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Abstract This paper presents a new t-lepton reconstruc-
tion and identification procedure at the ATLAS detector at the
Large Hadron Collider, which leads to significantly improved
performance in the case of physics processes where a highly
boosted pair of t-leptons is produced and one 7-lepton
decays into a muon and two neutrinos (z,), and the other
decays into hadrons and one neutrino (th,q). By removing the
muon information from the signals used for reconstruction
and identification of the 1,9 candidate in the boosted pair,
the efficiency is raised to the level expected for an isolated
Thad- The new procedure is validated by selecting a sample of
highly boosted Z — 7, Thaq candidates from the data sample
of 140 fb~! of proton—proton collisions at 13 TeV recorded
with the ATLAS detector. Good agreement is found between
data and simulation predictions in both the Z — 7, Thaq sig-
nal region and in a background validation region. The results
presented in this paper demonstrate the effectiveness of the
Thad reconstruction with muon removal in enhancing the sig-
nal sensitivity of the boosted 7, Thag channel at the ATLAS
detector.
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1 Introduction

The t-lepton is the heaviest known lepton, with a mass of
1.777 GeV, and a lifetime of 2.9 x 10713 s [1]. It has a
35% probability of decaying leptonically into a lighter lepton
and two neutrinos: T — ev,v; or T — v,V (denoted
7,), collectively referred to as tjep. In the remaining 65%
of cases, the 7-lepton decays hadronically (thaq) into one or
more charged hadrons and zero or more neutral hadrons, plus
one neutrino. Thus, the fraction of t-lepton pairs resulting in
a T, Thad final state is 23%.

The standard ATLAS 1,4 reconstruction and identifica-
tion procedure [2—-5] starts with the reconstruction of the vis-
ible decay products of a Thyq candidate (Thad-vis), Which is
seeded by a jet clustered using the anti-k; algorithm [6,7]
with a radius parameter R = 0.4.! The jet reconstruction
algorithm operates on the topological calorimeter cells [8]
calibrated to the local hadronic energy scale [9]. This seed

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢)
are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle 6

as n = —Intan(6/2) and is equal to the rapidity y = %ln (gfﬁ) i

the relativistic limit. Angular distance is measured in units of AR =

V(AY)? + (Ag)2.

=
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jet is referred to as Tgeeq jet. Only Tgeeq jets with transverse
momentum pr > 5 GeV and pseudorapidity |n| < 2.5
are considered. Dedicated algorithms [5] are run to iden-
tify the production vertex, associating and classifying recon-
structed inner detector tracks, and calibrating the energy of
the thaq candidate. Tracks that have passed the Tseeq jet asso-
ciation requirements are classified into four categories: “Tau
Tracks’, ‘Conversion Tracks’, ‘Isolation Tracks’ and ‘Fake
Tracks’. Only ‘Tau Tracks’ are used to determine the num-
ber of charged decay products and thus the charge of the
T lepton. After reconstruction, the thag candidate is classi-
fied by the 1,4 identification algorithm (TaulD), a recurrent
neural network (RNN) classifier [4], to determine its likeli-
hood of being the decay product of a tp,g. Several working
points, ‘Tight’, ‘Medium’, ‘Loose’ and ‘VeryLoose’, are then
defined based on optimised requirements on the RNN score
with different 1,4 identification efficiencies [4].

The standard TaulD algorithm is efficient unless activ-
ity from other particles is found inside the Tseq jet. One of
these cases is when a pair of t-leptons originates from a
highly boosted resonance and the decay products of the two
T-leptons are reconstructed within the radius of a single Tseeq
jet. The reconstruction and identification of boosted systems
in which both t-leptons decay hadronically is achieved by
searching for hadronic t-like substructure using a boosted
decision tree within a large radius seed jet [10]. In this anal-
ysis, the decay into the 7, Thaq final state is considered.

Muon reconstruction [11] in the ATLAS detector is based
on the information from the inner tracking detector (ID) and
the muon spectrometer (MS), complemented by calorime-
ter data. The reconstruction begins by identifying tracks in
the MS, followed by matching these with tracks in the ID.
In cases where a candidate can be made from ID and MS
tracks, a combined fit is performed, taking into account the
energy loss in the calorimeters. This study considers muons
satisfying the ‘Medium’ identification working point [11],
which ensures a combined muon where the ID track matches
the MS signature. The minimum ionising nature of the muon
and the fact that the muon reconstruction is independent of
its isolation [11] enables the possibility of removing the ID
track and clusters produced by the muon from the 7geeq jet
produced by a boosted 7, Thag system. The kinematic vari-
ables that are subsequently supplied to the TaulD algorithm
are re-calculated without the interference of the muon. The
Thad reconstructed with this method is referred to as r}’ffid.

