
CHAPTER 1

Physics Performance

The performance of ILD is established using a detailed GEANT4 model and full reconstruc-
tion of the simulated events. Both detector performance measures and physics analyses are
studied. Whilst the simulation and reconstruction are not perfect, they are at least as so-
phisticated as those used in the majority of studies for previous large collider detector TDRs.

1.1 SOFTWARE FOR ILD PERFORMANCE STUDIES

To demonstrate the physics capabilities of ILD, more than 30 million Monte Carlo (MC)
events have been fully simulated and reconstructed for the benchmark reactions [1] and
other physics channels of interest at the ILC. Signal samples typically correspond to an
integrated luminosity of 500 fb−1 or more. These are combined with sufficiently large sets
of SM events for background estimation. The “simulation reference ILD detector model”,
ILD 00, is implemented in Mokka. The silicon based tracking detectors are modelled with
the appropriate material thicknesses and support structures without specifying the exact
readout technology. Instead, in the digitisation stage, simulated hits are smeared by the
effective point resolutions listed in Table 1.1-1. These represent the most realistic estimates
from the relevant subdetector R&D groups. The SiW option with 5× 5 mm2 transverse cell
size and the Steel-Scintillator option with 3× 3 cm2 tiles are used for the ECAL and HCAL
respectively. As discussed in Section ??, these are the most mature of the technology options
in terms of simulation and reconstruction; this does not imply any pre-decision on the ultimate
technology choice. The main parameters of the ILD 00 model are listed in Table ?? and a
drawing of this model is shown in Figure 1.1. Further details of the geometrical parameters
can be found in [2].

σr−φ/µm σz/µm σr−φ/µm σz/µm

VTX 2.8 2.8 FTD 5.8 5.8

SIT/SET 7.0 50.0 ETD 7.0 7.0

TPC σ2
rφ = 502 + 9002 sin2 φ +

`
(252/22)× (4/B)2 sin θ

´
z µm2

σ2
z = 402 + 82 × z µm2

TABLE 1.1-1
Effective point resolutions used in the digitisation of the MC samples.
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FIGURE 1.1-1. The ILD 00 detector model as implemented in Mokka. From the inside to the outside, the
detector components are the: VTX, SIT, TPC, SET, ECAL, HCAL and Yoke. In the forward region the
FTD, ETD, LCAL, LHCAL and BCAL are shown.

Most of the subdetectors in the ILD 00 model have been implemented including a sig-
nificant amount of engineering detail such as mechanical support structures, electronics and
cabling as well as dead material and cracks. This provides a reasonable estimate of the mate-
rial budget and thus the effect of multiple scattering in the tracking detectors; it is also crucial
for a realistic demonstration of particle flow performance. In the simulation, the vertex de-
tector has a staggered layout of six 50 µm thick silicon ladders and corresponding support
structures. The additional silicon tracking detectors, FTD/ETD (forward Si tracking) and
SIT/SET (inner and outer Si tracking), are modelled as disks and cylinders respectively. The
material thicknesses for these detectors give the effective radiation lengths listed in Table ??.
The TPC model includes the material in the inner and outer field cage, this corresponds to
a total of 4.5 % X0 including the drift gas mixture. The hits from charged particles were
simulated according to an end-plate layout with 224 rows of pads, 1mm wide and 6 mm high.
The ECAL simulation includes the alveolar structure and also the dead regions around the
silicon pixels and between the modules. The HCAL simulation include steel and aluminium
support structures which result in dead regions. The energy response of the scintillator tiles
was corrected according to Birks’ law. The simulation of the forward region includes realistic
support structures and the shielding masks. All subdetectors are enclosed by a dodecagonal
iron yoke, instrumented in the simulation with ten layers of RPCs. The superconducting coil
and cryostat are simulated as a 750 mm thick aluminium cylinder, corresponding to 1.9 λI .

All events are reconstructed using the Kalman-Filter based track reconstruction in Mar-
linReco, the PandoraPFA particle flow algorithm and the LCFIVertex flavour tagging. The
flavour tagging artificial neural networks (ANNs) have been trained using fully simulated
and reconstructed ILD 00 MC events. The boost resulting from the 14mrad crossing angle
is taken into account in the analyses that use BCAL hit distributions as an electron veto.
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1.2 ILD DETECTOR PERFORMANCE

1.2.1 ILD Tracking Performance

The tracking system envisaged for ILD consists of three subsystems each capable of standalone
tracking VTX, FTD and the TPC. These are augmented by three auxiliary tracking systems
the SIT, SET and ETD, which provide additional high resolution measurement points. The
momentum resolution goal[3] is

σ1/pT
≈ 2× 10−5 GeV−1,

and that for impact parameter resolution is

σrφ = 5µm⊕ 10
p(GeV) sin3/2 θ

µm.

1.2.1.1 Coverage and Material Budget

Figure 1.2-2a shows, as a function of polar angle, θ, the average number of reconstructed
hits associated with simulated 100 GeV muons. The TPC provides full coverage down to
θ = 37◦. Beyond this the number of measurement points decreases. The last measurement
point provided by the TPC corresponds to θ ≈ 10◦. The central inner tracking system,
consisting of the six layer VTX and the two layer SIT, provides eight precise measurements
down to θ = 26◦. The innermost and middle double layer of the VTX extend the coverage
down to θ ∼ 16◦. The FTD provides up to a maximum of five measurement points for tracks
at small polar angles. The SET and ETD provide a single high precision measurement point
with large lever arm outside of the TPC volume down to a θ ∼ 10◦. The different tracking
system contributions to the detector material budget, including support structures, is shown
in Figure 1.2-2b.
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FIGURE 1.2-2. a) Average number of hits for simulated charged particle tracks as a function of polar
angle. b) Average total radiation length of the material in the tracking detectors as a function of polar
angle.
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1.2.1.2 Momentum Resolution for the Overall Tracking System

The momentum resolution achieved with the ILD simulation and full reconstruction is shown
in Figure 1.2-3a. The study was performed using muons generated at fixed polar angles of
θ = 7◦, 20◦, 30◦ and 85◦, and the momentum was varied over the range 1− 200 GeV. For two
polar angles, this is compared to the expected parametric form of, σ1/pT

= a ⊕ b/(pT sin θ),
with a = 2 × 10−5 GeV−1 and b = 1 × 10−3. As can be seen, at a polar angle of 85◦,
the required momentum resolution is attainable over the full momentum range from 1 GeV
upwards, this remains true over the full length of the barrel region of the detector, where the
TPC in conjunction with the SET is able to provide the longest possible radial lever arm for
the track fit. For high momentum tracks, the asymptotic value of the momentum resolution
is σ1/pT

= 2 × 10−5 GeV−1. At θ = 30◦, the SET no longer contributes, the effective lever-
arm of the tracking system is reduced by 25 %. Nevertheless, the momentum resolution is
still within the required level of performance. In the very forward region, the momentum
resolution is inevitably worse due to the relatively small angle between the B-field and the
track momentum.

1.2.1.3 Impact Parameter Resolution

Figure 1.2-3b shows rφ impact parameter resolution as a function of the track momentum.
The required performance is achieved down to a track momentum of 1GeV, whilst it is
exceeded for high momentum tracks where the asymptotic resolution is 2 µm. The rz impact
parameter resolution (not shown) is better than ∼ 10 µm down to momenta of 3 GeV and
reaches an asymptotic value of < 5 µm for the whole barrel region. Because of the relatively
large distance of the innermost FTD disk to the interaction point, the impact parameter
resolution degrades for very shallow tracks, θ < 10◦. It should be noted that these studies do
not account for the possible mis-alignment of the tracking systems.
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FIGURE 1.2-3. a) Transverse momentum resolution for muons plotted versus polar angle for four different
simulated muon momenta. The lines show σ1/pT

= 2×10−5⊕1×10−3/(pT sin θ) for θ = 30◦ (green) and
θ = 85◦ (blue). b) Impact parameter resolution for muons versus polar angle for four different simulated
muon momenta.
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FIGURE 1.2-4. Tracking Efficiency as a function for tt̄ → 6 jets at 500GeV plotted against a) momentum
and b) cos θ. Efficiencies are plotted with respect to MC tracks which leave at least 4 hits in the tracking
detectors including decays and V 0s.

1.2.1.4 Tracking Efficiency

With over 200 contiguous readout layers, pattern recognition and track reconstruction in a
TPC is relatively straightforward, even in an environment with a large number of background
hits. In addition, the standalone tracking capability of the VTX enables the reconstruction of
low transverse momentum tracks which do not reach the TPC. Hermetic tracking down to low
angles is important at the ILC [4] and the FTD coverage enables tracks to be reconstructed
to polar angles below θ = 7◦.

Figure 1.2-4 shows, as a function of momentum and polar angle, the track reconstruction
efficiency in simulated (high multiplicity) tt̄ → 6 jet events at

√
s =500 GeV. For these

plots no beam related background is included. For the combined tracking system, the track
reconstruction efficiency is approximately 99.5% for tracks with momenta greater than 1 GeV
across almost the entire polar angle range.

