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1 Introduction

The observation of the Higgs boson [1, 2] with a mass of about 125 GeV [3] by the ATLAS

and CMS experiments is a great success of the Large Hadron Collider (LHC) physics

program at CERN. The next important step in this program are searches for signs of

new physics beyond the Standard Model (SM) and detailed studies of the Higgs boson

properties. Direct evidence for physics beyond the SM could be indicated via lepton-

flavour-violating (LFV) Higgs boson decays. If the SM is replaced with an effective field

theory, which has a single Higgs boson and is required to be renormalizable only to a finite

mass scale, then LFV couplings may be introduced [4]. LFV decays can also occur naturally

in models with more than one Higgs doublet [5–8], composite Higgs models [9, 10], models

with flavour symmetries [11], Randall-Sundrum models [12] and many others [13–18].

There are three possibilities for LFV effects mediated via virtual Higgs bosons: µ-e,

τ -µ, and τ -e transitions. Indirect experimental constraints are reviewed and translated into

constraints on Br(H → eµ, µτ, eτ ) in recent papers [4, 19]. Searches for µ→ eγ [20] place

a very stringent constraint on H → eµ decays: Br(H → eµ) < O(10−8) [4, 19]. The indi-

rect constraints on H → µτ, eτ decays mostly come from searches for τ → µγ, eγ [21–23]

or other rare τ -lepton decays [24], as well as from measurements of the anomalous mag-

netic moment of the muon and the electron [25] and are much less stringent: Br(H →
µτ, eτ) < O(10%) [4, 19]. A relatively large Br(H → µτ) can be achieved without any

particular tuning of the effective couplings, while a large Br(H → eτ) is possible only at

the cost of some fine-tuning of the corresponding couplings [19]. It is also important to

note that the presence of a H → µτ signal would essentially exclude the presence of a
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H → eτ signal, and vice versa, at an experimentally observable level at the LHC due to

strong experimental bounds on µ → eγ decays [19]. The CMS Collaboration has recently

performed the first direct search for LFV H → µτ decays [26] and reported a slight excess

(2.4 standard deviations) of data over the predicted background. Their results give a 1.57%

upper limit on Br(H → µτ) at the 95% confidence level (CL).

This paper presents a search for lepton-flavour-violating H → µτ decays of the recently

discovered Higgs boson with one muon and one hadronically decaying τ -lepton (τhad) in

the final state. All Higgs boson production processes are considered. The analysis is

based on the data sample of pp collisions which was collected at a centre-of-mass energy of√
s = 8 TeV and corresponds to an integrated luminosity of 20.3 fb−1.

2 The ATLAS detector and object reconstruction

The ATLAS detector1 is described in detail in ref. [27]. ATLAS consists of an inner tracking

detector (ID) covering the range |η| < 2.5, surrounded by a superconducting solenoid

providing a 2 T magnetic field, electromagnetic (|η| < 3.2) and hadronic calorimeters

(|η| < 4.9) and a muon spectrometer (MS) (|η| < 2.7) with a toroidal magnetic field.

The signature of LFV H → µτ decays used in this search is characterised by the

presence of an energetic muon, originating directly from a Higgs boson decay and carrying

roughly half of its energy, and the hadronic decay products of a τ -lepton. The data were

collected with a single-muon trigger with a transverse momentum, pT = p sin θ, threshold of

pT = 24 GeV. The H → ττ and the LFV H → µτ signatures with a muon and τhad in the

final state share many common features. Therefore, the object definitions and data quality

cuts used in this analysis are the same as those in the recently published ATLAS search

for H → ττ decays [28]. A brief description of the object definitions is provided below.

Muon candidates are reconstructed using an algorithm [29] that combines information

from the ID and the MS. Muon quality criteria such as inner detector hit requirements

are applied to achieve a precise measurement of the muon momentum and to reduce the

misidentification rate. Muons are required to have pT >10 GeV and to be within |η| < 2.5.

Typical reconstruction and identification efficiencies for muons satisfying these selection

criteria are above 95% [29]. Exactly one identified muon is required in this analysis.

Electron candidates are reconstructed from energy clusters in the electromagnetic

calorimeters matched to tracks in the ID. They are required to have a transverse en-

ergy, ET = E sin θ, greater than 15 GeV, to be within the pseudorapidity range |η| < 2.47,

and to satisfy the medium shower shape and track selection criteria defined in ref. [30].

Candidates found in the transition region between the end-cap and barrel calorimeters

(1.37 < |η| < 1.52) are not considered. Typical reconstruction and identification efficien-

cies for electrons satisfying these selection criteria range between 80% and 90% depending

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the

polar angle θ as η = − ln tan(θ/2).
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on ET and η. Since electrons do not appear in the H → µ+ τhad decay mode, events with

identified electrons are rejected.

