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Preface

The Linear Collider Forum is an initiative born within the Helmholtz-Alliance “Physics at the Terascale”, a network of
German Universities and Research Centers working in high-energy particle physics. Yearly dedicated meetings focus
on the physics case and the technologies at a future linear collider, covering both the ILC and CLIC concepts.

In February 2012 an extended meeting with significant international participation was dedicated to the discussion of
physics scenarios to strengthen and update the case for a linear e+e- collider in light of new developments and the
latest LHC results.

Contributions to LC Forum sessions were collected on the DESY LC-note server with a dedicated mark ‘LC-REP-
year-number’.

These Proceedings comprise all contributions that have been submitted with the dedicated mark in 2012 and 2013.
Therefore also contributions are included that actually have not been presented on a LC Forum meeting but are strongly
related to the subject. G. Moortgat-Pick?

2indebted to all authors and participants for their lovely contributions and with special thanks to the great organization team of the LC Forum.
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Chapter 1

Setting the Scene

The following three articles comprise the framework of the physics potential of the Linear Collider.

The first article was also a contribution to the European Strategy 2012 and was written by the
Linear Collider Report Committee, attached is also their charge. This article summarizes the
physics landscape in 2012 and gives predictions for the expected physics outcome of ILC and
CLIC from /s = 250 GeV up to 3 TeV.

The second contribution was presented at the Linear Collider Forum in February 2012 and sum-
marizes the Higgs physics potential of the ILC on basis of the physics landscape at that time, i.e.
the Higgs discovery at the LHC was not yet confirmed but was already at the horizon.

More details to the studies, updates as well as further new studies of LC physics are presented in
the Chapters 2—7.

Currently the topic of a ‘staged approach’ for the Linear Collider is under discussion and the third
article in this chapter gives an overview about technical issues with such a staged approach, in
particular addressing questions on the corresponding drive beam energies of the positron source
and the estimated amount of integrated luminosity in terms of physics performance.

Further technical detector and machine related aspects and new simulations are presented in Chap-
ter 8.
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The Physics Case for an e*e™ Linear Collider
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A Report Commissioned by the Linear Collider Community’

(@Center for High Energy Physics, University of Oregon, USA; (”’Centre for High Energy Physics, Indian
Institute of Science, Bangalore, India; (©Laboratoire de I’ Accélérateur Linéaire, IN2P3/CNRS et
Université Paris-Sud, France; (”Cavendish Laboratory, University of Cambridge, UK; ¢ Argonne National
Laboratory, Argonne, USA; ()DESY, Hamburg, Germany; @ CERN, Geneva, Switzerland; " Tohoku
University, Japan

1 Introduction

The physics motivation for an e*e™ linear collider (LC) has been studied in detail for more than 20 years [1]-
[10]. These studies have provided a compelling case for a LC as the next collider at the energy frontier. The
unique strengths of a LC stem from the clean experimental environment arising from e*e™ collisions. In
particular, the centre-of-mass energy and initial-state polarisations [11] are precisely known and can be
adjusted, and backgrounds are many orders of magnitude lower than the QCD backgrounds that challenge
hadron collider environments. The low backgrounds permit trigger-free readout, and the measurements and
searches for new phenomena are unbiased and comprehensive. Full event reconstruction is possible. These
favourable experimental conditions will enable the LC to measure the properties of physics at the TeV scale
with unprecedented precision and complementarity to the LHC.

Thanks to the extraordinary achievements of the LHC machine and of the ATLAS and CMS experiments,
our field witnessed a deep revolution in the middle of 2012: the discovery of a new boson. The observation
at the LHC of this new particle compatible with a light Higgs boson strengthens the physics case for a LC
even more.

The main goals of the LC physics programme are:

e precise measurements of the properties of the Higgs sector;
e precise measurements of the interactions of top quarks, gauge bosons, and new particles;

e searches for physics beyond the Standard Model (SM), where, in particular, the discovery reach of the
LC can significantly exceed that of the LHC for the pair-production of colour-neutral states; and

e sensitivity to new physics through tree-level or quantum effects in high-precision observables.

The complementarity of the LC and LHC has been established over many years by a dedicated worldwide
collaborative effort [9]. It has been shown in many contexts that for new particles found at the LHC, the LC
will be essential in determining the properties of these new particles and unraveling the underlying structure
of the new physics.

The development of the SM was a triumph for modern science. The experimental confirmation of the
SUB)c X SU2);, x U(1)y gauge structure of the SM and the precise measurement of its parameters were
achieved through a combination of analyses of data from e*e™ and hadron colliders and from deep-inelastic
lepton-nucleon scattering. These precision measurements are compatible with the minimal Brout-Englert-
Higgs mechanism of Electroweak Symmetry Breaking (EWSB), through which the masses of all the known

TSee Addendum for this committee’s origin and charge. The committee also wishes to express thanks to the many reviewers of
earlier drafts of this report whose input has been very helpful.



fundamental particles are generated. Within the SM the measurements of electroweak precision observables
show a pronounced preference for a light Higgs boson, below about 150 GeV.

The observation of a new particle compatible with a Higgs boson of mass ~ 125 GeV is a major break-
through in particle physics. It represents one of the most significant discoveries of modern science. Given
the far-reaching consequences for our understanding of the fundamental structure of matter and the basic
laws of nature, it is of the highest priority to probe the properties of this particle with a comprehensive set
of high-precision measurements to address such questions as:

e What are the couplings of this particle to other known elementary particles? Is its coupling to each
particle proportional to that particle’s mass, as required in the SM by the Higgs mechanism?

e What are the mass, width, spin and CP properties of this particle?

e What is the value of the particle’s self-coupling? Is this consistent with the expectation from the
symmetry-breaking potential?

o s this particle a single, fundamental scalar as in the SM, or is it part of a larger structure? Is it part of
a model with additional scalar doublets? Or, could it be a composite state, bound by new interactions?

e Does this particle couple to new particles with no other couplings to the SM? Is the particle mixed
with new scalars of exotic origin, for example, the radion of extra-dimensional models?

The LC provides a unique opportunity to study Higgs properties with sufficient precision to answer these
fundamental questions. The large numbers of Higgs bosons that would be produced at a LC, between 103
and 10 depending on centre-of-mass energy and integrated luminosity, and the clean final states mean
that a LC can be considered as a Higgs factory where the properties of the Higgs boson can be studied in
great detail. In particular, a LC provides the possibility of model-independent measurements of the Higgs
couplings to the gauge bosons and fermions at the few percent level.

Whilst the discovery of a signal compatible with a Higgs boson at the LHC represents a breakthrough in
particle physics, it should be kept in mind that the minimal EWSB theory of the SM without other dynamical
mechanisms has theoretical shortcomings, and a richer and more complex structure is generally favoured.
Most of the ideas for physics beyond the SM (BSM) are driven by the need to achieve a deeper understanding
of the EWSB mechanism. Furthermore, the presence of non-baryonic dark matter in the cosmos is an
experimentally established fact that implies BSM physics. To date, no clear sign of BSM physics has
emerged from LHC data. For new states that are colour-neutral, a LC provides excellent sensitivity for
direct discovery via pair production. This complements the search reach of the LHC, where the highest
sensitivity is achieved for BSM coloured states. Should the two machines be operating concurrently, the LC
results could even provide feed-back to the LHC experiments and vice versa.

The flexibility of the LC will give rise to a rich physics programme which could consist of i) a low-
energy phase with +/s in the range of 250 — 500 GeV, enabling the study of ZH, tt, HHZ and ttH thresholds,
and ii) a high-energy phase with /s > 500 GeV allowing a high statistics study of the Higgs boson through
the WW fusion process and allowing access to rarer Higgs production processes such as e*e™ — HHv,V..
The choice of the centre-of-mass energy range for the higher energy operation would be determined by the
BSM physics scale, where the flexibility in energy of a LC would allow the threshold behaviour for any new
physics process to be mapped out in detail. While this document focuses on the minimal LC programme,
there are a number of optional phases of LC operation, like GigaZ, which is a high-luminosity Z-factory,
and ee, ey and yy configurations.

Two options for a future e*e™ LC have been developed, with different main linac acceleration schemes.
The International Linear Collider (ILC) uses superconducting RF, whereas the Compact Linear Collider
(CLIC) uses a separate drive beam to provide the accelerating power. The ILC technology is mature and
provides an option for a Higgs and top factory to be constructed on a relatively short timescale. The CLIC
technology provides the potential to reach higher centre-of-mass energies, but it requires further develop-
ment. In recent years there has been extensive collaboration between ILC and CLIC physicists with the
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goal of realising a LC as the next major new facility. Furthermore, the ILC and CLIC are being organised
under the same formal worldwide body, the Linear Collider Board (LCB), reporting directly to ICFA. The
strong accelerator development programme is complemented by an active theory and experimental commu-
nity working on the physics and detectors for a future LC. These studies have resulted in detailed designs
for the detectors at a LC, and, based on detailed simulation studies, have provided a clear demonstration that
the LC physics goals can be achieved.

A comprehensive review of LC physics has been given in the Physics volume of the ILC RDR report [3],
with extensions to higher energies in the CLIC CDR [4]. More recently, many important measurements at
the ILC and CLIC have been simulated with fully realised model detectors [4—7]. Finally, new reports on
LC physics have attempted to bring the discussion of the LC capabilities [4, 7] up to date in relation to
recent results from the LHC. The main results from these physics studies are summarised below within the
context of the results that have been obtained at the LHC up to now and with a view also to the possible
progress from the running of the LHC during the next years. Unless otherwise stated, the discussion refers
generically to a Linear Collider (LC) rather than to the specific realisations ILC or CLIC.

2 Higgs Physics and Electroweak Symmetry Breaking

In the SM, the Higgs boson plays a special role. The Higgs mechanism is responsible for electroweak
symmetry breaking and accounts for the generation of the masses of all the other elementary particles. In
order to distinguish a SM Higgs from possible alternative scenarios, it is necessary to measure precisely its
couplings to the gauge bosons, to the fermions, and to itself. Furthermore, the spin and the CP-properties of
the new state need to be determined, and it must be clarified whether there is more than one physical Higgs
boson. At the LHC ratios of the Higgs couplings to different particles can be measured for a subset of the
possible decays. Earlier LHC studies [12] suggest that even with 3000 fb~! of data the precision achievable
on these ratios remains somewhat limited, I'y/T'z ~ 10%, I'w /Ty, ~ 25% and I'yy /T’y ~ 30%. It should be
anticipated that with real data in hand LHC experiments likely will perform better than initially projected.
At a LC, the precisions achievable are of the order of a few percent, and a wider range of decay channels
can be studied.

A LC is the only place where model-independent measurements of the Higgs boson couplings can be
made, including to invisible final states. A number of these measurements are unique to a LC, and the
precision achievable for extracting parameters significantly surpasses that anticipated at the LHC. The LC
measurements would establish whether the Higgs boson has the properties predicted by the SM, or is part of
an extended Higgs sector such as in SUSY models, or whether it has a completely different physical origin
which would be the case for a composite Higgs.

2.1 Higgs Production at a Linear Collider

At a LC, the main Higgs production channels are through the Higgs-strahlung and vector boson fusion
processes (see Figure 1). At relatively low centre-of-mass energies the Higgs-strahlung process, ete™ —
ZH, dominates, with a peak cross section at approximately 30 GeV above the ZH production threshold. At
higher centre-of-mass energies, the WW fusion process e*e™ — Hv,V, becomes increasingly important.
For a Higgs boson mass of ~ 125 GeV the fusion process dominates above /s ~ 500 GeV. The WW fusion
cross section increases with /s, allowing large samples of Higgs bosons to be studied at a TeV-scale LC.
The ZZ fusion process ete” — He*e™ has a cross section that is approximately an order of magnitude
smaller than the WW fusion process. Table 1 compares the expected number of ZH and Hv.V. events at
the main centre-of-mass energies considered in the ILC and CLIC studies. Even at the lowest LC energies
considered, large samples of Higgs bosons can be accumulated. In addition to the main Higgs production
processes, rarer processes such as ete™ — ttH, e"e” — ZHH and e*e™ — HHv,V, provide access to the top
quark Yukawa coupling and the Higgs trilinear self-coupling.



Figure 1: The two main Higgs production processes at a LC.

250GeV  350GeV  500GeV  1TeV 1.5TeV 3TeV
o(ete” — ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1fb
o(ete” — Hveve) 8 fb 30fb 75 fb 210fb 309 fb 484 fb
Int. £ 250fb~'  350fb~' 500fb~! 1000fb~! 1500fb~! 2000fb~!
# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# Hv,v, events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs unpolarised cross sections for the Higgs-strahlung and WW-fusion pro-
cesses at various centre-of-mass energies for my = 125 GeV. Also listed is the expected number of events
accounting for the anticipated luminosities obtainable within 5 years of initial operation at each energy.

2.2 Higgs Coupling Measurements at Vs < 500 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-
independent manner. This is unique to a LC. The clean experimental environment, and the relatively low SM
cross sections for background processes, allow ete™ — ZH events to be selected based on the identification
of two opposite charged leptons with invariant mass consistent with mz. The remainder of the event, i.e. the
Higgs decay, is not considered in the event selection. For example, Figure 2 shows the simulated invariant
mass distribution of the system recoiling against identified Z — p*u~ decays at a LC for /s = 250 GeV.
A clear peak at the generated Higgs mass of my = 120 GeV is observed. Because only the properties of
the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-
strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs
boson decayed to invisible final states. Hence a model-independent measurement of the coupling ggzz can
be made. With a dedicated analysis using also the hadronic decays of the Z the sensitivity to invisible
decay modes can be improved very significantly as compared to the fully model-independent analysis. The
LC provides in fact a unique sensitivity to invisible decay modes of the Higgs boson, extending down to a
branching ratio into invisible states as low as 1%. The precisions achievable on the Higgs-strahlung cross
section and the coupling gyzz are shown in Table 2 for myg = 120 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section and
therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 —
4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection are
expected to be significantly smaller. Subsequently, by identifying the individual final states for different
Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made.
High flavour-tagging efficiencies are achievable and the H — bb and H — cC decays can be separated.
Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of H — gg. Table 3
summarises the branching fraction precisions achievable at a LC operating at either 250 GeV or 350 GeV
where model-independent measurements of the Higgs boson couplings to the b-quark, c-quark, t-lepton,
W-boson and Z-boson can be made to better than 5 %.

Preliminary results of ongoing studies confirm that a precision of Agun/gun ~ 10% can be achieved,



Figure 2: The recoil mass distribution for e*e™ — ZH — p*u H events with myg = 120GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb! at vs = 250GeV, and the
error bars show the expected statistical uncertainties on the individual points.

Vs | 250GeV 350 GeV
Int. £ 250fb~T  350fb!
Ao) /o 3% 4%
A(guzz)/9nzz 1.5% 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at /s = 250 GeVand +/s = 350 GeV based
on full simulation studies with myg = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab~!, thanks to the factor of two enhancement of the QCD-induced
bound-state effect. The measurement, which is made difficult by a very large #f background, relies on the
foreseen performances of the LC detectors. Furthermore, Agp,, /gy, can be measured at ~ 5% precision
at a 500 GeV LC with 500 fb! of integrated luminosity.

2.3 Higgs Coupling Measurements at Vs > 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gpww/guzz = cos? Oyy.

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e*e™ — Hvve — bEveVe to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on ggcc/gHbb-

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V() = 1o + ApT9) .



250/350GeV  500GeV'™ 3TeV 250/350GeV  500GeV' 3 TeV
o X Br(H — bb) 1.0/1.0 % 0.6 % 0.2 % JHbb 1.6/1.4 % ? 2%
o X Br(H — cc) 7/6 % 4 % 3% JHcc 4/3 % 2 % 2 %
o X Br(H — 1) 6*/6 % 5% ? JHr 3*/3 % 2.5% ?
o X Br(H—> WW) 8/6 % 3% ? JHWW 4/3 % 1.4 % <2%
o X Br(H — pp) —/- ? 15% IHu —/- - 7.5 %
o X Br(H — gg) 9/7 % 5% ? g;{% ?/? ? <1%*
gHtt -/- 15 % ?

Table 3: The precision on the Higgs branching ratios and couplings obtainable from studies of the Higgs-
strahlung process at a LC operating at either /s = 250GeV, +/s = 350GeV and +/s = 500GeV. The
dagger on the 500 GeV columns indicates that the quoted numbers are based on projections to be updated
in [7]. The uncertainties on the couplings include the uncertainties on gyzz obtained from the absolute
measurement of the ZH cross section. Also shown are the precisions achievable from the WW fusion
process at a LC operating at 3 TeV. The numbers marked with asterisk are estimates, all other numbers come
from full simulation studies with myg = 120 GeV. The question marks indicate that the results of ongoing
studies are not yet available. In all cases the luminosities assumed are those given in Table 1.

After spontaneous symmetry breaking, this form of the potential gives rise to a triple Higgs coupling of
strength proportional to Av, where v is the vacuum expectation value of the Higgs potential. The mea-
surement of the strength of the Higgs trilinear self-coupling therefore provides direct access to the quartic
potential coupling A assumed in the Higgs mechanism. This measurement is therefore crucial for experi-
mentally establishing the Higgs mechanism. For a low-mass Higgs boson, the measurement of the Higgs
boson self-coupling at the LHC will be extremely challenging even with 3000 fb~! of data. At a LC, the
Higgs self-coupling can be measured through the e*e™ — ZHH and e*e™ — HHv,V, processes [8]. The
precision achievable is currently being studied for the ete™ — ZHH process at /s = 500 GeV and for
the ete™ — HHv,V, process at /s > 1TeV. Given the complexity of the final state and the smallness of
the cross sections, these studies are being performed with a full simulation of the LC detector concepts.
The preliminary results indicate that a precision of about 20 % on A could be achieved, with the greatest
sensitivity coming from ete™ — HHv,Ve.

2.5 Total Higgs Width

For Higgs boson masses below 125 GeV, the total Higgs decay width in the SM (I'y) is less than 5 MeV and
cannot be measured directly. Nevertheless, at a LC it can be determined from the relationship between the
total and partial decay widths, for example

I'y =TH - WW*)/Br(H - WW%).

Here I'(H — WW?¥) can be determined from the measurement of the HWW coupling obtained from the
fusion process e*e~ — Hv.V.. When combined with the direct measurement of Br(H — WW™), this allows
the Higgs width to be inferred. A precision on the total decay width of the Higgs boson of about 5% at
/s = 500 GeV can be reached. This improves to better than 4 % at 1 TeV.

2.6 Impact of the Precision Measurements of the Higgs Couplings

Whilst the precise measurements at a LC of the Higgs couplings to gauge bosons, fermions and to itself are of
interest in their own right, they will be crucial for testing the fundamental prediction of the Higgs mechanism
that the Higgs coupling to different particles is proportional to masses, as summarised in Figure 3.

The precise measurements at a LC will provide a powerful probe of the structure of the Higgs sector. The
SM with a single Higgs doublet is only one of many possibilities. The model-independent measurements at
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Figure 3: An illustration of the typical precisions to which the relation between the Higgs couplings to the
masses of the particles can be tested at a linear collider, assuming operation at one energy point below and
one above /s = 500 GeV with the integrated luminosities of Table 1. The ultimate sensitivity will depend
on the precise integrated luminosity recorded and the centre-of-mass energies at which the LC is operated.
The two plots show the absolute and relative precision that can be reached. The values shown assume SM
couplings.

a LC will be crucial to distinguish between the different possible manifestations of the underlying physics. It
is a general property of many extended Higgs theories that the lightest Higgs scalar can have nearly identical
properties to the SM Higgs boson. In this so-called decoupling limit, additional states of the Higgs sector
are heavy and may be difficult to detect both at the LHC and LC. Thus, precision measurements are crucial
in order to distinguish the simple Higgs sector of the SM from a more complicated scalar sector. Deviations
from the SM can arise from an extended structure of the Higgs sector, for instance if there is more than
one Higgs doublet. Another source of possible deviations from the SM Higgs properties are loop effects
from BSM particles. The potential for deciphering the physics of EWSB is directly related to the sensitivity
for verifying deviations from the SM. For example, in Figure 4 (left) the typical deviations from the SM
predictions for a Two-Higgs-Doublet model are compared to the precision on the couplings achievable at a
LC. In this example, the high-precision measurements at the LC would clearly indicate the non-SM nature
of the EWSB sector.

Furthermore, small deviations from SM-like behaviour can arise as a consequence of fundamentally dif-
ferent physics of EWSB. For example, if an additional fundamental scalar such as the radion mixes slightly
with the Higgs boson, the subtle shifts compared to the SM Higgs boson in the branching ratios and overall
decay width may only be discernible through the high-precision and model-independent measurements of
couplings available at a LC.

2.7 Higgs Boson Mass, Spin and CP Properties

A LC is the ideal place to measure the properties of the Higgs boson. For example, the mass of the Higgs
boson can be determined at a LC with a precision of better than 50 MeV, either from the recoil mass distri-
bution at /s = 250 GeV or from the direct reconstruction of its decay products. This would improve on the
precise measurement obtained from the yy decay mode at the LHC.