1.2.2 Background Studies

The studies presented above do not include the effects of background from the machine and
from multi-peripheral γγ → hadrons events. The impact of machine background has been
studied in the context of the ILD concept. These studies are based on the expected simulated
detector hits from approximately 2000 bunch crossings (BXs). The hits are super-imposed
on simulated physics events taking into account the 369 ns bunch structure of the ILC and
conservative estimates of the readout rates of the tracking detector components.

1.2.2.1 Background in the TPC

For a conservative value for the TPC gas drift velocity, 4 cm µs−1, the maximum TPC drift
length of 2.25 m corresponds to 150 BXs. Nominal background in the TPC is thus simulated
as 150 BXs appropriately shifted in z. Prior to the reconstruction, nearby hits are merged
taking into account the expected rφ and z extent of the charge cloud. For the TPC readout
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assumed for ILD, 150 BXs of beam-related background correspond to a voxel occupancy of
approximately 0.05 % (the TPC voxel size is taken to be 1 mm in the φ direction, 6mm in r
and 5 mm in z).

Figure 1.2-5 shows the TPC hits for a single tt event at
√

s = 500GeV overlayed with
150 BXs of pair-background hits. On average there are 265,000 background hits in the TPC,
compared to the average number of signal hits of 23100 (8630 from charged particles with
pT >1 GeV). Even with this level of background, the tracks from the tt event are clearly
visible in the rφ view. A significant fraction of the background hits in the TPC arise from
low energy electrons/positrons from photon conversions. These low energy particles form
small radius helices parallel to the z axis, clearly visible as lines in the rz view. These
“micro-curlers” deposit charge on a small number of TPC pads over a large number of BXs.
Specific pattern recognition software has been written to identify and remove these hits prior
to track reconstruction. (Whilst not explicitly studied, similar cuts are expected to remove
a significant fraction of hits from beam halo muons.) Figure 1.2-6 shows the TPC hits after
removing hits from micro-curlers. Whilst not perfect, the cuts remove approximately 99 %
of the background hits and only 3% of hits from the primary interation and the majority of
these are from low pT tracks. Less than 1 % of hits from tracks with pT >1 GeV originating
from the tt event are removed.

This level of background hits proves no problem for the track-finding pattern recognition
software, as can be seen from Figure 1.2-7. Even when the background level is increased by a
factor of three over the nominal background no degradation of TPC track finding efficiency
is observed for the 100 events simulated. This study demonstrates the robustness of TPC
tracking in the ILC background environment.

These conclusions are supported by an earlier study based on a detector concept with
B = 3.0 T, a TPC radius of 1.9 m and TPC readout cells of 3 × 10 mm2. This earlier
study used a uniform distribution of background hits in the TPC volume, but included a
very detailed simulation of the digitised detector response and full pattern recognition is
performed in both time and space. The TPC reconstruction efficiency as a function of the
noise occupancy is presented in Section ??; there is essentially no loss of efficiency for 1 %

FIGURE 1.2-5. The rz and rφ views of the TPC hits from a 500GeV tt event (blue) with 150 BXs of
beam background (red) overlayed.
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FIGURE 1.2-6. The same event as the previous figure, with the micro-curler removal algorithm applied.
This is the input to the TPC track finding algorithm.

FIGURE 1.2-7. The same event as the previous plot, now showing the reconstructed TPC tracks.

occupancy (uniformly distributed through the TPC). It should be noted that this level of
occupancy is twice the nominal occupancy at the TPC inner radius and about fifty times the
typical total occupancy in the TPC.

1.2.2.2 Background in the Vertex Detector

The impact of background in the vertex detector (VTX) depends on the assumptions made
for the Silicon read-out time. If one were to assume single BX time-stamping capability in
the vertex detector, the anticipated background level is negligible. However, it is anticipated
that the readout of the Silicon pixel ladders will integrate over many BXs. For the studies
presented here, it is assumed that vertex detector readout integrates over 83 and 333 BXs
for the inner two and outer four layers respectively. For the silicon strip-based SIT detector,
single BX time-stamping is assumed. Hence the background hits which are superimposed on
the physics event correspond to 1 BX in the SIT, 150 BXs in the TPC and 83/333 BXs in
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the VTX. It should be noted that the background studies have not yet been extended to the
FTD.

With the above assumptions, the background in the vertex detector corresponds to ap-
proximately 2 × 105 hits per event, with the corresponding layer occupancies listed in Ta-
ble 1.2-2. The hit occupancies account for the finite cluster size reflecting the fact that a
single charged particle crossing a layer of the VTX will deposit hits in multiple pixels. The
distribution of cluster sizes, taken to be the product of the z and rφ extent of the energy
deposition in the Silicon, are determined from the full simulation of the beam related back-
ground. The mean background cluster size is found to be 10 pixels, where a pixel is taken to
be 25× 25 µm.

Layer radius/mm BXs Pixel Occupancy

0 16.0 83 3.33 %

1 17.9 83 1.90 %

2 37.0 333 0.40 %

3 38.9 333 0.33 %

4 58.0 333 0.08 %

5 59.9 333 0.06 %
TABLE 1.2-2
Vertex detector occupancies for the readout times assumed in the background studies. The occupancies
account for the finite cluster size.

Pattern recognition in the environment of 105 background hits is non-trivial and required
modifications to the existing Silicon track finding code. Specifically, tracks in the Silicon
detectors are now seeded using only layers 2 − 5 of the vertex detector and the two layers
of the SIT. Seeded tracks are then projected inwards to pick up hits in the inner two silicon
layers (layers 0 and 1). Tracks with transverse momentum of pT < 200 MeV are rejected.
There are a number of questions which can be asked: i) Can the number of “ghost” tracks,
i.e. those formed from random combinations of hits be reduced to an acceptable level; ii) how
many genuine tracks from the pair background remain; iii) how do any additional cuts used
to reduce the beam background affect the signal; and iv) what is the loss of efficiency due to
hits from the primary interaction being merged with the clusters of pixels from background
hits. These four questions are addressed below.

Figure 1.2-8a) shows the pT distribution of reconstructed tracks in the Silicon detectors
with the background overlayed. Due to the conservative assumptions for the VTX readout
times, an average of 34 low-pT silicon tracks are reconstructed per physics event, reflecting
the integration over 83/333 BXs. The number of background tracks would be dramatically
reduced by the requirement the reconstructed track is in the same BX as the underlying
physics interaction. Tracks are thus required to have at least one SIT hit (which provides
unambiguous BX identification) or to be associated with at least 10 TPC hits (where the
matching in z can be used to identify the BX). Figure 1.2-8 shows the resulting pT distribution
of the remaining background tracks. On average 1.2 background tracks per event remain
with a mean pT of 500MeV. The majority of the remaining background tracks are either
from relatively high pT electrons/positrons or from combinations of signal and background
hits. Firstly, there may be a loss of efficiency due to the additional requirements of associated
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FIGURE 1.2-8. The pT distribution of reconstructed background tracks in the Silicon detectors (VTX+SIT)
a) before requiring the track to be in time with the physic interaction BX and b) after requiring at least 1
SIT hit or a match to at least 10 TPC hits. A track is defined to be from background if more than 20 %
of the associated hits come from the overlayed background events.

SIT or TPC hits. For tracks from the primary physics interaction (i.e. the tt event), the
SIT/TPC requirements remove approximately 1 % of tracks with pT < 1 GeV, whilst for
pT > 1 GeV there is no observed loss of efficiency.

The presence of a large number background hits not only results in a small number of
background tracks, it may also lead to a degradation of the pattern recognition performance.
In addition, if a charged particle from the interaction passes close to a cluster of pixels
from the pair background, a single larger cluster will be formed. It is assumed such an
extended cluster will not be included in the track-finding algorithm, and hence hits close
to background clusters effectively will be lost. In addition to overlaying 83/333 BXs of
background, the pixel occupancies in Table 1.2-2 are used to remove the appropriate number
of hits from the primary interaction. The effect of the overlayed background and the resulting
hit inefficiencies is studied for simulated tt → 6 jets events at

√
s = 500 GeV. Figure 1.2-9a)

shows the overall track reconstruction efficiency with and without background. The main
effect of the background is to reduce the efficiency for tracks with pT < 300 MeV. For tracks
pT > 1 GeV, the presence of background reduces the track finding efficiency by less than 0.1 %.
In the presence of background the efficiency for tracks with pT > 1 GeV is 98.8 %. Care has
to be taken in interpreting this number; the efficiencies depend on how the denominator is
defined. For example, the inefficiency for high pT tracks arises almost entirely from tracks
which decay or interact within the volume of the VTX/SIT. Figure 1.2-9b) shows the track
finding efficiency for tracks which (in simulation) deposit energy in the TPC gas volume. For
this sample, the efficiency is greater than 99.9 % for tracks with pT > 1 GeV, with or without
background. It is concluded that the ILD tracking efficiency is not significantly degraded by
the nominal level of background expected at the ILC.
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FIGURE 1.2-9. Tracking efficiency with overlayed background in the vertex detector vs transverse momen-
tum for tt → 6 jets at 500GeV (| cos θ| < 0.8) a) for all charged particles and b) for charged particles
which deposit at least one hit in the TPC. The tracking efficiency is shown for tracks with pT > 1 GeV
with a total of at least 4 hits in the VTX and SIT. Tracks are considered to be well reconstructed if there
is at least one associated SIT hit or more than 10 TPC hits and if at least 70 % of the hits on the track
are from the original Monte Carlo Particle.

