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Abstract

In this note the performance of jet reconstruction in e"e” collisions at the Compact Linear
Collider is studied. The study is based on fully simulated events using the latest version
of the CLICdet model. Jet energy and angular resolutions are investigated in di-jet events.
The precision with which the detector can measure heavy resonance masses in hadronic de-
cay channels is presented, using the separation power between Z and W di-jet masses as
examples. The impact of beam-induced background from yy — hadrons on the jet perform-
ance is explored.
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1 Introduction

The Compact Linear Collider (CLIC) is a proposed linear electron-positron collider, which will provide
collisions with nominal centre-of-mass energies ranging from 380 GeV to 3 TeV. Final states involving
jets are of particular interest at CLIC, e.g. in Higgsstrahlung e 'e ~ — HZ, where both H and Z decay
predominantly to hadronic final states. Physics backgrounds for these decay channels are produced
at a lower relative rate than in hadron-hadron collisions. In order to achieve a precise measurement
a good jet energy resolution, which allows for very accurate separation of reconstructed boson mass
peaks, is essential. Photons emitted from incoming electron and positron beams can interact and produce
additional mini-jets of hadrons. This beam-induced background can be modelled by overlaying these
vy — hadrons collisions on the hard physics event. We will discuss the performance of jets in di-jet
events as well as the ability to differentiate between boson mass peaks. The impact of beam-induced
backgrounds will be evaluated for beam conditions at 380 GeV and 3 TeV.

2 Jet performance in di-jet events

Di-jet samples from Z/y" — ¢4, simulated without initial state photon radiation and at several centre-
of-mass energies, are used to study the performance of jet reconstruction in CLICdet [1]. These events
have an experimental signature of back-to-back, approximately mono-energetic jets. The samples are
generated with PYTHIAG.4 [2] and the primary gg pairs are limited to light (up, down, and strange)
quarks, to reduce the impact of neutrinos in the final state. The software chain uses the DD4hep detector
description toolkit [3, 4] and the detector response is simulated using the GEANT4 10.02.p02 toolkit [5].
Software compensation [6] is applied to hadron clusters to improve their energy measurement. Each
particle is reconstructed using the Pandora particle flow algorithms [7, 8], combining information from
tracks, calorimeter clusters and hits in the muon system. Each type of Pandora particle flow object (Pan-
doraPFO) — charged hadrons, photons, neutral hadrons, electrons, and muons — is calibrated separately
with type specific calibration constants. The software packages of iLCSoft-2018-10-11_gcc62 have been
used throughout the study with the CLICdet geometry version CLIC_o03_v14.

The jet energy resolution is studied with two methods. The first method compares the energy sum
of all reconstructed particles Etlzfos ("detector level") to the sum of all stable visible particles E.,. [9],
excluding neutrinos, without simulation of detector response ("particle level"). Since the vast majority
of Z/y" — qg events is reconstructed in a di-jet signature, this procedure effectively measures the energy
resolution of jets with an energy of half the centre-of-mass energy E,,,, assuming that all particles are

clustered into two jets. The relative energy resolution for a jet energy of E; = 1/2- Ey, is then calculated

as AE;/E; = V2 -RMSgy(ELr /E ) /Meangg (ELr® /E o). RMSq is used as a measure of the jet
energy resolution. It is defined as the RMS in the smallest range of the distribution containing 90% of
the events [8]. The second method compares the response of particle-level jets (clustering stable visible
particles, jg) to those reconstructed at detector level (clustering PandoraPFOs, jg), using the VLC al-
gorithm [10] as implemented in the FastJet library [11] in exclusive mode to force the event into two jets.
The y and B parameters of VLC are fixed to 1.0 and the radius parameter is set to R = 0.7. The VLC

algorithm combines a Durham like inter-particle distance d;; = 2min(El-2 b ,E?ﬁ )(1—cos6;;) /R* based

on energy and polar angle with a beam distance d;g = El2 B sin?" 0. The algorithm applies a sequential
recombination procedure, similar to those present in hadron collider algorithms, providing a robust per-
formance at e e~ colliders with non-negligible background. The two reconstructed jets are required to
be matched to each of the particle level jets within an angle of 10°.