The t}’f;d method was developed using simulated events
corresponding to a beyond the Standard Model (BSM) pro-
cess with a high-mass graviton [12] decaying into two Higgs
bosons as signal. Before using this technique in future BSM
searches, itis important to demonstrate its performance using
a Standard Model (SM) process. As a validation for the new
method, the production of two t-leptons originating from
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a highly boosted Z boson giving the final state of interest,
Z — T, Thad, 1S used.

This paper is organised as follows. The ATLAS detector is
described briefly in Sect. 2. The data and simulated samples
are described in Sect. 3. The development of the boosted rk’:fld
method is described in Sect. 4. The analysis methods and the
results forthe Z — 7, Thaq validation are described in Sect. 5.
Finally, the conclusions are given in Sect. 6.

2 ATLAS detector

The ATLAS detector [13] at the Large Hadron Collider
(LHC) [14] is a multipurpose particle detector with a
forward—backward symmetric cylindrical geometry and a
near 47 coverage in solid angle. It consists of an ID sur-
rounded by a thin superconducting solenoid providing a 2
T axial magnetic field, electromagnetic (EM) and hadronic
calorimeters, and a MS. The inner tracking detector cov-
ers the pseudorapidity range |n| < 2.5. It consists of sili-
con pixel, silicon microstrip, and transition radiation track-
ing detectors. Lead/liquid-argon (LAr) sampling calorime-
ters provide EM energy measurements with high granularity
within the region |n| < 3.2. A steel/scintillator-tile hadronic
calorimeter covers the central pseudorapidity range (|n| <
1.7). The endcap and forward regions are instrumented with
LAr calorimeters for EM and hadronic energy measurements
up to |n| = 4.9. The MS surrounds the calorimeters and is
based on three large superconducting air-core toroidal mag-
nets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detector.
The MS includes a system of precision tracking chambers up
to || = 2.7 and fast detectors for triggering up to |n| = 2.4.
The luminosity is measured mainly by the LUCID-2 [15]
detector, which is located close to the beampipe. A two-level
trigger system is used to select events [16]. The first-level
trigger is implemented in hardware and uses a subset of the
detector information to accept events at a rate below 100 kHz.
This is followed by a software-based trigger that reduces the
accepted event rate to 1 kHz on average depending on the
data-taking conditions. A software suite [17] is used in data
simulation, in the reconstruction and analysis of real and sim-
ulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and simulated event samples
3.1 Simulated samples for the development of the method
Monte Carlo (MC) simulated event samples [18] of signal

and backgrounds are used to develop the r}ffld method and to
evaluate the Tph,q reconstruction and identification efficien-
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cies, as well as the background rejection power. The signal
samples consist of BSM gravitons [12] decaying into a pair
of Higgs bosons, with the hypothetical graviton mass rang-
ing from 1 to 5 TeV. For this study, the SM Higgs bosons
are constrained to decay into a pair of t-leptons. The signal
process is referred to as G — HH — 4r.

High- pr, semileptonically decaying heavy-flavour hadrons
may produce a detector signature that has some similarities
with the signal sample of boosted 7, Thaq pairs, since the
invariant mass of the charm hadron produced in the semilep-
tonic decay of a bottom hadron is comparable to the T-lepton
mass. The top-antitop-quark process (¢7) is used to model
this type of background.

The G - HH — 4t signal samples were simulated
using the MADGRAPHS_AMC@NLO [19] generator using
matrix elements (ME) at leading-order (LO) in quantum
chromodynamics (QCD) with the NNPDF2.3L0 [20] par-
ton distribution function (PDF) set. The production of 7
events was modelled using the POWHEG Boxv2 [21-24]
generator at next-to-leading order (NLO) in QCD with the
NNPDF3.0NLO [25] PDF set and the Agamp parameter2 set to
1.5 myop [26].

PYTHIA 8.230 [27] with the A14 [28] set of tuned param-
eters (tune) and NNPDF2.3L0 PDF set was used for the
simulation of the parton showering and hadronisation for
both the G — HH — 4t samples and the 77 sam-
ples. The decays of bottom and charm hadrons were per-
formed by EVTGEN 1.6.0 [29]. The effect of multiple inter-
actions in the same and neighbouring bunch crossings (pile-
up) was modelled by overlaying the original hard-scattering
event with simulated inelastic proton—proton collisions gen-
erated by PYTHIA8.186 [30] with the A3 tune [31] and
the MSTW2008LO PDF set [32]. The MC samples were
reweighted so that the pile-up distribution matches the one
observed in the data. All MC samples were passed through
the ATLAS detector simulation based on GEANT4 [33].

3.2 Data and simulated samples for the validation of the
method

For the Z — 7,Thaq validation analysis, the Run 2 data
sample collected in proton—proton collisions at the LHC with
A/s = 13 TeV and a 25 ns bunch crossing interval is used.
The integrated luminosity of the sample recorded while all
relevant components of the ATLAS detector were operating
normally corresponds to 140 b1 [34,35].

