
dilepton cross section takes on the simple form

N|Yeu|4 {17 mp < /s,

+o— —ot
e- = uer) 2
) 647s 1257%1, mH>>\/§

(9)

o(p

This was numerically verified in MadGraph5_aMC@NLO [41]
using the general 2HDM FeynRules model file [84]. The
exact analytic expression for the cross section is not
very illuminating, and therefore, we do not show it here.
We demand this cross section to be of order 0.1fb (af-
ter applying the cuts specified in Sec. II) for a discov-
ery, since this flavor-violating channel is background-
free. The textures A;, By, and By dominantly induce
this channel.” We show the yTRISTAN reach of this
process pute” — p~et in Fig. 2 (solid red curve), af-
ter applying the basic trigger cuts. We find that the
pTRISTAN sensitivity surpasses the current limit from
muonium conversion for my > 50 GeV. The Bj texture
is the only one that is already too constrained by tau LEV
to give large o(ute™ — £f€5). Future muonium data

4 Note that our results are symmetric under my < m; we simply
choose H to be the lighter one for concreteness.
5 The B3 texture dominantly gives ute™ — Te.



can cover almost the entire relevant parameter space for
uTRISTAN’s dilepton mode in the Zee model, offering
confirmation potential in case of a discovery.

In Fig. 2, we also show the existing collider constraints
from LEP ete™ — utu~ data (purple shaded) [85, 86]
and from LHC pp — e data (pink shaded) [87, 88].°
The future ILC sensitivity from ete™ — putu~H is also
shown by the pink dashed curve [51, 89, 90] for compar-
ison with the yTRISTAN sensitivity. The green-shaded
region is excluded by demanding the H contribution to
(g9 — 2), not to exceed 5o deviation between the world
average of the SM prediction [91] and the experimental
value [92].7

For the associated production of H with a photon or
a Z boson (cf. Fig. 1(b)), the cross sections for small
mpg < /s take the form

¥ - OZEMD/euP S
— H~y) ~ 1 10
o(uTe ) 85 o ) (10)
4 ozEM|Yeu|2 (s —m?%) s
—HZ) ~ 11
oluTe ) 32s2,c2 52 4m?, (11)

—(1—2s% +4s1) — (1 — 452 +8s2 ) log (mHmf)] )

s —my
where agy is the electromagnetic fine-structure constant,
and s, = sinby, (¢, = cosby,) is the (co)sine of the weak
mixing angle. These cross sections are typically larger
than the dilepton channel but are open only for mg < /s
for the photon case (or /s — mz for the Z case). The
photon cross section exhibits an infrared divergence for
/s = my that is regulated by the cut pJ. > 10 GeV, re-
ducing the total cross section compared to the analytical
expression above. The Z cross section is well behaved
near the kinematic threshold but diverges for my — 0,
not of any concern for us. As can be seen in Fig. 2, both
modes are important for pTRISTAN and cover parame-
ter space that cannot be probed with other colliders or
LFV.® The H scalars subsequently decay promptly into
pteT, half of which being background free even without
any momentum reconstruction.

The Zee model also makes predictions for yTRISTAN’s
uut mode, as there are t-channel diagrams for p*u™ —
70" (cf. Fig. 1(d)). All textures except Bz induce the
background free utu™ — etet, with testable allowed
cross sections for my > 300GeV, as shown in Fig. 2
by the brown curve. We find that the H sensitivity in
this channel is worse than or comparable to the dilep-
ton channel in the pTe™ mode, so it can only be used
as a secondary channel for verifying any signal found in
pTRISTAN’s first run.

Before we move on to other neutrino mass models, let
us briefly comment on the discrepancy in the muon mag-

6 As noted in Ref. [78], the 3.80 CMS excess in the ey channel [88]
can be explained by H using lepton PDF, but only for myg ~ m4
to avoid the muonium limit.

7 Taking the BMW result [93] instead of the world average [91] for
the SM prediction does not make much difference to our allowed
parameter space, which is dominated by the muonium limit.

8 The only exception is texture Bs, for which only a tiny region
survives the tau LFV bound.

netic moment [92]. While the status of the SM predic-
tion is currently unclear, it is worthwhile to entertain
the possibility that the discrepancy is real and a sign for
new physics. The benchmark values taken above are in-
capable of explaining (g — 2), due to LFV constraints.
A recent study [54] has shown that the Zee model is in
principle able to explain (g — 2),, but this requires one
of the following textures:

00 O x 0 x
Y=]0x x| or [0 x 0 (12)
0 X X x 0 X

The first (second) requires M7, = 0 (M};, = 0) and effec-
tively conserves electron (muon) number, which makes
it obvious that muon LFV is evaded, including muo-
nium conversion. The first texture could only show up in
uTRISTAN’s putp® run via ptpt — ptrt or 7777F; the
second texture can give pte™ — puT7~ in pTRISTAN’s
first run. A dedicated study of this scenario will be post-
poned until the (g — 2),, anomaly is clarified.

Overall, we see that yTRISTAN could probe the Zee
model in regions of parameter space that are inaccessible
by other means. A exhaustive study of the Zee model
at yTRISTAN goes beyond the scope of this work but
the benchmarks discussed here indicate a very promising
situation.

B. Zee—Babu model

In the Zee—Babu model [30, 31], we extend the SM by
two SU(2) -singlet scalars h™ and k™ with hypercharge
1 and 2, respectively, which have the following couplings
relevant for neutrino masses:

~L D fLCLhT + gl k™t + ph~h™ kT + He.  (13)

The matrix ¢g (f) is symmetric (antisymmetric) in fla-
vor space. Taken together, these couplings break lepton
number and generate a Majorana neutrino mass matrix

MY ~16pI(mp,my) fMeg* My f , (14)

where I(mp,my) is a two-loop function [94, 95]. The
antisymmetry of f leads to det MY = 0 and thus predicts
one massless neutrino.

