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ABSTRACT

In many models with additional higgs sectors, e.g. 2HDM, NMSSM,
there exists a light scalar h, and the coupling of hZZ can be very
small, as expected from the Standard Model (SM) likeness of the 125-
GeV Higgs boson measured at the LHC. Light higgs bosons with sup-
pressed couplings to the Z boson would, in turn, have escaped from
the detection at LEP due to its limited luminosity. With a factor of
1000 higher luminosity and polarized beams, the International Lin-
ear Collider (ILC) is expected to have substantial discovery potential
for such states. Furthermore, searches for additional scalars at LEP
and LHC are usually dependent on the model details, such as decay
channels. Thus, it is necessary to have a more general analysis with
model-independent assumptions.

In this work, we perform a search for a light higgs boson produced
in association with Z boson at the ILC with a center-of-mass energy of
250 GeV, using the full Geant4-based simulation of the ILD detector
concept. In order to be as model-independent as possible, the analysis
is performed using the recoil technique, in particular with the Z boson
decaying into a pair of muons. As a preliminary result, the ILC’s

exclusion limits will be shown for different higgs masses between 30
and 115 GeV.f
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1 Introduction

Many new physics models predict one or more extra scalars. For example, in Two
Higgs Doublet Model (2HDM), there are two scalars and a pseudoscalar [1, 2.
In the Next-to-Minimal Supersymmetric Standard Model (NMSSM), it has three
scalars and two pseudoscalars [3, 4, 5, 6, 7|. In these models, a scalar lighter than
125 GeV is well motivated. However, the 125 GeV Higgs boson measured at the
LHC is rather Standard Model (SM) like [8, 9]. Thus, if the new light higgs exists,
its coupling to Z boson will be suppressed [10]. The LEP measurements on the SM
Higgs boson can be used to constrain these additional scalars, but in most cases
only when their properties, especially decay profiles, are similar to SM Higgs’s
[11, 12, 13]. Furthermore, LEP/LHC constraints on the extra scalars rely on the
model details, e.g. CP properties, mass hierarchy, couplings, etc. [14]. Therefore,
it is necessary to have a more general analysis with as few assumptions as possible.
The OPAL collaboration have been searched light scalars in a model-independent
way at LEP, but the results are limited by luminosity [15].

The International Linear Collider (ILC) is an electron-positron linear collider,
with the center-of-mass energy of 250 GeV at its first stage. In Table 1, there
is a brief comparison between LEP and ILC when searching for scalars [11, 15,
16]. Comparing with LEP, ILC has 1000 times higher luminosity, which makes
recoil mass technique available, and it can provide more observables with polarized
beams, such as angular correlations, which will help to distinguish unique signals
of the scalar production [17, 18]. Thus, ILC will be sensitive to light scalars with
a very weak interaction of Z boson using model-independent analysis.

This paper is structured as follows: Section 2 introduces the signal and back-
ground processes as well as the ILC detector concept and the detector simulation
tools; Section 3 presents the methods of data selection; Section 4 shows the exclu-
sion limits for hZZ coupling; Section 5 concludes the paper.

2 Event Generation and Detector Simulation

2.1 Signal and background processes

We consider here the production of a light higgs boson A in association with a Z
boson where the Z boson decays to a muon pair. The puh signal Monte Carlo
(MC) samples have been generated using the Whizard 1.95 event generator [19],
at a center-of-mass energy of 250 GeV, for 100% left-handed and right-handed
beam polarization configurations. Five benchmark points are chosen for the signal
MC samples, M}, = 30,50,70,90,115GeV. The higgs decay branching ratios are
assumed to be the same as the 125 GeV SM Higgs boson, but no use would be
made of this fact.

