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Overview

• Standard Model: 3 generations of fermions 
• Fermions can change flavour: 

• CKM matrix (quarks) 
• PMNS matrix (leptons, spec. neutrinos) 

• Charged lepton flavour violation?  
• Not observed yet! 

• Neutrino oscillations imply flavour violation 
in loops allowed in the SM  

• However, implied charged lepton flavour 
violation very strongly constrained due to 
GIM mechanism 

• Several BSM scenarios raise the branching 
ratios to levels reachable at the LHC 

• Any observation is a discovery! 

• Spoiler: no such observations as of this conference
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…cannot be seen at the LHC:

The diagram can be rotated to 
obtain e.g. LFV Z decays



Lepton flavour violation at the LHC
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• Lepton flavour violation at the LHC focuses on objects as result from p-p collisions 

• Muon decays: 
• µ ➝ eγ 

• µ ➝ 3e 

• µ ➝ e conversion 
• Tau decays: 

• τ ➝ eγ 

• τ ➝ 3l 
• Meson decays:  

• B0/D0 ➝ eµ 

• In ATLAS, focus on: 
• Decays of Standard Model bosons (Z, Higgs) 
• Decays of heavy (neutral) particles (Z’, …) 
• τ ➝ 3µ
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The Large Hadron Collider
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The ATLAS experiment
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• High precision tracking system  
(silicon pixels/strips and a transition  
radiation tracker), with new 4th pixel layer: 
insertable b-layer (IBL) 

• Two calorimeters (EM: liquid Ar; 
hadronic: scintillating tiles + LAr endcaps) 

• Muon spectrometer for muon identification 
(combined with tracker) 

• Two large magnet systems (toroidal and 
solenoidal) 

• An efficient trigger/DAQ system to make  
the most of our data
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LFV decays of the SM Z boson
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• Searches divided into fully leptonic channel and channels with taus (Z ➝ eµ and Z ➝ τl) 
• Uses the full 2012 20.3 fb-1 dataset at √s = 8 TeV 

• Channel-dependent strategies required, depending on presence of tau 

• Without taus: 
• Find an excess on the Z peak m(eµ)  
• Need to reject events with missing transverse energy 
• Major background Z ➝ ll decays and leftover leptonic Z ➝ ττ events 

• With taus: 
• Focus on hadronic tau decays; split between flavours of lepton  
• Major background becomes Z ➝ ττ events 

• Missing transverse energy can no longer be straightforwardly exploited 
• Data driven techniques to estimate taus faked by jets 
• Clever techniques needed to separate Z ➝ τlepτhad from signal 

• No result on Z ➝ τe channel
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LFV decays of the SM Z boson: Z ➝ eµ
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• Require two opposite-charge different-flavour leptons 
• Reject events with high missing transverse  momentum (e.g. WW, Ztautau) 
• Reject events with high-pT jet activity (e.g. ttbar) 
• This way, obtain a “clean” invariant mass spectrum 
• 3rd order Chebychev polynomial fit to background 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LFV decays of the SM Z boson: Z ➝ eµ
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• Branching ratio estimate as ratio 
of 95% limit on Z ➝ eµ events 
and total Z production: 

• NZ estimated as weighted average 
from dilepton decays 

• Relative ratios Z ➝ ee and Z ➝ µµ 
from events in window between  
70 and 110 GeV 

• Resulting limit: 

BR(Z ! eµ) <
N95%

✏eµNZ
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LFV decays of the SM Z boson: Z ➝ τhadµ
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• Exploit fact that hadronic decay of tau lepton leads to missing energy 
• Can construct transverse mass of τ-MET and lepton-MET systems 
• In case missing transverse energy aligned with tau, mT(τ, MET) is small 
• Signal dominated by low mT(τ, MET) and moderate mT(lepton, MET) 
• Rectangular selections in two dimensional phase space define regions 

• Reject events with b-jets and require |η(τ) − η(l)| < 2 to reject W+jets and multijet events 
• Irreducible backgrounds: Z ➝ ττ, diboson (WW), H ➝ ττ and top
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LFV decays of the SM Z boson: Z ➝ τhadµ
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• Events then categorised using Missing Mass Calculator (MMC) 
• Attempts to minimise likelihood functions to take into account missing energy from neutrino 
• Adapted parametrisation from H ➝ ττ searches 

• Background modelling combination of MC and data-driven corrections  
• Dedicated control regions used to use normalise real backgrounds 
• Multijets and fakes from data using opposite- minus same-sign method: 

• Correction factor rQCD is ratio OS/SS measured in dedicated multijet control region 

• Simultaneous likelihood fit of signal region plus W and top control regions to extract signal 
• No Z control region: Z ➝ ττ taken from embedded sample of Z ➝ ττ data 

• Embedding: replace muons with simulated taus
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same-sign data sample  
that accounts for fakes

for every background, a “add-on” term of  
OS-SS events from MC normalised to data
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LFV decays of the SM Z boson: Z ➝ τhadµ
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LFV decays of the Higgs boson

12

• Part of an effort to study Higgs properties 
• LFV couplings can be introduced through effective field theories 

• Searches can be categorised as H ➝ eµ, and H ➝ τµ and H ➝ τe 
• No published ATLAS result on the first channel  
• Results with taus use the full 2012 20.3 fb-1 dataset at √s = 8 TeV 

• Leptonic tau decays also considered 
• Exploit angular separation between leptons 
• Collinear mass approximation for lepton from tau decay 

• Strategy with hadronic taus very similar to searches for Z decays 
• Kinematic windows shift towards higher invariant mass 
• Fewer Z ➝ ττ events as background 
• H ➝ ττ events become relevant 
• Sources of reducible backgrounds remain the same 