Similar to the Zee model, we can make the overall scale
of g as large as we want and compensate for that with a
smaller f matrix or p coupling. For simplicity we assume
h* to be very heavy and the f couplings to be small, ef-
fectively decoupling h*. This leaves us with the doubly
charged k™ with coupling matrix g. At yTRISTAN’s
T ut run, this k7 leads to dilepton and associated pro-
duction signatures as long as g,, # 0, see Fig. 3(a)-
(b). We show pTRISTAN’s reach and competing con-
straints in Fig. 4, having computed the cross sections
with MadGraph5_aMC@NLO [41] using the model file given
in Ref. [96].

HTRISTAN can easily probe a large region of parame-
ter space as long as g, is somewhat suppressed compared
to g, to evade the o — ey constraint. This is hardly a
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FIG. 3. Relevant Feynman diagrams for the doubly-charged
scalars in the Zee—Babu, cocktail, and triplet seesaw models.
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FIG. 4. pTRISTAN sensitivity to the Zee-Babu and cocktail
model parameter space for various channels as shown in Fig. 3.
The shaded purple region is excluded from LHC dilepton data
[43], the dashed purple line shows the HL-LHC reach [96].
The diagonal non-solid lines indicate LF'V constraints on the
coupling products |guugag|. For the Zee-Babu g texture from
Eq. (15), only gu. and g., are relevant. For the cocktail-
model texture from Eq. (18), mainly g, and g.- are relevant.

restriction and we can even find g textures that eliminate
almost all LF'V constraints, e.g.

0 0 0

. 00 0
mpy LT
g o [0 1 e . |~ |01 0.1
v 2 v
0 —mu Dar Ty lae 001 5x1073

(15)

This structure does not lead to any eLFV. The only pro-
cess we could worry about is 7 — 3u, which is how-
ever not particularly stringent and could be further sup-
pressed by tuning M /MY | < 1. pTRISTAN has
a large region of testable parameter space even with-

out this tuning. Notice that the dominant g,, entry
here leads to the dominant channels ptpt — ptput
and putpt — v/Z (kT — ptut); these are not ex-
actly background free, even though invariant mass dis-
tributions and angular observables can be used to iso-
late new-physics contributions. The subleading channels
ptpt — ptrt and ptpt — v/Z (kT — pt71) on the
other hand are smoking-gun observables.

The texture from Eq. (15) does not induce any inter-
esting signatures in the pte™ run, but other textures
might, see Fig. 3(c). For example, a pp and ee entry in g
would give the very clean pte™ — p~et (in addition to
ptut — etet), allowed by current muonium-conversion
constraints, as shown in Fig. 4.

We also show other relevant constraints in Fig. 4. The
(9 — 2),, excluded region is shown by the black shaded
region on top left corner. The vertical pink shaded re-
gion is the current LHC bound [43], and the vertical pink
dashed line is the future HL-LHC sensitivity [96]. Thus,
we find that yTRISTAN will probe a wide range of the
Zee—Babu model parameter space well beyond the HL-
LHC sensitivity. Similar sensitivities are also achievable
at a future utp~ collider [97].

C. Cocktail model

The cocktail model [32] is an SM extension by two
SU(2) p-singlet scalars h~ and k™1, as well as a second
Higgs doublet Hy. The field content is reminiscent of the
Zee and Zee—Babu models, but here an extra Zs symme-
try is imposed under which h~ and Hsy are odd, which
leaves the following relevant terms in the Lagrangian:

—L£ D gllktt 4 uhh kT 4 kHIH B
A5
2

(16)

+ EHIH Wk~ + 22(HIHy)? + Hee.

where ¢ is once again a symmetric Yukawa matrix in
flavor space. Lepton number is broken explicitly if all
the above couplings are non-zero. We assume parameters
in the scalar potential so that (Hs) = 0, leaving the Zs
unbroken. In that case, Majorana neutrino masses arise
at three-loop level:

Fcocktail
m MegMy (17)

MY ~
where Fiocktail 18 @ complicated dimensionless loop func-
tion that depends on scalar masses and couplings [98, 99].
The three-loop suppression factor and additional sup-
pression by charged-lepton masses require large entries
in g that are easily in the non-perturbative regime, even
when all scalar masses are close to their experimental
limits and the scalar-potential couplings as large as al-
lowed by perturbative unitarity. To keep ¢ perturbative
and evade stringent constraints from muon LFV, one is
more or less forced to consider the two-zero texture A;



for MY [98, 99], which then results in a g matrix

0 0 1

0 0 1
MY MY
goc [0 == me e |~ |0 024 001
1 me M me Mro 10.01 6x 10
iz et T et

(18)

and the neutrino-parameter predictions from the first row
of Tab. I. The strongest LFV constraint mediated by
kT* then comes from 7= — et p~pu~, requiring |ger| <
0.17my++/TeV, although, by coincidence, © — ey gives
essentially the same limit for this texture.

The LFV constraints of this texture are severe enough
that yTRISTAN in the u"e™ mode would not observe
the characteristic ute= — 7Fu~, see Fig. 4. How-
ever, pTRISTAN in the y*pt run could potentially see
ptpt — ettt or ptut — kT /Z followed by prompt
EtT — eTrt decays.

Notice that the Z, symmetry renders the lightest par-
ticle among the Hs and h™~ stable. We can choose scalar-
potential parameters to make this one of the neutral
scalars inside Hs, which could then form dark matter.
We will not discuss this here since there is very limited
connection to yTRISTAN.