The spin of the Higgs boson can be obtained through the Higgs-strahlung process from the threshold
dependence of the cross section as well as angular distributions of the Z and its decay products. For example,
a threshold scan with an integrated luminosity of just 20 fb~! at each point is sufficient to establish the spin
of the Higgs boson. Although the determination of the Higgs boson spin will be achieved early at the LHC,
a LC provides a unique window into the possibility of detecting CP violation in the Higgs and top sector.
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Figure 4: Left: Typical deviations of the Higgs couplings to different particles from the SM predictions in a
Two-Higgs-Doublet model. The LC precisions for the various couplings are the same as in Figure 3. Right:
Determination of the admixture 7 of a CP-odd state in ete™ — ZH at /s = 350 GeV with 500 fb~!, using
the measurement of the cross section together with an ‘optimally chosen” CP-odd observable.

Furthermore, the energy dependence of the Higgs-strahlung cross section in the SM contains a factor £,
whereas for a CP-odd Higgs boson with J?© = 0*~, the corresponding factor would be 83. Again the
threshold behaviour of the cross section can differentiate between the two spin-0 cases.

Angular correlations in efe™ — HZ — 4f as well as H — 1%t~ decays are also sensitive to the CP
nature of the Higgs state. Since a priori the observed Higgs state can be an admixture of CP even and CP
odd states, the determination of the CP properties is experimentally more challenging than the measurement
of the spin of the Higgs boson. For a Higgs boson, H, the most general model independent expression for
the HV'V vertex can be written as

grvy = —gMy [ag” + B(p - 4 gu /M3, = pugy) + i ¥/Myuprp’q7 |

where V represents either a W or Z boson and p, g are the four momenta of the two vector bosons. For a SM
Higgs @ = 1 and 8 =y = 0. In contrast, for a pure CP odd Higgs boson, @ = 8 = 0, and vy is expected to be
small. A LC provides a unique laboratory to determine a, 8 and y and probe the complete tensor structure
of the HVV coupling and the CP properties of the Higgs boson. For example, it has been shown that angular
observables can be used to measure the mixing between a CP-even and a CP-odd Higgs state to an accuracy
of 3 — 4% [8]; see Figure 4 (right). The measurements of the CP properties of the Higgs based on the HVV
coupling, both at the LHC and a LC, project out the CP-even component of the Higgs and therefore require
very large luminosities. A LC is unique in that the measurement of the threshold behaviour of the process
ete” — ttH, which depends on the Hff coupling, provides an unambiguous determination of the CP of the
Higgs boson and provides the potential for a precision measurement of CP-mixing, even when it is small.

3 Top and the Gauge Sector

In addition to the precision studies in the Higgs sector, a further important part of the programme is estab-
lishing the detailed profile of the top quark and studying the gauge sector with high precision, to probe the
dynamics of EWSB and BSM physics.



3.1 Top Physics

The top quark plays a very special role in the SM. Being the heaviest of the fundamental fermions it is
the most strongly coupled to the EWSB sector and hence intimately related to the dynamics behind the
symmetry breaking mechanism. Its large mass affects the prediction for many SM parameters, including
the Higgs mass and the W and Z couplings, through radiative corrections. High-precision measurements
of the properties and interactions of the top quark can have sensitivity to physics at mass scales much
above the EWSB scale. These studies are therefore a very important laboratory for explorations of SM
and BSM physics. A LC will have broad capabilities to establish the top-quark profile in a precise and
model-independent way.

Top Quark Observables

The top mass measurement at the Tevatron has reached an accuracy of about 1 GeV. While the statistics
at the LHC will be huge, because of (theoretical) systematic effects, it appears nevertheless questionable
whether a further significant improvement of this measurement can be reached. In particular, an important
systematic uncertainty is associated with the problem of how to relate the mass parameter that is actually
measured at the Tevatron and the LHC to a parameter that is well-defined so that it can be used as an input
for theoretical predictions in the SM (or its extensions), such as the MS mass. The relation between those
parameters is affected by non-perturbative contributions, which can be the limiting factor in further improv-
ing the accuracy of the top-quark mass from measurements at hadron colliders. At the LC the measurement
of the top-quark mass from the tt threshold will be unique since it will enable a high-precision measure-
ment of a “threshold mass”, for which the relation to a well-defined top-quark mass is precisely known and
theoretically well under control.

The statistical precision from a threshold scan (see left panel of Figure 6 for an example) at the LC
with approximately 30 fb~! will be about 20 MeV for the top-quark mass and 30 MeV for the top width.
Including the systematic uncertainty from relating the “threshold mass” to the suitable mass parameter of
the SM yields an overall precision on m; of better than 100 MeV, which corresponds to an order of magnitude
improvement compared to the measurement at hadron colliders.

Top-antitop asymmetries

Besides the measurements of the top-quark mass and width, the top physics programme at the LC of-
fers a variety of further observables that have a high sensitivity to potential effects of new physics. Some
interesting examples are the forward-backward asymmetry in top-antitop production, Agg , the beam polar-
isation asymmetry Apr and the polarisation of the top. The first of these, App, has received a lot of attention
lately. Both CDF and DO experiments have reported a possible deviation of this asymmetry from the SM
prediction in pp collisions whereas the measurements of a related asymmetry for the pp initial state at the
LHC currently show no significant deviation from the SM prediction. Due to the clean LC environment, one
expects a significant improvement with respect to Tevatron and LHC measurements. Accuracies of about
5% can be achieved, which can probe, for example, Kaluza-Klein excitations of the gluons up to 10-20 TeV.

Couplings to Gauge Bosons

Precise and model-independent measurements at the LC of the top couplings to weak gauge bosons will
be sensitive to BSM sources [3]. The production of tt pairs in e*e™ collisions and the subsequent decay of
the top provide a sensitive probe of the tty and ttZ vertices. Since the top quark decays before it hadronises,
not just the cross-sections and angular distribution of the produced top, but also various angular distributions
of the decay products of the top, which retain the memory of its polarisation, can be used effectively towards
this end.

A study of ete™ — tt — £* + jets can lead to sensitivity below the percent level for BSM correction
terms to ttZ and tty vertices at /s = 500 GeV and ~ 100 fb~! [8]. Use of polarised beams and polarisation
asymmetries can improve matters by providing observables that can disentangle different couplings and also
increase the accuracy at a given luminosity.

Measurement of the tt production below threshold, assuming that the top width is measured to the
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above-mentioned accuracy, will allow a measurement of g, at the few percent level. With such precision,
a variety of new physics models such as Little Higgs Model or models of top flavour [3] can be probed,
for example, with simultaneous measurements of the ttZ axial coupling and left-handed tbW vertex. Use
of beam polarisation can even allow probing anomalous effects in the ttg system, particularly by testing
symmetries with construction of observables that have specific CP,T transformation properties and are, e.g.,
T-odd, CP-even or T-odd and CP-odd. It should be noted that the LHC can give an indication of an
anomalous ttg coupling through a study of top-quark polarisation in top-pair production, but only the LC
can probe the structure in an unambiguous way. Thus the LC can map out the t couplings to all the gauge
bosons in a precise manner to probe new physics.

3.2 WW, ZZ Scattering and the Dynamics of Strong Electroweak Symmetry Breaking

Despite the likely perturbative nature of EWSB indicated by the value of the Higgs mass, from both indirect
electroweak precision constraints and direct observation at the LHC, one point is worth remembering. Even
with a light Higgs, there exist formulations of EWSB, such as composite Higgs models, where the light
Higgs boson is part of a larger spectrum of strongly interacting particles, and discernible effects of the strong
dynamics are possible, affecting gauge boson couplings with each other. A study of WW/ZZ scattering and
WW final state processes can reveal these effects.

The close connection between the WWy and WWZ vertices and restoration of unitarity at high energies
in W pair production in e*e™ collision means that this process is highly sensitive to the triple-gauge-boson
vertices and to heavy resonances with mass far exceeding the LC energy. Further, the same connection
underlines the importance of this measurement to look for footprints of any new physics. The most general
WWYV interactions consistent with Lorentz symmetry involve twelve (six each for the y and the Z) indepen-
dent couplings, out of which only four have nonzero values in the SM. Terms involving different couplings
are characterised by different tensor structures and different momentum dependencies. Specific models of
the strong dynamics have specific predictions for some of the anomalous couplings.

These different kinds of couplings can be disentangled from each other using production angle distribu-
tions and decay product angular distributions, the latter being decided by the polarisation of the produced
W. High beam polarisations (both e~ and e*) can be used effectively to probe these. An analysis using a
fast simulation performed at the two energies /s = 500 GeV and 800 GeV [3,9] shows that deviations of
all these couplings from their SM values can be measured to better than one per mil level with luminosities
up to 1 ab~!. In many cases the measurements are up to an order of magnitude better than the capabilities
of a 14 TeV LHC that have been projected [3,9].

A chiral Lagrangian for EWSB has numerous operators that govern the interactions of the vector boson
degrees of freedom. For example in the Minimal Strong Coupling Theory a small correction term, absent in
the SM, yields a measurable contribution to the anomalous magnetic moment of the W boson. While it is
marginally measurable at the LHC, it is readily observable at a 500 GeV LC [10].

The above is an example of deviations in the triple-gauge-boson vertices due to strong dynamics in the
EWSB sector. There are also deviations in quartic boson interactions, which directly affect pure gauge boson
scattering through local contact interactions, such as WW — WW. The processes ete™ — VeV WTW™ —
VeVejjjjand ete™ — veVeZZ — VeVejjjj have been studied for LC at /s = 1 TeV with 1 ab™! of integrated
luminosity [6], with a view to study these anomalous quartic vertices. The LC sensitivity is comparable
to the values predicted in models of strong dynamics in the EW sector, where the non-SM operators are
constrained to be consistent with the EW precision tests. These measurements require study of angular
correlations among the decay products of the W/Z and further needs separation of the W and Z final states
decaying to quarks. This indeed has been a benchmark requirement, which has driven the need for excellent
jet-energy resolution, which in turn has driven the design of LC detector concepts and has been shown to be
achievable.

As mentioned above, one could have strong dynamics at the origin of EWSB, even for a light Higgs
boson, and it could be a composite particle remnant. In the case of these composite Higgs models, the
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Lagrangian of the Higgs boson interactions with the vector bosons receives correction terms proportional
to v?/ Agomp, where Acomp 1s the compositeness scale. Precision measurements of production cross-sections
VV — VV,VV — HH, and e*te” — HZ provide sensitivity to the composite scale. The results show that
14 TeV LHC with 100fb~! of integrated luminosity should have sensitivity of A¢omp up to 7 TeV, 500 GeV

LC with 1 ab™! up to 45 TeV, and 3 TeV LC with 1 ab™! up to 60 TeV [4].

4 New Physics

The physics programme of the LC for exploring Terascale physics consists of three broad categories, all
of which will be crucial for revealing the possible structure of new physics and for discriminating between
different possible manifestations of physics beyond the SM:

e Refining LHC discoveries: Phenomena of new physics discovered at the LHC will be probed at the
LC in a clean experimental environment and with high precision. This is expected to be decisive for
revealing the physics mechanisms behind the observed phenomena.

o New direct discoveries: The LC will have a potential for direct discoveries that is complementary
to the LHC. In particular, the searches for colour-neutral states of new physics, including the full
structure of the Higgs sector, will have a discovery potential that far surpasses that of the LHC.

e Discoveries through precision: Measurements of observables involving known particles at the LC
with the highest possible precision will have a high sensitivity to resolving the fingerprints of new
physics, which in many scenarios only manifest themselves in tiny deviations from the SM prediction.
Examples for the achievable precisions can be found on page 230 of [4] and Table 5.2 of [3].

In the following subsections we give examples of new physics where one or more of the above categories
of the LC physics programme is on display, some examples of the last having been presented in the earlier
discussions of the precision studies in the Higgs, top and the gauge sector.

4.1 New Electroweak Matter States

In the BSM context, there are many electroweak states that are well known to be difficult to find directly at
the LHC. The event rates at the LHC are small in comparison to strongly interacting particle creation that
makes for a challenging background environment.

Of the many ideas that one can use to demonstrate how well new electroweak matter states can be found
at a LC, perhaps the most well known is supersymmetry. Supersymmetry provides a good study ground
not only because it is a highly motivated scenario for physics beyond the SM, but also because it provides
a rather complete and calculable framework beyond the SM with multiple new scalars and fermions of
different gauge charges.

The LHC has very good prospects for discovering pair-produced coloured particles up to masses of
2-3 TeV. On the other hand, non-coloured particles, charginos, neutralinos and sleptons are not copiously
produced by the LHC. Although these electroweak particles may be found in cascade decays of strongly
interacting squarks and gluinos, their prospects for discovery rely on the details of the model. Their acces-
sibility through the decay chains is unlikely to be complete. On the other hand, an e*e™ collider running at
sufficiently high centre-of-mass energy potentially can produce each of these states directly with manage-
able backgrounds leading to discovery. The discovery reach for these particles produced in pairs at the LC
is usually close to v/s/2, and in some cases even higher if m4 # mp in e*e” — AB searches.

The precision studies that are possible at a LC can test many of the properties of the discovered particles,
such as per mil precise values of their masses and their couplings to SM particles, and assignment of spins.
This can be accomplished through several means, including collecting high integrated luminosity at high
energies and also through threshold scans, which are particular good at measuring the spin due to the shape
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Figure 5: Left: Cross section at threshold for the production of the superpartners of the right-handed muons
at the LC, e*e™ — [irfir, from which the spin of the produced particles can be determined and their mass
can be precisely measured (limited by statistics; the plot shows a ‘difficult’ scenario with backgrounds
from other light SUSY particles). Right: Determination of the chargino mixing angles cos 2¢p g from LC
measurements with polarised beams and at different centre-of-mass energies.

of the cross-section versus near-threshold energy. The precise measurement of the couplings then enables
tests and resolutions of the underlying structure. Detailed measurements of this kind will be crucial for dis-
criminating different sources of new physics. For example, the predictions for the spins, quantum numbers,
couplings and certain mass relations are characteristic features of supersymmetry that need to be experi-
mentally tested. Furthermore, the precision measurements of the electroweak superpartner masses at the
LC, combined with the measurements of the masses of the strongly interacting superpartner masses at the
LHC, enable us to test many ideas of the underlying organisational principle for supersymmetry breaking.
Through renormalisation group scaling of well-measured parameters one gets access to the high-scale (e.g.,
scale of Grand Unification ~ 10'® GeV) structure of the theory, enabling a test of properties like coupling
and mass unification.

4.2 Dark Matter

It is well established now that the Universe must contain a sizable fraction of cold dark matter. An ideal
candidate for this dark matter is a chargeless massive state y that interacts with approximately weak gauge
force strength (weakly interacting massive particle, “WIMP”).

There are several model-dependent prospects for finding dark matter at the LHC and LC. These include
cascade decays of parent particles that terminate in a stable dark matter particle candidate that carries off
missing energy. These missing energy signature rates depend crucially on many different parameters of the
overarching theory and generally have little to do with the couplings directly relevant to the dark matter
particle itself.

On the other hand, a more direct and less model-dependent search for dark matter focusses on the
(effective) ffyy interaction. If the annihilation cross-section is in accordance with the observed relic density,
there are good prospects for the production of dark matter directly at colliders through ff — XX, where
the initial-state radiated photon (or gluon) is needed to tag the event. The sensitivity of this process at
the LHC is limited because of significant backgrounds. While at the LHC and in direct detection searches
the WIMP interaction with quarks is probed, the LC provides complementary information on the WIMP
interaction with electrons. Within the clean LC environment, making use of polarised beams, the WIMP
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Figure 6: Left: The #f production cross-section scan near the threshold, leading to 30 MeV determination of
the top mass. The study is based on full simulation of the ILD detector and includes initial state radiation,
beamstrahlung and other machine-induced effects [7]. Right: Search reach in the m4 — tan S plane for LHC
and for 3 TeV LC. The yellow and green regions are limits already in place from Tevatron and LHC (7 TeV
run) analyses. The black line is a 5o~ discovery projection for the LHC at 14 TeV with 300 fb~! [12] (limits
are roughly 150 GeV uniformly higher with 3000 fb™'), and the red line is a projection for 3 TeV e*e~ with
3ab~! of integrated luminosity [4].

mass, the strength and the chiral structure of the e*e™ yy interaction, as well as the dominant partial wave of
the production process can be determined.

LC measurements can also provide a comprehensive set of high-precision experimental information on
the properties of the dark matter particle and the other states affecting annihilation and co-annihilation of
the dark matter particle. This can then be used to predict the dark matter relic density in our Universe. The
comparison of the prediction based on the measurements of new physics states at the LHC and the LC with
the precise measurement of the relic density from cosmological data would constitute an excellent test of
the dark matter hypothesis.

4.3 Additional Higgs Bosons

After the confirmation of the existence of a state compatible with the SM Higgs boson, there is still the
prospect of additional Higgs bosons in the spectrum. These additional Higgs bosons include extra singlet
Higgs bosons that mix with the SM-type Higgs boson. Or, there may be an extra SU(2);. doublet that fills
out the full Higgs sector of the theory.

Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(my, <135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A, H and
H?*) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of m4. The result is impressive, with a search capacity for the heavy Higgs
near /s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible
Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.
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4.4 New Gauge Boson Interactions

The quintessential example of a new gauge boson is a Z’ boson. The mass reach for direct discovery at
the LHC of an “ordinary” Z' boson, whose couplings to the SM fermions are O(1), is generally about
5TeV. However, it is well documented that through non-resonance observables an e*e™ collider with energy

above a few hundred GeV has an even higher reach for detecting BSM signals. This is accomplished by

studying precisely the observables of the ete™ — ff processes. Small deviations in o-foft, A;B and AfLR can

be found for Z’ masses well above the centre-of-mass energy of the machine. For example, at a 500 GeV
LC with 1ab™! of integrated luminosity, a BSM signal is detectable in the left-right model (i.e., theory with
SUQR)r x U(1)g_. — U(1)y) if the corresponding Z’ has a mass below 9 TeV, which is more than one order
of magnitude beyond the centre-of-mass energy of the collider. This search reach increases to about 16 TeV
ata 1 TeV LC (see sec. 5.2.1 of [8]) and to well beyond 30 TeV for a 3 TeV LC (see sec. 1.5 of [4]).

4.5 Model-Independent Searches

Some of the discussion above has revolved around specific model scenarios. However, it must be emphasised
that the LC is an excellent machine to do model-independent analyses in the context of the uniquely clean
e*e” collision environment. Searches can be made to test whether the event rates in different channels are
anomalous, and thus indicate the presence of new physics. A minimum number of theoretical assumptions
are necessary to determine the spin, mass and couplings of new particles, which can then be used in a second
step to obtain theoretical interpretations in different models. Thus, instead of referring to a particular class
of models, like the discussion above of Z’ effects suppressed by Mz, one can also interpret the LC results in
terms of general effective operators, such as non-renormalizable contact operators suppressed by a scale A.
These more general interpretations of the LC sensitivities may not always be stated explicitly since many
studies have been carried out within a well-defined BSM model, but it is an advantageous feature of the LC
that such model-independent interpretations are possible.

With the so-called GigaZ option of the LC, i.e. a run at the Z peak with polarised e~ and e* beams col-
lecting about 10° events, the LC can provide high-precision measurements that have a very high sensitivity
to effects of new physics, which are probed in a model-independent way. In particular, the GigaZ run would
reduce the present experimental uncertainties on the effective weak mixing angle, sin” 65, by more than an
order of magnitude, and resolve or confirm the significant (30-) disagreement between the two most precise
determinations of sin’ 9‘;{; from AEB at LEP and Arr at SLC. As an example, the precision achievable for
sin? 0%‘? at GigaZ has the potential to reveal the impact of new physics even in a scenario where no states of
physics beyond the SM would be observed at the LHC and the first phase of a LC.

Executive Summary

The observation at the LHC of a SM-like Higgs particle provides the first direct test of the minimal SM
EWSB scenario of a single scalar doublet Higgs field producing the vacuum expectation value. This dis-
covery makes the physics case for a LC extraordinarily strong. The LC provides the capability to study the
details of this new form of matter, establishing agreement with the SM predictions to new levels of sensi-
tivity, or revealing a break from the patterns expected in the SM. The precision of the LC opens sensitivity
to new physics well beyond the LC’s direct reach, enabling detection before discovery, such as past indirect
evidence for the Higgs boson, the top quark, the charm quark, and the weak gauge bosons.

The most powerful and unique property of the LC is its flexibility. It can be tuned to well-defined
initial states, including polarisation, allowing numerous model-independent measurements, from the Higgs
threshold to multi-TeV operation, as well as the possibility of unprecedented precision at the Z-pole (GigaZ).
Furthermore, the relative simplicity of the production processes and final-state configurations makes com-
plete and extremely accurate reconstruction and measurement possible. The envisioned physics programme
includes precision measurements of many Higgs decay widths, some of which are uniquely accessible at the
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LC (cc, gg, the invisible mode and the full width), decisive tests of the CP properties of the Higgs candidate,
and determinations of the top-Higgs and trilinear Higgs self couplings, also uniquely accessible at the LC.
Using a LC, the complete SM, including Higgs, top quark and V'V interactions, can be studied, both at tree
level and through quantum corrections. The LC reaches well into new physics territory. Well-motivated
BSM physics ideas such as dark matter, supersymmetry, composite Higgs bosons, contact interactions, and
extra space dimensions could be discovered and explored. The physics reach of the LC is essentially limited
by statistics, not systematics. Its discovery reach exceeds that of the LHC at any integrated luminosity in
many cases, and discoveries of new particles or interactions at either machine can be subjected to further
precision analysis at the LC to reveal deeper structures of nature.
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Addendum: Charge for the Linear Collider Report Committee

During the international Linear Collider Workshop in Granada October 2011 it was proposed and agreed
to charge a small expert group with drafting a common Linear Collider Physics report to be submitted as
input to the European Strategy process. The initiative was presented in Granada by the GDE European
Regional Director (Brian Foster), the CERN Linear Collider Studies Leader (Steinar Stapnes) and the Chair
of the ECFA Study for the Linear Collider (Juan Fuster), and was a result of discussions and consensus in
several ILC and CLIC steering committee meetings earlier in 2011. These three subsequently suggested a
composition of the expert committee based on input from the community, and proposed the mandate of the
committee. The draft report has been through internal reviews, and has been made openly available to the
full international LC community for further comments and suggestions before submission by end of July
2012.