• Results in more stringent limits than indirect searches! 
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LFV decays of the Higgs boson: H ➝ τlepe, H ➝ τlepµ
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• Events selected an opposite-sign electron-muon pair 
• Highest-pT object labelled l1, the other l2 
• Used to define eµ and eµ categories 

• Two exclusive signal regions: with no central jets, or at least one central jet 
• Collinear mass approximation used to reconstruct Higgs mass: 

• Correction factors for asymmetry between categories derived 
• Non-prompt leptons 

• Estimated using a matrix method 
• Efficiencies for prompt and non-prompt estimated using tag-and-probe method 

• Different trigger and reconstruction efficiencies 
• Since leading lepton is on trigger plateau, factorises to a function of pT(l2) 
• Determined in 3 bins: 12 to 20 GeV, 20 to 30 GeV, and above 30 GeV 

• Combined statistical model fits the symmetric component, non-prompt contributions
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LFV decays of the Higgs boson: H ➝ τlepe, H ➝ τlepµ
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LFV decays of the Higgs boson: H ➝ τlepe, H ➝ τlepµ
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LFV decays of the Higgs boson: H ➝ τhade, H ➝ τhadµ
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• Very similar methodology to analysis in Z channel 
• Slightly different kinematic selections due to m(H) versus m(Z) 
• Again two signal regions per lepton flavour defined 

• Also relies on the MMC to extract a signal

For at ændre 
”Enhedens navn” og 
”Sted og dato”: 

Klik i menulinjen,  
vælg ”Indsæt” > 
”Sidehoved / 
Sidefod”. 
Indføj ”Sted og 
dato” i feltet for 
dato og ”Enhedens 
navn” i Sidefod

NuFact 2017, Uppsala / 26 September 2017 / Geert-Jan Besjes 

arXiv:1508.03372

arXiv:1604.07730

https://arxiv.org/abs/1508.03372
https://arxiv.org/abs/1604.07730


LFV decays of the Higgs boson
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High-mass dilepton searches
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• LFV processes could involve decaying heavy particles 
• These lead to high-mass different-flavour dilepton events 
• Uses the run-2 dataset from 2015 (√s = 13 TeV) of 3.2 fb-1 

• Basic strategy: 
• Select two events with different flavours of leptons in 3 channels 
• Construct invariant mass distribution, 

taking fake taus into account 
• Extrapolate top background to high mass 
• Top quark background dominates eµ channel;  

W+jets in channels with taus 

• Interpretations in three models using a Bayesian method (binned marginal likelihood): 
• Z’: heavy gauge boson with same quark couplings as Z and LFV couplings Qij 
• Quantum Black Holes: QBHs produced at Plank scale;  

could violate lepton flavour in decay 
• RPV SUSY: most SUSY models introduce R-parity to prevent proton decay;  

however, R-parity violating SUSY could still violate lepton or baryon number separately
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Process meµ < 600 GeV meµ > 600 GeV
Top quark 1190± 140 22± 5
Diboson 159± 17 4.9± 0.9
Multi-jet and W+jets 55± 11 2.7± 1.7
Z/�⇤ ! `` 14.5± 2.0 0.18± 0.04
Total SM background 1410± 150 30± 7
SM+Z0 (MZ0 = 2 TeV) - 75± 13
SM+⌫̃⌧ (M⌫̃⌧ = 2 TeV) - 40± 8
SM+QBH RS n = 1 (Mth = 2 TeV) - 44± 9
Data 1463 25

(a) eµ channel

Process me⌧ < 600 GeV me⌧ > 600 GeV
Top quark 790± 190 25± 9
Diboson 109± 26 6.2± 1.9
Multi-jet and W+jets 3200± 800 45± 14
Z/�⇤ ! `` 1030± 240 5.2± 1.4
Total SM background 5200± 1300 81± 25
SM+Z0 (MZ0 = 1.5 TeV) - 185± 34
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 105± 27
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 122± 28
Data 5416 111

(b) e⌧ channel

Process mµ⌧ < 600 GeV mµ⌧ > 600 GeV
Top quark 580± 140 21± 7
Diboson 84± 20 4.8± 1.4
Multi-jet and W+jets 1900± 500 34± 12
Z/�⇤ ! `` 610± 140 2.6± 0.7
Total SM background 3200± 800 63± 20
SM+Z0 (MZ0 = 1.5 TeV) - 130± 28
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 78± 22
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 90± 23
Data 3239 48

(c) µ⌧ channel

Table 2: Observed and expected numbers of (a) eµ , (b) e⌧, and (c) µ⌧ events in the validation (m``0 <
600 GeV) and search regions (m``0 > 600 GeV) for the SM backgrounds and the signal models
considered. The quoted errors include statistical and systematic uncertainties. The uncertainties
for the total background predictions account for the correlations between the uncertainties of the
di↵erent background contributions.

observation of this high-mass candidate event is compatible with a statistical fluctuation and no significant
excess is found over the expected background. Therefore, the observed data are concluded to be consist-
ent with the SM prediction, and model-dependent exclusion limits are extracted using the techniques
described in Section 7.