2 The hdamp parameter is a resummation damping factor and one of
the parameters that controls the matching of POWHEG matrix elements
to the parton shower and thus effectively regulates the high-transverse-
momentum radiation against which the 7 system recoils.

Simulated samples provide predictions for both signal
and background processes. As described in Sect. 3.1, the
simulation includes the effect of pile-up and the detector
response. All MC samples undergo calibrations and correc-
tions to match the performance in data. EVTGEN 1.6.0 [29]
was used again to decay bottom and charm hadrons. The rest
of this section gives details of the specific MC samples used
in this study.

The dominant production channel of the boosted Z —
T, Thad final states, a Z boson produced in association with
jets, was modelled using the SHERPA 2.2.14 [36] generator for
the Z — t1 channel, while SHERPA 2.2.11 was used to model
Z — ¢ (L = e, u) decays. The ME calculations ranged
from NLO in QCD for final states with up to two additional
parton emissions to LO in QCD for up to five additional par-
ton emissions. The MEs were merged with the SHERPA par-
ton shower following the MEPS@LO [37] prescription and
using the NNPDF3.0NNLO [25] PDF set. The production of
W bosons with jets, and the productionof WW, WZ,and ZZ
boson pairs, were simulated using SHERPA2.2.11 with con-
figurations similar to those used in the Z+jets sample. Mea-
surements of the distribution of Z-boson transverse momen-
tum ( p% ) using light-lepton pair events at /s = 13 TeV [38]
indicate that SHERPA 2.2.11 underestimates the cross-section
for p% > 100 GeV by approximately 10% [39]. The simula-
tion of initial-state QCD radiation is expected to be the same
in the SHERPA 2.2.14 samples used in this study. A 10% cor-
rection is therefore applied to the predicted event yields for
Z — tt in the validation analysis, with the full size of this
correction quoted as a systematic uncertainty.

The production of 7 events was modelled using the same
configuration as the one used for the method development as
in Sect. 3.1. Single-top ¢-channel production was modelled
using the POWHEG BoxX v2 [22-24,40] generator at NLO in
QCD using the four-flavour scheme and the correspond-
ing NNPDF3.0NLO PDF set. The associated production of
top quarks with W bosons (W) was modelled using the
POWHEG Box v2 generator at NLO in QCD using the five-
flavour scheme and the NNPDF3.0NLO PDF set. The dia-
gram removal scheme [41] was used to remove interference
and overlap with 7 production. In both cases the generated
events were interfaced to PYTHIA 8.230 using the A14 tune
and the NNPDF2.3L0 PDF set.

The production of Higgs bosons via gluon—gluon fusion
and vector—boson fusion was modeled following the config-
uration detailed in Ref. [42].

@ Springer
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Fig. 1 The distributions of the AR%?“'“S for the generator-level 7, Thaq

pair in G — HH — 4t signal events, with graviton masses mg
ranging from 1000 to 5000 GeV

4 Development of the boosted rlf*ad reconstruction
method

4.1 Muon removal and re-reconstruction of the haq
candidate

The T}ﬁd method was developed with simulated G —
HH — 4t signal samples with generator-level information
used to evaluate the performance of the method. The angu-
lar distance at the generator-level between the Thad.vis and
the muon is measured by ARE™S In Fig. 1, the AREMYS
distributions of the 7, Thaq pairs in the G — HH — 4t
samples are presented.

For ARE™™ < 0.4, it is more likely that the muon will
be reconstructed inside the Tgeeq jet.

In this study, MC generator-level information is used to
match generated 7, Thaq pairs with their reconstructed coun-
terparts. The reconstructed Tgeeq jet is generator-matched if at
least one ID track matches the muon from the e, decay or the
charged hadron(s) from the 1,9 decay. Only Tgeeq jets origi-
nating from a boosted 7, Thaq pair are considered. Other Tgeeq
jets, such as those associated with QCD jets, are neglected.
The MC generator-level visible t-lepton decay products are
required to satisfy the requirements pr > 20 GeV and
[n] < 2.5 to ensure that the tgeq jets are within the tracking
acceptance of the ATLAS detector.

Below the ARES™™ < 0.4 threshold, the standard thaq
reconstruction and identification efficiencies drop signifi-
cantly. Figure 2 shows the combined reconstruction and iden-
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tification efficiencies of the standard ATLAS th,q4 recon-
struction and TaulD algorithms as a function of ARSI
for generator-level 1-prong and 3-prong had in 7 Thad pairs.
Here ‘n-prong’ denotes the number of charged hadrons that
originate from the tp,q decay. The ‘N5® = 1 or 3’ lines
shows the efficiency of a generator-level 1-prong or 3-prong
Thad being reconstructed with the correct number of associ-
ated charged-particle tracks. The efficiency for a tgeeq jet to
be reconstructed from a 7, Thaq pair remains high for all val-

ues of ARE™Y . However, the efficiencies for all standard
TaulD working points drop significantly in both the 1-prong
and 3-prong cases when AR, < 0.4. The tighter the
working point, the greater the fractional loss in efficiency
due to the presence of the nearby muon. The performance
of the standard TaulD algorithm is set as the baseline in this
study.