To illustrate the effectiveness of the exclusive jet clustering algorithm used, Fig. 1 shows the fraction
of the visible energy of an event that is contained in two jets at particle level in di-jet signatures. For
most events, and for all centre-of-mass energies the amount of unclustered energy is low. The larger the
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jet energy, the more collimated the jet. For low energy jets with energies around 50 GeV, the energy
distribution within the jet is wider with a larger fraction of the energy distributed away from the jet axis.
Thus the peak of the distribution is around 0.97 and a longer tail to lower values is observed. For low
energies, larger cones could be of benefit to capture the whole energy of the event, but at the cost of an
increased impact from yy — hadrons backgrounds.
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Figure 1: Fraction of the visible energy of a di-jet event contained within two jets, defined by the VLC
clustering algorithm with R = 0.7 (VLC7), at particle level for different jet energies (left). We
display the y-axis in logarithmic scale to emphasise the behaviour for low energy jets (right).

Studies using both methods in di-jet events lead to equivalent values of the jet energy resolution for
most of the range as shown in Fig. 2 for several jet energies as function of the quark |cos0|. For low
energy jets at 50 GeV, the jet energy resolution values are around 4.5-5.5% for barrel (| cos 6| < 0.7) and
endcap jets (0.80 < |cos 8| < 0.925). For jets beyond 150 GeV, the jet energy resolutions are between
3-4.0% over most of the angular range. For forward jets (| cos 0| between 0.925 and 0.975) the jet energy
resolutions increase by typically 0.5-2.0% points. For very forward jets (0.975 < |cos 8| < 0.985), part
of the jet can be beyond the tracking volume.

The RMSy, result can be compared to results of a fit of the jet energy response with a double sided
Crystal ball function [12], using the Minuit2 library [13] as implemented in ROOT 6.08.00 [14]. The
procedure starts by fitting a Gaussian over the full range, iteratively changing the fit range until the stand-
ard deviation ¢ of the fit stabilises within 5%. The range of the o parameter of the Crystal Ball fit is
restricted to be within a factor of 2 around the width of the Gaussian fit. Non-Gaussian tails are partic-
ularly significant in simulated data that include beam-induced backgrounds from yy — hadrons and can
be modelled by the double-sided Crystal Ball function (see Fig. 3).

Figure 4 compares the resolutions obtained with RMSy, and the one from the Crystal Ball o for dif-
ferent jet energies in events with 3 TeV yy — hadrons beam-induced background. In events where 3 TeV
beam-induced backgrounds from yy — hadrons are overlaid on the physics event, tight [8] selection cuts
are applied to the PandoraPFOs prior to jet clustering. These beam-induced backgrounds represent 30
bunch crossings. In general for the jet energy response distributions, the standard deviation o of the
Gaussian core of the double-sided Crystal Ball fits are in good agreement with RMSg values for almost
all jet energies and polar angles. The jet energy resolution values are between 3.5-10% for barrel and
endcap jets in the presence of 3 TeV backgrounds. For 50 GeV jets, the ¢ of the fit is considerably lower
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Figure 2: Jet energy resolution distributions for various jet energies as function of |cos 6| of the quark
using two methods. The first method compares the total reconstructed energy with the energy
sum from all visible particles on MC truth (left). The second method compares the jet energy
of reconstructed jets and matched MC truth particle jets, using the VLC algorithm with R = 0.7
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Figure 3: Jet energy resolution for central jets (|cos 6] < 0.10) of around 250 GeV without (left) and
with 3 TeV yy — hadrons background overlaid (right) on the physics di-jet event, together with
corresponding double-sided Crystal Ball fits. Tight PFO selection cuts are used for events with

background.

than the RMSy, values, where a decrease is observed from 7% to 6% in the detector barrel for events
with beam-induced backgrounds. Jet energy resolutions are around 3.5-4.5% for large jet energies bey-
ond 200 GeV, using both measures as quantification. In the forward region (| cos 6[>0.925) the o of
the fit is below 6% for most jet energies. The beam-induced background leads to larger tails in the jet
energy response distribution in this detector region, which are reflected in the larger values of the RMSq

measure.