Figures 2, 3 and 4 show the 95% CL expected and observed upper limits on the production cross-section
times branching ratio of the Z0, RPV SUSY ⌫̃⌧ and QBH models for each of the final states considered.
The extracted limits worsen for signal masses above 2.5 (1.5) TeV in the eµ (e⌧ and µ⌧) channel due to a
decrease in the lepton reconstruction e�ciency at very high pT. Results are summarised in Table 3. The
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High-mass dilepton searches
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• Backgrounds involve: 
• top (ttbar, single-t), DY ➝ ll, diboson (MC); 
• W+jets (MC+data-driven); 
• and multijet events (data-driven) 

• Tau fake rate measured in data in a W+jets control 
region; applied as weight to W+jets 

• Normalisation estimated in signal-free subset 
of signal region with MET > 30 GeV and 
pT(tau) < 150 GeV 

• Top background extrapolated to high mass 
through fit for each channel 

• Dependency on fit range is source of 
systematic error
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High-mass dilepton searches
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• No significant deviations from the SM observed 
• Slight deficit in tau-muon channel 
• Single event at 2.1 TeV in the electron-muon channel
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For Z’, only one decay allowed at the same time. 

For RPV, identical coupling to tau sneutrino for all channels.
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Neutrinoless τ ➝ 3µ decays
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• Decays involving tau leptons and muons are golden channels for LFV searches 

• In the SM, BR(τ ➝ 3µ) is approx 10-14 
• BSM scenarios increase the branching ratio to 10-10 to 10-8 
• Current limits from b-physics (Babar, Belle, LHCb) at 10-8 

• Difficult search to perform at hadron colliders: very low energy muons 
• Need to exploit multi-object triggers to record enough data 
• Uses the full 20.3 fb-1 dataset at √s = 8 TeV 

• Basic strategy: 
• select 3 muons from the same vertex; 
• categorise the events according to the 3-muon invariant mass; 
• fit sidebands to obtain yield in mass window;  
• extract a limit at 90% CL

arXiv:1601.03567
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• Use decays W ➝ τν ➝ 3µν 

• Tau lepton produced with a transverse  
momentum, typically 25 to 50 GeV 

• Muons from tau decay close in space 
• Neutrino carries away missing transverse  

energy  

• Basic selection: 3 muons from same  
vertex with |m(3µ) − m(τ)| < 1 GeV 

• Require m(3µ) < 2.5 GeV; pT(µ) > 2.5 GeV 
• Rely on several multi-muon triggers 

• Events then categorised according to m(3µ) 
• Loose selection to train BDT  
• Study rejection in sidebands; tighter selection  

defined through optimisation on limit
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• Loose selection used to train BDT 
• Tighter selection adds several additional  

selections and a loose BDT score requirement x0 
• BDT score fit in looser category; fraction of selected  

events used for scaling mass distributions 
• Events with x > x0 used for fit 
• Scales background with fraction of  

events with tighter selection x > x1 
• Background rejection as function of score 

optimised by maximising expected exclusion limit 

• Single event with 1860 MeV observed 
• 90% CL limit BR(τ ➝ 3µ) < 3.76 x 10-7 

• Not competitive yet with LHCb or b-factories;  
shows potential in ATLAS for such searches 
with larger dataset 

• Expect to be competitive with Belle at the end 
of run 2 (data taking up to end 2018)
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BDT score in sideband region
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Summary
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• Presented several searches at 8 and 13 TeV 
• No evidence or discovery of LFV processes (yet?) 

• Many more searches using the full 2015+2016 
dataset in progress… 

• …as well as ongoing preparations to exploit the 
entire run-2 dataset (expect around 100fb-1) 

• Stay tuned for updates of several of these 
searches! 
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7 Search for Z ! µ⌧ using the ⌧had channel

The search for Z ! µ⌧ events is based on µ⌧had final state and utilises the same strategy as the H ! µ⌧
analysis documented in Ref. [22], and applied to the H ! e⌧had search described above. The final state
is characterised by the presence of an energetic muon and a ⌧had of opposite charge and the presence of
moderate Emiss

T , aligned with the ⌧had direction. The typical transverse momenta of the muon and of the
⌧had are somewhat softer than those expected in Higgs boson LFV decay, due to the lower mass of the Z
boson. The main backgrounds are the same as those observed in H ! µ⌧had analyses, namely: Z ! ⌧⌧,
W+jets, multi-jet, H ! ⌧⌧, diboson and top backgrounds. The mMMC

µ⌧ variable is used to extract the signal
using the same fit procedure and estimation of systematic uncertainties as for the H ! µ⌧had search. The
corresponding Higgs boson LFV contribution is assumed to be negligible.

The Z ! µ⌧ analysis di↵ers from the H ! µ⌧had one as follows:

• The signal and control regions are defined in the same way as in the H ! µ⌧had analysis, but the
cut values are lowered to match the kinematics of Z boson decay products. The exact definition is
given in Table 7.

• The LFV H ! µ⌧had signal sample is replaced with a LFV Z ! µ⌧ signal sample.

• The shape correction for W+jets in SR1 is obtained from the mMMC
µ⌧ > 110 GeV sideband in SR1.

• Due to larger W+jets contribution in SR1 and SR2, the shape corrections for the W+jets samples
are calculated using a three-dimensional binning scheme in pT(⌧had), |⌘(µ) � ⌘(⌧had)| and Njet.

• The W+jets extrapolation uncertainty, which accounts for the di↵erence between the W+jets ALP-
GEN PYTHIA and HERWIG samples, is also included as a shape uncertainty.

The numbers of observed events and background in each of the regions are given in Table 8. The ef-
ficiencies for simulated Z ! µ⌧ signal events to pass the SR1 and SR2 selections are 1.2% and 0.8%,
respectively. Figure 6 shows the mMMC

µ⌧ distribution for data and predicted background in each of the
signal regions. The discrepancy observed in the mMMC

µ⌧ range 80–100 GeV of SR1 was studied carefully.
All the other SR1 distributions, including lepton momenta, transverse masses, and missing transverse
momentum, are in excellent agreement with the predictions, and the background shapes are constrained
in the control regions as well as in SR2. This discrepancy is hence attributed to a statistical fluctuation.

