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1. Introduction

The discovery of the Higgs boson [1-3] has generated great
interest in exploring its properties. In the standard model (SM),
lepton flavour violating (LFV) decays of the Higgs boson are for-
bidden. Such decays can occur naturally in models with more
than one Higgs boson doublet [4]. They also arise in supersym-
metric models [5-11], composite Higgs models [12,13], models
with flavour symmetries [14], Randall-Sundrum models [15-17],
and others [18-26]. The CMS Collaboration has recently pub-
lished a search in the H— @t channel [27] showing an excess
of data with respect to the SM background-only hypothesis at
my = 125 GeV with a significance of 2.4 standard deviations (o).
A constraint is set on the branching fraction B(H — ut) < 1.51%
at 95% confidence level (CL), while the best fit branching fraction is
B(H— ut) = (0.84103%)%. The ATLAS Collaboration finds a devi-
ation from the background expectation of 1.3¢ significance in the
H — ut channel and sets an upper limit of B(H — ut) < 1.85%
at 95% CL with a best fit branching fraction of B(H — ut) =
(0.77 £ 0.62)% [28]. To date, no dedicated searches have been
published for the H — eu channel. The ATLAS Collaboration re-
cently reported searches for H— er and H — w7, finding no
significant excess of events over the background expectation. The
searches in channels with leptonic tau decays are sensitive only
to a difference between B(H — etr) and B(H — wt). These are
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combined with the searches in channels with hadronic tau de-
cays to set limits of B(H — et) < 1.04%, B(H— ut) < 1.43% at
95% CL [29]. There are also indirect constraints. The presence of
LFV Higgs boson couplings allows, @ — e, T — u, and 7 — e
to proceed via a virtual Higgs boson [30,31]. The experimental
limits on these decays have been translated into constraints on
BMH — ew), BH— put) and B(H — et) [32,33]. The null result
for 1 — ey [34] strongly constrains B(H — eu) < O(10~%). How-
ever, the constraint B(H — et) < O(10%) is much less stringent.
This comes from searches for rare t decays [35] such as T — ey,
and the measurement of the electron magnetic moment. Exclusion
limits on the electric dipole moment of the electron [36] also pro-
vide complementary constraints.

This letter describes a search for LFV decays of the Higgs bo-
son with my = 125 GeV, based on proton-proton collision data
recorded at /s = 8 TeV with the CMS detector at the CERN LHC,
corresponding to an integrated luminosity of 19.7 fb~!. The search
is performed in three decay channels, H — et,, H — et,, and
H — ep, where 7, and 7, correspond to muonic and hadronic
decay channels of tau leptons, respectively. The decay channel,
H — ete, is not considered due to the large background contri-
bution from Z — ee decays. The expected final state signatures are
very similar to the SM H — 7T, and H — 7.7, decays, studied by
CMS [37,38] and ATLAS [39], but with some significant kinematic
differences. The electron in the LFV H — et decay is produced
promptly, and tends to have a larger momentum than in the SM
H — t.1y decay. In the H — eu channel, my can be measured with
good resolution due to the absence of neutrinos.

0370-2693/© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2016.09.062
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:cms-publication-committee-chair@cern.ch
http://dx.doi.org/10.1016/j.physletb.2016.09.062
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2016.09.062&domain=pdf

The CMS Collaboration / Physics Letters B 763 (2016) 472-500 473

This letter is organized as follows. After a description of the
CMS detector (Section 2) and of the collision data and simulated
samples used in the analysis (Section 3), the event reconstruction
is described in Section 4. The event selection and the estimation
of the background and its components are described separately for
the two Higgs decay modes H— et and H — eu in Sections 5 and
6. The results are then presented in Section 7.

2. The CMS detector

A detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic
variables, can be found in Ref. [40]. The momenta of charged par-
ticles are measured with a silicon pixel and strip tracker that cov-
ers the pseudorapidity range |n| < 2.5, in a 3.8 T axial magnetic
field. A lead tungstate crystal electromagnetic calorimeter (ECAL)
and a brass and scintillator hadron calorimeter, both consisting
of a barrel section and two endcaps, cover the pseudorapidity
range |n| < 3.0. A steel and quartz-fibre Cherenkov forward detec-
tor extends the calorimetric coverage to || < 5.0. The outermost
component of the CMS detector is the muon system, consisting of
gas-ionization detectors placed in the steel flux-return yoke of the
magnet to identify the muons traversing the detector. The two-
level CMS trigger system selects events of interest for permanent
storage. The first trigger level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon detec-
tors to select events in less than 3.2 ps. The software algorithms
of the high-level trigger, executed on a farm of commercial pro-
cessors, reduce the event rate to less than 1 kHz using information
from all detector subsystems.

3. Collision data and simulated events

The triggers for the H— e7, and H — e analyses require an
electron and a muon candidate. The trigger for H — et} requires
a single electron. More details on the trigger selection are given in
Sections 5.1 and 6.1, for the H— et and H — e channels respec-
tively. Simulated samples of signal and background events are pro-
duced with several event generators. The CMS detector response
is modelled using GEANT4 [41]. The Higgs bosons are produced in
proton-proton collisions predominantly by gluon fusion (GF) [42],
but also by vector boson fusion (VBF) [43] and in association with
a W or Z boson [44]. The H — et decay sample is produced
with PYTHIA 8.176 [45] using the CTEQ6L parton distribution func-
tions (PDF). The H — eu decay sample is produced with PYTHIA
6.426 [46] using the CT10 parton distribution functions [47]. The
SM Higgs boson samples are generated using POWHEG 1.0 [48-52],
with CT10 parton distribution functions, interfaced to PYTHIA 6.426.
The MADGRAPH 5.1.3.30 [53] generator is used for Z+ jets, W+ jets,
top anti-top quark pair production tt, and diboson production, and
POWHEG for single top quark production. The POWHEG and MAD-
GRAPH generators are interfaced to PyTHIA 6.426 for parton shower
and hadronization. The pYTHIA parameters for the underlying event
description are set to the Z2* tune. The Z2* tune is derived from
the Z1 tune [54], which uses the CTEQ5L parton distribution set,
whereas Z2* adopts CTEQ6L. Due to the high luminosities attained
during data-taking, many events have multiple proton-proton in-
teractions per bunch crossing (pileup). All simulated samples are
reweighted to match the pileup distribution observed in data.