D. Type-II or triplet seesaw

In the type-II or triplet seesaw mechanism [33-37], we
extend the SM by an SU(2)p-triplet with hypercharge
+2, usually written as the SU(2)r, matrix

B A+/\/§ A+t
(507 2w

This triplet couples to the left-handed lepton doublets
L., and the SM scalar doublet H, giving rise to the
Lagrangian

—L D Y Lo AL + pH'iooAH* + He.  (20)

This Lagrangian breaks lepton number and induces a
small vacuum expectation value (A%) = va/v/2, which
in turn generates the Majorana neutrino mass matrix
MY = \/§YUA. The Yukawa couplings thus inherit the
structure from the neutrino mass matrix but come with
an unknown scaling factor va.

In the limit of vA < v, the mass eigenstates that dom-
inantly come from the triplet, Ht+ ~ A*+ HT ~ A*,
H ~ 2Re A, and A ~ /2Im A, have mass splittings

A4U2
2 9

2
/\41) 2

2 ~m2 ~m2 ~
mH_mA_mH+ 1 _mH+++

(21)

specified exclusively by the coupling Ay HTAATH [100,
101].  For simplicity we will assume an almost de-
generate spectrum here, even though a mass splitting
could resolve [102-104] the recently observed discrep-
ancy in CDF’s W-boson mass measurement [105]. The
large Yukawa couplings required to produce ATT at
uwTRISTAN also lead to strong constraints from searches

— o >l )

— oy >A"y)
— oWyt > AT 2Z)

LHC excluded

~
ey

e
~
~
Se
~

%400

1000 2000

MpA++ [GCV]

FIG. 5. puTRISTAN sensitivity to the triplet/type-II seesaw
model parameter space for various channels as shown in Fig. 3.
We have set M,,,, = 0.05eV to fix the AT coupling, see
text for details.

at the LHC, which exclude masses below 1 TeV [43] and
can be improved at the HL-LHC [106].

Even more importantly, the triplet scalars induce LF'V
decays, for example [101, 107-109]

2 2
amu |[(MYTMY)e,| 1 8
B ~
Rip = ev) 487GL v} mi. + m2.. )’
(22)
2
MY MY
BR(u" —efeel) ~ 4C|;2527m’f| , (23)
FYA" H++

where G is the Fermi coupling constant. p — ey is par-

ticularly important because the prefactor |(M viM ”)e“|2
is completely specified by the known neutrino oscil-
lation parameters [110] and is limited from below by
(0.016eV)*, using the 20 range from NuFit 5.2 [52].
The current limit BR(u — ey) < 4.2 x 10713 [111] then
gives ma++ > 1.5TeV(eV/va). The p — ey limit can be
improved by almost an order of magnitude with MEG-
IT [112, 113] but will eventually be surpassed by muon-
conversion in Mu2e [114, 115], which probes the same
coupling in our case and effectively has a sensitivity down
to BR(p — ey) < 2 x 10714, This would improve the
limit to ma++ > 3TeV(eV/va).

Notice that the other LFV decays, notably u —
3e [116], could give even stronger limits on vaAmA++, €S-
pecially with the upcoming Mu3e [117], but depend on
the so-far unknown neutrino parameters such as the light-
est neutrino mass and the Majorana CP phases. These
allow us, for example, to set MY, = 0 and thus elimi-
nate p — 3e entirely. For simplicity we will therefore
ignore these other LF'V processes and only consider the
unavoidable p — ev.

In Fig. 5, we show the LFV and LHC constraints
together with the puTRISTAN sensitivities in various



channels. We have implemented the model file in
FeynRules [84] and computed the cross sections us-
ing MadGraph5_aMC@ONLQ [41]. To specify the production
Yukawa coupling Y),,, we set M,/ = 0.05eV; this sat-
isfies the cosmology bound Y m, < 0.12eV [67], oth-
erwise we could go to larger M, values and increase
the uTRISTAN cross sections without changing the LEV
bound.

The cross section o(pTut — El’é;) scales with
|M;; |?| M5, at least away from the resonance. The
on-shell produced AT has decay rates into charged lep-
tons proportional to M4 |2. Our current lack of informa-
tion about the lightest neutrino mass and the CP phases
preclude us from making definite predictions for these
final states, but this will improve with future neutrino
data [118]. Generically, we expect final states with more
muons and tauons than electrons at pTRISTAN from
AT processes for normal-ordered neutrino masses. Di-
boson decays AT+ — WTWT are heavily suppressed by
v in our region of interest [119-122]. Similarly, the cas-
cade decays of AT involving neutral or singly-charged
scalars depend on the choice of mass spectrum and can
be ignored here.

Unlike for the doubly charged scalars in the Zee-Babu
or cocktail models, the AT+ in the triplet model cannot
generate clean yte™ — £~ signatures in g TRISTAN’s
first run, since this region of parameter space is already
excluded by p — ey (Fig. 5).

E. Other neutrino mass models

The p™pt mode of pTRISTAN will also be uniquely
sensitive to the LNV /LFV signatures arising from other
neutrino mass models. For instance, the heavy neutral
leptons appearing in type-I [123-127] and type-1IT [128]
seesaw models will induce a clean LNV signal putpu™ —
WFWT — jets, which is like an inverse neutrinoless dou-
ble beta decay e" e~ — W~W~ [129-132] but in the
muon sector [21]. This channel has been recently ana-

lyzed in Refs. [27, 133], so we will not repeat this anal-
ysis here. Similarly, the pTRISTAN sensitivities for the
neutral and/or doubly-charged scalars derived here can
also be applied to other models, such as the left-right
symmetric model [134-136], and other radiative neutrino
mass models [58], although the connection to neutrino
mass may not be as direct as in the models studied here.

IV. CONCLUSION

Neutrino masses provide the most convincing labo-
ratory evidence for physics beyond the SM, making
searches for the underlying new particles highly moti-
vated. In this article, we have shown that pte~ and
ptpt colliders in the vein of the recently proposed
pTRISTAN experiment offer a new way to search for
a variety of neutrino mass models. As exemplified by
several benchmark scenarios of the popular Zee, Zee—
Babu, cocktail, and triplet seesaw models, we showed
that pTRISTAN could probe regions of parameter space
that are out of reach of other experiments, be it future
hadron colliders or future low-energy LFV searches.

