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The quest for lepton- avor-violating processes at the LHC epresents one of the key
searches for new physics beyond the Standard Model. This regw summarizes the direct
searches for lepton- avor-violating decays of heavy bosos with the ATLAS detector,
using proton-proton collisions at the center-of-mass eneggy of 13 TeV.
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OPEN Access 1. INTRODUCTION

Edited by: The search for processes beyond the Standard Model (SM) is ottee gjoals of the physics
Marfa J. Herrero,  programme at the Large Hadron Collider (LHC) at CERN. A possilga sf such processes would
Autonomous University of Madrid,  be the lepton- avor-violation (LFV) in decays of heavy bospsuch as well-establishédnd Higgs
Spain - hosons or even not-yet-discovered bosari$ &dditional Higgs bosons, etc).
Reviewed by: Direct LFV processes are forbidden in the SM but are allowedsirmany extensions. For
ZhenbinWu, jnstance, LFV decays of tlzeboson are predicted by models with heavy neutrings ¢xtended
University of lllinois at Chicago,  ga,9e models?] and supersymmetry (SUSYJ][ which also allows for LFV decays of the Higgs
United States . LT . . . i
Rui Ribeiro Santos, boson [, 5]. In particular Minimal Supersymmetric SM scenarios with véigh energy scale of
Instituto Superior de Engenhariade  th€ SUSY particle massessuysy present a non-decoupling behavior of the Higgs boson partial
Lisboa, Portugal ~ Widths in two leptons of di erent avor, with respect tonsysy This feature opens the possibility
“Correspondence: of detecting indirectly scenarios with very highsysyvia LFV Higgs boson decays. Other models
Tomas Davidek  With more than one Higgs double®]| 7], composite Higgsd] or warped extra dimension models
tomas.davidek@cern.ch  [9—11] predict LFV decays of the Higgs boson, too. The addition oéatraU (1) gauge symmetry
LucaFiorini  to the SM results in a massive neutZlboson [L7] that could also decay through LFV processes.
luca. orini@cern.ch  Recently, new modelslB-15 have proposed LFV decays of the Higgs or heavier bosons as a
necessary ingredient to explain the avor anomalies obsebyedHCb [16-21].
~ Specialty section: This paper summarizes the searches for LFV decays performbdh@tATLAS detector using
This article was submitted to 5y ogJision data collected at the center-of-mass energy ofd@. Despite the large number of
High-Energy and AS";E asrlt(':csle aforementioned models predicting the existence of LFV prazese ATLAS searches presented in
a section of the jzum‘;l this review are performed as much as possible in a model-indepemdry, in order to be sensitive
Frontiers in Physics {0 @any type of new physics phenomena giving rise to LFV proceb#ss, the ATLAS detector
. and object selection common to below analyses are brie yritest (section 2). The latest ATLAS
Received: 18 September 2019 . . .
Accepted: 15 April 2020 results on LFV decays d@f Higgs bosons and searches for other bosons decaying vialdeésses
Published: 08 May 2020 are summarized in sections 3, 4, and 5, respectively.

Davidek T and Fiorini L (2020, Semrcn 2. THE ATLAS DETECTOR AND OBJECT SELECTION

for Lepton-Flavor-Violating Decays of

Bosons With the ATLAS Detector. 2.1. The ATLAS Detector
Front. Phys. 8:149.  ATLAS is a multi-purpose particle detector at the LHC with a fard-backward symmetry and
doi: 10.3389/fphy.2020.00149  nearly 4 coverage in the solid anglgZ-24). It consists of several sub-detectors that play di erent
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roles. Closest to the beam pipe is the inner tracking detector The missing transverse momentuﬁ{;niSS and its magnitude
covering the pseudorapidityangej j < 2.5. Itis surrounded by ET"SS is calculated as negative vectorial sum of the transverse
the superconducting solenoid that provides a 2 T axial magnetimomenta of all fully reconstructed and calibrated physics aisje
eld. High-granularity electromagnetiqg (j < 3.2) and hadronic Additional contribution comes from the tracks originating
(i j < 4.9) sampling calorimeters provide precision energy androm the hard-scattering vertex that are not matched to any
direction measurement of electrons, photons, isolated baslr reconstructed object[).
and jets. The detector is completed with the muon spectrometer
(i j < 2.7), with a toroidal magnetic eld generated by three2.3. Dilepton Mass Reconstruction
sets of large superconducting magnets. The spectrometer alsporder to reconstruct a two-body decay of a heavy boson, the
includes fast trigger chambers used for the event seleatitiie  invariant mass of the decay products needs to be constructed.
rst trigger level. In case of thee decay, this quantity can be directly evaluated
from individual measured lepton momenta. The situation isn@o
complicated in decays involving-leptons due to the presence
of at least one neutrino in the nal state. Two approaches are
) - Sty ; usually adopted, both exploitirﬁ”issas a proxy to the neutrino
including those originating from hadronic decays ofleptons g mentum in the plane transverse to the colliding beam axis.
and missing transverse momentum. , , . The collinear approximationd7] assumes all -decay products
Electrons are reconstructed by ma}tch.lng tracks in the INNefy 01y ding the neutrino y in the same direction, while the nsisig
detector to clustered energy deposits in the electromagnety,,sq calculator (MMC)J7] allows for a non-zero angle between
calorimeter P. Likelihood-based identi cation (ID) P is e neytrino and the direction of the visible-decay products,