4. Event reconstruction

Data were collected at an average pileup of 21 interactions per
bunch crossing. The tracking system is able to separate collision

vertices as close as 0.5 mm to each other along the beam di-
rection [55]. The primary vertex, assumed to correspond to the
hard-scattering process, is the vertex for which the sum of the
squared transverse momentum p% of all the associated tracks is
the largest. The pileup interactions also affect the identification of
most of the physics objects, such as jets, and variables such as lep-
ton isolation.

A particle-flow (PF) algorithm [56-58] combines the informa-
tion from all CMS subdetectors to identify and reconstruct the
individual particles emerging from all interactions in the event:
charged and neutral hadrons, photons, muons, and electrons. These
particles are then required to be consistent with the primary
vertex and used to reconstruct jets, hadronic 7 decays, quantify
the isolation of leptons and photons and reconstruct E‘T“iss. The

missing transverse energy vector, E‘;mss, is defined as the nega-
tive of the vector sum of the pr of all identified PF objects in
the event [59]. Its magnitude is referred to as ET"*. The variable

AR = /(An)?2 + (A¢)2, where ¢ is the azimuthal co-ordinate, is
used to measure the separation between reconstructed objects in
the detector.

Electron reconstruction requires the matching of an energy
cluster in the ECAL with a track in the silicon tracker [60]. Electron
candidates are accepted in the range |n| < 2.5, with the excep-
tion of the region 1.44 < |n| < 1.56 where service infrastructure
for the detector is located. Electron identification uses a multi-
variate discriminant that combines observables sensitive to the
amount of bremsstrahlung along the electron trajectory, the geo-
metrical and momentum matching between the electron trajectory
and associated clusters, and shower-shape observables. Additional
requirements are imposed to remove electrons produced by pho-
ton conversions. The electron energy is corrected for imperfection
of the reconstruction using a regression based on a boosted deci-
sion tree [61].

Muon candidates are obtained from combined fits of tracks in
the tracker and muon detector seeded by track segments in the
muon detector alone, including compatibility with small energy
depositions in the calorimeters. Identification is based on track
quality and isolation. The muon momentum is estimated with the
combined fit. Any possible bias in the measured muon momen-
tum is determined from the position of the Z— pu mass peak as
a function of muon kinematic variables, and a small correction is
obtained using the procedure described in Ref. [62].

Hadronically decaying t leptons are reconstructed and identi-
fied using an algorithm [63] that selects the decay modes with
one charged hadron and up to two neutral pions, or three charged
hadrons. A photon from a neutral-pion decay can convert in the
tracker material into an electron-positron pair, which can then
radiate photons. These particles give rise to several ECAL energy
deposits at the same 7 value but separated in ¢. They are re-
constructed as several photons by the PF algorithm. To increase
the acceptance for these converted photons, the neutral pions are
identified by clustering the reconstructed photons in narrow strips
along the ¢ direction. The charge of 7, candidates is reconstructed
by summing the charges of all particles included in the construc-
tion of the candidate, except for the electrons contained in strips.
Dedicated discriminators veto against electrons and muons.

Jets misidentified as electrons, muons or taus are suppressed by
imposing isolation requirements, summing the neutral and charged
particle contributions in cones of AR about the lepton. The en-
ergy deposited within the isolation cone is contaminated by energy
from pileup and the underlying event. The effect of pileup is re-
duced by requiring the tracks considered in the isolation sum to
be compatible with originating from the production vertex of the
lepton. The contribution to the isolation from pileup and the un-
derlying event is subtracted on an event-by-event basis. In the case
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of electrons, this contribution is estimated from the product of the
measured energy density p for the event, determined using the
p median estimator implemented in FASTJET [64], and an effective
area corresponding to the isolation cone. In the case of muons and
hadronically decaying 7 leptons, it is estimated on a statistical ba-
sis through the modified AB correction described in Ref. [63].

Jets are reconstructed from all the particles using the anti-kt jet
clustering algorithm [65] implemented in FASTJET, with a distance
parameter of AR = 0.5. The jet energies are corrected by subtract-
ing the contribution of particles created in pileup interactions and
in the underlying event [66]. Particles from different pileup ver-
tices can be clustered into a pileup jet, or significantly overlap a
jet from the primary vertex below the selected jet pr threshold.
These jets are identified and removed [67].

5. H — et analysis
5.1. Event selection

The H — ety selection begins by requiring an event recorded
with a single electron trigger (p§ > 27 GeV, [n¢| < 2.5). The H —
et;, channel requires a muon-electron trigger (p$ > 17 GeV, |n°¢| <
2.5, p’T‘ > 8 GeV, |n*| < 2.4). The triggers also apply loose identi-
fication and isolation requirements to the leptons.