ACKNOWLEDGEMENTS

The work of BD is supported in part by the U.S. De-
partment of Energy under grant No. DE-SC 0017987 and
by a URA VSP fellowship. The work of JH and AT was
supported in part by the National Science Foundation
under Grant PHY-2210428. For facilitating portions of
this research, BD and AT wish to acknowledge the Cen-
ter for Theoretical Underground Physics and Related Ar-
eas (CETUP*), The Institute for Underground Science at
Sanford Underground Research Facility (SURF), and the
South Dakota Science and Technology Authority for hos-
pitality and financial support, as well as for providing a
stimulating environment. BD and JH would like to thank
the Fermilab Theory Group for their hospitality during
the completion of this work.

[1] R. N. Mohapatra and A. Y. Smirnov, “Neutrino Mass
and New Physics,” Ann. Rev. Nucl. Part. Sci. 56
(2006) 569-628, [hep-ph/0603118].

[2] A. de Gouvéa, “Neutrino Mass Models,” Ann. Rev.
Nucl. Part. Sci. 66 (2016) 197-217.

[3] F. F. Deppisch, P. S. B. Dev, and A. Pilaftsis,
“Neutrinos and Collider Physics,” New J. Phys. 17
no. 7, (2015) 075019, [1502.06541].

[4] Y. Cai, T. Han, T. Li, and R. Ruiz, “Lepton Number
Violation: Seesaw Models and Their Collider Tests,”
Front. in Phys. 6 (2018) 40, [1711.02180].

[5] L. Calibbi and G. Signorelli, “Charged Lepton Flavour
Violation: An Experimental and Theoretical
Introduction,” Riv. Nuovo Cim. 41 no. 2, (2018)
71-174, [1709.00294].

[6] S. Davidson, B. Echenard, R. H. Bernstein, J. Heeck,
and D. G. Hitlin, “Charged Lepton Flavor Violation,”
[2209.00142].

[7] V. D. Shiltsev, “High energy particle colliders: past 20
years, next 20 years and beyond,” Phys. Usp. 55
(2012) 965-976, [1205.3087).

[8] G. I. Budker, “Accelerators and colliding beams,”
Conf. Proc. C 690827 (1969) 33-39.

[9] C. M. Ankenbrandt et al., “Status of muon collider
research and development and future plans,” Phys.
Rev. ST Accel. Beams 2 (1999) 081001,
[physics/9901022].

[10] Neutrino Factory, Muon Collider Collaboration,
M. M. Alsharoa et al., “Recent Progress in Neutrino
Factory and Muon Collider Research within the Muon
Collaboration,” Phys. Rev. ST Accel. Beams 6 (2003)
081001, [hep-ex/0207031].

[11] J. P. Delahaye, M. Diemoz, K. Long, B. Mansoulié,

N. Pastrone, L. Rivkin, D. Schulte, A. Skrinsky, and
A. Wulzer, “Muon Colliders,” [1901.06150].



[12] K. Long, D. Lucchesi, M. Palmer, N. Pastrone,

D. Schulte, and V. Shiltsev, “Muon colliders to expand
frontiers of particle physics,” Nature Phys. 17 no. 3,
(2021) 289292, [2007.15684].

[13] H. Al Ali et al., “The Muon Smasher’s Guide,” Rept.
Prog. Phys. 85 no. 8, (2022) 084201, [2103.14043|.

[14] Muon Collider Collaboration, J. de Blas et al., “The
physics case of a 3 TeV muon collider stage,”
[2203.07261].

[15] C. Accettura et al., “Towards a muon collider,” Eur.
Phys. J. C' 83 no. 9, (2023) 864, [2303.08533].
[Erratum: Eur.Phys.J.C 84, 36 (2024)].

[16] MICE Collaboration, M. Bogomilov et al.,
“Demonstration of cooling by the Muon Ionization
Cooling Experiment,” Nature 578 no. 7793, (2020)
53-59, [1907.08562].

[17] C. Aime et al., “Muon Collider Physics Summary,”
[2203.07256].

[18] K. Hubner, “Designing and building LEP,” Phys.
Rept. 403-404 (2004) 177-188.

[19] Y. Hamada, R. Kitano, R. Matsudo, H. Takaura, and
M. Yoshida, “4TRISTAN,” PTEP 2022 no. 5, (2022)
053B02, [2201.06664].

[20] M. Abe et al., “A New Approach for Measuring the
Muon Anomalous Magnetic Moment and Electric
Dipole Moment,” PTEP 2019 no. 5, (2019) 053C02,
[1901.03047].

[21] C. A. Heusch and F. Cuypers, “Physics with like-sign
muon beams in a TeV muon collider,” AIP Conf. Proc.
352 (1996) 219-231, [hep-ph/9508230].

[22] Y. Hamada, R. Kitano, R. Matsudo, and H. Takaura,
“Precision pp™ and pTe™ elastic scatterings,” PTEP
2023 (2023) 013B07, [2210.11083].

[23] F. Bossi and P. Ciafaloni, “Lepton Flavor Violation at
muon-electron colliders,” JHEP 10 (2020) 033,
[2003.03997].

[24] M. Lu, A. M. Levin, C. Li, A. Agapitos, Q. Li,

F. Meng, S. Qian, J. Xiao, and T. Yang, “The physics
case for an electron-muon collider,” Adv. High Enerqgy
Phys. 2021 (2021) 6693618, [2010.15144].

[25] G. Lichtenstein, M. A. Schmidt, G. Valencia, and R. R.
Volkas, “Complementarity of yTRISTAN and Belle II
in searches for charged-lepton flavour violation,” Phys.
Lett. B 845 (2023) 138144, [2307.11369].

