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Abstract

The suppression of pileup forward jets is crucial for a variety of physics analyses at the LHC,
ranging from VBF Higgs production to SUSY searches. A novel forward pileup tagging
technique that exploits the correlation between central and forward jets originating from
pileup interactions is presented. Tracking and vertex information in the central n region is
used to indirectly tag and reject forward pileup jets that are back-to-back to central pileup
jets. The pileup suppression power observed in PyTHIA8 simulated events increases with jet
pr and ranges between a 30% and 60% pileup jet removal for 90% jet selection efficiency
for jets between 20 and 50 GeV.
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1 Introduction

At the Large Hadron Collider (LHC) the collisions of proton (p) bunches result not only in hard-scatter pp
interactions, but also in additional collisions, usually consisting of soft QCD processes. Such additional
low transverse momentum pp collisions are referred to as pileup interactions. Pileup interactions can be
in-time or out-of-time. In-time pileup arises from additional pp interactions in the same bunch-crossing
as the hard-scatter interaction; out-of-time pileup refers to energy deposits in the ATLAS calorimeter [1]
from previous and following bunch-crossings with respect to the triggered event. For this note, in-time
and out-of-time pileup will be referred collectively as pileup.

The additional transverse energy from pileup interactions is typically subtracted on event-by-event basis
from the hard-scatter interaction of interest. Local fluctuations in the pileup activity, however, may result
in spurious pileup jets. In Ref. [2] it was shown that pileup jets can be effectively removed using track
and vertex information with the jet-vertex-tagger (JVT) technique. A limitation of the JVT discriminant
is that it can only be used for jets within the coverage of the inner detector, || < 2.5. However in ATLAS
jets are reconstructed over the whole calorimeter coverage, |r7| < 4.9. The suppression of pileup jets in
the forward region 2.4 < |n| < 4.9 is crucial to enhance the sensitivity of key analyses within the ATLAS
physics program, such as single top quark measurements and measurements of Higgs boson production
in the Vector Boson Fusion mode.

In this note a technique to identify and reject pileup jets with |i7| > 2.4 is presented. The method exploits
the topological correlation between jet pairs produced in pileup interactions. The method is studies using
PyTHIA8 simulation for pileup events. The note is organized as follows. Section 2 briefly describes the
ATLAS detector, the object reconstruction and selection. A new method of classifying pileup jets is
described in Section 3, while the forward JVT technique for suppressing forward pileup jets is presented
in Section 4. The performance of the technique is compared in Z(— uu)+jets events as well as in 7
events in Section 5. Finally, the conclusions are discussed in Section 6.

2 Object definition and event selection

2.1 The ATLAS detector

The ATLAS detector is a general purpose particle detector covering almost 4 in solid angle and consist-
ing of an inner tracking detector (ID), a calorimeter, and a muon spectrometer. The details of the detector
are given in Ref. [1]. The ID consists of silicon pixel and strip (SCT) tracking detectors covering the
pseudorapidity? range of || < 2.5 and a straw-tube tracker (TRT) covering || < 2.0, all sitting in an
axial 2 7 magnetic field provided by a superconducting solenoid. The sampling calorimetry is hermetic
out to || = 4.9 and is generally divided into barrel (|| < 1.4), endcap (1.4 < |n| < 3.2) and forward
(3.2 < || < 4.9) regions. The highly-segmented electromagnetic (EM) calorimetry uses liquid argon
with lead or copper absorber material and includes three longitudinal sampling layers in addition to a
presampler for ;7] > 1.8. The hadronic calorimetry uses scintillator tiles with steel absorber in the barrel
(7] < 1.7) and liquid argon (LAr) with copper (tungsten) absorber in the endcap (forward) region. A

2 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
upward. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle 6 as 7 = —Intan(6/2).



multi-level trigger system of dedicated hardware and software filters is used to select pp collisions of
interest.

2.2 Object reconstruction

The reconstruction and definition of physics objects used in this analysis is detailed in Ref. [3], while an
overview is presented in this section.

Vertices and tracks The event hard-scatter primary vertex is defined as the reconstructed vertex with
the largest ), p% of constituent tracks. In this analysis, only events where the reconstructed primary vertex
is within |[Az| < 0.1 mm from the truth hard-scatter vertex are considered. For the physics processes
considered, the reconstructed primary vertex matches the truth hard-scatter vertex more than 95% of
the times. Tracks are required to have pr > 0.5GeV and to satisfy quality criteria designed to reject
poorly measured and fake tracks. Tracks are assigned to vertices based on the track-to-vertex association
resulting from the vertex reconstruction [4]. Other tracks are assigned to the nearest vertex based on the
distance |Az - sin 6|, up to a maximum distance of 3.0 mm. Tracks not matched to any vertex are not
considered. Tracks originating from the hard-scatter primary vertex and from pileup vertices are then
assigned to jets using a technique known as ghost association [5].