The muon’s nature as a minimum ionising particle, com-
bined with the fact that its reconstruction is independent of
its isolation [11], provides a motivation for excluding the
ID track and calorimeter clusters associated with any nearby
muon from the standard ATLAS 1, reconstruction algo-
rithm. By removing these contributions, the Ty eq jet would
better represent only the Thag-vis, improving the accuracy of
the TaulD algorithm. Specifically, the ID track and clus-
ters associated with a reconstructed muon that satisfies the
‘Medium’ muon identification working point are removed if
the track or cluster is found within the reconstructed 7geeq jet.
For calorimeter energy clusters, the algorithm checks if the
energy of the cluster associated with the muon is compatible
with the expected energy loss [43] from its interactions with
the calorimeters between the ID and the MS and removes the
cluster only when this is the case. After the muon removal,
the standard th,q reconstruction algorithm is re-run on the
Tseed j€t. In this way, the relevant TaulD variables for the thaq
candidate can be calculated without the muon component.

4.2 Performance of the method

Figure 3 shows the combined reconstruction and identifi-
cation efficiencies after the muon removal as a function of
AR for generator-level 1-prong and 3-prong T, Thad
pairs for all working points. The reconstruction and iden-
tification efficiencies after the muon removal show a consid-
erable improvement compared to those shown in Fig. 2. The
signal efficiency is recovered almost completely for every
working point for both 1-prong and 3-prong th,q. In the 3-
prong cases, the efficiency of TaulD is limited by the accurate
reconstruction of the correct number of tracks associated with
the highly boosted thag candidates.

Roughly 95% of the_ Tseed j€ts have a muon removed in the
region where ARE; " < 0.4. This can be expected given
the 97% efficiency of the ‘Medium’ muon working point,
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in the direction of the reconstructed Thaq.vis and muon
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with a dip below 90% in the region where the generator-
level || of the Thagvis is |7]&™YS < 0.1. This is illus-
trated in Fig. 4, which shows the signal efficiencies of the
TaulD working points after the muon removal as a function
of |n|gen-Vis for generator-level 1-prong and 3-prong Teed jets
with AR%?H’VIS < 0.4. The slight decrease in muon removal
efficiency in the low |7|2™ Vi region is caused by the non-
instrumented regions of the MS.

The signal identification efficiencies at all working points
of the standard ATLAS TaulD are tuned to show mini-
mum dependency on the generator-level pt of the Thag.vis
( p%e;l,ws) and pile-up [5]. The stability of the TaulD work-
ing ’point efficiencies, after the muon removal, against these
variables are shown in Fig. 5. To focus on the objects of inter-
est, only generator-level 7, Thaq pairs with the muon identi-
fied inside the Tseq jet and removed (AR < 0.4) are
included in these plots. For comparison, the TaulD work-
ing point efficiencies as a function of the same variables
for Tgeed .objects in which muon removal is not required
(AR%?I’VIS > 0.45) are shown in Fig. 6. Similar behaviour
is observed in Figs. 5 and 6. The improved performance and
good stability across different working points demonstrate
that, after the muon removal, the TaulD RNN receives as
input the signal Tgeeq jet as if it were a Tpag that is isolated
(free from interference of surrounding particles).

After the removal of the overlapping muon, the precision
with which the four-momentum of the 7geq jet is recon-
structed improves significantly. Figure 7a shows the distri-
butions of the difference between the generated and recon-
structed 1 (residuals) before and after the muon removal.
Compared to the performance before muon removal, the n
residuals that correspond to the 68% percentile (core reso-
lution) improves by a factor of 15. The distributions of the
Thad-vis PT residuals (pt/ p%en) are shown in Fig. 7b. These
results agree well with those reported for isolated 7hyq in
Ref. [44], further demonstrating the effectiveness of the muon
removal method.

Having demonstrated that the reconstruction and identi-
fication efficiencies are significantly improved by the rlﬁd
method, the background rejection power is studied. The pro-
duction of 7 events is considered as a source of high-pr
heavy-flavour jets, which represents an example background
to the t{fﬁld signal. The background rejection at the ‘Medium’
TaulD working point, which is defined as the ratio of the
total number of reconstructed 1,4 candidates before muon
removal to the number of false positives before or after muon
removal, are shown in Fig. 8, as functions of the reconstructed
Thad-vis PT- For the background rejection figures, the event
selections are mostly based on the reconstructed properties
instead of the generator-level information. A Tseeq jet recon-
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structed in the background sample is required to have recon-
structed 20 GeV < pr < 300 GeV, || < 2.5, and to not be
generator-matched to a tp,g from the semileptonic decay of
a bottom or top quark. In addition, a reconstructed muon is
required to be found inside the Tgeq jet. The th,q candidates
in which no muon is present are not considered in Fig. 8, as
identical TaulD results would be expected for these cases.