[26] A. Das, T. Nomura, and T. Shimomura, “Multi
muon/anti-muon signals via productions of gauge and
scalar bosons in a U(1)r, ., model at muonic
colliders,” Eur. Phys. J. C 83 (2023) 786,
[2212.11674).

[27] J.-L. Yang, C.-H. Chang, and T.-F. Feng, “The
leptonic di-flavor and di-number violation processes at
high energy p*u® colliders,” [2302.13247].

[28] K. Fridell, R. Kitano, and R. Takai, “Lepton flavor
physics at utu™ colliders,” JHEP 06 (2023) 086,
[2304.14020L

[29] A. Zee, “A Theory of Lepton Number Violation,
Neutrino Majorana Mass, and Oscillation,” Phys. Lett.
B 93 (1980) 389. [Erratum: Phys.Lett.B 95, 461
(1980)].

[30] A. Zee, “Quantum Numbers of Majorana Neutrino
Masses,” Nucl. Phys. B 264 (1986) 99-110.

[31] K. S. Babu, “Model of ’Calculable’ Majorana Neutrino
Masses,” Phys. Lett. B 203 (1988) 132-136.

[32] M. Gustafsson, J. M. No, and M. A. Rivera,
“Predictive Model for Radiatively Induced Neutrino
Masses and Mixings with Dark Matter,” Phys. Rev.
Lett. 110 (2013) 211802, [1212.4806]. [Erratum:

Phys.Rev.Lett. 112, 259902 (2014)].

[33] W. Konetschny and W. Kummer, “Nonconservation of
Total Lepton Number with Scalar Bosons,” Phys. Lett.
B 70 (1977) 433-435.

[34] M. Magg and C. Wetterich, “Neutrino Mass Problem
and Gauge Hierarchy,” Phys. Lett. B 94 (1980) 61-64.

[35] J. Schechter and J. W. F. Valle, “Neutrino Masses in
SU(2) x U(1) Theories,” Phys. Rev. D 22 (1980) 2227.

[36] T. P. Cheng and L.-F. Li, “Neutrino Masses, Mixings
and Oscillations in SU(2) x U(1) Models of
Electroweak Interactions,” Phys. Rev. D 22 (1980)
2860.

[37] R. N. Mohapatra and G. Senjanovic, “Neutrino Masses
and Mixings in Gauge Models with Spontaneous
Parity Violation,” Phys. Rev. D 23 (1981) 165.

[38] Y. Kondo et al., “Re-Acceleration of Ultra Cold Muon
in J-PARC Muon Facility,” in 9th International
Particle Accelerator Conference. 6, 2018.

[39] “TRISTAN, Electron-Positron Colliding Beam
Project.” https://inis.iaea.org/search/18100167,
1987. Report Number KEK-86-14.

[40] Belle-II Collaboration, T. Abe et al., “Belle 11
Technical Design Report,” [1011.0352].

[41] J. Alwall, R. Frederix, S. Frixione, V. Hirschi,

F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,
P. Torrielli, and M. Zaro, “The automated
computation of tree-level and next-to-leading order
differential cross sections, and their matching to
parton shower simulations,” JHEP 07 (2014) 079,
[1405.0301].

[42] Belle II SuperKEKB e- Polarization Upgrade
Working Group Collaboration, J. M. Roney,
“Upgrading SuperKEKB with polarized e~ beams,”
PoS ICHEP2020 (2021) 699.

[43] ATLAS Collaboration, G. Aad et al., “Search for
doubly charged Higgs boson production in multi-lepton
final states using 139 fb~! of proton—proton collisions
at /s = 13 TeV with the ATLAS detector,” Fur.
Phys. J. C 83 (2023) 605, [2211.07505].

[44] CEPC Study Group Collaboration, M. Dong et al.,
“CEPC Conceptual Design Report: Volume 2 -
Physics & Detector,” [1811.10545].

[45] N. Bartosik et al., “Detector and Physics Performance
at a Muon Collider,” JINST 15 no. 05, (2020) P05001,
[2001 . 04431].

[46] H. Georgi and D. V. Nanopoulos, “Suppression of
Flavor Changing Effects From Neutral Spinless Meson
Exchange in Gauge Theories,” Phys. Lett. B 82 (1979)
95-96.

[47] S. Davidson and H. E. Haber, “Basis-independent
methods for the two-Higgs-doublet model,” Phys. Reuv.
D 72 (2005) 035004, [hep-ph/0504050]. [Erratum:
Phys.Rev.D 72, 099902 (2005)].

[48] J. F. Gunion and H. E. Haber, “The CP conserving
two Higgs doublet model: The Approach to the
decoupling limit,” Phys. Rev. D 67 (2003) 075019,
[hep-ph/0207010].

[49] O. Eberhardt, A. P. Martinez, and A. Pich, “Global
fits in the Aligned Two-Higgs-Doublet model,” JHEP
05 (2021) 005, [2012.09200].

[50] K. S. Babu, P. S. B. Dev, S. Jana, and A. Thapa,
“Non-Standard Interactions in Radiative Neutrino
Mass Models,” JHEP 03 (2020) 006, [1907.09498].

[61] R. K. Barman, R. Dcruz, and A. Thapa, “Neutrino
masses and magnetic moments of electron and muon in
the Zee Model,” JHEP 03 (2022) 183, [2112.04523].



[52] 1. Esteban, M. C. Gonzalez-Garcia, M. Maltoni,

T. Schwetz, and A. Zhou, “The fate of hints: updated
global analysis of three-flavor neutrino oscillations,”
JHEP 09 (2020) 178, [2007.14792]. NuFit 5.2 (2022)
from http://www.nu-fit.org.

[53] A. C. B. Machado, J. Montano, P. Pasquini, and
V. Pleitez, “Analytical solution for the Zee
mechanism,” [1707.06977].