Mandate of the committee:

The committee is requested to review the physics case for a linear electron-positron collider in the
centre-of-mass energy range from around 250 GeV — 3 TeV in the light of LHC results up to mid-2012 and
building on previous studies. The committee should consider the case for a linear collider in terms of the
physics reach beyond that of the LHC under the assumptions in the current CERN planning; a) 300 fb~! and
b) 3000 fb".

It should assume linear collider performance based on the details contained in current documents from
ILC and CLIC but without a detailed comparison of the relative performance of the machines. The aim is
to make the strongest possible case for a generic linear collider for submission to the European Strategy
process.

The committee is requested to submit its draft report to the GDE European Regional Director, the CERN
Linear Collider Studies Leader and the Chair of the ECFA Study for the Linear Collider by June 18th 2012.
The final version of the report should be delivered by end of July 2012.
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Physics at the ILC
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This year (2012) would be recorded as a memorial one in high-energy physics, as some decisive results
on the long-awaited Higgs boson are to be obtained at the LHC. The LHC results have strong impacts
on the possible physics scenario at the International Linear Collider (ILC). In this talk possible physics
studies at the ILC are presented with a focus on the Higgs factory in the case where a light Higgs-like
particle be found at the LHC.

1 Introduction

To explore the energy frontier in particle physics, it is desired to have a hadron collider, which has an
enormous discovery potential for heavy particles, and a lepton collider, which is very good at precise mea-
surements of new particles and phenomena, at the same time. Since the Large Hadron Collider (LHC)
started its physics run in March 2009, the LHC has been very successfully operated, delivering an integrated
luminosity of about 5 fb~! to each experiment by the end of 2011. On the other hand, we have had no
electron-positron collider since the end of the LEP operation in 2000. The LEP collider, with the maximum
center of mass energy of 209 GeV, is assumed to be the last circular ete™ collider because of the beam energy
loss due to synchrotron radiation.The concept of of a linear electron-positron collider was first proposed to
overcome this limit well before 1980 [1]. Extensive R&D studies for the linear collider started in 1980’s
in Asia, Europe, and North America, and each region proposed a project: GLC [2] from Asia, TESLA [3]
from Europe, and NLC [4] from North America, respectively. However, any project could not be funded.
Probably the linear collider is financially too large as a regional project.

In 2003 a worldwide consensus was made that the next energy frontier machine after the LHC should
be an electron-positron linear collider with an initial center-of-mass energy reach of 500 GeV, upgradable to
1 TeV. In 2004 the International Technology Review Panel recommended that the superconducting radio-
frequency technology should form the design of the linear collider. This is the International Linear Collider
(ILC). The layout of the ILC given in the Reference Design Report (RDR) [5] is shown in Fig. 1.

In this document the physics strategy at the ILC is discussed, taking account of the current status of
new particle searches at the LHC.

- Bam delivery systems

Main Linac Damging Rings Main Lina

Figure 1: The layout of the ILC taken from the RDR [5] .
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2 Hints for the light Higgs boson ?

The Standard Model (SM) of particles physics has been so far extremely successful, without any significant
deviation between theoretical expectations and experimental measurements. The model consists of three
sectors: the gauge boson sector, the fermion sector, and the Higgs sector. While the former two sectors were
experimentally tested with good precision at lepton and hadron colliders in the past, the last sector is, at
least experimentally, totally-unknown. The Higgs field plays a key role in the SM, and assumed to be the
origin of the electroweak symmetry breaking and to produce the masses of all elementary particles. Until the
LHC era, the Higgs boson still escapes detection in spite of all the efforts devoted at the LEP and Tevatron
experiments. However, the precise electroweak measurements at LEP, SL.C, and Tevatron can constrain the
SM Higgs boson mass to be less than 161 GeV [6] (one-sided 95 % confidence level upper limit). The direct
Higgs search at LEP set an lower limit of the SM Higgs mass to be 114 GeV [7], while Tevatron excluded a
mass range from 156 GeV to 177 GeV [8]. The situation without the LHC results is summarized in Fig. 2 .

6 July 2011 - mLi'Enit =:161 GeV
' : © - T
5- ‘i Aochad - : |
11 —0.02750+0.00033 |
T 41 0.02749+0.00010  §f § I
4 i incl. low Q° data -
Nx 3 1 |
<
2 ] —]
1 ] —]
0 Excluded

30

Figure 2: The Ax? curve derived from high-Q? precision electroweak measurements, performed at LEP,
SLC, and Tevatron as a function of the SM Higgs boson mass. The mass regions excluded by LEP and
Tevatron are alson shown.

The physics run of the LHC started in March 2010. In 2011, the LHC very successfully delivered an
integrated luminosity of about 5 fb~! at a center-of-mass energy of 7 TeV to each of the general purpose
proton-proton collision experiments, ATLAS and CMS. The LHC is a very powerful machine for discovery of
new heavy particles. Although any evidence for the Higgs boson has not been obtained yet, the LHC already
set a very stringent limit on the SM Higgs boson mass [9, 10]. The heavy SM Higgs boson (mpg >~ 160 GeV),
which is inconsistent with the electroweak measurements, is excluded in the mass region up to ~ 600 GeV.
If a heavier Higs-like particle is found, it should not be the "SM” Higgs boson. On the other hand, the light
SM Higgs boson (mg <~ 160 GeV), if it exists, should be in the mass region 115.5 < My < 127 GeV. In
addition, interestingly, bumps are observed at My ~ 125 GeV by each of the ATLAS and CMS experiments
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as shown in Figs 3 and 4 (the peak positions are slightly different). Because of low statistics of the 2011 data,
any decisive conclusion cannot be obtained for the Higgs ”discovery” yet. In 2012, the LHC is supposed to
deliver an integrated luminosity of about 15 fb~! at a center-of-mass energy of 8 TeV to each experiment.
Using the 2012 data, the ATLAS and CMS experiments are expected to discover a light Higgs-like particle,
or exclude the existence of the SM Higgs boson. In either case, the result will be memorized a great discovery
in particle physics, and must have a great impact on the physics scenario at the ILC.

& 10} cusNs=7Tev [ obsenes ]
S o [ Zz+yy,L=48f"  |EE Expected (68%) ]
o [ ATLAS 2011 Data - o e Expected (95%)|{
® ) F i
— Observed | |
§ 10 ... Expected J-Ldt=1.0—4.9fb'l? ‘é’
€ [ Eilo B : = 1
£ [ O Is=7TeV ] - |
S | i 3
o o 1 =
L (X:LSL\ImItS\ | | | 1 | 1 i
b
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145

M, [GeV] Higgs boson mass (GeV)

Figure 3: The combined 95% CL upper limit of the Figure 4: The ZZ and 7+ combined 95% CL upper

signal strength as a function of my obtained by the limit of the signal strength as a function of myg

ATLAS experiment [9]; the solid curve indicates the obtained by the CMS experiment [10]; the solid

observed limit and the dotted curve illustrates the me- curve indicates the observed limit and the dotted

dian expected limit in the absence of a signal together curve illustrates the median expected limit in the

with the £10 (green) and +20 (yellow) bands. absence of a signal together with the +10 (green)
and +20 (yellow) bands.

No indication for other new particles, predicted by ”Beyond the Standard Model” physics such as su-
persymmetry (SUSY) and extra-dimensions, has been found at the LHC yet. The light Higgs boson with
its mass my ~ 125 GeV can be still consistent with the SUSY expectation. We still have a good chance to
discover new particles beyond the Standard Model at the LHC, at higher center-of-mass energies and with
more luminosity. Discovery of such new particles would have another great impact on the physics scenario
at the ILC.

3 Physics at the ILC

Hereafter in this document it is assumed that a light Higgs boson (or a light Higgs-like particle) will be
discovered at the LHC in near future, probably by the end of year 2012. In this case, regardless whether
other new particles will be found or not, the ILC should be planned naturally as the Higgs factory, first of
all. The reason why the Higgs factory is necessary is clear: The Higgs boson belongs to a completely new
category of particles that we have never encountered. We don’t know any other spin-0 elementary particle.
The properties of the Higgs boson, to be discovered at the LHC, are experimentally unknown, and should
be thoroughly investigated at the ILC, where we can observe interactions of elementary particles, with well-
known initial states and relatively simple final states in a clean experimental environment. Polarization of
electrons as well as positrons at the ILC can be used as a powerful tool.

At the ILC with an initial center-of-mass energy reach of about 500 GeV (the first phase), we will have
three important energy steps:
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1. We start the physics run at the ILC at a center-of-mass energy of about 250 GeV (~ mpy + 120 GeV),
where the production cross section of the Higgsstrahlung process (ete™ — HZ) is at maximum
(Fig. 5a). At this energy we can measure the following properties very precisely:

e Measurement of the mass and production cross section: The measurement can be performed
independent from the Higgs branching ratios, by reconstructing the recoil mass of the Z — £/~
decay (¢ = e, ). The total production cross section, including the invisible decay modes of the
Higgs boson, can be measured.

e The spin of the Higgs-like particle can be unambiguously determined by the cross section scan
around the production threshold and the measurement of the production angle distribution. The
CP characteristic of the particle can also be determined.

e The branching ratios of the SM Higgs boson are shown in Fig. 5b as a function of its mass. The
light Higgs boson with its mass 110 < mpy < 150 GeV is an ideal physics target at the ILC, as
most of the decay branching ratios can be measured very precisely. Figure 6 shows the expected
precision of the measurements as a function of my [11] , where a center-of-mass energy of 250
GeV, an integrated luminosity of 250 fb~!, and a beam polarization of 80% for electrons and
30% for positrons are assumed, respectively. If the light Higgs indeed exists, we will have many
decay channels to be measured with good precision. The accuracy is typically a few percent. The
measurement of the Higgs boson properties is limited at the LHC: only a few decay modes can be
measured with much more degraded accuracy, typically 30% or worse. In order to tell the physics
behind the Higgs-like particle, we definitely need the accuracy to be achieved at the ILC.
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Figure 5: (a) The production cross section of the Standard Model Higgs boson as a function of the center-of-
mass energy and (b) the Higgs branching ratios predicted by the Standard Model as a function of the Higgs
boson mass.

2. The next center-of-mass energy for the ILC operation will be around 350 GeV, where the top-quark pair-
production becomes for the first time possible at an eTe™ collider. We can precisely measure a variety of
top-quark properties such as the top mass, the production cross section, and the momentum distribution
at the threshold center-of-mass energy. At this energy the vector-boson fusion process (ete™ — v H)
becomes more important for the Higgs production. The di-boson productions (ete™ — WW, ZZ)
may also be interesting processes to be studies at the energy region.

3. At the center-of-mass energy of 500 GeV (or higher) two more essential measurements of the Higgs
boson can be performed at the ILC:
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e Measurement of the Higgs self-coupling constant \pp;, using the processes ete™ — ZHH and
eTe” — viH: This measurement will determine the Higgs potential which causes the electroweak
symmetry breaking.

e Measurement of the top quark Yukawa coupling by measuring the t£H cross section: This mea-
surement is important as the top-quark is the heaviest fermion and the Yukawa interaction be-
tween the top-quark and the Higgs boson is assumed to generate the mass term which breaks the
electroweak gauge symmetry in the SM.

The two measurements are extremely difficult at the LHC. Previous fast-simulation studies showed
that the measurements are possible at the ILC with the center-of-mass energy of 500 GeV, however,
recent full-simulation studies have not reproduced the fast-simulation results yet. We have to develop
more advanced simulation studies to convince the feasibility of the measurements at the ILC.
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Figure 6: Measurement accuracies of the Higgs branching ratios extrapolated from the result at my =
120 GeV.

As for the Higgs sector, the ILC can determine the coupling constants of the Higgs boson to the fermions,
gauge bosons, and the Higgs boson itself, with much better precision than at the LHC. With the precisions we
can test if the coupling is proportional to the mass of the particles. Any deviation from the SM expectations
directly leads to new physics beyond the Standard Model, e.g., Supersymmetry, extra-Dimensions, and Little
Higgs models. The model parameters of the new physics may also be determined. The Higgs boson is a
powerful tool to explore new physics at Terascale.

The strategy of the ILC up to about 500 GeV is summarized in Fig. 7, where the center-of-mass energy
and the integrated luminosity required to complete various physics studies is shown. We will start the ILC
with center-of-mass energy at 250 GeV to study the Higgs boson properties in detail. At 350 GeV, we can
study the top-pair production in detail. At center of mass energy of 500 GeV or higher, we can measure the
Higgs self-coupling and top-quark Yukawa-coupling. Rich physics programme are guaranteed at the ILC,
once a light Higgs-like particle is discovered at the LHC.

Although the LHC has so far shown no indication of other new particles, it is still possible that heavy
colored particles will be discovered with higher energies and more integrated luminosities at the LHC. Once
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Figure 7: The center-of-mass energy and the integrated luminosity required for various studies at the ILC.

heavy particles are discovered, the masses of lighter new particles may be estimated through their decay
chains. The LHC is very powerful to produce colored particles, but not for colorless particles. Therefore
light colorless particles may easily escape detection at the LHC. It is thus possible that light new colorless
particles will be discovered at the ILC, even if the LHC fails to discover no new particles. If a new particle is
discovered at the LHC or at the ILC, it may not be alone. A series of new particles must exist, and we will
enter an era of “New Particle Discoveries” . This can be originated from supersymmetry, extra-dimensions,
or whatever else. In any model, the lightest new particle, which is stable due to some conservation law, may
be the dark matter candidate.

In the case of supersymmetry, the masses and couplings of superpartners can be precisely measured, if
they are within the reach of the ILC. Then we can test directly the SUSY relations and GUT relations. It
is possible to get some information of the neutrino seesaw mechanism. Measurements of SUSY particles at
the LHC and the ILC would enable us to precisely calculate the dark matte density in the universe, which
will be compared with the future precise measurement by the Planck satellite.

Even if no new particles were found at the ILC, precise measurements at the ILC can explore physics at
much higher energies. A god example is the Z’ boson. For example, from precise measurements of fermion
pair production at the ILC, the model of the new gauge boson may be determined.

Precise measurements of the new particles will determine the next energy required for the collider beyond
the first phase of the ILC. If it is less than 1 TeV, the ILC should be subsequently upgraded to its second
phase, up to ~ 1 TeV. Otherwise we will have to consider to build the CLIC or Muon Collider more seriously.

4 Summary and outlook
By the end of this year it is very likely that a light Higgs-like particle will be discovered at the LHC.

The discovery will be the start of a new revolution in particle physics, as the Higgs boson is a completely
newcomer in particle physics. As the next step we need the linear collider for precise measurements of the
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new particles. The ILC will reveal the principle of new physics with much better sensitivity. First of all, the
properties of the new particle must be thoroughly measured and investigated at the ILC. In this case the
physics scenario at the ILC (the first phase) will have the following three steps: (1) study of Higgs properties
at /s ~ 250 GeV where ZH production cross section is at maximum, (2) studies of the Higgs boson, the
top-quark, and di-boson production at /s ~ 350 GeV (the tf threshold), and (3) studies ZHH and ttH
productions at /s ~ 500 GeV to measure the Higgs self-coupling and the top-quark Yukawa-coupling. These
are guaranteed physics targets at the first phase of the ILC. In addition, the ILC has many possibilities to
explore the physics beyond the Standard Model. The new physics can be supersymmetry, extra-dimensions,
or anything else. Any surprise may happen at the high-energy frontier.

The LHC results will determine the direction of ILC. We have to be ready for construction of the ILC
as soon as possible, so that we can respond any possible result at the LHC.
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Possible Staging Scenarios for the ILC
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The ILC baseline design describes an accelerator with 500 GeV centre-of-mass energy. In view of the
recent discovery of a Higgs particle, possible scenarios for a staging of the centre-of-mass energy and
luminosity are presented, including the possibility to run the electron and positron beams at different
energies in order avoid the need of a dedicated electron pulse for positron production at centre-of-mass
energies below 250 GeV. Dedicated studies to determine the most efficient beam energies for the ILC
physics program will help to optimize the machine layout, and are thus needed now, before a decision
on the energy reach and possible intermediate stages will be met. A figure of merit is proposed that
quantifies the value of an amount of integrated luminosity in terms of physics performance.

1 Introduction

The recent discovery [1, 2] and first characterization [3, 4] of “a” Higgs boson with a mass of 126 GeV at
LHC has worldwide renewed the interest to build the ILC [5]. Measurements of the Higgs properties, such as
couplings, width, and quantum numbers, can be performed under the ILC’s clean experimental conditions
with very good accuracy [6]; some crucial measurements, such as the absolute coupling to the Z° that sets
the scale for all partial decay widths, are only possible at the ILC.

Precision measurements of the Higgs and top quark properties provide a rich physics program for the
ILC [7], spanning the energies between 230-270 and 500-600 GeV. Recently, discussions have started about
a scenario in which the ILC would be built in two or more stages, with rising beam energies, in the hope to
reduce the initial investment, and possibly the construction time.

The ILC baseline design is a blueprint for an accelerator with a 500 GeV centre-of-mass energy, which
could easily be adapted to yield a machine with 550 or 600 GeV CME. The baseline design foresees a possible
later extension to 1 TeV centre-of-mass energy, and the central part, in particular the beam delivery system
(BDS) is designed to accommodate the increased beam energy. However, no detailed design for this extension
is yet available, and it is assumed that an energy upgrade would be designed at a time when further progress
in superconducting cavity technology will make it possible to produce and operate cavities at larger gradients
than currently possible. The TeV upgrade of the ILC is beyond the scope of this report; more information
can be found in the Technical Design Report (TDR) [8].

In the following, some issues from the accelerator point of view will be presented first that may shed some
light on the possible advantages and disadvantages of the scenarios under discussion. Then the problems
of running at low energies (at 230-270 GeV, slightly above the threshold for Z°h production) are discussed,
with asymmetric running as a possible solution. Section 3 presents prospects to increase the luminosity,
then some staging scenarios that have been investigated in somewhat more detail are presented. Section 5
is concerned with the need to define a figure of merit that would allow a more quantitative comparison of
different running options, and thus help to optimize the machine design.

2 Accelerator Issues

2.1 Positron Source

The production of positrons in sufficient quantities is a key issue for the ILC operation. The baseline solu-
tion is a source where gamma ray photons are produced off the main electron beam in a superconducting
helical undulator section. These photons impinge on a rotating target, where positrons are produced and
subsequently collected by a flux concentrator. Photon production by a helical rather than a more common
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planar undulator offers two advantages: the photon intensity is twice as large, and the photons are longi-
tudinally polarized, which results in a longitudinal polarization of the positrons of up to 60%. All three
parts, the undulator, target, and flux concentrator, pose significant engineering challenges. Therefore the
baseline design includes a 50 % overproduction margin, i.e. if everything works according to plan, 50 % more
positrons can be delivered to the damping rings than needed.

The energy spectrum and overall intensity of the photons produced in the helical undulator, and thus
the resulting positron yield at the target, depends strongly on the beam energy. The baseline design foresees
42 undulators of 3.5 m length, for a total active length of 147 m. However, 24 additional undulators could be
installed, bringing the total length to 231 m. In the baseline configuration the photon intensity is sufficient
for the nominal yield® of 1.5 for electron beam energies above 150 GeV. Below that energy, the positron
yield drops rapidly, such that at 125 GeV, the positron intensity is half that at 150 GeV. Part of that loss
could be compensated, if necessary, by the installation of more undulator modules, but the fact remains that
below 125 GeV electron beam energy positron production with the helical undulator source becomes rapidly
unpractical.

The solution to this problem is the so-called “10Hz” scheme (see Tab. 1), in which alternating electron
pulses of 150 GeV for positron production and at lower energies for collisions are produced. This scheme
essentially allows to provide electron beams for physics down to energies as low as 45 GeV needed for Z°
running?, albeit at the price of producing (and thereafter wasting) an additional 150 GeV beam. More
implications of the 10 Hz scheme are discussed below.