Table 7: Summary of the Z ! µ⌧had event selection criteria used to define the signal and control regions (see text).

Cut SR1 SR2 WCR TCR

pT(µ) >30 GeV >30 GeV >30 GeV >30 GeV
pT(⌧had) >30 GeV >30 GeV >30 GeV >30 GeV

|⌘(µ) � ⌘(⌧had)| <2 <2 <2 <2

mµ,E
miss
T

T >30 GeV and <75 GeV <30 GeV >60 GeV –

m⌧had,Emiss
T

T <20 GeV <45 GeV >40 GeV –
Njet – – – >1

Nb�jet 0 0 0 >0
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Table 8: Data yields, signal and post-fit OS–SS background predictions (see Eq. (1)) for the Z ! µ⌧had 80 GeV<
mMMC
µ⌧ <115 GeV region. The signal predictions are given assuming Br(Z ! µ⌧) = 10�5. The background predic-

tions are obtained from the combined fit to SR1, SR2, WCR and TCR. To calculate these quantities for SR1 and
SR2, the signal strengths are decorrelated in the signal regions and set to zero in the control regions. The post-fit
values of systematic uncertainties are provided for the background predictions. For the total background, all cor-
relations between various sources of systematic uncertainties and backgrounds are taken into account. The quoted
uncertainties represent the statistical (first) and systematic (second) uncertainties, respectively.

SR1 SR2

Signal 86 ± 2 ± 22 56± 2± 18

Z ! ⌧⌧ 3260 ± 30 ± 60 7060± 40±150
W+jets 1350 ± 70 ±110 590± 50± 70
Same–Sign events 1110 ± 40 ±100 930± 30± 90
VV + Z ! µµ 410 ± 60 ± 50 240± 60± 60
H ! ⌧⌧ 25.1± 0.5± 3.0 41± 1± 5
Top 22 ± 4 ± 4 15± 4± 4

Total background 6170 ±100 ±100 8880±100±140

Data 6134 8982

Table 9: The expected and observed 95% CL exclusion limits as well as the best fit values for the branching ratio
of Br(Z ! µ⌧)[10�5] are shown for SR1, SR2 and the combined fit. To calculate these quantities for SR1 and SR2,
the signal strengths are decorrelated in the signal regions and set to zero in the control regions.

Br(Z ! µ⌧)[10�5] SR1 SR2 Combined

Expected limit 2.6+1.1
�0.7 6.4�1.8

+2.8 2.6+1.1
�0.7

Observed limit 1.5 7.9 1.7
Best fit �2.1+1.2

�1.3 2.6+2.9
�2.6 �1.6+1.3

�1.4
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two signal regions are defined using the transverse mass2, mT, of the e–Emiss
T and ⌧had–Emiss

T systems:

OS events with me,Emiss
T

T > 40 GeV and m⌧had,Emiss
T

T < 30 GeV form the signal region–1 (SR1), while OS

events with me,Emiss
T

T < 40 GeV and m⌧had,Emiss
T

T < 60 GeV form the signal region–2 (SR2). Both regions
have similar sensitivity to the signal (see Section 4.4). The dominant background in SR1 is W+jets,
while the Z/�⇤ ! ⌧⌧ and Z ! ee+jets backgrounds dominate in SR2. The modelling of the W+jets
background is checked in a dedicated control region (WCR) formed by events with me,Emiss

T
T > 60 GeV

and m⌧had,Emiss
T

T > 40 GeV. As discussed in detail in Section 4.2, the modelling of the Z/�⇤ ! ⌧⌧ and
Z ! ee+jets backgrounds is checked in SR2. The choice of mT cuts to define SR1, SR2 and WCR is
motivated by correlations between me,Emiss

T
T and m⌧had,Emiss

T
T in H ! e⌧ signal and major background (W+jets

and Z/�⇤ ! ⌧⌧) events, as illustrated in Figure 1. No events with identified b–jets are allowed in SR1,
SR2 and WCR. The modelling of the tt̄ and single-top backgrounds is checked in a dedicated control
region (TCR), formed by events that satisfy the baseline selection and have at least two jets, with at least
one being b-tagged. Table 2 provides a summary of the event selection criteria used to define the signal
and control regions.

The LFV signal is searched for by performing a fit to the mass distribution in data, mMMC
e⌧ , reconstructed

from the observed electron, ⌧had and Emiss
T objects by means of the Missing Mass Calculator [56] (MMC).

Conceptually, the MMC is a more sophisticated version of the collinear approximation [57]. The main
improvement comes from requiring that the relative orientations of the neutrino and other ⌧-lepton decay
products are consistent with the mass and kinematics of a ⌧-lepton decay. This is achieved by maximising
a probability defined in the kinematically allowed phase-space region. The MMC used in the H ! ⌧⌧
analysis [35] is modified to take into account that there is only one neutrino from a hadronic ⌧-lepton de-
cay in LFV H ! e⌧ events. For a Higgs boson with mH = 125 GeV, the reconstructed mMMC

e⌧ distribution
has a roughly Gaussian shape with a full width at half maximum of ⇠19 GeV. The analysis is performed
“blinded” in the 110 GeV< mMMC

e⌧ <150 GeV regions of SR1 and SR2, which contain 93.5% and 95% of
the expected signal events in SR1 and SR2, respectively. The event selection and the analysis strategy are
defined without looking at the data in these blinded regions.

Table 2: Summary of the event selection criteria used to define the signal and control regions (see text).

