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Abstract

A study of chargino and neutralino pair production at a CLIC collider operating at√
s = 1.4 TeV is presented. Fully hadronic final states with four jets and missing

transverse energy were considered. The analysis was performed using full detec-
tor simulation and including pileup from γγ → hadrons interactions. Results for
the masses and production cross sections of the chargino and the next-to-lightest
neutralino are discussed.
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1 Introduction

The Compact Linear Collider (CLIC) is a proposed electron-positron linear collider operated at
centre-of-mass energies of up to 3 TeV [1]. The physics potential of CLIC is being studied using
two detector concepts based on designs for the International Linear Collider (ILC) [2]. Several
benchmark processes were investigated to address particular aspects of the detector performance
goals for a CLIC collider operated at the highest possible energy of 3 TeV [3].

To achieve sufficient luminosities at very different centre-of-mass energies, a staged con-
struction of CLIC is considered [4]. The physics implications of this staged construction were
investigated studying additional benchmark processes. For this purpose, the production of sev-
eral supersymmetric (SUSY) particles is investigated at

√
s = 1.4 TeV. One of these studies is

described in this document.
The SUSY scenario assumed in this paper is described in more detail in [5]. In this model,

the lightest chargino1), χ̃
+
1 , has a mass of 486.8 GeV, while the masses of the lightest and next-

to-lightest neutralinos, χ̃0
1 and χ̃0

2 , are given by 356.6 GeV and 486.7 GeV, respectively. The
lightest neutral Higgs boson, h, has a mass of 117.8 GeV.

This SUSY model was chosen before the 126 GeV boson discovery at the LHC [6] was made.
With small alterations a spectrum with the same qualitative features can be achieved where the
lightest neutral Higgs boson has a mass of 126 GeV.

The following pair production processes for the lightest chargino and the next-to-lightest neu-
tralino were investigated:

e+e−→ χ̃
+
1 χ̃
−
1 →W+

χ̃
0
1W−χ̃

0
1 and (1)

e+e−→ χ̃
0
2 χ̃

0
2 → h(Z)χ̃0

1 h(Z)χ̃0
1 , (2)

where BR(χ̃+
1 →W+χ̃0

1 ) = 99.8%, BR(χ̃0
2 → hχ̃0

1 ) = 94.6% and BR(χ̃0
2 → Zχ̃0

1 ) = 5.1%. The h
boson decays with a probablitiy of 63.7% into a beauty quark-antiquark pair, with a probability
of 2.4% into a charm quark-antiquark pair, with a probability of 11.1% to τ+τ− and with a
probability of 8.0% into a gluon pair.

Hadronic decays of the W+, h and Z bosons were considered and hence the investigated fi-
nal state signature is given by four quarks and missing transverse energy. The measurement
of chargino and neutralino pair production allows to assess the precicion which can be reached
for the reconstruction of hadronically decaying gauge bosons in the presence of pileup from
γγ → hadrons interactions. The rather low energies of the reconstructed gauge or Higgs bosons
represent a particular challenge for the background suppression and event reconstruction al-
gorithms. The reconstruction at high energies was studied using a different SUSY model at√

s = 3 TeV and is described elsewhere [7].
The analysis described in the following was performed assuming an integrated luminosity of

1.5 ab−1, corresponding to about four years of data taking with 200 days of operation per year
at 50% efficiency.

1Charge conjugation is implied throughout this paper.
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2 The detector model

The study presented here was carried out using the CLIC SiD detector model. CLIC SiD is a
general-purpose detector with a 4π coverage and is based on the SiD concept [8] developed for
the ILC. It has been adapted [9] to meet the specific detector requirements at CLIC. A schematic
overview of the CLIC SiD detector is shown in Fig. 1.
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Figure 1: Longitudinal cross section of the top quadrant of CLIC SiD [4].