2.2 Damping Rings

One main challenge for the damping rings is to reduce the vertical emittance of the beams, in particular the
positron beam, in a very short time: the initial emittance of the positrons is approximately e, ~ 0.8 um,
while the final vertical emittance is 10 pmrad, almost six orders of magnitude smaller. This reduction has
to be achieved within ¢ = 200 or even 100 ms, which means that the vertical damping time 7, has to of the
order of 7y < 2t/In(ey ini/€y final) = 15.5ms for 10Hz operation [11]. The large energy loss per turn that is
necessary for the required synchrotron radiation damping is achieved by the insertion of 54 wigglers in each
ring, which lead to an energy loss of up to 7.7 MV per turn and a vertical damping time of 7, = 13 ms. This
results in up to 3.3 MW RF power necessary to store the a positron beam at the design current of 390 mA,
which can be compared to the average beam power of the accelerated positron beam, which is 2.6 MW for
a 250 GeV positron beam.

When the number of bunches per pulse was halved in the SB2009 process in order to save costs, the
circumference of the damping rings was also halved, so that the bunch spacing and average current did not
change. Doubling the number of bunches again would increase the current in each damping ring to 780 mA,
which is feasible for the electron ring, but difficult for the positron rings, which would suffer from electron
cloud formation and resulting beam instabilities. Therefore, the damping ring tunnel design leaves space for
the installation of a second positron damping ring above the electron ring (the first positron damping ring
lies below the electron ring), so that each ring would carry the same number of bunches as in the baseline
configuration.

2.3 Main Linac

The performance of the Main Linac is limited in several places, some of which we will discuss in the following.

The most notorious performance limit is the accelerating gradient g, which determines how much energy
per unit length can be transferred to the beam3. The ILC baseline assumes a gradient, averaged over all
cavities, of g = 31.5 MV /m, with a spread of the gradients of individual cavities within +20 %. The gradient
of a cavity is measured during fabrication in a vertical test stand. There, the cavities have to achieve a
gradient of 35 MV /m on average; the 10 % reduction accounts for the expected performance loss between
the performance in the vertical test stand and within a cryomodule that houses eight or nine cavities.

IThe positron yield is defined as the ratio of positron bunch intensity at the damping ring entrance divided by the electron
bunch intensity at the undulator.

2Note that 45 GeV running for physics production is not included in the official baseline design.

3The maximal electric field in the cavities is larger by a factor m/2.
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Increasing the accelerating gradient has been the goal-—and the result—of more than twenty years of
successful R&D [13]. Increasing the gradient means that the same beam energy can be achieved with fewer
cavities, fewer cryomodules, and a shorter tunnel, in short, at reduced cost.

However, not everything gets cheaper with higher gradient; two quantities scale quadratically with gra-
dient, and thus rise linearly with gradient for a linac with a given total beam energy: the stored energy in
the cavity, and its dynamic heat load.

It is well known that the energy density of any electric field, and thus the energy stored within a resonating
cavity, grows quadratically with the field strength. Because the ILC operates in a pulsed mode, at each pulse
this energy has to be transferred into the cavity, and after the pulse it has to be dumped to a load? at room
temperature.

At the ILC in the baseline configuration, a full RF pulse lasts 1.65 ms, of which 0.93 ms (56 %) are spent to
fill the cavities, and only 0.73 ms (44 %) to accelerate the beam. The corresponding numbers for a luminosity
upgrade with twice the number of bunches is 0.61ms (39 %) for filling and 0.96 ms (61 %) for acceleration.

Thus, from an efficiency point of view it is desirable to accelerate more bunches per pulse, in order to
make optimal use of the stored energy in the cavity, which is lost at the end of each pulse. The limits to
that are posed by the maximum pulse length of the klystrons of about 1.6 ms, and the number of bunches
that can be stored in the damping rings. In addition, the total electrical energy that is needed for one beam
pulse has to be stored in the modulators, so a larger pulse energy means more modulators.

The second quantity that grows quadratically with gradient is the dynamical heat load. Although su-
perconducting materials transport DC current losslessly, alternating fields penetrate the superconducting
material within a finite skin depth, and there they accelerate the unpaired electrons which generate resis-
tance and thus heat. The power P dissipated within one cavity of length Leay (Leay = 1.038 m for the ILC)
is given by [14]

po 9 len
(r/Q)Qo
where r/Q = 1036 €2 is the shunt impedance per unit length, which depends only on the shape of the cavity,
and g is the cavity’s quality, which depends on the surface resistance of the cavity material. Therefore,
the dynamic heat load from cavity heating (which accounts for 76 % of the cryomodule heat load at 2K and
45% of the overall heat load [15]) grows linearly with the cavity gradient, if the overall beam energy (and
hence the product of the number of cavities times the gradient) is kept constant.

In summary, higher gradients reduce costs for tunnels, cavity material, cavities, couplers, and cryomod-
ules, but increase costs for RF and cryogenic equipment and power consumption. Hence, there must exist a
gradient that optimizes the overall cost, which has been estimated for the ILC to be beyond 60 MV /m [16]

2.4 Beam Delivery System

The main tasks of the beam delivery system are the measurement of beam properties, the collimation of
the beams, and the final focussing. Measurement of the beam properties include energy, polarization and
emittance; these measurements are used to tune the machine and correct effects such as coupling of vertical
and horizon betatron oscillations, but also to dump beams to protect the detector, e.g. after a klystron trip.
The collimation section removes halo particles with large amplitudes of the transverse (betatron) oscillations
or large deviations from the nominal energy. The energy collimation section consists of two consecutive
bends with zero net angle (a so-called dogleg) that displace the beam laterally. In the middle of the dogleg,
off-momentum particles are displaced laterally from the main beam (this energy-dependent displacement is
called the dispersion) and can be collimated. However, strong bending fields in regions of large dispersions
cause emittance growth and thus have to be avoided; this effect grows fast with energy. Thus the allowed
emittance increase limits the bending angles of the magnets employed in the dogleg and determine its length.
The ILC design foresees a 1100 m long dogleg that is long enough to accommodate a 500 GeV beam (for
1 TeV centre-of-mass energy) with acceptable emittance growth. In the baseline configuration with 250 GeV
beams, only every fifth magnet will be installed, which is sufficient at this energy.

4When the klystron is switched off, and there is no beam in the cavity, the RF field leaves the cavity via the waveguide
system and is absorbed in a special, water-cooled load.
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A basic property of longitudinal acceleration of beams is that it leaves the normalized emittance ~ye
constant®, where 7 is the Lorentz boost of the accelerated particle, so that the emittance e decreases with
energy E as 1/v, or 1/E. Consequently, for a given value §* at the interaction point, the RMS beam size
o = /B*e also decreases, and the luminosity, which is proportional to 1/(ox0oy), rises proportional to E.
However, $* is not only limited by the achievable strength of the final focus quadrupoles, which makes
focussing harder at large beam energies, but also by the beam size within these quadrupoles, which has to fit
into the magnet’s aperture. This beam size limits the vertical beam size at lower energies, which means that
the luminosity drops somewhat faster the with E if the beam energy is reduced, as can be seen in Tab. 1.

3 Running at Low Energies

3.1 The 10Hz Scheme

As discussed above, the 10 Hz scheme is based on decoupling the two functions of the electron beam, namely
to collide with the positrons for physics measurements, and to produce photons for the positron source.
Originally this scheme was proposed for a machine capable of running at 250 GeV beam energy or more, to
allow such a machine to operate below 125 GeV beam energy. Under that circumstances, the Main Linac
would run at approximately half its nominal gradient, and therefore need about half of the maximum power
for RF production, and even less for cryogenic cooling: the cryogenic power needed for the Main Linac is
dominated by dynamic losses, i.e. by the heat deposited in the superconducting cavities by the accelerating
fields, an those grow quadratically with the gradient. Therefore, an electron Main Linac capable of delivering
electron pulses of 250 GeV at a repetition rate of 5Hz is able to deliver alternating pulses of 150 GeV and
< 125GeV at 5 + 5 Hz without the same cryogenic cooling power and the same overall electrical power
consumption. However, although no additional investments (such as larger cryo plants or larger transformer
stations) in the Main Linac are needed to enable the operation under the 10 Hz scheme, the total efficiency
(electrical energy, or dollars, per unit of integrated luminosity) is significantly reduced by the necessity to
accelerate a second high energy electron beam solely for positron production. In the case of Z° running, the
electron beam energy used for positron production would be a factor 1.6 larger than the total beam energy
used for collisions.

For a staged machine, the situation becomes more complex, and even less attractive: While a symmetric
machine (where electrons and positron beams have the same energies) operating at 250 GeV centre-of-mass
energy needs a 125 GeV electron beam, efficient positron production requires a machine capable of delivering
a 150 GeV electron beam. Even worse, now the electron linac has to run at full gradient for the positron
production beam and the “physics” beam, so that it requires almost twice the electrical power and cryogenic
cooling capacity to allow running with the 10 Hz scheme, compared to nominal 5 Hz operation. While this
may make running with alternating beams for the purpose of calibration runs at the Z° possible, it appears
highly undesirable for real physics operation.

For the damping rings, the 10 Hz operation also poses significant challenges, because the lingering time
of the beams in the damping rings is halved from 200 ms to 100 ms. Therefore, the already challenging task
to reduce the positron vertical emittance by more than five orders of magnitude within 200 ms now becomes
twice as hard. To achieve this goal, the vertical damping time has to be reduced from 24ms to 13 ms,
which is achieved by adding more wigglers (for more synchrotron radiation damping) and more RF power to
replenish the synchrotron radiation loss. It should be noted that this means that the damping rings in the
new configuration are capable of delivering fully damped beams at twice the rate that is needed for nominal
physics operation, which opens up the possibility to increase the luminosity of the machine by an increased
repetition rate.

In summary, any staging scenario should avoid physics data taking for any extended time in the 10 Hz
scheme at full gradient, because the cost to luminosity ratio becomes unfavorable. Running at sufficiently
large electron beam energies (above 125 GeV) and possibly an extended helical undulator will help to avoid
10 Hz running. However, running at higher pulse rates to increase overall luminosity may be possible.

5A slight rise of ve along the main linac is caused by imperfections and the need to follow the earth’s curvature.
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3.2 Asymmetric Running

An alternative way to run at lower centre-of-mass energies is the operation with beams of different energies.
For instance, a centre-of-mass energy Fonv = 235 GeV could be achieved by colliding 150 GeV electrons with
92 GeV positrons, with a moderate boost of g = 0.25.

Detailed studies about the ramifications of such a scheme are still outstanding. Obvious questions to
be answered from the detector and analysis point of view are how the resulting boost would affect the
acceptance and resolution of tracks and jets. Since the Higgs strahlung process ete™ — Z%h that provides
the motivation to run at energies around 230—270 GeV is asymmetric in itself, a moderate longitudinal boost
should not be too problematic, in contrast to measurements at the Z° pole that involve forward-backward
asymmetries. On the accelerator physics side, studies would be needed to figure out which luminosity would
be the achievable in such a scenario, and what the resulting beam disruption parameters and backgrounds
(e.g. from pair production) would be.

4 Increasing the Luminosity

An important change in the baseline parameters that occurred between the ILC Reference Design Report
(RDR) of 2007 and the Technical Design Report (TDR) of 2013 was the reduction of the number of bunches
per pulse from Npynen = 2625 to 1312 in oder to reduce the necessary RF power and thus save costs.
During the beam pulse, the total RF power that has to be provided by the klystrons is simply given by
P = Eveam/€lbeam; where Epeam is the total beam energy, Ipuise = @Qb/Aly the beam current during the
pulse (with the bunch charge Qp, = eny, and time between bunches Aty,), and e is the elementary charge (see
Tab.1 for the actual values).

Naively one would expect that halving the number of bunches but keeping the total pulse length ¢,15c =
np Aty constant, which halves also the bunch current, would allow a reduction of the number of klystrons by
a factor of two as well. However, this neglects the fact the fill time tg);, which is the time needed to ramp up
the cavity gradient from zero to the nominal 31.5 MV /m, also increases, so that the maximum pulse time of
1.6 ms that can be provided by the klystrons is exceeded. Thus, while the number of bunches was halved,
the current was reduced only by 36 % from 9 to 5.8 mA, and the number of the klystrons was reduced by
one third.

Turning that calculation around shows that to double the luminosity by a doubling of the number of
bunches per pulse requires only 50 % more klystrons, and improves the luminosity-to-power ratio signif-
icantly®. The damping rings are designed to accommodate this increased number of bunches. For the
electron damping ring, it is expected that it can store the full number of bunches. In the case of the positron
damping ring, a doubling of the number of bunches in the ring will necessitate to build a second positron
damping ring, which is foreseen in the tunnel design.

A further increase of the number of bunches per pulse is limited by capacity of the damping rings due
to the onset of instabilities, and by the maximal pulse length that the klystrons can provide. However, the
damping rings are designed to achieve the necessary damping within 100 ms, which would allow a doubling
of the luminosity by doubling the pulse rate to 10 Hz, provided that the cryogenic plants are upgraded to
provide more cooling capacity. Whether the positron source, in particular the target, is capable to run
at 10 Hz needs, however, to be checked. What makes a doubling of the pulse frequency attractive is the
fact that no additional klystrons and modulators are needed; the modulators (which accumulate the energy
needed to provide the high power pulses for the klystrons) would simply charge at twice the rate. Such a
luminosity upgrade could be realized relatively fast, provided that the cryogenic plants are can designed for
easy upgradeability. The downside of this upgrade path is that the luminosity-to-cost ratio hardly improves.

Another advantage of a luminosity increase through an increased repetition rate is that it can be con-
tinuously adjusted: any repetition rate up to the maximal rate of 10 Hz is feasible, whereas the number of
klystrons can only be increased in fixed steps. In a staged scenario it is conceivable that one would install
the full cryogenic capacity early on, and run the accelerator at each energy at the maximum repetition rate
allowed by the available cooling capacity.

6Even more so as many other contributors to the power consumption are independent of the beam current.
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baseline upg.
Centre-of-mass energy Ecy  GeV 200 250 350 500 500
Luminosity pulse repetition rate Hz 5 5 5 5 5
Positron production mode 10Hz 10Hz nom. nom. | nom.
Site AC power consumption Pac MW 114 122 121 163 206
Average beam power Pive MW 4.2 5.3 7.4 105 | 21.0
Bunch population N %1010 2 2 2 2 2
Number of bunches np 1312 1312 1312 1312 | 2625
Linac bunch interval Aty ns 554 554 554 554 366
Beam current in pulse Tpuise MA 5.8 5.8 5.8 5.8 8.8
Beam pulse duration tpulse 1S 727 727 727 727 961
Average gradient g MV/m 126 158 22.1 315 | 315
RF pulse length trRF ms 1.10 1.19 137 1.65 1.57
RMS bunch length 0, pm 300 300 300 300 300
Normalized horizontal emittance at IP Vex pm 10 10 10 10 10
Normalized vertical emittance at IP Yey nm 35 35 35 35 35
Horizontal beta function at IP ; mm 16 13 16 11 11
Vertical beta function at IP By mm 0.34 0.41 034 048 | 0.48
RMS horizontal beam size at IP o nm 904 729 684 474 474
RMS vertical beam size at IP a, nm 7.8 7.7 5.9 5.9 5.9
Vertical disruption parameter D, 243 245 243 246 | 246
Fract. RMS energy loss to beamstrahlung dpg % 0.65  0.97 1.9 4.5 4.5
Luminosity L 103* em=2s7! 056  0.75 1.0 1.8 3.6
Fraction of L in top 1% Ec Loor % 91 87 77 58 58
Electron polarisation P % 80 80 80 80 80
Positron polarisation Py % 30 30 30 30 30
Electron relative energy spread at IP Ap/p % 0.20 0.19 0.16 0.13| 0.13
Positron relative energy spread at IP Ap/p % 0.19 0.15 0.10 0.07 | 0.07
Beamstrahlung parameter (av.) Tave 0.013 0.020 0.030 0.062 | 0.062
Beamstrahlung parameter (max.) T max 0.031 0.048 0.072 0.146 | 0.146
Energy loss from BS 0Fgs % 0.65 0.97 1.9 4.5 4.5
eTe™ pairs per bunch crossing Npairs 103 45 62 94 139 139
Pair energy per B.C. Epairs  TeV 25 47 115 344 344

Table 1: Summary table of the 200-500 GeV baseline parameters for the ILC [8, 9, 10], including parameters
for a possible luminosity upgrade. The numbers for energies between 200 and 350 GeV correspond to a
situation where the full 500 GeV accelerator is being operated at a reduced energy.

Scenario 1  Scenario 2 Baseline

Centre-of-mass energy

.. extensible in tunnel to
Site AC power consumption
Relative cost (estimated)

Ecm
Ecm
Pac

GeV

GeV

MW
%

Minimal
250 250
250 500
120° 120°
670 73P

250
500
125°
75°

500
500
163
100

Table 2: Overview over possible staging scenarios [17].
¢ The baseline design includes an option to extend the energy to 1TeV, but not within the initial tunnel.
b If the 10 Hz scheme is avoided, an estimated 25 MW of AC power and 3% of costs can be saved.
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5 Staging Scenarios being Discussed

Fig. 1 illustrates several possible scenarios for an ILC with an (initial) energy of 250 GeV, in comparison
with the nominal 500 GeV baseline design [17].

A minimal Higgs factory, limited to about 250 GeV centre-of-mass energy, is one possible option. In
such a scenario, the central region could be reduced, because the BDS would not have to accommodate
a high-energy beam, which would save some cost. Altogether, such a machine is estimated [17] to cost
approximately 67 % of the machine in the full TDR baseline design configuration.

A truly staged machine, with a central region that makes future upgrades possible, could come in two
forms:

In scenario 1, the initial stage would include a main tunnel long enough to accommodate the full accel-
erator, but have the bunch compressor immediately adjacent to the shortened main linac, so that an energy
upgrade necessitates a relocation of the RTML turn-around and bunch compressor, which corresponds to
about 2200 m of beamline on either side. This scenario is estimated to cost about 73 % of the full machine.
The moderate price difference compared to the minimal Higgs factory illustrates that the tunnel itself is not
the biggest cost driver at the ILC. A possible advantage of this scenario might be that not the full tunnel has
to be ready from the beginning on; however, in the Japanese site, the tunnel sections would be excavated by
several teams working in parallel, so that a shorter tunnel would not be finished much faster than the full
tunnel.

In scenario 2, the turn-around and the bunch compressor are built at their final positions from the
beginning on, and the space reserved for the installation of further cryomodules is bridged by a transfer
line in the first stage. This option is estimated to cost about 75% of the full machine. This scenario would
make upgrading much faster and cheaper (no relocation of the turnaround, no re-commissioning of the bunch
compressor), and conceivably allow to upgrade the energy with an intermediate step around the top threshold
at 350 GeV. If such a scenario is envisioned, the cryomodule production schedule could be stretched, which
may actually save costs because less infrastructure for cavity and coupler production, cryomodule assembly,
and testing would be needed.

6 Optimizing the Energy: An Experimental Figure of Merit

Defining the (initial) energy reach of the ILC will depend heavily on factors outside the control of the physics
community, such as constraints from accelerator physics, constraints from the chosen site, available funding,
and politics. One constraints from accelerator physics comes from the fact that the round trip that a positron
takes from (roughly) the middle of the Damping Ring injection line to the IP must be an integer multiple
of the DR circumference of 3.2 km, which results in a quantization of the (positron) beam energy in steps
of roughly 34 GeV, assuming that the available tunnel space will be fully equipped with cryomodules. The
site may have an influence because some places may be more or less suitable for access shafts. Financial
considerations always play a role, obviously, because a larger linac costs more, but also because initial
investments can be partially traded against running costs: a longer machine costs more initially, but may
deliver more events per unit running cost.

However, the physics and detector community can certainly make an important input to these con-
siderations, if a quantitative figure of merit can be given that indicates how much luminosity at a given
centre-of-mass energy (and other conditions, such as beamstrahlung or disruption parameter) is needed to
obtain a certain physical result.

For example: Consider the measurement of the Higgs production cross section with the recoil mass
technique in eTe™ — Z°h — T~ X, where the Higgs mass peak is reconstructed from the ;7 ;™ recoil mass
spectrum. We can expect the relative statistical uncertainty do /o of the cross section o to be given by do /o =
q/ VoL, where L is the integrated luminosity, and ¢ is a quality factor that depends on the performance
of the detector and analysis code, but also on the centre-of-mass energy and the beam parameters, in this
particular case on the beam energy spread (or, equivalently, the disruption parameter).

Thus, the integrated luminosity L that is needed to achieve a certain statistical precision do is given by
L=¢%/0/(60/0)?, sothat ¢? /o serves as a figure of merit for different beam energies and running conditions.

31



15.4 km

(site length ~31 km)
£
<3 10.8 km
/
/]
g_ / / Main Linac
]
§ central region
TDR 500 GeV Baseline
8.6 km >
(site length ~16 km)
€ £
< % 5.1km 1L km—>;
/ T
/]
g_ / / Main Linac § BDS
S 3 IP
§ central region
250 GeV Minimal Higgs Factory

15.4 km
£ E |
<o 5.1km & 2.2km—>
/) -l
7 |
g— /" Main Linac g BDS
S & IP
250 GeV Staged § central region
Scenario 1: Full Tunnel, Short ML, BC Moves

15.4 km

—>2<—2.2 km—>|

1.3 km

1.1 km

v
~
_ 3
—

/ / Main Linac

125 GeV transport

bunch comp.

central region

250 GeV Staged
Scenario 2: Full Tunnel with Empty Section

32



Unpolarized cross sections

= 1 y t i
€ Iy ;¥ &
sl o8 L . T
8 5 ) i — I
‘ o ! I : HE, Z > nknu
g - .0 - )
o 200— 1
= 1
= s 1
L8 i
1501 " -
S| 3
= A i) N
B ¥ |
100 — : ..l} N
- ¢ R
- X i
P g i 3
e i 1
.’ 1} "
- g i 1
8 sf ! i 0
g[;] - — 1 [

320 340 360
Centre-pl-mass energy (GeV)

8
g
&
g
2

Figure 2: Higgs boson production cross section [19].