1.2.2.3 Impact of background on physics analyses

To fully simulate the effect of background on a particular physics channel would require
overlaying 1 BX in the SIT, 150 BXs in the TPC and 83/333 BXs in the VTX on each
simulated physics event and would require vast CPU resources. From the studies above
it is expected that the track finding inefficiencies for the high momentum muons in the
ZH → µ+µ−X channel will be negligibly small. In addition, the presence of the relatively
few low pT background tracks will not affect the recoil mass distribution. The possibility
that the loss of hits in the vertex detector due to background occupancy might distort the
recoil mass distribution has been investigated (see Figure 1.2-10). The observed differences
are negligibly small.
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FIGURE 1.2-10. The Higgs recoil mass distribution in the µ+µ−X channel from 50000 generated MC
events after selection for the case of no background and with inefficiencies in the vertex detector due to
the occupancy level expected from the pair background.
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1.2.3 ILD Flavour Tagging Performance

Identification of b-quark and c-quark jets plays an important role within the ILC physics
programme. The vertex detector design and the impact parameter resolution are of particular
importance for flavour tagging. The LCFIVertex flavour tagging (see Section ??) uses ANNs
to discriminate b-quark jets from c and light-quark jets (b-tag), c-quark jets from b and
light-quark jets (c-tag), and c-quark jets from b-quark jets (bc-tag).

The flavour tagging performance [5] of ILD is studied for the two vertex detector ge-
ometries considered, three double-sided ladders (VTX-DL) and five single-sided (VTX-SL)
ladders. No significant differences in the input variables for the ANNs are seen for two ge-
ometries, and therefore the ANNs trained for the VTX-DL option were used for both VTX
configurations. The samples used in the training consisted of 150000 Z → qq, at the Z pole
energy, equally distributed among the three decay modes q = b, c and light quarks. The test
samples used to evaluate the flavour tagging performance were generated independently and
consist of 10000 events of Z → qq generated at both

√
s = 91GeV and

√
s = 500GeV, with

the SM flavour mix of hadronic final states. The ILD flavour tagging performances at 91 GeV
for the two vertex detector options are shown in Figure 1.2-11a). The performance differences
between the two VTX geometries are small (. 1%). Uncertainites due to the statistical fluc-
tuations of the test sample and in those introduced in the ANN training are estimated to be
. 2%. The performance for Z → qq at

√
s = 500GeV is shown in Figure 1.2-11b). It should

be noted that for the 500 GeV results the ANNs were not retrained, i.e. those obtained for√
s = 91GeV were used. Consequently, improvements in the performance are expected.
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FIGURE 1.2-11. a) Flavour tagging performance of the ILD detector for 91GeV Z → qq events for
both the three double-sided ladders (VTX-DL) layout and with five single-sided ladder layout (VTX-SL).
Also shown for the VTX-DL is the impact of background on the flavour tagging performance. b) Flavour
tagging performance of the ILD detector for 91 GeV Z → qq events for the VTX-DL layout. In all cases
the acceptance corresponds to | cos θjet| < 0.95.

ILD - Letter of Intent 11



PHYSICS PERFORMANCE

1.2.3.1 Impact of Background

Do to the large computational requirements in overlaying background hits from many BXs
a parametric approach is taken to assess the impact of background on the flavour tagging
performance. In Section 1.2.2.2 is was demonstrated that hits from pair background hits
integrated over 83 (333) BXs for layers 0 and 1 (2 − 5) of the VTX-DL doublet layout of
six ladders does not result in a significant number of background tracks and that the overall
tracking efficiency is not significantly reduced. The main impact on flavour tagging is likely to
be from the resulting hit inefficiencies particularly in the inner layers. To simulate the effect
of background the pixel occupancies of Table 1.2-2 are used to randomly remove Silicon hits
from the events before track finding and flavour tagging. This results in a slight degradation
in tracking performance in the Silicon detectors; the number of TPC tracks associated with
a complete track in the vertex detector (6 hits) decreases by 2 %. The resulting flavour
tagging performance is shown in Figure 1.2-11a). Although there is a suggestion of a small
degradation in the performance of the c-tag in the low efficiencies/high purity region, the
presence of pair background does not significantly degrade the flavour tagging performance.

1.2.4 ILD Particle Flow Performance

Many important physics channels at the ILC will consist of final states with at least six
fermions, setting a “typical” energy scale for ILC jets as approximately 85GeV and 170 GeV
at
√

s = 500GeV and
√

s =1TeV respectively. The current performance of the PandoraPFA
algorithm applied to ILD Monte Carlo simulated data is summarised in Table 1.2-3. The ob-
served jet energy resolution (rms90) is not described by the expression σE/E = α/

√
E/GeV.

This is not surprising, as the particle density increases it becomes harder to correctly as-
sociate the calorimetric energy deposits to the particles and the confusion term increases.
The single jet energy resolution is also listed. The jet energy resolution (rms90) is better
than 3.8 % for the jet energy range of approximately 40−400 GeV. The resolutions quoted in
terms of rms90 should be multiplied by a factor of approximately 1.1 to obtain an equivalent
Gaussian analysing power[6].

Jet Energy raw rms rms90 rms90/
√

Ejj/GeV σEj/Ej

45 GeV 3.3GeV 2.4 GeV 25.0 % (3.71± 0.05) %

100 GeV 5.8GeV 4.1 GeV 29.5 % (2.95± 0.04) %

180 GeV 11.2GeV 7.5 GeV 40.1 % (2.99± 0.04) %

250 GeV 16.9GeV 11.1 GeV 50.1 % (3.17± 0.05) %
TABLE 1.2-3
Jet energy resolution for Z →uds events with | cos θqq| < 0.7, expressed as, rms90 for the di-jet energy

distribution, the effective constant α in rms90/E = α(Ejj)/
√

Ejj/GeV, and the fractional jet energy
resolution for a single jets, σEj

/Ej . The jet energy resolution is calculated from rms90.

Figure 1.2-12 shows the jet energy resolution for Z →uds events plotted against the cosine
of the polar angle of the generated qq pair, cos θqq, for four different values of

√
s. Due to

the calorimetric coverage in the forward region, the jet energy resolution remains good down
to θ = 13◦ (cos θ = 0.975).
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FIGURE 1.2-12. The jet energy resolution, defined as the α in σE/E = α
√

E/GeV, plotted versus cos θqq

for four different jet energies.

1.3 PHYSICS PERFORMANCE

The ILD detector performance has been evaluated for a number of physics processes. The
analyses, described below, all use the full simulation of ILD and full event reconstruction. Jet
finding is performed using the Durham algorithm[7] with the hadronic system being forced
into the appropriate number of jets for the event topology. The benchmark physics analyses[1]
are studied at

√
s = 250GeV and

√
s = 500GeV. Unless otherwise stated, the results for√

s = 250GeV (
√

s = 500GeV) correspond to an integrated luminosity of 250 fb−1 (500 fb−1)
and a beam polarisation of P (e+, e−) = (+30 %,−80 %).

1.3.1 Higgs Boson mass

The precise determination of the properties of the Higgs boson is one of the main goals
of the ILC. Of particular importance are its mass, mH, the total production cross section,
σ(e+e− → HZ), and the Higgs branching ratios. Fits to current electroweak data[8] and
direct limits from searches at LEP and at the Tevatron favour a relatively low value for mH.
Studies of these measurements with ILD are described below. A data sample of 250 fb−1 at√

s = 250 GeV is assumed and mH is taken to be 120 GeV. For these values, the dominant
Higgs production process is Higgs-strahlung, e+e− → ZH.

The Higgs boson mass can be determined precisely from the distribution of the recoil
mass, mrecoil, in ZH → e+e−X and ZH → µ+µ−X events, where X represents the Higgs
decay products. The recoil mass is calculated from the reconstructed four-momentum of the
system recoiling against the Z. The µ+µ−X-channel yields the most precise measurement
as the e+e−X-channel suffers from larger experimental uncertainties due to bremsstrahlung
from the electrons and the larger background from Bhabha scattering events. The study is
performed for two electron/positron beam polarisations: P (e+, e−) = (−30 %,+80%) and
P (e+, e−) = (+30 %,−80 %). In the simulation, Gaussian beam energy spreads of 0.28 %
and 0.18 % are assumed for the incoming electron and positron beams respectively.