applied. Muons are identied by mutually matching tracks iaying into account the angular distribution expected for the
in the inner detector and muon spectromete2. Electrons given decay mode.

and muons are required to be isolated from other objects
reconstructed in the detector in order to suppress events wher
these leptons originate from semi-leptonic decays of pasticle3- Z BOSON
within jets or from other sources.

Jets are reconstructed with the aitialgorithm [28 applied
to topological clusters of calorimeter cell89 with a radius
parameterR D 0.4. Jets from othepp interactions in the
same and neighboring bunch-crossings are mitigated witn th
jet vertex tagger algorithms3(, 31]. Jets containind-hadrons
(b-jets), often originating from top-quark decays, are idesdi

2.2. Object Selection
The key objects used in these analyses include light leftimis

The searches for LFV decays of theéboson include all avor
combinationZz! e ,Z! andZ! e .Thisreview focuses
on the two searches with-lepton involved, where the results
with the pp collisions acquired at the center-of-mass energy of
13 TeV and corresponding to the total integrated luminosity of
36.1fb ! are already availabl&g.

with the likelihood-based algorithmsp, 39 used in the central - 'V.'alo(; b‘?‘gl"g“’””d processes fo tie! o dsearcchénc'“‘;e
detector regionj(j < 2.4), which is inside the inner tracking € Irréducible component adrons an
detector coverage. reducible \t?ackgrouno!s frorWCJets, t(_)p-quark pa_ur-pro_ductlpn

The reconstruction of visible products of the hadronie andZ ! » Where either a jet or a light lepton is misidentl ed
lepton decays ( ! hadronsC ), denoted pag.is Starts 2> had-vis

Neural network (NN) classi ers are used to identify the three

er(‘_g\ajor background componentZ(! ,WCjets,Z! ™). For
each type the NN classi er is trained and validated with the MC
simulations. Components of light lepton angaq4.vis momenta,
their collinear mass and missing transverse momentum are
typically used as the NN input variables. In order to obtain a
single discriminating quantity, the combined NN classi er is
built of individual NN outputs separately for events with 1-pgpn
and 3-prong hag-viscandidates:

from jets. Additional information from the inner detector
tracks associated to the given jet is exploited, one or thr
tracks with a total chargg D 1 are required. A dedicated
identi cation algorithm [34, 39 is further applied in order to
reject candidates arising from misidenti ed jets or fromadgs
of hadrons containingo- or c-quark. Finally, 1-prong hag-vis
candidates geometrically overlapping with an electron witfhh
ID score are also rejected. For each identi edq.yis candidate,

q
combined(1-prongD 1 (1 NN(WCjets)fC (1 NN(Z!  )?>C(1 NN(Z! “))2:p§ 1)

q
combined(3-prongD 1 (1 NN(WCjets)P C (1 NN(Z! ))Z:pi 2)

the corresponding jet is removed from the jet collection toiav
object double-counting. Events considered in the analysis are triggered by singtdreh

or muon triggers. The selection is further tightened by rieig
1The pseudorapidity is de ned as Intan( =2), where represents the polar well-identi ed and isolated electron or muon matched to the
angle measured from the beam axis. ' triggered lepton. Only hadronic decays of thelepton are

