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1 Introduction
One of the main goals of the LHC program is to search for processes beyond the standard
model (BSM). The properties and decays of the Higgs boson (H) are thus far consistent with
expectations of the standard model (SM) [1–6]. However, there is considerable motivation to
search for BSM decays of the Higgs boson. The lepton-flavor violating (LFV) decays of the
Higgs boson [7–9] can provide possible signatures of such processes. A previous investiga-
tion of the combined results from the CMS experiment constrained the branching fraction for
B(H ! BSM) to <0.36 at the 95% confidence level (CL), leaving the possibility for a large
contribution for these decays [10].

The LFV decays H ! em, H ! et , or H ! mt are forbidden in the SM, but take place
through the LFV Yukawa couplings Yem , Yet , or Ymt , respectively [11]. The LFV decays arise in
models with more than one Higgs boson doublet [12], certain supersymmetric models [13–15],
composite Higgs models [16, 17], models with flavor symmetries [18], the Randall–Sundrum
model of extra spatial dimensions [19–23], and other models [24–29].

Here we report a search for LFV decays of the Higgs boson in the mt and et channels per-
formed using data collected by the CMS experiment in proton-proton (pp) collisions at a center-
of-mass energy of 13 TeV during the 2016–2018 data-taking period, corresponding to an inte-
grated luminosity of 137 fb�1. The CMS experiment set upper limits of 0.25% and 0.61% [30]
and the ATLAS experiment set upper limits of 0.28% and 0.47% [31] on B(H ! mt) and
B(H ! et) at 95% CL, respectively, based on the 2016 data set, corresponding to an integrated
luminosity of 36 fb�1.

The presence of an LFV Higgs boson coupling leads to processes such as m ! e, t ! m, and
t ! e to proceed via a virtual Higgs boson [32, 33]. The experimental limits on these decays
yield indirect constraints on B(H ! em), B(H ! mt), and B(H ! et) [11, 34]. The null
result for m ! eg [35] strongly constrains B(H ! em) to < 10�8. Searches for rare t lepton
decays [36], such as t ! eg and t ! mg, and the measurement of the electron and muon
magnetic moments, have set constraints on B(H ! et) and B(H ! mt) of �10%, which are
much less stringent than those from the direct searches.

Our search is performed in the mth, mte , eth, and etm channels, where th, te , and tm cor-
respond to the t ! hadrons, electron, and muon decay channels of t leptons, respectively,
each accompanied by its corresponding neutrinos. The ete and mtm decays are not considered
because of the large background contribution from Z/g� decays.

Our search significantly improves the sensitivity relative to similar previous studies [30, 31, 37].
The search makes use of boosted decision tree (BDT) discriminants to distinguish signal from
background in the distributions which are then used for performing the statistical analysis.
Constraints on the branching fractions are extracted under the assumption that only one of the
LFV decays contributes additionally to the SM Higgs boson total width. The constraints on the
branching fractions are correspondingly translated into limits on the Yet and Ymt LFV Yukawa
couplings.

This paper is organized as follows: a description of the CMS detector is given in Section 2, col-
lision data and simulated events are discussed in Section 3, event reconstruction is described
in Section 4, and event selection is described separately for the four decay channels in Sec-
tion 5. Background estimation and systematic uncertainties are described in Sections 6 and 7,
respectively. Results are presented in Section 8 and the paper is summarized in Section 9.
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2 The CMS detector
The CMS detector consists of a silicon pixel and strip tracker, a lead tungstate crystal electro-
magnetic calorimeter (ECAL), a brass and scintillator hadron calorimeter (HCAL), and a muon
system composed of gaseous detectors. Each subdetector consists of a barrel and two endcap
sections. The central feature of the CMS detector is a superconducting solenoid of 6 m inter-
nal diameter, providing a magnetic field of 3.8 T. The tracking systems and the calorimeters
are contained within the solenoid volume; the muon chambers are embedded in the steel flux-
return yoke outside the solenoid. Forward calorimeters extend the pseudorapidity (h) coverage
provided by the barrel and endcap detectors.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of �100 kHz within a fixed latency of �4 ms [38]. The second level, the
high-level trigger, consists of a farm of processors running a version of the full event recon-
struction software optimized for fast processing that reduces the event rate to �1 kHz before
data storage [39]. A more detailed description of the CMS detector, together with a definition
of the coordinate system and kinematic variables, can be found in Ref. [40].

3 Collision data and simulated events
The search presented makes use of pp collisions collected at the CMS experiment at a center-
of-mass energy of 13 TeV in 2016–2018. The total integrated luminosity amounted to 35.9 fb�1

in 2016, 41.5 fb�1 in 2017, and 59.7 fb�1 in 2018. Single-muon triggers with isolation criteria are
used to collect the data in the mth channel. Electron-muon triggers are used to collect data in
the mte and etm channels. Triggers requiring a single isolated electron, or a combination of an
electron and th, are used in the eth channel. The trigger thresholds are mentioned in Section 5.

Simulated events are used to model signal and background events using several event gen-
erators. In all cases parton showering, hadronization, and underlying event properties are
modeled using PYTHIA [41] version 8.212. The PYTHIA parameters affecting the description of
the underlying event are set to the CUETP8M1 tune in 2016 [42], except for the tt events that
use the CP5 tune which is used for all the events in 2017 and 2018 [43]. The NNPDF3.0 parton
distribution functions (PDFs) for all 2016 events and the NNPDF3.1 PDFs for the 2017 and 2018
events [44].

The simulation of interactions in the CMS detector is based on GEANT4 [45], using the same
reconstruction algorithms as used for data. The Higgs bosons are generated in pp collisions
predominantly through gluon fusion (ggH) [46], but also via vector boson fusion (VBF) [47],
and in association with a vector boson (W or Z) [48]. Such events are generated at next-to-
leading order (NLO) in perturbative quantum chromodynamics (QCD) with the POWHEG v2.0
generator [49–54], using the implementation of Refs. [55, 56]. For the LFV signal, we consider
just the Higgs bosons via the ggH and VBF mechanisms as the contribution from associated
vector boson production is found to be negligible.

The Z ! tt background events are estimated in a data-driven manner using the embedding
technique because it provides a better description of jets, pileup, as well as detector noise and
resolution effects compared to simulation. These events are obtained from data with well iden-
tified Z ! mm decays from which muons are removed, and simulated t leptons are embed-
ded with the same kinematic variables as the replaced muons. The MADGRAPH5 aMC@NLO

generator [57] (version 2.2.2 in 2016, version 2.4.2 in 2017 and 2018) is used to simulate the
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Z ! ee+jets and Z ! mm+jets processes, the W+jets background process, and the elec-
troweak (EW) W/Z events. They are simulated at leading order with the MLM jet matching
and merging schemes [58].

Diboson production is simulated at NLO using the MADGRAPH5 aMC@NLO generator with
the FxFx jet-matching and merging scheme [59]. Top quark-antiquark pair and single top quark
production are generated at NLO using POWHEG.

The effect of pileup, where events of interest have multiple pp interactions in the same bunch
crossing, is taken into account in simulated events by generating concurrent minimum bias
events. All simulated events are weighted to match the pileup distribution observed in the
data.

4 Event reconstruction
The particle flow (PF) algorithm [60] reconstructs and identifies each particle in an event through
an optimized combination of information from the various subdetectors of the CMS detector.
In this process, identifying the PF candidate type (photons, electrons, muons, charged, and
neutral hadrons) plays an important role in determining particle direction and energy. The
candidate vertex with the largest value of summed physics object p2

T, where pT is the trans-
verse momentum, is taken to be the primary pp interaction vertex (PV). The physics objects
are returned by a jet finding algorithm [61, 62] applied to all charged tracks associated with the
vertex, plus the corresponding associated missing transverse momentum (~pmiss

T ).

An electron is identified as a track from the PV combined with one or more ECAL energy clus-
ters. These clusters correspond to the electron and possible bremsstrahlung photons emitted
when passing through the tracker. Electrons are accepted in the range jhj < 2.5, except for the
region 1.44 < jhj < 1.57 where the detector’s service infrastructure is located. They are iden-
tified with an efficiency of 80% using a multivariate discriminator that combines observables
sensitive to the amount of bremsstrahlung energy deposited along the electron trajectory, the
geometric and momentum matching between the electron trajectory and associated clusters,
and the distribution in shower energy in the calorimeters [63]. Electrons from photon conver-
sions are removed. The electron momentum is estimated by combining the energy measure-
ment in the ECAL with the momentum measurement in the tracker. The momentum resolution
for electrons with pT � 45 GeV from Z ! ee decays ranges from 1.7 to 4.5% depending on the
jhj. It is generally better in the barrel region than in the endcaps [64].

