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Motivation

2

Flavour violation observed in the quark and neutrino sectors 

No charged lepton flavour violation (LFV) in the SM 

Many models predict observable LFV rates, e.g. additional Higgs triplets or 
supersymmetry 

A typical feature of seesaw models for neutrino masses 

Current & proposed colliders could improve sensitivity to τ flavour violation by 
several orders of magnitude 

LHC experiments should give the best sensitivity to τ➝3μ over the next few years 

We investigate the prospects for experimental τ➝lμμ constraints and corresponding 
constraints on parameters in Seesaw Models, the LRSM, and the MSSM
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet
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Collider sensitivity

Type-II Seesaw model

Left-right symmetric model

Minimal supersymmetric model
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e+e- colliders

4

Best sensitivity is at e+e- colliders due to clean environment 

Belle and Babar set limits on all six τ➝3l decays 
720 million τ-lepton pairs analyzed at Belle, 430 million at BaBar 

Very low background, ≲0.1 events 
Good selection efficiency, 7.6-10.1% 

Current upper limits on B(τ➝3μ): 2.1 x 10-8 (Belle) & 3.3 x 10-8 (BaBar) 

Belle-II will have 50x the luminosity in 2025 

Our conservative projection scales the background by 50  

Our optimistic projection maintains the current background levels assuming 
additional rejection and a 10% loss in acceptance 

Projected range of limits on B(τ➝3μ) is (4.7-10) x 10-10 at Belle-II

Belle Collaboration / Physics Letters B 687 (2010) 139–143 143

Table 2
Results with nominal selection criteria: the signal efficiency (ε), the number of
expected background events (NBG) estimated from the sideband data, the total sys-
tematic uncertainty (σsyst), the number of observed events in the signal region
(Nobs) and 90% C.L. upper limit on the branching fraction (B) for each individual
mode.

Mode ε (%) NBG σsyst (%) Nobs B (×10−8)

τ− → e−e+e− 6.0 0.21 ± 0.15 9.8 0 < 2.7
τ− → µ−µ+µ− 7.6 0.13 ± 0.06 7.4 0 < 2.1
τ− → e−µ+µ− 6.1 0.10 ± 0.04 9.5 0 < 2.7
τ− → µ−e+e− 9.3 0.04 ± 0.04 7.8 0 < 1.8
τ− → e+µ−µ− 10.1 0.02 ± 0.02 7.6 0 < 1.7
τ− → µ+e−e− 11.5 0.01 ± 0.01 7.7 0 < 1.5

ing the systematic uncertainty (s90) is obtained by the POLE pro-
gram without conditioning [29] with the number of expected back-
ground events, the number of observed events and the systematic
uncertainty. The upper limit on the branching fraction (B) is then
given by

B
(
τ− → ℓ−ℓ+ℓ−)

<
s90

2Nττ ε
, (1)

where the number of τ pairs, Nττ = 719 × 106, is obtained from
the integrated luminosity of 782 fb−1 and the cross section of
τ pair production, which is calculated in the updated version of
KKMC [31] to be σττ = (0.919±0.003) nb. The 90% C.L. upper lim-
its on the branching fractions B(τ− → ℓ−ℓ+ℓ−) are in the range
between 1.5×10−8 and 2.7×10−8 and are summarized in Table 2.

5. Summary

We report results of a search for lepton-flavor-violating τ de-
cays into three leptons using 782 fb−1 of data. No events are ob-
served and we set 90% C.L. upper limits on the branching fractions:
B(τ− → e−e+e−) < 2.7 × 10−8, B(τ− → µ−µ+µ−) < 2.1 × 10−8,
B(τ− → e−µ+µ−) < 2.7 × 10−8, B(τ− → µ−e+e−) < 1.8 × 10−8,
B(τ− → e+µ−µ−) < 1.7 × 10−8 and B(τ− → µ+e−e−) < 1.5 ×
10−8. These results improve the best previously published upper
limits by factors from 1.3 to 1.6, and are the most stringent upper
limits of all τ decays. These upper limits can be used to constrain
the space of parameters in various models beyond the SM.
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pected BG events (NBG). We find that better sensitivity is obtained
for smaller NBG, provided that the signal efficiency does not drop
drastically. For example, when we reduce NBG from 1 to 0.1, N99

obs
decreases from 5 to 2, as calculated with the POLE program [29].
This is equivalent to an improvement of the effective efficiency by
a factor of 2.5.

For the case of τ → µµµ we obtain an expected BG of
0.13 ± 0.06 with an efficiency of 7.6% for the event selection de-
scribed above. In this case, the branching fraction obtained from
N99

obs is B99 = 1.8 × 10−8, and the upper limit for the branch-
ing fraction at the 90% CL is BUL

90 < 2.1 × 10−8 for zero observed
events. When we relax the selection criteria by removing the re-
quirements on pmiss–m2

miss, the momentum and mass of the tag
side, cos θCM

tag-miss, thrust, and so on, we obtain an expected BG of

0.42 ± 0.17 with an efficiency of 8.9%, so that B99 = 2.3 × 10−8

and BUL
90 < 1.6 × 10−8 for zero observed events. For the relaxed se-

lection criteria, in the Feldman–Cousins approach [30] the upper
limits on the branching fractions are small when the number of
observed events fluctuates below the number of expected back-
ground events. As mentioned above, we optimize the selection
criteria to obtain good sensitivity for signal discovery. Therefore,
we choose the selection criteria described above to minimize B99
with the signal region defined below.

The following main background sources remain after the event
selection, which are estimated from the MC and data: Bhabha and
γ γ → e+e− for τ− → e−e+e− , γ γ → µ+µ− for τ− → µ−e+e−

and e−µ+µ− , τ -pairs and qq̄ for τ− → µ−µ+µ− , e−µ+e− and
µ−e+µ− .

3. Signal and background estimation

The signal candidates are examined in two-dimensional plots
of the ℓ−ℓ+ℓ− invariant mass (M3ℓ), and the difference between
the summed energy and the beam energy in the CM system (%E).
A signal event should have M3ℓ close to the τ -lepton mass and %E
close to zero. We define an elliptical signal region in the M3ℓ–%E
plane, which is optimized using the signal MC, to have a minimum
area containing 90% of the signal after all the selections.

In order not to bias our choice of selection criteria, we blind
the data in the signal region and estimate the signal efficiency
and the number of background events from the MC and the data
outside the signal region. Fig. 2 shows scatter-plots for the data
and the signal MC distributed over ±20σ on the M3ℓ–%E plane.
We observe no events for τ− → µ−e+e− , e−µ+e− , µ−e+µ− , one
event for τ− → µ−µ+µ− , two events for τ− → e−e+e− and three
events for τ− → e−µ+µ− , outside the signal region. The γ con-
version veto effectively reduces the background for τ− → e−e+e− .

