Eur. Phys. J. C (2024) 84:455 THE EUROPEAN M)
https://doi.org/10.1140/epjc/s10052-024-12657-1 PHYSICAL JOURNAL C cur;)%caﬁégr

Regular Article - Experimental Physics

| mproving topological cluster reconstruction using calorimeter
cell timingin ATLAS

ATLAS Collaboration*
CERN, 1211 Geneva 23, Switzerland

Received: 26 October 2023 / Accepted: 10 March 2024 / Published online: 3 May 2024
© CERN for the benefit of the ATLAS Collaboration 2024

Abstract Clusters of topologically connected calorimeter 6.2.1 Jetcalibration . . . . ... ....... 9
cells around cells with large absolute signal-to-noise ratio 6.2.2 Jetselection. . . . ... ........ 10
(topo-clusters) are the basis for calorimeter signal recon- 6.2.3 Jetkinematics . . . .. ... ... ... 10
struction in the ATLAS experiment. Topological cell clus- 6.2.4 Jetresolution. . . . ... ... ... .. 11
tering has proven performant in LHC Runs 1 and 2. It is,7 Performance on ATLASdata. . . . ... ... .. 11
however, susceptible tout-of-time pile-up of signals from 7.1 Checks for time cut inefficiencies. . . . . . . 15
soft collisions outside the 25 ns proton-bunch-crossing win- 7.2 Impact on the ATLAS eventsize . . . . . . . 25
dow associated with the event’s hard collision. Toreduce thi§ Conclusion. . . . . . . . . . . . . ... ... ... 26
effect, a calorimeter-cell timing criterion was added to theReferences . . . . . . . . . . . . . . ... 27

signal-to-noise ratio requirement in the clustering algorithm.

Multiple versions of this criterion were tested by reconstruct-

ing hadronic signals in simulated events and Run 2 ATLAS; | htroduction

data. The preferred version is found to reduce the out-of-time

pile-up jet multiplicity by~50% for jetpr ~ 20 GeVandby  1he ATLAS experiment ], one of the four major experi-

~80% for jetpr 2 50 GeV, while not disrupting the recon- ents at the LHC], relies on the precise measurement of

struction of hadronic signals of interest, and improving they, ticle showers as the starting point for physics object recon-

jet energy resolution by up to 5% for 20 pr < 30 GeV. g4 \ction. Calorimeter showers are reconstructed by cluster-

Pile-up is also suppressed for other physics objects based Qfy 4roups of topologically connected calorimeter cells, the

topo-clusters (electrons, photonsjeptons), reducing the 5 step in this process involving cells with high absolute

overall event size on disk by about 6% in early Run 3 pile-energy relative to calorimeter nois&[The produced clus-

up conditions. Offline reconstruction for Run 3 includes thei, s are referred to aspo-clusters and provide the input to

timing requirement. the reconstruction of a number of physics objects, includ-
ing jets, electrons;-leptons and missing transverse momen-
tum (E%“iss). The topological cell clustering algorithm is well

Contents established and performed very well during the LHC Run 1
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scattering, they are referred toiastime pile-up, whereas if  inner tracking detector surrounded by a thin superconduct-
they are produced in the previous or next bunch-crossingsg solenoid, electromagnetic and hadron calorimeters, and a
they are calledut-of-time pile-up. Calorimeter signals are muon spectrometer incorporating three large superconduct-
sensitive to both in-time and out-of-time pile-up, which caning air-core toroidal magnets.
result in the formation of additional topo-clusters, as wellas The inner-detector system is immersed in a 2 T axial
spurious contributions to those originating from the hard scatmagnetic field and provides charged-particle tracking in the
tering. Multiple pile-up suppression techniques have beermange|n| < 2.5. The high-granularity silicon pixel detec-
studied in ATLAS, such as the grooming algorithms used fotor covers the vertex region and typically provides four
the reconstruction of boosted objedsT] or the Constituent measurements per track, the first hit normally being in the
Subtraction 8] and Soft Killer [9] methods used prior to jet insertable B-layer]1,12] installed before Run 2. It is fol-
reconstruction]0]. These methods, however, are all appliedlowed by the silicon microstrip tracker, which usually pro-
after topo-cluster reconstruction, whereas in this paper a lowsides eight measurements per track. These silicon detectors
level mitigation technique is explored with the goal of reduc-are complemented by the transition radiation tracker (TRT),
ing pile-up contributions at cell level while building the topo- which enables radially extended track reconstruction up to
clusters. In| = 2.0. The TRT also provides electron identification
The ATLAS calorimeters provide a measurement of thenformation based on the fraction of hits (typically 30 in
signal time, in addition to the deposited energy. In thistotal) above a higher energy-deposit threshold correspond-
paper, the topo-clustering algorithm is modified by apply-ing to transition radiation.
ing a calorimeter time-measurement selection criterion (the The calorimeter system covers the pseudorapidity range
time cut in the following) to cells with large signal-to-noise |n| < 4.9. Within the regionjn| < 3.2, electromagnetic
ratio in order to reject contributions from out-of-time pile-up. (EM) calorimetry is provided by barrel and endcap high-
Multiple versions of the time cut were compared and testedranularity lead/liquid-argon (LAr) calorimeters, with an
on both Monte Carlo (MC) simulated events and a sampladditional thin LAr presampler covering| < 1.8 to cor-
of ATLAS data events. An Upper Limit, switching off the rect for energy loss in material upstream of the calorime-
time cut for very high energy signals, was explored and iters. Hadron calorimetry is provided by the steel/scintillator-
was adopted as a safety measure to avoid rejecting potentide calorimeter Tile calorimeter in the following), seg-
new-physics processes which might produce out-of-time sigmented into three barrel structures withij < 1.7, and
nals. The performance of the new algorithm has been testédio copper/LAr hadronic endcap calorimeters. The solid
in the context of jet reconstruction, focusing on the suppresangle coverage is completed with forward copper/LAr and
sion of pile-up-initiated jets as well as its effects on jet energytungsten/LAr calorimeter modules optimised for electromag-
calibration and resolution. netic and hadronic energy measurements respectively. Elec-
The rest of this paper is organised as follows. Sectromagnetic and hadronic calorimeters based on LAr tech-
tion2 describes the detector. Sect®lists the data and MC nology are collectively referred to as thér calorimeter in
samples used for this analysis. Secdamhescribes the cur- the following. Additional details about the timing measure-
rent topo-cluster reconstruction algorithm and Seoitro-  ments in the ATLAS calorimeters are provided in S2cL
duces the time cut. Sectiérdiscusses the time cut’s perfor- ~ The muon spectrometer comprises separate trigger and
mance on topo-cluster and jet kinematics as evaluated usirdgh-precision tracking chambers measuring the deflection
MC samples. Sectiondiscusses the time cut’s performance of muons in a magnetic field generated by the superconduct-
on ATLAS data taken during Run 2 of the LHC, includ- ing air-core toroidal magnets. The field integral of the toroids
ing checks for possible time-cut inefficiency and the cut'sranges between 2.0 and)l - m across most of the detector.
impact on the ATLAS event size. Conclusions are presented@ihree layers of precision chambers, each consisting of layers
in Sect8. of monitored drift tubes, cover the regi¢n| < 2.7, com-
plemented by cathode-strip chambers in the forward region,
where the background is highest. The muon trigger system
2 ATLAS detector covers the rangé| < 2.4 with resistive-plate chambers in
the barrel, and thin-gap chambers in the endcap regions.

The ATLAS detector]] at the LHC covers nearly the entire

solid angle around the collision poiftlt consists of an —(r’qb) are used in the transverse plagebeing the azimuthal angle

around thez-axis. The pseudorapidity is defined in terms of the polar

2 ATLAS uses a right-handed coordinate system with its origin at thedngled asn = —Intan(6/2). Angular distance is n;i.’;tsured in units

nominal interaction point (IP) in the centre of the detector andzthe Of AR = /(A2 + (A¢)2. The rapidityy = 3 In (E_pz) can also
axis along the beam pipe. Theaxis points from the IP to the centre of be used for kinematic distributions insteadnpfas it accounts for the
the LHC ring, and they-axis points upwards. Cylindrical coordinates particle’s mass.
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Interesting events are selected by the first-level (L1) trig- € |

. . 2 40 ATLAS
ger system implemented in custom hardware, followed by 5 '[
selections made by algorithms implemented in software in § I
the high-level trigger (HLT) 13]. The first-level trigger £08F
accepts events from the 40 MHz bunch-crossings at arate g |
0.6 |

below 100 kHz, which the high-level trigger reduces in order
to record events to disk at about 1 kHz. Triggers with accep- I
tance rates that are too large are prescaled, i.e. only a fraction ~ 04|
of the events satisfying the trigger are written to disk. The

prescale factor is then applied to estimate the original rate. 02}
An extensive software suitd {] is used in data simulation, !
in the reconstruction and analysis of real and simulated data, 0 ot
in detector operations, and in the trigger and data acquisition I
systems of the experiment. 02k