Benefit from the high luminosity at the ILC, the higgs mass can be measured
by the recoil technique. Figure 1 shows the recoil mass distributions (M) for
different higgs masses, where the peaks of recoil mass distributions are very sharp
for each higgs mass, which can be used to distinguish the signal and background



LEP ILC

LEP1: 91.2 GeV
Vs LEP2: 189 to 209 GeV 250 GeV

beam polarization X V

traditional method:
2461 pb~! for /s > 189 GeV
536 pb~ ' for /s > 206 GeV
integrated luminosity 2000 fb~*
recoil method:
115.4pb~'at LEP1
662.4pb~'at LEP2

traditional method:
202q,2b2v,2b21, TTqq

search channel model independent

recoil method:
model independent

traditional method:
b-tagging recoil mass

experiment ingredient angle correlation
momentum resolution

recoil method:
recoil mass

Table 1: Comparing LEP and ILC characteristics when searching scalars. The
traditional method for discriminating signal and background at LEP is identifying
the decay modes of the higgs bosons [11]. The recoil method at LEP refer to the
analysis with recoil technique by the OPAL collaboration at LEP [15].

clearly.

As backgrounds, we use the MC samples which have been generated as the
context of ILC DBD [20], which are generated at tree level and grouped by lepton
numbers in the final state as follows:

e 2-fermion leptonic (2f;), main channel: ete™ — Z/v* — [T~ Jvv.
e 4-fermion leptonic (4f;), main channel: ete™ — ZZ/WW — 4l.
e 4-fermion semi-leptonic (4fy), main channel: ete™ — ZZ/WW — 212q/21v2q.

e 4(2)-fermion hadronic (4f, / 2fs), main channel: ete™ — ZZ/WW — 4q
or efe” — Z — 2q. These events are almost all rejected when identifying
isolated muon pairs.

Bremsstrahlung and initial state radiation (ISR) are explicitly taken into ac-
count for all events. Pythia 6.4 is used for the parton shower and hadroniza-
tion [21]. The MC samples are reweighted to the polarization of P(e™,et) =
(—80%, +30%), and an integrated luminosity of 2000 fb™'.
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Figure 1: The recoil mass distribution of the signal for different higgs masses,
when integrated luminosity is 2000 fb™', P(e™,e*) = (—80%, +30%), and /s =
250 GeV.

2.2 Detector simulation

The generated events have been simulated with the full Geant4-based [22] simu-
lation of the ILD detector concept [16], more specifically the ILD_o1_v05 detector
modle in mokka [23]. The simulated events have been reconstructed with the
standard tools in ILCSoft v01-16 [24]. The ILD detector is designed for optimal
particle-flow performance [25]. Tt has a three double-layers of silicon pixel ver-
tex detector, a hybrid tracking system, which is realized with a time projection
chamber and a combination of silicon tracking, and a calorimeter system. These
systems are surrounded by a solenoid producing a 3.5 T magnetic field, and an
iron flux return yoke. Event reconstruction has been performed using the Pan-
doraPFA algorithm [26] to reconstruct charged particle tracks and calorimeter
clusters within the Marlin framework [27]. The beam crossing angle of 14 mrad
has been also taken into account [16].

3 Analysis

In this section, we describe the analysis strategy following the cross section mea-
surement of the SM Higgs boson at the ILC [18]. The signal is selected by firstly
identifying a pair of isolated and oppositely charged muons. Then final state ra-
diation (FSR) and bremsstrahlung photons are recovered. Finally, background
events are rejected with several kinematic cuts.

3.1 Selection of the best muon pair

Isolated muons are identified with the following criteria.

e Muons are required to have sufficient track momentum: pgaac > 5GeV,
where piacc 18 the measured track momentum.
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e Muon ionization is minimal when passing the ECAL and HCAL:
Ecavtot/Dirack < 0.3, Eyore > 1.2 GeV, where Ecar, tor and Eyge is the energy
deposit in ECAL plus HCAL and inside the muon detector.

e Suppression of the muons from 7 decay or b/c quark jets by requiring the
uncertainties of dy and 2z, |do/ddy| < 5, |20/dz0] < b, where dy and z, are
the impact parameters in the transverse and longitudinal direction and dd,
and 0zp are their uncertainties.

Then a multi-variate double cone method is used for further identifying isolated
muons, with MVA cut > 0.7. All these are realized with the Marlin [27] Isolat-
edLeptonTagging [28] processor.