A superconducting solenoid (Coil) with an inner radius of 2.7 m provides a central magnetic
field of 5 T. The calorimeters are placed inside the coil and consist of a 30 layer tungsten–
silicon electromagnetic calorimeter (ECAL) with 3.5× 3.5 mm2 segmentation, followed by a
tungsten–scintillator hadronic calorimeter with 75 layers in the barrel region (W-HCAL) and a
steel–scintillator hadronic calorimeter with 60 layers in the endcaps (Steel-HCAL). The read-out
cell size in the hadronic calorimeters is 30×30 mm2. The iron return yoke (Fe Yoke) outside of
the coil is instrumented with nine double-RPC layers with 30×30 mm2 read-out cells for muon
identification.

The silicon-only tracking system (Si-Tracker) consists of five 20× 20 µm2 pixel layers fol-
lowed by five strip layers with a read-out pitch of 50 µm and a length of 92 mm in the barrel
region. The tracking system in the endcap consists of four stereo-strip disks with similar pitch
and a stereo angle of 12◦, complemented by seven pixelated disks in the vertex and far-forward
region at lower radii with pixel sizes of 20×20 µm2.

The forward region is instrumented with two compact electromagnetic calorimeters: LumiCal
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with coverage down to 40 mrad and BeamCal with coverage down to 10 mrad.
The trigger-less readout accumulates hits over the full 156 ns bunch train. In the reconstruc-

tion it is assumed that all vertex and tracker hits are accompanied by a time-stamp in 10 ns bins,
while the timestamping precision for calorimeter hits is 1 ns.

3 Monte Carlo samples

The physics events used for the study presented here were generated using the WHIZARD 1.95 [10]
program. Initial and final state radiation (ISR and FSR) were enabled during the event genera-
tion. The treatment of ISR in WHIZARD is based on the LLA structure function [11]. Due to
the intrinsic energy spread of the CLIC beams and the energy losses caused by beamstrahlung,
not all the e+e− collisions at CLIC will take place at the nominal centre-of-mass energy. The
resulting luminosity spectrum expected at CLIC was used during the event generation [12]. The
effects of ISR and of the CLIC luminosity spectrum on the effective centre-of-mass energy for
chargino and neutralino pair productions are shown in Fig. 2. Both effects result in long tails
extending down to the production thresholds. Finally, the hadronisation of final state partons
was simulated using PYTHIA [13].
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Figure 2: Normalised cross sections as functions of the effective centre-of-mass energy for
chargino (left) and neutralino (right) pair production considering only ISR (red
histograms) or only the luminosity spectrum (LS) at CLIC (blue histograms).
The black histograms show the distributions obtained when both effects were
used in the event generation.

An overview of all produced Monte Carlo (MC) samples is given in Tab. 1. Dedicated sam-
ples for the considered signals corresponding to large luminosities are available. Additionally,
backgrounds from SUSY and Standard Model (SM) processes were used in the study presented
in this paper.
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Type Final state Cross section [fb] Luminosity [ab−1] Referenced with

Signal
χ̃
+
1 χ̃
−
1 15.3 9.7 Chargino

χ̃0
2 χ̃0

2 5.4 12.6 Neutralino

Background

χ̃
+
1 χ̃
−
1 νν 0.36 63.3

SUSY
χ̃0

2 χ̃0
2 νν 0.36 35.0

qqhνν 2.2 7.4
Higgs

hhνν 0.23 80.0
q(q)q(q)q(q)q(q)νν 24.7 8.7 SM

Table 1: Cross sections and integrated luminosities of the available Monte Carlo samples
for chargino and neutralino pair production and for SUSY and Standard Model
backgrounds. The charge conjugated modes are implied throughout this docu-
ment.

All processes with at least four quarks or antiquarks and a neutrino-antineutrino pair in the
final state were considered in the generation of the SM background sample. Other final states
with four quarks or antiquarks, but without neutrinos or with charged leptons in the final state
were not considered, because it is expected that these contributions can be easily rejected.