0700 200 300 400 500 600
Time [ns]
2.1 Calorimeter timing measurement
Fig. 1 Example ofthe LAr (central EM barrel) calorimeter pulse shape
I adiiton to the eneray deposted in each cell, both thd" Re Bl The urpolr angulr pue s e one genereed by
LAr and Tile calorimeters can measure the time of arrival Ofdrift time ty ~ 450 ns in the example shown. The shaped pulse is
the particle depositing the energy. LAr signals are read ouuperimposed, with a characteristic duratiortsgal ~ 600 ns. The
using Front End Boards (FEB). They shape the signal anfy!l circ_:les on the shaped pulse indicate the nominal bunch-crossings at
. Lo . 25 ns intervals

sample it at 40 MHz, four samples are then digitised if the
event passes the L1 trigger. The shape of the LAr signal is
optimised to minimise the noise contributidtf]. An exam-  of the data quality assessmeh®] in order to ensure its sta-
ple of the typical LAr calorimeter pulse shape is shown inbility. The LAr time resolution is typically parameterised as
Fig.1. The long negative tail of the shaped LAr pulse impliesthe sum in quadrature of a constant term anel#E noise
that out-of-time pile-up provides a negative energy contributerm:
tion on average, while the contribution from in-time pile-up
is positive on average. Because of this, the average pile-up = = @ Po.
energy per event is zero. While this feature is very useful
in correcting for the average pile-up energy deposition, supn Run 2 and after applying calibration constants obtained
pression methods like the one presented in this paper are stitbm data, the constant terpy was found to reack-200 ps,
very useful in suppressing pile-up contributions to individualwhile the noise ternp; wasO(1 GeV ng [18].
physics objects. The Tile calorimeter signal is also shaped, amplified and

The signal amplitudeA (proportional to its energy) and sampled at 40 MHz by the front-end electronics. Unlike the
timing (t) are both reconstructed using an optimal filteringLAr calorimeter, seven rather than four samples are digitised

algorithm [L6] applied to the digitised samplé&: and the cell energy and time are reconstructed via an opti-
mal filtering method as described by EQ4).(If the signal
Nsamples q Msamples amplitude is below 5 ADC countsthen the timing is not
A= > &S, t= A > bis. (1) measured and a default valueto 0 is stored. Since most
i=1 i=1 Tile calorimeter cells are read out by two independent chan-

nels, the average of the two times is taken as the measured
where the optimal filtering coefficients andb; are com-  cg|| time [20]. The Tile calorimeter uses its Laser calibra-
puted from the predicted pulse shape and measured noisgyn system 1] to monitor the timing of all channels during
The celltime is only measured if the detected energy is abov|§hysiCS runs. Laser events are recorded during empty bunch-
a certain configurable threshold. Typically, threshold valuegyossings in physics data-taking and the stability of the timing
equal to three times the cell noiseofgise) are used. If the js monitored as part of the data quality assessment, allowing
reconstructed energy is below threshold, then the cell time igorrections for possible misconfiguration to be made in the
not computed antl= 0 is stored. main data processing. Channels that exhibit a large number

clock and fine-tuned at the FEB levdl7. Time alignment

corrections are recalculated using beam-splash and early coly, 4 few Tile cells affected by higher radiatiogep scintillators[20]),
lision data [L8]. The measured time is also monitored as parthe minimum amplitude for time reconstruction is 15 ADC counts.
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for further physics object reconstructio?l]. Cells flagged event size for reductions due to the time cut. For time-cut
as Tilebad timing are not considered when implementing inefficiency checks, one Luminosity Block of data collected
the time cut. The Tile timing resolution is described with ain 2018 was used, with an average number of interactions
functional form similar to the one commonly used for theper bunch-crossing ofu) = 42.5. The data used for the

calorimeter energy resolution: event size test also consists of one Luminosity Block, taken
in 2022. The average pile-up for this run(js) = 41.3.
ot = Po ® % P ﬁ, Multi-jet production was modelled usirigy THIA 8.230
VE [25] with leading-order matrix elements for dijet production

which were matched to the parton shower. The renormalisa-
tion and factorisation scales were set to the geometric mean
of the squared transverse masses of the two outgoing parti-
cles in the matrix elemeng/( pf , +md)(pf , +m3). The
NNPDF2.3.0 setof parton distribution functions (PDF&f
3 Dataand Monte Carlo samples was used in the matrix elementgeneration, the parton shower,
and the simulation of the multi-parton interactions. The
The time cut’s performance has been studied on simulate®i14 [27] set of tuned parameters was used. The modelling
multi-jet event samples as well pp collision data from the  of fragmentation and hadronisation was based on the Lund
ATLAS detector. The data sample used corresponds to orsiring model £8,29]. The effect of both in-time and out-of-
run, taken by ATLAS in 2017 during Run 2 of the LHC time pile-up was modelled by overlaying the simulated hard-
at a centre-of-mass energgs = 13 TeV, with an integrated scattering event with inelastic proton—protopp} events
luminosity ofC = 76+2 pb~L. Because the goal of this study generated witlPYTHIA 8.186 B(] using the NNPDF2 .30
is only to compare jet kinematic distributions, a larger dataPDF set 6] and the A3 set of tuned parametegd]|
sample is not needed. In the selected run the LHC provided The MC events have been reweighted to account for the
collisions from bunch trains with a nominal bunch-crossingdifference between the simulated number of interactions per
spacing of 25 ns. The recorded average mean number of intdseinch-crossingy() profile and the one from the single run
actions per bunch-crossing) = 38.8 is consistent with the used for this paper. The correction factor is defined in bins of
average(u) recorded during the 2017 data-taking period.u, as the ratio of the data to MC samplspectra, normalised
Data quality requirements are applied to ensure that all detete unity and prior to any event selection. This reweighting is
tor components were fully operation@d). Data were col- not applied when performing MC-only studies, to allow a
lected using multiple single-jet triggers (see SéctEvents  wider . range to be covered.
selected by each trigger are scaled by the corresponding trig- An additional MC sample was used to assess the ATLAS
ger prescale factor. In a feluminosity Blocks® at the begin-  event size reduction due to the time cut. This MC sam-
ning of the run, the prescale factors for the chosen single-jgtle describestt production in the fully hadronic decay
triggers were found to be very large, resulting in an apparehannel. The production df events was modelled using
ent loss of statistical precision due to recording few eventthe POWHEG Boxv2 [32-35] generator at NLO with
with very large trigger weights. To avoid this issue, the Lumi-the NNPDF3.8Lo [36] PDF set and theéhgamp param-
nosity Blocks in question were excluded from the analysiseter set to 1.Bwop [37]. The events were interfaced to
The loss of integrated luminosity due to this additional rejecPYTHIA 8.307 P5] to model the parton shower, hadroni-
tion amounts to £%. The integrated luminosity after data sation, and underlying event, with parameters set accord-
quality requirements are applied4s= 71+ 2 pb1. The ing to the A14 tune27] and using the NNPDF2L® set of
uncertainty in the 2017 integrated luminosity is assumed foPDFs P6]. The decays of bottom and charm hadrons were
this run; it amounts t0.2% [4], obtained using the LUCID-2 performed byEVTGEN2.1.1 [38].
detector p4] for the primary luminosity measurements.
Additional data samples were used to check for inefficien-
cies caused by time miscalibration and to test the ATLAS4

In Run 2, the constant term was found to-©800 ps, while
p1 andpz areO(1 GeV ng andO(1+/GeV ng, respectively,
with variations depending on the gai?d].

Thetopo-cluster reconstruction algorithm

4 A Luminosity Block (LB) is a period of time during which the instan- . . . L
taneous luminosity, detector and trigger configuration, and data quality N€ Cell time cutis introduced into the existing ATLAS topo-
conditions are considered constant. In general, one LB corresponds @uster reconstruction algorithm, a detailed descriptionis pro-

atime period of 605, although LB duration is flexible and actions thaljjded in Ref. B]. In short, ATLAS topo-clustering is based on

might alter the run configuration or detector conditions trigger the star : s M . .
of a new LB before 60s have elapsed. LB start and end timestamps aige cellsignal Slgnmcanq'fe" , defined as the ratio of the cell

assigned in real time during data-taking by the ATLAS Central TriggerSIgnal energy to the average expected noise (8. Both
ProcessorZ3). are measured at the electromagnetic (EM) scale, defined by

@ Springer
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calibrating the calorimeter energy measurement to the energyther calorimeter regions. At high energy significance, two

deposited by an electron or photon, without any correctiorsecondary peaks at25 ns are clearly visible, associated

for the non-compensating response of the calorimeter. with out-of-time pile-up from the previous and next bunch-
crossings. The asymmetry visible between positive and neg-