Compared to jet energy resolution values in events without yy — hadrons backgrounds (Fig. 2), a degrad-
ation of the jet energy resolution is observed for all jet energies. The effect is most pronounced for low
energy jets, e.g. for 50 GeV jets, where the increase is from around 4.5% to 7.5%. For high energy jets,
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the jet energy resolution increase is limited to less than 0.5% points for most of the |cos 8| range. Since
hadrons from beam-induced backgrounds tend to be produced more in the forward direction, their impact
is larger for endcap and forward jets than for barrel jets. For low energy jets the jet energy resolution
values are significantly better than those obtained by ATLAS [15] and CMS [16].

CLICdp CLICdp
) UL L A B B BRI 1N ) 1 1 T T T T 1]
& 14 yLC7 Jets, with 3TeV BG . & 14 yLC7 Jets, with 3TeV BG .
U . F —=50GeV ] U . [ —=50GeV ]
e_12F <100 GeVv . e—_12F <100 GeVv .
';“,O F =250 GeV , w r =250 GeV ]
8 10| —~750 GeV . © 10 —~750 Gev .
8 [ —= 1500 GeV ] [ —= 1500 GeV 1
s 8 . 8r .
W 6F . 6F .
- ] C ]
= 4 . 4F ]
»w ] - ]
= 2 N N T R B 2 o 1 A T B [
© 0 02 04 06 038 1 0 02 04 06 08 1
|cos8)| |cosH|

Figure 4: Jet energy resolution for various jet energies as function of |cos 8| of the quark with 3 TeV
vy — hadrons background overlaid on the physics di-jet event. In the first figure RMSy, is used
as measure of the jet energy resolution (left), the standard deviation o of the Gaussian core of
the double-sided Crystal Ball fit quantifies the jet energy resolution in the second figure (right).
Tight PFO selection cuts are used.
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Figure 5: Mean of the jet energy response between the reconstructed and the matched MC truth particle
jet for events without (left) and with overlay of 3 TeV beam-induced backgrounds from yy —
hadrons (right). Tight PFO selection cuts are used for events with background.

The mean of the jet energy response histogram E? / E]G between the reconstructed and the matched
MC truth particle jet is shown in Fig. 5 for events without beam-induced backgrounds and with 3 TeV
beam-induced background conditions. In both cases the PandoraPFOs are calibrated, but no further cal-
ibration is applied after the jet clustering of the particle flow candidates. For most of detector range the
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raw jet energy response is within 1.5% of unity even including yy — hadrons backgrounds. For jets in
the outer endcap (Icos 8| > 0.925) and in the forward region, where beam-induced backgrounds are more
prominent, we observe larger deviations of up to 8%.

The impact of beam-induced backgrounds from yy — hadrons for the 380 GeV accelerator conditions
is evaluated, representing 30 bunch crossings. In events with overlay of 380 GeV beam-backgrounds
from vy — hadrons, low energy loose selection cuts [17] are placed on PandoraPFOs, in order to reflect
the lower beam-induced backgrounds of the 380 GeV accelerator relative to the 3 TeV accelerator. The
impact of 380 GeV beam-induced backgrounds on the jet energy resolution is illustrated by Fig. 6. For
jet energies above 100 GeV, the 380 GeV beam-induced background levels lead to almost no increase of
the jet energy resolution for barrel and endcap jets, around 0.5-1.0% points can be observed for forward
jets. Even for 50 GeV jets in the barrel, only a mild increase of the jet energy resolution to about 5%
is obtained. In the outermost part of the barrel and endcaps the jet energy resolution for 50 GeV jets is
increased to about 5.5-6.0%. The increase is around 2% points and more for forward jets.
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Figure 6: Jet energy resolution for various jet energies as function of | cos 6 of the quark with and without
380 GeV vy — hadrons background overlay on the physics di-jet event. RMSy is used as
measure of the jet energy resolution. Low energy loose PFO selection cuts are used for events
with background.