The final states χ̃
+
1 χ̃
−
2 and χ̃

+
2 χ̃
−
2 were not included in the analysis, because their cross sec-

tions were found to be negligible. The production of the heavier neutralinos, χ̃0
3 and χ̃0

4 , is not
accessible for a centre-of-mass energy of 1.4 TeV.

4 Event simulation and reconstruction

The generated events were passed through the detector simulation program SLIC [14] which is
based on the Geant4 [15] package. The CLIC SiD detector geometry as described above was
used.

At a 1.4 TeV CLIC collider, 1.3 γγ→ hadrons events with a γγ centre-of-mass energy greater
than 2 GeV are produced on average per bunch crossing. The bunch spacing of only 0.5 ns leads
to pileup in the subdetectors of CLIC SiD which integrate over multiple bunch crossings.

To take into account the impact of pileup on the measurement described in the following, each
physics event was overlaid with a sample of γγ → hadrons events corresponding to 60 bunch
crossings [18]. The γγ → hadrons events were passed through the same simulation of the
CLIC SiD detector based on Geant4 as the physics events. The choice of 60 bunch crossings
represents a compromise between a realistic description of the experimental conditions at CLIC
and computing constraints.

The event reconstruction was performed in a window of 10 ns around the time of the physics
event for all subdetectors, except for the W-HCAL where a window of 100 ns was assumed. The
assumed precision of 1 ns to measure hit times in the calorimeters leads to sub-ns precision for
cluster times given by the truncated mean of the corresponding hit times.

Calorimeter and tracking information were combined in the particle flow approach to recon-
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struct particles. For this purpose, an improved version [16] of the PandoraPFA [17] algorithm
was used. The production time of a reconstructed particle was obtained by correcting the cluster
time for its flight time through the magnetic field. This production time of each reconstructed
particle was required to be consistent with the time of the physics event. The allowed time inter-
vals depended on the particle type, transverse momentum and polar angle [19]. As an example,
these cuts reduced the mean number of particles in the reconstruction window by a factor 5.5
and their mean total momentum by a factor 2.7 for chargino pair production events.

5 Reconstruction of W+ and Higgs bosons

The steps to reconstruct events with four jets are described in this section. First, events with at
least one identified electron or muon with pT > 20 GeV were rejected to remove leptonic W+

decays. Reconstructed particles were used as input to the jet clustering. The kt algorithm [20] as
implemented in FastJet [21] in its exclusive mode with R = 1.0 and using the E recombination
scheme was chosen. The clustering was stopped when four jets were found. To reject decays of
W+, Z or Higgs bosons to τ leptons, all jets were required to contain at least four PFOs. Events
were rejected if at least one of the jets was outside the kinematic region defined by: E jet > 5 GeV
and |cosθ jet|< 0.975.
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Figure 3: Reconstructed mass of W+ candidates in e+e−→ χ̃
+
1 χ̃
−
1 events without overlay

of γγ → hadrons (black histogram), with overlay of γγ → hadrons (red his-
tograms) and using selected PFOs (blue histogram).

Boson candidates were formed from jet pairs by minimising:

(M j j,1−MW+,h)
2 +(M j j,2−MW+,h)

2, (3)
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where M j j,1 and M j j,2 are the masses of the two reconstructed jet pairs and MW+,h was set to the
world average of the W+ boson mass to reconstruct χ̃

+
1 and to the assumed Higgs boson mass in

the event generation to reconstruct χ̃0
2 .

As an example, the invariant mass of reconstructed W+ bosons is shown in Fig. 3. The distri-
butions with and without overlay of pileup from γγ → hadrons interactions are compared. The
peak is widened and shifted to a larger mass due to the γγ → hadrons events. When combined
timing and transverse momentum cuts as discussed in Sec. 4 are applied, the peak is located at
the nominal W+ mass and only somewhat wider compared to the original distribution without
overlay of γγ → hadrons events.

6 Event selection

The selection of χ̃
+
1 and χ̃0

2 pair production events was performed in two steps. First, a cut-
based preselection was applied. The remaining background events were suppressed further using
boosted decision trees as implemented in TMVA [22] in a second step. These two steps are
described in the following two subsections.