A loose selection is then made for both channels. Electron,
muon and hadronic tau lepton candidates are required to be iso-
lated and to lie in the pseudorapidity ranges where they can be
well reconstructed; |n¢| < 1.44 or 1.57 < |n¢| < 2.30, |n*| < 2.1
and |n™| < 2.3, respectively. Leptons are also required to be com-
patible with the primary vertex and to be separated by AR > 0.4
from any jet in the event with pr > 30 GeV. The H — et, chan-
nel then requires an electron (p§ > 40 GeV) and an oppositely
charged muon (p‘T‘ > 10 GeV) separated by AR > 0.1. Events in
this channel with additional muons (pr > 7 GeV) or electrons
(pt > 7 GeV) are also rejected. The H — et channel requires
an electron (p% > 30 GeV) and an oppositely charged hadronic
tau lepton ( p;“ > 30 GeV). Events in this channel with additional
muons (pr > 5 GeV), electrons (pt > 10 GeV), or hadronic tau lep-
tons (pr > 20 GeV) are rejected.

The events are then divided into categories within each channel
according to the number of jets in the event. Jets are required to
pass identification criteria, have pr > 30 GeV, and lie in the region
In| < 4.7. The O-jet and 1-jet categories contain events primarily
produced by GF. The 2-jet category is defined to enrich the contri-
bution from events produced via the VBF process.

The main observable used to discriminate between the signal
and the background is the collinear mass, My, which provides
an estimate of My using the observed decay products. It is con-
structed using the collinear approximation based on the observa-
tion that, since my > M, the T decay products are highly Lorentz
boosted in the direction of the t [68]. The neutrino momenta can
be approximated to have the same direction as the other visible
decay products of the T (%) and the component of the Efr“iss in
the direction of the visible T decay products is used to estimate
the transverse component of the neutrino momentum (py ).
The collinear mass can then be derived from the visible mass

of the T—-e system (Myis) as Mco) = Myis/+/x¥iS, where x‘fs is the

fraction of energy carried by the visible decay products of the 7
(x¥8s = pI™ /(pX™ + py ).

Fig. 1 shows the observed M distribution and estimated back-
grounds for each category and channel, after the loose selection.
The simulated signal for B(H — et) = 100% is shown. The princi-
pal backgrounds are estimated with collision data using techniques
described in Section 5.2. There is good agreement between the

observed distributions and the corresponding background estima-
tions. The agreement is similar in all of the kinematic variables
that are subsequently used to suppress backgrounds. The analy-
sis is subsequently performed blinded by using a fixed selection
and checking the agreement between relevant observed and sim-
ulated distributions outside the sensitive region 100 GeV < Mo <
150 GeV.

Next, a set of kinematic variables is defined, and the event
selection criteria are set to maximise the significance S/+/S+B,
where S and B are the expected signal and background event yields
in the mass window 100 GeV < Mo < 150 GeV. The signal event
yield corresponds to the SM Higgs boson production cross sec-
tion at my = 125 GeV with B(H — et) = 1%. The selection criteria
for each category and channel are given in Table 1. The variables
used are: the lepton transverse momenta p% with £ =e, u, t,; az-
imuthal angles between the leptons Aq&ﬁ? 713?; azimuthal angle

between the lepton and the E‘TniSS vector Aqﬁﬁ% s} the transverse

mass M4 = \/2p$E‘T“i55(l — COS Ay pmiss).

Events in which at least one of the jets is identified as arising
from a b quark decay are vetoed using the combined secondary
vertex (CSV) b-tagging algorithm [69]. To enhance the VBF con-
tribution in the 2-jet category further requirements are applied.
In the H — ety channel, events in this category are additionally
required to have two jets separated by |An| > 2.3 and a dijet
invariant mass Mj; > 400 GeV. In the H — et, channel, the re-
quirements are |[An| >3 and Mj; > 200 GeV.

After the full selection, a binned likelihood is used to fit the
distributions of M, for the signal and the background contribu-
tions. The modified-frequentist CLy method [70,71] is used to set
upper bounds on the signal strength w, or determine a signal sig-
nificance.

5.2. Background processes

The contributions from the dominant background processes
are estimated using collision data while the less significant back-
grounds are estimated using simulation. The largest backgrounds
are from Z — tt decays and from W + jets and QCD multijet pro-
duction. In the latter, PF objects (predominantly jets), are misiden-
tified as leptons.

5.2.1. Z— tt background

The Z — 7t background contribution is estimated using an em-
bedding technique [38,72]. First, a sample of Z — uu events is
selected from collision data using the loose muon selection. The
muons are then replaced with simulated 7 decays reconstructed
with the PF algorithm. Thus, the key features of the event topol-
ogy such as jet multiplicity, instrumental sources of E%‘iss, and the
underlying event are taken directly from collision data. Only the
T lepton decays are simulated. The normalization of the sample is
obtained from simulation. The technique is validated by comparing
the collinear mass distributions obtained from the Z — tt simula-
tion and the embedding technique applied to a simulated sample
of Z— pu events. A shift of 2% in the mass peak of the embedded
sample relative to simulation is observed. This shift reflects a bias
in the embedding technique, which does not take the differences
between muons and taus in final-state radiation of photons into
account, and is corrected for. Identification and isolation correc-
tions obtained from the comparison are applied to the embedded
sample.

5.2.2. Misidentified lepton background
The misidentified lepton background is estimated from collision
data by defining a sample with the same selection as the sig-
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Fig. 1. Comparison of the observed collinear mass distributions with the background expectations after the loose selection requirements. The shaded grey bands indicate the
total background uncertainty. The open histograms correspond to the expected signal distributions for B(H — et) = 100%. The left column is H — et,, and the right column
is H— ety,; the upper, middle and lower rows are the 0-jet, 1-jet and 2-jet categories, respectively.
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Table 1
Event selection criteria for the kinematic variables after applying loose selection
requirements.