2Electrons and muons are referred to as light leptons, denoted. Bl lepton considered in the nal state, at least ongag.vis Candidate
avors including -lepton are denoted bly with opposite electric charge with respect to the light lepton
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is required. Events with more than one light lepton andler 4. HIGGS BOSON
jets are rejected, the latter condition mitigates the topudu

related background. The transverse mass of thg.iscandidate ATLAS and CMS collaborations discovered in 2012 a new
and EfT“iSS-, boson with a mass of 125 GeV {1, 47]. Current measurements

indicate that the new particle is compatible with the predicted
Higgs boson of the Standard Model (SM)344], but the quest
of measuring the branching fractions of the Higgs boson geca
. a : . - ; ;
M1 hadvis E™Y 27 hadvidEMS(L CoSA ( pagvis EFSY) (3) IS still open. The search for LFV decays of the Higgs boson is
performed for all avor combinationsH ! e, H ! ,
andH ! e . The rst two searches, involving decays with
a -lepton, are performed with thep collisions acquired at
also assists in the signal/background separatitm the signal e center-of-mass energy of 13TeV and corresponding to a

region (SR)MT( haguis EMSY < 35(30)GeV in thee ( ) total integrated luminosity of 36.1ft [49. The last search is
search is further reaqalilrsedT. performed with 139fb? of pp collisions at a center-of-mass

In order to constrain the background normalization with data energy of 13 Tevi(.
four control regions (CR) are de ned for several background

components. The event selection is the same as for the SR, il Searchfor H! e and H'! Decays

one criterion is inverted: at least twmjets in the top-quark CR, Major background processes to the !~ searches include
M1 ( had-vis ngiSS) > 40GeV in theWCjets CR, inverted light the irreducible componentg ! ,H _! and redu0|_ble
lepton isolation in the multi-jet CR. Electrons misidenti exs 1- ackgrounds from top-quark production processes, diboson
Prong pad.vis are determined from MC simulations, the rate is Production,H ! WW and fromWCjets,Z! ™ and multi-jet
corrected using data. Normalization is constrained frorazh! production where at least a jet or a light lepton is misidenti asl

™ CR, de ned with dilepton invariant mass corresponding to the had-visO light lepton of di erent nature.

Z-boson mass. Jets misidenti ed agq.yis are estimated using The events considered in these two searches are triggered

the data-driven fake factor method. The dominant contriioms Y Single electron or muon triggers. The selection is further

comes fromW Cjets and multi-jet processes, the fake factors arightened by requiring well-identi ed and isolated eleatror

measured in the corresponding CR. muon matched to the triggered lepton. For each of the two
The NN templates are constructed using the combined€arches, two channels are exploited:

outputs (1), (2) for signalZ ! ,fakesZ 1 ™, top-quark * ~ochannel: requiring exactly one electron and one muon of

background andw/(! )Cjets events; small contributions opposite-sign (OS) charges, where the lepton of loyess
from SM Higgs boson decays and diboson production are gssociated to the leptonic decay of théepton.

summed into a single template (“other”). The template tis - had channel: requiring a light lepton and apad.is Of
performed separately for each search and prongness as showrnyg charges.

in Figure 1 The dominant contributions to the total uncertainty

come from the normalizations of th@ ! background For both channels, events are further categorized into BBE(
and components where jets mimic,ag (WCijets, tiy Z(! a focus on the Higgs boson production via the vector boson
**)Cjets, multi-jets). The statistical uncertainty in fake ttas fusion, VBF) and non-VBF categories. The VBF selectionsetia
also contributes signi cantly to the total uncertainty. on the kinematics of the two jets with the highgst where j and

The combined best- t value of the branching fraction sliht 2 denote the leading and subleading jetpn, respectively. The
uctuates to a positive value in the searchB(Z ! e) D  Variablean(j;,j,) and1l (j, j,) stand for the invariant mass and
(3.F1) 10 ° anditis consistent with zero in the search, ~ Separation of these two jets. The non-VBF category contains
B(Z! )D ( O_lc%%) 10 5. Since no signi cant deviations events failing the VBF selection, but passing further sielect

from the background-only hypothesis are observed, the upp&riteria described in referencéd]. o
limits at 95% con dence level (CL) are s&Z ! e) < The VBF and non-VBF categories in each of theo and

5.8 10 5andB(Z'! )< 2.4 10 5 respectivelydd. " had Channels give rise to the four signal regions used in the
The results of thez ! search :are combined with the Statistical analysis of each search. The analysis explaitstéb

previous results obtained wifbp collisions at the center-of-mass decision trees (BDT)J1-54 algorithms to enhance the signal

energy of 8 TeV 9. The combined observed 95% CL uploerseparation from backgrounds in the individual searchesnolets
limit amounts toB(Z ! ) < 1.3 105 and categories. The analysis employs as well CRs orthogonal to