Jets are reconstructed using the anti-kt jet clustering algorithm [31] with a radius

parameter R = 0.4, taking clusters of calorimeter cells with deposited energy as inputs.

Fully calibrated jets [32] are required to be reconstructed in the range |η| < 4.5 and to

have pT > 30 GeV. To reduce the contamination of jets by additional interactions in the

same or neighbouring bunch crossings (pile-up), tracks originating from the primary vertex

must contribute a large fraction of the jet pT when summing the scalar pT of all tracks

in the jet. The primary vertex is chosen as the proton-proton collision vertex candidate

with the highest sum of the squared transverse momenta of all associated tracks. This

jet vertex fraction is required to be at least 50% for jets with |η| <2.4 and pT <50 GeV

(no cut is applied to jets with pT > 50 GeV). Jets with no associated tracks are retained.

In the pseudorapidity range |η| < 2.5, jets containing b-hadrons (b-jets) are selected using

a tagging algorithm [33], which has an efficiency of ∼70% for b-jets in tt̄ events. The

corresponding light-flavour jet misidentification probability is 0.1–1%, depending on the

pT and η of the jet. Only a very small fraction of signal events have b-jets, therefore events

with identified b-jets are vetoed in the selection of signal events.

Hadronically decaying τ -leptons are identified by means of a multivariate analysis

technique [34] based on boosted decision trees, which exploits information about ID tracks

and clusters in the electromagnetic and hadronic calorimeters. The τhad candidates are

required to have charge qτ = ±1 in units of electron charge, and must be 1- or 3-track

(1- or 3-prong) candidates. Events with exactly one τhad candidate satisfying the medium

identification criteria [34] with pT >20 GeV and |η| <2.47 are considered in this analysis.

The identification efficiency for τhad candidates satisfying these requirements is 55–60%.

Dedicated criteria [34] to separate τhad candidates from misidentified electrons are also

applied, with a selection efficiency for true τhad decays of 95%. To reduce the contamination

due to backgrounds where a muon fakes a τhad signature, events where an identified muon

with pT(µ) > 4 GeV overlaps with an identified τhad are rejected [28]. The probability to

misidentify a jet with pT > 20 GeV as a τhad candidate is typically 1–2%.

The missing transverse momentum (with magnitude Emiss
T ) is reconstructed using the

energy deposits in calorimeter cells calibrated according to the reconstructed physics ob-

jects (e, γ, τhad, jets and µ) with which they are associated [35]. The energy from calo-

rimeter cells not associated with any physics object is included in the Emiss
T calculation. It

is scaled by the ratio of the scalar sum of pT of tracks which originate from the primary

vertex but are not matched to any objects and the scalar sum of pT of all tracks in the

event which are not matched to objects. The scaling procedure achieves a more accurate

reconstruction of Emiss
T in high pile-up conditions. In this search, Emiss

T is a signature of

neutrinos, and it is used to select and reconstruct signal events, as described below.

3 Event selection and categorization

Signal H → µτ events in the µτhad final state are characterised by the presence of an

energetic muon and a τhad of opposite charge as well as moderate Emiss
T , which tends to be

– 3 –
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aligned with the τhad direction. Backgrounds for this signature can be broadly classified

into two major categories:

• Events with true muon and τhad signatures, dominated by irreducible Z/γ∗ → ττ

production with some contributions from the V V → µτ + X (where V = W,Z), tt̄,

single-top and SM H → ττ production processes; these events exhibit a very strong

charge correlation between the muon and the τhad; therefore, the expected number

of events with opposite-sign (OS) charges (NOS) is much larger than the number of

events with same-sign (SS) charges (NSS).

• Events with a fake τhad signature, dominated by W+jets events with some contri-

bution from multi-jet (many multi-jet background events have genuine muons from

semileptonic decays of heavy-flavour hadrons), diboson (V V ), tt̄ and single-top events

with some charge asymmetry NOS > NSS; Z → µµ+jets events, where a τhad signa-

ture can be faked by either a jet (no charge correlation) or a muon (strong charge

correlation), also contribute to this category.

Events with a fake τhad tend to have a much softer pT(τhad) spectrum and a larger

angular separation between the τhad and Emiss
T directions. These properties are exploited to

suppress such backgrounds and define signal and control regions. Events with exactly one

muon and exactly one τhad with pT(µ) > 26 GeV, pT(τhad) > 45 GeV and |η(µ)−η(τhad)| <
2 form a baseline sample. The |η(µ)−η(τhad)| cut has ∼99% efficiency for signal and rejects

a considerable fraction of multi-jet and W+jets events. At this stage of the event selection,

the identified muon is also required to be isolated [28] in the calorimeters and in the

tracking detector in order to reduce contamination from the multi-jet background. Two

signal regions are defined using the transverse mass, mT,2 of the µ-Emiss
T and τhad-Emiss