Variable H— ety H— ety
[GeV] 0-jet T-jet 2-jet 0-jet T-jet 2-jet
ps >50 >40 >40 >45 >35 >35
Py >15 >15 >15 - - -
p - - - >30 >40 >30
My - <30 <40 - - -
M - - - <70 - <50
[radians]
A¢ﬁT‘e*ﬁT‘rh - - - >2.3 - -
Aqﬁﬁmﬁg?xss <0.8 <0.8 - - - -
A¢ﬁT‘e*f7T‘u - >0.5 - - - -
Table 2

Definition of the samples used to estimate the misiden-
tified lepton (¢) background. They are defined by the
charge of the two leptons and by the isolation require-
ments on each. The definition of not-isolated differs be-
tween the two channels.

Region |
£ (isolated)
€3 (isolated)

Region II
£ (isolated)
€& (isolated)

Region III
€5 (isolated)
¢3 (not-isolated)

Region IV
£F (isolated)
Zzi (not-isolated)

nal sample, but inverting the isolation requirements on one of the
leptons, to enrich the contribution from W + jets and QCD multi-
jets. The probability for PF objects to be misidentified as leptons is
measured using an independent collision data set, defined below,
and this probability is applied to the background enriched sample
to compute the misidentified lepton background in the signal sam-
ple. The technique is shown schematically in Table 2 in which four
regions are defined including the signal (I) and background (III) en-
riched regions and two control Regions (II & IV), defined with the
same selections as Regions [ & III respectively, except with leptons
of the same charge.
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The misidentified electron background is negligible in the H —
et, channel due to the high pr electron threshold. The misiden-
tified muon background is estimated with Region I defined as the
signal selection with an isolated electron and an isolated muon of
opposite charge. Region III is defined as the signal selection except
the muon is required not to be isolated. Small background sources
of prompt leptons are subtracted using simulation. The misidenti-
fied muon background in Region I is then estimated by multiplying
the event yield in Region IIl by a factor f,, where f, is the ratio of
isolated to nonisolated muons. It is computed on an independent
collision data sample of Z— uu + X events, where X is an object
identified as a muon, in bins of muon pt and 7. In the estimation
of f,, background sources of three prompt leptons, predominantly
WZ and ZZ, are subtracted from the Z — pu + X sample using
simulation. The technique is validated using like-sign lepton col-
lision data in Regions II and IV. In Fig. 2 (left) the event yield in
Region II is compared to the estimate from scaling the Region IV
sample by the measured misidentification rate. The Region Il sam-
ple is dominated by misidentified leptons but also includes small
contributions of true leptons arising from vector boson decays, es-
timated with simulated samples.

In the H — ety channel either lepton candidate can arise from a
misidentified PF object, predominantly in W + jets and QCD mul-
tijet events, but also from Z — ee + jets and tt production. The
misidentification rates f; and f. are defined as the fraction of
loosely isolated 7y or electron candidates that also pass a tight iso-
lation requirement. This is measured in Z — ee + X collision data
events, where X is an object identified as a 7, or e. The misiden-
tified 7, contribution is estimated with Region I defined as the
signal selection. Region III is the signal selection except the 1y is
required to have loose and not tight isolation. The misidentified ty,
lepton background in Region I is then estimated by multiplying the
event yield in Region III by a factor f;/(1 — f;). The same proce-
dure is used to estimate the misidentified electron background by
defining Region I as the signal selection and Region III as the sig-
nal selection but with a loose and not tight isolated electron, and
scaling by fe/(1 — fe). To avoid double counting, the event yield
in Region III, multiplied by a factor fe/(1 — fe) x fr/(1 — f7), is
subtracted from the sum of misidentified electrons and taus. The
procedure is validated with the like-sign et samples. Fig. 2 (right)
shows the collision data in Region I compared to the estimate
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Fig. 2. Distributions of mc for Region II. Left: H — et),. Right: H — ety
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Table 3

The systematic uncertainties in the expected event yields in percentage for the et and et, channels. All uncertainties are treated as corre-
lated between the categories, except when two values are quoted, in which case the number denoted by an asterisk is treated as uncorrelated

between categories.

Systematic uncertainty H— ety H— ety

0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
Muon trigger/ID/isolation 2 2 2 - - -
Electron trigger/ID/isolation 3 3 3 1 1 2
Efficiency of - - - 6.7 6.7 6.7
Z — tt background 3¢5 3¢ 5* 3¢ 10* 3@ 5* 35" 3o 10*
Z — [, ee background 30 30 30 30 30 30
Misidentified leptons background 40 40 40 30 30 30
Pileup 2 2 10 4 4 2
WW, WZ, ZZ + jets background 15 15 15 15 15 15
tt background 10 10 10 @ 10* 10 10 10 @ 33*
Single top quark background 25 25 25 25 25 25
b-tagging veto 3 3 3 - - -
Luminosity 2.6 2.6 2.6 2.6 2.6 2.6

Table 4

Theoretical uncertainties in percentage for the Higgs boson production cross section for each
production process and category. All uncertainties are treated as fully correlated between cat-
egories except those denoted by a negative superscript which are fully anticorrelated due to

the migration of events.