The search for the LFZ | e decay was performed with the analysis SRs to constrain the background normalizatidh wi
earlier dataset acquired with 8 Tgdgcollisions. An upper bound data. For each category, a top-quark control region is de ned
B(Z! e )< 75 10 ’was obtained4d. by requiring the presence of at least dnget. Similarly for each

category, & ! CR is de ned by requiring that the leading

lepton pr is between 35 GeV and 45 GeV, with a purity of about
3Signal-like events are expected to have low transverse mass siic@lmost 80% (65%) fF)I’ the non-VBF (VBF) CategorY' . .
parallel to pag.visdue to large boost of the-lepton, wherea®/ Cjets events exhibit The contribution of backgrounds where jets are misidenti ed
largemr( hag-vis ET'9) values. as light leptons or phag.is is estimated with data-driven
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FIGURE 1 | Observed and expected post- t distributions of the combinedNN outputs in the SR are shown for thee (top row) and  (bottom row) searches,
separately for 1-prong (left column) and 3-prong events @ht column). The overlaid dashed line represents the expeetl distribution for the signal normalized to
B@Z'!  )D 10 3. The bottom panels in each plot display the ratios of the obseved data (dots) and the post- t background plus signal (sotl line) over the post- t
background. The hatched areas correspond to the combined sttistical and systematic uncertainties. Reproduced from ALAS Collaboration $8] under the Creative
Commons CC-BY-4 license.

Frontiers in Physics | www.frontiersin.org 4 May 2020 | Volume 8 | Article 149



Davidek and Fiorini LFV Searches With ATLAS

FIGURE 2 | Distributions of the BDT score after the background+signat in each signal region of thee search, with the LFV signal overlaid, normalized with
BH! e )D 1% and enhanced by a factor 10 for visibility. The top and bottonplots displaye and e hag BDT scores, respectively, the left (right) column
corresponds to the non-VBF (VBF) category. The size of the aobined statistical, experimental and theoretical unceriaties of the background is indicated by the
hatched bands. The binning is shown as in the statistical argsis. Reproduced from ATLAS CollaboratiordP] under the Creative Commons CC-BY-4 license.

techniques. Contribution of electrons misidenti ed as lspg The main uncertainties of the searches derive from systemat
had-visare determined from data, as well. The other backgroundincertainties on the estimation of jets misidenti ed agd.vis
components are modeled with MC simulation. and light leptons and on the identi cation off-jets. The best-
The BDT distribution forthe SRsofthd ! e andH ! t branching fractions and upper limits are computed while
searches are shown kfigures 2 3, respectively. assumingB(H ! ) D O0fortheH ! e search and
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FIGURE 3 | Distributions of the BDT score after the background+signat in each signal region of the  search, with the LFV signal overlaid, normalized with
BH! )D 1% and enhanced by a factor 10 for visibility. The top and bottonplots display ¢ and paq BDT scores, respectively, the left (right) column
corresponds to the non-VBF (VBF) category. The size of the cobined statistical, experimental and theoretical unceriaties of the background is indicated by the
hatched bands. The binning is shown as in the statistical argsis. In the data/background prediction ratio plots, pointoutside the displayedy-axis range are shown
by arrows. Reproduced from ATLAS Collaboration49] under the Creative Commons CC-BY-4 license.

BH ! e) D O fortheH ! search. The best- processes, upper limits on the LFV branching fractions are
t values of the LFV Higgs boson branching fractions areset for a Higgs boson withmy D 125GeV. The observed
equal to (0.15319% and ( 0.22 0.19)% for theH ! (median expected) 95% CL upper limits are 0.47% ()33%)

e and H ! search, respectively. In the absence ofnd 0.28% (0-§oﬁié%) fortheH !' e andH !

a signi cant excess above the expected background from Skkarches, respectively.
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FIGURE 4 | Upper limits on the absolute value of the couplingdy’ - and Y- together with the limits from earlier ATLAS analyse89, 57] (light gray line) and the most
stringent indirect limits from ! °  searches (dark purple region). Also indicated are limits e@sponding to different branching fractions (0.01, 0.1, 110, and 50%)
and the naturalness limit (denoted n.I1)¥- Y- j. m m-=v? [55], wherev D 246 GeV is the vacuum expectation value of the Higgs eld. Remduced from ATLAS
Collaboration 9] under the Creative Commons CC-BY-4 license.