T

systems: OS events with mT(µ,Emiss
T ) > 40 GeV and mT(τhad, E

miss
T ) < 30 GeV form the

signal region-1 (SR1), while OS events with mT(µ,Emiss
T ) < 40 GeV and mT(τhad, E

miss
T ) <

60 GeV form the signal region-2 (SR2). Both signal regions have similar sensitivity to signal

(see section 6). The dominant backgrounds in SR1 and SR2 are W+jets and Z/γ∗ → ττ

events, respectively. The modelling of the W+jets background is checked in a dedicated

control region (WCR) formed by events with mT(µ,Emiss
T ) > 60 GeV and mT(τhad, E

miss
T ) >

40 GeV. As it is discussed in detail in section 4, the modelling of the Z/γ∗ → ττ background

is checked in SR2. The choice of the mT cuts to define SR1, SR2 and WCR is motivated

by correlations between mT(µ,Emiss
T ) and mT(τhad, E

miss
T ) in H → µτ signal and major

background (W+jets and Z/γ∗ → ττ) 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 1

provides a summary of the event selection cuts 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
µτ , reconstructed from the observed muon, τhad and Emiss

T objects by means of the

2mT =
√

2p`TE
miss
T (1− cos ∆φ), where ` = µ, τhad and ∆φ is the azimuthal separation between the

directions of the lepton (µ or τhad) and Emiss
T vectors.

– 4 –
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WCR

SR1

SR2

Figure 1. Two-dimensional distributions of the transverse mass of the µ-Emiss
T system,

mT(µ,Emiss
T ), and that of the τhad-Emiss

T system, mT(τhad, E
miss
T ), in simulated Z/γ∗ → ττ (top

left plot), W+jets (top right plot), H → µτ signal (bottom left plot) and data (bottom right plot)

events. Magenta, red and yellow boxes on the bottom right plot illustarte locations of SR1, SR2,

and WCR, respectively. All events are required to have a well-identified muon and τhad of opposite

charge with pT(τhad) > 20 GeV and pT(µ) > 26 GeV.

Cut SR1 SR2 WCR TCR

pT(µ) >26 GeV >26 GeV >26 GeV >26 GeV

pT(τhad) >45 GeV >45 GeV >45 GeV >45 GeV

mT(µ,Emiss
T ) >40 GeV <40 GeV >60 GeV –

mT(τhad, E
miss
T ) <30 GeV <60 GeV >40 GeV –

|η(µ)− η(τhad)| <2 <2 <2 <2

Njet – – – >1

Nb−jet 0 0 0 >0

Table 1. Summary of the event selection criteria used to define the signal and various control

regions (see text).
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Missing Mass Calculator [36] (MMC). Conceptually, the MMC is a more sophisticated

version of the collinear approximation [37]. The main improvement comes from requir-

ing that the relative orientations of the neutrinos and other τ -lepton decay products are

consistent with the mass and kinematics of a τ -lepton decay. This is achieved by max-

imising a probability defined in the kinematically allowed phase space region. The MMC

used in the H → ττ analysis [28] is modified to take into account that there is only one

neutrino from a hadronic τ -lepton decay in LFV H → µτ events. For a Higgs boson

with mH = 125 GeV, the reconstructed mMMC
µτ 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
µτ <150 GeV regions of SR1 and SR2, which contains ∼94% of the expected

signal events. The event selection and the analysis strategy are defined without looking at

the data in these blinded regions.

4 Background estimation

The background estimation method takes into account the background properties and

composition discussed in section 3. It also relies on the assumption that the shape of

the mMMC
µτ distribution for the multi-jet background is the same for OS and SS events.

This assumption was verified in the published H → ττ search [38]. In addition, it was

confirmed using a dedicated control region, MJCR, with an enhanced contribution from

the multi-jet background. Events in this control region are required to pass all criteria for

SR1 and SR2 with the exception of the requirement on |η(µ)− η(τhad)|, which is reversed:

|η(µ) − η(τhad)| > 2. Therefore, the number of the total OS background events, Nbkg
OS

in each bin of the mMMC
µτ (or any other) distribution in SR1 and SR2 can be obtained

according to the following formula:

Nbkg
OS = rQCD ·Ndata

SS +NZ→ττ
OS−SS +NZ→µµ

OS−SS +NW+jets
OS−SS +N top

OS−SS +NV V
OS−SS +NH→ττ

OS−SS,

(4.1)

where the individual terms are described below. Ndata
SS is the number of SS data events,

which are dominated by W+jets events but also contain contributions from multi-jet and

other backgrounds. The fractions of multi-jet background in SS data events inside the

110 GeV< mMMC
µτ <150 GeV mass window are ∼17% and ∼44% in SR1 and SR2, re-

spectively. The contributions Nbkg−i
OS−SS = Nbkg−i

OS − rQCD · Nbkg−i
SS are add-on terms for

the different backgrounds components (where bkg-i indicates the ith background source:

Z → ττ , Z → µµ, W+jets, V V , H → ττ and events with t-quarks), which also account

for components of these backgrounds already included in SS data events.3 The factor

rQCD = Nmulti−jet
OS /Nmulti−jet

SS accounts for potential differences in flavour composition (and,

as a consequence, in jet → τhad fake rates) of final-state jets introduced by the same-sign

or opposite-sign charge requirements. The value of rQCD = 1.10± 0.14 is obtained from a

3The rQCD · Nbkg−i
SS correction in the add-on term is needed because same-sign data events include

multi-jet as well as electroweak events (Z → ττ , Z → µµ, W+jets, V V , H → ττ and events with t-quarks)

and their contributions cannot be separated.