The jet angular resolutions in azimuth ¢ and polar angle 0 are studied as function of jet energies
for different regions in polar angle. For events having significant final state gluon radiation, three jets
reflect the event topology better than two jets. Since the jet algorithm is run in exclusive mode with
two jets, this can lead to a significant bias in jet angular resolutions. In order to diminish the impact of
this bias, we preselect events, where the two particle level MC truth jets are back-to-back in azimuth
A¢(j1,j2) > 2.8 (around 160°), which vetoes against underlying multi-jet topologies. Each of the re-
constructed jets is matched to its closest MC truth particle level jet. Figure 7 shows ¢ and 0 resolutions
using barrel 250 GeV jets with 3 TeV beam-induced backgrounds from yy — hadrons overlaid, clustered
with the VLC algorithm with radius R = 0.7. In addition double-sided Crystal Ball fits of the resolution
distributions are displayed, showing that the tails are reproduced by the fit. The tails of both distributions
reach to about 25°.

The distribution of ¢ resolutions as a function of polar angle, and as a function of jet energy are shown
in Fig. 8 in events with 3 TeV beam-induced backgrounds from yy — hadrons. The more forward the jets,
the wider the ¢ resolution distribution. Low energy jets tend to be less collimated and the ¢ resolution
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Figure 7: Jet ¢ (left) and 6 (right) resolution distributions for barrel jets | cos 0] < 0.65 with jet energies
around 250 GeV, with yy — hadrons backgrounds at 3 TeV on the physics di-jet event, using
tight PFO selection cuts.
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Figure 8: Jet ¢ resolution distributions of 250 GeV jets for various polar angle intervals (left) and jet
¢ resolutions for barrel jets at various jet energies (right), with yy — hadrons background
conditions at 3 TeV and using tight PFO selection cuts.

distribution is wider than for high energy, more collimated jets. The detector is divided into four regions
of |cosB|: the barrel, the transition region (where the jet energy is reconstructed both in barrel and
endcap parts of the detector), the endcap, and the forward region. Fig. 9 shows jet ¢ and 6 resolutions.
The values are around 0.5% in the barrel, and below 1% in almost all regions for all energies. Jet 0
resolutions are slightly better than jet ¢ resolutions with less variation as a function of polar angle. Once
beam-induced backgrounds from yy — hadrons are overlaid, the 6 resolutions increase for 50 GeV jets
from 0.5 to about 1.0° (see Fig. 10), while for the remaining jet energies the 8 resolutions remain around
0.5°. A slight increase in angular resolution for more forward jets can be observed. For jet ¢ resolutions
in the barrel region and for most jet energies, the values remain at a similar level of 0.4 —0.7°; for more
forward jets and for all energies, the ¢ resolutions increase relatively by around 25-50%. Using the
standard deviation ¢ of the Gaussian core of a double-sided Crystal Ball fit, the values for the jet angular
resolutions are lower compared to RMSy, values, since the sizeable tails have less impact. This effect is
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particularly large for low energy jets and in the forward region of the detector as shown in Fig. 11.
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Figure 9: Jet ¢ (left) and 6 (right) resolutions for several jet energies in four |cos | bins in events without
any simulation of beam-induced background effects.
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Figure 10: Jet ¢ (left) and 6 (right) resolutions for several jet energies in four |cos 6| bins in events with
3 TeV beam-induced backgrounds from yy — hadrons, using tight PFO selection cuts.

3 W and Z mass separation

The precise reconstruction of masses of resonances in hadronic channels over wide ranges of energies
is a challenging task. The ability to separate di-jet masses from hadronic decays of W and Z bosons is
studied using the Pandora reconstruction algorithms. The study is carried out using simulated di-boson
events, in which only one of the bosons decays into di-quarks, i.e. ZZ — vvqg and WW — [vgq with
g=u,d,s. The boson energies in this study vary from 125 GeV, where both bosons are created almost at
rest, up to 1 TeV, where the bosons are heavily boosted. For each vector boson energy, samples were
produced without background (no BG) and with 3 TeV beam-induced backgrounds from yy — hadrons,
representing 30 bunch crossings (3 TeV BG). For low energy bosons of 125 GeV we also investigate the
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Figure 11: Jet ¢ (left) and 6 (right) resolutions for several jet energies in four |cos 6| bins in events with
3 TeV beam-induced backgrounds from yy — hadrons, using tight PFO selection cuts. The
standard deviation ¢ of a double-sided Crystal Ball fit is used as measure for the jet position
resolution.