The individual Yukawa matrix elementg - and Y- are the dilepton transverse momentupy(e ). Further details can
directly related to the corresponding branching fractiomthe be found in referenced0.
relation 55 In the statistical analysis, analytical functions are used to
describe theme distributions for the signal and background
iy 2 oﬁ'\" BH! ) processes. The shape of the signal events in each category is
Y 7Ciy7b s o 1 BH! ) (4} parameterized as a sum of a Crystal Ball and a Gaussian fanctio
For the background, a Bernstein polynomial function is used to
rameterize thene distribution.
Distribution of the events entering in the eight categorissd
in the analysis is shown iRigure 5.
A simultaneous t using a pro le-likelihood-ratio test

wheremy and0 M represent the mass and the SM total width ofP?
the Higgs bosongf)]. Figure 4shows the limits on the individual
coupling matrix elementy - and Y- together with the limits
from earlier ATLAS analyses3§, 57 and from !

searchesT5, 59. statistics |s per_formed to _the_ observed elegtron-muon-mass
spectra divided into 5@ne bins in each of the eight categories.
4.2. Searchfor H! e Decay No evidence for the decay ! e is observed with a best t

I%/alue of the branching fraction of (0.4 2.9 (stat) 0.3 (syst))

10 5. The uncertainty is dominated by the data statistics,

while the largest systematic contribution is from Higgs @os
roduction cross-section uncertainty. The observed (media

expected) upper limit at the 95% con dence level is found to be

);3.1 10 5(5.8 10 ).

The analyses strategy follows closely the methodology @f t
H! search p9. The main backgrounds of the search are
Z ! process, top-quark production, diboson production
and W+jets and multi-jet processes, where at least one jet
misidenti ed as a light lepton.

The signal is separated from the background primarily b . . o . .
identifying a narrow peak in the invariant mass distribution Figure 6 shows the limits on the individual coupling matrix

the two leptonsne corresponding to a decay of the Higgs bosoneIernentsYe and Y e together with the indirect constraints
withmy D 125 GeV. derived from null searches for ! e [6(, ! 3e[6]and

econversions on gold nuclebp).

The event selection divides the events into eight categorie ° . s .
Figure 7 summarizes the 95% CL upper limits on the

based on those used for thé ! search. Events where ; . . o
the pr of the subleading lepton is 27 GeV enter the “Low branching fractions of the Higgs boson to lepton- avor-vating

pr” category. A category enriched in events from vector-bosorqecays"'| toe,HI ,andH !t e .

fusion production “VBF” is de ned by selecting those withget 5. OTHER LEV SEARCHES

having large pseudorapidity separatich, (j;,j,) > 3 and

dijet invariant massm(j,,j,) > 500GeV. Events that don't 5.1. Z%Boson

enter the rst two categories are classied as “Central’liet The searches summarized here assum@&fi®son has the same
pseudorapidities of both leptons grg < 1 or as “Non-central” couplings to quarks and chiral structure as the &loson, while
otherwise. For each of these two categories, events aigefurt in the leptonic modes only the LFV decays are allowed. The
separated into three sub-categories depending on the ramgessearches for three avor combinations (e , )are performed
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FIGURE 5 | All categories summed together for thee channel compared
with the background only model. The signal parameterizatiowith branching
fractions (BF) settoB(H! e )D 0.05% is also shown (red line). The bottom
panels show the difference between data and t. Reproduced fom ATLAS
Collaboration p0] under the Creative Commons CC-BY-4 license.

FIGURE 6 | Constraints on the avor-violating Yukawa couplingsye and Y ¢
derived analogously to the relation (4). The expected (redaghed line) and
observed (blue solid line) limits are derived from the limion BH! e ) from
the present analysis. The green (yellow) band indicates ttrange that is
expected to contain 68% (95%) of all observed limit excursits. The shaded
regions show the indirect constraints derived using the moel calculations of
reference p5] from null searchesfor | e [60], ! 3e[6l],and ! e
conversions on gold nuclei §2]. For these calculations the avor diagonal
Yukawa couplings are taken to be the SM values. The diagonahk indicates
the so-called naturalness limifYe Y ¢j < mem =v2, wherev is the vacuum
expectation value of the Higgs eld. Reproduced from ATLAS Cliaboration
[50] under the Creative Commons CC-BY-4 license.

independently, assuming only one non-zero LFV coupling at an
time [63.