[54] J. Heeck and A. Thapa, “Zee-model predictions for
lepton flavor violation,” Phys. Lett. B 841 (2023)
137910, [2303.13383].

[55] L. Lavoura, “General formulae for fi — foy,” Eur.
Phys. J. C' 29 (2003) 191-195, [hep-ph/0302221].

[56] X.-G. He and S. K. Majee, “Implications of Recent
Data on Neutrino Mixing and Lepton Flavour
Violating Decays for the Zee Model,” JHEP 03 (2012)
023, [1111.2293].

[57] J. Herrero-Garcia, T. Ohlsson, S. Riad, and J. Wirén,
“Full parameter scan of the Zee model: exploring
Higgs lepton flavor violation,” JHEP 04 (2017) 130,
[1701.05345].

[58] Y. Cai, J. Herrero-Garcia, M. A. Schmidt, A. Vicente,
and R. R. Volkas, “From the trees to the forest: a
review of radiative neutrino mass models,” Front. in
Phys. 5 (2017) 63, [1706.08524].

[59] A. Crivellin, J. Heeck, and P. Stoffer, “A perturbed
lepton-specific two-Higgs-doublet model facing
experimental hints for physics beyond the Standard
Model,” Phys. Rev. Lett. 116 (2016) 081801,
[1507.07567).

[60] J. Alcaide, J. Salvado, and A. Santamaria, “Fitting
flavour symmetries: the case of two-zero neutrino mass
textures,” JHEP 07 (2018) 164, [1806.06785].

[61] P. H. Frampton, S. L. Glashow, and D. Marfatia,
“Zeroes of the neutrino mass matrix,” Phys. Lett. B
536 (2002) 79-82, [hep-ph/0201008].

[62] C. Dvorkin et al., “Neutrino Mass from Cosmology:
Probing Physics Beyond the Standard Model,”
[1903.03689)].

[63] C. Adams et al., “Neutrinoless Double Beta Decay,”
[2212.11099)].

[64] Hyper-Kamiokande Proto- Collaboration, K. Abe
et al., “Physics potential of a long-baseline neutrino
oscillation experiment using a J-PARC neutrino beam
and Hyper-Kamiokande,” PTEP 2015 (2015) 053C02,
[1502.05199)].

[65] DUNE Collaboration, B. Abi et al., “Long-baseline
neutrino oscillation physics potential of the DUNE
experiment,” Fur. Phys. J. C'80 (2020) 978,
[2006.16043].

[66] D. Meloni, A. Meroni, and E. Peinado, “Two-zero
Majorana textures in the light of the Planck results,”
Phys. Rev. D 89 (2014) 053009, [1401.3207].

[67] Planck Collaboration, N. Aghanim et al., “Planck
2018 results. VI. Cosmological parameters,” Astron.
Astrophys. 641 (2020) A6, [1807.06209]. [Erratum:
Astron.Astrophys. 652, C4 (2021)].

[68] N. Palanque-Delabrouille, C. Yéche, N. Schoneberg,
J. Lesgourgues, M. Walther, S. Chabanier, and
E. Armengaud, “Hints, neutrino bounds and WDM
constraints from SDSS DR14 Lyman-a and Planck
full-survey data,” JCAP 04 (2020) 038, [1911.09073].

[69] E. di Valentino, S. Gariazzo, and O. Mena, “Model
marginalized constraints on neutrino properties from
cosmology,” Phys. Rev. D 106 (2022) 043540,
[2207.05167].

10

[70] E. Di Valentino and A. Melchiorri, “Neutrino Mass
Bounds in the Era of Tension Cosmology,” Astrophys.
J. Lett. 931 no. 2, (2022) L18, [2112.02993].

[71] KATRIN Collaboration, M. Aker et al., “Direct
neutrino-mass measurement with sub-electronvolt
sensitivity,” Nature Phys. 18 no. 2, (2022) 160-166,
[2105.08533].

[72] B. Pontecorvo, “Mesonium and anti-mesonium,” Sov.
Phys. JETP 6 (1957) 429.

[73] U. D. Jentschura, G. Soff, V. G. Ivanov, and S. G.
Karshenboim, “The Bound ptu™ system,” Phys. Rew.
A 56 (1997) 4483, [physics/9706026].

[74] T. E. Clark and S. T. Love, “Muonium-antimuonium
oscillations and massive Majorana neutrinos,” Mod.
Phys. Lett. A 19 (2004) 297-306, [hep-ph/0307264].

[75] T. Fukuyama, Y. Mimura, and Y. Uesaka, “Models of
the muonium to antimuonium transition,” Phys. Rev.
D 105 (2022) 015026, [2108.10736].

[76] L. Willmann et al., “New bounds from searching for
muonium to anti-muonium conversion,” Phys. Rev.
Lett. 82 (1999) 49-52, [hep-ex/9807011].

[77] A.-Y. Bai et al., “Snowmass2021 Whitepaper:
Muonium to antimuonium conversion,” in Snowmass
2021. 3, 2022. [2203.11406].

[78] Y. Afik, P. S. Bhupal Dev, and A. Thapa, “Hints of a
new leptophilic Higgs sector?,” Phys. Rev. D 109
(2024) 015003, [2305.19314].

[79] M. E. Peskin and T. Takeuchi, “A New constraint on a
strongly interacting Higgs sector,” Phys. Rev. Lett. 65
(1990) 964-967.

[80] M. E. Peskin and T. Takeuchi, “Estimation of oblique
electroweak corrections,” Phys. Rev. D 46 (1992)
381-409.

[81] ATLAS Collaboration, G. Aad et al., “Search for
electroweak production of charginos and sleptons
decaying into final states with two leptons and missing
transverse momentum in /s = 13 TeV pp collisions
using the ATLAS detector,” Eur. Phys. J. C 80 (2020)
123, [1908.08215].