The first stage in the event selection is the identification of leptonically decaying Z bosons.
Candidate lepton tracks are required to be well-measured, removing tracks with large un-
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certainties on the reconstructed momentum. Lepton identification is performed using the
associated calorimetric information resulting in an event efficiency of 95.4 % for identifying
both in µ+µ−X events and 98.8% for both electrons in e+e−X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z → `+`− is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z → `+`− events with initial and final state radiation. The backgrounds from e+e− → ZZ and
e+e− → W+W− are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 1.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and σ(e+e− → ZH) are listed in Table 1.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

1.3.1.1 Influence of Bremsstrahlung

From figure 1.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e−X channel. One possible strategy
to mitigate this effect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [9] and
the four momenta of the e+e−X + nγ system is used in the event selection and recoil mass
calculation. Figure 1.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 1.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e−Xnγ) for

115 120 125 130 135 140
0

50

100

150

 /GeVrecoilm
115 120 125 130 135 140

Ev
en

ts

0

50

100

150

Signal+Background
Fitted signal+background
Signal
Fitted background

a)
X-µ+µ→ZH

 /GeVHm
115 120 125 130 135 140

Ev
en

ts

0

20

40

60

80

115 120 125 130 135 140
0

20

40

60

80

Signal+Background
Fitted signal+background
Signal
Fitted background

b)
X-e+ e→ZH

FIGURE 1.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e− → HZ in
which a) Z → µ+µ− and b) Z → e+e−. The results are shown are for the P (e+, e−) = (+30%,−80 %)
beam polarisation.
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Analysis Polarisation (e−, e+) Channel σmH Cross section

Model Independent

(+80%, −30%)

µ+µ−X 40MeV ±0.28 fb (3.6%)

e+e−X 88MeV ±0.43 fb (5.1%)

e+e−(nγ)X 81MeV ±0.36 fb (4.3%)

(−80%, +30%)

µ+µ−X 36MeV ±0.39 fb (3.3%)

e+e−X 72MeV ±0.61 fb (4.8%)

e+e−(nγ)X 74MeV ±0.47 fb (4.0%)

Model Dependent

(+80%, −30%)

µ+µ−X 36MeV ±0.26 fb (3.3%)

e+e−X 77MeV ±0.38 fb (4.5%)

e+e−(nγ)X 73MeV ±0.31 fb (3.8%)

(−80%, +30%)

µ+µ−X 31MeV ±0.32 fb (2.7%)

e+e−X 64MeV ±0.47 fb (3.7%)

e+e−(nγ)X 59MeV ±0.37 fb (3.1%)

TABLE 1.3-4
Expected statistical uncertainties on mH from the recoil mass distribution in Higgs-strahlung events where
the Z decays into either e+e− or µ+µ−. Results are listed for both the model independent and model
dependent analyses. Also listed are the experimental uncertainties on the Higgs-strahlung cross section.
The results are given for two different beam polarisations. In the case of the e+e−X-channel results are
given without (e+e−X) and with (e+e−(nγ)X) the inclusion of identified Bremsstrahlung photons.
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FIGURE 1.3-14. Results of the model independent analysis of the Higgs-strahlung process e+e− → HZ in
which a) Z → µ+µ− and b) Z → e+e−. The results are shown are for the P (e+, e−) = (+30%,−80 %)
beam polarisation.

mH and σ(e+e− → ZH) are listed in Table 1.3-4. Including Bremsstrahlung photons improves
the mass resolution by 10 % and the cross section resolution by 20 %. The improvement to
the mass resolution is limited by the degradation in the sharpness of the leading edge of the
recoil mass distribution. It should be noted that a more complete treatment would involve
a refit of the track taking into account the candidate Bremsstrahlung photons; at this stage
no strong conclusions should be drawn.
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1.3.1.2 Influence of Beam Energy Uncertainties

The width of the peak of the recoil mass distribution is a convolution of the detector re-
sponse and the luminosity spectrum of the centre-of-mass energy from the intrinsic beam
energy spread and beamstrahlung. For the µ+µ−X channel, the contribution from the detec-
tor response is primarily due to the momentum resolution, whereas for the e+e−X channel
bremsstrahlung dominates. Figure 1.3-15 shows the recoil mass spectrum for the µ+µ−X
channel obtained from the generated four momenta of the muon pair compared to that ob-
tained from the reconstructed momenta. The detector response leads to the broadening of
the recoil mass peak; an increase from 560MeV to 650 MeV. The contribution from momen-
tum resolution is therefore estimated to be 330 MeV. For the beam energy spectrum used
in the simulation, the effect of detector resolution is not negligible, however, the dominant
contribution to the observed width of the µ+µ−X recoil mass distribution arises from the
incoming beams rather than the response of ILD.
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FIGURE 1.3-15. The Higgs recoil mass distribution in the µ+µ−X channel obtained from the generator
level and reconstructed muon pair momenta.

1.3.1.3 Conclusions

From Figure 1.3-13 and Table 1.3-4 the following conclusions can be drawn: i) using the
recoil mass distributions in the e+e−X and µ+µ−X final states and 250 fb−1 of data with
P (e+, e−) = (+30%,−80 %) beam polarisation, mH can be determined with a statistical
uncertainty of 32 MeV independent of its decay modes and the Higgs-strahlung cross section
can be measured with a precision of 2.5 %; ii) the precision on mH obtained in the e+e−X
channel is approximately a factor two worse than that obtained from the µ+µ−X channel;
iii) with the current algorithm, the inclusion of Beamstrahlung photons in the recoil mass
distribution in the e+e−X channel improves the Higgs mass resolution by approximately
10 %. iv) the ILD track resolution does not significantly degrade the mH resolution obtained
from the µ+µ−X recoil mass distribution.
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1.3.2 Higgs Boson Branching Fractions

The determination of the Higgs boson branching fractions is central to the ILC physics
programme. In the context of the SM, this allows a test of the hypothesis that the strength
of the Higgs coupling depends linearly on the particle masses. The statistical uncertainties on
the branching ratios are estimated, for an integrated luminosity of 250 fb−1 at

√
s = 250GeV,

based on the analysis of the Higgs-strahlung process e+e− → ZH for the three possible Z
decay topologies: Z → qq, Z → νν̄, and Z → `+`−. Heavy flavour tagging is essential to
the analysis; cuts on the c-tag and b-tag for the two jets from the candidate Higgs decay
are employed. In addition, the c-tag information from two jets is combined into a single
variable, c-likeness. For each topology, the uncertainty on the exclusive cross sections are
determined, e.g. σ(e+e− → ZH → qqcc). This is combined with the 2.5 % uncertainty on the
total cross section, σ(e+e− → ZH), obtained from the Model Independent analysis described
in the previous section, to give the uncertainty on the branching ratios.

1.3.2.1 ZH → `+`−qq

Although statistically limited compared to the other Z decay channels, Z → e+e− and Z →
µ+µ− provide a clean signal which can be identified with high efficiency, independent of
whether the Higgs decays to bb, cc or gg [10]. The dominant background is ZZ production.
The event selection requires a pair of oppositely-charged electrons or muons with an invariant
mass consistent with mZ. The recoil mass is required to be consistent with mH as is the
invariant mass of the recoiling hadronic system. Events in which the Z candidate is close to
the beam axis are rejected to suppress background from ZZ. The final selection is performed
by cutting on the value of a likelihood function formed from variables related to the thrust,
di-jet and di-lepton masses and angular distributions. The hadronic system is reconstructed
as two jets. To extract the Higgs branching ratios it is not sufficient to simply apply cuts
to select, for example, H → cc events since one of the main background is from H → bb for
which the branching ratio also needs to be determined. Instead, the fractions of H → bb,
H → cc, H → gg and background present are determined from the distribution of b-likeness
and c-likeness which is fitted using templates made from exclusive samples of each type as
shown in Figure 1.3-16. The measurement accuracy obtained is (2.7⊕2.5) % for BR(H → bb),
(28⊕ 2.5) % for BR(H → cc) and (29⊕ 2.5) % for BR(H → gg).

1.3.2.2 ZH → ννH

The signal topology comprises two jets plus missing energy. Events are selected based on
missing mass, net transverse momentum, and net longitudinal momentum. Background con-
taining high momentum leptons is rejected using lepton identification cuts and by requiring
that the maximum track momentum in the event is less than 30 GeV. The dominant remain-
ing backgrounds are νν̄qq and τντqq from ZZ and W+W− respectively. These backgrounds
are suppressed using y12 and y23, the y-cut values in the Durham jet-finding algorithm for
the transitions between one or two and two or three reconstructed jets. The selection effi-
ciencies for ZH → ννcc and ZH → ννbb are both approximately 44 %. The branching ratios
BR(H → bb) and BR(H → cc) are determined using the b-, c-, and bc- flavour tags. The
reconstructed di-jet mass distribution after applying a cut on the c-tag is shown in Figure 1.3-
17b. To extract the Higgs branching ratios the template fit of Section 1.3.2.1 is extended
to three dimensions by including the bc-tag information. It is assumed that the non-Higgs
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FIGURE 1.3-16. Distributions of b- and c-likeness for exclusive samples of H → bb̄, H → cc̄, H → gg,
background and an independent combined ”data” sample.

background is well understood. By fitting the signal contributions to this distribution, the
H → cc and H → bb cross sections can be determined. The measurement accuracies for
BR(H → cc) and BR(H → bb) are (13.8⊕ 2.5) and (1.1⊕ 2.5) % repectively.