For the signal, at least one pair of isolated oppositely charged muons is selected.
However, there may be more muons in the events, for example, the muons produced
in the higgs decay process h — WW?* h — ZZ*. In order to find the correct muon
pair, which produces from the Z boson decay in the higgsstrahlung process, the
invariant mass M, +,- of the correct muon pair should be close to the Z boson
mass Mz=91.187 GeV. Meanwhile, with the recoil technique, the recoil mass of
the correct muon pair system can be calculated from Eq. (1). It should be close
to higgs boson mass M, = 30, 50, 70, 90, 115 GeV, respectively, for each higgs
mass benchmark point in this study:

MrQec = (\/g - E;ﬁ‘u‘>2 - ‘ﬁ/ﬁ'u‘ ’2- (1)

Thus the correct muon pair candidate is selected with the following criteria:
First, the basic criteria |M,+,- — Mz| < 40 GeV is applied. Then the muon pair
should minimize the following x? function:

(My+p- — Mz)? (Moo — My,)?
X (Mt =y M) = 5 + 5 : (2)
O—M}‘+P‘_ O-MI‘EC

where OM, ¢, - and oy, are determined by a Gaussian fit to the distributions of
M+, and M, with the generator level MC samples.

After identifying the best muon pair, the bremsstrahlung and FSR photons
from the muons are recovered to the muons. A photon is identified as a FSR
or bremsstrahlung photon when its cosine of the polar angle with respect to the
isolated muons exceeds 0.99. Then the four momentum of the photon is combined
with that muon.

3.2 Background rejection

Background events are rejected by considering kinematic variables as described
below, while the specific cut values are adjusted for each higgs mass.

e Since M,+,- should be close to the Z boson mass, a criterion is imposed as
M,+,~ € [73,120] GeV for each higgs mass. Figure 2 compares the M+ ,-
distribution of signal and background processes when M, = 50 GeV.
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Figure 2: Invariant mass distribution of muon pair system for signal M; = 50 GeV
and backgrounds.

e The transverse momentum of the muon pair system P{ﬁ“ " in the 2f; channel

H'H(GeV/c)

T

Max P!

tends to have very small values, in contrast to the signal, which should have
a peak at larger values which is determined by kinematics. This motivates
P#Jr” ~ > 10GeV. In addition, an upper limit is also needed to reduce other
backgrounds with large transverse momentum, mainly the events from 2f;
processes. In order to maximize the sensitivity, the upper limit of Pfﬁ“ ~ for
each higgs mass benchmark point is chosen as the maximum Pfﬁ“ ~ value in
the region |M; — Mperchmark| < 10 GeV . The maximum P{ﬁ” - is calculated
as a function of the higgs mass, as shown in Figure 3 (a), and the P{ﬁ“ B
uplimit cuts are shown in Table 2. When M; < 50GeV, the maximum
P%ﬁ" ~ cut is not necessary. As an example, the Figure 3 (b) compares
the P{ﬁ“ ~ distribution of the signal and major background processes when
M, = 50GeV.
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Figure 3: (a) Maximum value for transverse momentum of muon pair system as a
function of higgs mass; (b) transverse momentum distribution of muon pair system

for M; = 50 GeV.



M, (GeV) 30 | 50 | 70 | 90 | 115
Max PE " cut (GeV) | 120 | 115 | 110 | 100 | 90

Table 2: Transverse momentum uplimits of muon pair system for different higgs
masses.

e The 2f; processes contain a large number of ISR photons. If photons es-
cape through the beam pipe, they contribute to the missing momentum in
longitudinal direction. Thus, the cut for cos(fu;) < 0.98 can reject many
2f; background events. However, when the higgs mass is small, more ISR
photons will escape from the detector. Thus, the |cos(Omis)| < 0.98 cut is
applied only for M, > 50 GeV.

e The signatures of the ZZ background with one Z boson decay to a muon pair
are harder to distinguish from the signal. Therefore, a multi-variate analy-
sis (MVA) based on the Gradient Boosted Decision Tree (BDTG) method
[29], which is included in TMVA package [30] in ROOT [31], is used for fur-
ther background rejection. The input variables for the BDTG are cos(fz),
cos(0y—p), cos(birack+), €0S(Oirack—) and M+ ,-. Here, 05 is the polar angle
of the Z boson, 0,_, is the angle between the muons, and 6 aa/— is the
polar angle of u*/u~ track. Figure 4 shows distribution of these variables
for My = 50GeV. The BDTG is trained by using half of simulated signal
and background events. Then the BDTG response is calculated with the
other half of the events. In most M), cases, there are no obvious changes in
final sensitivity for BDTG cuts between (-0.3, 0.3). The BDTG cut is chosen
to be larger than 0 for all higgs masses. Figure 5 shows as an example the
BDTG response for M, = 50 GeV.

e The unique characteristic of the signal is the peak of the recoil mass close to
the higgs mass. This motivates the cut [(M, — 20),160] GeV. In Figure 6,
taking M, = 50 GeV for example, it shows the recoil mass distribution for
signal and backgrounds.