6.1 Preselection cuts

To restrict the training of the boosted decision trees to the region where the signal purities are
high, the following preselection cuts were applied:

• 40 GeV < Mjj,1 < 160 GeV and 40 GeV < Mjj,2 < 160 GeV;

• |cosθ jj,1|< 0.95 and |cosθ jj,2|< 0.95, where θ jj,1 and θ jj,2 are the polar angles of the two
jet pairs;

• |cosθ miss|< 0.95, where θ miss is the polar angle of the missing momentum;

• pmiss
T < 250 GeV, where pmiss

T is the missing transverse momentum;

• Evis < 600 GeV, where Evis is the total visible energy of the event.

The energy distributions of the reconstructed W+ and Higgs candidates after these cuts were
imposed are shown in Fig. 4.

6.2 Event selection using boosted decision trees

To train the boosted decision trees, 20% of the available events for each process were used.
These events were not considered in the analysis to measure masses or cross sections. The
boosted decision trees were trained using 17 variables describing the event topology and de-
scribing kinematic quantities of the reconstructed W+ or Higgs candidates:

• missing transverse momentum;

• thrust of the event;
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Figure 4: Energy spectra of W+ candidates in chargino signal and background events (left)
and of Higgs candidates in neutralino signal and background events (right) after
the preselection cuts were applied. The different contributions are shown by
stacked histograms. All contributions were scaled to an integrated luminosity of
1.5 ab−1.

• oblateness of the event;

• acoplanarity defined as the angular distance between the two W+ or Higgs candidates in
the plane perpendicular to the beam axis;

• cosθ jj,1 and cosθ jj,2 as defined in Sec. 6.1;

• angle between the two W+ or Higgs candidates;

• θ miss as defined in Sec. 6.1;

• invariant masses, Mjj,1 and Mjj,2, of each W+ or Higgs candidate, and of the sum of both;

• weighted charge of each jet pair, ∑i qi·(pPFO
i )κ

∑i(pPFO
i )κ

, where the sum runs over all PFOs, pPFO
i is

the momentum of the ith PFO and κ = 1.8;

• number of reconstructed particles in each jet pair;

• total visible energy in the event;

• number of reconstructed particles in the event.

None of these variables is strongly correlated to the energies of the W+ and Higgs candidates
which are used to measure masses and cross sections. The outputs of the boosted decision trees
for signal and background events are shown in Fig. 5. As expected, the signals tend to higher
values than the backgrounds.
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Figure 5: Outputs of the boosted decision trees for the chargino (left) and neutralino
(right) selections. The signals (blue histograms) are compared to the different
background contributions.

Events were selected using cuts on the outputs of the boosted decision trees. The cut values
were chosen maximising the significance defined as:

S =
S√

S+B
, (4)

where S is the number of signal events and B is the number of background events for a given
cut. The cut values of -0.0677 and 0.0158 were used for the chargino and neutralino selections,
respectively. The resulting energy spectra of the reconstructed W+ and Higgs candidates are
shown in Fig. 6. These energy distributions were used to measure cross sections and masses as
described in the next section.

An overview of the fraction of chargino and neutralino pair production events passing different
steps of the event reconstruction and selection chain as described above is shown in Tab. 2. The
percentages were calculated relative to the total number of χ̃

+
1 χ̃
−
1 and χ̃0

2 χ̃0
2 events irrespective

of the decays of the W+ and Higgs bosons. The total efficiency of the complete analysis chain
is 33% for chargino pairs and 41% for neutralino pairs. It is expected that the reconstruction
efficiency for chargino pair production events is smaller than for neutralino pair production
events due to the larger probability for the W+ bosons to decay into leptons compared to the
Higgs bosons.