1.3.2.3 ZH → qqcc

The decay topology for ZH → qqcc consists of four jets, two compatible with mZ and two
compatible with mH. The main backgrounds are e+e− → W+W−/ZZ → qqqq and four-jet
events from the fragmentation of e+e− → Z/γ? → qq. For the Z/γ? → qq background,
four-jet events arise mainly from the qq̄gg final state in which the gluon jets are generally
less energetic and are produced at relatively small angles to the quark jets. Consequently,
cuts on event shape variables, such as the smallest jet-jet angle, are used to reject the Z/γ?

background. Background from qqqq production are suppressed using kinematic fits. A second
fit, which imposes energy-momentum conservation and constrains one di-jet mass to equal
mZ, is used to reconstruct the Higgs mass, mfit

H . The ZH → qqcc sample is selected by
requiring 115 < mfit

H < 125 GeV and using cuts on the c-likeness and the c−tags of the two
jets from the Higgs decay, shown in Figure 1.3-17. For an integrated luminosity of 250 fb−1,
the expected numbers of signal and background events after all cuts are 37.2 and 121.2
respectively. This leads to a (30 ⊕ 2.5) % uncertainty on BR(H → cc).

1.3.2.4 Combined Result

The results for the Higgs branching ratios are summarised in Table 1.3-5. The statistical
uncertainties are from the exclusive measurements and the 2.5 % uncertainty on the total
cross section. After taking into account the different integrated luminosity and different
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FIGURE 1.3-17. a) The c-tag of the two jets in candidate ZH → qqcc events after all other cuts apart
from the c-tag and c-likeness cut. b) Distribution of the reconstructed di-jet mass for the ZH → νν̄cc̄
sample prepared by bc-tagging.

centre-of-mass energy, the combined results shown in Table 1.3-5 are broadly in agreement
with those obtained with a fast simulation analysis performed in the context of the TESLA
TDR [11].

Channel Br(H → bb) Br(H → cc) Br(H → gg)

ZH → `+`−qq (2.7⊕ 2.5) % (28⊕ 2.5) % (29⊕ 2.5) %

ZH → νν̄H (1.1⊕ 2.5) % (13.8⊕ 2.5) % −
ZH → qqcc − (30⊕ 2.5) % −
Combined 2.7% 12 % 29 %

TABLE 1.3-5
Expected precision for the Higgs boson branching fraction measurements (

√
s = 250 GeV) for the individual

Z decay channels and for the combined result. The expected 2.5 % uncertainty on the total Higgs production
cross section is added in quadrature. The results are based on full simulation/reconstruction and assume
an integrated luminosity of 250 fb−1. Entries marked − indicate that results are not yet available.

1.3.3 Tau-pairs

The reconstruction of τ+τ− events at
√

s = 500 GeV provides a challenging test of the detec-
tor performance in terms of separating nearby tracks and photons. The expected statistical
sensitivities for the τ+τ− cross section, the τ+τ− forward-backward asymmetry, AFB, and
the mean tau polarisation, Pτ , are determined for and integrated luminosity of 500 fb−1 with
beam polarisation, P (e+, e−) = (+30 %,−80 %).

Simulated events with less than seven tracks are clustered into candidate tau jets each
of which contains at least one charged particle. Tau-pair events are selected by requiring
exactly two candidate tau jets with opposite charge. The opening angle between the two tau
candidates is required to be > 178◦ to reject events with significant ISR (including radiative
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return to the Z). After cuts on visible energy, the polar angles of the tau jets, and lepton
identification, the purity of the τ+τ− event sample is 92.4 %. For 500 fb−1 the statistical error
of the cross section measurement, | cos θ| < 0.95, corresponds to 0.29%. The uncertainty on
AFB, determined from the numbers of τ− in the forward and backward hemispheres, is
±0.0025.
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FIGURE 1.3-18. a) The invariant mass distribution for selected 1-prong tau-candidates and b) The efficiency
corrected reconstructed pion energy distribution for selected τ → πν candidates.

The τ → πν and τ → ρν decays have the highest sensitivity to Pτ . The separation of the
1-prong decay modes relies on lepton identification and the ability to separate the neutral
energy deposits from π0 decays from the hadronic shower. The invariant mass distribution
for 1-prong events is shown in Figure 1.3-18a. A neutral network approach based on nine
input variables is used to identify the tau decays modes for each tau cone. The variables
include: the total energy of the identified photons, the invariant mass of the track and all
identified photons (Figure 1.3-18a); and electron and muon particle identification variables
based on calorimetric information and track momentum. Table 1.3-6 shows the efficiency
and purity achieved for the six main tau decay modes. The high granularity and the large
detector radius of ILD results in excellent separation.

For the beam polarisations of P (e+, e−) = (+30 %,−80 %) and P (e+, e−) = (−30 %,+80 %)
the mean tau polarisations are −0.625 and +0.528 respectively. For the measurement of Pτ ,
only the e±νν, µ±νν, π±ν, and ρ±ν decay modes are used. The optimal variable approach [12]
is used to obtain the best sensitivity to the tau polarisation. In the case of the π±ν decay
mode, the optimal observable is the simply reconstructed π± energy divided by the beam
energy, shown in Figure 1.3-18b. For the selected event sample and decay mode identification
the resulting statistical uncertainties on the measured mean tau polarisations are ±0.007 and
±0.008 for P (e+, e−) = (+30 %,−80 %) and P (e+, e−) = (−30 %,+80%) respectively.

1.3.4 Chargino and Neutralino Production

In the SUSY “point 5” scenario with non-universal soft SUSY-breaking contributions to the
Higgs masses, χ̃±1 and χ̃0

2 are not only nearly mass degenerate but decay predominantly into
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Mode Efficiency Purity

eνν 98.9 % 98.9%

µνν 98.8 % 99.3%

πν 96.0 % 89.5%

ρν 91.6 % 88.6 %

a1ν (1-prong) 67.5 % 73.4 %

a1ν (3-prong) 91.1 % 88.9 %
TABLE 1.3-6
Purity and efficiency of the main tau decay mode selections. The selection efficiency is calculated with
respect to the sample of τ+τ− after the requirement that the two tau candidates are almost back-to-back.
The purity only includes the contamination from other τ+τ− decays.

W±χ̃0
1 and Zχ̃0

1, respectively. This benchmark point has the following parameters: M0 =
206 GeV, M1/2 = 293 GeV, tanβ = 10, A0 = 0, and µ = 375 GeV and the gaugino masses
are: m(χ̃0

1) = 115.7 GeV, m(χ̃±1 ) = 216.5 GeV, m(χ̃0
2 = 216.7 GeV, and m(χ̃0

3) = 380 GeV.
Both e+e− → χ̃+

1 χ̃−1 → qqχ̃0
1qqχ̃

0
1 and e+e− → χ̃0

2χ̃
0
2 → qqχ̃0

1qqχ̃
0
1 result in four jets

and missing energy, where the di-jet masses are characteristic of the decays of W+W− or
ZZ. Separating W and Z decays in the fully-hadronic decay mode relies on good jet energy
resolution. It thus provides a benchmark for particle flow based jet reconstruction. The
analysis is complicated by the fact that the χ̃0

2χ̃
0
2 cross section is only 10% of that for χ̃+

1 χ̃−1 .
The event selection starts by forcing events into four jets. A cut based preselection

retains events consistent with a four-jet plus missing energy topology. All three possible di-
jet associations to two bosons are considered. A kinematic fit which constrains the two boson
masses to be equal is applied; in terms of mass resolution this is essentially equivalent to
taking the average mass of the two di-jet systems. Two analysis strategies are used to assess
the expected uncertainty on the measured cross sections: i) The first method aims to reduce
the SM background as far as possible. Cuts on the number of particle flow objects in each jet,
the direction of the missing momentum, and the missing mass are applied. The kinematic fit
is required to converge for at least one jet pairing. The jet pairing yielding the highest χ2

probability is used. Figure 1.3-19a shows the resulting di-jet mass distribution. The Chargino
signal has a small shoulder from the Neutralino contribution. The cross sections are obtained
from a fit to the mass spectrum using a function with three components: a Breit-Wigner
(mW,ΓW) convolved with a Gaussian for the W-peak; a Breit-Wigner (mZ,ΓZ) convolved
with the same Gaussian for the Z peak; and a second order polynomial. The width of the
Gaussian is fixed to 3.4 GeV reflecting the mass resolution. The two free parameters of the
fit are the normalisations of the W and Z peaks. Figure 1.3-19b shows the result of the fit.
The statistical errors on the cross sections are 0.95 % for the Chargino signal and 2.9 % for
the Neutralino signal. ii) The second approach, which does not use kinematic fitting, is to fit
the two-dimensional distribution of the two di-jet masses in each event with MC templates,
leaving only the normalisations of the two signal contributions free. The fit is performed after
the preselection cuts. All three possible jet pairings are included. This method yields smaller
statistical errors of 0.64 % for the Chargino and 2.1 % for the Neutralino production rates.

