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1. Introduction

While flavour violation has been observed in quark and neutrino processes, charged-lepton
flavour violation (LFV) has not been observed and is not present at tree level in the Standard Model
(SM). Many models predict observable LFV rates, such as those with additional Higgs triplet fields
or with supersymmetry. It is indeed a typical feature of seesaw models that can explain the small
neutrino masses.

Experiments at current and future colliders will substantially improve sensitivity to the LFV
decay 7 — fuu. The LHC experiments should give the best sensitivity to T — 31 over the next
few years, and Belle II at the SuperKEKB collider and experiments at the Future Circular Collider
can further improve sensitivity by more than an order of magnitude.

We present the prospects [1] for experimental T — fup limits and the corresponding con-
straints on parameters in the Type-II Seesaw Model, the Left-Right Symmetric Model (LRSM),
and the Minimal Supersymmetric Standard Model (MSSM). Figure 1 shows example Feynman
diagrams for the T~ — u~u~ u™ decay in these models.

Figure 1: Example Feynman diagrams for the decay 7~ — u~ g~ u* in the Type-II Seesaw Model (left),
the LRSM (middle) and the MSSM (right).

2. Experimental sensitivity

The best sensitivity to T — £up decays comes from experiments at ete™ colliders due to the
low background and clean environment. The Belle experiment at KEK and the BaBar experiment at
SLAC set limits on all six T — 3/ decays using 720 million [2] and 430 million [3] tau-lepton pairs,
respectively. The background is < 0.1 event in each decay channel, while the selection efficiency
ranges from 7.6% to 10.1%. The 90% confidence level (C.L.) upper limit on the branching fraction
for T — 3u (HBr—3u) is 2.1 (3.3) x 108 from the Belle (BaBar) experiment.

Future running at KEK will provide Belle II with 50 times its current luminosity by 2025.
Conservatively scaling the background by 50 gives an expected upper limit on the branching frac-
tion of 10~°. More optimistically assuming that future analyses will maintain the current level of
background while losing a modest relative 10% of acceptance, the projected limit is 4.7 x 10719,

Recent searches for T — 3u at the LHC have demonstrated the potential to exceed the sen-
sitivity of Belle before Belle II produces tighter constraints. The LHCb experiment has obtained
the constraint ;.3 < 4.6 x 108 with /s =7 and 8 TeV data from Run 1 [4]. With an inclu-
sive T-lepton production cross section of 85 ub, more than 300 billion 7 leptons were produced
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Experiment Current Projected

Belle 2.1x107% (47-10)x 10710
BaBar 3.3x10°8 -
FCC-ee — (5—10)x 10712
LHCb 46x107% (1.5—11)x 107
ATLAS 38x1077 (1.8—8.1)x 107
FCC-hh — (3-30)x 10710

Table 1: Current and projected 90% C.L. limits on %;_3, [1].

in 3 fb~! of integrated luminosity collected by the experiment. At the HL-LHC the yield will be
increased by a factor of 24 due to the 15-fold increase in luminosity and the factor of 1.6 larger
cross section at /s = 13 TeV. We expect the final constraint on %;_,3, from LHCb to be in the
range (1.5—11) x 1072,

ATLAS has also performed a search for T — 3 using /s = 8 TeV data, and constrained the
branching fraction to be less than 3.8 x 10~7 [5]. To reduce background to less than an event,
the analysis uses W boson decays and a boosted decision tree. The HL-LHC will increase the
integrated luminosity by a factor of 100, and there will be an additional factor of 1.6 from the
increase in cross section. The backgrounds and triggering will be particular challenging at the HL-
LHC, but assuming that analysis improvements can maintain current efficiencies the final constraint
on the branching fraction will be in the range (1.8 —8.9) x 10~°.

Experiments at a Future Circular Collider (FCC) would further increase sensitivity to T — (i
decays. A pp collider at /s = 100 TeV would have a W boson cross section = 7 times that of the
LHC. With 3 ab~! of integrated luminosity and a background and efficiency similar to ATLAS,
experiments at a pp FCC would provide limits in the range (3 —30) x 1071 on %;_.3 - The best
potential comes from an e*e~ collider at the Z boson resonance with 55 ab~! of luminosity at four
interaction points, leading to ~ 300 trillion 7-lepton pairs. Assuming negligible background and
40-80% acceptance, the constraints on %;_.3, would be in the range (5 —10) x 10712,

A summary of the current and projected 90% C.L. limits on %;_,3, is given in Table 1.

3. Model parameter constraints

We translate the current and projected limits on %;_.4,, into limits on parameters in the Type-
II Seesaw Model, the Left-Right-Symmetric Model, and the Minimal Supersymmetric Model. We
focus on the impact of the constraints on A;_.3,, since both pp and e*e~ colliders contribute to
the current and expected constraints.

3.1 Type-II Seesaw Model

The Type-II Seesaw Model adds a single Higgs triplet, whose Yukawa terms lead to lepton
number violation and LFV. The neutrino masses are given by m, = V/2YAva, where Y, are the
relevant Yukawa couplings and v, is the vacuum expectation value (vev) of the triplet. The vev
is related to the up parameter describing the interaction between the triplet and the SM Higgs
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Figure 2: Left: The current and projected limits on % .3, translated to the plane of the Higgs triplet
vev (vp) and the tp parameter describing the interaction between the triplet and the SM doublet [1]. The
parameters are related by va = uAvé / (\@mi) Lines of constant m are shown in the plane. Right: Projected
limits in the plane of the Dirac CP-violating phase & and the mixing angle 6y, for v4 = 107!9 GeV and
mp = 8 TeV [1].

doublet by vy = ,uAvé /(V2m3), where v, is the vev of the SM Higgs field and my is the mass of
the doubly-charged Higgs boson in the Higgs triplet. The partial decay width is given by

5

m
C(e" = ppu®) = 15575 Counl?, 3.1)

where Ceypy = my(T, 0)my (@, 1) /(2v3m3) and the my factors are entries in the neutrino mass

matrix before diagonalization. For a neutrino mass after diagonalization of m| = 0.1 eV, the current
and optimistic expected limits in the va-ua plane for T — 3u are shown in Figure 2 (left). Limits
in the plane of the Dirac CP-violating phase 0 and the mixing angle 6, in the diagonalizing matrix
are shown in Figure 2 (right) for vy = 107'° GeV and m, = 8 TeV. Belle and the experiments at
the FCC could constrain § for these model parameters.