The final estimate of the number of background events is based
on the data with looser selection criteria for particle identification
and the event selection in the M3ℓ sideband region, which is de-
fined as the box inside the horizontal lines but excluding the signal
region, as shown by the horizontal lines in Fig. 2. For example, we
obtain 5 events in the sideband region for τ− → µ−µ+µ− , when
a less stringent PID criterion, P (µ) > 0.6, is applied. Assuming that
the background distribution is uniform in the sideband region, the
number of background events in the signal box is estimated by
interpolating the number of observed events in the sideband re-
gion into the signal region. The signal efficiency and the number
of expected background events for each mode are summarized in
Table 2.

We estimate the systematic uncertainties due to lepton iden-
tification, charged track finding, MC statistics, and the integrated
luminosity. The uncertainty due to the trigger efficiency is negligi-
ble compared with the other uncertainties. The uncertainties due

Fig. 2. Scatter-plots in the M3ℓ–%E plane, showing the ±20σ area for (a) τ− →
e−e+e− , (b) τ− → µ−µ+µ− , (c) τ− → e−µ+µ− , (d) τ− → µ−e+e− , (e) τ− →
e+µ−µ− and (f) τ− → µ+e−e− . The data are indicated by the solid circles. The
filled boxes show the MC signal distribution with arbitrary normalization. The el-
liptical signal regions shown by the solid curves are used for evaluating the signal
yield. The region between the horizontal solid lines excluding the signal region is
used to estimate the background expected in the elliptical region.

to lepton identification are 2.2% per electron and 2.0% per muon.
The uncertainty due to charged track finding is estimated to be
1.0% per charged track. The uncertainty due to the electron veto
on the tag side applied for the τ− → e−e+e− and τ− → e−µ+µ−

modes is estimated to be the same as the uncertainty due to the
electron identification. For other modes, we use the same system-
atic uncertainty for leptonic and hadronic decays on the tag side,
because we do not apply any lepton/hadron identification require-
ments for any charged track on the tag side. The uncertainties
due to MC statistics and luminosity are estimated to be (0.5–0.9)%
and 1.4%, respectively. We do not include an uncertainty due to
the signal MC model. All these uncertainties are added in quadra-
ture, and the total systematic uncertainty for each mode is listed
in Table 2.

4. Upper limits on the branching fractions

Finally, we examine the signal region and find no events for all
considered modes. Therefore, we set upper limits on the branching
fractions of τ− → ℓ−ℓ+ℓ− based on the Feldman–Cousins method.
The 90% C.L. upper limit on the number of signal events includ-

PLB 687, 139 (2010)
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Hadron colliders
LHCb constraint of B(τ➝3μ) < 4.6 x 10-8 with 7 & 8 TeV data 

Inclusive τ cross section is 85 μb  
300 billion τ-leptons produced in 3 fb-1 of data 

Misidentification and Ds➝η(➝μμγ)μν backgrounds important 
Fit m3μ in 30-35 bins of id and event classifiers 

HL-LHC: τ-leptons yields increase by factors of 15 (luminosity) & 1.8 (cross section) 
We estimate LHCb constraints will be in the range (1.5-11) x 10-9 

ATLAS constraint of B(τ➝3μ) < 3.8 x 10-7 with 8 TeV data 

Use W boson decays with BDT to reduce background to 0.2 events 

HL-LHC to provide a factor of >100 luminosity and 1.6 in cross section 
Backgrounds and triggering will be a substantial challenge 

We estimate the ATLAS limits on B(τ➝3μ) will be in the range (1.8-8.9) x 10-9
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Fig. 4 The complementary variables used in the loose or tight selection
but not as inputs for the BDT. !φcal

#T
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in b, #ptrk

T (!R3µ
max +

0.30)/p3µ
T in c, mSS in d, mOS1 in e and mOS2 in f. The loose data in the

sidebands are shown as hollow circles, while the loose signal MC events
are shown as light solid grey area. The tight+x>x0 data in the side-
bands are shown as the solid black circles, while the tight+x>x0 signal

MC events are shown as the dark solid grey area. The area of the signal
MC shapes is normalised to the area of the loose data shapes and the rel-
ative normalisation difference between the loose and the tight+x>x0
MC signal distributions prior to the normalisation is maintained. For
illustration, the signal is not constrained to the SR
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uncertainty in the fit due to the SB range definition, the x0 cut location
and the fit function choice. The solid grey area shows the signal shape
(obtained from MC simulation), normalised to the area of the data for
the tight+x>x0 selection. For illustration, the signal is not constrained
to the SR

ations. The dominant uncertainty component is the impact
on R(x1) of varying the sideband ranges definition. The dif-
ferences from the nominal values of R(x1) and Nb(x0) are
summed in quadrature and are translated to uncertainties
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extrapolation procedure used to obtain Nb(x1) increases with
x1 from ∼45 % at x1 = 0.6 to ∼80 % at x1 ≃ 1. The statis-
tical uncertainty of Nb(x1) is ∼19 %, independent of x1.
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Future circular colliders
100 TeV pp collider would have a W boson cross section ~7x that of the LHC 

Assuming a similar background rejection and efficiency to ATLAS, we project 
B(τ➝3μ) constraints in the range (3-30) x 10-10 for 3 ab-1 of luminosity 

Proposed circular e+e- collider could have a run at the Z-boson resonance 

55 ab-1 of luminosity at four interaction points would provide 300 trillion τ-lepton pairs 

Based on LEP searches, we assume negligible background & 40-80% acceptance, 
and project B(τ➝3μ) limits in the range (5-10) x 10-12 for such a collider

Experiment Current Projected

Belle 2.1⇥ 10�8 (4.7� 10)⇥ 10�10

BaBar 3.3⇥ 10�8 �
FCC-ee � (5� 10)⇥ 10�12

LHCb 4.6⇥ 10�8 (1.5� 11)⇥ 10�9

ATLAS 3.8⇥ 10�7 (1.8� 8.1)⇥ 10�9

FCC-hh � (3� 30)⇥ 10�10

Table 1: Current and projected 90% C.L. limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching frac-

tion. The current limits from the LHC experiments utilise only the 8 TeV data, while the

projected limits are based on the complete 13 TeV data sets of 3 ab�1 for ATLAS and

50 fb�1 for LHCb from the high-luminosity run of the LHC.

matics and displacement of the three-muon vertex relative to the collision point. The large

multi-jet background is then removed using a boosted decision tree (BDT) and requiring

the three-muon mass to be within ±64 MeV of the ⌧ lepton mass. The optimal BDT

selection leaves 0.2 expected background events with an e�ciency of 2.3%. No events are

observed, leading to a 90% C.L. upper limit of 3.8⇥ 10�7 on the branching fraction.

2.2 Future limits

Projections of the current analyses are complicated by the prevalence of misidentification

backgrounds, which typically require data to model. A conservative estimate scales the

background yield by the projected increase in luminosity and cross section. However,

further optimisation of the analyses incorporating upgrades to the detectors could improve

these results. As an optimistic estimate the background is kept at the current level with a

modest 10% loss of acceptance.