To determine the χ̃±1 and χ̃0
2 masses, χ̃+

1 χ̃−1 and χ̃0
2χ̃

0
2 samples are defined on the basis

of the di-jet mass distributions (without the kinematic fit). The resulting energy spectra of
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FIGURE 1.3-19. a) Di-jet mass from the 5C kinematic fit after all selection cuts. b) Fit of the background
and Chargino and Neutralino contributions. The fit parameters are the normalisations of the W and
Z peaks. c) Energy spectra of W and Z boson candidates after the Chargino and d) Neutralino event
selections, shown including fits to signal and background contributions.

the W and Z candidates from the kinematic fit are shown in Figure 1.3-19c/d. The masses
of the gauginos are determined from the kinematic edges of the distributions located using
an empirically determined fitting function for the signal and a parameterisation of the SM
background. From the fit results the upper and lower kinematic edges of the χ̃±1 sample
are determined to ±0.2 GeV and ±0.7 GeV respectively. The corresponding numbers for the
χ̃0

2 sample are: ±0.4 GeV and ±0.8 GeV. For the SUSY point 5 parameters, the χ̃±1 lower
edge is close to mW and, thus, does not significantly constrain the gaugino masses. The
other three kinematic edges can be used to determine the gaugino masses with a statistical
precision of 2.9 GeV, 1.7 GeV and 1.0 GeV for the χ̃±1 , χ̃0

2, and χ̃0
1 respectively. The errors on

the masses are larger than the errors on the positions of the edges themselves. This reflects
the large correlations between the extracted gaugino masses; the differences in masses are
better determined than the sum. If the LSP mass were known from other measurements, e.g.
from the slepton sector, the errors on the χ̃±1 and χ̃0

2 masses would be significantly reduced.
Furthermore, the resolutions can be improved by about a factor of two using a kinematic
fit which constrains the boson masses for chargino (neutralino) candidates not only to be
equal to each other, but also to be equal to the nominal W (Z) mass. In this case, statistical
precisions of 2.4GeV, 0.9 GeV, and 0.8GeV are obtained for the χ̃±1 , χ̃0

2, and χ̃0
1 respectively.
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1.3.5 Top production

Top physics will be an important part of the scientific programme at the ILC. In particular,
the top mass, mt, and top width, Γt, can be determined with high precision. The measure-
ment of mt and Γt from the direct reconstruction of e+e− → tt events is studied with the
full ILD detector simulation and reconstruction. Two main decay topologies are considered:
fully-hadronic, tt → (bqq)(b̄qq), and semi-leptonic, tt → (bqq)(b̄`ν). Results are obtained for
an integrated luminosity of 100fb−1 at

√
s = 500GeV, assuming unpolarised beams.

Events with an isolated lepton are considered to be candidates for the semi-leptonic
analysis, otherwise they are assumed to be candidates for the fully-hadronic analysis branch.
In the fully hadronic branch, the event is reconstructed as six jets which are combined to
form Ws and top quarks. The two b-jets originating directly from the top quark decays are
identified using the flavour-tagging information. The four remaining jets are considered as the
decay products of the two Ws. The combination of the four jets into two di-jets which gives
the smallest value of |mij −mW|+ |mkl−mW| is chosen to form the two Ws (where mij and
mkl are the di-jet masses for a given jet pairing). Out of two possible combinations to pair
the Ws with the b-jets, the one which yields the smallest mass difference is chosen. The first
step in the semi-leptonic branch is to remove the identified lepton and to force the remainder
of the event into four jets. The two b-jets are identified using flavour-tagging information.
The two remaining jets are assigned to the hadronically decaying W . The identified lepton
and the neutrino are assigned to the leptonically decaying W, with the three-momentum of
the neutrino defined as the missing momentum. The pairing of the Ws with the b-jets which
yields the smallest reconstructed top mass difference is chosen. For each analysis branch,
background events are rejected using a multi-variate likelihood technique [13]. Finally, a
kinematic fit [14] is applied in order to improve the final mt resolution. Events with a poor
fit χ2 are rejected. The reconstructed mass distributions are shown in Figure 1.3-20.

For an integrated luminosity of 500 fb−1, σ(e+e− → tt) can be determined with a statisti-
cal uncertainty of 0.4 % using the fully-hadronic decays only. The invariant mass spectra are
fitted with the convolution of a Breit-Wigner function and an asymmetric double Gaussian,
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FIGURE 1.3-20. Distribution of the reconstructed top quark mass for a) the fully-hadronic tt → (bqq̄)(b̄qq̄)
signal sample and b) the semi-leptonic tt → (bqq̄)(b̄`ν) signal sample. The contribution from the non-tt
background is indicated by the hashed distribution. The fits to the distributions are also shown.
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the latter representing the detector resolution. The combinatoric background and the back-
ground from other process is described by a 2nd order polynomial. The fully-hadronic (semi-
leptonic) analysis branch results in statistical uncertainties of 90MeV (120MeV) and 60 MeV
(100 MeV) for mt and Γt respectively. Scaling the combined results to an integrated lumi-
nosity of 500 fb−1 leads to uncertainties of 30MeV on mt and 22 MeV on Γt. The relatively
small gain in statistical precision from a beam polarisation of P (e+, e−) = (+30 %,−80 %)
has not been accounted for.

1.3.5.1 Top Quark Forward-Backward Asymmetry

The top quark forward-backward asymmetry, At
FB, provides a potentially interesting test of

the SM. For the semi-leptonic the analysis is relatively straightforward as the charge of the
lepton tags the charge of the W-boson and, thus, enables the t and t̄ to be identified. In
the fully-hadronic channel the t and t̄ can be identified by tagging the b/b̄ from the charge
of the secondary vertex from charged B-hadron decays. This measurement provides a test
of the vertex reconstruction capability of ILD. This study is performed for 500 fb−1 with
P (e+, e−) = (+30 %,−80 %). Secondary vertices identified by the LCFIVertex algorithm
for the two identified b-jets are used. For each of the two identified b-jets, the jet charge
is reconstructed. Events with like sign combinations are rejected as are events with two
neutral secondary vertices. In addition, the acollinearity between the two top quark jets is
required to be < 8◦ to reject events with

√
s′ significantly less than 500 GeV. Of the 20 % of

fully hadronic tt events which pass these cuts, 79 % have the correctly identified top quark
charge. Figure 1.3-21 shows the distribution of the cosine of the reconstructed polar angle of
the tagged top-quark, showing a clear forward-backward asymmetry. The relative numbers of
events in the forward and backward hemispheres, accounting for the charge identification/mis-
identification probabilities, are used to determine

At
FB = 0.334± 0.0079.
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FIGURE 1.3-21. Distribution of the reconstructed polar angle of the identified top quark in fully-hadronic
tt events. The contributions from events with the wrong charge (red) and the case where the b-quark is
misidentified are shown (blue).
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1.3.6 Strong EWSB

If strong electroweak symmetry breaking (EWSB) is realised in nature, the study of the
WW-scattering processes is particularly important. At the ILC, the W+W− → W+W− and
W+W− → ZZ vertices can be probed via the processes e+e− → νeνeqqqq where the final
state di-jet masses are from the decays of two W-bosons or two Z-bosons. Separating the
two processes through the reconstruction of the di-jet masses provides a test of the jet energy
resolution of the ILD detector.

Strong EWSB can be described by an effective Lagrangian approach in which there are two
anomalous quartic gauge couplings, α4 and α5 [15] which are identically zero in the SM. The
WW scattering events are generated at

√
s = 1TeV with WHiZard [16] assuming α4 = α5 =

0. Results are obtained for an integrated luminosity of 1 ab−1 with P (e+, e−) = (+0.3,−0.8).
Event selection cuts, similar to those of [15, 17, 18, 19], reduce the backgrounds from processes
other than the quartic coupling diagrams to ∼ 20 % of the signal. Of the three possible jet-
pairings, the one which minimises |mij − mW/Z | × |mkl − mW/Z | is chosen. Figure 1.3-22
shows, for νeν̄eWW and νeν̄eZZ events, a) the reconstructed di-jet mass distribution, and b)
the distribution of average reconstructed mass, (mij + mkl)/2.0. Clear separation between
the W and Z peaks is obtained.
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FIGURE 1.3-22. a) The reconstructed di-jet mass distributions for the best jet-pairing in selected νeν̄eWW
(blue) and νeν̄eZZ (red) events at

√
s = 1TeV . b) Distributions of the average reconstructed di-jet mass,

(mij + mB
kl)/2.0, for the best jet-pairing for νeν̄eWW (blue) and νeν̄eZZ (red) events.