Muons are measured in the jhj < 2.4 range using the drift tube, cathode strip chamber, and
resistive plate chamber technologies. The efficiency to reconstruct and identify muons is greater
than 96%. Matching muons to tracks measured in the silicon tracker results in a relative pT
resolution for muons with pT up to 100 GeV of 1% in the barrel and 3% in the endcaps [65].

The muon or electron isolations are measured relative to its p`T, where ` is either m or e, values
by summing over the scalar pT of PF particles in a cone of DR = 0.4 or 0.3 around the lepton:

I`rel =
(
å pPV charged

T + max
[
0, å pneutral

T + å pg
T � pPU

T (`)
]) /

p`T,

where pPV charged
T , pneutral

T , and pg
T indicate the pT of a charged hadron, a neutral hadron, and a

photon within the cone, respectively. The neutral particle contribution to isolation from pileup,
pPU

T (`), is estimated from the area of jet and its median energy density in the event [66] for the
electron. For the muon, half of the pT sum of charged hadrons within the isolation cone, not
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originating from the PV, is used instead. The charged-particle contribution to isolation from
the pileup is rejected by requiring the tracks to originate from the PV.

The reconstruction of th is performed using the hadrons-plus-strips algorithm, which com-
bines the signature for charged hadrons composed of tracks left in the tracker and energy de-
positions in the calorimeters with the signature for electrons or photons from neutral pion
decays that are reconstructed as electromagnetic “strips” in h-f space [67], where f is the az-
imuth in radians. The combination of these signatures provides the four-vector for the parent
th. Based on the overall neutral versus charged contents of the th reconstruction, a decay mode
is assigned as h�, h�p0, h�h�h�, or h�h�h�p0, where h� denotes a charged hadron. It has a
reconstruction efficiency of �80%.

The th reconstructed using the hadrons-plus-strips algorithm must be well identified to reject
jets, muons, and electrons misidentified as th. A deep neural network (DNN) discriminator
is used to further improve th identification [68]. The input variables to the DNN include th
lifetime, isolation, and information of PF candidates reconstructed within the t lepton signal
or isolation cones. A pT dependent threshold on the output of the DNN is used to distinguish
th from jets. The chosen working point (WP) has a th identification efficiency of 70% with
a misidentification probability of 1%. The DNN can reject electrons and muons misidentified
as th using dedicated criteria based on the consistency between the tracker, calorimeter, and
muon detector measurements. In the mth or eth channel, we use a WP that has an efficiency
of 97.5% or 87.5% with a misidentification probability of 1–2% or 0.2–0.3% to discriminate th
against electrons, and we use a WP that has an efficiency of 99.6% or 99.8% with a misidentifi-
cation probability of 0.04% or 0.06% to discriminate th against muons, respectively.

Charged hadrons are defined as PF tracks from the PV not reconstructed as electrons, muons,
or th leptons. Neutral hadrons are identified as HCAL energy clusters not assigned to any
charged hadron or as excesses in ECAL or HCAL energies relative to the small charged-hadron
energy deposit. All the PF hadron candidates are clustered into jets using the infrared- and
collinear-safe anti-kT algorithm [61] with a distance parameter of 0.4. Jet momentum is deter-
mined as the vectorial sum of all particle momenta in the jet. It is found from simulation to
be, on average, within 5–10% of the true momentum over the entire pT spectrum and detector
acceptance [69]. Jets that contain b quarks are tagged using a DNN-based algorithm, using a
WP with efficiency of 70% for a misidentification probability for light-flavor jets of 1% [70].

The interactions from pileup add more tracks and calorimetric energy depositions, thereby in-
creasing the apparent jet momenta. To mitigate this effect, tracks identified as originating from
pileup vertices are discarded, and an offset correction is applied to correct the remaining con-
tributions [71]. Jet energy corrections are obtained from simulation studies so that the average
measured energy of jets matches that of particle level jets. In-situ measurements of the mo-
mentum balance in photon+jet, Z+jets, and multijet events are used to determine any residual
differences between the jet energy scale in data and simulation, and appropriate corrections
are applied [72]. Additional selection criteria are applied to each jet to remove jets potentially
dominated by instrumental effects or reconstruction failures. When combining information
from the entire detector, the jet energy resolution typically amounts to 15% at 10 GeV, 8% at
100 GeV, and 4% at 1 TeV. The variable DR =

p
(Dh)2 + (Df)2 is used to measure the separa-

tion between reconstructed objects in the detector. Any jet within DR = 0.5 of identified leptons
is removed. The reconstructed jets must have a pT > 30 GeV and jhj < 4.7. Data collected in
the high jhj region of the ECAL endcaps were affected by noise during the 2017 data taking.
This is mitigated by discarding events containing jets with pT < 50 GeV and 2.65 < jhj < 3.14
in the 2017 data.
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The vector ~pmiss
T is computed as the negative of the vector pT sum of all the PF candidates

in an event, and its magnitude is denoted as pmiss
T [73]. The ~pmiss

T is modified to account for
corrections to the reconstructed jets’ energy scale in the event. Anomalous high-pmiss

T events can
originate from various reconstruction failures, detector malfunctions, or backgrounds not from
beam-beam sources. Such events are rejected using event filters designed to identify more than
85–90% of the spurious high-pmiss

T events with a mistag rate of less than 0.1% [73]. In addition
to the event-filtering algorithms, we require the jets to have a neutral hadron energy fraction
smaller than 0.9, which rejects more than 99% of jets due to detector noise, independent of jet pT,
with a negligible mistag rate. Corrections applied to the ~pmiss

T reduce the mismodeling of ~pmiss
T

in simulated Z, W, and Higgs boson events. The corrections are applied to simulated events
based on the vectorial difference in the measured ~pmiss

T and total pT of neutrinos originating
from the decay of the Z, W, or Higgs bosons. Their average effect is the reduction of the
magnitude of the ~pmiss

T obtained from the simulation by a few GeV.

5 Event selection
The signal topology consists of a muon or an electron and an oppositely charged t lepton. The
events in the mt and et channels are further divided into leptonic and hadronic channels based
on the t lepton decay mode (tm , te , or th). Jets misidentified as electrons or muons are sup-
pressed by imposing isolation requirements described above. A set of loose selection criteria,
known as the ’preselection’, is first defined in each channel’s respective signature. Events with
more than two jets are not considered in the search. Each channel’s events are then divided into
categories based on the number of jets in the event (0-, 1-, or 2-jet) to enhance different Higgs
boson production mechanisms. The dominant production mechanism contributing to the sig-
nal yield in the 0-jet category is ggH, while in the 1-jet category, it is ggH with initial-state
radiation. The 2-jet category is further split into two based on the invariant mass of the two jets
(mjj). The optimization resulted in a threshold of 550 GeV and 500 GeV on mjj for the mt and et
channels, respectively, for the sensitivity optimization. The dominant production mechanism
is ggH with initial-state radiation for events with mjj < 550 GeV and < 500 GeV, while it is VBF
for events with mjj > 550 GeV and > 500 GeV for the mt and et channels, respectively.

A variable providing an estimate of mH using the observed decay products of the Higgs boson,

the collinear mass, is defined as mcol = mvis/
p

xvis
t , where mvis is the visible invariant mass of

the t-m or t-e system and xvis
t is the fraction of the t lepton pT carried by the visible decay

products of the t lepton (~tvis). The definition is based on the “collinear approximation” with
the observation that, since mH � mt , the t lepton decay products are Lorentz-boosted in the
direction of the t lepton [74]. The momentum of neutrino(s) from the t lepton decay can be
approximated to have the same direction as the~tvis. The component of the~pmiss

T in the direction
of the~tvis is used to estimate the transverse component of the neutrino momentum (p~n,est

T ). This

information is combined to estimate the xvis
t which is defined as xvis

t = p~t
vis

T /(p~t
vis

T + p~n,est
T ). The

collinear mass distributions of simulated signal, data, and backgrounds in each channel are
shown in Fig. 1.

The transverse mass mT(`) is a variable constructed from the lepton pT and the ~pmiss
T vectors:

mT(`) =
p

2j~p`Tjj~pmiss
T j(1� cosDf`,~p miss

T
), where Df`,~p miss

T
is the angle in the transverse plane

between the lepton and the ~pmiss
T , used to discriminate the Higgs boson signal from the W+jets

background. The mT(`) distribution for the signal defined using visible decay products of the
t lepton peaks at lower values, while it peaks at higher values for the W+jets background.