– 6 –
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multi-jet-enriched control region in data, as discussed in detail in ref. [38]. It was verified

in the MJCR in this search.

The largely irreducible Z/γ∗ → ττ background is modelled by Z/γ∗ → µµ data events,

where the muon tracks and associated energy deposits in the calorimeters are replaced by

the corresponding simulated signatures of the final-state particles of the τ -lepton decay. In

this approach, essential features such as the modelling of the kinematics of the produced

boson, the modelling of the hadronic activity of the event (jets and underlying event) as

well as contributions from pile-up are taken from data. Therefore, the dependence on the

simulation is minimized and only the τ -lepton decays and the detector response to the

τ -lepton decay products are based on simulation. This hybrid sample is referred to as

embedded data in the following. A detailed description of the embedding procedure can

be found in ref. [39]. The Z/γ∗ → ττ normalization is a free-floating parameter in the final

fit to data and it is mainly constrained by events with 60 GeV<mMMC
µτ <110 GeV in SR2.

The W+jets and Z → µµ backgrounds are modelled by the ALPGEN [40] event

generator interfaced with PYTHIA8 [41] to provide the parton showering, hadronization

and the modelling of the underlying event. In all W+jets events, the τhad signature is faked

by jets. The WCR region is used to check the modelling of the W+jets kinematics and to

obtain normalizations for OS and SS W+jets events. An additional overall normalization

factor for the NW+jets
OS−SS term in eq. (4.1) is introduced as a free-floating parameter in the final

fit in SR1. By studying WCR events and SR1 events with mMMC
µτ > 150 GeV (dominated

by W+jets background), it is also found that a mMMC
µτ shape correction, which depends

on the number of jets, pT(τhad) and |η(µ) − η(τhad)|, needs to be applied in SR1. This

correction is derived from SR1 events with mMMC
µτ > 150 GeV and it is applied to events

with all values of mMMC
µτ . A 50% difference between the SR1-based correction and that

obtained in WCR is taken as a corresponding modelling uncertainty on the mMMC
µτ shape

for the W+jets background in SR1. The size of this uncertainty depends on mMMC
µτ and

it is as large as ±10% for W+jets events with mMMC
µτ < 150 GeV. In the case of SR2, a

good modelling of the Njet, pT(τhad) and |η(µ) − η(τhad)| distributions suggests that such

a correction is not needed. However, a modelling uncertainty on the mMMC
µτ shape of the

W+jets background in SR2 is assigned based on the 50% difference between the default

mMMC
µτ shape and the one obtained after applying the correction derived for SR1 events.

The size of this uncertainty is below 5% in the 110 GeV< mMMC
µτ <150 GeV region, that

contains most of the signal events. It was also checked that applying the same correction in

SR2 as in SR1 had a negligible effect on the final result and the extracted branching ratio

Br(H → µτ) (see section 6) would only be affected at a level below 3%. The modelling of

jet fragmentation and the underlying event has a significant effect on the estimate of the

jet→ τhad fake rate in different regions of the phase space and has to be accounted for with

a corresponding systematic uncertainty. To estimate this effect, the analysis was repeated

using a sample of W+jets events modelled by ALPGEN interfaced with the HERWIG [42]

event generator. Differences in the W+jets predictions in SR1 and SR2 are found to be

±9% and ±2%, respectively, and are taken as corresponding systematic uncertainties.

In the case of the Z → µµ background, there are two components: events where a muon

fakes a τhad and events where a jet fakes a τhad. Predictions for the shape and normalization

of the Z → µµ (where µ→ τ fakehad ) background are obtained from simulation. For the Z →
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µµ background where a jet is misidentified as a τhad candidate, the normalization factor and

shape corrections, which depend on the number of jets, pT(τhad) and |η(µ)− η(τhad)|, are

derived by using events with two identified OS muons with an invariant mass, mµµ, in the

range of 80–100 GeV. Since this background does not have an OS-SS charge asymmetry,

a single correction factor is derived for OS and SS events. A 50% difference between

the mMMC
µτ shape with and without this correction is taken as a corresponding systematic

uncertainty.