The parameters α4 and α5 are obtained from a binned maximum likelihood fit to the two-
dimensional distribution (10×10 bins) of the boson polar angle in the reference frame of boson
pair and the jet polar angle in the reference frame of each boson, giving −1.38 < α4 < +1.10
and −0.92 < α5 < +0.77. These sensitivities are slightly tighter than those from a previous
fast simulation study with the TESLA detector concept [18, 19].

1.3.7 Lepton production in SPS1a’

SUSY may provide a rich spectrum of kinematically accessible particles at the ILC oper-
ating at

√
s = 500GeV, for example the production of gauginos and sleptons with masses
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below 250 GeV. The signals for new physics consist of a complex mixture of dominant and
sub-dominant processes, often with identical visible final states [20]. Here we consider fi-
nal states consisting of missing energy and either two muons or two taus in mSUGRA
SUSY with the SPS1a’ parameter set: M0 = 70 GeV, M1/2 = 250 GeV, A0 = −300 GeV,
sign(µ) = +1, and tanβ = 10. For these parameters the relevant gaugino and slepton masses
are: m(χ̃0

1) = 97.7 GeV, m(χ̃0
2) = 183.9 GeV, m(µ̃R) = 125.3 GeV, m(µ̃L) = 189.9 GeV and

m(τ̃1) = 107.9 GeV.

1.3.7.1 Muons and Missing Energy

The ILC sensitivity to pair production of the lightest scalar muon, µ̃+
Rµ̃−R, leading to a final

state of two muons and missing energy has been extensively studied[21]. The study presented
here concentrates on sub-dominant di-muon plus missing energy processes which have to
compete with the large SUSY background and in particular, the challenging scenario where
the di-muon decay modes are suppressed. For these sub-dominant processes, the χ̃0

1, χ̃0
2,

and µ̃L masses can be measured from χ̃0
2χ̃

0
1 → µµχ̃0

1χ̃
0
1 (σ = 4.1 fb) and µ̃Lµ̃L → µµχ̃0

1χ̃
0
1

(σ = 54 fb). In both cases the signal is characterised by two energetic muons and missing
energy. Muons are identified with 95% efficiency using track, HCAL and muon chamber
information. Background is rejected using: missing energy, di-muon invariant mass, recoil
mass, transverse momentum, and the direction and speed of the di-muon system. Cuts on
these variables are used to define µ̃Lµ̃L → µµχ̃0

1χ̃
0
1 and χ̃0

2χ̃
0
1 → µµχ̃0

1χ̃
0
1 event samples.

The masses of the χ̃0
1 and µ̃L are measured from the kinematic edges of the momentum

distribution of the muons in the µ̃Lµ̃L → µµχ̃0
1χ̃

0
1 [22] event selection, shown in Figure 1.3-23a.

The kinematic edges of the signal, at 32GeV and 151 GeV, are fitted with a step function
giving measurements of the χ̃0

1 and µ̃L masses with statistical uncertainties of 1.40 % and
0.27 % repectively. The signal cross section is determined with an uncertainty of 2.5 % from
the number of selected events. The sharpness of the kinematic edges, and consequently
the mass measurements, are limited by beamstrahlung rather than the track momentum
resolution and it is estimated that the uncertainty in the χ̃0

1 mass would be a factor two
worse for the lowP option for the ILC with the same integrated luminosity. The χ̃0

2 mass
is determined from the kinematic edge of the di-muon mass distribution in the decay chain
χ̃0

2χ̃
0
1 → µµχ̃0

1χ̃
0
1 [22]. The distribution of mµµ after selection is shown in Figure 1.3-23b. The

kinematic edge of the signal is visible below the Z peak. A fit to the region 40 GeV < mµµ <
85 GeV is used to determine the mass of the χ̃0

2. In this region the statistical significance
of the excess corresponds to 9 standard deviations and the χ̃0

2 mass resolution obtained is
1.41 %. It should be noted that a higher positron polarisation yields significantly improved
precision, particularly for χ̃0

2χ̃
0
1 production where a positron polarisation of 60 % rather than

30 % results in 50% more signal events for a relatively small increase in background.

1.3.7.2 Stau Production and Decay

For the SUSY SPS1a’ parameters, e+e− → τ̃ τ̃ → χ̃0
1τ χ̃0

1τ , results in a signal of missing energy
and the relatively low energy visible decay products of the tau leptons (Eτ . 43 GeV). Mea-
surements of τ̃ τ̃ production requires precision tracking of relatively low momentum particles,
good particle identification, a highly hermetic detector, and low machine background.

The stau pair event selection requires two low multiplicity tau-jets and at least 400 GeV
of missing energy. The tau jets are required to have | cos θ| < 0.9 and to have an acoplanarity
of greater than 85◦. Background is further reduced by cutting on the transverse momentum
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FIGURE 1.3-23. (a) Distribution of the momentum of the µ+ in the laboratory frame after the selection of
the µ̃Lµ̃L pair candidates. The total observed signal and the backgrounds (SUSY and SM) are reported.
The mass of the χ̃0

1 is measured from the kinematic edges of the distribution of the momentum of the di-
muons. There are two entries for each event. (b) Fitted mµµ spectrum. The kinematic edge corresponding
to the χ̃0

2 → µ̃Rµ can be extracted from the fit on top of the left tail of the Z peak. Both plots are shown
for a beam polarisation of -80 %, 60 % and correspond to an integrated luminosity of 500 fb−1.

with respect to the transverse event thrust axis. Given that the tau-jets are relatively low
momentum, background from multi-peripheral two photon processes, e+e− → e+e−X, is
particularly important due to the very high cross section. This background is reduced using
the beam calorimeter (BCAL) to veto the forward going electrons/positrons. Due to the
holes in the BCAL acceptance around the incoming and outgoing beam pipes, the regions
φ ≤ 110◦ or φ ≥ 250◦ are not used (for details see [23]).

The τ̃ mass can be extracted from the end-point of the tau-jet energy spectrum and
knowledge of the χ̃0

1 mass, e.g. from the study of smuon production. For the stau mass
determination, the stau pair selection is augmented by additional cuts on tau-jet masses and
the polar angle of the missing momentum vector. Figure 1.3-24a shows the distribution of
the tau jet energy after these cuts. The selection efficiency is 12 % and the sample purity
is 80 %. The end-point tau energy is determined from a fit to the spectrum of Figure 1.3-
24a in the region 30 < E < 41.5 GeV. The signal, which in this region is dominated by
τ → πν decays, is described by a linear function. The resulting statistical uncertainty on the
end-point is 0.1GeV. When accounting for the uncertainty on the χ̃0

1 mass, σLSP, this leads
to a measurement precision on Mτ̃1 of 0.1 GeV ⊕ 1.3σLSP. Systematic uncertainties are not
included.

The measurement of tau polarisation, Pτ , in τ̃1 decays gives direct access to the mixing
of mass and interaction eigenstates in the stau sector, and thus provides sensitivity to a
number of SUSY parameters. For SPS1a’ Pτ = 97 %. Pτ can be measured most cleanly in
τ → πν decays where the slope of the π± energy spectrum depends on Pτ . The potential
signal is large, for 500 fb−1, ∼17500 πν decays are expected. In addition to the stau pair
selection, calorimeter and dE/dx information are used to identify τ → πν decays. The
selection efficiency is 13.8% and the remaining background fraction is 21 %. The underlying
pion spectrum is reconstructed by subtracting the background in a parametrised form and
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FIGURE 1.3-24. a) Tau-jet energy spectrum, showing the fit to determine the endpoint (two entries per
event). b) Energy spectrum of selected tau decays and the fit to determine Pτ .

applying an energy dependent efficiency correction. The shape of the spectrum is influenced
by the luminosity spectrum of the machine, and this effect is folded into the fit function.
Figure 1.3-24 shows the reconstructed data together with the fit. This study shows that a
measurement of Pτ with an accuracy of 0.15 is realistic.

1.3.8 Photon Final States

Physics beyond the standard model can manifest itself in final states consisting of two (or
more) photons and missing momentum. The high granularity and good photon reconstruction
capability of the ILD detector is well suited to these measurements.