It is likely that after removing the muon, the number
of reconstructed charged-particle tracks inside the Tgeeq jet
decreases by one compared to the standard reconstruction.
Thus the background compositions of th,g candidates recon-
structed with the r}ﬁd method are different from the standard
Thad candidates. The background rejection power decreases
slightly in the 3-prong case compared to the standard TaulD
algorithm. Without the presence of the muon within the Tgeeq
in the case of background events, the TaulD algorithm finds
it more challenging to reject semileptonic heavy-flavour jets.
The 1-prong background rejection power increases slightly
in the low- pt region after removal of the muon due to fewer
Thad candidates being reconstructed after the muon removal.

The signal efficiency observed in the G — HH — 4t
samples and the background rejection power observed in the
tf sample are combined to form the so-called receiver oper-
ating characteristic (ROC) curves. In addition to the same
reconstruction level selections as the background 7geeq jets
discussed previously, the Tgeeq jets in the signal samples are
required to be generator-matched to the 7, Thaq pairs. To min-
imise the bias introduced by the misalignment of the signal
and background momentum spectra, the background events
are reweighted so that the pr distribution of the background
sample matches that of the signal samples. The ROC curves
illustrating the performance with and without muon removal
are shown in Fig. 9. An order-of-magnitude performance gain
is seen across the spectrum for both the 1-prong and 3-prong
cases when the muon removal is applied.

To demonstrate the performance of the tl’fgd method in
reconstructing and identifying individual di-t systems within
the G - HH — 4t process, Fig. 10 presents the com-
bined th,q reconstruction and identification efficiencies as
a function of the generated graviton mass. The efficiencies
correspond to the identification of individual di-t systems
originating from Higgs boson decays.

Compared to the standard ATLAS TaulD algorithm, the
r}f;d method demonstrates a complete recovery of the iden-
tification efficiency for both the 1-prong and 3-prong th,q
decays for high-mass G — HH — 4t events, to the level
expected for isolated thaq candidates reconstructed with the
standard TaulD algorithm.
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Fig. 4 The combined reconstruction and TaulD efficiencies after the
muon removal for generator-level a 1-prong and b 3-prong 7, Thad
pairs at all working points as a function of |n|8™Y" for Teeq jets with

ARE™M™ < 0.4. The ‘Seeding’ line shows the efficiency of a Tgeeq
jet that matches a generator-level 7, Thyq pair being reconstructed; the

5 Validation of the rlf;d method in the Z — 7, Tp,q final
states

The ‘le;d method was developed for searches for high-mass
BSM physics, such as the G — H H process, as described
in Sect. 4. However, it is useful to validate its performance
by considering a SM process and data from proton-proton
collisions. In this paper, the Drell-Yan production of a Z
boson in association with high- p jets from initial-state QCD
radiation is considered as a validation process.

5.1 Z-boson kinematic reconstruction

The detector signature of the boosted Z — T, Thaq process
includes one hadronically decaying r-lepton and a muon,
in association with significant missing transverse momen-
tum ( ﬁ%‘i“) from the neutrinos produced in the two t-lepton
decays. The ﬁTmiSS, with magnitude E‘T“iss, is estimated as the
negative vector sum of the transverse momentum of all iden-
tified hard physics objects [45]. Tracks not associated with
any such object are included in the soft term.

In this kinematic regime, the th,q and the muon are likely
to be reconstructed within the same 7geeq jet. In well mea-
sured events, the vector sum of the transverse momenta of
the three neutrinos dominates the measured ﬁ‘T“iSS, which in
the azimuthal direction lies between the observed muon and

(b)

‘N = 1 or 3’ line shows the efficiency of a generator-level haq being
reconstructed with the correct number of associated charged-particle
tracks. The ‘VLoose’, ‘Loose’, ‘Medium’, and ‘Tight’ lines show the
efficiencies of the TaulD working points. The ‘MuonRM’ line shows
the efficiency of a muon being identified and removed from the Teeq jet

the thyq candidate in most cases. Also, on average, the ﬁ%‘iss

should be closer in azimuth to the muon, because the Tiep
decay produces two neutrinos and the th,q decay only one.
Without incorporating ﬁ?iss, reconstructing the Z-boson
invariant mass is not possible. However, it is possible to
approximate the momenta of the neutrinos using the collinear

approximation [46] as follows:

e the transverse momenta of the three neutrinos dominate
the measured S, and other contributions are negligi-
ble;

e cach t-lepton is sufficiently boosted such that the neu-
trino (or pair of neutrinos) produced in its decay is
collinear with its visible decay products.

These assumptions allow the reconstruction of the momenta
of the neutrino (or pair of neutrinos) produced in the decay
of each t-lepton.’