Criterion SR1 SR2 WCR TCR

ET(e) >26 GeV >26 GeV >26 GeV >26 GeV
pT(⌧had) >45 GeV >45 GeV >45 GeV >45 GeV

|⌘(e) � ⌘(⌧had)| <2 <2 <2 <2

me,Emiss
T

T >40 GeV <40 GeV >60 GeV –

m⌧had,Emiss
T

T <30 GeV <60 GeV >40 GeV –
Njet – – – �2

Nb�jet 0 0 0 �1

2 m
`,Emiss

T
T =

q
2p`TEmiss

T (1 � cos��), where ` = e, ⌧had and �� is the azimuthal separation between the directions of the lepton
(e or ⌧had) and Emiss

T vectors.
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Table 3: Data yields, signal and post-fit OS–SS background predictions (see Eq. (1)) for the 110 GeV<
mMMC

e⌧ <150 GeV region. The signal predictions are given for Br(H ! e⌧) = 1.0%. The background predictions
are obtained from the combined fit to SR1, SR2, WCR and TCR. The post-fit values of systematic uncertainties
are provided for the background predictions. For the total background, all correlations between various sources of
systematic uncertainties and backgrounds are taken into account. The quoted uncertainties represent the statistical
(first) and systematic (second) uncertainties, respectively.

SR1 SR2

LFV signal (Br(H ! e⌧) = 1.0%) 75 ± 1 ± 8 59 ± 1 ± 8

W+jets 740 ±80 ±110 370 ±60 ±70
Same-Sign events 390 ±20 ± 60 570 ±30 ±80
Z ! ⌧⌧ 116 ± 8 ± 11 245 ±11 ±20
VV and Z ! ee( jet ! ⌧misid

had ) 71 ±31 ± 30 60 ±20 ±40
Z ! ee(e! ⌧misid

had ) 69 ±17 ± 11 320 ±40 ±40
tt̄ and single top 18 ± 5 ± 4 10.2± 2.6± 2.2
H ! ⌧⌧ 4.6± 0.2± 0.7 10.5± 0.3± 1.5
Total background 1410 ±90 ± 70 1590 ±80 ±70

Data 1397 1501

tainties due to the choice of parton distribution functions used in the simulation are evaluated based on
the prescription described in Ref. [65] and the following values are used in this analysis: ±7.5% for the
Higgs boson production via ggH, ±2.8% for the VBF and VH Higgs boson production, and ±4% for the
VV background. Finally, an additional ±5.7% systematic uncertainty [65] on Br(H ! ⌧⌧) is applied to
the SM H ! ⌧⌧ background.

4.4 Results of the search for LFV H ! e⌧ decays in the ⌧had channel

A simultaneous binned maximum-likelihood fit is performed on the mMMC
e⌧ distributions in SR1 and SR2

and on event yields in WCR and TCR to extract the LFV branching ratio Br(H ! e⌧). The fit exploits
the control regions and the distinct shapes of the W+jets, Z ! ⌧⌧ and Z ! ee backgrounds in the
signal regions to constrain some of the systematic uncertainties. This increases the sensitivity of the
analysis. The post-fit mMMC

e⌧ distributions in SR1 and SR2 are shown in Figure 2, and the combined mMMC
e⌧

distribution for both signal regions is presented in Figure 3. Figure 2 illustrates the level of agreement
between data and background expectations in SR1 and SR2. No statistically significant deviations of the
data from the predicted background are observed. An upper limit on the LFV branching ratio Br(H ! e⌧)
for a Higgs boson with mH = 125 GeV is set using the CLs modified frequentist formalism [66] with the
test statistic based on the profile likelihood ratio [67]. The observed and the median expected 95% CL
upper limits are 1.81% and 2.07+0.82

�0.58%, respectively. Table 6 provides a summary of all results, including
the results of the ATLAS search for the LFV H ! µ⌧ decays [22].
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Table 4: Summary of the selection criteria used to define the signal regions in the ⌧lep channel (see text).

SRnoJets SRwithJets

Light leptons e±µ⌥ e±µ⌥

⌧had leptons veto veto
Central jets 0 � 1
b-jets 0 0
p`1T � 35 GeV � 35 GeV
p`2T � 12 GeV � 12 GeV
|⌘e|  2.4  2.4
|⌘µ|  2.4  2.4
��(`2, Emiss

T )  0.7  0.5
��(`1, `2) � 2.3 � 1.0
��(`1, Emiss

T ) � 2.5 � 1.0
�pT(`1, `2) � 7 GeV � 1 GeV

The final discriminant used in the ⌧lep channel is the collinear mass mcoll defined as:

mcoll =

q
2p`1T

⇣
p`2T + Emiss

T

⌘
(cosh�⌘ � cos��). (2)

This quantity is the invariant mass of two massless particles, ⌧ and `1, computed with the approximation
that the decay products of the ⌧ lepton, `2 and neutrinos, are collinear to the ⌧, and that the Emiss

T originates
from the ⌫. In the H ! µ⌧ (H ! e⌧) decay, `1 is the muon (electron) and `2 is the electron (muon).
The di↵erences in rapidity and azimuthal angle between `1 and `2 are indicated by �⌘ and ��. More
sophisticated kinematic variables, such as MMC, do not significantly improve the sensitivity of the ⌧lep
channel.

5.2 Background estimation

For simplicity, the symmetry method is illustrated here assuming a H ! µ⌧ signal. The same procedure,
but with e and µ exchanged, is valid under the H ! e⌧ assumption. The symmetry method is based on
the following two premises:

1. SM processes result in data that are symmetric under the exchange of prompt electrons with prompt
muons to a good approximation. In other words, the kinematic distributions of prompt electrons
and prompt muons are approximately the same;5

2. flavour-violating decays of the Higgs boson break this symmetry.