An ongoing upgrade to the KEK accelerator and the Belle detector (Belle-II) will

ultimately yield a factor of 50 increase in integrated luminosity, with data taking set to

begin in 2017. A conservative estimate of the expected ⌧⌥ ! µ±µ⌥µ⌥ sensitivity can be

made by simply scaling the background from 0.13 to 6.5 events and assuming no change

in the reconstruction e�ciency. This leads to an expected upper limit of 1.0⇥ 10�9 on the

branching fraction (equal to the projected limit from the experiment [49]). Including a more

optimistic projection, the ranges of expected limits are (4.7�10)⇥10�10, (3.6�4.7)⇥10�10,

and (5.9� 12)⇥ 10�10 on the branching fractions for ⌧⌥ ! µ±µ⌥µ⌥, ⌧⌥ ! e±µ⌥µ⌥, and

⌧⌥ ! e⌥µ⌥µ±, respectively.

The upgrade of the LHC accelerator and the LHCb detector will produce a data sample

corresponding to an integrated luminosity of 50 fb�1 [50] at a centre-of-mass energy of 13

TeV. Taking the ratio of 13 TeV to 7 TeV heavy-quark production cross section to be

1.8 [51–54], the ⌧ lepton yield will increase by approximately a factor of 30. Taking into

account the higher background cross section, a conservative estimate of the expected limit

is 1.1⇥ 10�8. A more optimistic estimate assuming the background can be reduced to its

– 4 –

⌧⌥ ! e±µ⌥µ⌥ ⌧⌥ ! e⌥µ⌥µ±

Experiment Current Projected Current Projected

Belle 1.7⇥ 10�8 (3.4� 5.1)⇥ 10�10 2.7⇥ 10�8 (5.9� 12)⇥ 10�10

BaBar 2.6⇥ 10�8 � 3.2⇥ 10�8 �
FCC-ee � (5� 10)⇥ 10�12 � (5� 10)⇥ 10�12

Table 2: Current and projected 90% C.L. limits on the ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±

branching fractions.

current level gives a 90% C.L. upper limit of 1.5 ⇥ 10�9 on the ⌧⌥ ! µ±µ⌥µ⌥ branching

fraction.

The ATLAS sensitivity to the high-luminosity LHC will be a↵ected by a high number of

overlapping interactions, potentially leading to lower neutrino momentum resolution and

lower trigger e�ciencies. Assuming the current performance is approximately achieved

through detector upgrade and analysis improvements, the expected ⌧ lepton yields can

be scaled to 3 ab�1 with a factor of 1.6 increase in cross section [55, 56]. Assuming an

equal scaling for the background gives 46 expected background events and a 90% C.L.

of 8.1 ⇥ 10�9. In the most optimistic scenario, where the background is suppressed to

its current level with a modest 10% e�ciency loss, the expected 90% C.L. on the ⌧⌥ !
µ±µ⌥µ⌥ branching fraction is 1.8⇥ 10�9.

A future circular collider (FCC) [57] could further improve sensitivity to these pro-

cesses. A proton-proton collider with
p
s = 100 TeV would have ⇠ 7 times the cross section

for W and Z boson production than the LHC [58]. Assuming a detector with equivalent

sensitivity to ATLAS, projecting the conservative and optimistic limits to 3 ab�1 of in-

tegrated luminosity of a 100 TeV collider gives a range of (3 � 30) ⇥ 10�10 for the 90%

C.L. on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction. Better sensitivity could be achieved by

an e+e� collider producing 55 ab�1 of integrated luminosity on the Z resonance at four

interaction points [59]. Such a collider would produce a total of ⇠ 6⇥ 1011 ⌧ leptons, and

a typical detector could identify rare decays with a high e�ciency and low background.

Taking an e�ciency of (40 � 80)% and the background to be negligible, 90% C.L. upper

limits would range from (5� 10) ⇥ 10�12 on the branching fractions for all lepton flavour

violating ⌧ lepton decays. Given the high potential sensitivity of such a collider, a more

careful assessment is warranted.

In summary, the strongest present limits on ⌧⌥ ! µ±µ⌥µ⌥ come from Belle and

will improve by an order of magnitude to  10�9 with the expected 50-fold increase in

luminosity from SuperKEKB. Constraints from the LHCb and ATLAS experiments could

be within a factor of two of these limits. If CMS can provide similar sensitivity, then

the combined hadron collider results could exceed the sensitivity of the e+e� constraints.

Further gains are possible at the LHC if decays of heavy-flavour mesons and W and Z

bosons can all be used by the experiments. In the short term, with the 2016 and 2017

data the LHC experiments could overtake the current Belle and BaBar limits. In the far

– 5 –
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Type-II Seesaw model
Type-II Seesaw adds a Higgs triplet to the SM doublet: 

Yukawa terms lead to lepton number violation and LFV: 

Neutrino masses are given by  

The partial decay width is

The neutral component �0 has the vacuum expectation value (vev) v�, and generates the

Majorana masses of the light neutrinos M⌫ . The interaction of � with the two lepton

doublets is given by,

LY (�,�) = Y�Lc
Li⌧2�LL + h.c. . (3.2)

Here, c denotes the charge conjugation transformation �̃ = i�2�⇤, while Y� is the Yukawa

matrix. The light neutrino mass matrix is proportional to the vev v�, with

M⌫ =
p
2Y�v� , (3.3)

where the triplet vev v� is v� = µ�v
2
�/(

p
2M2

�), and v� is the electroweak vev. We

note that an equivalent description of the Type-II seesaw is with the triplet Higgs field

� that gets integrated out and generates the dimension-5 operator LiLjHH/⇤ with the

coe�cient Cij = Y�µ�/M
2
�. The Yukawa Lagrangian generates the following interaction

terms between the doubly charged Higgs field �++ and the pairs of leptons (µ, ⌧) and

(µ, µ):

LY (�
++) = Yµ⌧µc⌧�++ + Yµµµcµ�++ + h.c. . (3.4)

In addition to the Yukawa Lagrangian, the Higgs triplet � interacts with the SM Higgs

and gauge bosons through the scalar potential and the kinetic Lagrangian. For a com-

plete description of the scalar potential and the other interactions, see [88]. The trilinear

interaction of the � with the SM Higgs doublet is governed by the following Lagrangian:

V (�,�) = µ��
Ti⌧2�

†�+ h.c. . (3.5)

The Higgs triplet � carries lepton number +2. The simultaneous presence of Y� and µ�

gives rise to lepton number violation in this model, while the o↵-diagonal elements in Y�
give rise to flavour violation.