EM EEM ative cell time is due to the LAr calorimeter being affected
Sell = %' @) by a larger number of bunch-crossings before the current one
than after it.
Topo-clusters are formed by a growing-volume algorithm, Atlower energy significance the time resolution is poorer,
configured by three threshold paramete8s N, P}: and the secondary peaks cannot in general be distinguished.
When limiting the study to candidaseed cells, i.e. those
lcgail > S (primary seed threshojd (3)  with energy significance greater th&n= 4, the three peaks
1cEM| > N (threshold for growth contrpl (4) are separated well enough to justify a selection on the abso-
IC(il}fl ~ P (principal cell filten; (5) lute cell time, requiring it to be withia-12.5 ns of the mid-

point between the secondary peaks. Multiple approaches to
setto{S=4, N =2, P=0}inRuns 1, 2and 3. The algo- implementing a cell time cut in topo-cluster building were
rithm is seeded by cellsged cells in the following) whose explored. The most relevant are detailed below.
signal significance exceeds a thresh®l¢Eg. (3)) and which
have not been marked as having either read-out or genergl1 TheSeed time cut
signal extraction problems in the actual run conditions. Seed

cells are then sorted from highest to lowest energy signifiThe requirement for seeding a topo-cluster is modified. Seed
cance and topo-clusters are grown by adding all neighbouringe|ls must satisfy Eq6), i.e. have both an absolute cell sig-

cells that satisfy Eq.5). nal significance larger thaB = 4 and a cell time within
Two cells are considered to be neighbours if they arer125 ns:

directly adjacent in a given sampling layer, or, if in adjacent

layers, if they at least partially overlap in the plane. Ifaneigh—{ |§C'%",’|'| > S (primary seed threshold, defa@t= 4)

bouring cell has a signal significance above the thresNold | |tcen| < 125 ns

in Eq. @), then the procedure is iterated over its neighbours,

while if it satisfies Eq. %) but not Eq. §), its neighbours are The cluster growth and splitting stages of the topo-clustering

notincluded in the growing topo-cluster. This algorithm iter-algorithm are left untouched. Since this selection is exclu-

ates over further neighbours until no more neighbouring cellsively applied to topo-cluster seeds, it is referred to as the

satisfying Eq. 4) are found. Since th&, N and P thresh-  Seed cut in the following.

olds are applied to the absolute significance, cells of either

positive or negative energy can seed a cluster or be includegl2 TheSeed Extended time cut

in one. As discussed in Se2tl, negative cell signals in the

ATLAS calorimeters are often the result of out-of-time pile- In the Seed cut implementation, a cell exceeding the signal

up, since the residual signal trace produced by out-of-timsignificance threshold in Eq6), but failing the time cut,

particles is scaled by the negative tail of the LAr calorimetemwvould be prevented from seeding a cluster. It could, however,

signal-shaping functionl]. Only clusters with an overall be included in another cluster as a neighbouring cell if it

positive energy are used as inputs for jet reconstruction. Thialls in the vicinity of an in-time signal. Due to the high

algorithm described so far, however, has no limitations tdevel of pile-up at the LHC, this phenomenon is not unlikely.

how large a cluster can grow and it could potentially lead tdTo prevent their inclusion, a tighter version of the cut was

very large, unphysical clusters. For this reason, clusters amefined, in which candidate seed cells that satisfy By. (

then splitaround local energy maxima, as detailed in Bgf. [ but not Eq. €), are vetoed from being included in growing
topo-clusters. In the following, this version of the time cut is
referred to as th&eed Extended cut.

(6)

5 Thecell time cut

5.3 The upper limit
As discussed in Se@.1, both the ATLAS LAr and Tile
calorimeters provide a time measurement for signals of sufAlthough this paper focuses on the reduction of out-of-
ficiently large energy. Figurshows the distribution of the time pile-up, delayed calorimeter signals with substantial
energy significance and time of calorimeter signals in reaénergy can also arise from new physics, for example from
data. Calorimeter cells belonging to the LAr EM barrel regionthe decays of slow-moving long-lived particles (LLPs) that
are picked as an example, but similar distributions occur irare predicted by several theories for physics beyond the Stan-

@ Springer



455 Page 6 of 42 Eur. Phys. J. C (2024) 84:455

— w e
£40f ATLAS 1 g 108;ATLA$ T Al cells, E2 0
= f {s=13Tev ] @ 7%‘2%171?;1;9V o|Efic>4,E>0
© [ 2017 data ] Q10" ¢ aa All cells, E <0
O 40" 4t 100 O E '
! 5000 events ] 6;5000 events [Elio>4,E<0
[ LAr EM barrel ] 10°E LAr EM barrel
20 2layer gt 10 - L 2" layer
i 102 g
U . 3
Frommm e A E L F ,
201 1F
[ | ] 10 b,
—40 | 1L =
[ 1 )
[ Ecel\<0 | : 0 10? %:‘J%af
—60F 4 F T 1 L i éﬁm
AT MY hnHlA v L] Lol i vl 1:‘ L Lol L Loy h By
R R 5 -60 40 20 0 20 40 60
10°  10° 10 1 1 10 102 10
Cell |E|/o, Cell |E|/o, Cellt[ns]

(a) (b)

Fig. 2 Time and energy significance for calorimeter cells in the secondines represent the cell time rejection limits612.5 ns. The three dot-
layer of the LAr EM barrel calorimetea Shows the two-dimensional ted vertical lines represent the three possible values considered for the
cell time vs significance spectrum. The cell time is computed if the celUpper Limit (see Seck.3). b Shows a comparison between the inclu-
energy exceeds a given threshold (typicallwﬁo"i"sece”), below which  sive cell time spectrum and the one for seed candidéigdg > 4).

a default value of = 0 is stored. The dashed vertical line representsThe vertical lines represent the cell time rejection limitstdf2.5 ns

the seed candidate requireméht= 4 (Eq. @)), while the horizontal

dard Model B9,40]. Optimising the time cut for LLP signals to have a negligible effect, whilXy_ = 10 is expected to

would require taking into account the many signatures conhave the largest impact.

sidered for LLP searches and is outside the scope of this

paper. A conservative approach was therefore adopted, where

the time cut is not applied to signals with very large signif-g performance of the time cut on MC simulation

icance, thus leaving the decision of whether or not to reject

suchsignals to a later stage of the reconstruction chain, whe#g, o performance of the time cut was evaluated using a

differentiation between standard and LLP-dedicated seleGypra 8.230 dijet MC sample, as described in SacThe

tions is possible. event selection is kept as loose as possible in order to observe
The time cut was therefore modified by introducing aNample ranges of cluster energy and jet energy.

Upper Limit (UL). The time cutis turned off if the cell signal

significancecE)l = EEM /ot ecey is positive and larger

than a given valu&u , i.e. i 6.1 Performance on topo-clusters

Since the time cut is applied in the topo-clustering algorithm,
cell the overall number of clusters is expected to be reduced,
[tcen] < 125 ns .
because the applied cut leads to a smaller number of cluster
OR g > XuL. seeds. It should be noted, however, that the topo-clusters built
with the time cut applied are not necessarily a subsample of
A lower value of Xy_ implies a larger phase space left those built using only the cell energy significance. Excluding
untouched by the time cut. Threevalugg = 10,20and40 out-of-time signals may change the number of local max-
were tested in order to estimate how low the Upper Limit carima, prompting additional cluster splitting. Figleshows
be set without reintroducing too much pile-up into the eventthe number of clusters reconstructed per event; only positive-
While the Upper Limit could in principle be combined with energy topo-clusters (i.e. eligible inputs to the jet reconstruc-
either the Seed cut or the Seed Extended cut, in this papéon) are shown. The number of positive-energy clusters in
it is only studied in combination with the Seed Extendedeach event is on averagel5% smaller when the time cut
cut, as the latter appeared more promising than the Seed datapplied, with very little difference between the different
(Sect6). The Upper LimitsXy. = 10, 20 and 40 are shown choices for the cut. The Seed and Seed Extended cuts differ
as dotted lines in Fi@. As expectedXy. = 40 affects a only in their treatment of out-of-time signals with signifi-
very limited number of out-of-time cells and it is expectedcant energy when these signals are included as neighbouring

{ [cEM| > S (primary seed threshold, defaBt= 4)
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/E? 0.061 ATLJ‘\"S SI’T‘1 ‘I ‘t' |"1 R into subsamples of approximately 10,000 events each, and
= o imulatio 1 the cut/no-cut ratio is recomputed for each subsample. The
< g ‘ST 13 TeV, Pythia 8.230 ] ratio’s uncertainty is estimated from the standard deviation of
= 0.05r e No time cut ] the resulting distribution. The estimated uncertainty is prop-
=) L Seed cut ] agated to the inclusive ratio as a relative uncertainty. This
2 0.04f © Seed Ext. cut . method is used to compute the uncertainties in the cut/no-cut
kS N o Seed Ext. cut+ UL 40 - ratio plots throughout this paper.
% 0.03- v Seed Ext. cut + UL20 7 Figure 4a shows the cluster time. When no time cut is
£ L © Seed Ext. cut+ UL 10 ] applied, two shoulders are clearly visible ne#5 ns, con-
e 0 0255 j sistent with being due to out-of-time pile-up from the previ-
DR i 1 ous and next bunch-crossings. Once the time cut is applied,
3 v ] the number of clusters arous?5 ns is reduced by more than
0-01;.' - 80% by the Seed Extended time cut, smoothing out the two
L ] shoulders, while the main peak at 0 ns appears unchanged.
T s ‘ The Seed cut has a smaller impact, reducing the two peaks by
200 400 600 800 1000 1200 1400 ~70%, while the impact of the Seed Extended plus Upper
Number of positive energy topo-clusters Limit Xy_ = 10 cut lies between those of the Seed and

Seed Extended cuts. Overall, topo-clusters with absolute time
Fig. 3 Number of positive energyH. > 0) reconstructed topo-

: . ) X . L%reater than 12.5 ns are not removed entirely, since out-of-
clusters per event: comparison between no time cut and multiple choic

for the time cut. The first and last bins show the overflow and underflowf'Me ContribUtio_nS can still oceur due to predomingntly |0VY'
energy cells being included in topo-clusters as neighbouring

cells.