Systematic uncertainty

Gluon fusion

Vector boson fusion

0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
Parton distribution function 9.7 9.7 9.7 3.6 3.6 3.6
Renormalization/factorization scale 8 10 30~ 4 1.5 2
Underlying event/parton shower 4 5~ 10~ 10 <1 1~

derived from Region IV. The method assumes that the misiden-
tification rate in Z — ee + X events is the same as in the W + jets
and QCD processes. To check this assumption, the misidentification
rates are also measured in a collision data control sample of jets
coming from QCD processes and found to be consistent. This sam-
ple is the same Z — ee + X sample as above but with one of the
electron candidates required to be not isolated and the prt thresh-
old lowered.

5.2.3. Other backgrounds

The leptonic decay of W bosons from tt pairs produces oppo-
site sign dileptons and E?iss. This background is estimated using
simulated tt events to compute the My, distribution and a colli-
sion data control region for normalization. The control region is the
2-jet selection described in Section 5.1, including the VBF require-
ments, with the additional requirement that at least one of the jets
is b-tagged in order to enhance the tt contribution. Other smaller
backgrounds enter from SM Higgs boson production (H — 1),
WW, WZ, ZZ + jets, Wy ™ + jets processes, and single top quark
production. Each of these is estimated using simulation [38].

5.3. Systematic uncertainties

Systematic uncertainties are implemented as nuisance param-
eters in the signal and background fit to determine the scale of
their effect. Some of these nuisance parameters affect only the
background and signal normalizations, while others also affect the
shape of the M, distributions.

5.3.1. Normalization uncertainties

The values of the systematic uncertainties implemented as nui-
sance parameters in the signal and background fit are summa-
rized in Tables 3 and 4. The uncertainties in the muon, electron
and 1y, selection efficiencies (trigger, identification, and isolation)
are estimated using collision data samples of Z — uu,ee, 7,
events [63,72]. The uncertainty in the Z — Tt background yield

comes from the cross section uncertainty measurement (3% [73])
and from the uncertainty in the t identification efficiency when
applying to the embedded technique (5-10% uncorrelated between
categories). The uncertainties in the estimation of the misidentified
lepton rate come from the difference in rates measured in different
collision data samples (QCD multijet and W + jets). The systematic
uncertainty in the pileup modelling is evaluated by varying the to-
tal inelastic cross section by +5% [74]. The uncertainties in the
production cross sections estimated from simulation are also in-
cluded [38].

Uncertainties on diboson and single top production correspond
to the uncertainties of the respective cross section measure-
ments [75,76]. A 10% uncertainty from the cross section measure-
ment [77] is applied to the yield of the tt background. In the 2-jet
categories an additional uncertainty (10% for H — et;, and 33% for
H — ety) is considered corresponding to the statistical uncertainty
of the tt background yield.

There are several theoretical uncertainties on the Higgs boson
production cross section that depend on the production mech-
anism and the analysis category, as reported in Table 4. These
uncertainties affect both the LFV Higgs boson and the SM Higgs
boson background and are fully correlated. The uncertainty in the
parton distribution function is evaluated by comparing the yields
in each category, that span the parameter range of three differ-
ent PDF sets, CT10 [47], MSTW [78], NNPDF [79] following the
PDF4LHC [80] recommendation. The uncertainty due to the renor-
malization and factorization scales, wg and ur, is estimated by
scaling up and down by a factor of two relative to their nomi-
nal values (ugr = g = My/2). The uncertainty in the simulation
of the underlying event and parton showers is estimated by us-
ing two different PYTHIA tunes, AUET2 and Z2*. All uncertainties
are treated as fully correlated between categories except those de-
noted by a negative superscript which are fully anticorrelated due
to the migration of events.
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Table 5

Systematic uncertainties in the shape of the signal and background dis-
tributions, expressed in percentage. The systematic uncertainty and its
implementation are described in the text.

Systematic uncertainty H— ety H— et
Z — t7 bias 2 -

Z — ee bias - 5

Jet energy scale 3-7 3-7

Jet energy resolution 1-10 1-10
Unclustered energy scale 10 10

T, energy scale - 3

5.3.2. M, shape uncertainties

The systematic uncertainties that lead to a change in the shape
of the My distribution are summarized in Table 5. A 2% shift in
the M distribution of the embedded Z — 7t sample used to es-
timate the background is observed relative to simulation. It occurs
only in the H — et channel as the effects of bremsstrahlung from
the muon are neglected in the simulation. The My distribution is
corrected by 2 4 2% for this effect. There is a systematic uncer-
tainty of 5% in Z — ee background in the H — et} channel, due to
the mismeasured energy of the electron reconstructed as a ty. It
causes a shift in the Mg distribution, estimated by comparing col-
lision data with simulation in a control region of Z — ee events in
which one of the two electrons that form the Z peak is also iden-
tified as a 7, [63]. Corrections are applied for the jet energy scale
and resolution [66]. They are determined with dijet and y /Z + jets
collision data and the most significant uncertainty arises from the
photon energy scale. Other uncertainties such as jet fragmentation
modelling, single pion response, and uncertainties in the pileup
corrections are also included. The jet energy scale uncertainties
(3-7%) are applied as a function of pr and 7, including all cor-
relations, to all jets in the event, propagated to the E¥‘i55, and the
resultant M, distribution is used in the fit. There is also an ad-
ditional uncertainty to account for the unclustered energy scale
uncertainty. The unclustered energy comes from jets below 10 GeV
and PF candidates not within jets. It is also propagated to ET".
These effects cause a shift of the M, distribution. The uncertainty
in the jet energy resolution is used to smear the jets as a function
of pr and n and the recomputed My distribution is used in the
fit. A 3% uncertainty in the t energy scale is estimated by com-
paring Z — tT events in collision data and simulation. Potential
uncertainties in the shape of the misidentified lepton backgrounds
are also considered. In the H — e, channel the misidentified lep-
ton rates are applied in bins of pr and 7. In the H — ety channel,
the 7, misidentification rate is found to be approximately inde-
pendent of pr but to depend on 7. These rates are all varied by
one standard deviation and the differences in the shapes are used

Table 6
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as nuisance parameters in the fit. Finally, the distributions used in
the fit have statistical uncertainties in each mass bin which is in-
cluded as an uncertainty that is uncorrelated between the bins.