7 Cross section and mass extraction

The pair production cross sections were determined using:

σ =
(Ndata−Nbkg)

2 · ε ·L
,
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Figure 6: Energy spectra of W+ candidates in chargino signal and background events (left)
and of Higgs candidates in neutralino signal and background events (right) after
the full event selection was applied. The different contributions are shown by
stacked histograms. All contributions were scaled to an integrated luminosity of
1.5 ab−1.

χ̃
+
1 χ̃
−
1 χ̃0

2 χ̃0
2

After event reconstruction 48% 66%
After preselection cuts 37% 55%

After cut on BDT output 33% 41%

Table 2: Fraction of chargino and neutralino pair production events after different steps of
the event reconstruction and selection chain.

where Ndata is the total number of reconstructed boson candidates, Nbkg is the number of re-
constructed boson candidates in the background events, ε is the overall signal efficiency and
L = 1.5 ab−1 is the integrated luminosity. The following cross section for chargino pair pro-
duction was obtained:

σ(e+e−→ χ̃
+
1 χ̃
−
1 ) = 15.32±0.17 fb.

The corresponding result for neutralino pair production is given by:

σ(e+e−→ χ̃
0
2 χ̃

0
2 ) = 5.40±0.08 fb.

Both values are in excellent agreement with the cross sections assumed during the event gener-
ation (see Tab. 1).

The energy distributions of reconstructed Higgs and W+ candidates are sensitive to the masses
of the χ̃

+
1 and χ̃0

2 particles. To determine the masses of the investigated SUSY particles, the
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template method was used. Signal Monte Carlo samples for different mass hypotheses were
generated and passed through the full detector simulation. The masses of the χ̃

±
1 and χ̃0

2 particles
were varied separately keeping the masses of all other SUSY particles at their default values. For
each SUSY particle, six templates with luminosities of about 10 ab−1 were used. Pileup from
γγ → hadrons was overlaid during the production of the templates as described in Sec. 4. In
Fig. 7 the dependencies of the reconstructed energy distributions on the chargino and neutralino
masses is illustrated.
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Figure 7: Ratios of the reconstructed energy distributions of W+ (left) or Higgs (right)
candidates for templates generated assuming different values of the χ̃

+
1 or χ̃0

2
masses to the energy distributions obtained using the default mass values. The
error bars show the statistical uncertainties assuming an integrated luminosity
of 1.5 ab−1.

Two-dimensional fits were performed simultaneously to the mass and production cross sec-
tion for a given particle to account for the correlation between both quantities. The obtained
precisions for the pair production cross sections are in good agreement with the independent
cross section extraction described above.

The toy MC method was used to estimate the statistical uncertainties of the measured masses.
For this purpose, the data points in the measured boson energy distributions were smeared using
a Gaussian distribution of width √ndata,i, where ndata,i is the number of entries in a given bin.
This step was repeated 5000 times and the optimal values were extracted for each iteration. The
standard deviations of these optimal values represent the statistical uncertainties of the measured
masses.

The following masses were obtained assuming an integrated luminosity of 1.5 ab−1:

M(χ̃+
1 ) = 487.4±0.8 GeV and M(χ̃0

2 ) = 487.9±0.5 GeV,

which are in reasonable agreement with the values assumed during the event generation.
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8 Systematic uncertainties

A detailed evaluation of the systematic uncertainties expected to affect the measurement of gaug-
ino pair production using hadronic final states is not possible at this moment, because many
relevant details on the detector implementation are still unknown. Additionally, the size of some
systematic errors will depend on other measurements. Hence the impact of a few effects, which
are expected to be most relevant, are illustrated in the following.

Uncertainty of M(χ̃0
1 )

The energy distributions of reconstructed W+ or Higgs candidates are also sensitive to the mass
of the lightest neutralino, M(χ̃0

1 ). It was found that three parameter fits to extract M(χ̃0
1 ) simulta-

neously with M(χ̃+
1 ) or M(χ̃0

2 ) and the pair production cross sections have no localised minima.
Hence an uncertainty on M(χ̃0

1 ) of 1 GeV was assumed. It is expected that this precision can be
achieved using slepton production [23]. The uncertainty on M(χ̃0

1 ) was propagated to M(χ̃+
1 )

and M(χ̃0
2 ). The resulting uncertainties on M(χ̃+

1 ) and M(χ̃0
2 ) are ±1.4 GeV and ±1.3 GeV,

respectively.