) ) The relative effect of the time cut on the number of clusters
cells, and hence the two algorithms can be expected to diff§t <5 found to vary with jet rapidity (Figb), the largest

more strongly in their effect on topo-cluster properties thanyge .t heing a-25% reduction in the cluster multiplicity for
on the number of reconstructed topo-clusters. Since the UL ~ ly| < 3.5. The energy deposited by pile-up is expected
only truncates the relatively sparsely populated high-energy, i crease at larger absolute rapidity, but the time cut has
tail of the topo-cluster spectrum, its effect then becomes Su%nly a~10% effect abovéy| ~ 3.5 because each forward

dominant when considering the inclusive number of clusters,,|orimeter cell covers a larger pseudorapidity interval. This

Removing out-of-time contributions can also result in age,metrical effect implies that larger numbers of both in-

change in the kinematic properties of the reconstructed 10PQime particles and out-of-time particles deposit energy in the

clusters. This effect is expected to be more significant whega e cell, thus resulting in a less effective distinction between
applying the Seed Extended time cut as opposed to the Segd

i k e “time and out-of-time signals. The effect of the time cut
time cut. Figuret shows the multiplicity of topo-clusters that ;5 5150 seen to vary with the cluster energy (Bi). The

have various kinematic properties, comparing the variousmper of clusters with energy between about 1 GeV and
fume c_utoptlons. Each kinematic moment of the topo-clu;terioo GeV is reduced by-25%, with the reduction decreasing
is defined as the weighted average of the property of intefg, 1 g4 at hoth very low and very high energies. Finally, the
est over the cells contributing to the cluster. A full descrip'dependence on the cluster (Fig.4d) provides the best way
tion of the topo-clusters’ properties is given in R&.[An 1 cbcarve the effect of the Upper Limit. As expectéd, —
additional calibration using the local cell weighting (LCW) 44 has hardly any effect, whibéy, = 20 produces a small
schemeis appliedo take into accountthe non-compensating yitterence and it starts to diverge from the Seed Extended cut
response of the calorimeter, out-of-cluster energy deposits,. .| sters withpr > 15 GeV. HoweverXy, = 10 has a
and energy deposited in the degd material Withi_n the dete‘?érger impact, whict?starts to appear for clusters vgith>

f[or [3]. Only the topo-clusters with overall positive energy , oy At pr = 5 GeV for instance, the Seed Extended
in each event are shown. Bottom panels show the “CutinGg;t reqyces the number of clusters+0%, while the Seed

cut” ratio plot. Uncertainties in the ratios must take into gytanded plus<y. = 10 cut reduces their number by only
account that the distributions with and without the time cut_ 1 5o,

are obtain.e(.j from the same events, and hence are co.rrelatedFigure 5 shows two topo-cluster moments. The topo-
ina non.—tr|.V|aI way. To properly acc_ognt for the c;orrelanons,duster isolation (Figga) is computed from the number
uncertainties are computed by splitting the available samplg; ,on-clustered cells on the outer perimeter of the topo-
cluster BJ: an isolation value close to 1 indicates an isolated
5 The LCW scheme is not propagated to the jets, in order to mimic thdOPO-cluster, while it tends to 0 when the topo-cluster is not
approach most commonly followed by ATLAS physics analyses. isolated. Since the lower values of the isolation spectrum
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Fig. 4 Kinematics of reconstructed topo-clusters, compared betweeare shown. Plots are normalised to the total number of positive-energy
no time cut, the Seed cut, the Seed Extended cut and the Seed Extendego-clusters per event. Uncertainties in the cut/no-cut ratios are com-
cut combined with multiple choices of Upper LimiXy. = 40, puted by splitting the available sample into subsamples and recomputing
XuL = 20 andXyL. = 10. Each kinematic moment of the topo-clusters the cut/no-cut ratio for each subsample. The standard deviation of the
is defined as the weighted average of the property of interest over thdistribution of the ratio is used to estimate the ratio’s uncertainty

cells contributing to the clusteB]. Topo-clusters with energi¢ > 0

are affected the most by the time cut, it can be concludedtand the interplay between these two effects. The distance
that topo-clusters reconstructed with the time cut tend t@f the cluster’s centre of gravity from the calorimeter’s front
be more isolated than those from the standard algorithnface [3] is shown in Figbb. The region oft < 100 mm
This observation can be explained as a combination of twgs known to be dominated by EM clusters, while clusters
effects. Firstly, isolated topo-clusters are mostly producedbcated at. = 400 mm are predominantly hadronig].[In

by EM showers, and are less sensitive to pile-up becaudeig.5b very little difference is visible in the region dominated
of their smaller size. Secondly, the pile-up reduction intro-by EM clusters while a relatively uniform reduction of about
duced by the timing cut is likely to produce more isolated20% is visible for predominantly hadronic clusters. The area
topo-clusters. Specific studies are needed to further undelpetweern. ~ 100 mm and. ~ 400 mm corresponds to a

@ Springer



Eur. Phys. J. C (2024) 84:455 Page 9 of 42 455

=1 T T T T T T T T T T T T T T T T T = I LA N A LA B LR R R IR
& 10°c ATLAS Simulation = & | ATLAS Simulation ]
3 10° - (s=13TeV, Pythia 8.230 E 3 102k /s= 13 TeV, Pythia 8.230 ]
3 : E Q E e No time cut 3
* 103 L e No time cut 0 Seed Ext.cut+UL40 ] » L Seed cut ]
§ ) E ~ Seed cut v Seed Ext. cut+UL20 3 E, - o Seed Ext. cut 4
9@ 107 g© Seed Ext. cut ¢ Seed Ext.cut+UL10 — 2 10 ;:%s o Seed Ext. cut + UL 40—
9 £ 250°%00%e% ° o ) v Seed Ext. cut + UL 20 7
g 10¢ .3‘@3838"“ E 8 - ooy * Seed Ext. cut + UL 10 ]
S 4L 35800 E 8 L ]
=T Logestieis I . 2 o -
1071 aese®® - - k- E
E Lsests®® 3 B AN
10—2 e . . . 4 = . w
3 09F ‘ ‘ T B B - e e e
g 08 P B¢
z P o s e 3 z
S i B ‘ ‘ ——
a3 0 0.2 0.4 0.6 0.8 1 a3 0 200 400 600 800 1000
Topo-cluster isolation Topo-cluster A [mm]
(@) (b)

Fig. 5 Topo-cluster isolation andb distance. from the calorimeter  energyEc > 0 are shown. Plots are normalised to the total number of
front face. A comparison between no time cut, the Seed cut, the Seqbsitive-energy topo-clusters per event. Uncertainties in the cut/no-cut
Extended cut and the Seed Extended cut combined Mith = 40, ratios are computed by splitting the available sample into subsamples
XuL = 20 andXy,. = 10 is shown. Each kinematic moment of the and recomputing the cut/no-cut ratio for each subsample. The standard
topo-clusters is defined as the weighted average of the property of intedeviation of the distribution of the ratio is used to estimate the ratio’'s
est over the cells contributing to the clust&}.[Topo-clusters with  uncertainty

mixture of EM and hadronic clusters. Here, peaks are visibl®é.2.1 Jet calibration

in the spectrum of standard clusters, while they are almost

entirely removed by the time cut. This effect hints that theJets are calibrated to correct for both the pile-up contribution

timing cut may increase the separation between hadronic arahd the detector response. A complete description of jet cal-

EM showers in the presence of pile-up. ibration in ATLAS can be found in Ref4f]. The calibration
procedure consists of three stages. First, a two-step pile-up
correction is made. Then a MC-based calibration factor is

6.2 Performance on jets applied to correct for the detector response (MC jet energy
scale:MC-JES) and improve the jet resolution by reduc-

Topo-clusters serve as inputs to the reconstruction of marij?d the calibration’s dependence on additional jet properties
physics objects in ATLAS. This paper focuses on the effecfGlobal Sequential Calibration). Finally, an in situ correc-

of the time cut on jets reconstructed by applying the &nti- tion is applied to account for discrepancies between data and
clustering algorithm with radius paramer= 0.4 [41]. In  MC events.