Jets Calorimeter jets are reconstructed from topological clusters [6] using the local cluster weighting
(LCW) algorithm [7]. Fastier 2.4.3 is used to reconstruct anti-k, [8] jets with a distance parameter
R = 0.4. Similarly, truth jets are reconstructed as anti-k; R = 0.4 jets from stable3 truth particles in
the final state of the simulated hard-scatter (truth hard-scatter jets) or in-time pileup (truth pileup jets)
interaction. Calorimeter jets are calibrated using pileup subtraction followed by a jet-energy-scale (JES)
response correction, as described in detail in Refs. [3, 9]. Unless noted otherwise, jets are required to
have 20GeV < pr < 50GeV. Central jets are required to be within |17] < 2.4 and their charged particles
are within the coverage of the inner tracking detector. Forward jets are in the region 2.4 < |n| < 4.9 and
the tracks associated to their charged particles are not measured.

As discussed in Sec. 3, the studies in this note require a classification of the reconstructed jets in three
categories: hard-scatter jets, pileup QCD jets, and pileup stochastic jets. Jets are thus truth-labeled based
on a matching criterion to truth jets. Similarly to Ref. [3] jets are first classified as hard-scatter or pileup
jets. Jets are labeled as hard-scatter jets if a truth hard-scatter jet with pt > 10GeV 4 is found within
AR = \/(An)? + (A¢)? < 0.3. Jets are labeled as pileup jets if no truth hard-scatter jet with pt > 4 GeV
is found within AR > 0.6. Pileup jets are further classified as QCD pileup if they are matched within
AR < 0.3 to a truth pileup jet with pt > 10 GeV. Otherwise, pileup jets are labeled as stochastic pileup
jets if there are no truth pileup jets with pr > 10 GeV within AR < 0.6.

3 Truth particles are considered stable if their decay length ¢t is greater than 1 cm. A truth particle is considered to be interacting
if it is expected to deposit most of its energy in the ATLAS calorimeters; muons and neutrinos are considered to be non-
interacting.

4 The pr > 10GeV threshold is used to avoid accidental matches of reconstructed jets with soft activity from the truth hard-
scatter.



JVT The JVT discriminant is built out of the combination of two jet variables, corrJVF and Ry, that
provide information to separate hard-scatter from pileup jets. The quantity corrJVF is defined as
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where PV; denotes the reconstructed event vertices (PVj is by convention the hard-scatter vertex), and

Dk ptTrkk (PVy) is the scalar pt sum of the tracks that are associated with the jet and originate from the

hard-scatter vertex. The term p?U =il 2l p;fk’ (PV;) denotes the scalar py sum of the tracks associated

with the jet and originating from pileup vertices. To correct for the linear increase of <p$U> with the total
number of pileup tracks per event (ngE), we divide pEU in the corrJVF definition by ( k-nf;g) with £ = 0.01.
The variable Rt is defined as the scalar pr sum of the tracks that are associated with the jet and originate
from the hard-scatter vertex divided by the fully calibrated jet pt, which includes pileup subtraction:
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The JVT discriminant is built by defining a 2-dimensional likelihood based on a k-nearest neighbor (kNN)
algorithm [10].

) ! trky PV
An extension of the Ryt variable computed with respect to any vertex i in the event, R;T = w,
P

T
is also used in this analysis.

2.3 Samples

The studies presented in this note are performed using simulated pp collisions, at a center-of-mass energy
\s = 8 TeV, yielding specific physics processes. QCD dijet events are produced with the PyTHia8 gener-
ator (version 8.160) using the CT10 PDF set and the AU2 CT10 underlying-event tune [11]. Simulated
tf events are generated with PowHEG Box V1.0 [12-14] using the PDF set CT10 [15]. PYTHIA 6.4 [16]
was used for fragmentation and hadronization with the Perugia2011C [17] tune that employs the LO
CTEQ6L1 PDF set [18]. The Z(— uu)+jets sample is generated with powneG Box V1.0 and showered
with PytHia8 [19]. For all samples, the effect of in-time as well as out-of-time pileup is simulated us-
ing minimum-bias events generated with PyTaia8 to reflect the pileup conditions during the 2012 data-
taking period. All generated events were processed with a detailed simulation of the ATLAS detector
response [20] based on Geant4 [21] and subsequently reconstructed and analyzed in the same way as the
data.