6

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

0. 1

0. 1 2

0. 1 4

0. 1 6

0. 1 8

0. 2

61 0×

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
h

τµ

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.
0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

0. 1

0. 1 2

0. 1 4

61 0×

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
e

τµ

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

31 0×

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τe→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
hτe

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

0. 0 2

0. 0 4

0. 0 6

0. 0 8

0. 1

0. 1 2

0. 1 4

0. 1 6

0. 1 8

61 0×

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τe→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
µτe

Fi g u r e 1: C olli n e a r m a s s di st ri b uti o n s f o r t h e d at a a n d b a c k g r o u n d p r o c e s s e s. A B ( H → µ τ ) =
2 0 % a n d B ( H → e τ ) = 2 0 % a r e a s s u m e d f o r t h e t w o si g n al p r o c e s s e s. T h e c h a n n el s a r e
H → µ τ h ( u p p e r r o w l eft), H → µ τ e ( u p p e r r o w ri g ht), H → e τ h (l o w e r r o w l eft), a n d
H → e τ µ (l o w e r r o w ri g ht). T h e l o w e r p a n el i n e a c h pl ot s h o w s t h e r ati o of d at a a n d e sti m at e d
b a c k g r o u n d. T h e u n c e rt ai nt y b a n d c o r r e s p o n d s t o t h e b a c k g r o u n d u n c e rt ai nt y i n w hi c h t h e
st ati sti c al a n d s y st e m ati c u n c e rt ai nti e s a r e a d d e d i n q u a d r at u r e.



5.1 H ! mth 7

To improve discrimination between signal and background events, a BDT is trained using the
TMVA toolkit of the ROOT analysis package [75]. A BDT is trained in each channel using a mix-
ture of simulated signal events comprising the ggH and VBF processes, weighted according
to their expected yield from SM production cross sections. In hadronic channels, the domi-
nant sources of background come from the Z ! tt process and events with misidentified
leptons. The background used for training a BDT in the hadronic channels is obtained from
data containing misidentified lepton events of the same electric charge for both the leptons and
Z ! `` (` = e, m, t) simulated events with their applied signal selections. In leptonic chan-
nels, the dominant sources of background come from the Z ! tt process, the tt process, and
events with misidentified leptons. The background used for training a BDT in the leptonic
channels is obtained from tt and Z ! `` simulated events mixed and weighted according to
their expected yield from SM production cross sections. Additional background for training
comes from events with misidentified leptons in a control region (CR) in data, where the iso-
lation requirements are inverted with the same electric charge for both the leptons. A detailed
description of the different background processes and their estimation is given in Section 6.

The input variables to the BDT are mentioned separately for each channel below. The input
variables are chosen based on their separation power as observed during training the BDT. The
trained BDT is validated in a dedicated background enriched validation region (VR) for each
channel and is detailed in Section 6. In all the channels, events containing additional electrons,
muons, or th candidates are vetoed. Also, events with at least one b-tagged jet are rejected to
suppress the tt background. After applying the selections, a maximum likelihood fit is per-
formed to the BDT discriminant distributions in each channel. The various systematic uncer-
tainties are incorporated as nuisance parameters in the fit. The BDT discriminant distributions
in all the channels are shown after determining the best fit values of the nuisance parameters
from the fit to the signal-plus-background hypothesis, as discussed later in Section 7.

5.1 H ! mth

In this channel, the preselection requires a muon and th of opposite electric charge with a sepa-
ration of DR > 0.5. The trigger requires the presence of an isolated muon with a pT threshold of
24 GeV. In 2017, this trigger is “prescaled”, which means that only a fraction of events selected
will pass the trigger. Hence, it is used in conjunction with another trigger based on the presence
of an isolated muon with a pT threshold of 27 GeV. The muon is required to have pT > 26 GeV,
jhj < 2.1, and Im

rel < 0.15. The th is required to have pT > 30 GeV and jhj < 2.3. The selections
for the mth channel are summarized in Table 1.

The input variables to the BDT are pm
T , pth

T , mcol, ~pmiss
T , mT(t ,~pmiss

T ), Dh(m, th), Df(m, th), and
Df(th,~pmiss

T ). The neutrino is assumed to be collinear with th, which motivates using the
Df(th,~pmiss

T ) variable. The two leptons are usually produced in opposite directions of the
azimuthal plane, which motivates using the Df(m, th) variable. The post-fit distributions of
simulated signal, data, and backgrounds in each category of the mth channel are shown in
Fig. 2.

5.2 H ! mte

In this channel, the preselection requires a muon and electron of opposite electric charge with
a separation of DR > 0.3. The triggers require both a muon and an electron, where the muon
has pT above 23 GeV, and the electron has pT above 12 GeV. The muon is required to have
pT > 24 GeV, jhj < 2.4, and Im

rel < 0.15. The electron is required to have pT > 13 GeV, jhj < 2.5,
and Ie

rel < 0.1. The selections for the mte channel are summarized in Table 1.
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The input variables to the BDT are pm
T , pe

T, mcol, mT(m,~pmiss
T ), mT(e,~pmiss

T ), Df(e, m), Df(m,~pmiss
T ),

and Df(e,~pmiss
T ). The neutrinos are assumed to be collinear with the electron, which motivates

using the Df(e,~pmiss
T ) variable. The two leptons are usually produced in opposite directions

of the azimuthal plane, which motivates using the Df(e, m) variable. The post-fit distributions
of simulated signal, data, and backgrounds in each category of the mte channel are shown in
Fig. 3.

Table 1: Event selection criteria for the H ! mt channels.

Variable mth mte

pe
T — >13 GeV

pm
T >26 GeV >24 GeV

pth
T >30 GeV —

jhje — <2.5
jhjm <2.1 <2.4
jhjth <2.3 —

Ie
rel — <0.1

Im
rel <0.15 <0.15

Trigger
requirement

pm
T > 24 GeV (all years) pe

T > 12 GeV
pm

T > 23 GeVpm
T > 27 GeV (2017)

5.3 H ! eth

In this channel, the preselection requires an electron and th of opposite electric charge with
a separation of DR > 0.5. The triggers require the presence of an isolated electron with a
pT threshold of 25 GeV (2016), 27 GeV (2017), or 32 GeV (2018). In 2017 and 2018, the signal
acceptance is increased by selecting events where the electron has pT above 24 GeV and the th
has pT above 30 GeV. The electron is required to have pT > 27 GeV, jhj < 2.1, and Ie

rel < 0.15.
The th is required to have pT > 30 GeV and jhj < 2.3. The selections for the eth channel are
summarized in Table 2.

The input variables to the BDT are pe
T, pth

T , mcol, mvis, mT(t ,~pmiss
T ), Dh(e, th), Df(e, th), and

Df(th,~pmiss
T ). As can be seen, the input variables are similar to mth channel except for the

addition of the variable mvis and removing ~pmiss
T . The variable mvis has better separation power

as the eth channel has more Z ! ee+jets background than the Z ! mm+jets background in
the mth channel. The post-fit distributions of simulated signal, data, and backgrounds in each
category of the eth channel are shown in Fig. 4.

5.4 H ! etm

In this channel, the preselection requires an electron and muon of opposite electric charge with
a separation of DR > 0.4. The triggers require both an electron and a muon, where the electron
has pT above 23 GeV, and the muon has pT above 8 GeV. The electron is required to have
pT > 24 GeV, jhj < 2.5, and Ie

rel < 0.1. The muon is required to have pT > 10 GeV, jhj < 2.4,
and Im

rel < 0.15. The selections for the etm channel are summarized in Table 2.

The input variables to the BDT are pm
T , pe

T, mcol, mvis, mT(m,~pmiss
T ), Df(e, m), Df(m,~pmiss

T ), and
Df(e,~pmiss

T ). As can be seen, the input variables are similar to mte channel except for the



5. 4  H → e τ µ 9

0. 6− 0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 0 j et

h
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 6− 0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.
2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 1 j et

h
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 6− 0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 2 j et s g g

h
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 6− 0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 6
0. 8

1
1. 2
1. 4
1. 6

O
bs

./
Ex

p.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 2 j et s V B F

h
τµ

Fi g u r e 2: B D T di s c ri mi n a nt di st ri b uti o n s f o r t h e d at a a n d b a c k g r o u n d p r o c e s s e s i n t h e H →
µ τ h c h a n n el. A B ( H → µ τ ) = 2 0 % i s a s s u m e d f o r t h e si g n al. T h e c h a n n el c at e g o ri e s a r e 0 j et s
( u p p e r r o w l eft), 1 j et ( u p p e r r o w ri g ht), 2 j et s g g H (l o w e r r o w l eft), a n d 2 j et s V B F (l o w e r r o w
ri g ht). T h e l o w e r p a n el i n e a c h pl ot s h o w s t h e r ati o of d at a a n d e sti m at e d b a c k g r o u n d. T h e
u n c e rt ai nt y b a n d c o r r e s p o n d s t o t h e b a c k g r o u n d u n c e rt ai nt y i n w hi c h t h e p o st- fit st ati sti c al
a n d s y st e m ati c u n c e rt ai nti e s a r e a d d e d i n q u a d r at u r e.