The interaction of the doubly charged Higgs with the two charged leptons gives rise

to the lepton flavour violating Higgs decays li ! ljlkll. The partial decay width for

⌧⌥ ! µ±µ⌥µ⌥ is given by [89],

�(⌧⌥ ! µ±µ⌥µ⌥) =
m5

⌧

192⇡3
|C⌧µµµ|2 , (3.6)

where the coe�cient C⌧µµµ has the following form:

C⌧µµµ =
Y⌧µYµµ
m2

�±±
=

M⌫(⌧, µ)M⌫(µ, µ)

2v2�m
2
�±±

, (3.7)

where m�±± is the mass of the doubly charged Higgs and is given by,

m2
�±± = M2

� � v2��3 � �4

2
v2� . (3.8)

In the above, �3,4 are the couplings of the potential [74, 88]. The LFV rates for the process

⌧⌥ ! e±µ⌥µ⌥ can be obtained by replacing M⌫(µ, ⌧) with M⌫(e, ⌧) in Eq. (3.6). For
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The neutral component �0 has the vacuum expectation value (vev) v�, and generates the

Majorana masses of the light neutrinos M⌫ . The interaction of � with the two lepton

doublets is given by,

LY (�,�) = Y�Lc
Li⌧2�LL + h.c. . (3.2)

Here, c denotes the charge conjugation transformation �̃ = i�2�⇤, while Y� is the Yukawa

matrix. The light neutrino mass matrix is proportional to the vev v�, with
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2Y�v� , (3.3)

where the triplet vev v� is v� = µ�v
2
�/(
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�), and v� is the electroweak vev. We

note that an equivalent description of the Type-II seesaw is with the triplet Higgs field

� that gets integrated out and generates the dimension-5 operator LiLjHH/⇤ with the

coe�cient Cij = Y�µ�/M
2
�. The Yukawa Lagrangian generates the following interaction

terms between the doubly charged Higgs field �++ and the pairs of leptons (µ, ⌧) and

(µ, µ):

LY (�
++) = Yµ⌧µc⌧�++ + Yµµµcµ�++ + h.c. . (3.4)

In addition to the Yukawa Lagrangian, the Higgs triplet � interacts with the SM Higgs

and gauge bosons through the scalar potential and the kinetic Lagrangian. For a com-

plete description of the scalar potential and the other interactions, see [88]. The trilinear

interaction of the � with the SM Higgs doublet is governed by the following Lagrangian:
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet

� with hypercharge Y = +2,

� =

 

�+

�0

!

, � =

 

�+
p
2

�++

�0 ��+
p
2

!

. (3.1)
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See-saw mechanism
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Figure 2: Current and future branching ratio limits in the parameter plane of µ� and v�
for the Type-II Seesaw Model. (a) Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and

(b) shows the limits from the decay ⌧⌥ ! e±µ⌥µ⌥. The same two decay processes are

shown in (c) and (d) but with the conservative estimates for the projected limits instead.

The solid black lines represent constant values of the mass of the doubly charged Higgs

�±±.

detailed discussions on the LFV decays with the other bounds, see [90–93]. Other LFV

processes, such as µ⌥ ! e±e⌥e⌥, depend on a di↵erent combination of Yukawa couplings

and can be suppressed for a large range of neutrino oscillation parameters and phases while

still allowing for sizeable LFV ⌧ lepton branching ratios. This was discussed in detail in

[90], for both hierarchical and quasi-degenerate neutrino masses, where branching ratios

of as large as 10�8 for ⌧⌥ ! µ±µ⌥µ⌥ were obtained, while still being consistent with

the other bounds. In this work, we only consider bounds derived from the LFV ⌧ lepton

decays - we do not perform a full study of the e↵ect of variations of the neutrino oscillation

parameters in regard to the consistency with other bounds.
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Type-II Seesaw model
Diagonalize neutrino mass matrix with the PMNS matrix 

(a) (b)

Figure 3: Current and future branching ratio limits in the parameter plane of the neutrino

oscillation parameter ✓12 and the CP violating phase � for the Type-II Seesaw Model. (a)

Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and (b) shows the limits from the decay

⌧⌥ ! e±µ⌥µ⌥. The dark shaded bands represent the allowed 3� values of ✓12.

Fig. 2 shows the current and future branching ratio limits in the plane of the parameters

µ� and v�, for the two processes ⌧⌥ ! µ±µ⌥µ⌥ and ⌧⌥ ! e±µ⌥µ⌥ respectively. We fix

the neutrino masses and oscillation parameters to their best-fit values [94, 95] with the

lightest neutrino mass at 0.1 eV, and take the PMNS phase to be zero. The solid black

lines represent constant values of the doubly charged Higgs mass across the parameter

plane. The dark green regions show the parameter space restricted by the current limits,

while the pale green regions show the exclusions that can be obtained by projections of

current experiments. Furthermore, the pale blue regions show the restrictions from the

future circular colliders FCC-hh and FCC-ee, while the white region is the part of the

parameter space that will be allowed by the FCC-ee limit. For the projected limits we

show the lower values of the limit ranges in Figs. 2a and 2b, corresponding to the best

possible sensitivity for each experiment. In Figs. 2c and 2d, we instead show the most

conservative estimates for the limits. All other parameter plots in this paper will follow

the same scheme for the region colours, and will use the lower values of the limit ranges.

In Fig. 2, we choose a small v� range, (10�11 � 10�9) GeV, that can naturally explain

the small neutrino masses m⌫ ⇠ (0.01 � 0.1) eV, with O(1) coupling. For a moderate

v� = 10�10 GeV, and with the neutrino mass m⌫ ⇠ 0.1 eV, the present constraints on

µ� and the doubly charged Higgs mass coming from Belle are µ� � 7.8 ⇥ 10�9 GeV and

m�±± � 1.8 TeV, using the ⌧⌥ ! µ±µ⌥µ⌥ decay. The future experiments Belle-II and

FCC-ee could constrain the doubly charged Higgs mass up to m�±± � 4.6 TeV and 14.5

TeV with µ� � 5.0⇥ 10�8 GeV and 4.9⇥ 10�7 GeV, respectively.

The neutrino mass matrix M⌫ is diagonalised by the PMNS mixing matrix,

UT
PM⌫UP = Md , (3.9)
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where Md is the diagonal neutrino mass matrix Md = diag(m1,m2,m3), and the PMNS

mixing matrix UP has the following form:

UP=

0

B

@

c12 c13 s12 c13 s13 e
�i�

�c23 s12 � s23 s13 c12 e
i� c23 c12 � s23 s13 s12 e

i� s23 c13
s23 s12 � c23 s13 c12 e

i� �s23 c12 � c23 s13 s12 e
i� c23 c13

1

C

A

0

B

@

1 0 0

0 ei↵1 0

0 0 ei↵2

1

C

A

. (3.10)

In the above, sij ⌘ sin ✓ij and cij ⌘ cos ✓ij , where ✓ij are the neutrino oscillation param-

eters. Furthermore, � is the Dirac CP violating phase and ↵1,2 are the Majorana phases.