Dilepton events in the dataset are divided into two mutually exclusive samples:

• µe sample: `1 is the muon and `2 is the electron (pT
µ � pT

e)

• eµ sample: `1 is the electron and `2 is the muon (pT
e > pT

µ)

5 The e↵ect of the mass di↵erence between electrons and muons is negligible for the processes involved.
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Table 5: A summary of the fit results in the ⌧lep channel. The values of the fit parameters f

⇣
p`2T

⌘
, which account for

the ratio of the eµ and µe event reconstruction e�ciencies described in Section 5.2, are obtained from a background-
only fit, and reported for each signal region and for each p`2T bin. The expected and observed yields correspond to the
number of events used in the fit, representing the 0–300 GeV mcoll range shown in Figure 4. The quoted uncertainties
in the expected yields represent the statistical (first) and systematic (second) uncertainties, respectively. The post-fit
values of systematic uncertainties are provided for the background predictions. The signal predictions are given for
Br(H ! e⌧) = 1% in the eµ sample and for Br(H ! µ⌧) = 1% in the µe sample.

SRnoJets

p`2T bin [GeV] f
⇣
p`2T

⌘
LFV Signal, Br=1% Total Backg. Observed

12–20 1.11 ± 0.06 eµ 14.9 ± 0.4 ± 2.7 1219± 24±27 1212
µe 10.7 ± 0.4 ± 2.3 1033± 25±20 1035

20–30 1.07 ± 0.08 eµ 15.1 ± 0.4 ± 2.7 998± 22±25 995
µe 12.4 ± 0.4 ± 2.2 950± 23±21 950

� 30 1.01 ± 0.07 eµ 12.5 ± 0.4 ± 2.2 455± 17±16 452
µe 11.4 ± 0.4 ± 2.0 458± 16±14 457

SRwithJets

p`2T bin [GeV] f
⇣
p`2T

⌘
LFV Signal, Br=1% Total Backg. Observed

12–20 1.07 ± 0.10 eµ 5.9 ± 0.3 ± 1.1 222± 10±11 220
µe 3.9 ± 0.2 ± 0.9 181± 10± 9 182

20–30 1.24 ± 0.16 eµ 5.4 ± 0.2 ± 1.1 187± 9±11 187
µe 4.5 ± 0.2 ± 0.9 161± 9± 9 161

� 30 1.13 ± 0.10 eµ 5.5 ± 0.2 ± 1.0 251± 11±12 250
µe 4.9 ± 0.2 ± 0.9 229± 11±11 229

uncertainties in the background predictions. The systematic uncertainties for the LFV signal are treated
as 100% correlated between the two channels. Table 6 presents a summary of results for the expected and
observed 95% CL upper limits and the best fit values for the branching ratios for the individual categories
and their combination. There is no indication of a signal in the search for the LFV H ! e⌧ decays.
The combined observed, and the median expected, 95% CL upper limits on Br(H ! e⌧) for a Higgs
boson with mH = 125 GeV are 1.04% and 1.21+0.49

�0.34%, respectively. A small ⇠1� excess of data over the
predicted background is observed in the search for the LFV H ! µ⌧ decays. It is mostly driven by a 1.3�
excess in the earlier search in the µ⌧had channel [22]. This corresponds to a best fit value for the branching
ratio of Br(H ! µ⌧) = (0.53±0.51)%. In the absence of any significant signal, an upper limit on the LFV
branching ratio Br(H ! µ⌧) for a Higgs boson with mH = 125 GeV is set. The corresponding observed,
and the median expected, 95% CL upper limits are 1.43% and 1.01+0.40

�0.29%, respectively. The upper limits
on the LFV decays of the Higgs boson are summarised in Figure 5.
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Table 6: Results of the search for the LFV H ! e⌧ and H ! µ⌧ decays. The limits are computed under the
assumption that either Br(H ! µ⌧)=0 or Br(H ! e⌧)=0. The expected and observed 95% confidence level (CL)
upper limits and the best fit values for the branching ratios for the individual categories and their combination. The
µ⌧had channel is from Ref. [22].

Channel Category Expected limit [%] Observed limit [%] Best fit Br [%]

SR1 2.81+1.06
�0.79 3.0 0.33+1.48

�1.59

H ! e⌧had SR2 2.95+1.16
�0.82 2.24 �1.33+1.56

�1.80

Combined 2.07+0.82
�0.58 1.81 �0.47+1.08

�1.18

SRnoJets 1.66+0.72
�0.46 1.45 �0.45+0.89

�0.97

H ! e⌧lep SRwithJets 3.33+1.60
�0.93 3.99 0.74+1.59

�1.62

Combined 1.48+0.60
�0.42 1.36 �0.26+0.79

�0.82

H ! e⌧ Combined 1.21+0.49
�0.34 1.04 �0.34+0.64

�0.66

SR1 1.60+0.64
�0.45 1.55 �0.07+0.81

�0.86

H ! µ⌧had SR2 1.75+0.71
�0.49 3.51 1.94+0.92

�0.89

Combined 1.24+0.50
�0.35 1.85 0.77+0.62

�0.62

SRnoJets 2.03+0.93
�0.57 2.38 0.31+1.06

�0.99

H ! µ⌧lep SRwithJets 3.57+1.74
�1.00 2.85 �1.03+1.66

�1.82

Combined 1.73+0.74
�0.49 1.79 0.03+0.88

�0.86

H ! µ⌧ Combined 1.01+0.40
�0.29 1.43 0.53+0.51

�0.51
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Process meµ < 600 GeV meµ > 600 GeV
Top quark 1190± 140 22± 5
Diboson 159± 17 4.9± 0.9
Multi-jet and W+jets 55± 11 2.7± 1.7
Z/�⇤ ! `` 14.5± 2.0 0.18± 0.04
Total SM background 1410± 150 30± 7
SM+Z0 (MZ0 = 2 TeV) - 75± 13
SM+⌫̃⌧ (M⌫̃⌧ = 2 TeV) - 40± 8
SM+QBH RS n = 1 (Mth = 2 TeV) - 44± 9
Data 1463 25