impact of 380 GeV beam-induced backgrounds. Events are reconstructed using the VLC algorithm with
parameters R = 0.7, y = B=1 in exclusive mode, forcing the event into two jets. Prior to jet clustering at
particle level, the true charged lepton from the W is removed (together with any associated photons from
final state radiation and Bremsstrahlung). At detector level, all reconstructed particles within a cone of
|cos x| < 0.9 around the true lepton direction are removed prior to jet clustering. This procedure has vir-
tually no impact on particles from the hadronically decaying W. At particle level, visible stable particles
are used as input for the jet clustering. On the reconstruction level for the samples without beam-induced
backgrounds, all Pandora particle flow objects are used as input for the jet clustering, while tight (low
energy loose) selected Pandora particle flow objects are used in the samples including 3 TeV (380 GeV)
beam-induced backgrounds. In order to ensure that the event is well contained within the detector ac-
ceptance, a cut is imposed on the polar angle of both MC truth jets, |cos 6] < 0.9.

The di-jet mass distributions have a long tail to low values, as shown in Fig. 12 (left) for low en-
ergy bosons. This tail is present at both detector and MC particle level. In these events a sizeable
amount of the hadronic energy is not contained in the two jets. In this lower di-jet mass tail, the di-jet
momentum is not back-to-back in azimuth with the missing transverse energy vector for Z events (re-
spectively the di-neutrino vector), or the combined vector from missing energy and the lepton direction
for W events (respectively the neutrino-lepton vector), both for particle-level jets and detector-level jets
(without beam-induced backgrounds). The additional hard radiation is effectively ignored when forcing
the event into two jets, and an exclusive three jet reconstruction is more suitable in those events. A
requirement on the amount of hadronic energy contained among the leading two jets at particle level
of 90% removes this lower di-jet mass tail to a large extent as Fig. 12 (right) shows. For high energy
bosons (E > 500GeV) this requirement removes less than 1% of all events and 6.7% for 250 GeV bosons.

The upper tail and the core of the di-jet mass distribution is described well by a Gaussian function
even without this additional preselection criteria for all energies. The di-jet distributions are fitted with
a Gaussian, iteratively changing the upper limit of the fit range to mean+ 20 and the lower fit limit to
mean — 20 (— 1o without the preselection criteria on the unclustered energy ratio for 125 GeV bosons),
until the fitted ¢ stabilises within 5%. Figure 13 shows the di-jet mass distributions for W and Z bosons
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Figure 12: Di-jet mass distributions of hadronically decaying W and Z with E = 125GeV in WW —
Ivgqq and ZZ — vVvqq events, together with Gaussian fits of the di-jet mass peak (left). An
additional preselection cut has been placed on the amount of hadronic energy clustered within
the leading two jets at particle level larger than 90% in order to remove multi-jet signatures
(right). The events include 3 TeV beam-induced backgrounds from yy — hadrons and tight
PFO selection cuts are used.
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Figure 13: Di-jet mass distributions of hadronically decaying W and Z with E = 500GeV in WW — [vgq
and ZZ — vvqq events, together with Gaussian fits of the di-jet mass for events without
beam-induced backgrounds (right) and overlay of 3 TeV beam-induced backgrounds from
vy — hadrons (left). Tight PFO selection cuts are used for events with background.

with £ = 500GeV with the Gaussian fits in events without and with the simulation of 3 TeV beam-
induced backgrounds from yy — hadrons.