In Fig. 3, we allow for a non-zero PMNS phase � in the range 0� 2⇡, and investigate the

e↵ect of varying � along with the neutrino oscillation parameter ✓12 on the two decay pro-

cesses, while fixing the other oscillation parameters at their best-fit values and the lightest

neutrino mass to m1 = 0.1 eV. The dark vertical shaded bands show the region of the

parameter space allowed by the current 3� limits on ✓12. For the ⌧⌥ ! µ±µ⌥µ⌥ decay,

we consider µ� = 1.5 ⇥ 10�7 GeV and v� = 10�10 GeV, resulting in m�±± = 8.0 TeV.

In the case of ⌧⌥ ! e±µ⌥µ⌥, we use an increased µ� = 2.5 ⇥ 10�7 GeV and v� = 10�10

GeV, giving m�±± = 10.3 TeV. The Belle-II experiment could rule out � in the ranges

1.1 � 2.0 and 4.2 � 5.1, while experiments at the FCC-ee could exclude all values of � for

these choices of µ� and v�. We find similar constraints when using the ✓23 � � contours

instead, which we do not show here.

3.2 Left-Right Symmetric Model

The minimal Left-Right Symmetric Model is based on the gauge group SU(3)c⇥SU(2)L⇥
SU(2)R ⇥ U(1)B�L [16–19]. The fermions are assigned in the doublet representations of

SU(2)L and SU(2)R. In addition to the particle content of the Standard Model, the model

contains three right-handed Majorana neutrinos NR paired with the charged leptons lR,

and the additional gauge bosons WR and Z 0. The Higgs fields correspond to a bi-doublet

� and two Higgs triplets �L and �R with the following quantum numbers under the

gauge group: �(1, 2, 2, 0), �L(1, 3, 1, 2) and �R(1, 1, 3, 2). The Higgs triplet �R takes the

vacuum expectation value vR and spontaneously breaks SU(2)R ⇥ U(1)B�L down to the

group U(1)Y of the SM. This generates the masses of the WR and Z 0 gauge bosons and

the masses of the right-handed neutrinos. The neutral components of the bi-doublet field

� also acquire a vev, which is denoted as h�i = diag(1,2)/
p
2, and this breaks the

electroweak symmetry down to U(1)Q, giving masses to the quarks and leptons.

The Higgs triplet �R couples to the right-handed neutrinos NR and generates the

Majorana masses of the heavy neutrinos during the symmetry breaking. The light neutrino

masses are generated as a sum of two seesaw contributions, one suppressed by the right-

handed neutrino mass (Type-I) [1–5] and the other suppressed by the Higgs triplet mass

(Type-II) [6, 7]. The di↵erent vevs of the bi-doublets and triplets follow the hierarchy

vL ⌧ 1,2 ⌧ vR. Below, we discuss the di↵erent neutrino masses and the Higgs sector of

the LRSM in detail, and their contribution to the tree-level LFV processes ⌧⌥ ! µ±µ⌥µ⌥

and ⌧⌥ ! e±µ⌥µ⌥.
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Left-right symmetric model
The LRSM adds an SU(2)R Higgs doublet and triplet to the minimal Type-II Seesaw model

3.2.1 Neutrino mass

The Yukawa Lagrangian in the lepton sector has the following form:

�LY = h ̄L� R + h̃ ̄L�̃ R + fL 
T
LCi⌧2�L L

+fR 
T
RCi⌧2�R R + h.c. , (3.11)

where C is the charge-conjugation matrix, C = i�2�0, and �̃ = ⌧2�⇤⌧2, with ⌧2 being

the second Pauli matrix. Furthermore, h, h̃, fL and fR are the Yukawa couplings. After

symmetry breaking, the Yukawa Lagrangian generates the neutrino mass matrix,

M⌫ =

 

ML MD

MT
D MR

!

. (3.12)

In the seesaw approximation, this leads to the following light and heavy neutrino mass

matrices (up to O(M�1
R )) [96]:

M⌫ ⇡ ML �MDM
�1
R MT

D =
p
2vLfL � 2p

2vR
hDf

�1
R hTD , (3.13)

and

MR =
p
2vRfR , (3.14)

where  =
p

21 + 22,ML =
p
2vLfL and the Dirac mass isMD = hD =

⇣

1h+ 2h̃
⌘

/
p
2.

The mass matrix given in Eq. (3.12) can be diagonalised by a 6⇥6 unitary matrix as follows:

VTM⌫V =

 

fM⌫ 0

0 fMR

!

, (3.15)

where fM⌫ = diag(m1,m2,m3) and fMR = diag(mN4 ,mN5 ,mN6). In the subsequent analy-

sis, we denote the mixing matrix as,

V =

 

U S

T V

!

. (3.16)

The Yukawa interaction of the doubly charged Higgs with the two charged leptons that

mediates the LFV processes ⌧⌥ ! µ±µ⌥µ⌥ and ⌧⌥ ! e±µ⌥µ⌥ is given by,

LY = fL l̄
c
L�

++
L lL + fR l̄

c
R�

++
R lR + h.c. . (3.17)

We note that imposing the discrete parity or charge conjugation as a symmetry along with

SU(2)R ⇥ U(1)B�L will lead to fL = fR or fL = f⇤
R, and a hermitian or symmetric MD,

respectively. As we will show in the next subsection, among the two Higgs triplets �±±
L

and �±±
R , the right-handed triplet gives the dominant contribution to the tree-level flavour

violating processes due to our choice of Higgs masses. Hence, the dominant contribution

in the Lagrangian can be approximated as,
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– 11 –Require δL++ to have a large mass since it is larger than neutral Higgs bosons that must 
have a large mass to avoid flavour changing currents in the quark sector

The relevant terms of the Higgs potential for doubly charged Higgs boson masses are  

LY ⇡ MRp
2vR

l̄cR�
++
R lR =

V ⇤
R
fMRV

†
Rp

2vR
l̄cR�

++
R lR + h.c. , (3.18)

where VR is the diagonalising matrix for the heavy neutrino mass matrix MR, V T
R MRVR =

fMR, and V ⇠ VR [96]. A detailed discussion on LFV for this model for all other modes

can be found in [38, 41].

3.2.2 Higgs mass

We now discuss the scalar potential and Higgs spectrum in detail. The LRSM consists of the

two scalar triplets and one bi-doublet field, that after left-right and electroweak symmetry

breaking leads to fourteen physical Higgs states. Among them, a few of the neutral Higgs

bosons are required to be heavier than several tens of TeV and do not contribute to the

tree-level LFV processes. We follow a simplified approach by judiciously choosing the

parameter space, where the doubly charged Higgs arising from �R is lighter than the

other BSM Higgs states, and hence gives the dominant contribution in the tree-level LFV

processes.