1 0

0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 0 j et

e
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.
2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 1 j et

e
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 8
0. 9

1
1. 1
1. 2

O
bs

./
Ex

p.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 2 j et s g g

e
τµ

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1
1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

91 0

1 01 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

0. 4− 0. 2− 0 0. 2

B D T di s cri mi n a nt

0. 5

1

1. 5

2

O
bs

./
Ex

p.

2−1 0

1−1 0

1

1 0

21 0

31 0

41 0

51 0

61 0

71 0

81 0

Ev
e
nt

s/
Bi

n

O b s er v e d ττ→Z

µµe e/→Z ,t +j et stt

E W W/ Z Di b o s o n

W +j et s/ Q C D S M H

= 2 0 %)Β (τµ→H B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
, 2 j et s V B F

e
τµ

Fi g u r e 3: B D T di s c ri mi n a nt di st ri b uti o n s f o r t h e d at a a n d b a c k g r o u n d p r o c e s s e s i n t h e H →
µ τ e c h a n n el. A B ( H → µ τ ) = 2 0 % i s a s s u m e d f o r t h e si g n al. T h e c h a n n el c at e g o ri e s a r e 0 j et s
( u p p e r r o w l eft), 1 j et ( u p p e r r o w ri g ht), 2 j et s g g H (l o w e r r o w l eft), a n d 2 j et s V B F (l o w e r r o w
ri g ht). T h e l o w e r p a n el i n e a c h pl ot s h o w s t h e r ati o of d at a a n d e sti m at e d b a c k g r o u n d. T h e
u n c e rt ai nt y b a n d c o r r e s p o n d s t o t h e b a c k g r o u n d u n c e rt ai nt y i n w hi c h t h e p o st- fit st ati sti c al
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addition of the variable mvis and removing mT(e,~pmiss
T ). The post-fit distributions of simulated

signal, data, and backgrounds in each category of the etm channel are shown in Fig. 5.

Table 2: Event selection criteria for the H ! et channels.

Variable eth etm

pe
T >27 GeV >24 GeV

pm
T — >10 GeV

pth
T >30 GeV —

jhje <2.1 <2.5
jhjm — <2.4
jhjth <2.3 —

Ie
rel <0.15 <0.1

Im
rel — <0.15

Trigger
requirement

pe
T > 25 GeV (2016)

pe
T > 23 GeV

pm
T > 8 GeV

pe
T > 27 GeV (2017)

pe
T > 32 GeV (2018)

pe
T > 24 GeV and pth

T > 30 GeV (2017, 2018)

6 Background estimation
One of the major background contributions comes from the Z ! tt process, in which the
muon or electron arises from a t lepton decay. The other major background contributions arise
from the W+jets process and from multijets events produced through the strong interaction
(referred to as QCD multijet events hereafter), where one or more of the jets are misidentified
as leptons. These backgrounds are estimated from data either fully or with the aid of simu-
lation. The tt and single top quark background contributes substantially in leptonic channels
and is estimated using simulated events along with the other backgrounds. The background
estimates are validated in different orthogonal VRs constructed to have enhanced contributions
from specific backgrounds.

6.1 Z ! tt background

The Z ! tt background is estimated from data using an embedding technique [76]. This
technique allows for an estimation of the genuine tt SM backgrounds from data with reduced
simulation input. This minimizes the uncertainties that arise from using simulation. Events
with a pair of oppositely charged muons are selected in data so that Z ! mm events largely
dominate. These data events are selected independently of the event selection criteria described
in Section 5. The muons are removed from the selected events and replaced with simulated t
leptons with the same kinematic properties as those of the replaced muon. In that way, a
set of hybrid events is obtained that relies on simulation only for the decay of the t leptons.
The description of the underlying event or the production of associated jets is taken entirely
from data. This technique results in a more accurate description of the ~pmiss

T and jet-related
variables than simulation and an overall reduction in the systematic uncertainties. Embedded
events cover all backgrounds with two genuine t leptons, and this includes a small fraction of
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Fi g u r e 4: B D T di s c ri mi n a nt di st ri b uti o n s f o r t h e d at a a n d b a c k g r o u n d p r o c e s s e s i n t h e H →
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a n d s y st e m ati c u n c e rt ai nti e s a r e a d d e d i n q u a d r at u r e.
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tt , diboson, and EW W/Z events. The simulated events from the tt, diboson, and EW W/Z
where both t candidates match to t leptons at the generator level are removed to avoid any
double counting.

6.2 Misidentified lepton background

The misidentified lepton background corresponds to events where jets are misidentified as lep-
tons. They mostly arise from two sources: W+jets and QCD multijet events. In W+jets back-
ground events, one of the leptons is from the W boson decay while the other is a jet misidenti-
fied as a lepton. In QCD multijet events, both the leptons are misidentified jets. In the mth and
eth channels, the contributions from misidentified lepton backgrounds have been estimated
using a “misidentification rate” approach. In the mte and etm channels, an “extrapolation fac-
tor” approach is adopted, which is consistent with the “misidentification rate” approach, and
is used because of limited statistical precision in the leptonic channels.

6.2.1 Misidentification rate approach

The misidentified lepton background in the signal region (SR) is estimated using misidentifi-
cation rates from Z+jets CR and applied to a background-enriched region from collision data.
The misidentification rates are evaluated using events with a Z boson and at least one jet that
can be misidentified as a lepton. The probabilities with which jets are misidentified as an elec-
tron, muon, or th are labeled as fe , fm , and fth

, respectively. The Z boson is formed using two
muons with pT > 26 GeV, jhj < 2.4, and Im

rel < 0.15 for measuring the jet! th, m, e misidentifi-
cation rate. The muons are required to be oppositely charged and have invariant mass between
70 and 110 GeV. The contribution from diboson events, where there is a genuine lepton, is
subtracted using simulation.

The jet is required to pass the same lepton identification criteria as used in the SR. A “signal-
like” and “background-like” regions are defined. The isolation for the electron and muon is
required to have I`rel < 0.15 and the th discriminated against jets at a WP that has an identifi-
cation efficiency of about 70% for the “signal-like” region. For the “background-like” region,
lepton isolation is required to be 0.15 < Im

rel < 0.25 and 0.15 < Ie
rel < 0.50, and the th is discrim-

inated against jets at a WP that has an identification efficiency of about 80% and not pass the
WP that has an identification efficiency of about 70%. After the “signal-like” and “background-
like” regions are defined, the misidentification rates are computed as functions of the lepton pT.
The misidentification rates fe , fm , and fth

are estimated as:

fi =
Si

Bi + Si

where Si is the number of events in the “signal-like” region, while Bi is the number of events
in the “background-like” region. The th misidentification rate shows a pT dependence that
depends on the th decay mode and jhj and is therefore evaluated as a function of pt

T for the
different decay modes and two h regions (jhj < 1.5 or jhj > 1.5).

In the eth channel, the th misidentification rate is evaluated using events with a Z boson
formed using two electrons with pT > 27 GeV, jhj < 2.5, and Ie

rel < 0.15. The electrons must be
oppositely charged and have an invariant mass between 70 and 110 GeV. The reason for using
Z ! ee events for evaluating the th misidentification rate in eth channel is that the DNN WPs
used for discriminating th against electrons and muons are different in this channel compared
to the mth channel as described in Section 4. The misidentification rates evaluated using this
CR are compatible with the misidentification rates measured in Z ! mm events.
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The computed misidentification rates fi depend on the lepton pT for electrons and muons or pT,
h, and decay mode for the th candidates. The misidentification rates for electrons and muons
are �0.4 and �0.6, respectively, at pT = 30.0 GeV. The misidentification rates for th candi-
dates are in the range 0.02–0.24 at pT = 30.0 GeV. They are used to estimate the background
yields and obtain the distributions of the misidentified lepton background. This is accom-
plished through the following procedure. Each event in the “background-like” region, defined
using the collision data with the same selection as the SR, but loosening the isolation require-
ments on one of the leptons, is weighted by a factor fi/(1� fi). Events with the possibility
of double counting because of two misidentified leptons are subtracted. For example, events
with both a misidentified muon or electron and a misidentified th are accounted once in the
“background-like” region for muon or electron with a weight f`/(1� f`) and another time in
the “background-like” region for th with a weight ft /(1� ft ) and are hence double counted.
This is mitigated by subtracting their contribution once using a weight, ft f`/[(1� ft )(1� f`)],
where ` = m or e.