ATLAS, jets are most often reconstructed frparticle-flow The first stage of the calibration procedure starts with an
objects 12,43], which are built by combining topo-clusters aréa-based correction in which the average pile-up contri-
with matching inner-detector tracks. Despite it being the prebution is subtracted from the jet’s transverse momentum:
ferred method in ATLAS, particle flow adds a layer of com-

plexity to the jet reconstruction: jets built directly from topo- PF°¢= pr — p x A,

clusters provide a more straightforward way of evaluating

the time cut’s performance and are hence used in this papevhere pr is the jet pt, A is the jet catchment area anpd
Preliminary studies show that the effect of the time cut onis the medianpt density of the event. The value of is

R = 0.4 particle-flow jets is about the same size as the effeatalculated using jets reconstructed by applyingkhalgo-

on those built directly from topo-clusters. Since the ATLASrithm [44,45] to positive-energy topo-clusters with| < 2.
tracking is performed within the triggered bunch crossing, itA residual pile-up correction is then applied to account for
is reasonable to expect that most out-of-time calorimeter sigeesidual dependence of the jet on pile-up activity in the
nals would not match tracks, so the time cut can be expectesl/ent. Twon-dependent correction terms are derived inde-
to primarily affect objects classified as neutral by the particlependently by fitting the dependence of the jgton 1« and
flow algorithm, which in turn consist only of topo-clusters, the number of reconstructed primary vertices per evény,

with no track-based correction. In generalu provides an estimate of the amount of out-of-
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time pile-up in the event, whildlpy estimates the amount of lections: jets from in-time overlay events are included in the
in-time pile-up. The residual correction is then applied as: in-time pile-up jet collectionI{T-truth jet in the following),
while those from out-of-time overlay events are included in
P —a x (Npy — 1) — B x L, the out-of-time pile-up jet collectioOT-truthjet in the fol-
lowing). The latter are built from 32 bunch-crossings before
wherex andg are the correction factors estimated from MC the current one and 6 aftet7].
simulation. Default cuts requiringpr > 10 GeV andpr > 15 GeV
The pile-up contribution to jets is expected to be affectedare applied to IT-truth jets and OOT-truth jets respectively.
by the time cut. Figuré shows the spectrum of the median HS-truth jets are also preselected by requinrg> 7 GeV.
pr densityp, as well as the dependencewdn . Whenthe  All truth jets must satisfyin| < 5. It should be noted that
time cut is appliedp is found to be~20% smaller overall, while a pt match can be expected between HS-truth jets
and also to increase more slowly as a functiomoSincep  and reconstructed jets after the calibration is applied, this is
is built from topo-clusters, the improved pile-up rejection of less the case for OOT-truth jets: because of negative energy
the time cut leads to smaller values, decreasing the pile- contributions, one might expect the reconstructed energy of
up-dependent contribution to the jet energy. To account foan out-of-time pile-up jet to be lower than that of the truth
possible remaining data—MC differences in the pile-up conjet. This is the reason for having a highgr selection for
tribution to jets, not covered by the jet-area correction, theruth pile-up jets than for HS-truth jets. Truth-level jets are
residual correction is recalculated after the application oflso required to be isolated: there must be no other truth jet
the time cut. The standard procedure summarised above satisfying AR(j1, j2) < 2.5Rjet. Here j; and jo are any
repeated for both the Seed and Seed Extended cuts. Sintweo truth jets, all three truth-jet categories being considered
the effect of the Upper Limit is smaller and limited to high- together when computing the isolation. Reconstructed jets
energy regions, the residual correction is not recalculated faare matched to truth jets via a geometrical matching require-
any of theXy values, and the residual correction calculatedment: a reconstructed jgt is said to match a truth jej;

residual __

Pr

for the Seed Extended cut is used. if their separation satisfie§ R(j, ji) < 0.3. Reconstructed
jets are first checked for matches with a HS-truth jet. If no
6.2.2 Jet selection such match is found, then matches with IT-truth and OOT-

truth jets are attempted.

Reconstructed jets are calibrated by applying the pile-up
correction and the MC-JES calibration. They are then pre6.2.3 Jet kinematics
selected, requiring them to lie withim|<4.5 and satisfy
pr >7 GeV. Jets are also required to be isolated, i.e. therEBigure7 shows the calibrated transverse momentum distribu-
must be no other preselected jet satisfyingtions for the jet categories described in S6@.2 Both the
AR(j1, j2)<1.5Reet, Where j; and jo are any two recon- reconstructed jets matching HS-truth jets and those matching
structed jets an®jet is the jet radius parameter used in theIT-truth jets show only a percent-level impact from the time
antik; algorithm (hereRet = 0.4). Since this study focuses cut. It should be pointed out that the time cut can affect the
on both signal and pile-up jets, pile-up suppression requirereconstructed jet kinematics, possibly resulting in bin-to-bin
ments such as the one using the Jet Vertex Tagtf@rafe  migrations in the spectra shown in this subsection. Energy
not applied. (and pr ) variations can occur in either direction, since the

In order to distinguish jets produced by the hard-scatteringell energies included in the topo-clusters can be either
from jets originating from pile-up, reconstructed jets arepositive or negative. Out-of-time cells often produce neg-
matched tdruth-level jetsin MC events. Truth-level jets are ative energy signals and this explains why the ratio plots in
reconstructed by applying the ati-algorithm R = 0.4)  Fig.7a, b have values above unity in some places. The small
to stable final-state particles, defined as haeing- 10 mm  pr -dependent decrease in the fraction of jets matching HS-
in the generator’s event record, excluding muons and neutrtruth jets was found to be due to random matches. The fraction
nos. Three types of truth jets are distinguished. First, truttof jets that match OOT-truth jets, on the other hand, is drasti-
jets originating from the hard scatteringl%truth jet) are  cally reduced by the Seed Extended cut, especially in the high
obtained by clustering stable particles from the simulategt region. The Seed Extended cut reduces the multiplicity
hard-scattering event, excluding particles from pile-up interof out-of-time jets by~60% atpr = 20 GeV, and no out-
actions. Next, two types of pile-up truth jets are obtainedf-time jets are found above 45 GeV. The Seed cut, on the
by clustering stable particles from the minimum-bias event®ther hand, reduces the multiplicity of the out-of-time jets by
which are overlaid on the hard scattering in order to simuenly ~30% at 20 GeV and only 20% at 50 GeV, indicating
late pile-up 7). Jets are clustered for each minimum-biasthat the Seed Extended cut rejects out-of-time pile-up more
event individually and then grouped into two pile-up jet col- effectively. Figurer also illustrates the effect of the different

@ Springer



Eur. Phys. J. C (2024) 84:455 Page 11 of 42 455

:0.35;“‘\““\.““\_““\ HH{ > 304\\\‘\\\\‘\\.\\‘\\\\l‘\\\\‘\\\\\\\\‘\\\\‘\7\
5 ATLAS Simulation = @ ¢ ATLAS Simulation ]
£ 03 PPV EES o time cut 4 = _ [ (s=13TeV, Pythia8.230 1
= 0 25i Seed cut = & 25?' No time cut ]
57t o o Seed Ext. cut 7 [~ Seed cut o ]
2 020 = o Seed Ext. cut + UL 407 20[° Seed Ext. cut ]
? Fo = v Seed Ext. cut + UL 20 4 [ o Seed Ext. cut + UL 40 ]
2045 =7 7 " Seed Ext. cut + UL 10 - v Seed Ext. cut + UL 20 ]
E o1 w E 15[ Seed Ext. cut + UL 10 3
o L —— " 3 r q
= E —— g - 4
—0.05F —— — = ]
< o= ‘ o ! ]
= 3 [ ]
3 =
g 2 = ] o E
P4 -~ et = L i i
g qf L L ke d ] 7\ L1l ‘ L1l ‘ L1l ‘ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L \7
a3 5 10 15 20 25 30 35 OO 10 20 30 40 50 60 70 80
Event p [GeV] M
(@ (b)

Fig. 6 Topo-cluster mediamt density ): comparison between the sample into subsamples and recomputing the cut/no-cut ratio for each
no time cut and the considered time cut opti@sspectrumb average  subsample. The standard deviation of the distribution of the ratio is used
p in bins of the number of interactions per bunch-crosspng Uncer-  to estimate the ratio’s uncertainty

tainties in the cut/no-cut ratios are obtained by splitting the available

Upper Limit values. Atpt ~ 45 GeV, the reduction in out- distribution is computed in bins of truth-jgtr and rapid-

of-time jet multiplicity is ~90% for an Upper Limit of 40, ity (]y|), or truth-jet pr and the eveng. For each bin, the

~70% for an Upper Limit of 20, and-50% for an Upper response distribution is fitted with a Gaussian function. The

Limit of 10, confirming that lower Upper Limit values allow jet resolution is then computed for each bin, as the ratio of

more pile-up in the event. the fitted standard deviation of the jet respoRd® its fitted
Figure8 shows an analogous comparison for the jet rapidmean vaIuec(g‘/( R)fity,

ity. In order to limit the kinematics plots to the phase space The estimated resolution is shown for twe bins in

of interest in physics analyses, an additional requiremerftig.9a, b as a function of the jet rapidity and in Fg, d

of pt > 20 GeV is applied to the jets. Overall, all cuts as a function oft. Some improvement in the jet resolution is

except the Seed cut and Seed Extended plus Upper Limit Msible, amounting to 5-10% for 20 Ge¥ pr < 30 GeV,

cut provide a~40% suppression of out-of-time jets within but no strong dependence anor |y| is observed. A more

lyl| < 1.5. The effect increases to a 50—-60% reduction foraccurate estimation of the jet resolution and calibration per-

15 < |y| < 3.2 and then decreases until it has negligibleformance after the time cutis left for future studies, following

impact for|y| > 4. From these observations, it can be con-the implementation of the algorithm in the standard ATLAS

cluded that the Seed Extended time cut is preferable to theconstruction chain.