(a) eµ channel

Process me⌧ < 600 GeV me⌧ > 600 GeV
Top quark 790± 190 25± 9
Diboson 109± 26 6.2± 1.9
Multi-jet and W+jets 3200± 800 45± 14
Z/�⇤ ! `` 1030± 240 5.2± 1.4
Total SM background 5200± 1300 81± 25
SM+Z0 (MZ0 = 1.5 TeV) - 185± 34
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 105± 27
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 122± 28
Data 5416 111

(b) e⌧ channel

Process mµ⌧ < 600 GeV mµ⌧ > 600 GeV
Top quark 580± 140 21± 7
Diboson 84± 20 4.8± 1.4
Multi-jet and W+jets 1900± 500 34± 12
Z/�⇤ ! `` 610± 140 2.6± 0.7
Total SM background 3200± 800 63± 20
SM+Z0 (MZ0 = 1.5 TeV) - 130± 28
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 78± 22
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 90± 23
Data 3239 48

(c) µ⌧ channel

Table 2: Observed and expected numbers of (a) eµ , (b) e⌧, and (c) µ⌧ events in the validation (m``0 <
600 GeV) and search regions (m``0 > 600 GeV) for the SM backgrounds and the signal models
considered. The quoted errors include statistical and systematic uncertainties. The uncertainties
for the total background predictions account for the correlations between the uncertainties of the
di↵erent background contributions.

observation of this high-mass candidate event is compatible with a statistical fluctuation and no significant
excess is found over the expected background. Therefore, the observed data are concluded to be consist-
ent with the SM prediction, and model-dependent exclusion limits are extracted using the techniques
described in Section 7.

Figures 2, 3 and 4 show the 95% CL expected and observed upper limits on the production cross-section
times branching ratio of the Z0, RPV SUSY ⌫̃⌧ and QBH models for each of the final states considered.
The extracted limits worsen for signal masses above 2.5 (1.5) TeV in the eµ (e⌧ and µ⌧) channel due to a
decrease in the lepton reconstruction e�ciency at very high pT. Results are summarised in Table 3. The
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Process meµ < 600 GeV meµ > 600 GeV
Top quark 1190± 140 22± 5
Diboson 159± 17 4.9± 0.9
Multi-jet and W+jets 55± 11 2.7± 1.7
Z/�⇤ ! `` 14.5± 2.0 0.18± 0.04
Total SM background 1410± 150 30± 7
SM+Z0 (MZ0 = 2 TeV) - 75± 13
SM+⌫̃⌧ (M⌫̃⌧ = 2 TeV) - 40± 8
SM+QBH RS n = 1 (Mth = 2 TeV) - 44± 9
Data 1463 25

(a) eµ channel

Process me⌧ < 600 GeV me⌧ > 600 GeV
Top quark 790± 190 25± 9
Diboson 109± 26 6.2± 1.9
Multi-jet and W+jets 3200± 800 45± 14
Z/�⇤ ! `` 1030± 240 5.2± 1.4
Total SM background 5200± 1300 81± 25
SM+Z0 (MZ0 = 1.5 TeV) - 185± 34
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 105± 27
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 122± 28
Data 5416 111

(b) e⌧ channel

Process mµ⌧ < 600 GeV mµ⌧ > 600 GeV
Top quark 580± 140 21± 7
Diboson 84± 20 4.8± 1.4
Multi-jet and W+jets 1900± 500 34± 12
Z/�⇤ ! `` 610± 140 2.6± 0.7
Total SM background 3200± 800 63± 20
SM+Z0 (MZ0 = 1.5 TeV) - 130± 28
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 78± 22
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 90± 23
Data 3239 48

(c) µ⌧ channel

Table 2: Observed and expected numbers of (a) eµ , (b) e⌧, and (c) µ⌧ events in the validation (m``0 <
600 GeV) and search regions (m``0 > 600 GeV) for the SM backgrounds and the signal models
considered. The quoted errors include statistical and systematic uncertainties. The uncertainties
for the total background predictions account for the correlations between the uncertainties of the
di↵erent background contributions.

observation of this high-mass candidate event is compatible with a statistical fluctuation and no significant
excess is found over the expected background. Therefore, the observed data are concluded to be consist-
ent with the SM prediction, and model-dependent exclusion limits are extracted using the techniques
described in Section 7.

Figures 2, 3 and 4 show the 95% CL expected and observed upper limits on the production cross-section
times branching ratio of the Z0, RPV SUSY ⌫̃⌧ and QBH models for each of the final states considered.
The extracted limits worsen for signal masses above 2.5 (1.5) TeV in the eµ (e⌧ and µ⌧) channel due to a
decrease in the lepton reconstruction e�ciency at very high pT. Results are summarised in Table 3. The
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Process meµ < 600 GeV meµ > 600 GeV
Top quark 1190± 140 22± 5
Diboson 159± 17 4.9± 0.9
Multi-jet and W+jets 55± 11 2.7± 1.7
Z/�⇤ ! `` 14.5± 2.0 0.18± 0.04
Total SM background 1410± 150 30± 7
SM+Z0 (MZ0 = 2 TeV) - 75± 13
SM+⌫̃⌧ (M⌫̃⌧ = 2 TeV) - 40± 8
SM+QBH RS n = 1 (Mth = 2 TeV) - 44± 9
Data 1463 25