The background estimate is validated in a VR by requiring the two leptons to have the same
electric charge, enhancing the misidentified lepton background. Figure 6 (left) shows the com-
parison of data with background estimates in this VR for the mth channel. The background
estimate is also validated in a W boson enriched VR, as shown in Fig. 6 (middle). This VR is
obtained by applying the preselection, mT(`,~pmiss

T ) > 60 GeV (` = e or m), and mT(th,~pmiss
T ) >

80 GeV.

6.2.2 Extrapolation factor approach

In the etm and mte channels, the QCD multijet background is estimated from the data using
events with an electron and a muon with the same electric charge [77]. Contributions from
other processes are estimated from simulation and subtracted from the data. Extrapolation
factors from the CR requiring the two leptons to have the same electric charge to the SR are
measured in data as a function of the jet multiplicity and the DR separation between the elec-
tron and muon.

The extrapolation factors are estimated using events with a muon failing the isolation require-
ment and an isolated electron. The contribution from bb events to the QCD multijet back-
ground gives rise to the DR dependence and is parameterized with a linear function. The
extrapolation factors are higher for events with low DR separation between the electron and
muon, decreasing as the DR separation increases. The extrapolation factors also depend on
the electron and muon pT. This pT dependence comes from the leptons arising from the semi-
leptonic c quark decay. These leptons tend to be softer in pT and less isolated, resulting in a
reduction in the number of such events passing the pT and isolation requirements.

As the extrapolation factors are from CR where the muon fails the isolation requirement, an
additional correction is applied to cover a potential mismodeling. This correction is calculated
by measuring the extrapolation factors in two different CRs. The first CR has events where the
muon is isolated, and the electron fails the isolation requirement. The second CR has events
where both the electron and muon fail the isolation requirement. The ratio of the extrapolation
factors from these two CRs is taken as the correction to account for the potential mismodeling
induced by requiring the muon to fail the isolation requirement.

6.3 Other backgrounds

Other background contributions come from processes in which a lepton pair is produced from
the weak decays of quarks and vector bosons. These include tt, WW, WZ, and ZZ events.



1 6

T h e r e a r e n o n n e gli gi bl e c o nt ri b uti o n s f r o m p r o c e s s e s s u c h a s W γ ( ∗ ) + j et s, si n gl e t o p q u a r k
p r o d u cti o n, a n d Z → ( = e, µ ) . Fi g u r e 6 ( ri g ht) s h o w s t h e c o m p a ri s o n of d at a wit h b a c k-
g r o u n d e sti m at e s i n t h e t t V R f o r t h e µ τ e c h a n n el. T hi s V R i s d e fi n e d b y r e q ui ri n g t h e p r e s e n c e
of at l e a st o n e b-t a g g e d j et i n t h e e v e nt i n a d diti o n t o t h e p r e s el e cti o n. T h e S M Hi g g s b o s o n
p r o d u cti o n c o nt ri b uti o n m ai nl y c o m e s f r o m H → τ τ a n d H → W W d e c a y s.

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

2

4

6

8

1 0

1 2

1 4

1 6

31 0×

Ev
e
nt

s/
bi

n

O b s er v e d

W +j et s/ Q C D

Ot h er b k g.

= 2 0 %)Β (τµ→H

B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
h

τµ

0 1 0 0 2 0 0 3 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

1

2

3

4

5

6

7

8

31 0×

Ev
e
nt

s/
bi

n

O b s er v e d

W +j et s/ Q C D

Ot h er b k g.

= 2 0 %)Β (τµ→H

B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
h

τµ

0 1 0 0 2 0 0

 ( G e V)c olm

0. 5

1

1. 5

O
bs

./
Ex

p.

0

5

1 0

1 5

2 0

2 5

3 0

31 0×

Ev
e
nt

s/
bi

n

O b s er v e d

,t +j et stt

Ot h er b k g.

= 2 0 %)Β (τµ→H

B k g. u n c.

 ( 1 3 T e V)- 11 3 7 f b

C M S
e

τµ

Fi g u r e 6: T h e m c ol di st ri b uti o n i n V R wit h s a m e el e ct ri c c h a r g e f o r b ot h l e pt o n s (l eft), W + j et s
V R ( mi d dl e), a n d t t V R ( ri g ht). I n e a c h di st ri b uti o n, t h e V R’ s d o mi n a nt b a c k g r o u n d i s s h o w n,
a n d all t h e ot h e r b a c k g r o u n d s a r e g r o u p e d i nt o “ Ot h e r b k g. ”. A B ( H → µ τ ) = 2 0 % i s a s s u m e d
f o r t h e si g n al. T h e l o w e r p a n el i n e a c h pl ot s h o w s t h e r ati o of d at a a n d e sti m at e d b a c k g r o u n d.
T h e u n c e rt ai nt y b a n d c o r r e s p o n d s t o t h e b a c k g r o u n d u n c e rt ai nt y i n w hi c h t h e p o st- fit st ati sti-
c al a n d s y st e m ati c u n c e rt ai nti e s a r e a d d e d i n q u a d r at u r e.

7 S y st e m ati c u n c ert ai nti e s

S e v e r al s o u r c e s of e x p e ri m e nt al a n d t h e o r eti c al s y st e m ati c u n c e rt ai nti e s a r e t a k e n i nt o a c c o u nt
i n t h e st ati sti c al a n al y si s. T h e s e u n c e rt ai nti e s aff e ct b ot h t h e n o r m ali z ati o n a n d di st ri b uti o n
of t h e diff e r e nt p r o c e s s e s. T h e diff e r e nt s y st e m ati c u n c e rt ai nti e s a r e i n c o r p o r at e d i n t h e li k e-
li h o o d a s n ui s a n c e p a r a m et e r s f o r w hi c h l o g- n o r m al a p ri o ri di st ri b uti o n s a r e a s s u m e d, a n d
di st ri b uti o n v a ri ati o n s a r e t a k e n i nt o a c c o u nt vi a c o nti n u o u s m o r p hi n g [ 7 8]. T h e m a xi m u m
li k eli h o o d a n d p r o fil e li k eli h o o d wit h a s y m pt oti c a p p r o xi m ati o n a r e t h e n c o m p ut e d u si n g t h e
d e fi n e d li k eli h o o d t o o bt ai n t h e b e st fit b r a n c hi n g f r a cti o n a n d u p p e r li mit s o n t h e b r a n c hi n g
f r a cti o n f o r t h e L F V Hi g g s b o s o n d e c a y s. A s t h e s e a r c h i s c at e g o ri z e d i nt o diff e r e nt fi n al st at e s,
p a rti al a n d c o m pl et e c o r r el ati o n s b et w e e n t h e u n c e rt ai nti e s i n diff e r e nt c at e g o ri e s a r e t a k e n
i nt o a c c o u nt a n d a r e s u m m a ri z e d i n T a bl e 3.