The scalar potential for the LRSM has the following form [97–99]:

V (�,�L,�R) = �µ2
1Tr
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. (3.19)

The model contains 14 physical Higgs states denoted as h, H0
1,2,3, A

0
1,2, H

±
1 , H±

2 , �±±
L , and
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The model contains 14 physical Higgs states denoted as h, H0
1,2,3, A

0
1,2, H

±
1 , H±

2 , �±±
L , and
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�±±
R with the masses,

m2
h ⇡ (125 GeV)2 ⇡ 2k2+

✓

�1 + 4
k21k

2
2

k4+
(2�2 + �3) + 4�4

k1k2
k2+

◆

,

M2
H0

1
= M2

A0
1
⇡ ↵3

v2R
2

k2+
k2�

, M2
H0

3
= M2

A0
2
⇡ (⇢3 � 2⇢1)

v2R
2

, M2
H0

2
⇡ 2⇢1v

2
R ,

M2
H±

1
⇡ (⇢3 � 2⇢1)

v2R
2

+ ↵3
k2�
4

, M2
�±±
L

⇡ (⇢3 � 2⇢1)
v2R
2

+ ↵3
k2�
2

,

M2
H±

2
⇡ ↵3

v2R
2

k2+
k2�

+ ↵3
k2�
4

, M2
�±±
R

⇡ 2⇢2v
2
R + ↵3

k2�
2

. (3.20)

We note that the scalar states H0
1 and H0

3 interact with both the up and down quark

sectors and hence mediate the �F = 2 flavour transitions in the neutral K and B mesons

[100–103]. To avoid the flavour-changing neutral Higgs (FCNH) constraints, the neutral

Higgs states H0
1 , H

0
3 and A0

1,2 are required to be heavier than 20 TeV [100–103]. We also

consider the other neutral Higgs state H0
2 to be heavy in order to be in agreement with the

heavy Higgs searches at the LHC. In the Higgs spectrum, we consider the case where the

right-handed doubly charged Higgs boson is somewhat lighter than the other BSM Higgs

states and hence significantly contributes to the LFV processes. We consider the following

two benchmark scenarios, BP1 and BP2, with a lower and a higher symmetry breaking

scale vR respectively:

• BP1: ↵3 = 18.88 , vR = 8.68 TeV ,

• BP2: ↵3 = 1.00 , vR = 30.00 TeV .

For both of the benchmark scenarios, we consider the right-handed mixing matrix VR to

be non-diagonal with unit entries everywhere. In order for vR to be less than 10 TeV, the

FCNH constraints on the neutral Higgs bosons necessarily require ↵3 to be large (↵3 ⇠ 8).

Conversely, when ↵3 is well within the perturbative limit, the FCNH constraints on the

neutral Higgs bosons demand a large value of the symmetry breaking scale vR [103]. In

our analysis we consider the two possibilities, both the large and the natural ↵3, and show

the restrictions that can be obtained on the heavy neutrino masses and the ⇢2 parameter.

3.2.3 Limits from the LFV branching ratios

The two doubly charged Higgs states �±±
L and �±±

R mediate the ⌧ ! liljlk process at tree-

level. The amplitude for the LFV process ⌧⌥ ! µ±µ⌥µ⌥ is proportional to the coe�cient

C⌧µµµ, which is defined as,

C⌧µµµ =
fL⌧µfLµµ

M2
�±±
L

+
fR⌧µfRµµ

M2
�±±
R

. (3.21)

Since in our case the chosen parameter M�±±
L

is much heavier than M�±±
R

, the dominant

contribution arises due to �±±
R ,

C⌧µµµ =
fR⌧µfRµµ

M2
�±±
R

⇡ MR⌧µMRµµ

2v2RM
2
�±±
R

=
(V ⇤

R
fMRV

†
R)⌧µ(V

⇤
R
fMRV

†
R)µµ

2v2R(2⇢2v
2
R + ↵3

k2�
2 )

. (3.22)
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be non-diagonal with unit entries everywhere. In order for vR to be less than 10 TeV, the
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Conversely, when ↵3 is well within the perturbative limit, the FCNH constraints on the

neutral Higgs bosons demand a large value of the symmetry breaking scale vR [103]. In

our analysis we consider the two possibilities, both the large and the natural ↵3, and show
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C⌧µµµ, which is defined as,
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+
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Since in our case the chosen parameter M�±±
L

is much heavier than M�±±
R

, the dominant

contribution arises due to �±±
R ,
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3.2.1 Neutrino mass

The Yukawa Lagrangian in the lepton sector has the following form:

�LY = h ̄L� R + h̃ ̄L�̃ R + fL 
T
LCi⌧2�L L

+fR 
T
RCi⌧2�R R + h.c. , (3.11)

where C is the charge-conjugation matrix, C = i�2�0, and �̃ = ⌧2�⇤⌧2, with ⌧2 being

the second Pauli matrix. Furthermore, h, h̃, fL and fR are the Yukawa couplings. After

symmetry breaking, the Yukawa Lagrangian generates the neutrino mass matrix,

M⌫ =

 

ML MD

MT
D MR

!

. (3.12)

In the seesaw approximation, this leads to the following light and heavy neutrino mass

matrices (up to O(M�1
R )) [96]:

M⌫ ⇡ ML �MDM
�1
R MT

D =
p
2vLfL � 2p

2vR
hDf

�1
R hTD , (3.13)

and

MR =
p
2vRfR , (3.14)

where  =
p

21 + 22,ML =
p
2vLfL and the Dirac mass isMD = hD =

⇣

1h+ 2h̃
⌘

/
p
2.

The mass matrix given in Eq. (3.12) can be diagonalised by a 6⇥6 unitary matrix as follows:

VTM⌫V =

 

fM⌫ 0

0 fMR

!

, (3.15)

where fM⌫ = diag(m1,m2,m3) and fMR = diag(mN4 ,mN5 ,mN6). In the subsequent analy-

sis, we denote the mixing matrix as,

V =

 

U S

T V

!

. (3.16)

The Yukawa interaction of the doubly charged Higgs with the two charged leptons that

mediates the LFV processes ⌧⌥ ! µ±µ⌥µ⌥ and ⌧⌥ ! e±µ⌥µ⌥ is given by,

LY = fL l̄
c
L�

++
L lL + fR l̄

c
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++
R lR + h.c. . (3.17)

We note that imposing the discrete parity or charge conjugation as a symmetry along with

SU(2)R ⇥ U(1)B�L will lead to fL = fR or fL = f⇤
R, and a hermitian or symmetric MD,

respectively. As we will show in the next subsection, among the two Higgs triplets �±±
L

and �±±
R , the right-handed triplet gives the dominant contribution to the tree-level flavour

violating processes due to our choice of Higgs masses. Hence, the dominant contribution

in the Lagrangian can be approximated as,
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We note that the scalar states H0
1 and H0

3 interact with both the up and down quark

sectors and hence mediate the �F = 2 flavour transitions in the neutral K and B mesons

[100–103]. To avoid the flavour-changing neutral Higgs (FCNH) constraints, the neutral

Higgs states H0
1 , H

0
3 and A0

1,2 are required to be heavier than 20 TeV [100–103]. We also

consider the other neutral Higgs state H0
2 to be heavy in order to be in agreement with the

heavy Higgs searches at the LHC. In the Higgs spectrum, we consider the case where the

right-handed doubly charged Higgs boson is somewhat lighter than the other BSM Higgs

states and hence significantly contributes to the LFV processes. We consider the following

two benchmark scenarios, BP1 and BP2, with a lower and a higher symmetry breaking

scale vR respectively:

• BP1: ↵3 = 18.88 , vR = 8.68 TeV ,

• BP2: ↵3 = 1.00 , vR = 30.00 TeV .