[82] C.-T. Lu, L. Wu, Y. Wu, and B. Zhu, “Electroweak
precision fit and new physics in light of the W boson
mass,” Phys. Rev. D 106 (2022) 035034, [2204.03796].

[83] P. Asadi, C. Cesarotti, K. Fraser, S. Homiller, and
A. Parikh, “Oblique lessons from the W-mass
measurement at CDF II,” Phys. Rev. D 108 (2023)
055026, [2204.05283].

[84] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr,
and B. Fuks, “FeynRules 2.0 - A complete toolbox for
tree-level phenomenology,” Comput. Phys. Commun.
185 (2014) 2250-2300, [1310.1921].

[85] OPAL Collaboration, G. Abbiendi et al., “Tests of the
standard model and constraints on new physics from
measurements of fermion pair production at 189-GeV
to 209-GeV at LEP,” Eur. Phys. J. C'33 (2004)
173-212, [hep-ex/0309053].

[86] LEP, ALEPH, DELPHI, L3, OPAL, LEP
Electroweak Working Group, SLD Electroweak
Group, SLD Heavy Flavor Group Collaboration,
t. S. Electroweak, “A Combination of preliminary
electroweak measurements and constraints on the
standard model,” [hep-ex/0312023].

[87] ATLAS Collaboration, G. Aad et al., “Search for the
Higgs boson decays H — ee and H — ep in pp
collisions at /s = 13 TeV with the ATLAS detector,”
Phys. Lett. B 801 (2020) 135148, [1909.10235].

[88] CMS Collaboration, A. Hayrapetyan et al., “Search
for the lepton-flavor violating decay of the Higgs boson



and additional Higgs bosons in the ey final state in
proton-proton collisions at /s = 13 TeV,” Phys. Rev.
D 108 (2023) 072004, [2305.18106].

[89] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang,
“Lepton Flavor Violation Induced by a Neutral Scalar
at Future Lepton Colliders,” Phys. Rev. Lett. 120
(2018) 221804, [1711.08430].

[90] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang,
“Probing TeV scale origin of neutrino mass at future
lepton colliders via neutral and doubly-charged
scalars,” Phys. Rev. D 98 (2018) 075028, [1803.11167].

[91] T. Aoyama et al., “The anomalous magnetic moment
of the muon in the Standard Model,” Phys. Rept. 887
(2020) 1-166, [2006.04822)].

[92] Muon g-2 Collaboration, D. P. Aguillard et al.,
“Measurement of the Positive Muon Anomalous
Magnetic Moment to 0.20 ppm,” Phys. Rev. Lett. 131
(2023) 161802, [2308.06230].

[93] S. Borsanyi et al., “Leading hadronic contribution to
the muon magnetic moment from lattice QCD,”
Nature 593 no. 7857, (2021) 51-55, [2002.12347].

[94] K. S. Babu and C. Macesanu, “T'wo loop neutrino
mass generation and its experimental consequences,”
Phys. Rev. D 67 (2003) 073010, [hep-ph/0212058].

[95] M. Nebot, J. F. Oliver, D. Palao, and A. Santamaria,
“Prospects for the Zee-Babu Model at the CERN LHC
and low energy experiments,” Phys. Rev. D 77 (2008)
093013, [0711.0483].

[96] R. Ruiz, “Doubly charged Higgs boson production at
hadron colliders II: a Zee-Babu case study,” JHEP 10
(2022) 200, [2206.14833].

[97] T. A. Chowdhury, A. Jueid, S. Nasri, and S. Saad,
“Probing Zee-Babu states at Muon Colliders,”
[2306.01255].

[98] C.-Q. Geng, D. Huang, and L.-H. Tsai, “Loop-induced
Neutrino Masses: A Case Study,” Phys. Rev. D 90
(2014) 113005, [1410.7606].

[99] R. Cepedello, M. Hirsch, P. Rocha-Moran, and
A. Vicente, “Minimal 3-loop neutrino mass models and
charged lepton flavor violation,” JHEP 08 (2020) 067,
[2005.00015].

[100] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka,

M. C. Peyranere, L. Rahili, and J. Ramadan, “The
Higgs Potential in the Type II Seesaw Model,” Phys.
Rev. D 84 (2011) 095005, [1105.1925).

[101] S. Mandal, O. G. Miranda, G. Sanchez Garcia,

J. W. F. Valle, and X.-J. Xu, “Toward deconstructing
the simplest seesaw mechanism,” Phys. Rev. D 105
(2022) 095020, [2203.06362).

[102] S. Kanemura and K. Yagyu, “Implication of the W
boson mass anomaly at CDF II in the Higgs triplet
model with a mass difference,” Phys. Lett. B 831
(2022) 137217, [2204.07511].

[103] J. Heeck, “W-boson mass in the triplet seesaw model,”
Phys. Rev. D 106 (2022) 015004, [2204.10274].

[104] J. Butterworth, J. Heeck, S. H. Jeon, O. Mattelaer,
and R. Ruiz, “Testing the scalar triplet solution to
CDF’s heavy W problem at the LHC,” Phys. Rev. D
107 (2023) 075020, [2210.13496].

[105] CDF Collaboration, T. Aaltonen et al.,
“High-precision measurement of the W boson mass
with the CDF II detector,” Science 376 no. 6589,
(2022) 170-176.

[106] S. Ashanujjaman and K. Ghosh, “Revisiting type-II
see-saw: present limits and future prospects at LHC,”
JHEP 03 (2022) 195, [2108.10952].

11

[107] A. Pich, A. Santamaria, and J. Bernabeu, “u — ey
decay in the scalar triplet model,” Phys. Lett. B 148
(1984) 229-233.