For the recoil mass measurement, the mass resolution is best around 20 GeV above the threshold for Z°h
production [18], i.e. around 235GeV (see Fig. 2). However, below 250 GeV or so, the helical undulatory
becomes so inefficient that it may be necessary to resort to the 10 Hz running scheme, where between two
beam pulses with colliding eTe™ beams (that occur at 5Hz) an intermediate e~ beam pulse is accelerated
to 150 GeV just for positron production. Thus, one 150 GeV beam alternates with two beams of 235 GeV
total beam energy, therefore only 235/(150 + 235) = 61% of the beam energy are used for physics, with
a corresponding (though not necessarily proportional) increase in costs per inverse femtobarn of produced
integrated luminosity. In addition, the instantaneous luminosity (at constant beam disruption) of a linear
collider rises at least linearly with the beam energy, because the beams get smaller at larger energies. In
essence, the operation cost per inverse femtobarn falls with energy. Therefore, from an accelerator physics
point of view the conditions to produce luminosity become more favorable as the centre-of-mass energy is
increased to, say, 260 or 270 GeV. This effect is further enhanced by the fact that the Z°h cross section has
its maximum around 260 GeV.

Experimentally, on the other hand, conditions become less favorable with increasing energy because the
boost of the Z% in the laboratory frame rises, which leads to a deterioration of the recoil mass resolution, and
thus to more background under the broadening peak and a reduced quality factor q. However, existing studies
indicate [18] that the measurement of the Z°h coupling, which is probably the more relevant measurement
to be performed with the recoil mass method, works well at 250 GeV and is much less affected by an increase
of the centre-of-mass energy than the mass measurement.

A quantitative investigation of the pros and cons of running at higher or lower centre-of-mass energies is
of interest now, before the layout of the detectors and the accelerator has been finalized, because it may have
an impact on this design: If it turned out that indeed energies significantly below 250 GeV are necessary to
achieve the physics goals, then an optimization of the helical undulatory positron source should be considered,
for instance with a longer undulatory or an undulatory with different parameters. If, on the other hand,
running at higher energies such as 250 or 270 GeV turned out to be viable, then further parameter changes
might result: The reduced resolution in the recoil mass spectrum would result in a smaller impact of the
beam energy spread, allowing running at larger disruption parameters, which increases the luminosity. Since
the recoil mass resolution is the driving force for the tracking resolution of the detectors, even that might
be influenced.

Similar considerations should be applied in the determination of the maximum beam energy of the
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Figure 3: Higgs boson production cross section at larger energies [19].

accelerator (not of the possible TeV upgrade, but of the half-TeV-ish machine): From the point of view of
Higgs physics, two measurements stick out that require energies around or above half a TeV: The top-Higgs-
coupling, and the Higgs self coupling. The top-Higgs-coupling is based on the process ete™ — tth with a
threshold of 475 GeV, with a cross section that rises rapidly between threshold and 600 GeV, as shown in
Fig. 3. For this process, more energy is clearly better, so the trade-off is clearly between initial costs and
operating costs. But again, to quantify the cost advantage that a rise of the centre-of-mass energy from 500
to, say, 550 or 600 GeV would have, experimental studies of the corresponding quality factor ¢ (or ¢?c) are
needed. In fact it may turn out that a measurement of the ¢th coupling is unviable (meaning that it produces
no noticeable improvement over the expected LHC performance) at 500 GeV, but viable at a slightly larger
energy. For instance, the tth cross section rises by a factor of 3.7 between 500 and 550 GeV [20]. From the
machine point side, a quantitative evaluation of the relative size of running costs and investment costs might
be interesting. One can guess that one year of machine operation costs would be comparable to the cost
increase needed to raise the machine’s energy by anywhere between 25 and 100 GeV.

Another process that profits a lot from increased centre-of-mass energy is the measurement of the Higgs
self coupling. This measurement is based on the detection of double Higgs production events from a h — hh
branching. As in single Higgs production, the intermediate Higgs can be produced by Higgs-strahlung off a
Z9, or by the fusion process W+ W~ — h. However, other diagrams that do not involve a tri-Higgs coupling
can also produce Higgs pairs, in particular repeated Higgs-strahlung off a Z° or a t-channel W. As Fig. 3
shows, the relevant cross sections are quite small, but in particular the hhvv cross section rises significantly
with the centre-of-mass energy. Studies performed for the TDR [21] assume an integrated luminosity of the
order of 2ab™! at 550 GeV, corresponding to many years of running, and predict just a 5¢ effect for that
amount of data. If one estimates that one year of ILC operation might cost about as much as 50 GeV worth
of Main Linac, it is well possible that at 600 GeV the prospects for this extremely important measurement
might be better.

7 Conclusions

With the discovery of a Higgs boson at LHC, an exiting physics program for the ILC lies ahead of us.
This program needs the ILC’s capabilities at comparatively low energies around 230-270 GeV as well as at
high energies around 500-600 GeV. Physics studies and deliberations among the physics communities which
amounts of data at which energies and in which sequence would produce the most interesting and relevant
physics results are needed now, in order to define the optimal final and intermediate configuration of the
ILC. In several places one may trade initial investments for running costs to achieve an optimal physics
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performance at a given budget, within a reasonable time.
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The top-quark is a fundamental element of the physics program at the Large Hadron
Collider (LHC). We review the current status of the top-quark measurements performed
by ATLAS and CMS experiments in pp collisions at y/s=7 TeV by presenting the recent
results of the top-quark production rates, top mass measurements and additional top
quark properties.

We will also describe the recent searches for physics beyond the Standard Model in the
top-quark sector.

1 Introduction

The top-quark is the heaviest known elementary particle, with a mass measured by TeVatron
experiments to be about 173 GeV [1]. Due to its high mass, the top-quark is believed to play
a special role in the electro-weak symmetry breaking mechanism and possibly in models of
new physics beyond the Standard Model (SM).

The Large Hadron Collider (LHC) [2] operated in 2010 and 2011 with an energy in the
centre of mass (y/s) of 7 TeV. The delivered integrated luminosity ( | Ldt) to ATLAS [3] and
CMS [4] experiments was of about 5 fb~! per experiment in 2011 and the peak luminosity
was of 3.7 -10%% em~2s~!. Measurements presented in this proceeding are based on the
statistics collected up to summer 2011 and use at most 2.1 fb~!. The ¢ production rate at
LHC /s = 7 TeV is a factor of 20 larger than at the TeVatron, allowing the production of
top-quarks with unprecedented abundance.

2 Top-quark production measurements

2.1 tt production measurements

Figure 1 shows the leading order diagrams of the t¢ production process. The tt production
is dominated by the gluon-fusion process at LHC energies. The tf production cross-section,
04 , is predicted to be at the approximate next to next to leading order g, @Ppror NNLO —
1651%613 pb [5]. The top-quark decays to a W and a b-quark almost 100% of the times. The
W decays hadronically in about 68% of the times. The ¢t final states are categorised by
the number of leptons from the W decays in the final state: di-lepton, single lepton and full
hadronic channels. Both ATLAS and CMS measured o;; in several final states: di-lepton
(¢ = e, p, 1), single-lepton and full hadronic. The results are shown in Figures 3 and 4.

e The ¢t cross-section has been measured by ATLAS [6,7] and CMS [8] in the single-
lepton channel with either an electron or a muon in the final state. The events are
required to have a high-pt lepton and at least three jets. The o;; has been measured
with and without the requirement of a b-tagged jet. Results are obtained for [ Ldt =

38



35 pb~tand 0.7 fb~! for ATLAS and (0.8-1.1) fb~! for CMS. Figure 3 show the AT-
LAS single-lepton results obtained with [ Ldt= 35 pb~!, while result for 0.7 fb~'is
o = 179 £ 9.8 (stat.) & 9.7 (syst.) & 6.6 (lumi.) pb. Figure 4 shows the CMS results
with 2011 data. Uncertainties with 2011 data are at the level of 9% for ATLAS and
CMS which is comparable to the NNLO theoretical uncertainty.

e The event selection for di-lepton final states require the presence of 2 high-pr leptons
of opposite charge, two central jets (from b-quarks) and large EXS or large transverse
activity (Hr). The EXis the missing energy in the transverse plane, calculated tak-
ing into account the transverse momentum of the muons and transverse energy of the
electrons and jets in the events. Hrp is the scalar sum of the transverse momentum of
the muons, transverse energy of the electrons, E35 and transverse energy of the jets in
the event. In the case that the leptons in the final state are e or u, ATLAS results are
obtained with and without the requirement of a b-tagged jet [11,12]; CMS results are
obtained with b-tagging requirement [13]. ATLAS produced results with 0.7 fb~! of
data, while CMS used 1.1 fb~! of data for the result with b-tagging requirement. Their
uncertainties are about 11% dominated by systematics. The o, has been measured
also in the 7p final state by ATLAS [14] and CMS [15], where a calorimeter-seeded 7
is reconstructed in the event together with a high-pr muon. The resulting o;7 mea-
surements are obtained for [ Ldt=1.1 fb~! and have similar uncertainties: 24% CMS
and 21% ATLAS?.

e The o, has been measured by ATLAS [16] and CMS [17] also in the full hadronic
final state. Events are required to have at least six high-pr jets of which at least two
b-tagged jets. The results are obtained for [ Ldt = 1.1 (1.0) fb~! for CMS (ATLAS)".

CMS combined the cross-section measurements obtaining o;; = 166 + 2 (stat.) +
11 (syst.) = 8 (lumi.) pb. The measurements of the ¢ cross-section at LHC are in agree-
ment with the theoretical predictions. Their accuracy is similar to the uncertainty of the
NNLO prediction and the most sensitive results in the single-lepton channel are limited by
systematic uncertainties.

2.2 Single-top production measurements

Figure 2 shows the leading order diagrams of the electro-weak single-top-quark production,
that is characterised by the W-mediated t-channel (PP VNLO —g4 + 3 pb) [18], s-
channel (0®Pro* NNLO —4 6+0.3 pb) [19] and the associated Wt production (oyb?" o VNEC
=15.771% pb) [20]. Compared to TeVatron experiments, the single-top production in t-
channel and W+t mode is much larger than the s-channel.

The single-top-quark production in the ¢-channel has been measured by ATLAS [21]
with 0.7 fb~! of data and by CMS [22] with 36 pb~!of data. ATLAS measurement is
or = 90 +9 (stat.) T30 (syst.) pb and CMS measurement is o, = 84 +30 (stat.+syst.)
£3 (lumi.) pb. Searches of the Wt channel have been performed by CMS [23] and AT-
LAS [24] with 2.1 fb~tand 0.7 fb~! of data respectively. This mode has escaped so far
direct observation. ATLAS rejects the background-only hypothesis at the 1.2 o level and

AATLAS: 0,7 = 142 + 21 (stat.) t%g (syst.) £ 5 (lumi.) pb ; CMS results are in Figure 4.
PCMS results are in Figure 4 and ATLAS obtains o,; = 167 4 18 (stat.) & 78 (syst.) & 6 (lumi.) pb.
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a) b) c)

Figure 1: Lowest level diagrams of the
tt production. Gluon scattering processes, a)
and b), are the dominant processes at LHC Figure 2: Diagrams of single-top production
energies, while quark scattering, process c), at the lowest level: a) t-channel, b) Wt as-
is the dominant one at TeVatron energies. sociated production, c¢) s-channel.

a) b) c)

CMS obtains a signal significance of 2.7 . Searches of single-top-quark production in the
s-channel have been performed by ATLAS with [ Ldt = 0.7 fb~* [25]. An upper limit at
95% C.L. on the production cross section of o, < 26.5 pb has been obtained.

3 Top-quark properties

3.1 Top-quark mass

Among the various top-quark properties, ATLAS and CMS measured the top-quark mass
(my ) in several final states.

In the SM the mass of the top-quark is a free parameter that, together with the W mass,
can constrain the mass value of an eventual Higgs boson [26]. Figure 5 summarises the
measurement of m; by ATLAS experiment [27]. A measurement in the single-lepton final
state has been obtained with 0.7 fb~! of data with an uncertainty that is at the level of 1.6%:
my =175.9 £ 0.9 (stat.) &+ 2.7 (syst.) GeV. CMS measured m; with [ Ldt = 36 pb~'in the
single-lepton [28] and di-lepton [29] final states, obtaining m; = 173.1+ 2.1 (stat.) 755 (syst.) GeV
(single-lepton) and m; = 175.5 4= 4.6 (stat.) 4= 4.6 (syst.) GeV (di-lepton). Both experiments
have also measured the top-quark pole mass, Mmypele, from the o4z measurement [30], [31].
This is a complementary measurement of a different observable with respect to the mea-
surement of the top-quark invariant mass from the top-quark decay products. Results are
shown in Figure 6.

3.2 Top-anti-top quark mass difference

The SM assumes that top and anti-top-quarks have the same mass. An eventual CPT
violation can manifest itself as a mass difference between the top and anti-top-quark. CMS
measured the mass difference in the p+jets final state [32]: Am; = -1.2 + 1.2 (stat.) +
0.5 (syst.) GeV. These measurements are threfore consistent with the SM.

3.3 Top-quark charge asymmetry

Recently TeVatron experiments reported forward-backward asymmetry in ¢ events that
is larger then theoretical predictions by about 30 [33,34]. At the Next-to-Leading-Order
(NLO), a small difference of about 1% in the top and anti-top rapidity distribution is ex-
pected at LHC [35]. Results are obtained for CMS [36] and ATLAS [37] in the single-lepton
final state for [ Ldt = 1.1 (0.7) fb~!for CMS (ATLAS) experiment. CMS measured the
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Figure 3:  Summary of the ¢t cross-
section measurements from ATLAS Collab- Figure 4: Summary of the tt cross-section
oration [9]. measurements from CMS Collaboration [10].

asymmetry from the top-anti-top pseudo-rapidity distribution, while ATLAS measured it
from the rapidity distribution. The asymmetry measured is Ac = -1.6 &+ 3.0 ﬂjg% (CMS)
for a theoretical prediction of 1.3% and Ac = -2.4 + 1.6 + 2.3 % (ATLAS) for a theoretical
prediction of 0.6%.

3.4 Other top-quark properties

ATLAS measured the W helicity in ¢t single-lepton and di-lepton decays [38]. No significant
deviations from NNLO QCD predictions were observed. A combination of the measurements
in the single-lepton and di-lepton channels with the right-handed helicity fraction set to zero
leads to: Fy = 0.75 £ 0.08 (stat.+ syst.) and F;, = 0.25 £+ 0.08 (stat. + syst.)¢. ATLAS
also measured the top-quark charge [39] and the ¢ spin correlation in di-lepton decays [40].

4 New physics searches in the top-quark sector

Several New Physics (NP) scenarios can produce deviations from the SM in ¢ and single-
top-quark production. Examples of NP in the top sector are: Flavour Changing Neutral
Current (FCNC) decays of the top-quark to a quark with same charge and different flavour:
t — (Z,7,9) q; heavy neutral particles decaying to ¢, like heavy vector-bosons or Kaluza-
Klein resonances: (Z',gxx) — tt; heavy top-like partners decaying to a top-quark and a

“The W bosons are produced as real particles in top decays and their polarisation can be longitudinal, left-
handed or right-handed. The fractions of events with a particular polarisation, Fy, Ff, and Fr, respectively,
are referred to as helicity fractions
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Figure 5: Summary of the top-quark Figure 6: Summary of the top-quark pole
mass measurements from ATLAS Collabora- mass measurements from CMS, ATLAS and
tion [27]. DO Collaborations [31].

stable or unstable neutral particles: T — t (A%, Z).

4.1 FCNC

Searches of FONC were performed by CMS with 35 pb~! and by ATLAS with 0.7 fb~! and
35 pb~! of data. CMS searched for same-sign tt pairs [41], that can be induced by t-channel
exchange of a massive neutral vector boson (Z'). CMS placed a 95% confidence level limit
on the four-fermions contact interaction term for a Z’ mass of 2 TeV: % <2.7TeV—2d, AT-
LAS placed 95% confidence level limits on BR(t — ¢Z) < 1.1% [42] and 04— x BR(t — Wb)
< 17.3 pb [43].

4.2 Heavy reasonances

Searches for heavy neutral particles decaying to ¢ have been performed by ATLAS in
the single-lepton final state with 0.2 fb~! of data [44] and in the di-lepton final state with
1.0 b1 of data [45]. 95% confidence level limits on g ¢ mass have been placed at 0.65 TeV
and 0.84 TeV respectively. CMS searched for heavy neutral particles decaying to £ in the
p+jets and full hadronic final state with 1.1 fb~!and 0.9 fb~! of data respectively [46,47].
1 pb limits on the cross-section were put with 95% confidence level for mz < 1.3 TeV in
the p+jets channel and for myz < 1.1 TeV in the full hadronic channel.

dPRE < defines the coupling strength of the four-fermions contact interaction as a function of the NP
energy scale (A).
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Figure 7: Limits on the cross-section produc- Figure 8: Limits on the cross-section produc-
tion rates of T' — tZ in events with three tion rates of T — tA? in events with one
leptons, jets and EsS by the CMS Collabo-  lepton, jets and large EX* by the ATLAS
ration [48]. Collaboration [49].

4.3 Top partners

Searches for top-like partners decaying as T — t Z were performed by CMS in the final
state with 3 leptons [48] with 1.1 fb~! of data. A 95% confidence level limit on the T mass
has been set: mp > 475 GeV, as shown in Figure 7. ATLAS searched for top-like partners
decaying as T — t A in tt+large EXi*events in the single lepton channel with 1.0
fb~! of data [49]. A limit at 95% confidence level for a production rate of 1.1 pb was set for
(mr,ma0) = (420 GeV, 10 GeV) as shown in Figure 8.

5 Conclusions

The top-quark physics program at LHC is extremely vast and complete.

The ;7 has been measured in almost all the final states predicted by SM with an accuracy,
limited by systematics, that is similar to the NNLO theoretical predictions, entering in a
phase of precise measurements just one year after the first top-quark observations at the
LHC. The single-top-quark production mechanism has been clearly established by LHC
experiments in the ¢-channel, while it needs more data to be observed in Wt channel and
s-channel.

A large number of the top-quark properties has been measured by the ATLAS and CMS
experiments. The top mass, top-anti-top mass difference, W helicity, t¢ charge asymmetry,
top charge and #f spin correlation have been successfully measured.

The unprecedented energy in the centre of mass of the LHC and its rapidly increasing
luminosity is delivering new stringent limits in the search for new physics related to the
top-quark sector. These searches will benefit from higher collected statistics.
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The production of WHW ~bb from eTe™ collisions at energies close to the ¢t threshold is dominated by
the resonant process with a nearly on-shell ¢t intermediate state. The Wb pairs in the final state can
also be reached through the decay of off-shell tops or through background processes containing no or
only single top quarks. This non-resonant production starts to contribute at NLO to the W W ~bb total
cross section in the non-relativistic power-counting v ~ a5 ~ \/m . The NLO non-resonant corrections
presented in this talk represent the non-trivial NLO electroweak corrections to the ete™ — WTW ~bb
cross section in the top anti-top resonance region. In contrast to the QCD corrections which have been
calculated (almost) up to NNNLO, the parametrically larger NLO electroweak contributions have not
been completely known so far, but are mandatory for the required accuracy at a future linear collider.
We consider the total cross section of the eTe™ — W W ~bb process and additionally implement cuts
on the invariant masses of the Wb and W ~b pairs.

1 Introduction

The top-quark mass is currently known from direct production at the Fermilab Tevatron (and soon at the
Large Hadron Collider) with a precision > 1 GeV. From a threshold scan of the eTe™ — £ cross section
at the planned International Linear Collider (ILC), however, an order of magnitude improvement in the
precision can be achieved experimentally [2]. Aside from determining a fundamental parameter of the
Standard Model, accurate top-mass measurements constrain the quantum fluctuations from non-standard
interactions in electroweak precision measurements. Other characteristics of the top quark such as its
width and Yukawa coupling provide information about its coupling to other particles and the mechanism
of electroweak symmetry breaking. For these reasons top-quark pair production near threshold in eTe™
annihilation has been thoroughly investigated following the non-relativistic QCD (NRQCD) approach, which
treats the leading colour-Coulomb force exactly to all orders in perturbation theory. In this framework, where
the strong coupling ay is of the same order as v, the small relative velocity of the top and anti-top, most
QCD corrections to the total cross section have been calculated up to NNNLO (see the summary [3]), and
next-to-next-to-leading logarithms of v have been partially summed [4].