Together with the momenta of the visible decay products,
this procedure allows the momenta of the two t-leptons,

3 In events in which the ﬁfr“iss lies outside the azimuthal angle between
the visible decay products of the t-leptons, the ﬁ-‘}“i“ is projected onto
the direction of the nearest visible decay, and the neutrino momentum
associated with the other t-lepton is set to zero. Furthermore, events for

which collinear reconstruction is not possible, i.e., with ﬁ?iss deviating
by more than 90° from the muon or the T}id in A¢, are discarded.
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Fig. 5 Thesignal efficiencies of the TaulD working points as a function

of a, b the generator-level transverse momentum p-‘%‘j’?’v'; and c, d the
average number of interactions per bunch crossing < p > for generator-
level 1-prong and 3-prong Tseeq jets when the muon is identified inside
the Teeeq jet and removed (ARYY® < 0.4). The ‘N5° = 1or 3’ line
shows the efficiency of a generator-level 7,4 being reconstructed with

and hence the transverse momentum (pTZOl had)» and mass
(mf:’lhad) of the system produced by the decay of the Z boson,
to be reconstructed. The jets recoiling against the Z boson
are reconstructed using the anti-k; algorithm with a radius
parameter R = 0.4 that uses particle flow objects [47] as
input. These jets are then calibrated using simulation and

data a to a precision of order 1% for central jets.

5.2 Event selection

Candidate events are required to have been triggered by an
un-prescaled single-muon trigger [48] or an un-prescaled

@ Springer
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the correct number of associated charged-particle tracks. The ‘VLoose’,
‘Loose’, ‘Medium’, and ‘Tight’ lines show the efficiencies of the TaulD
working points. The ‘MuonRM’ line shows the efficiency of a muon
being identified and removed from the Tyeeq, and is by definition 1.0 for
all subfigures

E%‘iss trigger [49]. The thresholds of the pt required to fire
each trigger varied for different data-taking periods. For the
single muon trigger, the pt requirement for triggers select-
ing isolated muons ranged from 20 to 26 GeV, while the
pt threshold for muon trigger without isolation requirements
remained constant at 50 GeV. The E%liss triggers had a thresh-
old of 70 GeV for the 2015 data-taking period and remained
constant at 110 GeV for the rest of Run 2. Approximately
97% of Z — 7, Thag simulated events that satisfy the final
signal selection criteria satisfy the trigger selection.

For the signal region (SR) selection, events satisfying the
trigger requirements are required to have at least one muon
removal thaq object which satisfies pr > 15 GeV, one or
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Fig. 6 The signal efficiencies of the TaulD working points as a func-

tion of a, b the generator-level pf%fi’m and ¢, d the average number

of interactions per bunch crossing (< p >) for the generator-level 1-

prong and 3-prong Tyeeq jets with ARE; " > 0.45. In this region, the
muon removal should not affect the results. The ‘Seeding’ line shows
the efficiency of a 7seeq jet that matches to a generator-level 7, Thaq pair
being reconstructed; the ‘N5 = 1 or 3 line shows the efficiency of

three reconstructed charged-particle tracks with charge sum-
ming to one, and a TaulD jet RNN score > 0.1, excluding
1.37 < |n| < 1.52 and |n| > 2.5. This selection implies
that at least one reconstructed muon satisfying the ‘Medium’
working point is inside the cone of each selected ft’f;d candi-
date. Additionally, the muon must have pt > 10 GeV and
opposite charge to the tlf;d candidate. In this study, the over-
lap removal between muons and th,q candidates is turned
off as the default overlap removal algorithm as described in
Ref. [42] would remove some of the ka;d candidates even if
the muon removal method is successful. To suppress back-
ground from events containing heavy-flavour jets, events are
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a generator-level th,q being reconstructed with the correct number of
associated charged-particle tracks. The ‘VLoose’, ‘Loose’, ‘Medium’,
and ‘Tight’ lines show the efficiencies of the TaulD working points. The
‘MuonRM’ line shows the efficiency of a muon being identified and

removed from the Tyeq jet, and is expected to be low in high ARS; ™"
region

rejected if they contain any jet that satisfies the DL 1d based b-
tagging algorithm at an 85% efficiency working point [50].

The signed A¢ between the muon and ﬁ%‘iss (A(f)lsjﬂe,[%T)

signed

is required to be —0.1 < Ad, " yEr < 0.4. The sign of

A¢;§'ﬁ%T is determined by the direction of the r}f;d candi-

date. If the p™sS is inside the opening angle of the muon
and the tp,q candidate or if the ﬁ%‘isg is outside the open-
ing angle but closer to the muon, then the sign is positive;
otherwise, it is negative. Since the focus of the analysis
is the boosted Z — T, Thaq process, a loose requirement

m;"lhad > 40 GeV, and a requirement prflhad > 250 GeV

@ Springer
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Fig. 8 The background rejection for Tseeq jets originating from semileptonic b-hadron decays in 7 events at the ‘Medium’ TaulD working point,
as a function of the reconstructed pr for a the reconstructed 1-prong candidates and b the reconstructed 3-prong candidates
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Fig. 9 Background rejection as a function of signal efficiency with and
without muon removal for a the reconstructed 1-prong candidates and
b the reconstructed 3-prong candidates. For the background sample, ¢7

are applied. A validation region (VR) is defined with the same
selection requirements as the SR, except that the muon and