According to the recoil mass distribution, the main backgrounds are distin-
guishing for different higgs boson masses. The signal-to-background ratio is more
clear in 125 GeV > M), > My and Mz > M; > 50 GeV regions, because no back-
ground processes have the same feature with the signal. While in the M, ~ My
region, the ZZ process with one Z boson decaying to muon pair is an irreducible
background; and in M} < 50 GeV region, the 2f; background ete™ — Z — putpu~
with energetic ISR photon is overwhelming the signal.

4 Results

The number of remaining signal and background is given in Table 3, also the signal
efficiency and significance after all cuts for different higgs masses are given. Note
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Figure 4: Example distributions of the variables cos(6z), cos(6,_,), cos(Orack+)
and cos(@yrqer—) for My = 50GeV, which is used for the BDTG training input
variables.

that the significance is defined as \/5:3-73’ and S = k7 ,, Xa%’;bx [ Ldt, where kjz7 =

. M, - . .
1. The cross section o0} increases when higgs mass becomes small due to kine-

matics, which leads to a higher significance.

The general likelihood statistic method is applied for calculating 20 expected
exclusion limits on the coupling kjzz with a bin-by-bin comparison between
the signal and background recoil mass histograms. Two hypotheses are pro-
vided, the background-only hypothesis which assumes no new higgs in the in-
vestigated mass range, while the signal-plus-background hypothesis which as-
sumes the new higgs is produced in the mass range. Then a global test-statistic
X (M) = L(s(My))/L£(0) is constructed to discriminate signal and background.
The distribution of X (M},) are normalized to become probability density function,
which integrate to be the confidence levels C'Ly(M},) and C L. y(My). The ratio
CLs(My) = CLgy(My)/CLy(Mjy) is used as final confidence level.

Finally, the 95% confidence level upper bounds on k77 (k95,) is calculated
for five higgs mass benchmark points, which is shown in Figure 7 with the black
points. Comparing the 95, in M}, ~ Mz and 40 GeV > M), regions, the coupling
magnitudes reach the valley bottom in 125GeV > M, > My and My > M,; >
40 GeV regions.

Figure 7 also shows the results in LEP for comparison. The red line is k95,
measured at LEP by combining the data of the four LEP collaborations, ALEPH,
DELPHI, L3 and OPAL [11]. In each of the four LEP experiments, the data
analysis is done with traditional methods, i.e. identifying the decay modes of the
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Figure 6: The recoil mass distribution of the signal and background for M, =
50 GeV.

higgs bosons in the discrimination between signal and background. The green line
presented k5, obtained with the recoil technique by OPAL Collaboration [15] at
LEP. In this search, the scalar masses have been measured down to the lowest
generated signal mass of 1 keV, which is the only model-independent higgs search
at the LEP due to limited luminosity. The &35, , is independent of the decay modes
of the higgs boson, which is k95, < 1 when M} < 81 GeV. When extrapolating
these results to the ILC with /s = 250GeV, P(e™,e") = (=80%, +30%) and
[ Ldt = 2000fb™", the ), is estimated to be [0.055 — 0.071] [32]. These ex-
trapolated exclusion limits are about a half of the values given in this analysis,
especially in the low mass region. The main reason is that the OPAL analysis has
been split into visible and invisible decay modes of the higgs boson. We will apply
a similar strategy in further studies.