Since the di-jet mass distributions are not further calibrated at the moment, we shift the mean of the fit
to the W and Z masses, fixing the ratio of 6/mean. The rescaled Gaussian distributions are normalised,
such that integral of the distributions is 1. The overlap fraction A, is defined by

Xint Cd
Ao = < gaussy (x)dx + / gaussw(x)dx) /2,
oo X;

int

10



4 Summary

where x;, is the intersection mass point of the Gaussian fit of the W and Z di-jet mass distributions
between the W and Z masses. The efficiency € of selecting W’s or Z’s are represented by the integrals
of the Gaussian curves up to x;,, for W’s and from x;,, onwards for Z’s. The ideal Gaussian separation
is evaluated using the quantile function with the normal distribution'. A different approach using the
average mass resolution G,, = (07 + Ow)/2 found the same results for the separation .7 = (my —

mW)/Gavg'

Table 1: Mass resolutions, selection efficiencies, and separation of W and Z peaks for reconstructed
W and Z’s at different energies, with and without overlaid beam-induced backgrounds from
vy — hadrons. Tight PFO (Low energy loose) selection cuts are used for events with 3 TeV

(380 GeV) background:

Background | Ewy | Ouw)/m(W) | Oyz)/m(Z) | € | Separation

[GeV] [%] [%] [%] (o]

125 5.5 5.3 88 2.3

250 5.3 5.4 88 2.3

no BG 500 5.1 49 90 2.5

1000 6.6 6.2 84 2.0

125 7.8 7.1 80 1.7

250 6.9 6.8 82 1.8

3 TeV BG 500 6.2 6.1 85 2.0

1000 7.9 7.2 80 1.7

380 GeV BG 125 6.0 5.5 87 2.2

The di-jet mass resolutions are listed in Table 1, together with identification efficiencies and the separa-
tion between W and Z peaks. In events without beam-induced background effects the selection efficiency
is between 84% and 90%, which corresponds to an overlap fraction of 10-16%. For very boosted bosons
the mass resolution is slightly worse than for bosons at rest or with moderate energies. Once 3 TeV
beam-induced backgrounds from yy — hadrons are taken into account, the W and Z selection efficien-
cies decrease to 80—85%, which corresponds to overlap fractions of 15-20%. The degradation is worse
for lower boson energies. The peak separation diminishes from 2.0-2.5 ¢ to about 1.7-2.0 ¢ in the
presence of beam-induced background levels of the 3 TeV accelerator. As alternatives, no selection,
loose selection and medium selection criteria have been applied to PandoraPFOs prior to jet clustering in
simulated events with 3 TeV beam-induced backgrounds. These three alternative selections led to wider
di-jet mass distributions and a diminished separation power between the two mass peaks. For 380 GeV

beam-induced background levels there is a mild effect on the separation power, decreasing from 2.3 ¢ to
220.

4 Summary

The performance of jets at CLIC has been studied in di-jet events, using the latest detector model CLIC-
det and the new software chain. Using RMSy to quantify the jet energy resolution, relative jet energy
resolution values of typically 4-5% are obtained for jets of energies between 50 GeV and 1.5 TeV in bar-
rel and endcap regions, with slightly larger jet energy resolutions for forward jets. Once beam-induced
backgrounds from yy — hadrons as expected for 3 TeV collisions are overlaid, the jet energy resolution

'separation calculation using ROOT 6.08.00: .% = 2- |[ROOT :: Math :: normal_quantile(Ag, 1)]
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4 Summary

for low energy jets increases to about 6-8%. The impact of beam-induced background on jets with en-
ergies beyond 200 GeV increases the jet energy resolution by additional 0.5% points. The quantitative
results for the jet energy resolutions are very similar for two estimators considered: the o of the Gaussian
core of a double-sided Crystal Ball function or RMSy,. For 380 GeV beam-induced background con-
ditions, the jet energy resolutions are considerably less affected compared to 3 TeV conditions, adding
only 0.5% points even for 50 GeV jets. Jet polar angle 0 resolutions are typically lower than 1° and jet
azimuthal angle ¢ resolutions are within 1.5° for all jet energies studied and all detector regions, even
taking into account beam-induced backgrounds levels of the 3 TeV collider from yy — hadrons. The
ability to distinguish between masses of resonances was investigated using hadronically decaying W and
Z bosons. For boson energies between 125 and 1000 GeV, a peak separation of 1.7-2.0 o was achieved
in events with 3 TeV beam-induced backgrounds.
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