6. H— eu analysis
6.1. Event selection

To select H — ep events, the trigger requirement is an elec-
tron and a muon with pt greater than 17 and 8 GeV respectively.
To enhance the signal sensitivity the event sample is divided into
nine different categories according to the region of detection of
the leptons and the number of jets, and a further two categories
enriched in vector boson fusion production. The resolution of the
reconstructed mass of the electron muon system, Mg, depends
on whether the leptons are detected in the barrel (|ne| < 1.48,
[n.| <0.80) or endcap (1.57 < |ne| < 2.50, 0.8 < [, | < 2.4), while
the composition and rate of backgrounds varies with the num-
ber of jets. The definition of the categories is shown in Table 6.
The two leptons are required to be isolated in all categories. Cate-
gories 0-8, which are selected according to the region of detection
of the lepton and number of jets, are mutually exclusive with jets
required to have pt > 20 GeV. To suppress backgrounds with sig-
nificant EMSS, such as WW + jets, ESS is required to be less than
20, 25 or 30 GeV, depending on the category. Jets arising from
b quark decays are vetoed using the CSV discriminant to signif-
icantly reduce the tt background. In the VBF categories, the two
highest pt jets are required to have |n| < 4.7 and to be sepa-
rated by |7j, — nj,| > 3.0. In addition the jets are required to

have [n*| = ¢, — M| < 2.5, where ¢ =e or u, nege, de-
notes the pseudorapidity of the dilepton system and ji, jo are
the two jets. The A¢ between the dijet system and the dilepton
system is required to be greater than 2.6 rad. The VBF tight cat-
egory selection further requires that both jets have pt > 30 GeV
and the dijet invariant mass be Mj,j, > 500 GeV, while the VBF
loose category relaxes the second jet requirement to pt > 20 GeV
with Mj, j, > 250 GeV and is exclusive to the VBF tight category.
The leptons in both VBF categories can be in either the barrel or
endcap. To avoid an event appearing in more than one category
the VBF assignment is made first. Events with more than two jets
are not considered. The selection efficiency, summed over all cate-
gories, is 24% (22%) for the GF (VBF) production mechanism.

6.2. Signal and background modelling

The signal model is the sum of two Gaussian functions, de-
termined from simulation for each category. The reconstructed

The H — e event selection criteria and background model for each event category. The categories are primarily defined
according to whether the leptons are detected in the barrel (¢5) or endcap (£gc), and the number of jets (N-jets). Require-
ments are also made on p/T‘, ET* and a veto on jets arising from a b-quark decay. The background model function and

order of that function are also given.

Category Description N-jets pi Emiss Background model
(GeV] (GeV] Function Order

0 ep/LB 0 >25 <30 polynomial 4
1 egUB 1 >22 <30 polynomial 4
2 epLB 2 >25 <25 power law 1
3 e LEC 0 >20 <30 polynomial 4
4 e LEC 1 >22 <20 exponential 1
5 epLEC 2 >20 <30 exponential 1
6 €EC/LB or EC 0 >20 <30 polynomial 4
7 €EC LB or EC 1 >22 <20 power law 1
8 €EC /LB or EC 2 >20 <30 polynomial 4
9 VBF Tight 2 >22 <30 exponential 1
10 VBF Loose 2 >22 <25 exponential 1
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mass resolutions depend on whether the leptons are in the bar-
rel (B) or endcap (EC) calorimeter and are: 2.0-2.1 GeV for egug,
2.4-2.5 GeV for egugc, 3.2-3.6 GeV for egcuporgc categories and
2.4 (4.0) GeV for the VBF tight (loose) categories. The background,
modelled as either a polynomial function, a sum of exponential
functions, or a sum of power law functions is given in Table 6 for
each category. The procedure to determine the background func-
tion follows the method described in [3]. It is designed to choose
a model with sufficient parameters to accurately describe the back-
ground while ensuring that the signal shape is not absorbed into
the background function. The background model for each category
is chosen independently using this procedure.

In a first step, reference functions are selected for each type
of function (polynomial, sum of exponentials, sum of power laws).
The order of the function is chosen such that the next higher order
does not give a significantly better fit result when fit to the ob-
served M, distribution in the range 110 GeV < Mg, < 160 GeV.

In a second step, an ensemble of distributions is drawn from
each of the three reference background models combined with a
signal contribution corresponding to B(H — eu) = 0.1%, and fitted
for signal and background with each of the three classes of func-
tions of different orders.

On average, the signal yield extracted from the distributions
using a signal plus background fit will differ from the injected sig-
nal due to the imperfect modelling of the background. The bias
is defined as the median deviation of the fit signal event yield
from the generated number of signal events. The possible combina-
tions of generated distributions with the fit signal plus background
models are then reduced by requiring the bias to be less than a
threshold which results in less than 1% uncertainty in the fit sig-
nal event yield. The combination in which the fit model has the
least parameters is then selected and the fit function is used as
the background model for the collision data. If there is more than
one model with the same minimal number of parameters then the
one with the least bias is selected.