M, (GeV ) | light higgs | 4f Adfq 2f; total bk efﬁf:;tncy significance
115 17420 61034 | 53869 | 13878 | 128781 0.67 45.56
90 22198 63211 | 74563 | 18514 | 156288 0.59 52.54
70 26841 51672 | 60358 | 37167 | 149196 0.57 63.97
50 30494 46128 | 54373 | 80074 | 180575 0.54 66.37
30 33844 51207 | 55743 | 213184 | 320134 0.49 56.88

Table 3: The number of events left after all kinematic cuts for P(e™,e") =

(—80%, +30%), [Ldt = 2000fb~" and /s = 250GeV. Also given are the

efficiency and signal significance (defined as significance = \/siiB’ and S =

2 M, N
Khrgz X Oper X [ Ldt, where kpz7 = 1),

5 Conclusions

Many BSM models favor light scalars. By applying the recoil technique, the
potential of the ILC to search for scalars has been investigated at /s = 250 GeV,
with the full simulation of the ILD detector concept. We have optimized the
methods of signal selection and background rejection to be independent of the
scalar decay modes. Preliminary 2 o expected exclusion limits for scale facter
k35, of the hZZ coupling are shown for five scalar mass benchmark points. The
analysis shows two irreducable backgrounds affect the final results, two fermion
backgrounds will be dominant in the low higgs mass region, while the ZZ process
with one Z boson decays to muon pair is irreducible when M}, is close to Z boson
mass. In future, we plan to split the decay mode of higgs boson into visible and
invisible to improve the background rejection and extend our analysis to more
mass points and check the model independency for each higgs decay modes.

ACKNOWLEDGEMENTS

We would like to thank the LCC generator working group and the ILD software
working group for providing the simulation and reconstruction tools and produc-
ing the Monte Carlo samples used in this study. This work has benefited from
computing services provided by the ILC Virtual Organization, supported by the
national resource providers of the EGI Federation and the Open Science GRID. We
are grateful for the support from Collaborative Research Center SFB676 of the
Deutsche Forschungsgemeinschaft (DFG), Particles, Strings and the Early Uni-
verse, project B1. Y.W. is supported by the China Postdoctoral Science Founda-
tion under Grant No. 2016M601134, and an International Postdoctoral Exchange
Fellowship Program between the Office of the National Administrative Committee
of Postdoctoral Researchers of China (ONACPR) and DESY.

10



N
gME * ILC recoil
— LEP traditional
1 LEP recoil — /
,,, ’//
/
A ,-/-//
/-“N// v *
107 ! .
50 100
M, (GeV/c?)

Figure 7: The 20 exclusion limits for the coupling kjzz for different higgs
masses. The black points are the results at ILC with polarization P(e”,e") =
(—80%, +30%), [ Ldt = 2000fb~" and /s = 250 GeV. The green line is the

results with recoil technique at LEP, while the red line use traditional methods.

References

1]

T. D. Lee. “A Theory of Spontaneous 7' Violation”. In: Phys. Rev. D 8
(4 1973), pp. 1226-1239. poI1: 10.1103/PhysRevD.8.1226. URL: https:
//link.aps.org/doi/10.1103/PhysRevD.8.1226.

G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher, and J. P.
Silva. “Theory and phenomenology of two-Higgs-doublet models”. In: Phys.
Rept. 516 (2012), pp. 1-102. DOT: 10.1016/j.physrep.2012.02.002. arXiv:
1106.0034 [hep-ph].

P. Fayet. “Supergauge invariant extension of the Higgs mechanism and a
model for the electron and its neutrino”. In: Nuclear Physics B 90.Supple-
ment C (1975), pp. 104 —124. 1sSN: 0550-3213. DOIL: https://doi.org/10.
1016/0550-3213(75) 90636-7. URL: http://www.sciencedirect.com/
science/article/pii/0550321375906367.

P. Fayet and S. Ferrara. In: Phys. Rept. 32 (1977), p. 249. 1SSN: 0550-3213.
DOI: https://doi.org/10.1016/0550-3213(75)90636-7. URL: http:
//www.sciencedirect.com/science/article/pii/0550321375906367.

P. Fayet. “Spontaneously broken supersymmetric theories of weak, electro-
magnetic and strong interactions”. In: Physics Letters B 69.4 (1977), pp. 489
~494. 188N: 0370-2693. DOT: https://doi.org/10.1016/0370-2693(77)
90852-8. URL: http://www.sciencedirect.com/science/article/pii/
0370269377908528.

J. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski, and F. Zwirner. “Higgs
bosons in a nonminimal supersymmetric model”. In: Phys. Rev. D 39 (3

11



[15]

[16]

[17]

1989), pp. 844-869. DOI: 10.1103/PhysRevD.39.844. URL: https://link.
aps.org/doi/10.1103/PhysRevD.39.844.

M. DREES. “SUPERSYMMETRIC MODELS WITH EXTENDED HIGGS
SECTOR”. In: International Journal of Modern Physics A 04.14 (1989),
pp. 3635-3651. DOI: 10.1142/80217751X89001448. eprint: http://www.
worldscientific . com/doi/pdf /10 . 1142 /S0217751X89001448. URL:
http://www.worldscientific.com/doi/abs/10.1142/50217751X89001448.

G. Aad et al. “Measurements of the Higgs boson production and decay rates
and constraints on its couplings from a combined ATLAS and CMS analysis
of the LHC pp collision data at /s = 7 and 8 TeV”. In: JHEP 08 (2016),
p- 045. DOT: 10.1007/JHEP08(2016)045. arXiv: 1606.02266 [hep-ex].

D. de Florian et al. “Handbook of LHC Higgs Cross Sections: 4. Deciphering
the Nature of the Higgs Sector”. In: (2016). por: 10.23731/CYRM-2017-002.
arXiv: 1610.07922 [hep-ph].

R. Aggleton, D. Barducci, N.-E. Bomark, S. Moretti, and C. Shepherd-
Themistocleous. “Review of LHC experimental results on low mass bosons in
multi Higgs models”. In: JHEP 02 (2017), p. 035. DOI: 10.1007/JHEP02(2017)
035. arXiv: 1609.06089 [hep-ph].

R. Barate et al. “Search for the standard model Higgs boson at LEP”. In:
Phys. Lett. B565 (2003), pp. 61-75. DOI: 10.1016/S0370-2693(03) 00614-2.
arXiv: hep-ex/0306033 [hep-ex].

G. Sguazzoni. “Higgs and beyond standard model searches at LEP”. In: Acta
Phys. Slov. 55 (2005), pp. 93-102. arXiv: hep-ph/0411096 [hep-ph].

P Teixeira-Dias. “Higgs boson searches at LEP”. In: Journal of Physics:
Conference Series 110.4 (2008), p. 042030. URL: http://stacks.iop.org/
1742-6596/110/1=4/a=042030.

G. Cacciapaglia, A. Deandrea, S. Gascon-Shotkin, S. Le Corre, M. Lethuil-
lier, and J. Tao. “Search for a lighter Higgs boson in Two Higgs Doublet
Models”. In: JHEP 12 (2016), p. 068. por: 10.1007 / JHEP12(2016) 068.
arXiv: 1607.08653 [hep-ph].

G. Abbiendi et al. “Decay mode independent searches for new scalar bosons
with the OPAL detector at LEP”. In: Eur. Phys. J. C27 (2003), pp. 311-329.
DOI: 10.1140/epjc/s2002-01115-1. arXiv: hep-ex/0206022 [hep-ex].

H. Abramowicz et al. “The International Linear Collider Technical Design
Report - Volume 4: Detectors”. In: (2013). Ed. by T. Behnke, J. E. Brau,
P. N. Burrows, J. Fuster, M. Peskin, M. Stanitzki, Y. Sugimoto, S. Yamada,
and H. Yamamoto. arXiv: 1306.6329 [physics.ins-det].

D. M. Asner et al. “ILC Higgs White Paper”. In: Proceedings, 2013 Com-
munity Summer Study on the Future of U.S. Particle Physics: Snowmass
on the Mississippi (CSS20183): Minneapolis, MN, USA, July 29-August 6,
2015. 2013. arXiv: 1310.0763 [hep-ph]. URL: https://inspirehep.net/
record/1256491/files/arXiv:1310.0763.pdf.