The backgrounds with top quarks are modelled by the POWHEG [43–45] (for tt̄, Wt

and s-channel single-top production) and AcerMC [46] (t-channel single-top production)

event generators interfaced with PYTHIA8 to provide the parton showering, hadronization

and the modelling of the underlying event. The TCR is used to check the modelling

and to obtain normalizations for OS and SS events with top quarks. The normalization

factors obtained in the TCR are extrapolated into SR1 and SR2, where tt̄ and single-top

events may have different properties. To estimate the uncertainty associated with such an

extrapolation, the analysis is repeated using the MC@NLO [47] event generator instead

of POWHEG for tt̄ production.4 This uncertainty is found to be ±7.2% (±3.7%) for

backgrounds with top quarks in SR1 (SR2).

The background due to diboson (WW , ZZ and WZ) production is estimated from

simulation, normalized to the cross sections calculated at next-to-leading order (NLO) in

QCD [48]. The ALPGEN event generator interfaced with HERWIG is used to model the

WW process, and HERWIG is used for the ZZ and WZ processes.

Finally, events with Higgs bosons produced via gluon fusion or vector-boson fusion

(VBF) processes are generated at NLO accuracy with POWHEG [49] event generator

interfaced with PYTHIA8 to provide the parton showering, hadronization and the mod-

elling of the underlying event. The associated production (ZH and WH) samples are

simulated using PYTHIA8. All events with Higgs bosons are produced with a mass of

mH = 125 GeV and normalized to cross sections calculated at next-to-next-to-leading or-

der in QCD [50–52]. The SM H → ττ decays are simulated by PYTHIA8. The LFV Higgs

boson decays are modelled by the EvtGen [53] event generator according to the phase-space

model. In the H → µτ decays, the τ -lepton decays are treated as unpolarised because the

left- and right-handed τ -lepton polarisation states are produced at equal rates.

All simulated samples are passed through the GEANT4-based ATLAS detector sim-

ulation [54, 55]. The simulated events are overlaid with additional minimum-bias events

to account for the effect of multiple pp interactions (pile-up) occurring in the same and

neighbouring bunch crossings.

Figure 2 shows the mMMC
µτ distributions for data and the predicted backgrounds in

each of the signal regions. The backgrounds are estimated using the method described

above. The signal efficiencies for passing the SR1 or SR2 selection requirements are 2.1%

and 1.5%, respectively, and the combined efficiency is 3.6%. The numbers of observed

events in the data as well as the signal and background predictions in the mass region

110 GeV< mMMC
µτ <150 GeV can be found in table 2.

4The same extrapolation uncertainty is assumed for tt̄ and single-top backgrounds.

– 8 –



J
H
E
P
1
1
(
2
0
1
5
)
2
1
1

Figure 2. Distributions of the mass reconstructed by the Missing Mass Calculator, mMMC
µτ , in SR1

(left) and SR2 (right). The background distributions are determined in a global fit. The signal

distribution corresponds to Br(H → µτ)=25%. The bottom panel of each sub-figure shows the ratio

of the observed data and the estimated background. The grey band for the ratio illustrates post-fit

systematic uncertainties on the background prediction. The statistical uncertainties for data and

background predictions are added in quadrature for the ratios. The last bin in each distribution

contains overflow events.

SR1 SR2

Signal 69.1± 0.8± 9.2 48.5± 0.8± 7.5

Z → ττ 133.4± 6.9± 9.1 262.6± 9.7± 18.6

W+jets 619± 54± 55 406± 42± 34

Top 39.5± 5.3± 4.7 19.6± 3.1± 3.3

Same-Sign events 335± 19± 47 238± 16± 34

V V + Z → µµ 90± 21± 16 81± 22± 17

H → ττ 6.82± 0.21± 0.97 13.7± 0.3± 1.9

Total background 1224± 62± 63 1021± 51± 49

Data 1217 1075

Table 2. Data yields, signal and post-fit OS-SS background predictions (see eq. (4.1)) for the

110 GeV< mMMC
µτ <150 GeV region. The signal predictions are given for Br(H → µτ)=0.77%.

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.
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5 Systematic uncertainties

The largest systematic uncertainties arise from the normalization (±10% uncertainty) and

modelling5 of the W+jets background. The uncertainties on rQCD (±12.7%) and on the

normalization (±6% uncertainty) and modelling of Z → ττ also play an important role.

The other major sources of experimental uncertainty, affecting both the shape and nor-

malization of signal and backgrounds, are the uncertainty on the τhad energy scale [34]

(measured with ±(2–4)% precision) and uncertainties on the embedding method used to

model the Z → ττ background [28]. Less significant sources of experimental uncertainty,

affecting the shape and normalization of signal and backgrounds, are the uncertainty on the

jet energy scale [32, 56] and resolution [57]. The uncertainties in the τhad energy resolution,

the momentum scale and resolution of muons, and the scale uncertainty on Emiss
T due to

the energy in calorimeter cells not associated with physics objects are taken into account,

however, they are found to be relatively small. The following experimental uncertainties

primarily affect the normalization of signal and backgrounds: the ±2.8% uncertainty on

the integrated luminosity [58], the uncertainty on the τhad identification efficiency [34],

which is measured to be ±(2–3)% for 1-prong and ±(3–5)% for 3-prong decays, the ±2.1%

uncertainty for triggering, reconstructing and identifying muons [29, 59], and the ±2%

uncertainty on the b-jet tagging efficiency [33].