Jet energy scale

A precise knowledge of the absolute jet energy scale is crucial for mass measurements in
hadronic final states. To demonstrate this effect, the jet energies for the fitted distributions were
scaled by ±1% while the templates were kept unchanged. This variation resulted in a +2.8

−3.4 GeV
shift on M(χ̃+

1 ) and a +1.1
−1.4 GeV shift on M(χ̃0

2 ). It is expected that the jet energy scale will be
understood to a better accuracy at CLIC.

Luminosity spectrum

To illustrate the effect of the uncertainty of the luminosity spectrum measurement, two variants
of the luminosity spectrum were created “ad-hoc”, in an attempt to mimic a change in beam
conditions at the IP. In the first variant, for each beam 1% of the events were removed from
the high energy peaks of the distributions and randomly distributed in the tails. As a second
variation, the same number of events was moved from the tails of the distributions to the peaks.

The template fits were repeated with these distorted luminosity spectra used for the measured
signal events while the templates were kept unchanged. This procedure simulates the effect of
a limited understanding of the luminosity spectrum in measured data. The variations lead to
changes in the extracted cross sections which are about the same size as the statistical uncertain-
ties. The impact on the mass measurements was found to be negligible.

9 Summary and conclusions

The signals from χ̃
+
1 and χ̃0

2 pair production were extracted from fully hadronic final states with
four jets and missing transverse energy at

√
s = 1.4 TeV. The study was performed using full

detector simulation and considering pileup from γγ → hadrons. Backgrounds from SUSY and
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SM processes were included. Assuming an integrated luminosity of 1.5 fb−1, the chargino and
neutralino pair production cross sections were extracted with statistical precisions of about 1.3%,
while the masses of the χ̃

+
1 and χ̃0

2 particles were determined with typical statistical accuracies
of less than 1 GeV. The precisions of the masses degrade to about 1.5 GeV if an uncertainty of
1 GeV on M(χ̃0

1 ) is assumed.
These results demonstrate that precise measurements in multi-jet final states are possible at

a 1.4 TeV CLIC collider despite challenging beam-related backgrounds. This is important, be-
cause the reconstruction of hadronic gauge boson and Higgs decays is a crucial aspect of many
searches for physics beyond the Standard Model at a high-energy e+e− collider. The CLIC SiD
detector concept is well suited for these measurements.

Chargino and neutralino pair production as discussed in this paper is an example that e+e−

colliders like CLIC are well suited to study heavy weakly interacting states. Such measurements
are far more challenging at hadron colliders due to the large QCD backgrounds.

14



References

[1] M. Aicheler (Ed.) et al., A Multi-TeV Linear Collider based on CLIC Technology - CLIC
Conceptual Design Report, CERN-2012-007 (2012).

[2] N. Phinney, N. Toge and N. Walker (Eds.), International Linear Collider Reference Design
Report - Volume 3: Accelerator, arXiv:0712.2361 (2007).

[3] L. Linssen (Ed.) et al., Physics and Detectors at CLIC - CLIC Conceptual Design Report,
CERN-2012-003 (2012).

[4] P. Lebrun (Ed.) et al., The CLIC Programme: Towards a staged e+e− Linear Collider ex-
ploring the Terascale - CLIC Conceptual Design Report, CERN-2012-005 (2012).

[5] B. Allanach et al., The physics benchmark processes for the detector performance studies of
the CLIC CDR Volume 3, LCD-Note-2012-003 (2012).

[6] G. Aad et al. [Atlas Coll.], Observation of a new particle in the search for the standard
model higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716, 1 (2012);
S. Chatrchyan et al. [CMS Coll.], Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC, Phys. Lett. B 716, 30 (2012).
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