Seed cut because it is more effective in suppressing pile-up.

It can also be seen that the Upper LixXig. = 10 allows too

much pile-up to remain in the event, so the lowest practical

Upper Limit among those testedX§;. = 20. / Performance on ATLAS data

As a further probe of its performance, the time cut was tested
6.2.4 Jet resolution ondata collected by the ATLAS detectorin 2017, correspond-

ing to an integrated luminosity af = 71+ 2 pb™! after data
As discussed in Se@.2.] the time cut affects the jet cali- quality requirements23]. Single-jet triggers were used to
bration because of the different amount of pile-up remainingcollect the data, requiring at least one jet with sufficiently
To check for its impact on the performance, the jet energyarge pr. Multiple triggers, listed in Tablel and imple-
resolution after calibration is compared for the different timementing different minimunpr requirements, were studied
cuts. The jet response is defined as the ratio of the calibrateddependently. Relatively low minimuipy requirements are
energy of the reconstructed jet to the energy of the matcheonsidered, as the time cut is known to mostly effect low-
ing truth jet: R = E}?a"brated/ Euth Only those jets matched energy jets. Triggers with different L1 seeds are also consid-
to a HS-truth jet are considered for this study. The responsered: events passing triggers seeded by random L1 triggers
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Fig. 7 Comparison between jgir spectra obtained when the Seed, cut ratios are obtained by splitting the available sample into subsam-
Seed Extended, or no time cut is used. The Seed Extended cut is alptes and recomputing cut/no-cut ratio for each subsample. The standard
shown in combination with the Upper Limit foty. = 40, XyL = 20, deviation of the distribution of the ratio is used to estimate the ratio’s
and XyL = 10. a Jets matching HS-truth jetb. Jets matching IT-  uncertainty. The vertical dashed line represents the minimuiprjef

truth jets.c Jets matching OOT-truth jets. Uncertainties in the cut/no-20 GeV normally required in ATLAS physics analyses

are expected to have a larger contamination from out-of-timef its plateau value. A fully efficient trigger is not necessary
pile-up than those triggered by single jet at L1. Since all thdor this study, as the time cutis not applied at trigger level and
triggers in Tablel are prescaled, the data were reweighteca smaller trigger efficiency would not affect the comparison
event-by-event by the respective trigger prescale factor.  between the cut and no-cut scenarios. In order to properly
Data and simulated events are required to contain at leasbmpare data and MC events, jets are calibrated using the
one primary vertex; the one with the highest sum of squaretlll calibration chain, including the in situ correctiGnAll
track pr is considered in this section. In addition, at leastjets are required to hayer > 20 GeV. The Seed Extended
one jet must satisfy a minimumyr requirement, as listed in cut and Seed Extended plug;. = 20 cut are compared
Tablel. This requirement is needed to restrict selected events

to a phase space where the trigger efficiency is with®0% 6 Asin Sects, the residual pile-up correction is calculated after apply-
ing the time cut.

@ Springer



Eur. Phys. J. C (2024) 84:455 Page 13 of 42 455

. x10? . x10?
S 0.5 ATLAS Simulation = S " ATLAS Simulation i
® 0.45EF V5= 13 TeV, Pythia 8.230 E 3 12[ Vs= 13 TeV, Pythia 8.230 N
$ . [ Anti-k, R=0.4 EM+JES, p=®°>20 GeV E 5 - Anti-k, R=0.4 EM+JES, p***>20 GeV §
% 0.4F Match HS-truth jet E % 10 Match IT-truth jet ]
© 0.35 }0 No time cut o Seed Ext. cut + UL 40 — © | ® No time cut o Seed Ext. cut + UL 40 ]
- 0 3; Seed cut v Seed Ext. cut + UL 20 E - - ~ Seed cut v Seed Ext. cut + UL 20 -
*JFE o Seed Ext.cut  © Seed Ext. cut + UL 10 E 87 Seed Ext.cut ¢ Seed Ext. cut + UL 10 N
0.25 ﬁ C = §$ ]
o E L X —
0.20 * $f+ # % 3 6 =
= L £ = a
0.15% e %* %$ E e e =T E
0.1 ¥ AR
5 =115 T
3 3 11 i
] m 1 B T
s o ‘ < 0.955 AR - 25l
800.511522533544550 15 2 25 3 35 4 45
Jet |y| Jet |y|
(@) (b)
» x10°°
s 7_ATLAS Simulation =
® F {s=13 TeV, Pythia 8.230 E
5 6 Anti-k, R=0.4 EM+JES, p'e°°>20 GeV =
3— E Match OOT-truth jet E
© 5; ¢ No time cut E
- 4i - Seed cut =
e ey o Seed Ext. cut E
3 g o Seed Ext. cut + UL 403
s e e 7 SeedExtcut+UL20 ]
2:3:0 e g ¢ Seed Ext. cut + UL 10
-V y—v- %: 90, -~
1%:@563@‘%‘= %;—v— = A=
Eooo1. @%&'
5 1.5F
[&] E
s |
2 05 i ” |
3 % o5 15225 335 4 45

Jet |y|
(©)

Fig. 8 Comparison between jet rapidity spectra obtained when theut/no-cut ratios are obtained by splitting the available sample into sub-
Seed, Seed Extended, or no time cut is used. The Seed Extended satmples and recomputing the cut/no-cut ratio for each subsample. The
is also shown in combination with the Upper Limit fofy. = 40, standard deviation of the distribution of the ratio is used to estimate the
XuL = 20, anKyL = 10.aJets matching HS-truth jets.Jets match-  ratio’s uncertainty

ing IT-truth jets.c Jets matching OOT-truth jets. Uncertainties in the

with no-cut spectra for data and MC events. Figd@sl1l  nosity uncertainty in 20174]. Uncertainties shown for data
and12 show different jet kinematic properties, while topo- are statistical only.
cluster properties are shown in Fig8, 14 and 15. Each The data and MC distributions are not in perfect agree-
histogram shows the distributions for events selected by ment, and exhibit relatively uniform differences of about 30—
different trigger. Uncertainties shown for MC distributions 40%. This is to be expected as the MC sample used is a dijet
are a combination of the MC statistical uncertainty and thesimulation at leading order: even though the hadronisation
luminosity uncertainty. The latter is based on the 2.4% lumi-and jet characteristics are well describedP®dyTHIA 8.230,

the overall MC normalisation is likely to be too low due to
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Fig. 9 Jetenergy resolution after calibration as a functios, bfthe jet
[n] andc, d the number of interactions per bunch-crossiny Results

pivth < 30 GeV;b,

are shown in bins of the jgbr : @, ¢ 20 GeV <

Table1 Triggers used for data selection

— ATLAS Simulation

| {s= 13 TeV, Pythia 8.230

r Anti-k, R=0.4 EM+JES

| 30 GeV < p‘Truth < 60 GeV

* No time cut
Seed cut —

o Seed Ext. cut

fit fit
r/I(R)
o <
N N
N &
l 1| 1 I 1

T
L1

Jet Resolution: ¢
o
a

0.18

0.16

Truth jet n|

(®)

I ATLAS Simulation

[ {s=13 TeV, Pythia 8.230
1-_ Anti-k, R=0.4 EM+JES

F 30 GeV < p"" < 60 GeV
} * No time cut

[ ~ Seed cut
0.19F © Seed Ext. cut

It/(R) fit
o
N
N

fi
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e
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o
(S

[N A A A

[

—

Jet Resolution: ¢

0.18 Y
—e—
0.17

Lo b byl

0.16F

—r
= o
1S)

(d)

d 30 GeV < piUth < 60 GeV. The resolution is defined as the ratio
of the standard deviation and mean of a Gaussian function fitted to the
response distribution