Here we focus on the subleading electroweak corrections, which have received much less attention. The
top quark is unstable with a significant width I'; of about 1.5 GeV due to the electroweak interaction. The
width is essential in threshold production, since it prevents the top and anti-top from forming a bound state
and causes a broad resonance structure in the energy dependence of the cross section on top of the increase
due to the opening-up of the two-particle phase space. Once the top width is included, due to top decay,
the physical final state is W+ W ~bb — at least if we neglect the decay of top into strange and down quarks,
as justified by Vi, ~ 1, and consider W bosons as stable. The W+ W ~bb final state can also be produced
non-resonantly, i.e. through processes which do not involve a nearly on-shell ¢ pair. The latter effects are

*Speaker.
fThis contribution to the st Linear Collider Forum Meeting 2010 is also part of the ICHEP2010 proceedings [1].

46



not included in the standard non-relativistic treatment. Adopting a counting scheme where agw ~ a2, we
find that the leading non-resonant and off-shell effects are NLO for the total cross section, since there is
an additional power of agw but no phase-space suppression, hence the relative correction is agw /v ~ as.
Purely resonant electroweak effects, on the other hand, yield NNLO corrections [5].

In this talk we present the calculation of the non-resonant NLO electroweak contributions to the ete™ —
WHW~bb process in the tf resonance region, for the total cross section as well as including invariant-mass
cuts on the Wb pairs. The calculation is performed with unstable-particle effective field theory [6], which
provides the framework for consistently including resonant and non-resonant effects while maintaining an
expansion in the small parameters of the problem.

2 Unstable-particle effective theory for pair production near
threshold

The cross section for the ete™ — WTIW=bb process is obtained from the W*bW b cuts of the ete”
forward-scattering amplitude. In the energy region /s & 2m; the amplitude is dominated by the production
of resonant top quarks with small virtuality. This allows us to integrate out hard modes (~ m;) and represent
the forward-scattering amplitude as the sum of two terms [6],

iA = Y cPob / d'z (e~ e |THOMT(0) IO (2))|le™et) + Y O (e e [i0l) (0)emet) . (1)
Kl k

The matrix elements in (1) are evaluated in the “low-energy” effective theory, which includes elements
of soft-collinear and non-relativistic effective theory. The first term on the right-hand side of (1) describes

the production of a resonant ¢¢ pair in terms of production (decay) operators (’),()l)(x) ((’),(,k)T(m)) with short-
distance coefficients C’,()k‘l). The second term accounts for the remaining non-resonant contributions, which
in the effective theory are described by four-electron production-decay operators (’)Z(L]Z). The calculation

of the short-distance coefficients Cilz) is performed in standard fixed-order perturbation theory in the full
electroweak theory. In particular, the top propagator is the free one not including the top width, which
ensures that the amplitude depends only on the short-distance scales. The leading imaginary parts of Ci]z)
arise from the cut two-loop diagrams of order afy shown in Fig. 1. The corresponding contribution to the
cross section is

1
Ononres = = > Im | C4] (e~ 0L (0) ™). 2)
k

Technically, this simply amounts to the calculation of the spin-averaged tree-level processes ete™ — tW b
and ete™ — tWTb with no width supplied to the intermediate top-quark propagators. Instead, the diver-
gence from the top-quark propagators going on-shell is regularized dimensionally. Details on the computation
and integral representations of the result for (2) can be found in [7].

Through the computation of the four-electron matching coefficients loose cuts (~ m;) on the bW and
bW~ invariant masses can be incorporated easily, as it has been discussed in the context of W-pair production
near threshold [8]. The result obtained in [7] covers the case of symmetric cuts on the invariant mass of the
bW subsystems (pfw) of the form m; — AM; < \/pﬁw < my + AM;, for AM; > I'y, up to the total cross
section (AM; max = my — Myw). An alternative approach has been developed in parallel [9, 10] that includes
the effects of invariant-mass cuts on the Wb pairs entirely through calculations in NRQCD. This works if
the invariant-mass cuts around m; are neither very loose nor very tight, and provided that the non-resonant
background processes are small (which at NLO was checked [10] by computing the full ete™ — W+W ~bb
cross section at tree-level with MadGraph). Under these assumptions, part of the as-corrections to the
non-resonant contributions has already been analyzed in [10], which in our approach correspond to NNLO
contributions.
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Figure 1: Two-loop forward-scattering amplitude diagrams with bW cuts. tbW ™ cuts and symmetric
diagrams are not shown. The contribution to the W+W ~bb cross section from diagrams h;—hio can be
interpreted as the bI¥ ~ pair originating from a nearly on-shell anti-top decay, while the bW pair is produced
non-resonantly, either from a highly virtual top (diagrams hi1—hy), or without an intermediate top (hs—h1o).
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Figure 2: Left: Relative sizes of the QED, o, and non-resonant, ol corrections with respect to
g » OQED

non—res’

the LO cross section, ot(g), in percent, for AM; max (solid) and AM; = 15 GeV (dashed). Right: Total cross
section with LO QCD effects (dashed) and including NLO electroweak corrections (solid) at energies close

to threshold. Input parameters: m; = 172 GeV, I';y = 1.47 GeV and (30 GeV) = 0.142.
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3 Results

The left plot in Fig. 2 displays the relative sizes of the NLO electroweak corrections with respect to the
LO result for the ete™ — WHW bb cross section, which includes the summation of Coulomb corrections.
The QED contribution represents a correction of about 2% above threshold and rises to a maximum of
7% just below the peak, while the non-resonant contributions give a constant negative shift of about 3%
above threshold. Below threshold the relative size of the non-resonant corrections is very large, since the LO
result rapidly vanishes, reaching up to 19%. Hence below threshold they represent the leading electroweak
correction to the total tt cross section. We observe a partial cancellation of the QED and non-resonant
corrections in the peak region and at energies above. A sensitivity to the invariant-mass cut AM; in the
bW+ and bW~ subsystem enters first at NLO through the non-resonant contributions. Restricting the
available phase-space for the final-state particles by tightening the invariant-mass cuts AM; makes the non-
resonant contributions even more important. This is shown by the dashed lines in Fig. 2, corresponding to
AMt =15 GeV.

Aside from the pure QCD corrections, the NLO prediction for the eTe™ — WHW ~bb total cross section
is displayed by the solid line in the right plot of Fig. 2. The absolute size of the non-resonant correction is
given by the difference between the dashed line, which only includes the QED NLO correction, and the solid
one. This negative shift amounts to 27-35 fb for /s in the interval (338, 350) GeV.
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Abstract

We present a study of the capability of CLIC to measure the top quark mass and the
strong coupling constant in a scan of the top threshold. The analysis is based on full
detector simulations of the CLIC_ILD detector concept using Geant4, including re-
alistic beam-induced background contributions from two photon processes. Event
reconstruction is performed using a particle flow algorithm with stringent cuts to
control the influence of background. With these simulations the signal and back-
ground selection efficiencies are determined. Signal event yields as a function of
energy are obtained using these efficiencies together with NNLO top pair cross-
sections corrected for ISR and the CLIC beam energy spectrum. For comparison,
the analysis is also performed with the ILC beam energy spectrum. In addition to
the statistical errors for m, and ¢, systematic uncertainties from theory and from the
precision of the strong coupling constants as well as the influence of the precision
of the background description and of the understanding of the luminosity spectrum
have been studied.
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1 Introduction

As the heaviest Standard Model particle, the top quark is of particular interest since it most
strongly couples to the Higgs field and may provide sensitivity to Beyond the Standard Model
physics. Experiments at e e~ colliders offer the possibility for a wide variety of studies involv-
ing top quarks, ranging from the precise measurement of top quark properties to the investiga-
tion of asymmetries providing large sensitivity to various New Physics models. Among those
is the precise determination of the top quark mass, which is possible with two different tech-
niques: through the direct reconstruction of top quarks from their decay products at energies
above the production threshold, and through a scan of the top-pair production threshold. The
latter technique has the advantage of providing the mass measurement in a theoretically well-
defined scheme, while the former measurement can be performed essentially at arbitrary ener-
gies above threshold, however with potentially significant uncertainties due to non-perturbative
contributions when transferring the measured invariant mass to a theoretically meaningful value.
Progress has been made recently in establishing connections between the top mass parameters
used in theory and the experimentally observable invariant mass of the decay products [1, 2], but
theoretical uncertainties remain substantial.

In this note, we investigate the potential for the determination of the top quark mass from a
measurement of the top-pair production cross-section at several energies around the threshold
near 350 GeV at the Compact Linear Collider CLIC, with a total integrated luminosity of up to
100 fb~!. This study complements a previous CLIC study of top mass measurements at 500 GeV
by means of a direct reconstruction of the invariant mass of the decay products. This study has
shown that the invariant mass of the top quark can be determined with a precision of better than
100 MeV with 100 fb~! in fully hadronic and semi-leptonic decays of the top pairs [3].

2 Experimental Conditions at CLIC at the Top Threshold

CLIC is a collider concept based on normal conducting accelerating cavities and two-beam
acceleration, which is designed to provide up to 3 TeV collision energy. In a staged approach,
a shorter, lower energy version would be operated initially, while construction is under way for
the full energy phase.

In the present note, we study the case of a 500 GeV CLIC machine operated at energies
close to the top pair production threshold by a reduction of the acceleration gradient through
reduced drive-beam currents. At 350 GeV, the rate of Yy — hadrons events [4] is relatively small,
with only 0.05 events per bunch crossing, down by almost an order of magnitude compared to
500 GeV collisions. The effect from pile-up of this background, in particular after the application
of the particle flow object selection cuts [5, 3], is thus very minor. The impact of backgrounds is
further marginalized by the fact that the measurement at the top threshold is a measurement of
the cross section. It requires the separation of signal and background events, but not the precise
reconstruction of the invariant mass which might be affected by the presence of background.

The detector model used in the present study is a variant of CLIC_ILD [6], a detector concept
based on Particle Flow event reconstruction. It consists of a low-mass, high-precision vertex
detector and an inner silicon tracker, surrounded by a large-volume time projection chamber,
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followed by highly granular electromagnetic and hadronic calorimeters contained inside a 4 T
solenoidal magnet with instrumented flux return for muon identification. The detector design
is based on the ILD detector concept for the ILC, adapted to account for the higher energy
(3 TeV) and more severe background conditions at CLIC. This leads to an increased radius of
the innermost layer of the vertex detector, which sits at 31 mm compared to 16 mm in ILD at the
ILC. Here, the case of a 500 GeV CLIC machine operated at 350 GeV is studied. The detector
model is thus one optimized for 500 GeV with slight modifications with respect to the 3 TeV
design. While the large systems of the detector such as the calorimeters and the main tracker are
expected to stay unchanged for different energy stages, the interaction region and the innermost
vertex detector are adapted to the significantly reduced background levels at 500 GeV compared
to 3 TeV. In particular the innermost vertex detector layer for CLIC_ILD can move in by 6 mm
to a radius of 25 mm, improving flavor tagging at low momentum. To distinguish the modified
detector design from the 3 TeV design, the detector model is referred to as CLIC_ILD_CDRS500.

3 Simulation Strategy

For the correct description of the cross-section near threshold, the inclusion of high-order QCD
contributions is necessary. Since no appropriate event generator is publicly available at present,
the study follows the strategy of earlier studies performed for the TESLA collider [7] by fac-
torising the simulation study into the determination of event selection efficiency and background
contamination and the calculation of the top-pair production threshold. In this approach, the sig-
nal selection and background rejection is determined using fully simulated top-pair signal events
as well as relevant background channels at a nominal center of mass energy of 352 GeV, slightly
above the production threshold for the selected top mass of 174 GeV. This energy is chosen to be
able to generate the events with PYTHIA, which requires a center-of-mass energy in excess of
twice the generator top mass. Data points along the threshold curve are then generated by taking
the signal cross section determined using NNLO calculations combined with the selection effi-
ciency, adding background events assuming a constant level over the considered energy range of
10 GeV as determined from the full simulations. In the following, more details are given on the
individual steps.

In the present analysis, we assume a threshold scan with 10 data points with an integrated
luminosity of 10 fb~! each. The measurement points are spaced by 1 GeV, spanning the thresh-
old region. In some of the analyses below, only the first six out of these ten point are used to
illustrate the sensitivity of different regions of the threshold to systematic effects.

3.1 Top Pair Production Cross Section

The top-pair signal cross-section is determined using full NNLO calculations provided by the
code ToPPIK [8, 9]. The top mass input is set to 174 GeV in the 1S mass scheme [8]. The
strong coupling constant @ is taken to be 0.118. Since TOPPIK provides the cross section in
units of R, the ratio of 6(eTe™ — X) to 6(eTe™ — u™u™), the appropriate conversion factor of
the energy-dependent cross section ee™ — u* ™ is applied in addition.

Since this cross section is calculated for the energy at the e e~ vertex, additional corrections
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for initial state radiation (ISR) and for the beam energy spectrum of the accelerator have to be
applied, as discussed in the following.

3.1.1 Initial State Radiation

ISR reduces the available collision energy E’ due to the radiation of photons off the incoming
electron and positron prior to the collision. This effect in general lowers the signal cross-section,
since events are shifted to lower energies with typically a lower top-pair cross-section. The elec-
tron and positron “structure functions” are taken from the approximate YFS (Yennie-Frautschi-
Suura) solution as given in [10], which provides the normalized probability density for a given
fraction of the lepton momentum x (ranging from O to 1) in the final collision.

The folding of the ISR distribution with the theoretically calculated cross section is performed
numerically. For this, a histogram of the structure function with 0.175 MeV wide bins is built,
with the value in each bin taken by evaluating the approximate YFS solution at the bin center.
The highest-energy bin is topped off to ensure correct normalization, accounting for the extreme
increase in the structure function near 1. The folding is performed by evaluating 100 000 ran-
domly generated energy points with the individual beam energies distributed according to this
histogram. The mean value of the cross-section of these 100000 trials is taken as the ISR-
corrected cross section at a given center-of-mass energy.

3.1.2 Luminosity Spectrum

The centre-of-mass energy distribution also influences the cross section as a function of nominal
collider energy. The luminosity spectrum is roughly characterized by the width of the main peak
and by a longer tail to lower energies from beamstrahlung. To be able to compare the impact of
the different luminosity spectra of CLIC and ILC, spectra from both colliders, operated at 350
GeV, are used to calculate the final signal cross-section.

*1600

1400 —CLIC 350 GeV

1200 —ILC 350 GeV

1000
800
600
400
200

i el L L L L | h n n | n n n n
20 345 350 355 360
E' [GeV]

Figure 1: Luminosity spectrum for CLIC and ILC at 350 GeV.
Figure 1 shows the high-energy part of the luminosity spectrum of CLIC and ILC operated

at 350 GeV. As for the case of ISR, the folding of the signal cross-section with the luminosity
spectrum is performed numerically using 100 000 beam events at each energy point.
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3.1.3 Combined Cross-Section

The final signal cross-section is obtained by combining the effects of ISR and of the luminosity
spectrum. Here, 100000 trials per energy point are performed, where the collision energy is
determined from the luminosity spectrum with a subsequent addition of ISR. Based on this
sample of collision energies, the top pair cross section at both CLIC and ILC is determined
using the TOPPIK calculations.

5

# 10°F L L s E 1+ S B R B 3
E  Collision energy (E’) 3 E  collision energy (E") 3
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Figure 2: E’ distribution taking ISR and the luminosity spectrum (CLIC (left) and ILC (right))
into account. The lower row of figures shows a blow-up of the peak region of the
distributions.

Figure 2 shows the distribution of the real collision energy E’ for CLIC and ILC for beam
energy spectrum and ISR separately as well as the resulting combined spectrum. The effect on
the top pair production cross-section is shown in Figure 3. The cross-section with all effects
included is used to determine the signal yield as a function of nominal collision energy in the
subsequent analysis steps.

3.2 Signal Selection Efficiency and Background Contamination

The event selection efficiency and the background contributions, mainly from di- and tri-boson
production, are determined using events generated with PYTHIA at a collision energy of 352 GeV
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Figure 3: Top pair production cross-section from theory calculations, with the luminosity spec-
trum and ISR as well as for all effects combined for both CLIC (left) and ILC (right).

with a top mass of 174 GeV. These events are fully simulated in GEANT4, including the addition
of pile-up from yy — hadrons background. For signal identification and background rejection
the same technique as for the 500 GeV top mass study [3] is used. The top pair events are identi-
fied in the fully hadronic decay mode 17 — W+bW ~b — gGqgbb and in the semi-leptonic mode
tt — WHbW~b — qgl*v,bb, (1 = e, it). The events are clustered into six or four jets depending
on the number of identified isolated leptons. A kinematic fit with constraints on overall energy,
on the difference of the two top masses and on the mass of the intermediate W bosons is used to
form the top candidates. The fit also provides powerful background rejection, since most back-
ground events fail the kinematic fit. Additional background reduction is obtained with a binned
likelihood using flavor tagging, the reconstructed W masses and the differences of the two re-
constructed top masses without kinematic fit, the number of particles in the event, the sphericity
and jet number information to discriminate signal from background.

In addition to these background rejection steps, no further selection based on the reconstructed
top quark mass is performed, since this does not provide a substantial additional benefit, while
it would add potential systematic uncertainties from the additional cut. Figure 4 shows the re-
constructed invariant mass distribution for top quark candidates after all selections for accepted
signal and background events, as well as the signal significance as a function of a possible invari-
ant mass cut assuming a top pair production cross-section of 450 fb~!, which corresponds to the
cross section reached a few GeV above the production threshold. Overall, a signal selection effi-
ciency of 70.2% is achieved, with an efficiency in excess of 90% for the selected fully-hadronic
and semi-leptonic decay modes. For the major background channels, the cross-section is re-
duced by two to three orders of magnitude. Table 1 summarizes the signal and background
cross-sections before and after selection.

Even though the study is performed using the CLIC_ILD detector model and CLIC back-
ground conditions, the conclusions drawn about the signal selection efficiency and background
contamination also apply to ILC and the ILD detector. In terms of detector model, the most
relevant difference is the radius of the innermost vertex detector layer, which is larger at CLIC
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Figure 4: Reconstructed top quark mass for accepted events. Signal as well as each of the back-
grounds are shown separately (left). Signal significance as a function of the value of
the minimum invariant mass required for the reconstructed top candidates assuming a
top pair production cross-section of 450 fb~! (right).

Table 1: Signal and considered physics background processes, with their cross section calculated
for CLIC at 352 GeV before and after event selection. The combined background cross-
section after selection is 78 fb.

type H ete” — | 0at352GeV | selected o
Signal (myp, =174 GeV) 1t 450 tb 316 fb
Background qq 25.2 pb 28 fb
Background wWw 11.5 pb 28 fb
Background zZzZ 865 fb 19 fb
Background WwZz 10 fb 3tb

due to the higher background level of incoherent ete™ pairs. For the identification of 7 events,
b-tagging is crucial, but not the separation of charm and bottom. Thus, the differences in per-
formance of the two detector models are expected to be negligible for this analysis. The same
also applies for the background rejection. Thus, the selection efficiencies and background levels
determined for CLIC are also used for a study of a threshold scan at ILC.

3.3 Generation of Data Points

Simulated data points are generated by taking the ISR and beam spectrum corrected top pair
cross-section at the desired energy to calculate the nominal number of events expected. The
simulated number of signal events is determined on a random basis following a gaussian distri-

57



bution with the mean set to the nominal number of events and the standard deviation given by
the square root of that number. With the same method, background events are added, using a
constant cross-section of 78 fb as discussed above. It is assumed that the nominal background
contribution is well known both from theory and from measurements below threshold, so the
nominal number of background events is subtracted from the signal, leaving just the statistical
variations on top of the signal data with its own statistical uncertainty.
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Figure 5: Background-subtracted simulated cross-section measurements for 10 fb~! per data
point, together with the cross-section for the generator mass of 174 GeV as well as
for a shift in mass of 200 MeV for both CLIC (left) and ILC (right)).

Figure 5 shows the ten simulated data points for CLIC and for ILC with an integrated Iumi-
nosity of 10 fb~! at each point.

4 Results

Two extractions of the top mass are being considered here:

e A one-dimensional template fit performed by comparing the simulated data with theory

curves calculated in 50 MeV steps in top mass assuming o is known, subsequently la-
belled “1D”

e A two-dimensional template fit in top mass and ¢ for a simultaneous determination of
the top mass and the strong coupling constant, labelled “2D”

The measured top mass, and o in the case of the 2D fit, is given by the minimum of a parabolic
fit to the x? distribution of the different templates. The statistical uncertainty is taken from the
standard deviation of the measured mass in 5000 trials with different simulated data points.

In the 1D fit, two main sources of systematic uncertainties are considered: A theory un-
certainty taken as an overall normalization uncertainty of the calculated cross section, and an
uncertainty from the knowledge of o,. For the theory uncertainty, two levels are considered:
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A normalization uncertainty of 3%, assumed as a reasonably conservative estimate of current
theory uncertainties [11], and an uncertainty of 1% optimistically assumed to be achievable with
additional theoretical work in time for experiments at linear colliders. To determine the sys-
tematic error due to o, the current uncertainty of the world average of 0.0007 is assumed. The
interpretation of the data points above threshold is particularly sensitive to the overall theory
normalization uncertainty and to the strong coupling constant. In the 1D fit, uncertainties can
thus be somewhat reduced by just considering the first six data points from 344 GeV to 349 GeV,
without a reduction of the statistical sensitivity to the top mass. Table 2 summarizes the results.