T h e u n c e rt ai nti e s t o r e c o n st r u ct a τ h a n d e sti m at e it s i d e nti fi c ati o n ef fi ci e n c y f o r diff e r e nt p T

r a n g e s a r e m e a s u r e d u si n g a t a g- a n d- p r o b e m et h o d [ 7 9] a n d f o u n d t o b e i n t h e r a n g e of 2 – 3 %.
T h e u n c e rt ai nti e s f o r diff e r e nt r a n g e s of p T a r e t r e at e d a s u n c o r r el at e d. T h e s e u n c e rt ai nti e s a r e
al s o c o n si d e r e d f o r t h e e m b e d d e d τ τ b a c k g r o u n d, w h e r e t h e y a r e t r e at e d a s 5 0 % c o r r el at e d
wit h t h e si m ul ati o n u n c e rt ai nti e s. F o r t h e e m b e d d e d e v e nt s, t ri g g e ri n g o n m u o n s b ef o r e b e-
i n g r e pl a c e d b y τ l e pt o n s l e a d s t o a n u n c e rt ai nt y i n t h e t ri g g e r ef fi ci e n c y of a b o ut 4 %, w hi c h
i s t r e at e d a s u n c o r r el at e d b et w e e n t h e t h r e e y e a r s d u e t o diff e r e nt t ri g g e ri n g c rit e ri a. T h e r e
a r e t w o eff e ct s t h at n e e d t o b e c o n si d e r e d f o r t h e e m b e d d e d e v e nt s. T h e e m b e d d e d e v e nt s
h a v e hi g h e r t r a c k r e c o n st r u cti o n ef fi ci e n c y b e c a u s e of r e c o n st r u cti o n i n a n e m pt y d et e ct o r e n-
vi r o n m e nt. T h e e n e r g y d e p o sit s of t h e r e pl a c e d m u o n s c a n c a u s e e v e nt mi g r ati o n f o r τ h d e c a y
m o d e s wit h a π 0 . D at a t o si m ul ati o n s c al e f a ct o r s c o v e r t h e s e eff e ct s wit h c o r r e s p o n di n g s y s-
t e m ati c u n c e rt ai nti e s.
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Uncertainties arising from an electron or a muon misidentified as th correspond to between
7–40% or 10–70%, respectively, for different bins of pT, h, and th decay modes. The uncertainty
in the th energy scale is treated as uncorrelated for different decay modes and 50% correlated
between embedded and simulated backgrounds and ranges from 0.7–1.2%. The uncertainty in
the electron energy scale and the muon momentum scale for misidentified leptons is indepen-
dent of the th energy scale and amounts to 7% and 1%, respectively. The effect of lepton energy
resolution is found to be negligible.

The jet energy scale is affected by several sources, and its uncertainty is evaluated as a function
of pT and h. The jet energy scale’s effect is propagated to the BDT discriminant and varies from
3–20% [72]. The uncertainties in jet energy resolution are also taken into account and mostly
impact the mjj-defined categories. The jets with pT < 10 GeV fall under unclustered energy. The
unclustered energy scale is considered independently for charged particles, neutral hadrons,
photons, and very forward particles, that affect both the distributions and the total yields and
are treated as uncorrelated. The efficiency to classify a jet as b-tagged is different in data and
simulation, and scale factors that depend on jet pT are used to correct the simulation. The
uncertainties in the measured values of these scale factors are taken as sources of systematic
uncertainties.

The uncertainties in the reconstruction of electrons and muons, along with their isolation crite-
ria, are measured using the tag-and-probe method in data in Z ! ee and Z ! mm events and
sum up to about 2% [64, 80, 81]. The uncertainty in the measurement of the muon momentum
scale is in the range 0.4–2.7% for different jhj ranges, while for the electron momentum scale,
it is less than 1%. The selection of events using electron- and muon-based triggers results in an
additional 2% uncertainty in the yield of simulated processes. In the eth channel, an additional
5% uncertainty is associated with using the trigger requiring the presence of both an electron
and th in 2017 and 2018. The uncertainties related to the lepton identification and momentum
scale are treated as correlated between the three years, while the uncertainties related to the
triggering are treated as uncorrelated.

The misidentification rates in the eth and mth final states are parameterized using a linear func-
tion dependent on th pT, where two uncertainties are ascribed per fit function. The normaliza-
tion uncertainties in the estimates of the misidentified lepton backgrounds (jet! th, m, e) from
data are taken from the VR, which is defined orthogonally to the SR. Additional uncertainty is
estimated for the misidentified lepton background in the W boson enriched VR. It is parame-
terized as a function of Df(m,~pmiss

T ) for the mth channel and as a function of Df(e,~pmiss
T ) for

the eth channel. Discriminants with different signal-to-background ratios are used to differen-
tiate th against electrons and muons, which entails an additional 3% uncertainty for the eth
channel.

The misidentified lepton background in the etm and mte final states is affected by different
uncertainties. The statistical uncertainties arising from both fits of the extrapolation factors as a
function of the lepton pT and the spatial separation between electron and muon are taken into
account. The uncertainty in extrapolation factors resulting from inverting the muon isolation
is taken into account. These uncertainties have a combined effect of about 20% on the normal-
ization. The dominant source of uncertainty in the simulated background processes, Z ! ee,
Z ! mm, Z ! tt , WW, ZZ, Wg, tt , and single top quark production is the measurement of
the cross section for these processes and is treated as correlated between the three years.

The theoretical uncertainties affecting the measurement of Higgs boson production cross sec-
tion are the QCD scales (renormalization and factorization scales), the choice of PDFs, and the
strong coupling constant (aS) evaluated at the Z boson mass. These uncertainties affect the
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signal’s normalization and are treated as correlated between the three years [82]. The changes
made in QCD scales provide 3.9, 0.5, 0.9, and 0.8% uncertainties in the ggH, VBF, ZH, WH
cross sections, respectively, while changes in the PDFs and aS result in 3.2, 2.1, 1.3, and 1.9%
uncertainties, respectively. The acceptance is taken into account when changes are made in
QCD scales and the PDFs and aS.

The normalization of the event yield for H ! tt is taken from simulation. The uncertainty in
the B(H ! tt) includes a 1.70% due to missing higher-order corrections, a 0.99% in the quark
masses, and a 0.62% on aS. The normalization of the event yield for H ! WW is taken from
simulation. The uncertainty in the B(H !WW) includes a 0.99% due to missing higher-order
corrections, a 0.99% in the quark masses, and a 0.66% in aS.

The bin-by-bin uncertainties account for the statistical uncertainties in each bin of the distri-
butions of every process. The Barlow–Beeston Lite [83] approach is used, assigning a single
parameter to scale the sum of the process yields in each bin, constrained by the total uncer-
tainty, instead of requiring separate parameters, one per process. This is useful to reduce the
number of parameters required in the statistical analysis. They are treated as uncorrelated
between bins, categories, and channels.

The integrated luminosities of the 2016, 2017, and 2018 data taking periods are individually
known to have uncertainties in the 2.3–2.5% range [84–86], while the total integrated lumi-
nosity has an uncertainty of 1.8%, the improvement in precision reflecting the uncorrelated
time evolution of some systematic effects. The uncertainty in the integrated luminosity affects
all processes, with the normalization taken directly from the simulation. Uncertainty related
to pileup is evaluated through changes made in the weights applied to the simulation and is
treated as correlated between the three years. The dependence on weight is obtained through
a 5% change in the total inelastic cross section used to estimate the number of pileup events in
data. Other minimum-bias event modeling and initial- and final-state radiation uncertainties
are estimated to be much smaller than those on the rate and are therefore neglected.

During the 2016 and 2017 data taking periods, a gradual shift in the timing of the inputs from
the ECAL first-level trigger in the region of jhj > 2.0 caused a specific trigger inefficiency.
For events containing an electron or a jet with respective pT > 50 GeV or > 100 GeV, in the
region 2.5 < jhj < 3.0 the efficiency loss is 10–20%, depending on pT, h, and time. Correction
factors are computed from data and applied to the acceptance evaluated through simulation.
Uncertainty due to this correction factor is �1% and is treated as correlated between the two
years.

8 Results
No significant excess has been found for the LFV Higgs boson decays in both channels, and
upper limits have been placed. Upper limits on the branching fraction of Higgs boson decay
are computed using the modified frequentist approach for CLs, taking the profile likelihood
as a test statistic [87–89] in the asymptotic approximation. The observed (expected) upper
limits on the Higgs boson branching fractions are 0.15 (0.15)% for H ! mt and 0.22 (0.16)% for
H ! et , respectively, at the 95% CL. The results have a dominant contribution from systematic
uncertainties. The bin-by-bin uncertainties and the uncertainties related to the distribution of
the misidentified lepton background have a significant impact followed by the lepton energy
scale uncertainties.

The upper limits and the best fit branching fractions for B(H ! mt) and B(H ! et) are
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Table 3: Systematic uncertainties in the expected event yields. All uncertainties are treated as
correlated among categories, except those with two values separated by the� sign. In this case,
the first value is the correlated uncertainty and the second value is the uncorrelated uncertainty
for each category.