6.3. Systematic uncertainties

The systematic uncertainties are summarized in Table 7. The
background is fit to the observed mass distribution with a negligi-
ble systematic uncertainty of <1% in the signal yield arising from
the choice of background model as described above. Correction fac-
tors are applied to the lepton trigger, isolation, and identification
efficiencies for each simulated signal sample to adjust for discrep-
ancies with the collision data. The uncertainty in the signal yield
from the lepton isolation and identification corrections is 2.0% and
is estimated with the “tag-and-probe” method [72] applied to a
collision data sample of Z bosons decaying to lepton pairs [60,62].
The uncertainties in the lepton energy scale and the dilepton mass
resolution are taken from the H — ZZ analysis [61]. The systematic
uncertainty in the pileup modelling is evaluated by varying the to-
tal inelastic cross section by +5% [74]. It varies according to the
production process and category between 0.7% and 2.3%. There are
systematic uncertainties in the efficiency of the b quark jet veto
that also vary with production process and category from 0.05% to
0.7%. The uncertainty on the integrated luminosity is 2.6% [81]. The
effects of systematic uncertainties in the jet energy scale and res-
olution, and the uncertainties in PDF’s on the selection efficiency
are estimated as described in Section 5.3.2 for the H — et channel.
The largest values of these systematic uncertainties occur due to
the migration of events to, or from, a category with low statistics.

The theoretical uncertainties on the Higgs boson production
cross section are also described in Section 5.3.2.

Table 7

Systematic uncertainties in percentage on the expected yield for H — ex. Ranges
are given where the uncertainty varies with production process and category. All
uncertainties are treated as correlated between categories.

Experimental uncertainties

Background model <1
Trigger efficiency 1.0
Lepton identification 2.0
Lepton energy scale 1.0
Dilepton mass resolution 5.0
Pileup 0.7-2.3
b quark jet veto efficiency 0.05-0.70
Luminosity 2.6

Jet energy scale (inclusive categories) 0.6-22
Jet energy scale (VBF categories) 0.1-78
Jet energy resolution (inclusive categories) 2.8-12
Jet energy resolution (VBF categories) 0.0-49
Acceptance (PDF variations) 0.8-5.1
Theoretical uncertainties

GF normalization/factorization scale 72
GF parton distribution function fé:g
VBF normalization/factorization scale +0.2
VBF parton distribution function fig

7. Results
71. H— et

The distributions of the fitted signal and background contri-
butions, after the full selection, are shown in Fig. 3 and the cor-
responding event yields in the mass range 100 GeV < M <
150 GeV are given in Table 8. There is no evidence of a signal. Ta-
ble 9 shows the expected and observed 95% CL mean upper limits
on B(H — et) which are summarized in Fig. 4 for the individual
categories in the et, and ety channels and for the combination.
The combined observed (expected) upper limit on B(H — et) is
0.69(0.75)% at 95% CL [70,71,82].

72. H—>epn

The Me,, distribution of the collision data sample, after all se-
lection criteria, for all categories combined is shown in Fig. 5. Also
shown are the combinations of the inclusive jet-tagged categories
(0-8) and the VBF categories (9-10). The expected yields of signal
(B(H— eu)=0.1%) and background events for 124 GeV < M¢y, <
126 GeV, after all the selection criteria, are given in Table 10 and
compared to the collision data event yield. The contributions to the
background are taken from simulation and given for information
only, they are not used in the analysis. The dominant background
contributions are from Drell-Yan production of 7 lepton pairs
and electroweak diboson production. There is no signal observed.
An exclusion limit on the branching fraction B(H — eu) with
My = 125 GeV is derived using the CL; asymptotic model [83]. It
is shown in Fig. 4 for the inclusive categories grouped by number
of jets, the VBF categories, and all categories combined. The ex-
pected limit is B(H — eu) < 0.048% at 95% CL and the observed
limit is B(H— eu) < 0.035% at 95% CL.

7.3. Limits on lepton flavour violating couplings

The constraints on B(H — et) and B(H — eu) can be inter-
preted in terms of the LFV Yukawa couplings |Yer|, |Y¢e| and
[Yepl, 1Y el respectively [33]. The LFV decays H— et, eu arise at
tree level in the Lagrangian, Ly, from the flavour-violating Yukawa
interactions, Yazs, where ¢%, ¢# denote the leptons e, u, T, and
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Fig. 3. Comparison of the observed collinear mass distributions with the background expectations after the fit. The simulated distributions for the signal are shown for the
branching fraction B(H — et) = 0.69%. The left column is H — et and the right column is H — et,; the upper, middle and lower rows are the 0O-jet, 1-jet and 2-jet
categories, respectively.
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Table 8

Event yields in the signal region, 100 GeV < My < 150 GeV, after fitting for signal and background for the H — et channel, normalized to an integrated luminosity of
19.7 fb~1. The LFV Higgs boson signal is the expected yield for B(H — eT) = 0.69% assuming the SM Higgs boson production cross section.