The event selection is similar as in the analysis described f

section 3. Inthee and  decays, onlypag.vis candidates are
considered. Highepr thresholds on all objectse( , had-vid
are imposed, re ecting the high mass of the poten#8boson.
In addition, a tighter identi cation for light leptons is ragred.
Exactly two back-to-back leptons (angular separation in th
transverse pland (1,19 > 2.7) are required in the SR. No
condition on the opposite charges is imposed, since it reduce
the signal selection e ciency up to 6% at high masses du
to charge misassignment, with no signicant benet in the
background rejection.

The analysis strategy is to look for a peak in the invarian
(e ) or collinear ¢, ) mass distributions of the two decay
products, commonly denoted ago in the following text. The
irreducible background consists & ! , ti\ single top-
quark and diboson production processes, all of them are modele
with MC simulations. Since the top-quark sampléd¥and single
top-quark) su er from low statistics formjjo > 1TeV, the
my o distribution is extrapolated with monotonically decreagin
function tted to that distribution in the lower mass rang&he

2S

1%}

t

FIGURE 7 | Limits at 95% CL upper limits on the branching fractions of ta
Higgs boson to various lepton avor violating decays in percat. The results for
H! e are fromreference 0] andtheH! e andH! results are
taken from reference §9]. Expected limits are shown as a dashed line with the
one- and two-sigma uncertainty bands in green and yellow. Rgroduced from
ATLAS Collaboration $0] under the Creative Commons CC-BY-4 license.

reducible background comes from jets misidenti ed as etats

or had.viscandidates, it is estimated with data-driven techniques.

Contributions from muons originating from hadron decays or
jets is negligible and is not taken into account.

In the e search, the dominant background comes from
the tNproduction, which can be suppressed byet veto. The

analysis is performed both with and without this requirement.

The background from jets misidenti ed as electrons is estgda
with the matrix method p4] using the samples with looser-1D
electrons. E ciencies of these electrons to match the noahin

Frontiers in Physics | www.frontiersin.org

May 2020 | Volume 8 | Article 149



Davidek and Fiorini LFV Searches With ATLAS

FIGURE 8 | The dilepton mass distributions ofe  without b-jet veto applied (left)e (middle), and  (right) pairs for data and SM predictions. The expected sigai
from Z%boson with a mass of 1.5 TeV is overlaid. Also shown are sigmmkexpected by other models producing the same nal states: -sneutrino and quantum black
hole, both with masses of 1.5 TeV. The error bars display thetatistical uncertainty of the observed yields, the bands ithe bottom panels include all statistical and
systematic uncertainties combined in quadrature. No furtér data points are found in over ow bins. Reproduced from ATLA Collaboration B3] under the Creative
Commons CC-BY-4 license.

FIGURE 9 | The observed and expected 95% CL upper limits on the&z® boson production cross-section times branching fraction ér decays intoe (left),e (middle),
and (right). The signal theoretical cross-section times braring fraction, shown with dash-dotted lines, are obtainedrbm MC simulations according to the LF\Z°
model B(Z°! 119D 6.4%). The expected limits are shown with 1 and 2 standard deviation uncertainty bands. Reproduced from ATAS Collaboration $3] under

the Creative Commons CC-BY-4 license.

ones is evaluated withz ! ee simulated events, the criteria. These transfer factors are derived with the saige{SS)
misidenti cation probability (fake rate) is obtained in thaulti-  lightlepton pairs, validated with opposite-sign events and applied
jet enriched data sample. to events without any charge requirement.