Systematic uncertainty mth mte eth etm

Muon ident. and iso. 2% 2% — 2%
Electron ident. and iso. — 2% 2% 2%
Trigger 2% 2% 2% 2%
th ident. pT dep. (2–3%) — pT dep. (2–15%) —
m ! th misid. 10–70% — — —
e ! th misid. — — 40% —
b tagging efficiency <6.5% <6.5% <6.5% <6.5%

Embedded bkg. 4% 4% 4% 4%
Z ! mm, ee bkg. 4% � 5% 4% � 5% 4% � 5% 4% � 5%
EW bkg. 4% � 5% 4% � 5% 4% � 5% 4% � 5%
W+jets bkg. — 10% — 10%
Diboson bkg. 5% � 5% 5% � 5% 5% � 5% 5% � 5%
tt bkg. 6% � 5% 6% � 5% 6% � 5% 6% � 5%
Single top quark bkg. 5% � 5% 5% � 5% 5% � 5% 5% � 5%
Jet! th bkg. 30% � 10% — 30% � 10% —

Jet energy scale 3–20% 3–20% 3–20% 3–20%
th energy scale 0.7–1.2% — 0.7–1.2% —
e ! th energy scale 1–7% — 1–7% —
m ! th energy scale 1% — 1% —
Electron energy scale — 1–2.5% 1–2.5% 1–2.5%
Muon energy scale 0.4–2.7% 0.4–2.7% — 0.4–2.7%

Trigger timing inefficiency 0.2–1.3% 0.2–1.3% 0.2–1.3% 0.2–1.3%
Integrated luminosity 1.8% 1.8% 1.8% 1.8%

QCD scales (ggH) 3.9%
QCD scales (VBF) 0.5%
PDF + aS (ggH) 3.2%
PDF + aS (VBF) 2.1%
QCD acceptance (ggH) �10.3 to +5.9%
QCD acceptance (VBF) �2.7 to +2.3%
PDF + aS acceptance (ggH) �0.8 to +2.8%
PDF + aS acceptance (VBF) �1.7 to +2.3%
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Fi g u r e 7: O b s e r v e d ( e x p e ct e d) 9 5 % C L u p p e r li mit s o n t h e B ( H → µ τ ) (l eft) a n d B ( H → e τ )
( ri g ht) f o r e a c h i n di vi d u al c at e g o r y a n d c o m bi n e d. T h e c at e g o ri e s f r o m t o p t o b ott o m r o w
a r e µ τ h 0J et s, µ τ h 1J et, µ τ h 2 J et s, µ τ h V B F, µ τ e 0J et s, µ τ e 1J et, µ τ e 2 J et s, µ τ e V B F, a n d µ τ
c o m bi n e d (l eft) a n d e τ h 0J et s, e τ h 1J et, e τ h 2 J et s, e τ h V B F, e τ µ 0J et s, e τ µ 1J et, e τ µ 2 J et s, e τ µ

V B F, a n d e τ c o m bi n e d ( ri g ht).

r e p o rt e d i n T a bl e s 4 a n d 5. T h e li mit s a r e al s o s u m m a ri z e d i n T a bl e 6 a n d g r a p hi c all y s h o w n
i n Fi g. 7. T h e li mit s a r e i m p r o v e d f r o m p r e vi o u s r e s ult s [ 3 0]. T h e i m p r o v e m e nt r eli e s o n t h e
l a r g e r d at a s et, t h e u p d at e d b a c k g r o u n d e sti m ati o n t e c h ni q u e s, a n d B D T cl a s si fi c ati o n. T h e
r e s ult s a r e c r o s s- c h e c k e d wit h a n a d diti o n al i n v e sti g ati o n f oll o wi n g t h e st r at e g y i n R ef. [ 3 0]
a n d a r e f o u n d t o b e c o n si st e nt.

T h e u p p e r li mit s o n B ( H → µ τ ) a n d B ( H → e τ ) a r e s u b s e q u e ntl y u s e d t o p ut c o n st r ai nt s o n
L F V Y u k a w a c o u pli n g s [ 1 1]. T h e L F V d e c a y s e τ a n d µ τ a ri s e at t r e e l e v el f r o m t h e a s s u m e d
fl a v o r vi ol ati n g Y u k a w a i nt e r a cti o n s, Y α β , w h e r e α , β a r e t h e l e pt o n s of diff e r e nt fl a v o r s ( α =

β ). T h e d e c a y wi dt h s Γ ( H → α β ) i n t e r m s of t h e Y u k a w a c o u pli n g s a r e gi v e n b y:

Γ ( H → α β ) =
m H

8 π
( |Y α β |2 + |Y β α |2 ) ,

a n d t h e b r a n c hi n g f r a cti o n s a r e gi v e n b y:

B ( H → α β ) =
Γ ( H → α β )

Γ ( H → α β ) + Γ S M

.

T h e S M Hi g g s b o s o n d e c a y wi dt h i s a s s u m e d t o b e Γ S M = 4. 1 M e V [ 9 0] f o r m H = 1 2 5 G e V. T h e
9 5 % C L u p p e r li mit o n t h e Y u k a w a c o u pli n g s o bt ai n e d f r o m t h e e x p r e s si o n f o r t h e b r a n c hi n g

f r a cti o n a b o v e i s s h o w n i n T a bl e 6. T h e li mit s o n t h e Y u k a w a c o u pli n g s a r e
√

|Y µ τ |2 + |Y τ µ |2 <

1. 1 1 × 1 0 − 3 a n d
√

|Y e τ |2 + |Y τ e |2 < 1. 3 5 × 1 0 − 3 a n d a r e s h o w n i n Fi g. 8. T a b ul at e d r e s ult s a r e
a v ail a bl e i n t h e H e p D at a d at a b a s e [ 9 1].
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Fi g u r e 8: E x p e ct e d ( r e d li n e) a n d o b s e r v e d ( bl a c k s oli d li n e) 9 5 % C L u p p e r li mit s o n t h e L F V
Y u k a w a c o u pli n g s, |Y µ τ | v s. |Y τ µ | (l eft) a n d |Y e τ | v s. |Y τ e | ( ri g ht). T h e |Y µ τ | o r |Y e τ | c o u pli n g s
c o r r e s p o n d t o l eft c hi r al m u o n o r el e ct r o n a n d ri g ht c hi r al τ l e pt o n, w hil e |Y τ µ | o r |Y τ e | c o u-
pli n g s c o r r e s p o n d t o l eft c hi r al τ l e pt o n a n d ri g ht c hi r al m u o n o r el e ct r o n. I n t h e l eft pl ot, t h e
e x p e ct e d li mit i s c o v e r e d b y t h e o b s e r v e d li mit a s t h e y h a v e si mil a r v al u e s. T h e fl a v o r di a g o n al
Y u k a w a c o u pli n g s a r e a p p r o xi m at e d b y t h ei r S M v al u e s. T h e g r e e n a n d y ell o w b a n d s i n di c at e
t h e r a n g e t h at i s e x p e ct e d t o c o nt ai n 6 8 % a n d 9 5 % of all o b s e r v e d li mit v a ri ati o n s f r o m t h e
e x p e ct e d li mit. T h e s h a d e d r e gi o n s a r e c o n st r ai nt s o bt ai n e d f r o m n ull s e a r c h e s f o r τ → 3 µ o r
τ → 3 e ( d a r k bl u e) [ 9 2] a n d τ → µ γ o r τ → e γ ( p u r pl e) [ 9 3]. T h e bl u e di a g o n al li n e i s t h e
t h e o r eti c al n at u r al n e s s li mit |Y ijY ji| = m im j/ v 2 [ 1 1].

T a bl e 4: O b s e r v e d a n d e x p e ct e d u p p e r li mit s at 9 5 % C L a n d b e st fit b r a n c hi n g f r a cti o n s f o r
e a c h i n di vi d u al j et c at e g o r y, a n d t h ei r c o m bi n ati o n s, i n t h e H → µ τ c h a n n el.