Trigger name L1 trigger seed Trigger minimum Offline minimum

pr (= 1jetwithpr > X) pr (= 1jetwith pr > X)
HLT_j15 Random for filled bunches 15 GeV 20 GeV
HLT_j25 Random for filled bunches 25 GeV 30 GeV
HLT_j45 > 1 jetwith pr > 15 GeV 45 GeV 50 GeV
HLT_j45_L1RDO_FILLED Random for filled bunches 45 GeV 50 GeV
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the missing higher orders. Moreover, Iguy-events aredom- EM barrel and endcap calorimeters), satisfying the Medium
inated by soft QCD radiation, which is known to be difficult identification selection and FCLoose isolation criteB68][
to model. A complete jet cross-section measurement woul@he reconstructed track matched to each electron candidate
have to use an improved simulation and consider additionahust be consistent with having originated from the primary
correction factors. Since this study only seeks to verify thavertex: its longitudinal impact parametey and transverse
the time cut’s behaviour in data reflects what is observed immpact parametety must satisfy|zg - sind| < 0.5 mm and
MC simulation, this level of agreement is considered acceptido| /oq, < 5 mm respectively. Furthermore, the dielectron
able. pair is required to have an invariant masge satisfying
The effect of the time cut depends on the trigger. Event$8 GeV < mee < 108 GeV and a pseudorapidity separation
passing HLT j45, which has both a highgt threshold and  |An(e1, )| > 0.1. Electrons hitting the affected channel
anon-random L1 seed, are not affected at all by the time cutvere then flagged by requiring that the most energetic cell
The numbers of events passing the other three triggers exhibit the second layer of the EM calorimeter has high enough
a consistent reduction 0¥20% for values of the leading-jet energy EZN > 5 GeV) and its measured time satisfies

pr between 30 and 50 GeV (Fig0). Effects of similar size  [t7o| > 12,5 ns. Figuré 6 shows that the Seed Extended
can be seen throughout the tested kinematic spectra. time cut does reject the energy from one spot in the centre of
Except for the HLT _j45 trigger, the time cut tends to havethe topo-cluster. Despite this, the overall topo-cluster is not
a more pronounced effect on data than on MC events, thiest. Moreover, the addition of the Upper Limit restores most
difference being 0©(10%) in most of the phase space. This of the lost energy, so that no cell is entirely missing from the
is most likely due to the simulation not accounting for eventselectron topo-cluster.
consisting exclusively of pile-up. Such events are expected To better quantify the effect, the averagex ¢ location
to be present in non-negligible numbers for the other threef flaggedZ — ee electrons was used to define & 3-cell
triggers, which have relatively lovpt thresholds and are Test Region containing the affected channelinthe C-side LAr
seeded by random events. In addition, the MC simulatiofEM endcap’s second layer. Thex ¢ ranges corresponding
does not reproduce bunch-to-bunch luminosity fluctuationgo this area are listed in Tab In order to compare the
which have a more significant effect on the reconstruction ofime cut’s effect in the Test Region with the normal time-

out-of-time signals3]. cut behaviour, thre€ontrol Regions were also defined by
inverting the sign of eithew, ¢ or both in the Test Region’s

7.1 Checks for time cut inefficiencies definition. The Control Regionsj x ¢ boundaries are also
listed in Table2.

The time cut relies on the accurate measurement of sig- Events from one Luminosity Block of 2018 data, dur-
nal timing provided by the calorimeters. The precision ofing which the Test Region was known to be affected by
the calorimeter timing measurement is guaranteed by percross-talk, were used to test the time cut’s behaviour. Rather
odic realignment and constant monitoring, as discussed ithan restricting the set of events to those passidg-a ee
Sect2.1 As a further safety check, the robustness of the cuselection, a more generic event selection is applied: for each
against a local time miscalibration was tested. The event®gion, events are considered if at least one cell of that region
selected for this check were those in which one calorimetehhas a recorded transverse momentunpof> 10 GeV.
channel had been flagged as producing fake out-of-time sig- Four variables of interest were considered. The cell occu-
nals due to cross-talk. The effect of the time cut on particlepancy N°'s and the cells’ total energf°e!s are respec-
hitting the affected region was then compared with the effectively defined as the number and total energy of cells in a
of the time cut on patrticles hitting unaffected regions of thegiven region that are part of a topo-cluster: they quantify
same subdetector. whether single cells are lost due to the miscalibrated chan-
The affected channel was located in the second layer afel. The topo-cluster occupan®yf'Vs and topo-cluster total
the LAr EM endcap calorimeter, on the C-side (along theenergyE¢“Sare the number and total energy of reconstructed
negativez-axis). As an example, Fi@6 shows a combi- topo-clusters that share at least one cell with a given region:
nation of six events in which an electron fromZa— ee  they provide a way to evaluate whether entire topo-clusters
decay hit the affected area. Events were reconstructed withre lost or their energy is significantly impacted by the time
no cut, the Seed Extended cut and the Seed Extended plast. In order to better quantify the effect of the time cut, the
XuL = 20 cut. These events were identified first by apply-fraction Fynchanged0f €vents for which a given variable in a
ing a standar@ — ee event selection. Events are required given region is unchanged by the cut is computed. For each
to pass photon triggers analogous to those used in diph@vent, N°€''s (N€lUS) is considered unchanged if the num-
ton resonance searchet8[49] and to contain at least two ber of cells in the region (topo-clusters overlapping with the
electrons withpr > 10 GeV and|n| < 2.47 (excluding region) remains the same when applying the time cut. The
the transition region 87 < || < 1.52 between the LAr total energiesEe"'s and ECIUS are considered unchanged if
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Fig. 10 Leading jetpr spectrum in data and MC selected multi-jet puting the cut/no-cut ratio for each subsample. The standard deviation
events. Four triggers are comparatiLT_j15,b HLT_j25,cHLT_j45, of the distribution of the ratio is used to estimate the ratio’s uncertainty.
andd HLT_j45_L1RDO_FILLED. The error bars convey the statistical The luminosity uncertainty does not apply to the cut/no-cut ratio. In the
and luminosity uncertainties. Uncertainties in the cut/no-cut ratios arg@lots, lines represent MC events and markers represent data, different
obtained by splitting the available sample into subsamples and reconeolours and styles represent different cuts
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Fig. 11 Jet pr spectrum in data and MC selected multi-jet events. puting the cut/no-cut ratio for each subsample. The standard deviation
All jets passing the minimunpy requirement pr > 20 GeV) are  of the distribution of the ratio is used to estimate the ratio’s uncertainty.
shown. Four triggers are compareddLT_j15,b HLT _j25,cHLT_j45, The luminosity uncertainty does not apply to the cut/no-cut ratio. In the
andd HLT_j45_L1RDO_FILLED. The error bars convey the statistical plots, lines represent MC events and markers represent data, different
and luminosity uncertainties. Uncertainties in the cut/no-cut ratios areolours and styles represent different cuts

obtained by splitting the available sample into subsamples and recom-
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Fig. 12 Jet|n| spectrum in data and MC selected multi-jet events. puting the cut/no-cut ratio for each subsample. The standard deviation

All jets passing the minimunpr requirement pr > 20 GeV) are
shown. Four triggers are compareddLT_j15,b HLT_j25,cHLT_j45,

of the distribution of the ratio is used to estimate the ratio’s uncertainty.
The luminosity uncertainty does not apply to the cut/no-cut ratio. In the

andd HLT _j45_L1RDO_FILLED. The error bars convey the statistical plots, lines represent MC events and markers represent data, different
and luminosity uncertainties. Uncertainties in the cut/no-cut ratios areolours and styles represent different cuts

obtained by splitting the available sample into subsamples and recom-
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Fig. 13 Topo-cluster time spectrum in data and MC selected multi-jetputing the cut/no-cut ratio for each subsample. The standard deviation
events. Four triggers are comparatiLT_j15,b HLT_j25,cHLT_j45, of the distribution of the ratio is used to estimate the ratio’s uncertainty.
and (d)HLT_j45 L1RDO_FILLED. The error bars convey the statistical The luminosity uncertainty does not apply to the cut/no-cut ratio. In the
and luminosity uncertainties. Uncertainties in the cut/no-cut ratios arg@lots, lines represent MC events and markers represent data, different
obtained by splitting the available sample into subsamples and reconeolours and styles represent different cuts
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Fig. 14 Topo-clustern| spectrum in data and MC selected multi-jet puting the cut/no-cut ratio for each subsample. The standard deviation
events. Four triggers are comparadiLT j15,b HLT j25,cHLT _j45, of the distribution of the ratio is used to estimate the ratio’s uncertainty.
andd HLT_j45_L1RDO_FILLED. The error bars convey the statistical The luminosity uncertainty does not apply to the cut/no-cut ratio. In the
and luminosity uncertainties. Uncertainties in the cut/no-cut ratios ar@lots, lines represent MC events and markers represent data, different
obtained by splitting the available sample into subsamples and recongolours and styles represent different cuts
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Fig. 15 Topo-clusterpr spectrum in data and MC selected multi-jet omputing the cut/no-cut ratio for each subsample. The standard devia-

events. Four triggers are comparadiLT j15,b HLT j25,cHLT _j45,

tion of the distribution of the ratio is used to estimate the ratio’s uncer-

andd HLT_j45_L1RDO_FILLED. The error bars convey the statisti- tainty. The luminosity uncertainty does not apply to the cut/no-cut ratio.
cal and luminosity uncertainties. Uncertainties in the cut/no-cut ratiosn the plots, lines represent MC events and markers represent data, dif-
are obtained by splitting the available sample into subsamples and réerent colours and styles represent different cuts
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Fig. 16 Then x ¢ distribution of cells belonging to topo-clusters in trons hit the affected area, are averaged. The three panels show results

the second layer of the LAr EM endcap calorimeter, side C. The colouwith a no time cut,b the Seed Extended cut andhe Seed Extended
scale represents the recorded energy. Six events, in ihiehee elec- plus XyL = 20 cut

the difference between the total energies computed with and (ESEMClus)) 10% o 070
H H cells(clus cells(clus) : = . 0.