T}f;d candidate are required to have the same charge, and there

. . igned . .
is no requirement on A‘P,SEI;IET or the number of jets satisfy-

ing the b-tagging criteria. The VR is designed with enough
statistical power for testing the background modelling. These
tests confirm that multi-jets events contribute negligibly to
the background in both the SR and VR, making it an unlikely
source of significant background mismodelling. Table 1 sum-
marises the event selection requirements for the SR and VR
respectively.

Figures 11 and 12 illustrate the distributions of the TaulD
jet RNN score and pT;"lhad in the SR and VR. As shown
in both figures, the data and MC predictions agree well in
both the SR and VR. Due to the m,iolhad > 40 GeV require-
ment, the kinematics of the selection produce a peak in the
prL"lhad distribution around 500 GeV. This highlights the

fact that the ‘L'kf;d reconstruction picks up 7, Thad pairs only
with a sufficiently high boost.

5.3 Systematic uncertainties
The dominant source of systematic uncertainty in the com-

parison between the observed and expected yields in the SR
is the modelling of the cross-section for Z-boson produc-

events are used. The combination of all G — H H — 4t samples with
mg ranging from 1 to 5 TeV is used as the signal sample

tion. As discussed in Sect. 3, a +10% correction is applied
to the predicted values for Z(— t71) + jets events, with
the full size of this correction quoted as a systematic uncer-
tainty. The most significant sources of experimental system-
atic uncertainties are related to TaulD and t-lepton energy
scale (4%) [3,4], jet energy scale and resolution (2%) [51],
Efrniss (2%) [45], and luminosity (0.83%) [35].

5.4 Results

To understand the performance improvement relative to
the standard ATLAS ty,q reconstruction and identification,
Fig. 13 shows multiple comparisons of the data and MC pre-
dictions for m;"lhad distributions corresponding to various
signal selections; Fig. 13a corresponds to the SR selections
defined in Sect. 5.2; Fig. 13b corresponds to the SRS which
uses the standard ATLAS 1,4 candidates, without the muon
removal, but otherwise corresponds to the same event selec-
tion as the SR; Fig. 13c corresponds to the SRﬁght, which
imposes an additional ‘Tight’ RNN TaulD requirement on the
rlf;d candidates, but otherwise corresponds to the SR selec-
tion; and Fig. 13d corresponds to the SRfitght, which imposes
an additional ‘Tight” RNN TaulD requirement and uses the
standard th,q candidates, without muon removal.

The collinear mass reconstruction of the di-t system is

quite effective as it clearly shows the peak corresponding to
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Fig. 10 The signal efficiencies of the TaulD working points, as a func-
tion of mg, for generator-level a 1-prong and b 3-prong thaq with the
standard ATLAS TaulD algorithm and for generator-level ¢ 1-prong
and d 3-prong th,q With the rﬁd method. The efficiencies shown corre-
spond to the identification of individual di-t systems originating from
Higgs boson decays. The ‘Seeding’ line shows the efficiency of a Tgeeq
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jet that matches a generator-level 7, Thaq pair being reconstructed. The
‘Ni° = 1 or 3’ line shows the efficiency of a generator-level thaq being
reconstructed with the correct number of associated charged-particle
tracks. The ‘VLoose’, ‘Loose’, ‘Medium’, and ‘Tight’ lines show the
efficiencies of the TaulD working points. The ‘MuonRM’ line shows

the efficiency of a muon being identified and removed from the Teeq jet
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Fig. 11 The distribution of the TaulD jet RNN score for flf;d a in the
SR and b in the VR. ‘Z(— t71) + jets’ represents the contributions
from the signal process. “Top’ represents the predicted contributions
from the 77, single-top-quark, and ¢t W processes. ‘Diboson’ indicates

the Z boson mass in Fig. 13a. The shape of the mfflhad distri-
bution for signal Drell-Yan events is very different from that
seen in inclusive production [52], with a much larger frac-
tion of the signal events in the region 40 GeV < mlcfi had <
70 GeV compared to that at the Z boson peak. This pat-
tern arises due to the steep fall in the mlcfi haa distribution
for Drell-Yan production, along with the narrowing opening

angle of boosted 7, Thad Systems as mfflhad decreases.