Theoretical uncertainties are estimated for the signal and for the H → ττ , V V and

Z → µµ (with µ→ τ fakehad ) backgrounds, which are modelled with the simulation and are not

normalized to data in dedicated control regions. Uncertainties due to missing higher-order

QCD corrections on the production cross sections are found to be [60] ±10.1% (±7.8%) for

the Higgs boson production via gluon fusion in SR1 (SR2), ±1% for the Z → µµ background

and for VBF and V H Higgs boson production, and ±5% for the V V background. The

systematic uncertainties due to the choice of parton distribution functions used in the

simulation are evaluated based on the prescription described in ref. [60] and the following

values are used in this analysis: ±7.5% for the Higgs boson production via gluon fusion,

±2.8% for the VBF and V H Higgs boson production, and ±4% for the Z → µµ and

V V backgrounds. Finally, an additional ±5.7% systematic uncertainty on Br(H → ττ) is

applied to the SM H → ττ background.

6 Results

A simultaneous binned maximum-likelihood fit is performed on the mMMC
µτ distributions

in SR1 and SR2 and on event yields in WCR and TCR to extract the LFV branching

ratio Br(H → µτ). The fit exploits the control regions and the distinct shapes of the

W+jets and Z → ττ backgrounds in the signal regions to constrain some of the systematic

uncertainties. This leads to an improved sensitivity of the analysis. The post-fit mMMC
µτ

distributions in SR1 and SR2 are shown in figure 2, and the combined mMMC
µτ distribution

for both signal regions is presented in figure 3. Figure 2 illustrates good agreement between

5Some of these uncertainties (e.g., uncertainties due to mMMC
µτ shape corrections and extrapolation

uncertainties) are discussed in the text above.

– 10 –



J
H
E
P
1
1
(
2
0
1
5
)
2
1
1

Figure 3. Post-fit combined mMMC
µτ distribution obtained by adding individual distributions

in SR1 and SR2. In the lower part of the figure, the data are shown after subtraction of the

estimated backgrounds. The grey band in the bottom panel illustrates the post-fit systematic

uncertainties on the background prediction. The statistical uncertainties for data and background

predictions are added in quadrature on the bottom part of the figure. The signal is shown assuming

Br(H → µτ)=0.77%, the central value of the best fit to Br(H → µτ). The last bin of the distribution

contains overflow events.

SR1 SR2 Combined

Expected limit on Br(H → µτ) [%] 1.60+0.64
−0.45 1.75+0.71

−0.49 1.24+0.50
−0.35

Observed limit on Br(H → µτ) [%] 1.55 3.51 1.85

Best fit Br(H → µτ) [%] −0.07+0.81
−0.86 1.94+0.92

−0.89 0.77±0.62

Table 3. The expected and observed 95% confidence level (CL) upper limits and the best fit values

for the branching fractions for the two signal regions and their combination.

data and background expectations in SR1. A small excess of the data over the predicted

background is observed in the 120 GeV< mMMC
µτ <140 GeV region in SR2. This small excess

in SR2 has a local significance of 2.2 standard deviations and a combined significance for

both signal regions of 1.3 standard deviations. This corresponds to a best fit value for

the branching fraction of Br(H → µτ)=(0.77 ± 0.62)%. Due to the low significance of

the observed excess, an upper limit on the LFV branching ratio Br(H → µτ) for a Higgs

boson with mH = 125 GeV is set using the CLs modified frequentist formalism [61] with

the profile likelihood-ratio test statistics [62]. The observed and the median expected 95%

CL upper limits are 1.85% and 1.24+0.50
−0.35%, respectively. Table 3 provides a summary of

all results.