Inthee and  searches, the dominant background comes The dilepton mass spectra are displayedFigure 8 The
from WCjets process, where a jet is misidenti ed aspgq.vis  Systematic uncertainties in parton distribution functiorBFs)
candidate. It is estimated with MC simulations, where eaath j and the tN modeling represent the major contributions to
is weighted according to the probability to pass the nominal the total uncertainty shown in the bottom panels. These
lepton ID. This so-called fake rate is measured in ivg! mjjo spectra are tted with the BumpHunter program6i
e= )Cjets CR, dened in the same way as the SR but witho search for a possible peak. Since no signi cant deviations
the inverted condition on the back-to-back leptons. A cut onfrom the SM predictions are observed, the exclusion limits
transverse mass, as de ned in formula (3), is also requined$ are extracted using a Bayesian method. The product of the
80 GeV) to enrich this CR witWCjets contribution. The fake Poisson probabilities of the observed and expected number of
rate is measured as a function pf, and number of charged events in eachmjjo bin is used to construct the likelihood
tracks associated withnaq.yis candidates. Another source of function. The 95% CL exclusion upper limits are set on the
reducible background is the multi-jet production. It is estited  signal cross-section times branching fraction. Expectetusion
with an ABCD method. Transfer factors are determined as théimits are obtained by generating 1,000 pseudo-experiments
ratio of number of events failing both the light lepton isatat  for each mass point, their median value is taken as the
and -lepton ID over the number of events passing these twexpected limit.
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vacuum expectation value, , assumed in this search, which
implies the main production mechanism at hadron colliders is
the pair productionH®“H  via the Drell-Yan process. In the
LRS models, the left- and right-handed cases are distinguished
and referred to asl, ,Hg .The production cross-section for
HECH, is 2. 3 times larger than fd SCHg duetodierent
couplings toZ boson [74].

Unlike the SM Higgs boson, the doubly charged Higgs
particle's couplings to fermions are not proportional to the
corresponding fermion mass, therefore decays involvinrg
leptons are not preferred over those containing light leptons.
For this reason, this review focuses on the LFV search for the
H ! e decay modeq5).

Events considered in the presented analysis are triggered by
either combinece  trigger or single-lepton triggers. Only well-
identi ed, isolated and promptlight leptons are considered. At

FIGURE 10 | The upper limit on the cross-section fopp ! HCCH least one SS lepton pair with the invariant mags > 200 GeV

assuming the doubly charged Higgs decays to a pair of electmand muon. is required. In order to reduce the background originatimgrh
The theoretical uncertainty in the cross-section is preserd with the shaded top-quark production processels;jet veto is applied. Three SRs
band around the central value. Reproduced from ATLAS Collaration [75] are de ned according to the number of Iight Ieptons (2’ 3, 4) in

under the Creative Commons CC-BY-4 license.

the nal state. This choice also covers other nal states o on
of the H decay, such as-lepton, W or particles escaping
detection. In the three- and four-lepton SRs, events are detoe

The results are shown fRigure 9as a function of th&%boson  if any OS lepton pair exhibits an invariant mass close to that
mass for all three searches. The limits are not so strong fmsms  of the Z boson. This condition mitigates the contribution from
above 2.5 TeV due to lower detector acceptance at verygrigh the diboson background. Additional requirements are imposed
while in the low-mass region the limits su er from the signal on the SS lepton pair in order to maximize the sensitivity of the
being suppressed by PDFs. The observed 95% lower limits on teearch. In the two- and three-lepton SRs, the SS lepton pair must
mass of thez® boson with LFV couplings are 4.5 TeV (4.4 TeV meet the criteria on the angular separatitrR(e ) < 3.5,
whenb-jet veto is applied), 3.7 TeVand 3.5 TeVinthe e and the total transverse momentumr(e ) > 100GeV and the

channel, respectively. scalar sum of individual transverse momepidge )Cpr( ) >

The limits on couplings in the LF\VZ° model are directly 300 GeV. These criteria exploit both the boosted decay topology
related to the cross-section times branching fraction.Sehiemits ~ of theH  resonance as well as its high mass translating into
can be then compared to results from precision low-energfigh energy of its decay products. In the four-lepton SR, events

measurements, namely to the-to-e conversion, | eee are rejected if the two SS lepton pairs exhibit large di eremce i

! e (e decay), ! eee ! e (e decay) theirinvariant masses.
and ! , ! e ( decay). The ATLAS results  The irreducible background consists of Drell-Yan, diboson
do not compete for thee decay, but are more stringent and top-quark production, where th& boson,W boson or the
than the low-energy measurements for taeand  decays, -lepton from theZ ! process decays to light leptons. Also
although additional assumption on i couplings to quarks are the SM Higgs boson decays are considered. All these backgjroun
required (3. components are simulated with MC.