12



[18]

[20]

[21]

[22]

[23]

[27]

[28]

J. Yan, S. Watanuki, K. Fujii, A. Ishikawa, D. Jeans, J. Strube, J. Tian, and
H. Yamamoto. “Measurement of the Higgs boson mass and ete™ — ZH
cross section using Z — ptp~ and Z — ete at the ILC”. In: Phys. Rev.
D94.11 (2016), p. 113002. por: 10 . 1103 /PhysRevD . 94 . 113002. arXiv:
1604.07524 [hep-ex].

W. Kilian, T. Ohl, and J. Reuter. “WHIZARD—simulating multi-particle
processes at LHC and ILC”. In: The FEuropean Physical Journal C 71.9
(2011), p. 1742. 18sN: 1434-6052. DOI: 10.1140/epjc/s10052-011-1742~y.
URL: https://doi.org/10.1140/epjc/s10052-011-1742~y.

“ILD MC samples after DBD”. In: (2016). URL: http://www-jlc.kek. jp/
~miyamoto/CDS/prod_status/.

T. Sjostrand, S. Mrenna, and P. Z. Skands. “PYTHIA 6.4 Physics and Man-
ual”. In: JHEP 05 (2006), p. 026. DOI: 10.1088/1126-6708/2006/05/026.
arXiv: hep-ph/0603175 [hep-ph].

S. Agostinelli et al. “GEANT4: A Simulation toolkit”. In: Nucl. Instrum.
Meth. A506 (2003), pp. 250-303. DOT: 10.1016/S0168-9002(03)01368-8.

P. Mora de Freitas and H. Videau. “Detector simulation with MOKKA /
GEANT4: Present and future”. In: Linear colliders. Proceedings, Interna-
tional Workshop on physics and experiments with future electron-positron
linear colliders, LCWS 2002, Seoqwipo, Jeju Island, Korea, August 26-30,
2002. 2002, pp. 623-627. URL: http://www-library.desy.de/cgi-bin/
showprep.pl?lc-t00103-010.

“ILCSOFT home page”. In: (2017). URL: http://ilcsoft . desy .de/
portal.

T. Abe et al. “The International Large Detector: Letter of Intent”. In: (2010).
DOI: 10.2172/975166. arXiv: 1006.3396 [hep-ex].

M. Thomson. “Particle flow calorimetry and the PandoraPFA algorithm”.
In: Nuclear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment 611.1 (2009),
pp. 25 —40. 1SSN: 0168-9002. DOIL: https://doi.org/10.1016/j.nima.
2009.09.009. URL: http://www.sciencedirect.com/science/article/
pii/S0168900209017264.

F. Gaede. “Marlin and LCCD-—Software tools for the ILC”. In: Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment 559.1 (2006). Proceedings of
the X International Workshop on Advanced Computing and Analysis Tech-
niques in Physics Research, pp. 177 —180. 1SSN: 0168-9002. DOI: https :
//doi.org/10.1016/ j .nima . 2005 . 11 . 138. URL: http : / / wuw .
sciencedirect.com/science/article/pii/S0168900205022643.

T. Junping and D. Claude. “isolated lepton finder”. In: (2015). URL: https:
//agenda . linearcollider . org/event /6787 / contributions/ 33415/
attachments/27509/41775/IsoLep_HLRec2016.pdf.

13



[29]

[30]

[31]

[32]

J. Quinlan. “Simplifying decision trees”. In: International Journal of Man-
Machine Studies 27.3 (1987), pp. 221 —234. 1SSN: 0020-7373. DOIL: https:
//doi .org/10.1016/S50020-7373(87 ) 80053 -6. URL: http://www .
sciencedirect.com/science/article/pii/S0020737387800536.

R. Brun and F. Rademakers. “ROOT — An object oriented data analy-
sis framework”. In: Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
389.1 (1997). New Computing Techniques in Physics Research V, pp. 81 —
86. 1SsN: 0168-9002. DOI: https://doi.org/10.1016/S0168-9002(97)
00048-X. URL: http://www.sciencedirect.com/science/article/pii/
S5016890029700048X.

A. Hocker et al. “TMVA - Toolkit for Multivariate Data Analysis”. In: PoS
ACAT (2007), p. 040. arXiv: physics/0703039 [PHYSICS].

P. Drechsel, G. Moortgat-Pick, and W. G. “Sensitivity of the ILC to light
Higgs masses”. In: LOWS2017 (2017).

14