(a) eµ channel

Process me⌧ < 600 GeV me⌧ > 600 GeV
Top quark 790± 190 25± 9
Diboson 109± 26 6.2± 1.9
Multi-jet and W+jets 3200± 800 45± 14
Z/�⇤ ! `` 1030± 240 5.2± 1.4
Total SM background 5200± 1300 81± 25
SM+Z0 (MZ0 = 1.5 TeV) - 185± 34
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 105± 27
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 122± 28
Data 5416 111

(b) e⌧ channel

Process mµ⌧ < 600 GeV mµ⌧ > 600 GeV
Top quark 580± 140 21± 7
Diboson 84± 20 4.8± 1.4
Multi-jet and W+jets 1900± 500 34± 12
Z/�⇤ ! `` 610± 140 2.6± 0.7
Total SM background 3200± 800 63± 20
SM+Z0 (MZ0 = 1.5 TeV) - 130± 28
SM+⌫̃⌧ (M⌫̃⌧ = 1.5 TeV) - 78± 22
SM+QBH RS n = 1 (Mth = 1.5 TeV) - 90± 23
Data 3239 48

(c) µ⌧ channel

Table 2: Observed and expected numbers of (a) eµ , (b) e⌧, and (c) µ⌧ events in the validation (m``0 <
600 GeV) and search regions (m``0 > 600 GeV) for the SM backgrounds and the signal models
considered. The quoted errors include statistical and systematic uncertainties. The uncertainties
for the total background predictions account for the correlations between the uncertainties of the
di↵erent background contributions.

observation of this high-mass candidate event is compatible with a statistical fluctuation and no significant
excess is found over the expected background. Therefore, the observed data are concluded to be consist-
ent with the SM prediction, and model-dependent exclusion limits are extracted using the techniques
described in Section 7.

Figures 2, 3 and 4 show the 95% CL expected and observed upper limits on the production cross-section
times branching ratio of the Z0, RPV SUSY ⌫̃⌧ and QBH models for each of the final states considered.
The extracted limits worsen for signal masses above 2.5 (1.5) TeV in the eµ (e⌧ and µ⌧) channel due to a
decrease in the lepton reconstruction e�ciency at very high pT. Results are summarised in Table 3. The
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below 10%, while for e⌧ and µ⌧ final states it is the leading background together with the contribution
from top quark production.

Experimental systematic uncertainties common to signal and background processes are assumed to be
correlated. The e↵ect of systematic uncertainties on the estimated SM background yields is summarised
in Table 1.

For signal processes, only experimental systematic uncertainties are considered. The statistical uncer-
tainty of the signal MC samples is 3%.

Source m``0 = 1 TeV m``0 = 2 TeV m``0 = 3 TeV
eµ e⌧ µ⌧ eµ e⌧ µ⌧ eµ e⌧ µ⌧

PDF uncertainty 17% 15% 15% 35% 38% 35% 70% 75% 70%
Luminosity 5% 5% 5% 5% 5% 5% 5% 5% 5%
Statistical 18% 11% 15% 80% 27% 27% 120% 28% 30%
Reducible background 5% 29% 40% 5% 35% 75% 5% 45% 85%
Top quark production modelling 5% 3% 4% 12% 4% 5% 15% 10% 8%
Electron trigger e�ciency 1% 1% N/A 1% 1% N/A 1% 1% N/A
Electron identification 2% 2% N/A 2% 2% N/A 2% 2% N/A
Electron energy scale and resolution 3% 3% N/A 3% 3% N/A 3% 3% N/A
Muon reconstruction e�ciency 2% N/A 2% 4% N/A 4% 6% N/A 6%
Muon scale and resolution 4% N/A 4% 12% N/A 12% 20% N/A 20%
Muon trigger e�ciency 2% N/A 2% 2% N/A 2% 2% N/A 2%
Tau identification N/A 4% 4% N/A 5% 5% N/A 6% 6%
Tau reconstruction N/A 3% 3% N/A 4% 4% N/A 4% 4%
Tau energy calibrations N/A 2% 2% N/A 3% 3% N/A 4% 4%
Total 27% 35% 44% 90% 59% 90% 140% 90% 120%
SM Background in m``0 ± 0.1 · m``0 3.9 11.9 11.4 0.09 0.55 0.49 0.002 0.014 0.017

Table 1: Quantitative summary of the systematic uncertainties taken into account for background pro-
cesses. Values are provided for m``0 values of 1, 2 and 3 TeV. The statistical error includes the
extrapolation uncertainties of the top quark background in the high-m``0 region together with
the uncertainty related to the number of MC events. Uncertainties are quoted with respect to the
total background. N/A means the systematic uncertainty is not applicable. The expected SM
background in a mass window within ±0.1 · m``0 is also reported.

7 Statistical analysis

If no deviations from the SM prediction are observed, model-dependent exclusion limits are extracted
using a Bayesian method and implemented with the software package Bayesian Analysis Toolkit (BAT)
[75] using a template shape method. A binned likelihood function (L) is built as the product of the
Poisson probability of observing nobsk when expecting µk in each of the mass bins used for the search:

L(nobs|✓, ⌦̂) =
NbinsY

k=1

µ
nobsk
k eµk

nobsk !

NSysY

i=1

G(⌦i, 0, 1) , (3)

where µk is the expected number of background and signal events (µk = Nbkgk + Nsigk (✓)) as a function of
the parameter of interest ✓, ⌦̂ is the vector of nuisance parameters introduced to account for the e↵ect of
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