[108] A. G. Akeroyd, M. Aoki, and H. Sugiyama, “Lepton
Flavour Violating Decays 7 — ££¢ and p — e in the
Higgs Triplet Model,” Phys. Rev. D 79 (2009) 113010,
[0904.3640).

[109] P. S. B. Dev, M. J. Ramsey-Musolf, and Y. Zhang,
“Doubly-Charged Scalars in the Type-1I Seesaw
Mechanism: Fundamental Symmetry Tests and
High-Energy Searches,” Phys. Rev. D 98 (2018)
055013, [1806.08499].

[110] J. Chakrabortty, P. Ghosh, and W. Rodejohann,
“Lower Limits on p — ey from New Measurements on
Ues,” Phys. Rev. D 86 (2012) 075020, [1204.1000].

[111] MEG Collaboration, A. M. Baldini et al., “Search for
the lepton flavour violating decay u™ — et~ with the
full dataset of the MEG experiment,” Fur. Phys. J. C'
76 (2016) 434, [1605.05081].

[112] A. M. Baldini et al., “MEG Upgrade Proposal,”
[1301.7225].

[113] MEG II Collaboration, M. Meucci, “MEG 11
experiment status and prospect,” PoS NuFact2021
(2022) 120, [2201.08200].

[114] Mu2e Collaboration, L. Bartoszek et al., “Mu2e
Technical Design Report,” [1501.05241].

[115] Mu2e-II Collaboration, K. Byrum et al., “Mu2e-1I:
Muon to electron conversion with PIP-I1,” in
Snowmass 2021. 3, 2022. [2203.07569].

[116] SINDRUM Collaboration, U. Bellgardt et al.,
“Search for the Decay u™ — etete™,” Nucl. Phys. B
299 (1988) 1-6.

[117] Mu3e Collaboration, K. Arndt et al., “Technical
design of the phase I Mu3e experiment,” Nucl.
Instrum. Meth. A 1014 (2021) 165679, [2009.11690].

[118] S. A. R. Ellis, K. J. Kelly, and S. W. Li, “Current and
Future Neutrino Oscillation Constraints on Leptonic
Unitarity,” JHEP 12 (2020) 068, [2008.01088].

[119] P. Fileviez Perez, T. Han, G.-y. Huang, T. Li, and
K. Wang, “Neutrino Masses and the CERN LHC:
Testing Type II Seesaw,” Phys. Rev. D 78 (2008)
015018, [0805.3536].

[120] W. Rodejohann, “Inverse Neutrino-less Double Beta
Decay Revisited: Neutrinos, Higgs Triplets and a
Muon Collider,” Phys. Rev. D 81 (2010) 114001,
[1005.2854].

[121] W. Rodejohann and H. Zhang, “Higgs triplets at
like-sign linear colliders and neutrino mixing,” Phys.
Rev. D 83 (2011) 073005, [1011.3606].

[122] A. Melfo, M. Nemevsek, F. Nesti, G. Senjanovic, and
Y. Zhang, “Type II Seesaw at LHC: The Roadmap,”
Phys. Rev. D 85 (2012) 055018, [1108.4416].

[123] P. Minkowski, “i — ey at a Rate of One Out of 10°
Muon Decays?,” Phys. Lett. B 67 (1977) 421-428.

[124] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass
and Spontaneous Parity Nonconservation,” Phys. Rev.
Lett. 44 (1980) 912.

[125] M. Gell-Mann, P. Ramond, and R. Slansky, “Complex
Spinors and Unified Theories,” Conf. Proc. C 790927
(1979) 315-321, [1306.4669].

[126] T. Yanagida, “Horizontal gauge symmetry and masses
of neutrinos,” Conf. Proc. C 7902131 (1979) 95-99.

[127] S. L. Glashow, “The Future of Elementary Particle
Physics,” NATO Sci. Ser. B 61 (1980) 687.

[128] R. Foot, H. Lew, X. G. He, and G. C. Joshi, “Seesaw
Neutrino Masses Induced by a Triplet of Leptons,” Z.
Phys. C 44 (1989) 441.



[129] T. G. Rizzo, “Inverse Neutrinoless Double Beta
Decay,” Phys. Lett. B 116 (1982) 23-28.

[130] J. Gluza and M. Zralek, “On possibility of detecting
the e"e™ — W™ W™ process in the standard model,”
Phys. Lett. B 362 (1995) 148-154, [hep-ph/9507269].

[131] G. Belanger, F. Boudjema, D. London, and H. Nadeau,
“Inverse neutrinoless double beta decay revisited,”
Phys. Rev. D 53 (1996) 6292-6301, [hep-ph/9508317].

[132] B. Ananthanarayan and P. Minkowski, “CP violation
in heavy neutrino mediated e"e™ — W~ W ™" Phys.
Lett. B 373 (1996) 130-134, [hep-ph/9512271].

12

[133] R. Jiang, T. Yang, S. Qian, Y. Ban, J. Li, Z. You, and
Q. Li, “Searching for Majorana Neutrinos at a
Same-Sign Muon Collider,” [2304.04483].

[134] R. N. Mohapatra and J. C. Pati, “A Natural
Left-Right Symmetry,” Phys. Rev. D 11 (1975) 2558.

[135] R. N. Mohapatra and J. C. Pati, “Left-Right Gauge
Symmetry and an Isoconjugate Model of CP
Violation,” Phys. Rev. D 11 (1975) 566-571.

[136] G. Senjanovic and R. N. Mohapatra, “Exact
Left-Right Symmetry and Spontaneous Violation of
Parity,” Phys. Rev. D 12 (1975) 1502.



	Neutrino mass models at muTRISTAN
	Abstract
	Introduction
	muTRISTAN
	Neutrino mass models with leptophilic scalars
	Zee model
	Zee–Babu model
	Cocktail model
	Type-II or triplet seesaw
	Other neutrino mass models

	Conclusion
	Acknowledgements
	References