3 Sources of pileup jets

The reconstruction of spurious jets from pileup interactions has two components: QCD jets, where the
particles in the jet stem from a single pileup interaction, and stochastic jets, that combine particles from
different vertices in the high density particle flow. Figure 1 shows an event with a hard-scatter jet, a
QCD pileup jet and a stochastic pileup jet. The particles associated to the hard-scatter jet originate from
the primary interaction. The particles associated with the QCD pileup jet originate all from the same



pileup interaction. The stochastic pileup jet includes particles originating from different vertices, without
a prevalent source.
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Figure 1: Example of an event containing a central hard-scatter (HS) jet, a central QCD pileup jet, and a central
stochastic pileup jet. The pt, JVT and ARt (see Sec. 3.1) values are quoted for each jet.

Figure 2 shows the fraction of QCD pileup jets as a function of the pseudorapidity and pr of the jet and
the number of pileup interactions. The fraction is defined as the ratio between the number of QCD pileup
jets in a given pseudorapidity and pr range and the total number of pileup jets in the same range. The
fraction of QCD jets increases significantly in the forward region and it constitutes more than 80% of
pileup jets with pt > 30 GeV overall. The fraction of stochastic jets becomes more prominent at low pr
as the number of interaction increases. The majority of pileup jets in the forward region are QCD pileup
jets. Therefore, targeting QCD pileup jets is an important component of forward pileup mitigation.

3.1 A discriminant for pileup jet classification

As it will be discussed in Section 4, the rejection of forward QCD pileup jets relies on the discrimination
between stochastic and QCD pileup jets in the central region using track and vertex information. This
section describes a new discriminant built for this purpose.

The JVT successfully rejects both types of pileup jets, however the underlying features are different.
Tracks associated to QCD jets are mostly originating from the same vertex corresponding to a pileup
interaction, thus yielding small RgT values with respect to the primary vertex. However such jets have
large values of RI’;T with respect to the pileup vertex i from which they originated. On the other hand,
tracks associated to stochastic jets are equally likely to originate from any pileup interaction, thus yielding
small R;i)T values with respect to any vertex. This feature can be exploited to discriminate between the
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Figure 2: Fraction of pileup jets that are matched to a truth in-time pileup jet, as a function of 1 (a), pt (b), and the
number of reconstructed vertices in the event for jets with 20 GeV < pt < 30GeV (c) and 30 GeV < pr < 50 GeV
(d), as observed in dijet events with PyTHIA8 pileup simulation.



two categories. The two largest Rpi)T values are going to be of similar size for stochastic jets, while a large
difference will show for QCD jets, as most tracks originate from the same pileup vertex.

Thus, the difference between the two leading R"T5 for a central jet, ARyt, can be used for discriminating
QCD pileup jets from stochastic pileup jets. The ARt distributions for stochastic and QCD jets, shown in
Fig. 3, have different shapes with the distribution for stochastic jets peaking at zero. Therefore a minimum
ARyt requirement can effectively reject stochastic pileup jets. Since the fraction of stochastic pileup jets
is significantly large only for central jets with pr < 30 GeV, as shown in Fig. 2, in the following the ARt
requirement is applied only for those jets, while pileup central jets with pt > 30 GeV are assumed to be
QCD pileup jets independently from their ARyt value.
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Figure 3: Distribution of ARt for stochastic and QCD pileup jets, as observed in dijet events with PyTnia8 pileup
simulation.

4 Forward JVT

While it has been shown that pileup mitigation techniques based on jet shape are effective in suppressing
stochastic pileup jets [22], QCD pileup jets are prevalent in the forward region. Therefore developing an
effective rejection method targeting specifically QCD pileup jets is of particular importance.

QCD pileup jets are mostly produced in pairs. Due to transverse momentum conservation, the two jets in
the pair will have opposite directions in the transverse plane. This dijet correlation in the transverse plane
can be exploited to identify QCD pileup jets beyond the coverage of the Inner Detector. Figure 4 shows
an event with such a pair of QCD pileup jets, one within the Inner Detector coverage and the other in the
forward region.

5 The R;l;)T variable is found to be a better discriminant than the analogous corrJVF. In stochastic jets each pileup interaction

contributes with few particles and R]’; T is sensitive to the contribution of neutral particles.
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Figure 4: n-¢ (a) and rz (b) view of an event containing a forward QCD pileup jet and a central QCD pileup jet
forming a back-to-back pair.

4.1 Algorithm

The procedure shown in Fig. 5, referred to as forward JVT (fIVT) is used to suppress forward pileup jets.
The main parameters for the forward JVT algorithm are thus the threshold JVT,,, to select central pileup
jets and the minimum ARt requirement to select QCD pileup jets. JVT,, 4y is set to 0.05 corresponding
to an efficiency of selecting pileup jets of 95%. The minimum ARt requirement defines the operating
point in terms of hard-scatter and pileup efficiencies. The |A¢| > 7 — 1 requirement ensures that the
central jet is in the opposite hemisphere in the central plane. The requirement is sufficiently loose that
most of the QCD dijet pairs pass the selection.