Table 2: Summary of the results for the 1D top mass determination with a threshold scan at
CLIC. For the systematic uncertainty originating from ¢, the current error on the world
average of 0.0007 is assumed.

1S top mass 1D fit

measurement | stat. error | theory syst. (1%/3%) | «Q; syst.
six point scan | 21 MeV 15MeV /47 MeV | 20 MeV
ten point scan | 21 MeV 18 MeV /56 MeV | 21 MeV
n ] A B | T T ]
S r S 0'122- full contours:
0.120 r 20 i 10 meas. pts.
| 0.120 coy /-
i V; 0.1179] r ;0. 1
0.118}- c a 0.118F e
i 0.116F -
0.116 I ] I open contours: |
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top mass [GeV]

top mass [GeV]

Figure 6: Simultaneous fit of the top mass and the strong coupling constant, showing the corre-
lation of the two variables and the achieved precision (left). Difference in precision of
top mass and ¢ fit using just the first 6 points in the threshold scan or all 10 points

(right).

Figure 6 shows the resulting precision of the top mass and the strong coupling constants

obtained with the 2D fit, demonstrating the clear correlation of the two variables. Since the
high-energy points in the scan provide the highest sensitivity to o, a reduced scan with six points
along the strongly rising region of the cross-section leads to significantly increased uncertainties.
In the case of the 2D fit, only the theory uncertainty is considered as a source for systematic
uncertainties in the fit. The results are summarized in Table 3.
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Table 3: Results summary for the 2D simultaneous top mass and ¢, determination with a thresh-
old scan at CLIC.
1S top mass and ; combined 2D fit

measurement | m; stat. error | m; th. syst. (1%/3%) | o stat. error | o th. syst. (1%/3%)
six point scan 40 MeV 1 MeV /3 MeV 0.0013 0.0007 /0.0020
ten point scan 34 MeV 5MeV /8 MeV 0.0009 0.0008 /0.0022

5 Results for ILC beam conditions

The influence of the beam energy spectrum of the accelerator is studied by repeating the anal-
ysis using the ILC beam energy spectrum, as discussed in Section 3.1.2. The faster rise of the
cross section due to the sharper main luminosity peak is expected to lead to somewhat reduced
statistical uncertainties on the top mass for a given integrated luminosity due to increased differ-
ences between different mass hypotheses in the threshold region. As for the CLIC analysis, an
integrated luminosity of 10 fb~! per point is assumed. The same one- and two-dimensional fits
of m; and m, and o, combined are also performed for data points generated with the ILC beam
spectrum.

Table 4: Summary of results for the 1D top mass fit and the 2D simultaneous top mass and o
determination with a threshold at ILC.
ILC 1D 1S top mass fit
measurement my stat. error | m, th. syst. (1%/3%) | o syst.
six point scan 1D fit 18 MeV 15MeV /47 MeV | 18 MeV
ten point scan 1D fit 18 MeV 13 MeV /39 MeV | 17 MeV

ILC 2D 1S top mass and @, combined fit
measurement | m, stat. error | my th. syst. (1%/3%) | o stat. error | o th. syst. (1%/3%)
six point 2D 31 MeV 2 MeV /1 MeV 0.0011 0.0006 /0.0018
ten point 2D 27 MeV 5 MeV /9 MeV 0.0008 0.0007 / 0.0022

Table 4 summarizes the results of both 1D and 2D fits, while Figure 7 shows the results of the
combined extraction of the top mass and the strong coupling constant, illustrating the statistical
uncertainty and the correlation of the two variables. In comparison to the statistical precision
achieved assuming the CLIC beam energy spectrum, in the ILC case a 15% smaller uncertainty
is observed in the 1D top mass fit, and a 20% smaller uncertainty on the top mass and a 10%
smaller uncertainty on ¢ is obtained in the combined extraction. The CLIC-ILC differences
are negligible compared to the systematic uncertainties originating from theory and from the
precision of the strong coupling constant.
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Figure 7: Simultaneous fit of the top mass and the strong coupling constant for data points simu-
lated with the ILC beam energy spectrum, showing the correlation of the two variables
and the achieved precision.

6 Additional Systematic Studies

In addition to the theory uncertainties and the uncertainty of ¢ in the case of the 1D fit, addi-
tional potential sources for systematic errors were studied.

A potential dependence of the result on the choice of energy values for the scan in relation to
the top mass was excluded by shifting the measurement points to higher energies by 0.5 GeV
without a change in the determined mass and ¢ values.

The precise knowledge of the non-top background after event selection is crucial for the mea-
surement of the signal cross section. The effect of an imperfect non-top physics background
description is studied by subtracting 5% and 10% too little or too much background before the
fit. The 5% variation results in a 18 MeV shift in the top mass and 0.0007 in o, corresponding to
approximately two thirds of the statistical uncertainty on the top mass and close to the statistical
uncertainty on ¢. Subtracting only 90% of the background leads to a shift of twice the size for
both values, but also significantly reduces the stability of the template fit. Subtracting 110% of
the background leads to a 30 MeV shift of the top mass and a shift of 0.0014 in ¢;. This shows
that an understanding of the background contamination at the level of 5% or better is important
to keep systematic effects substantially below the statistical uncertainties.

In addition to these analysis-related uncertainties, also machine-related uncertainties, such
as the knowledge of the center-of-mass energy of the collider and the shape of the luminosity
spectrum are highly relevant for this study. Previous experience at LEP [12] and studies in
the context of the ILC [13] suggests that a precision of 10~* on the center-of-mass energy is
readily achievable given the high available integrated luminosity at each data point, resulting
in systematics below the statistical errors of the top mass. The knowledge of the luminosity
spectrum is very important for the correct description of the signal cross section, and thus also for
the precision of the template fit. A full study has not yet been performed, but a very preliminary
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first study indicates that already a 20% uncertainty of the RMS width of the main luminosity
peak results in top mass uncertainties of approximately 75 MeV, far in excess of the statistical
uncertainties. Further studies to quantify the effects of realistic uncertainties of the beam energy
spectrum are needed.

7 Conclusions

In this study, we have investigated the achievable precision of the top quark mass measurement
with a threshold scan at CLIC. Compared to the direct measurement of the invariant mass of the
top quark decay products the threshold scan has the advantage that the mass is directly deter-
mined in a theoretically well-defined mass definition. The study uses event selection efficiencies
and background contaminations from fully simulated events including the effects of the CLIC
beam spectrum and yy — hadrons backgrounds and top pair signal cross-sections from NNLO
calculations corrected for ISR and the luminosity spectrum. With an integrated luminosity of
100 fb~! divided across ten data points spaced by 1 GeV, a statistical precision of the top quark
mass in the 1S scheme of 33 MeV is obtained in a combined fit together with the strong cou-
pling constant, which is determined with a precision of 0.0009. A one-dimensional fit with
fixed o yields a precision of 21 MeV. Using the ILC luminosity spectrum results in 15% to
20% smaller uncertainties on the mass and in a 10% smaller uncertainty of the strong coupling
constant. Combined systematic uncertainties from theory and background understanding are ex-
pected to be of similar order as the statistical errors. Together with a previous study of top quark
mass measurements from direct reconstruction of the decay products this study demonstrates
that precision top measurements are possible at CLIC both at and above threshold.

References

[1] S. Fleming, A. H. Hoang, S. Mantry, and I. W. Stewart. Jets from massive unstable parti-
cles: Top-mass determination. Phys.Rev., vol. D77 p. 074010, 2008.

[2] S. Fleming, A. H. Hoang, S. Mantry, and I. W. Stewart. Top Jets in the Peak Region:
Factorization Analysis with NLL Resummation. Phys.Rev., vol. D77 p. 114003, 2008.

[3] K. Seidel, S. Poss, and F. Simon. Top quark pair production at a 500 GeV CLIC collider.
LCD-Note-2011-026, 2011.

[4] T. Barklow, D. Dannheim, O. Sahin, and D. Schulte. Simulation of yy — hadrons back-
ground at CLIC. LCD-Note-2011-021, 2011.

[5] J. Marshall, A. Miinnich, and M. A. Thomson. PFA: Particle Flow Performance at CLIC.
LCD-Note-2011-028, 2011.

[6] A.Miinnich and A. Sailer. The CLIC ILD CDR Geometry for the CDR Monte Carlo Mass
Production. LCD-Note-2011-002, 2011.

62



[7]

[8]

[9]

[10]

[11]

[12]

[13]

M. Martinez and R. Miquel. Multiparameter fits to the #7 threshold observables at a future
e e linear collider. Eur. J. Phys., vol. C27 pp. 49-55, 2003. hep-ph/0207315.

A. H. Hoang and T. Teubner. Top quark pair production close to threshold: Top mass,
width and momentum distribution. Phys. Rev., vol. D60 p. 114027, 1999. CERN-TH-99-
59, DESY-99-047, hep-ph/9904468.

A. H. Hoang and T. Teubner. Top quark pair production at threshold: Complete next-
to-next-to-leading order relativistic corrections. Phys. Rev., vol. D58 p. 114023, 1998.
UCSD-PTH-98-01, DESY-98-008, hep-ph/9801397.

M. Skrzypek and S. Jadach. Exact and approximate solutions for the electron nonsinglet
structure function in QED. Z. Phys., vol. C49 pp. 577-584, 1991.

A. Hoang and M. Stahlhofen. NNLL Top-Antitop Production at Threshold. 2011.
arXiv:1111.4486 [hep-ph].

R. Assmann et al. Calibration of centre-of-mass energies at LEP 2 for a precise measure-
ment of the W boson mass. Eur.Phys.J., vol. C39 pp. 253-292, 2005.

A. Hinze and K. Monig. Measuring the beam energy with radiative return events. eConf,
vol. C050318 p. 1109, 2005.

63



LC-REP-2013-007
IFIC/13-06

A precise determination of top quark
electroweak couplings at the ILC
operating at /s = 500 GeV

M.S. Amjad!, M. Boronat?, T. Frisson!, I. Garcia Garcia?,
R. Poschl*!, E. Ros?, F. Richard"?, J. Rouéné' and M. Vos?

1LAL, CNRS/IN2P3, Université Paris Sud, F-91898 Orsay CEDEX, FRANCE
2IFIC, Universitat de Valencia CSIC, ¢/ Catedratico José Beltran, 2 46980 Paterna, SPAIN

Abstract

Top quark production in the process e™e™ — tt at a future linear electron
positron collider with polarised beams is a powerful tool to determine the scale
of new physics. The presented study assumes a centre-of-mass energy of /s =
500 GeV and a luminosity of £ = 500 fb~! equality shared between the incoming
beam polarisations of P,—.+ = £0.8,F0.3. Events are selected in which the
top pair decays semi-leptonically. The study comprises the cross sections, the
forward-backward asymmetry and the slope of the helicity angle asymmetry.
The vector, axial vector and tensorial C' P conserving couplings are separately
determined for the photon and the Z° component. The sensitivity to new
physics would be dramatically improved w.r.t. to what expected from LHC for
electroweak couplings.

1 Introduction

The top quark, or t quark, is by far the heaviest elementary particle of the Stan-
dard Model. Its large mass implies that this is the Standard Model particle that is
most strongly coupled to the mechanism of electroweak symmetry breaking. For this

*Corresponding author: poeschl@lal.in2p3.fr
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and other reasons, the ¢ quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V' and A to the vector
bosons X =, Z°,

Generally speaking, an e*e™ linear collider (LC) can measure ¢ quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process ete” — tt goes directly through the t#Z° and tty
vertices. There is no concurrent QCD production of ¢ quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

Y42, g, 7) = ie {% (ﬁf&(/{?) + yﬁfg(/ﬁ)) v % (ﬁ;w?) + %ﬁ;g(/#)) } .
(1)

with k2 being the four momentum of the exchanged boson and ¢ and g the four vectors
of the ¢ and ¢ quark. Further -, with 4 = 0, ..,3 are the Dirac matrices describing
vector currents and 5 = Ypy1727Y3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

X (02,0,0) = =i { o (FRO) + 6P + 5220+ GE () + 25 ) |
(2)

with 0., = % (Y% — %7Yu)- The couplings or form factors FX and FX appearing in
Egs. 1 and 2 are related via

Fpy =—(F) + Fsy) EY = Fyy, X = —FX FX = —iF55 . (3)

Within the Standard Model the F; have the following values:

2 1 8 1
SM SM Z,.8M Z.8M
Fl’yV :_gaFFA =0, Iy :_430 (1_§3%v)7F1A :—450’ (4)

with s,, and ¢, being the sine and the cosine of the Weinberg angle 6y,. The coupling
F}, is related via F}j, = Q:(g—2)/2 to the anomalous magnetic moment (g —2) with
(); being the electrical charge of the t quark. The coupling F5 4 is related to the dipole
moment d = (e/2mt)F»4(0) that violates the combined Charge and Parity symmetry
CP. Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, TLC [2,3], which can operate at centre-of-mass energies between about
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0.1 TeV to 1 TeV. The ILC provides an ideal environment to measure these couplings.
The tt pairs would be copiously produced, several 100,000 events at /s = 500 GeV
for an integrated luminosity of 500 fb™*. It is possible to almost entirely eliminate the
background from other Standard Model processes. The ILC will allow for polarised
electron and positron beams. With the use of polarised beams, ¢t and ¢ quarks ori-
ented toward different angular regions in the detector are enriched in left-handed or
right-handed ¢ quark helicity [1]. This means that the experiments can independently
access the couplings of left- and right-handed chiral parts of the ¢ quark wavefunction
to the Z° boson and the photon. In principle, the measurement of the cross section
and forward-backward asymmetry A% for two different polarisation settings allows
extracting both, the photon and Z° couplings of the ¢ quark for each helicity state.
This study introduces the angle of the decay lepton in semi-leptonic decays of the tt
in the rest frame of the ¢t quark. This angle will be called the helicity angle. The
slope of the resulting angular distribution is a measure for the fraction of ¢t quarks in
left-handed helicity state, ¢; and right-handed helicity state, tg, in a given sample.
There are therefore six independent observables

e The cross section;
e The forward backward asymmetry A% g;

e The slope of the distribution of the helicity angle;

for two beam polarisations. This allows for a separate extraction of the six C'P
conserving form factors defined for the Z° and the photon: Fiy, Fi4 and Fyy .

This article is organised as follows. After this introduction the experimental en-
vironment and the used data samples will be introduced. After that the selection of
semi-leptonic decays of the tf pair will be presented and the selection efficiencies will
be given. The determination of A% 5 will be followed by the extraction of the slope of
the distribution of the helicity angle.. This leads finally to the independent extraction
of up to six form factors as explained above. This study goes therefore beyond earlier
studies published in [5,0].

2 Observables and Form Factors

According to [7], the cross section for any process in eTe™ collisions in case of
polarised beams can be written as

x| =

[(1=PP)o_ s 401 )+ (P=P)or-—0_4)] (5)

opp =
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In this equation the symbols — and + indicate full polarisation of the incoming
beams with electrons and positrons of left-handed, L, or right-handed, R, helicity,
respectively. The configurations o_ _ and o ; have been neglected due to helicity
conservation at the electron vertex in the high energy limit. The degree of polarisation
of the incoming beams is expressed by P, for electrons, and P’, for positrons.

In case of polarised beams Ref. [8] suggests to express the form factors introduced
in Sec. 1 in terms of the helicity of the incoming electrons,

1
- -y (R ()
K K S Cas s—m2/ Y
2
R Sw S Z
Fij _Fi;+ (swcw)(s—mQZ>Fij ’ (6)

with i = 1,2 and j = V, A and my being the mass of the Z° boson. The cross section
for tt quark production for electron beam polarisation I = L, R reads

o1 = 2ANS |(1+ 0.5y 2)(Fly)? + (4 + 3F Fhy | (7)

where A = % with the running electromagnetic coupling o and N, is the number
of quark colours. Furthermore v and (3 are the Lorentz factor and the velocity,
respectively. The term F/, = F], describes the reduced sensitivity to axial vector
couplings near the ¢ production threshold. The cross sections at the Born level of
the signal process ete™ — tt and the main Standard Model background processes at
a centre-of-mass energy of 500 GeV are summarised in Table 1.

Channel | Gunpor. [fb] | o— 4 [b] [ oy — [fb] [ ADN%
tt 572 1564 724 36.7
L 456 969 854 6.3
D udisc 40 2208 6032 2793 36.7
bb 372 1212 276 62.9
A 11185 25500 19126 14.2
WWw 6603 26000 150 098.8
7070 422 1106 582 31.0
Z29WW 40 151 8.7 89
707070 1.1 3.2 1.22 45

Table 1: Unpolarised cross-sections and cross-sections at the Born level for 100% beam
polarisation for signal and background processes. The last column gives the left right
asymmetry as expected from the Standard Model.
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The forward-backward asymmetry A% 5 can be expressed as

—3F{A(Fly + Fay)
2 [(14 0.5y 2)(Fy)? + (FlW)? + 3F Fiy |

which in the Standard Model takes the values (AL )L = 0.38 and (AL p)r = 0.47.

(A%Bh =

(8)

The fraction of right-handed tops is given by the following expression:

(Fiy)2(1+0.5772) + (FL)? + 2]'—11\/}—1[:4 + 2F5, (3F], + 2F,) — BFlyRe(Fi4)
2[(1+0.5y=2)(Fy)? + (F{4)? + 3F )y, Fay |

The values expected in the Standard Model are (Fg), = 0.25 and (Fg)r = 0.76.
The Eq. 9 contains a C'P violating term proportional to Re(F,). This term will
not be determined in ths present study but can also be precisely estimated using
C'P violating observables, see later in Tab. 5. This implies that C'P conserving form
factors can be fully disentangled without the assumption of C'P conservation.

(Fr)1 =

. (9)

3 Experimental environment and data samples

The International Linear Collider is a proposal for a linear electron-positron ac-
celerator at the TeV scale. For a detailed description of the machine the reader is
referred to [2,3]. For the studies presented in this article it is important to emphasise
that the machine can deliver polarised electron and positron beams. At a centre-of-
mass energy of /s = 500 GeV the envisaged degree of polarisation is 80% in case of
electrons and 30% in case of positrons.

The ILD detector is designed as a detector for Particle Flow. This means that
the jet energy measurement is based on the measurement of individual particles [9].
A detailed description of the current model of the ILD detector can be found else-
where [10]. The z-axis of the right handed co-ordinate system is given by the direction
of the incoming electron beam. Polar angles given in this note are defined with re-
spect to this axis. The most important sub-detectors for this study are described in
the following.

e The vertex detector consists of three double layers of silicon extending be-
tween 16 mm and 60mm in radius and between 62.5mm and 125mm in z
direction. It is designed for an impact parameter resolution of 0,4 = 0,. =

5 10/(psin26) pm.

e The measurement of charged tracks is supported by an inner Silicon Tracker
(SIT) in the central region and by a set of silicon disks in forward direction, i.e.
towards large absolute values of cosf.
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e The ILD detector contains a large Time Projection Chamber (TPC) with an
inner sensitive radius of 395 mm and an outer sensitive radius of 1743 mm. The
half length in 2z is 2250 mm. Recent simulation studies confirm that the mo-
mentum of charged particle tracks can be measured to a precision of 6(1/Pr) ~
2 x 107°GeV ™!, Here Pr denotes the transverse component of the three mo-
mentum P of the particles.

e The electromagnetic calorimeter is a SiW sampling calorimeter. Its longitudinal
depths of 24 X, allows for the complete absorption of photons with energies of
up to b0 GeV as relevant for the studies here. The simulated energy resolution
of the electromagnetic calorimeter is 22 = 15%/+/E [GeV]

e The hadronic calorimeter surrounds the electromagnetic calorimeter and com-
prises 4.5 interaction length A;.

Two proposals exist for the hadronic calorimeter. A semi-digital variant con-
sisting of steel absorbers and gas RPC chambers with a pixel size of 1 x 1 cm? as
active material. The second one features scintillating tiles with size of 3 x 3 cm?
as active material. The latter option is employed in the present work.

3.1 Event generation and technical remarks

The events are generated with version 1.95 of the WHIZARD event generator [11,12]
in the form of six fermion final states of which ¢t events form a subsample.

The generated events are then passed to the PYTHIA simulation program to
generate parton shower and subsequent hadronisation. Events are selected for which
the difference between the invariant masses of the three fermion systems forming a
top from WHIZARD and the input ¢ mass to WHIZARD of 174 GeV is smaller than
5I';. Here Ty is the total decay width of the ¢ quark. By this only about 70% of the
events generated by WHIZARD are recognised as tt events and treated accordingly.
The following analysis is based on the described sub-selection of events.

The study has been carried out on a fully polarised sample. Realistic values of
the beam polarisations at the ILC at /s = 500 GeV are however P, P’ = +0.8, F0.3.
The cross section and therefore its uncertainty scales with the polarisation according
to Eq. 5. The observables A%, and \; vary only very mildly with the beam polarisa-
tion. Again, the reduced cross section leads to a higher statistical error for non-fully
polarised beams. This will be correctly taken into account in the uncertainty of the
results.

Events corresponding to a luminosity of 250 fb~* for each of the polarisation con-
figurations were subject to a full simulation of the ILD detector and subsequent event
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reconstruction using the version ILD_ o1 v05 of the ILC software. In Ref. [13] it was
shown that the background can be nearly eliminated for the semi-leptonic final state
(95% purity). Therefore at this stage none of the listed background processes are
included in the analysis.