1.3.8.1 Model-independent WIMP search

Weakly Interacting Massive Particles (WIMPs) are possible candidates for dark matter. If
they can pair annihilate into e+e−, then the reverse process can be detected at the ILC. In
this case the two neutral (undetected) WIMPs are accompanied by photon radiation from
the incoming e+e−. In these e+e− → χχγ events, the photon recoil mass distribution has
a characteristic onset. The location of the onset and shape of the recoil mass distribution
depends on the WIMP mass and spin. Experimentally, the WIMP signal has to be resolved
from the large irreducible ISR background from e+e− → νν + nγ. Good photon energy
and angular resolution are required in order to detect a clear edge in the photon energy
spectrum above this large background. Assuming that the total cross-section for WIMP pair
annihilation into SM fermion pairs, χ̃χ̃ → ff̄ , is known from cosmological observations, the
ILC sensitivity can be expressed in terms of the WIMP pair branching fraction into e+e−,
κe. The ILD detector has been used to study this process [24]. In general, κe values of 0.1
are accessible for WIMP masses between 150 GeV and 200 GeV.
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1.3.8.2 Long-lived Neutralinos in GMSB

In the Gauge-Mediated SUSY Breaking (GMSB) scenario, χ̃0
1 decays into a Gravitino G̃ (the

LSP) and a photon. Depending on the SUSY parameters, the lifetime of the χ̃0
1 may be such

that it decays inside the detector tracking volume. In this case the signal for GMSB neutralino
production is a pair of photons with production point displaced from the origin. The signal is
thus two non-pointing photons. The excellent angular resolution for reconstructed photons in
the ECAL allows the χ̃0

1 lifetime to be determined from photon impact parameter distribution.
This process has been studied in detail [25] with the full ILD simulation. For neutralino
lifetimes in the range 0.2 − 2.0 ns a signal to background ratio of approximately unity is
achieved. This allows the neutralino mass to be determined with a precision of ±2 GeV and
the lifetime can be measured to 1 %. Decay lengths of 100 cm can be well measured, while a
decay length of 10 cm can not be reconstructed with the ECAL only.

1.4 OTHER STUDIES

The previous section described a number of physics studies related to specific aspects of the
detector performance, based on full simulation and reconstruction. In addition, a number of
other studies have been performed which demonstrate the general purpose nature of the ILD
concept. Three of these are described briefly below.

1.4.1 Measurement of Beam Polarisation from WW production

One of the unique features of the ILC is the possibility of both electron and positron beam
polarisation [26]. The baseline design foresees a longitudinal electron polarisation of 80 % and
a positron polarisation of 30 % with an option of 60 %. This provides a tool for improving the
sensitivity to new physics [27]. For many of these applications, the final goal of an ultimate
relative precision of 0.2 % of the measurement of the beam polarisations is desirable to bring
the systematics from the uncertainty of the beam polarisation to a negligible level.

While polarimeters [28] will be used to measure the polarisation on a bunch-by-bunch
basis, the absolute calibration of the average luminosity-weighted polarisation at the inter-
action point can be achieved using W+W− production. Two methods are considered: i) the
modified Blondel scheme [29, 30] which uses the measured W+W− production cross-sections
for different beam polarisations; and ii) the angular fit method which uses the distribution
of the production angle cos θW of the W− with respect to the e− beam axis [31].

A comparison of these two methods is performed using the full simulation of events in
ILD. Semi-leptonic decays of W -pair events (qq`ν) are selected with an efficiency of 68.7 %
and 93% purity. The charge of the lepton tags the charges of two W bosons so that the W−

angular distribution can be determined. In the modified Blondel scheme, the total luminosity
necessary to reach the desired relative precision of 0.2 % is around 500 fb−1. Using the angular
fit method the same level of precision can be achieved with an integrated luminosity of
250 fb−1. The lower luminosity demand reduces the time spent on the ++ and −− helicity
combinations, which are less interesting from the physics point of view. To reach the desired
precision for the measurement of the beam polarisation, L = 250 fb−1 is required for the
case of 60 % positron polarisation, while L = 1200 fb−1 is required if only the baseline 30%
positron polarization is available.
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1.4.2 Heavy Gauge Boson Production in Littlest Higgs Model

The Littlest Higgs model with T-parity (LHT) has been proposed as a solution to the little
hierarchy problem. Since heavy gauge bosons acquire mass terms through the breaking of
the global symmetry, precise measurements of their masses allow a determination of the
vacuum expectation value of the breaking (f). Furthermore, since the heavy photon, AH, is a
candidate for dark matter, the determination of its properties is important for both particle
physics and cosmology. However, at the LHC it is difficult to determine the properties of
heavy gauge bosons because they have no colour charge.

The potential of an ILD-like detector concept, studied using the fast simulation of the GLD
concept, is described in detail in [32]. Here the processes e+e− → AHZH → AHAHH at

√
s =

500 GeV and e+e− → W+
H W−

H → AHW+AHW− at
√

s = 1TeV, where AH, ZH, and W±
H are

the heavy gauge bosons, are studied. The experimental signatures considered for each process
are b-jets with missing energy and four-jets with missing energy. The masses and the vacuum
expectation value, f , were set to (MAH

,MZH
,M±

WH
) = (81.9 GeV, 369 GeV, 368 GeV), mH =

134 GeV and f = 580 GeV. It is found that the masses of AH and ZH can be measured with an
accuracy of 16.2% and 4.3 % respectively at

√
s = 500 GeV, and those of AH and WH can be

determined with an accuracy of 0.2 % and 0.8 % respectively at
√

s = 1TeV [32]. In addition
f can be with measured to 4.3% at

√
s = 500 GeV and 0.1% at

√
s = 1 TeV. Finally it is

shown that the abundance of dark matter relics can be determined to the 10% and 1% levels
at
√

s = 500GeV and
√

s = 1TeV, respectively. These accuracies are comparable to those of
the current and future cosmological observations of the cosmic microwave background.

1.4.3 ZHH Production

The Higgs boson tri-linear coupling can be studied at the ILC through the processes e+e− →
νeνeHH and e+e− → ZHH. For mH = 120 GeV, the cross section for the latter process
is 0.18 fb at

√
s = 500GeV. The qqbbbb decay mode (34 % of the ZHH decays) has been

studied using the ILD simulation and reconstruction [33]. A multi-variate selection including
the invariant masses of jet combinations and flavour tagging information is used. For an
integrated luminosity of 500 fb−1, a precision of 90 % on σ(e+e− → ZHH) is achieved. It
should be noted that the sensitivity does not yet approach that of earlier fast simulation
studies [21]. Whilst significant improvements are expected, this study demonstrates the
difficulty of this analysis; excellent particle flow and flavour tagging performance are likely
to prove essential for this important measurement.

1.5 CONCLUSIONS

1.5.1 Detector Performance

It has been demonstrated in Section 1.2 that ILD meets the requirements for an ILC detector:

• Track reconstruction: The ILD tracking system provides highly efficiency track re-
construction (∼ 99.5 %), even in a dense multi-jet environment.

• Momentum resolution: When hits in the TPC are combined with those in Si tracking
detectors, the asymptotic value of the momentum resolution is σ1/pT

≈ 2×10−5 GeV−1,
as required.
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• Impact parameter resolution: For either option for the VTX layout, the required
impact parameter resolution is achieved, with asymptotic values of σrφ = 2 µm and
σrz = 5µm.

• Particle flow performance: A jet energy resolution of < 3.8 % is achieved for jets
in the energy range 40− 400 GeV. For the range of energies typical of much of the ILC
physics, 80 − 200 GeV the jet energy resolutions is ≈3 %. The performance does not
depend strongly on the polar angle of the jet, except in the very forward region.

1.5.2 Physics Performance

The physics benchmark studies presented above are summarised in Table 1.5-7. However,
care is needed in interpreting the results shown. They do not represent the ultimate ILD
performance as significant improvements in the analyses are possible. However, the range
of different measurements studied and precision achieved demonstrate the general purpose
nature of ILD.
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Analysis
√

s Observable Precision Comments

Higgs recoil mass 250 GeV
σ(e+e− → ZH) ±0.30 fb (2.5 %) Model Independent

mH 32 MeV Model Independent

mH 27 MeV Model Dependent

Higgs Decay 250 GeV
Br(H → bb) 2.7 % includes 2.5%

Br(H → cc) 12 % from

Br(H → gg) 29 % σ(e+e− → ZH)

τ+τ− 500 GeV
σ(e+e− → τ+τ−) 0.29 % θτ+τ− > 178◦

AFB ±0.0025 θτ+τ− > 178◦

Pτ ±0.007 exclucing τ → a1ν

Gaugino Production 500 GeV

σ(e+e− → χ̃+
1 χ̃−1 ) 0.6 %

σ(e+e− → χ̃0
2χ̃

0
2) 2.1 %

m(χ̃±1 ) 2.4 GeV from kin. edges

m(χ̃0
2) 0.9 GeV from kin. edges

m(χ̃0
1) 0.8 GeV from kin. edges

e+e− → tt 500 GeV

σ(e+e− → tt) 0.4 % (bqq) (bqq) only

mt 40 MeV fully-hadronic only

mt 30 MeV + semi-leptonic

Γt 27 MeV fully-hadronic only

Γt 22 MeV + semi-leptonic

At
FB ±0.0079 fully-hadronic only

Smuons in SPS1a’ 500 GeV
σ(e+e− → µ̃+

L µ̃−L ) 2.5 %

m(µ̃L) 0.5 GeV

Staus in SPS1a’ 500 GeV m(τ̃1) 0.1 GeV ⊕ 1.3σLSP

WW Scattering 1 TeV
α4 −1.4 < α4 < 1.1

α5 −0.9 < α5 < +0.8
TABLE 1.5-7
A summary of the main observables presented in Section 1.3.
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