4.2 Performance

Figure 6 shows the efficiency of selecting pileup forward jets (Forward PU Fake Rate) as a function of the
efficiency of selecting hard-scatter forward jets (Forward HS Efficiency) when varying the minimum ARt
requirement for central jets with pr < 30 GeV. The acceptance for central jets also plays an important
role. Reconstructing central jets with minimum pr (referred to as pr¢""!) of 10 GeV* allows achieving
significantly lower rates of forward QCD pileup jets at only slightly lower hard-scatter efficiencies. The
lower pr°e@! threshold increases the probability of reconstructing the central jet in the pileup QCD dijet
process, thus improving the efficiency of identifying and rejecting forward pileup QCD jets. However,
the larger number of reconstructed central jets increases the rate of accidental matching for hard-scatter
forward jets, thus reducing the hard-scatter efficiency. In the following the lower pr°"™ > 10 GeV re-

6 As discussed in Sec. 2.2, the miminum pr for jets is typically 20 GeV.
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Figure 5: The forward JVT algorithm. Pileup and hard-scatter jets are referred to as PU and HS, respectively.

quirement is used for the fIVT requirement with hard-scatter efficiency of 85%, while the 94% efficiency
is achieved with pr¢"@ > 20 GeV.

Using a minimum ARt of 0.18, hard-scatter efficiencies of 94% and 85% are achieved for pileup fake
rates of respectively 75% and 60%, considering jets with 20GeV < pr < 50GeV. The dependence
of the hard-scatter and pileup efficiencies on the forward jet pr is shown in Fig. 7. Since the JVT,, 4
requirement removes central hard-scatter jets, the hard-scatter forward jets inefficiency is only due to
accidental matching with central pileup jets, which does not depend on the pr of the forward hard-scatter
jet. On the other hand, the hard-scatter efficiency depends on the number of pileup interactions, as shown
in Fig. 8, as harsher pileup conditions increase the chance of accidental matching. The pileup rate depends
on the pr of the forward jets, due to the pr-dependence of the QCD fraction, shown in Fig. 2.

Figure 9 shows the dependence of the average jet multiplicity as a function of the number of reconstructed
primary vertices in Z(— pu)+jets events. Events are required to contain a Z boson candidate with pr
>30 GeV and at least one truth hard-scatter forward jet. The jet multiplicity is computed by counting the
reconstructed forward jets with pr >20 GeV and pr >30 GeV. The fIVT requirements reduces the slope
of the dependence, which is removed entirely for jets with pr > 30 GeV with the 85% efficient fJVT
requirement.
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Figure 7: Hard-scatter efficiency (a) and pileup rate (b) as a function of the forward jet pr.
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Figure 9: Average multiplicity of forward jets with pr > 20 GeV (a) and pt > 30 GeV (b) as a function of the
number of reconstructed vertices.

S Process dependence

The potential dependence of forward JVT on the physics process is studied by comparing the performance
of the method in Z(— uu)+jets events and in ¢f events. The pileup efficiencies as a function of the hard-
scatter efficiencies are shown in Fig. 10. When using a lower pr threshold of 10 GeV for selecting central
pileup jets the difference in performance between Z(— uu)+jets and ¢7 events is small, suggesting that
the forward JVT technique is not sensitive to the hard-scatter jet topology or kinematics. Additional
studies comparing different generators and simulation tunings, and simulated and data samples, will have
to be performed in order to calibrate the algorithm performance and assess the associated uncertainties.

6 Conclusions

Forward JVT is a new technique developed for the suppression of pileup jets in the forward region. The
method exploits the correlation of QCD pileup jets in the transverse plane and extrapolates JVT, track
and vertex based, beyond the coverage of the Inner Detector. Forward JVT relies on a new variable,
ARy, that allows discrimination between stochastic and QCD pileup jets. In samples with PyTHia8
pileup simulation, he technique reduces the overall forward pileup jet rate by 25% and 40% for hard-
scatter efficiencies of 94% and 85%, respectively. The hard-scatter efficiency does not depend on the
jet pr, while a dependence on the number of reconstructed primary vertices is observed. The efficiency
decreases by 1% and 0.3% per reconstructed vertex, for overall efficiencies of 94% and 85%, respectively.
The pileup rate significantly decreases with increasing jet pr, while it does not depend on the number of
reconstructed primary vertices. No significant dependence on the physics process has been observed.
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Figure 10: ROC curves for Z(— uu)+jets and ¢7, superimposed, for fJVT with pr¢e"@ > 20 GeV (a) and ppcentral >
10 GeV (b).

Forward JVT provides a new capability for pileup suppression in ATLAS, enabling, for the first time, the
identification and removal of fake pileup jets outside the tracker acceptance.
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