Wlthogt the time cut Ecuts( ) and Enocﬁt ) respectively) Erc]ggi(tclus) | Ecelisclus)

satisfies: nocut

|Ecetlls(clus) _ Ecells(tclus)| -5 (Ecells(tclus)) Figures17 and 18 show Fynchangedor the four variables
cu nocu nocu ’

of interest. Figurd7 is indicative of the time cut’'s impact
on the cell content for clusters in the Test Region compared
to that for clusters in the Control Regions. The fraction of
events with unchangell €S is shown in Fig17a, b: for the
Seed Extended cufynchangedn the Test Region is smaller
than the average of the control values by slightly more than

whereo (ECSXC9) js the expected calorimeter resolution

computed for either the cells’ total energg%€"s) or total
cluster energyfUs) without any cut. The resolution is taken
from Ref. [1] to be:
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Table2 Definition of test and control regions

nrange ¢ range
Test Region [—1.9, —1.825] [—0.638 —0.565]
Control Region 1 [+1.9, +1.825] [—0.638 —0.565]
Control Region 2 [—1.9, —1.825] [+0.638 +0.565]
Control Region 3 [+1.9, +1.825 [+0.638 +0.565]
CATLAS T T T CATLAS T T
~ pp 2018, (5= 13 TeV. . ~ pp 2018, (s= 13 TeV. .
> 1 cell of P, >10 GeV >1 cell ofp >10 GeV
Test | Seed Extended | Test | Seed Extended + UL 20 |
Region Region ‘
Control | | Control | i
Region 1 Region 1
Control | | Control | i
Region 2 | Region 2
Control | | Control | : |
Region 3 § Region 3 |
I ‘ 111l ‘ I ‘ I ‘ 111l ‘ L \:J L ‘ I ‘ 111l ‘ I ‘ I I ‘ 111l ‘ I ‘ I ‘ 111l ‘ L1l (‘ ‘ I ‘ I ‘ 111l ‘ I
0.20.304050.60.70.8 1 1.11.2 0.20.304050.60.70.8 1 1.11.2
Il Il
Funchanged( * S) Funchanged( * S)
(a) (b)
CATLAS T CATLAS T
~ pp 2018, (5= 13 TeV . ~ pp 2018, /s= 13 TeV. .
> 1 cell of P, >10 GeV > 1 cell ofp >10 GeV.
Test | Seed Extended | Test | Seed Extended + UL 20 |
Region Region |
Control | | Control | i
Region 1 Region 1
Control | | Control | i
Region 2 : Region 2
Control | | Control | : N
Region 3 § Region 3 1
I ‘ 111l ‘ I ‘ I ‘ 111l ‘ L \:\ L ‘ I ‘ 111l ‘ I ‘ I I ‘ 111l ‘ I ‘ I ‘ 111l ‘ L1l i ‘ I ‘ I ‘ 111l ‘ I
0.20.304050.60.70.8 1 1.11.2 0.20.304050.60.70.8 1 1.11.2
Il Il
Funchanged(Ece S) Funchanged( * S)
(© (d)

Fig. 17 Comparison between the Test Region and three Controhich E°€!S is |eft unchanged by the Seed Extended pfus = 20
Regions fora the fraction of events in which the cell occupari¢§e''s cut. The cell occupancy (cells’ total energy) in a given region is defined
is left unchanged by the Seed Extended buhe fraction of events in  as the number (energy sum) of cells in the region that are included in
which N¢ells js left unchanged by the Seed Extended pus = 20 a topo-cluster. Uncertainties on the event fractions are computed as the
cut, c the fraction of events in which the cells’ total energ$e'S is left standard deviation of a binomial distribution. The dashed line represents
unchanged by the Seed Extended cut, and (d) the fraction of events the average of the three Control Regions
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T ATLAS T L e ATLAS T
~ pp 2018, {s= 13 TeV . ~ pp 2018, {s= 13 TeV =
2 1 cell of p >10 GeV 2 1 cell of p >10 GeV
Test | Seed Extended ) Test | Seed Extended + UL 20 . i
Region Region
Control | . i Control | Hi i
Region 1 Region 1 §
Control | . | Control | . i
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Fig. 18 Comparison between the Test Region and three Controplus Xy. = 20 cut. The topo-cluster occupancy (total energy) in a
Regions fora the fraction of events in which the topo-cluster occu- given region is defined as the number (energy sum) of topo-clusters
pancyN¢lUs is |eft unchanged by the Seed Extended bute fraction  that contain at least one cell belonging to the region. Uncertainties on
of events in whichN s js left unchanged by the Seed Extended plusthe event fractions are computed as the standard deviation of a binomial
XuL = 20 cut,c the fraction of events in which the topo-cluster total distribution. The dashed line represents the average of the three Control
energyECliSis left unchanged by the Seed Extended cut,ditie: frac-  Regions

tion of events in whichEC!US s left unchanged by the Seed Extended

lo. Even though the phenomenon has a small significancare unchanged, thus investigating the effect of the time cut
due to the limited sample size, the effect of the time cut camn topo-clusters as a whole, when they overlap the Test or
be seento disappear when the same events are processed \@tintrol Regions. The topo-cluster occupancy (E&, b)

the Seed Extended plu§y. = 20 cut, confirming that cell remains consistent with the control values even for the Seed
losses are cured by the Upper Limit. The same behaviodExtended cut, confirming that the signal topo-cluster is not
is visible for EC&!S (Fig.17c, d), indicating that the loss of entirely lost. The topo-cluster total enery's is impacted

a cell, when it occurs, causes a significant energy variatiorhy the Seed Extended cut (Figc), reflecting the loss of
while no decrease iB°®''Scan be seen in the case of the Seeda cell in a way similar to that causing losses in the cells’
Extended pluxXy,. = 20 cut. Figurel8shows the fraction of total energy, while also being restored to its original value by
events in which the topo-cluster occupancy and total energgpplying the Upper Limit (FigL8d).
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Table3 Collection size changes for data events on disk with the intro-when writing to disk. Larger size changes are reported relative to the
duction of the time cut. Changes 6f(100 b are not significant for  original size on disk. The “Cells in topo-clusters” line is limited to
most categories since they can arise from changes in the alignmeaolusters matched to tracks, electrons and muons

of the (otherwise unchanged) objects and the subsequent compression

Category Fraction (before cut)  Size on disk before cut (kb)  Size on disk after cut (kb)  Size change (%)
Total 1.000 288.7 271.1 —6.1
Trigger 0.302 87.11 87.01 -
Tracking 0.218 62.95 62.84 -
Topo-clusters 0.150 43.21 35.95 -17
Particle-flow 2,43] objects 0.103 29.75 24.50 —18
t-leptons 0.078 22.42 20.58 —-8.2
Electrons/photons 0.071 20.37 18.79 -7.8
Cells in topo-clusters 0.057 16.60 15.13 —8.8
Muons 0.018 5.293 5.295 -
ATLAS forward proton detectorq1,52]  0.003 0.810 0.810 -
Metadata 0.001 0.154 0.154 -

Table4 Collection size changes for MC events on disk with the intro- of the (otherwise unchanged) objects and the subsequent compression
duction of the time cut. Changes 6f(100 b are not significant for ~ when writing to disk. The “Cells in topo-clusters” line is limited to
most categories since they can arise from changes in the alignmealusters matched to tracks, electrons and muons

Category Fraction (before cut) Disk size before cut (kb) Disk size after cut (kb) Size change (%)
Total 1.000 428.8 398.3 -71

Tracking 0.222 94.98 94.51 -0.5

Topo-clusters 0.160 68.79 57.34 —-17

Particle-flow 2,43] objects 0.114 49.00 39.94 —18

7-leptons 0.108 46.38 43.24 —6.8

Trigger 0.106 45.26 45.25 -

Generator-level event 0.103 44.28 44.29 -
Electrons/photons 0.086 36.94 33.74 —-8.6

Cells in topo-clusters 0.082 34.98 31.80 -9.1

Muons 0.016 6.927 6.931 -

Metadata 0.003 1.201 1.202 -

ATLAS forward proton detectorq1,52] < 0.001 0.041 0.041 -

7.2 Impact on the ATLAS event size The test is performed by reconstructing one data sample and

one MC sampletf production in the fully hadronic decay)
Calorimeter topo-clusters are used as input to the recorbefore and after the introduction of the time cut and later
struction of particles other than jets, most notably electronssomparing the average event sizes on disk. In both sam-
photons and-leptons. The time cut will then have pile-up- ples the detector conditions are those of Run 3. Results are
suppressing effects on these particles as well. A completghown in Table8and4. The principal particle collections are
discussion of the effects of the time cut on electrons, photonshown, together with their relative size change. As expected,
andrt-leptons is beyond the scope of this paper. However, théhe largest effects are observed for the particle-flow object
widespread usage of topo-clusters in the ATLAS eventrecorand topo-cluster collections, which are reduced in size by
struction implies that the time cut can have a large beneficial-16% to~18%, while smaller differences are present for
effect on the overall consumption of computing resources bglectrons/photons and-leptons! The overall event size is
ATLAS data and MC samples. reduced by about 6% in data and 7% in MC simulation.

The change in the ATLAS event size due to the time cut

was evaluated for the introduction of the Seed Extended plumI difference in the ‘Tracking’ category is to be expected
XuL = 20 time cutinto the default ATLAS reconstruction at

“F <" since specific information related to electron tracks is grouped in this
the beginning of Run 3, before the start of 2023 data-takingeategory.
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