For both of the benchmark scenarios, we consider the right-handed mixing matrix VR to

be non-diagonal with unit entries everywhere. In order for vR to be less than 10 TeV, the

FCNH constraints on the neutral Higgs bosons necessarily require ↵3 to be large (↵3 ⇠ 8).

Conversely, when ↵3 is well within the perturbative limit, the FCNH constraints on the

neutral Higgs bosons demand a large value of the symmetry breaking scale vR [103]. In

our analysis we consider the two possibilities, both the large and the natural ↵3, and show

the restrictions that can be obtained on the heavy neutrino masses and the ⇢2 parameter.

3.2.3 Limits from the LFV branching ratios

The two doubly charged Higgs states �±±
L and �±±

R mediate the ⌧ ! liljlk process at tree-

level. The amplitude for the LFV process ⌧⌥ ! µ±µ⌥µ⌥ is proportional to the coe�cient

C⌧µµµ, which is defined as,
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Since in our case the chosen parameter M�±±
L

is much heavier than M�±±
R

, the dominant
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Decay amplitude proportional to 

(a) (b)

Figure 4: Current and future branching ratio limits in the parameter plane of the right-

handed neutrino massesmN and the parameter ⇢2 for the LRSM for the benchmark scenario

BP1. (a) Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and (b) shows the limits from

the decay ⌧⌥ ! e±µ⌥µ⌥. The solid black lines represent constant values of the mass of

the doubly charged Higgs �±±
R .

(a) (b)

Figure 5: Current and future branching ratio limits in the parameter plane of the right-

handed neutrino massesmN and the parameter ⇢2 for the LRSM for the benchmark scenario

BP2. (a) Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and (b) shows the limits from

the decay ⌧⌥ ! e±µ⌥µ⌥. The solid black lines represent constant values of the mass of

the doubly charged Higgs �±±
R .

The amplitude for the LFV process ⌧⌥ ! e±µ⌥µ⌥ can be obtained by replacing the ⌧µ

element in Eq. (3.22) with the ⌧e element. A limit on the branching ratio of the flavour

violating decays will constrain the doubly charged Higgs mass from below and the right-
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet

� with hypercharge Y = +2,

� =

 

�+

�0

!

, � =

 

�+
p
2

�++

�0 ��+
p
2

!

. (3.1)
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Minimal supersymmetric standard model

Slepton generational mixing is a general feature and can induce LFV

implies a larger ⇢2 (for a cut-o↵ scale 10MWR with MWR = 6 TeV, then ⇢2 � 0.35 [99])

and hence a larger M�±±
R

. This cannot be directly produced at LHC, but instead can be

tested through indirect detection. Conversely, for a larger symmetry breaking scale with

MWR ⇠ (20� 30) TeV the bounds on ⇢2 are relaxed. In our discussion, we do not specify

any particular mass of the other Higgs states and the cut-o↵ scale of the theory. Instead, we

independently analyse the implication of the branching ratio limits for the flavour violating

processes ⌧⌥ ! µ±µ⌥µ⌥ and ⌧⌥ ! e±µ⌥µ⌥ on the relevant model parameter ⇢2 and the

doubly charged Higgs mass M�±±
R

.

3.3 Minimal Supersymmetric Standard Model

Within the MSSM the soft supersymmetry breaking parameters in the slepton sector are

a generic source of lepton flavour violation. Without assuming a specific SUSY breaking

mechanism that ensures a suppression of o↵-diagonal terms in the slepton mass matrix,

their presence can induce a misalignment in flavour space between the lepton and slepton

mass matrices, which cannot be rotated away.

The non-diagonal hermitian 6⇥ 6 slepton mass matrix receives contributions from D,

F , A and M terms [22], where the latter two can induce mixing between di↵erent slepton

generations. In the electroweak interaction basis (ẽL, µ̃L, ⌧̃L, ẽR, µ̃R, ⌧̃R), the slepton mass

matrix has the following form:

M2
l̃
=

 

M2
l̃ LL

M2
l̃ LR

M2 †
l̃ LR

M2
l̃ RR

!

, (3.23)

where each of the M2
l̃ LL

, M2
l̃ RR

, M2
l̃ LR

and M2
l̃ RL

is a 3⇥ 3 matrix, i.e.

M2
l̃ LL ij

= m2
L̃ ij

+

✓

m2
li
+ (�1

2
+ sin2 ✓W )M2

Z cos 2�

◆

�ij ,

M2
l̃ RR ij

= m2
Ẽ ij

+
�

m2
li
� sin2 ✓WM2

Z cos 2�
�

�ij ,

M2
l̃ LR ij

= v1Al
ij �mliµ tan��ij . (3.24)

In these equations the indices i, j 2 {1, 2, 3} denote the three generations, mli are the

lepton masses, ✓W is the weak mixing angle, mZ is the Z boson mass, tan� = v2/v1 with

v1 = hH1i and v2 = hH2i being the two vacuum expectation values of the corresponding

SU(2) Higgs doublets, and µ is the Higgsino mass term. Here, �ij is the Kronecker delta

symbol. The flavour violating terms in the LL and RR mixing matrices correspond to

o↵-diagonal terms in the soft masses m2
L̃ ij

and m2
Ẽ ij

, respectively.

Within the MSSM the sneutrino mass matrix has a one-block 3 ⇥ 3 form denoted as

M2
⌫̃ , where in the electroweak basis (⌫̃eL, ⌫̃µL, ⌫̃⌧L),

M2
⌫̃ = M2

⌫̃ LL , M2
⌫̃ LL ij = m2

L̃ ij
+

✓

1

2
M2

Z cos 2�

◆

�ij . (3.25)

To parametrise the o↵-diagonal entries, we introduce the dimensionless real parameters,

�AB
ij ⌘

M2
l̃ AB ij

mÃi
mB̃j

, (3.26)

– 16 –

implies a larger ⇢2 (for a cut-o↵ scale 10MWR with MWR = 6 TeV, then ⇢2 � 0.35 [99])

and hence a larger M�±±
R

. This cannot be directly produced at LHC, but instead can be

tested through indirect detection. Conversely, for a larger symmetry breaking scale with

MWR ⇠ (20� 30) TeV the bounds on ⇢2 are relaxed. In our discussion, we do not specify

any particular mass of the other Higgs states and the cut-o↵ scale of the theory. Instead, we

independently analyse the implication of the branching ratio limits for the flavour violating

processes ⌧⌥ ! µ±µ⌥µ⌥ and ⌧⌥ ! e±µ⌥µ⌥ on the relevant model parameter ⇢2 and the

doubly charged Higgs mass M�±±
R

.