(b)

the contributions from WW, WZ, and ZZ processes. ‘Other’ includes
the contributions from the Z (— ££)+jets, W+jets, and Higgs boson pro-
cesses. The uncertainties shown include both statistical and systematic
sources

Table 2 shows the event yields in the data, as well as
the predicted contributions from signal and background pro-
cesses, corresponding to the various signal and validation
selection criteria defined previously. Compared with the stan-
dard TaulD, the T}fgd method results in around three times
more signal events in the SR, accompanied by an increase in
the number of background events. In the SRtight the number
of signal events is about five times higher than when using

Table 1 Summary of event

. . Object
selection requirements

Signal region

Validation region

T}ﬁd candidate pt > 15 GeV

TaulD jet RNN score > 0.1
Inl < 1.370r 1.52 < |n| < 2.5
1 or 3 charged-particle tracks

pr > 15 GeV

TaulD jet RNN score > 0.1

Inl < 1.370r 1.52 < |n| < 2.5
1 or 3 charged-particle tracks

Muon ‘Medium’ working point ‘Medium’ working point
pr > 10 GeV pr > 10 GeV
Ty Thad Pair no b-tagged jet at 85% efficiency working point —
igned
—0.1 < Ag; ey < 0.4 -

1
mff’fhad > 40 GeV

1
mff—had > 40 GeV

Prétpaa > 250 GeV Prétpaa > 250 GeV

opposite charge muon and ‘Ell:;d candidates

same charge muon and rﬁd candidates
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Fig. 12 The distribution of the pTZOlhad a in the SR, and b in the VR.
‘Z(— t7) +jets’ represents the contributions from the signal process.
‘Diboson’ indicates the contributions from WW, WZ, and ZZ pro-
cesses. ‘Top’ represents the predicted contributions from the 77, single-

the standard 1,9 candidates, with a corresponding rise in
background events as well.

Subtracting the expected background yield in the SR of
223 £ 5 events gives a measured yield for Z — 7, Thaq of
920 =+ 34 events. This can be compared with the expected
yield for Z — 7, Thaq of 945 4= 8 (stat.) &= 114 (syst.) events.
Adding all sources of statistical and systematic uncertainty
results in a total uncertainty of 12%. The same calculations
are performed in the SRtight' The ratio of data to prediction

is 0.97 £ 0.12 in the SR, and 0.96 & 0.12 in the SR,

6 Conclusions

In this paper, the reconstruction of a highly boosted pair of
t-leptons is considered, in which one 7-lepton decays into
a muon plus two neutrinos and the other t-lepton decays
hadronically, with the visible decay products overlapping. In
such cases, the standard ATLAS reconstruction and identi-
fication algorithms for hadronically decaying 7-leptons fail
due to the presence of the nearby muon.

The development of a muon removal procedure for Th,g
candidates (denoted rlfgd) using samples of high-mass G —
HH — 4t events is described. The tl’id method recovers
the thaq reconstruction and identification efficiencies to the

@ Springer

przo—lhad [GeV]

(b)

top-quark, and W processes. ‘Other’ includes the contributions from
the Z(— ££)+jets, W+jets, and Higgs boson processes. The uncertain-
ties shown include both statistical and systematic sources

expected level for isolated th,q decays at all T-lepton identi-
fication working points. The measurement precision for the
charge and kinematic properties of the visible th,g system
is similarly recovered. The background rejection power is
studied using heavy-flavour jets from top-quark decays and
shows no degradation relative to the standard algorithm for
Thad 1dentification. The tlfgd method is validated by selecting
a sample of highly boosted Z — 7, Thaq final states using
a data set of proton—proton collisions at /s = 13 TeV col-
lected with the ATLAS detector at the LHC, and correspond-
ing to an integrated luminosity of 140 fb—!. Good agreement
is found between data and simulation in both the Z — 7, Thad
signal region and a background-rich validation region. The
ratio of the observed and predicted event yields in the signal
region is found to be consistent with unity within an uncer-
tainty of 12%.

The results presented in this paper demonstrate the effec-
tiveness of the rk’f;d method in enhancing the signal sensitivity
of the boosted 7, Thag channel. The observed good agreement
between data and simulation in the Z — 1, Thaq signal region
reaffirms the robustness of the newly developed reconstruc-
tion method.
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and ZZ processes. ‘Top’ represents the predicted contributions from

(d)

nal region selection criteria defined in the text: a SR, b SR ¢ SR

tight”
and d SR?}ght. ‘Z(— tT) + jets’ represents the contributions from the

signal process. ‘Diboson’ indicates the contributions from WW, WZ,

the 17, single-top-quark, and 1 W processes. ‘Other’ includes the contri-
butions from the Z(— £¢¢)+jets, W+jets, and Higgs boson processes.
The uncertainties shown include both statistical and systematic sources
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Table 2 Event yields for different event selection criteria, as defined in the text. The uncertainties quoted are statistical only

SR N SR ighy SR}, VR
Z -1t 945 +8 325+4 633+7 117 +2 20+ 1
Diboson 91+1 2541 50+1 940 38+
Top 68 +3 5343 26+2 2142 164 +5
Other 65+4 1742 1242 5+1 76 +4
Total predicted 1168 & 10 420+5 721£8 15343 297 +7
Data 1143 435 698 133 281
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