– 11 –



J
H
E
P
1
1
(
2
0
1
5
)
2
1
1

7 Summary

A direct search for lepton-flavour-violating H → µτ decays of the recently discovered

Higgs boson is performed in the τhad decay mode of τ -leptons using a data sample of

proton-proton collisions recorded by the ATLAS detector at the LHC corresponding to an

integrated luminosity of 20.3 fb−1 at a centre-of-mass energy of
√
s = 8 TeV. The observed

and the median expected upper limits at 95% CL on the branching fraction, Br(H → µτ),

are 1.85% and 1.24+0.50
−0.35%, respectively. This search places significantly more stringent

constraints on Br(H → µτ) compared to earlier indirect estimates. The result of this

analysis is found to be consistent with the one published by the CMS Collaboration [26].
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C. Troncon91a, M. Trottier-McDonald15, M. Trovatelli169, L. Truong164a,164c, M. Trzebinski39,

A. Trzupek39, C. Tsarouchas30, J.C-L. Tseng120, P.V. Tsiareshka92, D. Tsionou154,

G. Tsipolitis10, N. Tsirintanis9, S. Tsiskaridze12, V. Tsiskaridze48, E.G. Tskhadadze51a,

I.I. Tsukerman97, V. Tsulaia15, S. Tsuno66, D. Tsybychev148, A. Tudorache26b, V. Tudorache26b,

A.N. Tuna57, S.A. Tupputi20a,20b, S. Turchikhin99,ag, D. Turecek128, R. Turra91a,91b,

A.J. Turvey40, P.M. Tuts35, A. Tykhonov49, M. Tylmad146a,146b, M. Tyndel131, I. Ueda155,

R. Ueno29, M. Ughetto146a,146b, M. Ugland14, F. Ukegawa160, G. Unal30, A. Undrus25, G. Unel163,

F.C. Ungaro48, Y. Unno66, C. Unverdorben100, J. Urban144b, P. Urquijo88, P. Urrejola83,

G. Usai8, A. Usanova62, L. Vacavant85, V. Vacek128, B. Vachon87, C. Valderanis83, N. Valencic107,

S. Valentinetti20a,20b, A. Valero167, L. Valery12, S. Valkar129, E. Valladolid Gallego167,

S. Vallecorsa49, J.A. Valls Ferrer167, W. Van Den Wollenberg107, P.C. Van Der Deijl107,

R. van der Geer107, H. van der Graaf107, N. van Eldik152, P. van Gemmeren6,

J. Van Nieuwkoop142, I. van Vulpen107, M.C. van Woerden30, M. Vanadia132a,132b, W. Vandelli30,

R. Vanguri122, A. Vaniachine6, F. Vannucci80, G. Vardanyan177, R. Vari132a, E.W. Varnes7,

T. Varol40, D. Varouchas80, A. Vartapetian8, K.E. Varvell150, F. Vazeille34,

T. Vazquez Schroeder87, J. Veatch7, L.M. Veloce158, F. Veloso126a,126c, T. Velz21,

S. Veneziano132a, A. Ventura73a,73b, D. Ventura86, M. Venturi169, N. Venturi158, A. Venturini23,

V. Vercesi121a, M. Verducci132a,132b, W. Verkerke107, J.C. Vermeulen107, A. Vest44,

M.C. Vetterli142,d, O. Viazlo81, I. Vichou165, T. Vickey139, O.E. Vickey Boeriu139,

G.H.A. Viehhauser120, S. Viel15, R. Vigne62, M. Villa20a,20b, M. Villaplana Perez91a,91b,

E. Vilucchi47, M.G. Vincter29, V.B. Vinogradov65, I. Vivarelli149, F. Vives Vaque3, S. Vlachos10,

D. Vladoiu100, M. Vlasak128, M. Vogel32a, P. Vokac128, G. Volpi124a,124b, M. Volpi88,

H. von der Schmitt101, H. von Radziewski48, E. von Toerne21, V. Vorobel129, K. Vorobev98,

M. Vos167, R. Voss30, J.H. Vossebeld74, N. Vranjes13, M. Vranjes Milosavljevic13, V. Vrba127,

M. Vreeswijk107, R. Vuillermet30, I. Vukotic31, Z. Vykydal128, P. Wagner21, W. Wagner175,

H. Wahlberg71, S. Wahrmund44, J. Wakabayashi103, J. Walder72, R. Walker100, W. Walkowiak141,

C. Wang151, F. Wang173, H. Wang15, H. Wang40, J. Wang42, J. Wang150, K. Wang87, R. Wang6,

S.M. Wang151, T. Wang21, T. Wang35, X. Wang176, C. Wanotayaroj116, A. Warburton87,

C.P. Ward28, D.R. Wardrope78, A. Washbrook46, C. Wasicki42, P.M. Watkins18, A.T. Watson18,

I.J. Watson150, M.F. Watson18, G. Watts138, S. Watts84, B.M. Waugh78, S. Webb84,

M.S. Weber17, S.W. Weber174, J.S. Webster31, A.R. Weidberg120, B. Weinert61, J. Weingarten54,