3.3 Minimal Supersymmetric Standard Model

Within the MSSM the soft supersymmetry breaking parameters in the slepton sector are

a generic source of lepton flavour violation. Without assuming a specific SUSY breaking

mechanism that ensures a suppression of o↵-diagonal terms in the slepton mass matrix,

their presence can induce a misalignment in flavour space between the lepton and slepton

mass matrices, which cannot be rotated away.

The non-diagonal hermitian 6⇥ 6 slepton mass matrix receives contributions from D,

F , A and M terms [22], where the latter two can induce mixing between di↵erent slepton

generations. In the electroweak interaction basis (ẽL, µ̃L, ⌧̃L, ẽR, µ̃R, ⌧̃R), the slepton mass
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Mass matrices have flavour-violating and flavour-conserving terms
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matrix has the following form:

M2
l̃
=

 

M2
l̃ LL

M2
l̃ LR

M2 †
l̃ LR

M2
l̃ RR

!

, (3.23)

where each of the M2
l̃ LL

, M2
l̃ RR

, M2
l̃ LR

and M2
l̃ RL

is a 3⇥ 3 matrix, i.e.

M2
l̃ LL ij

= m2
L̃ ij

+

✓

m2
li
+ (�1

2
+ sin2 ✓W )M2

Z cos 2�

◆

�ij ,

M2
l̃ RR ij

= m2
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Parametrize off-diagonal entries as 

(a) (b)

Figure 7: Current and future branching ratio limits in the parameter plane of (a) �LL23

and �RR
23 for the decay ⌧⌥ ! µ±µ⌥µ⌥ and (b) �LL13 and �RR

13 for the decay ⌧⌥ ! e⌥µ⌥µ±

in the MSSM.

where mL̃i
and mẼi

are the soft mass scales. We further assume that |�AB
ij |  1, and the

hermiticity of M2
l̃
implies �AB

ij = �BA
ji . After rotating the sleptons and sneutrinos into their

mass eigenstates,
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the soft breaking terms m2
L̃ ij

, m2
Ẽ ij

and Al
ij can induce flavour-changing neutral current in-

teractions, such as that between a lepton, slepton and neutralino, as shown in the Feynman

diagram in Fig. 1c.

To numerically compute the impact of the present and future LFV constraints on the

flavour violating parameters �LLij and �RR
ij , we work with the following benchmark point

for the MSSM parameters that provides a particle spectrum in agreement with the present

collider limits:

tan� = 10 , µ = �100 GeV ,

MA = 1000 GeV , M1 = 250 GeV ,

M2 = 500 GeV , M3 = 2000 GeV ,

mL̃i
= mẼj

= 1000 GeV , A⌧ = 200 GeV . (3.28)

We do not specify squark supersymmetry breaking parameters here, as their values

are not relevant for the processes we calculate. While searches for squarks and gluinos by

ATLAS [105, 106] and CMS [107, 108] have pushed their respective mass limits to already

rather large values, limits for slepton masses are still fairly weak [26]. Direct slepton

pair production requires the exchange of electroweak gauge bosons and is thus strongly
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Figure 8: Current and future branching ratio limits in the parameter plane of (a) mL̃i ,Ẽj

and �LL23 for the decay ⌧⌥ ! µ±µ⌥µ⌥ and (b) mL̃i ,Ẽj
and �LL13 for the decay ⌧⌥ ! e⌥µ⌥µ±

in the MSSM. The solid black lines represent constant values of the mass of the slepton l̃1.

suppressed compared to squark or gluino pair production at hadron colliders. Hence,

assuming LFV is realised in nature, much stronger limits on the slepton masses can be

obtained indirectly by measuring rare flavour violating lepton decays.

In Figs. 7a and 7b, we show present and future constraints on the pair (�LL23 , �RR
23 )

from the process ⌧⌥ ! µ⌥µ⌥µ±, and the pair (�LL13 , �RR
13 ) from the process ⌧⌥ ! e⌥µ⌥µ±,

respectively. In analogy with the squark sector [109], we find that the �RR
13 and �RR

23 param-

eters are much less constrained than their LL counterparts. This is because the processes

are mediated by flavour violating neutralino interactions. In the gauge-interaction basis,

the exchanged particles are the bino (B̃), wino (W̃ 0) or Higgsino (H̃i) particles. The

H̃i � lR � l̃L interactions are proportional to the lepton’s Yukawa coupling yl and are thus

subleading, while B̃ � lR/L � l̃R/L and W̃ 0 � lL � l̃L interactions occur with the strength
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In Fig. 8, we show the LFV branching ratio limits where the soft slepton mass scale

is allowed to vary along with a single mixing parameter. We vary the slepton mass scale

over a wide range. For slepton masses at the current lower bound from direct searches

(⇠ 100 GeV) future experiments could place very strong constraints on LFV parameters.

Since the slepton masses are large when the soft slepton mass scales mL̃i
= mẼj

are large,

their contribution to LFV processes decouples and the sensitivity to the mixing parameters

is reduced.

4 Conclusions

The experimental observation of lepton flavour violation would unambiguously serve as

striking evidence for BSM physics, since in the SM lepton flavour violation is absent to all
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Figure 7: Current and future branching ratio limits in the parameter plane of (a) �LL23

and �RR
23 for the decay ⌧⌥ ! µ±µ⌥µ⌥ and (b) �LL13 and �RR

13 for the decay ⌧⌥ ! e⌥µ⌥µ±

in the MSSM.
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Benchmark parameters:

Vary slepton masses:
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet

� with hypercharge Y = +2,

� =

 

�+

�0

!

, � =

 

�+
p
2

�++

�0 ��+
p
2

!

. (3.1)
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Summary
LFV is a general feature of neutrino seesaw mechanisms and of supersymmetry 

Expect ~2 orders of magnitude improvement in B(τ➝lμμ) in the next decade 

LHC should have the best sensitivity to B(τ➝3μ) for the next few years 
LHC could also be competitive in B(τ-➝e+μ-μ-) 

Future circular e+e- collider could improve sensitivity by another two orders of magnitude 

In the Type-II Seesaw model Belle-II could probe the CP-violating phase 

In the LRSM, increasing sensitivity to B(τ➝lμμ) will probe smaller values of mN/mδR++ 

In the MSSM increasing sensitivity to B(τ➝lμμ) will probe smaller mixing values