Jet category H— ety H— ety
0-jet 1-jet 2-jet 0-jet 1-jet 2-jet
Misidentified leptons 852 + 59 381 + 39 21 +0.7 3366 + 25 223 + 11 87 +22
Z — ee, [LIL 23+ 06 54 + 05 - 714 £ 30 85+ 4 32+02
Z—>71T 84.7 £ 21 1133 £ 42 85+ 0.6 270 £ 10 32+3 16 £03
tt, t, t 13.8 £ 03 69.4 £ 23 12.7 £0.8 10 £ 2 13+2 05+ 0.2
ZZ, WZ, WW 83.0 £ 2.7 51.7 £ 2.0 36 +04 53 +2 6+1 03 + 0.1
Wy ®) 22+10 12 £ 06 - - - -
SM H background 23103 3.6 £ 04 11 £02 1241 3+1 1.0 +£ 0.1
Sum of background 2735 £ 6.1 282.0 £ 6.0 281 £ 13 4425 + 28 363 + 11 153 + 23
Observed 286 268 33 4438 375 13
LFV H signal 231+ 16 16.0 + 1.2 59 £ 1.0 61+4 15+1 28 £ 05
-1
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Fig. 4. 95% CL upper limits by category for the LFV decays for My = 125 GeV. Left: H — et. Right: H — e for categories combined by number of jets, the VBF categories

combined, and all categories combined.

Table 9

The expected and observed upper limits at 95% CL, and best fit values for the
branching fractions B(H — et) for different jet categories and analysis channels.
The asymmetric one standard-deviation uncertainties around the expected limits
are shown in parentheses.

0-jet 1-jet 2-jet
Expected limits at 95% CL (%)

0.66 0.71 0.93
ety <163 (*3%) <1.54(*97) <159(*522)
eth <271(%%) <276 (119 <355 (*43)

4032
et <075(*5%)
Observed limits at 95% CL (%)
ety <1.83 <0.94 <149
ety <3.92 <3.00 <2.88
et <0.69

£% # ¢P_ The subscripts L and R refer to the left and right handed
components of the leptons, respectively.

Ly = —YeperpugH — YyepiregH — Yer € TRH
— YreTrerH — Yo iy TRH — Y7, T pugH

The decay width I'(H — ¢%¢#) in terms of the Yukawa couplings
is given by:

Table 10

Event yields in the mass window 124 GeV < M, < 126 GeV for the H — ep chan-
nel. The expected contributions, estimated from simulation, are normalized to an
integrated luminosity of 19.7 fb~!. The LFV Higgs boson signal is the expectation
for B(H— ew) =0.1% assuming the SM production cross section. Values for back-
ground processes are given for information only and are not used for the analysis.
The expected number of background events in the VBF categories obtained from
simulation are associated with large uncertainties and are therefore not quoted
here; we expect 1.5 & 1.2 events from signal and observe 2 events.

Jet category 0-jet 1-jet 2-jet
Drell-Yan 178 £ 42 6.1 £+ 2.5 19+ 14
tt 14 £ 12 31+18 141 £ 3.8
t,t <10 <10 27+ 16
WW, WZ, ZZ 216 +£ 4.7 53+23 19+ 14
SM H background <0.07 0.1+ 0.2 <0.07
Sum of backgrounds 40.8 + 6.4 14.6 + 3.8 20.7 £ 45
Observed 49 6 17

LFV H signal 212 £ 4.6 91 £+ 3.0 2.6 £ 1.6

My

P(H— €90F) = ——(|Yyppal® + Ygaps ),
8w

and the branching fraction by:

[(H— ¢%¢P)

H— ¢%¢f) = )
BH= 8 = FH S 0e8) + oy
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Fig. 5. Observed ep mass spectra (points), background fit (solid line) and signal
model (blue dashed line) for B(H — eu) = 0.1%. Top: inclusive jet categories com-
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gories combined. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

The SM Higgs boson decay width is I'spy = 4.1 MeV for a 125 GeV
Higgs boson [84]. The 95% CL constraints on the Yukawa couplings,
derived from B(H — et) < 0.69% and B(H — ew) < 0.035% using
the expression for the branching fraction above are:

[Yer|2 4 |Yrel2 <2.4x 1073,
[Yepl2 + 1Y el? <5.4x 1074,

Figs. 6 compare these results to the constraints from previous in-
direct measurements. The absence of © — ey decays implies a

limit of \/|Yeu|? +|Y el < 3.6 x 107° [33] assuming that flavour
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Fig. 6. Constraints on the flavour violating Yukawa couplings |Yer|, |Yze| (top) and
|Yeul, Y el (bottom). The expected (red solid line) and observed (black solid line)
limits are derived from the limits on B(H— et) and B(H — eu) from the present
analysis. The flavour diagonal Yukawa couplings are approximated by their SM val-
ues. The green (yellow) band indicates the range that is expected to contain 68%
(95%) of all observed limit excursions. The shaded regions in the left plot are de-
rived constraints from null searches for T — 3e (grey), T — ey (dark green) and
the present analysis (light blue). The shaded regions in the right plot are derived
constraints from null searches for  — ey (dark green), u — 3e (light blue) and
n — e conversions (grey). The purple diagonal line is the theoretical naturalness
limit Yj;Yj <mym;j/ vZ [33]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

changing neutral currents are dominated by the Higgs boson con-
tributions. However, this limit can be degraded by the cancellation
of lepton flavour violating effects from other new physics. The di-
rect search for H— eu decays presented here is therefore comple-
mentary to indirect limits obtained from searches for rare decays
at lower energies.

8. Summary

A search for lepton flavour violating decays of the Higgs bo-
son to et or ey, based on the full /s =8 TeV collision data set
collected by the CMS experiment in 2012, is presented. No evi-
dence is found for such decays. Observed upper limits of B(H —
er) < 0.69% and B(H — eu) < 0.035% at 95% CL are set for



The CMS Collaboration / Physics Letters B 763 (2016) 472-500 483

My = 125 GeV. These limits are used to constrain the Ye; and Ye,
Yukawa couplings as follows: /|Yer|? + |Yzel2 < 2.4 x 1073 and

[Yeu|? + 1Y pel? < 5.4 x 1074 at 95% CL.
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