The results on the presented searches are also interpreted in The background originating from in- ight decays of mesons
other models. Lower limits at 95% CL are set on thgneutrino  inside jets, jets misreconstructed as electrons, and ceiones
mass in the R-parity violating SUSY modékK] at 3.4, 2.9 and of initial- and nal-state radiation photons is estimated tii
2.6 TeV and on the threshold mass for the quantum black holéata using the fake factor method'd. Another background
production in the context of the Arkani-Hamed-Dimopoulos— component comes from the electron charge misidenti cation.
Dvali [67] (Randall-Sundrum §&]) model at 5.6 (3.4), 4.9 (2.9), Since this feature is poorly modeled by MC, data-driven approach

and 4.5(2.6) TeVforthe ,e ,and search, respectivelgf]. is exploited usingZ ! eeevents selected by imposing the
_ di-electron invariant mass to match th# boson mass. The
5.2. Doubly Charged Higgs Boson correction factors, derived as a function of electrgmsand

Several extensions of the SM predict the existence of doubby comparing the number of SS and OS events between data and

charged Higgs bosonH( ), for instance the Higgs triplet MC, are then applied to MCT4].

model [69, left-right symmetric (LRS) 10, 71], type-ll see- The statistical analysis exploits the simultaneous maximum-

saw [72, 73, and other models. likelihood t applied to mass distributions in all SRs and CRs.
Doubly charged Higgs particles can couple to same-sigiihe SS dilepton mass is used in the two- and three-lepton SRs,

leptons (either left- or right-handed) or to pairs &/ bosons.

The leptonic decay modes dominate for a low Higgs triplet'Longitudinal impact parameter with respect to the primary vertex 6t5 mm.
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FIGURE 11 | Lower limits on theH,  (left) andH, (right) boson mass as a function of the branching fractoBH ! e ). Reproduced from ATLAS
Collaboration [/5] under the Creative Commons CC-BY-4 license.

TABLE 1 | Current ATLAS limits on the branching fractions for the LFvettays of ~ the LFV processes are observed, upper limits at 95% CL are seton

Z and Higgs bosons, as obtained at 95% of CL, along with the coesponding the Corresponding branching fractions of tAend Higgs bosons.

dataset. They are summarized iable 1 Some of these results will

Process Current limit Dataset HL-LHC prospects soon be updated after the analyses of the full Run-2 dataset are

completed. Further improvements are expected from the high-

zt e B<75 107 8TeV,20fb * luminosity LHC (HL-LHC), which should provide 3000 f of

z! e B<58 10° 13TeV, 36 fb ! B 98 10° pp collisions at the center-of-mass energy of 14 TeV. The HL-

z! B<13 10° 8TeV, 20 fb * and B 12 10° LHC results will provide the best limits on LFV decays of the
13TeV, 36 b * boson [/7], overcoming the currently leading limits set by LEP

H! e B<61 10° 13 TeV, 139 fb * experiments B(Z ! e) < 9.8 106 B(Z ! ) <

H! e B < 0.47% 13 TeV, 36 fb * B. 0.05% 1.2 10 ®) at 95% CL 79-87. The limits on LFVH | °

H! B < 0.28% 13 TeV, 36 fb * B. 0.05% decays have also been estimat&d &nd are listed inTable 1

— . — Searches for LFV decays of hypothetical new bosons predicted
Limits expected from analyses of 3,000 fb* of pp collision data at HL-LHC are also by various extensions of the Standard Model have also been
given [/7, 78], the symbol “ " indicates that limits are expected better than those obtained y va o X
by LEP experiments 79-82]. performed and lower limits on their masses are set. The present

results are also interpreted in terms of other models, lower

while the average mass of the two SS dilepton pairs is used lifnits are set on the mass of the supersymmetriaeutrino
the four-lepton SR. The signal is modeled with 23 templates @"d the threshold mass for the quantum black hole production.
dierent H mass, ranging from 200 to 1300 GeV in steps ofrojections for HL_—LHC also e_X|st, for instance the LFV desafy
50 GeV. The main uncertainties of the search come from th&oubly charged Higgs boson in the process! HCCH 1
systematic uncertainties on the fake background detertiona  had can be probed up ten(H ) 800 GeV atthe 3
theoretical uncertainties and statistical uncertaingéboth data €L [83:
and MC samples. Since no evidence for the LFV decay of th
doubly charged Higgs boson is observed, the cross-seqpiparu '&UTHOR CONTRIBUTIONS
limits are presented irFigure 10 as a function of theH
boson mass. The results of the t féi, andHg are shown
in Figure 11

Similar analyses are performed also for the same- avor lepto
pairse e , in the nal state. Together with the presented
search, lower limits on the mass of tHg  boson are set, varying
from770to 870GeV foB(H, ! ~ ° ) D 100% [5.

The authors contributed to the review and summary of the
current status of searches for lepton- avor-violating dgsan the

TLAS experiment. They also actively contributed to the ATLAS
epton- avor-violating analyses.
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