E x p e ct e d li mit s ( %)
0-j et 1-j et 2-j et s  V B F  C o m bi n e d

µ τ e < 0. 3 4 < 0. 5 7 < 1. 1 3 < 0. 8 3 < 0. 2 7

µ τ h < 0. 3 3 < 0. 4 3 < 0. 4 9 < 0. 3 0 < 0. 1 8
µ τ < 0. 1 5

O b s e r v e d li mit s ( %)
0-j et 1-j et 2-j et s  V B F  C o m bi n e d

µ τ e < 0. 3 1 < 0. 3 6 < 0. 7 7 < 0. 5 8 < 0. 1 9

µ τ h < 0. 3 7 < 0. 4 0 < 0. 5 0 < 0. 3 9 < 0. 2 4
µ τ < 0. 1 5

B e st fit b r a n c hi n g f r a cti o n s ( %)
0-j et 1-j et 2-j et s  V B F  C o m bi n e d

µ τ e − 0. 0 3 ± 0. 1 7 − 0. 4 0 ± 0. 2 8 − 0. 6 6 ± 0. 5 6 − 0. 4 1 ± 0. 3 9 − 0. 1 4 ± 0. 1 3

µ τ h + 0. 0 5 ± 0. 1 7 − 0. 0 5 ± 0. 2 2 + 0. 0 2 ± 0. 2 5 + 0. 1 0 ± 0. 1 6 + 0. 0 7 ± 0. 0 9
µ τ + 0. 0 0 ± 0. 0 7



22

Table 5: Observed and expected upper limits at 95% CL and best fit branching fractions for
each individual jet category, and their combinations, in the H ! et channel.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etm <0.34 <0.53 <1.08 <0.86 <0.26
eth <0.39 <0.44 <0.55 <0.35 <0.20
et <0.16

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etm <0.42 <0.56 <1.35 <0.42 <0.22
eth <0.44 <0.68 <0.78 <0.57 <0.37
et <0.22

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etm +0.11� 0.17 +0.04� 0.27 +0.35� 0.55 �1.04� 0.44 �0.07� 0.13
eth +0.07� 0.20 +0.29� 0.23 +0.27� 0.29 +0.27� 0.17 +0.20� 0.10
et +0.08� 0.08

Table 6: Summary of observed and expected upper limits at 95% CL, best fit branching fractions
and corresponding constraints on Yukawa couplings for the H ! mt and H ! et channels.

Observed (expected) Best fit branching Yukawa coupling
upper limits (%) fractions (%) constraints

H ! mt <0.15 (0.15) 0.00� 0.07 < 1.11 (1.10)�10�3

H ! et <0.22 (0.16) 0.08� 0.08 < 1.35 (1.14)�10�3
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9 Summary
A search for lepton-flavor violation has been performed in the mt and et final states of the
Higgs boson in data collected by the CMS experiment. The data correspond to an integrated lu-
minosity of 137 fb�1 of proton-proton collisions at a center-of-mass energy of 13 TeV. The results
are extracted through a maximum likelihood fit to a boosted decision tree output, trained to dis-
tinguish the expected signal from backgrounds. The observed (expected) upper limits on the
branching fraction of the Higgs boson to mt are 0.15 (0.15)% and to et are 0.22 (0.16)%, respec-
tively, at 95% confidence level. Upper limits on the off-diagonal mt and et couplings are de-
rived from these constraints,

p
jYmt j2 + jYtm j2 < 1.11�10�3 and

p
jYet j2 + jYte j2 < 1.35�10�3.

These results constitute an improvement over the previous limits from CMS and ATLAS exper-
iments.
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W.L. Aldá Júnior, M. Alves Gallo Pereira, M. Barroso Ferreira Filho, H. BRANDAO MAL-
BOUISSON, W. Carvalho, J. Chinellato4, E.M. Da Costa, G.G. Da Silveira5, D. De Jesus Damiao,
S. Fonseca De Souza, D. Matos Figueiredo, C. Mora Herrera, K. Mota Amarilo, L. Mundim,
H. Nogima, P. Rebello Teles, A. Santoro, S.M. Silva Do Amaral, A. Sznajder, M. Thiel,
F. Torres Da Silva De Araujo, A. Vilela Pereira

Universidade Estadual Paulista a, Universidade Federal do ABC b, São Paulo, Brazil
C.A. Bernardesa,a, L. Calligarisa, T.R. Fernandez Perez Tomeia, E.M. Gregoresa,b, D.S. Lemosa,
P.G. Mercadantea,b, S.F. Novaesa, Sandra S. Padulaa

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria
A. Aleksandrov, G. Antchev, R. Hadjiiska, P. Iaydjiev, M. Misheva, M. Rodozov, M. Shopova,
G. Sultanov



32

University of Sofia, Sofia, Bulgaria
A. Dimitrov, T. Ivanov, L. Litov, B. Pavlov, P. Petkov, A. Petrov

Beihang University, Beijing, China
T. Cheng, W. Fang3, Q. Guo, T. Javaid6, M. Mittal, H. Wang, L. Yuan

Department of Physics, Tsinghua University, Beijing, China
M. Ahmad, G. Bauer, C. Dozen7, Z. Hu, J. Martins8, Y. Wang, K. Yi9,10

Institute of High Energy Physics, Beijing, China
E. Chapon, G.M. Chen6, H.S. Chen6, M. Chen, F. Iemmi, A. Kapoor, D. Leggat, H. Liao, Z.-
A. LIU6, V. Milosevic, F. Monti, R. Sharma, J. Tao, J. Thomas-wilsker, J. Wang, H. Zhang,
S. Zhang6, J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
A. Agapitos, Y. Ban, C. Chen, Q. Huang, A. Levin, Q. Li, X. Lyu, Y. Mao, S.J. Qian, D. Wang,
Q. Wang, J. Xiao

Sun Yat-Sen University, Guangzhou, China
M. Lu, Z. You

Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) - Fudan University, Shanghai, China
X. Gao3, H. Okawa

Zhejiang University, Hangzhou, China
Z. Lin, M. Xiao

Universidad de Los Andes, Bogota, Colombia
C. Avila, A. Cabrera, C. Florez, J. Fraga, A. Sarkar, M.A. Segura Delgado

Universidad de Antioquia, Medellin, Colombia
J. Mejia Guisao, F. Ramirez, J.D. Ruiz Alvarez, C.A. Salazar González
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C. Aime‘a ,b, A. Braghieria, S. Calzaferria ,b, D. Fiorinaa ,b, P. Montagnaa ,b, S.P. Rattia,b, V. Rea,
C. Riccardia ,b, P. Salvinia, I. Vaia, P. Vituloa ,b

INFN Sezione di Perugia a, Università di Perugia b, Perugia, Italy
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Università di Siena d, Siena, Italy
P. Azzurria, G. Bagliesia, V. Bertacchia,c, L. Bianchinia, T. Boccalia, E. Bossinia ,b, R. Castaldia,
M.A. Cioccia,b, R. Dell’Orsoa, M.R. Di Domenicoa,d, S. Donatoa, A. Giassia, M.T. Grippoa,
F. Ligabuea ,c, E. Mancaa ,c, G. Mandorlia,c, A. Messineoa,b, F. Pallaa, S. Paroliaa ,b, G. Ramirez-
Sancheza ,c, A. Rizzia ,b, G. Rolandia,c, S. Roy Chowdhurya ,c, A. Scribanoa, N. Shafieia ,b,
P. Spagnoloa, R. Tenchinia, G. Tonellia,b, N. Turinia,d, A. Venturia, P.G. Verdinia

INFN Sezione di Roma a, Sapienza Università di Roma b, Rome, Italy
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Orientale c, Novara, Italy
N. Amapanea,b, R. Arcidiaconoa,c, S. Argiroa,b, M. Arneodoa ,c, N. Bartosika, R. Bellana ,b,
A. Belloraa,b, J. Berenguer Antequeraa ,b, C. Biinoa, N. Cartigliaa, S. Comettia, M. Costaa ,b,
R. Covarellia ,b, N. Demariaa, B. Kiania ,b, F. Leggera, C. Mariottia, S. Masellia, E. Migliorea ,b,
E. Monteila,b, M. Montenoa, M.M. Obertinoa ,b, G. Ortonaa, L. Pachera,b, N. Pastronea,
M. Pelliccionia, G.L. Pinna Angionia,b, M. Ruspaa,c, R. Salvaticoa,b, K. Shchelinaa,b, F. Sivieroa ,b,
V. Solaa, A. Solanoa,b, D. Soldia ,b, A. Staianoa, M. Tornagoa ,b, D. Trocinoa ,b, A. Vagnerini

INFN Sezione di Trieste a, Università di Trieste b, Trieste, Italy
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H. Bialkowska, M. Bluj, B. Boimska, M. Górski, M. Kazana, M. Szleper, P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski, K. Doroba, A. Kalinowski, M. Konecki, J. Krolikowski, M. Walczak
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D. Hits, W. Lustermann, A.-M. Lyon, R.A. Manzoni, C. Martin Perez, M.T. Meinhard,
F. Micheli, F. Nessi-Tedaldi, J. Niedziela, F. Pauss, V. Perovic, G. Perrin, S. Pigazzini,
M.G. Ratti, M. Reichmann, C. Reissel, T. Reitenspiess, B. Ristic, D. Ruini, D.A. Sanz Becerra,
M. Schönenberger, V. Stampf, J. Steggemann60, R. Wallny, D.H. Zhu
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