3.2 Left-Right Symmetric Model

The Left-Right Symmetric Model extends the Type-II Seesaw Model by adding SU(2)r Higgs
doublet and triplet fields. The pair of doublets form a bidoublet with zero B-L charge. Here we
assume that the lowest mass doubly charged Higgs boson is from the triplet (SIfi), while that
from the SU(2)L, triplet (5Lii) has a large mass to avoid flavour changing neutral currents from the
neutral Higgs boson in the triplet (which must have a lower mass).

The mass of the Sffi is related to the parameters in the Higgs potential via ngﬁ ~ 2p2v,2e +

ozk® /2, where p; is the coefficient of the term containing Tr[ARAR]Tr[AEAIE], a3 is the coefficient
of the term containing Tr[CIDTCDARA};], vg is the vev of the SU(2)r Higgs triplet, and k_ is the
quadrature difference between the vacuum expectation values of the SU(2);, and SU(2)r Higgs
doublet fields (which are represented as a bidoublet ®). We choose two benchmark scenarios
where the 3Rii has an 0'(TeV) mass: (o3,vg) = (1,30 TeV) and (18.88,8.68 TeV).
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Figure 3: The current and projected limits on %;_,3,, translated to the plane of the Higgs potential parameter
p2 and the common right-handed neutrino mass my, for model parameters o3 = 1 and vg = 30 TeV (left)
and oz = 18.88 and vg = 8.68 TeV (right) [1]. The lines of constant m g are shown.

The partial decay width is given by the same equation as in the Type-II Seesaw Model, except
with SU(2)r parameters in Crypy. The current and projected experimental constraints on ;.3
are translated into constraints in the py-my plane for the two benchmark scenarios in Figure 3,
where my is the right-handed neutrino mass (equal for all generations).

3.3 Minimal Supersymmetric Standard Model

In the MSSM the soft supersymmetry-breaking terms generically induce generational mix-
ing among sleptons and lead to LFV processes. The mass matrix can be explicitly separated into
the symmetry-breaking flavour-violating terms and the SM flavour-conserving terms. Writing the
supersymmetric lepton field as a 6-dimensional vector with three generation indices and two hand-
edness indices, the mass matrix has blocks of left-left, right-right, and left-right terms:

1 .
MlgLLij = M%l.j + {’"12, + (—5 +sin? 6W> m%cosZﬁ} 0;j

2 a2 2 2 2 3
MiRRij = MEij+ (mli sin GWmZCOSZﬁ) 0jj
2 L .
MiLRij = V1.9; —my,ptan B6;;,

where the first term in each equation is the supersymmetric mixing term that causes LFV, i and
J are generational indices, tan 3 = v, /vy, and v; and v, are the vacuum expectation values of the
two Higgs doublets. We parameterize the off-diagonal elements as 5{;‘-3 = Ml~2A Bij /(mz;mg ;) and
choose the following set of benchmark parameters: tanf3 = 10, u = —100 GeV, my = 1 TeV,
my = 250 GeV, my = 500 GeV, m3 =2 TeV, mp = mg, = 1 TeV, and A; = 200 GeV. Figure 4
shows the translation of the constraints on %; .3, into the 32L3L—5§R and 52L3L—mi planes, where the
latter varies my, = my, instead of fixing it to 1 TeV. The figure shows little dependence on SRR
since the decay is mediated by neutralinos with small gauge couplings to right-handed fermions.

The branching fraction increases with increasing 52L3L and decreasing mj , so tighter constraints on
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Figure 4: The translation of current and future limits on %;_3, into the parameter planes 55-68 (left)
and 52L3L—mzl_ (right). The solid black lines represent constant values of the mass of the slepton ;.

B3y constrain 8%L from above and m;, from below. The figure includes lines of constant slepton
mass [, showing that current experiments probe slepton masses of a few hundred GeV while future
colliders could probe slepton masses of a few TeV.

4. Summary

We have investigated the current and potential constraints on the branching fraction of the
LFV decay 7 — fup and translated the results into constraints on parameters of seesaw and su-
persymmetric models. With ongoing e e collisions at the SuperKEKB collider and pp collisions
at the LHC, there is a potential for more than an order of magnitude improvement in the experi-
mental sensitivity to %7, in the next decade. Over the next few years the LHC experiments
should overtake Belle for the most sensitive results to %;_.3;, while also becoming competitive in
P —.eup- BEventually Belle II should give better sensitivity to these rare T-lepton decays, and in the
future a circular ete™ collider could further improve sensitivity by two orders of magnitude.

Applying the experimental constraints to specific models, we find that in the the Type-II See-
saw Model the Belle II experiment could probe the Dirac CP-violating phase. In the LRSM, in-
creasing sensitivity to %y, probes smaller values of my /ngii. Meanwhile, increasing this
sensitivity in the MSSM probes smaller mixing values. A future observation of T — fuu would be
a dramatic discovery, opening a new window into generational mixing in the lepton sector.
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