C. Weiser48, H. Weits107, P.S. Wells30, T. Wenaus25, T. Wengler30, S. Wenig30, N. Wermes21,

M. Werner48, P. Werner30, M. Wessels58a, J. Wetter161, K. Whalen116, A.M. Wharton72,

A. White8, M.J. White1, R. White32b, S. White124a,124b, D. Whiteson163, F.J. Wickens131,

W. Wiedenmann173, M. Wielers131, P. Wienemann21, C. Wiglesworth36, L.A.M. Wiik-Fuchs21,

– 26 –



J
H
E
P
1
1
(
2
0
1
5
)
2
1
1

A. Wildauer101, H.G. Wilkens30, H.H. Williams122, S. Williams107, C. Willis90, S. Willocq86,

A. Wilson89, J.A. Wilson18, I. Wingerter-Seez5, F. Winklmeier116, B.T. Winter21, M. Wittgen143,

J. Wittkowski100, S.J. Wollstadt83, M.W. Wolter39, H. Wolters126a,126c, B.K. Wosiek39,

J. Wotschack30, M.J. Woudstra84, K.W. Wozniak39, M. Wu55, M. Wu31, S.L. Wu173, X. Wu49,

Y. Wu89, T.R. Wyatt84, B.M. Wynne46, S. Xella36, D. Xu33a, L. Xu25, B. Yabsley150,

S. Yacoob145a, R. Yakabe67, M. Yamada66, D. Yamaguchi157, Y. Yamaguchi118, A. Yamamoto66,

S. Yamamoto155, T. Yamanaka155, K. Yamauchi103, Y. Yamazaki67, Z. Yan22, H. Yang33e,

H. Yang173, Y. Yang151, W-M. Yao15, Y. Yasu66, E. Yatsenko5, K.H. Yau Wong21, J. Ye40,

S. Ye25, I. Yeletskikh65, A.L. Yen57, E. Yildirim42, K. Yorita171, R. Yoshida6, K. Yoshihara122,

C. Young143, C.J.S. Young30, S. Youssef22, D.R. Yu15, J. Yu8, J.M. Yu89, J. Yu114, L. Yuan67,

S.P.Y. Yuen21, A. Yurkewicz108, I. Yusuff28,ak, B. Zabinski39, R. Zaidan63, A.M. Zaitsev130,ab,

J. Zalieckas14, A. Zaman148, S. Zambito57, L. Zanello132a,132b, D. Zanzi88, C. Zeitnitz175,

M. Zeman128, A. Zemla38a, Q. Zeng143, K. Zengel23, O. Zenin130, T. Ženǐs144a, D. Zerwas117,
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5 LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States of America
7 Department of Physics, University of Arizona, Tucson AZ, United States of America
8 Department of Physics, The University of Texas at Arlington, Arlington TX, United States of

America
9 Physics Department, University of Athens, Athens, Greece

10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
12 Institut de F́ısica d’Altes Energies and Departament de F́ısica de la Universitat Autònoma de
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(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
137 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA,

United States of America
138 Department of Physics, University of Washington, Seattle WA, United States of America
139 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
140 Department of Physics, Shinshu University, Nagano, Japan
141 Fachbereich Physik, Universität Siegen, Siegen, Germany
142 Department of Physics, Simon Fraser University, Burnaby BC, Canada
143 SLAC National Accelerator Laboratory, Stanford CA, United States of America
144 Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava(a); Department of

Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice,

Slovak Republic(b)

145 Department of Physics, University of Cape Town, Cape Town(a); Department of Physics,

University of Johannesburg, Johannesburg(b); School of Physics, University of the Witwatersrand,

Johannesburg, South Africa(c)

146 Department of Physics, Stockholm University(a); The Oskar Klein Centre, Stockholm, Sweden(b)

147 Physics Department, Royal Institute of Technology, Stockholm, Sweden
148 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY,

United States of America
149 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
150 School of Physics, University of Sydney, Sydney, Australia
151 Institute of Physics, Academia Sinica, Taipei, Taiwan
152 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
153 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,

Israel
154 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
155 International Center for Elementary Particle Physics and Department of Physics, The University

of Tokyo, Tokyo, Japan
156 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
157 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
158 Department of Physics, University of Toronto, Toronto ON, Canada
159 TRIUMF, Vancouver BC(a); Department of Physics and Astronomy, York University, Toronto ON,

Canada(b)

160 Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan
161 Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
162 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
163 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of

America
164 INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine(a); ICTP, Trieste(b); Dipartimento di

Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy(c)
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and Departamento de Ingenieŕıa Electrónica and Instituto de Microelectrónica de Barcelona

(IMB-CNM), University of Valencia and CSIC, Valencia, Spain
168 Department of Physics, University of British Columbia, Vancouver BC, Canada
169 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
170 Department of Physics, University of Warwick, Coventry, United Kingdom
171 Waseda University, Tokyo, Japan
172 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
173 Department of Physics, University of Wisconsin, Madison WI, United States of America

– 31 –



J
H
E
P
1
1
(
2
0
1
5
)
2
1
1

174 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
175 Fachbereich C Physik, Bergische Universität Wuppertal, Wuppertal, Germany
176 Department of Physics, Yale University, New Haven CT, United States of America
177 Yerevan Physics Institute, Yerevan, Armenia
178 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules
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