4 Event selection

The analysis starts out from the studies presented in detail in [13]. The samples
analysed here contain background generated by beam beam interactions, so-called
~vv background. No cut to remove this background is applied in this analysis. Such
a study is left for future work. The produced t(¢)-quark decays almost exclusively
in to a bW pair. The b quark hadronises giving rise to a jet. The W boson can
decay hadronically into light quarks, which turn into jets, or leptonically into a pair
composed by a charged lepton and a neutrino. The semi-leptonic process is defined
by events in which one W decays hadronically while the other one decays leptonically,
ie.

tt — (W) (W) — (bgq')(blv) (10)

In the Standard Model the fraction of semi-leptonic final states in eTe™ — tt is about
43%. The charged lepton allows for the determination of the ¢ quark charge. The
t quark mass is reconstructed from the hadronically decaying W which is combined
with one of the b-quark jets. In general leptons are identified using typical selection
criteria. The lepton from the W boson decay is either the most energetic particle in
a jet or has a sizeable transverse momentum w.r.t. neighboured jets. More specific
the following criteria are applied

7 = Prjepton/Mjer > 0.25 and 2z = Ejepton/Ejer > 0.6, (11)

where Ejepion 1s the energy and pr jepon the transverse momentum of the lepton within
a jet with energy Ej. and mass Mj.. The decay lepton in case of e and p can be
identified with an efficiency of about 85%, where the selection has a tendency to reject
low momentum leptons. The 7 leptons can decay themselves into e or p, which are
collinear with the produced 7 but have lower momentum than primary decay leptons.
Taking into account the 7 leptons, the efficiency to identify the decay lepton is about
70%.

The identified lepton is removed from the list of reconstructed particles and the
remaining final state is again clustered into four jets. Two of these must be identified
as being produced by the b-quarks of the ¢ quark decay. The b-likeness or b-tag is
determined with the LCFIPlus package, which uses information of the tracking system
as input. Secondary vertices in the event are analysed by means of the jet mass, the
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decay length and the particle multiplicity. The jets with the highest b-tag values are
selected. As shown in Fig. 1 the higher b-tag value is typically 0.92 while the smaller
one is still around 0.65.
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Figure 1: The b-tag values as a function of the polar angle of the jets with the highest b-tag
value (black dots) and of that with the second highest b-tag value (blue dots).

These values are nearly independent of the polar angle of the b quark jet but drop
towards the acceptance limits of the detector. Finally, the two remaining jets are
associated with the decay products of the W boson. The signal is reconstructed by
choosing that combination of b quark jet and W boson that minimises the following
equation:

2 2 2 2
Meand. — M Eoond — Eveam *— 068 cosOyy — 0.23
oo () e (B ) () (U)o
Omy O-Ecand Upz JCOSQbW
In this equation Mmeqnq. and E.q,q. are invariant mass and energy of the ¢ quark candi-
date decaying hadronically, respectively, and m; and Fpeq,, are input ¢ mass and the

beam energy of 250 GeV. Beyond that it introduces the momentum of the b quark
jet in the centre-of-mass frame of the ¢ quark, p; and the angle between the b quark
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and the W boson. The measured values are compared with the expected ones and
the denominator is the width of the measured distributions. Distribution of latter
two observables are shown in Fig. 2. Note, that the figure shows separately good and
badly reconstructed events. This is explained in Sec. 5. Further cuts on jet thrust
T < 0.9 and on the hadronic mass of the final state 180 < myp.g < 420 GeV are
applied. In addition the mass windows for the reconstructed W-boson and t-quark
are chosen to 50 < myy < 250 GeV and 120 < m; < 270 GeV.
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Figure 2: Distributions of the momentum of the b quark jet in the centre-of-mass frame of
the t quark, p; and the cosine of the angle 0y between the b quark and the W boson.

The entire selection retains 53.5% signal events for the configuration P, P’ =
—1,+1 and 56.5% for the configuration P, P’ = +1, —1.

5 Measurement of the forward backward asymmetry

Garcia For the determination of the forward-backward asymmetry A%, the num-
ber of events in the hemispheres of the detector w.r.t. the polar angle 6 of the ¢ quark
is counted, i.e.

N(cos# > 0) — N(cosf < 0)

N(cosf > 0) 4+ N(cosf < 0)

Here, the polar angle of the t quark is calculated from the decay products in the
hadronic decay branch. The direction measurement depends on the correct associa-
tion of the b quarks to the jets of the hadronic b quark decays. The analysis is carried
out separately for a left-handed polarised electron beam and for a right handed po-
larised beam. Therefore, two different situations have to be distinguished, see also
Fig. 3:

A%B - (13)
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e In case of a right-handed electron beam the sample is expected to be enriched
with t-quarks with right-handed helicity [1]. Due to the V' — A structure of
the standard model an energetic W boson is emitted into the flight direction
of the t-quark. The W boson decays into two energetic jets. The b quark from
the decay of the t quark are comparatively soft. Therefore, the direction of
the t quark is essentially reconstructed from the direction of the energetic jets
from the W boson decay. This scenario is thus insensitive towards a wrong
association of the jet from the b quark decay to the jets from the W boson
decay

e In case of a left-handed electron beam the sample is enriched with ¢ quarks
with left-handed helicity. In this case the W boson is emitted opposite to the
flight-direction of the ¢ quark and gains therefore only little kinetic energy. In
fact for a centre-of-mass energy of 500 GeV the W boson is nearly at rest. On
the other hand the b quarks are very energetic and will therefore dominate the
reconstruction of the polar angle of the ¢t quark. In this case a wrong association
of the jets with that from the b quark can flip the reconstructed polar angle by
7 giving rise to migrations in the polar angle distribution of the ¢ quark.

The explanations above apply correspondingly to polarised positron beams and t-
quarks.

blep. bhad. blep. ¢ ¢ L bhad.

q

Figure 3: In case of a tr decay, the jets from the W dominate the reconstruction of the
polar angle of the t quark. In case of a t;, the W is practically at rest and jets from the
b quark dominate the and reconstruction of the polar angle of the t quark.

The described scenarios are encountered as shown in Figure 4. First, the recon-
structed spectrum of polar angles of the ¢ quark in the case of right handed electron
beams is in resonable agreement with the generated one. On the other hand the recon-
struction of cos 6; in case of left-handed ¢ quarks suffers from considerable migrations.
As discussed, the migrations are caused by a wrong association of jets stemming from
b quarks to jets stemming from W decays. This implies that the reconstruction of
observables will get deteriorated. This implication motivates to restrict the determi-
nation of A% in case of P, P’ = —1,+1 to cleanly reconstructed events as already
studied previously in [14,15].

The quality of the reconstructed events is estimated by the following quantity
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Figure 4: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.
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The observables p; and cost have already been introduced in Sec. 4. The defined
x> comprises in addition the Lorentz factor v, = FE;/M, of the final state ¢ quark,
which is shown in Figure 5. The correct association of the of jets from b quarks
to that from W bosons is checked with the MC truth information Events in which
this association went wrong, labelled as bad combination in Figs. 2 and 5, lead to a
distorted distribution in these observables.

For x? < 15 the reconstructed spectrum agrees very well with the generated one.
For this cut on 2, the reconstruction efficiency is 27.6%. The Fig. 6 demonstrates
the improved agreement between the reconstructed and generated direction of the
t quark direction in case P, P’ = —1,4+1. The forward-backward asymmetry A% g
can be derived from these angular distributions. For completeness it has to be noted
that effects of beam related ~vy background on the angular distribution have been
studied. The reconstruction of the angular distribution works better without these
effects. The detailed treatment and quantification of these effects is left for further
studies.

The numerical results are given in Tab. 2 and compared with the generated
value. The statistical error is corrected for the realistic beam polarisations P, P’ =
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Figure 5: Lorentz factor of the top to define the quantity x2, see Eq. 14, for the selection
of well reconstructed events in case of P, P’ = —1,+1 beam polarisation.

+0.8,F0.3. It shows that for the standard luminosity statistical precisions of better
than 2% can be expected. When selecting well reconstructed events the systematic
error due to the ambiguities is expected to be significantly smaller than the statistical

error.
P.P" | (Arp)gen. | Arp (04p5 /AFB)star. [70]
—1,+41| 0.360 |0.359 | 1.7 (for P, P = —0.8,+0.3)
F1,-1| 0433 [0.410 | 1.3 (for P, P’ = +0.8,—0.3)

Table 2: Statistical precisions expected for A, for different beam polarisations.

6 Determination of the slope of the helicity angle distribu-

tion

The helicity approach has been suggested for top studies at Tevatron |

|. In the

rest system of the ¢t quark, the angle of the lepton from the W boson is distributed

like:
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Figure 6: Reconstructed forward backward asymmetry compared with the prediction by the
event generator WHIZARD after the application of a on x? < 15 for the beam polarisations
P, P’ = —1,+1 as explained in the text. Note that no correction is applied for the beam
polarisations P, P’ = +1, -1

1 dr 14+ NcosOpe 1 cos0ye
= = = -+ (2Fp —1)———
T dcosbhe 2 y 2P —1)—;
>\t =1 for tR )\t = —1 for tL (15)

This angular distribution is therefore linear and very contrasted between t; and tg.
In practice there will be a mixture of tg and t; (beware that here L and R mean left
and right handed helicities) and A, will have a value between -1 and 41 depending
on the composition of the ¢t quark sample.

According to [16], the angle 6, is measured in the rest frame of the ¢ quark with
the z-axis defined by the direction of motion of the t quark in the laboratory. As dis-
cussed in [1] this definition of 0 is not unique but some detailed investigations not
reproduced in this note have shown that the choice of [16] seems optimal. The observ-
able cosfy; is computed from the momentum of the ¢t quark decaying semi-leptonically
into a lepton, a b quark and a neutrino. If ISR effects (with the photon lost in the
beam pipe) are neglected, one can simply assume energy momentum conservation.
This, by means of the energy-momentum of the ¢ quark decaying hadronically, al-
lows for deducing the energy-momentum of the ¢ quark decaying semi-leptonically. A
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Lorentz transformation boosts the lepton into the rest system of the ¢ quark. This
should give a very precise knowledge of cosf,.;. To determine the helicity angle only
the angle of the lepton needs to be known. For the leptonic decays of the 7 lepton,
which significantly contribute to this analysis (10-15%), the charged lepton and the
7 lepton are approximately collinear and therefore the method remains valid.

6.1 Analysis of the helicity angle distribution

Based on the selection introduced in Sec. 4 the angular distribution of the decay
lepton in the rest frame of the ¢ quark is shown in Fig. 7 for fully polarised beams.

l——T————=
_e_Le‘,”1
egel
------- Generator - Whizard
—— Reconstructed

0.8

0.6

0.4

0.2 F

-1 -0.5 0 0.5 1
cos(8,,)

Figure 7: Polar angle of the decay lepton in the rest frame of the t quark.

The distribution exhibits a drop in reconstructed events towards cosf,, = —1.
This drop can be explained by the event selection which suppresses leptons with small
energies. Outside this region and in contrast to e.g. the forward-backward asymmetry
the reconstructed angular distribution agrees very well with the generated one. This
means that this observable suffers much less from the migration effect described in
Sec. 5. It is therefore not necessary to tighten the selection in the same way as
for AL 5. The reason for the bigger robustness of the angular distribution can be
explained by kinematics.

As outlined in Sec. 5 the migrations described there are provoked mainly by lon-
gitudinally polarised, soft W bosons from the decay of left handed t quarks. The
W, boson decay proportional to sin?§. Therefore any boost into the rest frame of the
top leads predominantly to leptons with cosf, < 0.
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The parameter \; can be derived from the slope of the helcity angle distribu-
tion that is obtained by a fit to the linear part of the angular distribution in the
range cosfpe = [—0.6,0.9]. The results are summarised in Table 3 for the two initial
beam polarisations P = +1 and P’ = F1, where the statistical error is given for
P,P" = F0.8,+0.3. The results are compared with the values of \; as obtained for
the generated sample. A quarter of shift between the generated and the reconstructed
value is taken into account for the systematic error of the measurement. The result
changes by about 1% when changing the fit range to costye = [(—0.4,0.5),0.9]. The
errors on the slope from the variation of the fit range and that from the difference
between generated and reconstructed slope are added in quadrature.

73, P/ (/\t)gen. ()\t)rec. (5)\t)stat. (5>\t)syst.
for P,P" = F0.8, £0.3

—1,+1| -0.514 | -0.476 0.011 0.011

+1,—11] 0.546 | 0.510 0.016 0.010

Table 3: Results on A; derived from the slope of the helicity angle distribution with errors
for different beam polarisations at the ILC.

7 Discussion of systematic uncertainties

In the previous sections measurements of either cross sections or asymmetries have
been presented. This section makes an attempt to identify and quantify systematic
uncertainties, which may influence the precision measurements.

e Luminosity: The luminosity is a critical parameter for cross section measure-
ments only. The luminosity can be controlled to 0.1% [17].

e Polarisation: The polarisation is a critical parameter for all analyses. It enters
directly the cross section measurements. The studies for the DBD using W
pair production [18] lead to an uncertainty of 0.1% for the polarisation of the
electron beam and to an uncertainty of 0.35% for the polarisation of the positron
beam. This translates into an uncertainty of 0.25% on the cross section for
P, P = —0.8,4+0.3 and 0.18% on the cross section for P, P’ = +0.8, —0.3 The
uncertainty on the polarisation can be neglected with respect to the statistical
uncertainty for AL and A;.

e Migrations: It has been shown in Sec. 5 that migrations have to be taken into
account for the measurement of A% 5, in particular for the polarisations P, P’ =
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—1,+1. These migrations are reduced by stringent requirements on the event
selection using a 2 analysis. This in turn leads to a penalty in the efficiency.
The success of the method depends in addition on a very sharp measurement
of the variables used for the y? analysis. A review of the procedure to handle
the ambiguities will however be made in future studies. In the ideal case the
ambiguities can be eliminated by a proper measurement of the charge of the
b quark from the ¢ decay.

e Other experimental effects: There is a number of other experimental effects
imaginable like acceptance, uncertainties of the b tagging or the influence pas-
sive material. These effects depend on the experimental conditions that will
really be encountered. The LEP experiments quote a systematic uncertainty on

Ry, of 0.2% a value which may serve as a guiding line for values to be expected
at the ILC.

e Theory: The analysis performed here considers only the Born-level ¢ produc-
tion diagrams. The electroweak corrections have been estimated in Ref. [19] and
QCD corrections in [20]. Even if the corrections themselves are sizeable, the
theoretical uncertainty on the total and differential production rate is not ex-
pected to dominate over the experimental uncertainties. A further complication
arises from several other processes that yield the same final state. Single top
production at the LC in association with a W boson and bottom quark (through
WW* production) leads to the same final state as t quark pair production. The
interference between single ¢t and ¢ quark pair production processes is sizeable
and must be taken into account in a realistic experimental strategy. This is left
for a future study.

As a summary it can be concluded that the total systematic uncertainties will not
exceed the statistical uncertainties. This, however, requires an excellent control of a
number of experimental quantities on which the results depend.

8 Interpretation of results

The results on the reconstruction efficiency, A%z and A, presented in the previous
sections are transformed into precisions on the form factors ]5, The results are sum-
marised in Table 4 and Figure 8 and are compared with results of earlier studies for
a linear e*e™ collider as published in the TESLA TDR [0] as well as with precisions
expected for the LHC. For completeness, Tab. 5 compares sensitivites expected at the
LHC with the results from the TESLA TDR [0] for C'P violating form factors not

79



Coupling  SM value LHC [1] ete™ [0] ete”[ILC DBD)|
L£=300f1 £=300fH" £ =500 fb !
PP =-080 P,P =+0.8 F0.3
= 10.043 - 10.002
AFYy, 0.66 20.041 — 20.002
=7 10.240 10.004 +0.003
AFY, 0.23 ~0.620 —0.004 ~0.003
= 10.052 +0.009 +0.005
AFY, -0.59 20.060 20,013 20,005
= +0.038 10.004 +0.003
AFYy, 0.015 20.035 20,004 20,003
=7 10.270 10.004 10.006
AFyy, 0.018 ~0.190 —0.004 —0.006

Table 4: Sensitivities achievable at 68.3% CL for C'P conserving form factors Ff‘(/ 4 and

ﬁz)‘{/ defined in Eq. 1 at the LHC and at linear eTe™ colliders. The assumed luminosity
samples and, for eTe™ colliders, the beam polarisation, are indicated. In the LHC studies
and in earlier studies for a linear e*e™ collider as published in the TESLA TDR [0] study,
only one coupling at a time is allowed to deviate from its Standard Model value. In the
present study, denoted as ILC DBD, the form factors are allowed to vary independently.
The sensitivities are based on statistical errors only.

calculated in the present study. Note, that in the LHC and TESLA studies only one
form factor was varied at a time while here all six form factors are varied simultane-
ously. It is obvious that the measurements at an electron positron collider leads to
a spectacular improvement and thus allow for a profound discussion of effects of new
physics. Two examples are given in the following.

8.1 An example: The Randall-Sundrum scenario

The sensitivity new physics can be parameterised by general dimension six oper-
ators contributing to the tty and t£Z° vertex [21]. However, the potential of the ILC
might be demonstrated more clearly by presenting a concrete example with one par-
ticular model. In the original model of Randall and Sundrum [22] there are additional
massive gauge bosons in an assumed extra dimension. The modelpredicts increased
couplings of the ¢t quark, and perhaps also the b quark, to these Kaluza-Klein parti-
cles. Following the analysis in [23,24,25], one can fix the parameters of the model
so that these enhancements fit the two anomalies observed in the forward-backward
asymmetry for b quarks A%, at LEP1 and for t quarks A%, at the Tevatron. This
gives a viable model of ¢ quark interactions associated with top and Higgs compos-
iteness. Figure 9 shows the expected modifications of the helicity angle distributions
within this scenario for a Kaluza-Klein mass of Mgx = 2TeV. Staying within the
framework of the Randall-Sundrum model, the ILC at /s = 500 GeV can observe
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Figure 8: Comparison of statistical precisions on C'P conserving form factors expected at
the LHC, taken from [1] and at the ILC. The LHC results assume an integrated luminosity
of £ =300 fb~!. The results for ILC assume an integrated luminosity of £ = 500 fb~! at
V8 =500 GeV and a beam polarisation P = 0.8, P’ = F0.3.
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Coupling LHC [1] ete [0]
L£=300fh1 £=300fH"1
P, P = 08,0
= 1 .
AReFZ, 7 0007
AReFZ, T332 *0:008
= 1 .
Am Py, TPl *0:008
= 10.035 10.015
AlmFZ To033 0015

Table 5: Sensitivities achievable at 68.3% CL for the top quark magnetic and electric dipole
form factors F2‘f4 defined in Eq. 1, at the LHC and at for a linear e™e™ collider as published in
the TESLA TDR [6]. The assumed luminosity samples and, for TESLA, beam polarisation,
are indicated. In the LHC study and in the TESLA study only one coupling at a time is
allowed to deviate from its Standard Model value. The sensitivities are based on statistical
errors only

more than three standard deviations on ¢ quark couplings for masses of Kaluza-Klein
particles of up to 50 TeV.

8.2 The anomalous magnetic moment (g — 2);

The determination of }?’;V gives access to anomalous magnetic moment (g — 2);

in a rather simple way. For instance f;v = Qi(g —2):/2. (g — 2); receives Standard
Model contributions from QED, QCD and electroweak interactions [26]. One sees
that this quantity will be measured to about 10% accuracy.

What is known about (g —2); 7 In Ref. [27] it said that the limits on ¢g; come
from the reaction b — sy giving a very crude constraint :

—35<¢g <36 (16)

The expected precision on (g — 2);/2 of 0.1% is proportional to m;/M where M is
the scale of compositeness. It follows hence that with the accuracy expected at the
ILC the compositeness of the ¢ quark can be tested up to about 100 TeV.

9 Summary and outlook

This article presents a comprehensive analysis of t¢ quark production using the
semi-leptonic decay channel. Results are given for a centre-of-mass energy of /s =
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Figure 9: Distributions of the helicity angle cosfye; expected from the Standard Model (thick
lines) and their modifications by the Randall-Sundrum framework (thin lines) described in
the text. The results are shown for beam polarisations of P, P’ = 0.8, F0.3.

500 GeV and an integrated luminosity of £ = 500fb™" shared equally between the
beam polarisations. P = +0.8 and P’ = F0.3.

Semi-leptonic events, including those with 7 leptons in the final state can be
selected with an efficiency of about 55%. The cross section of the semi-leptonic
channel of ¢t quark production can therefore be measured to a statistical precision
of about 0.5%. The second observable is the forward-backward asymmetry A% 5. It
was shown that in particular for predominantly left handed polarisation of the initial
electron beam the V' — A structure leads to migrations, which distort the theoretical
expected A% . These migrations can be remedied by tightening the selection criteria
of the events. Taking into account this correction the forward-backward asymmetry
can be determined to a precision of better than 2% for both beam polarisations.
Finally, the study introduced the slope of the helicity angle distribution, which is a
new observable for ILC studies. This observable measures the fraction of ¢ quarks
of a given helicity in the event sample. This variable is very robust against e.g. the
migration effects and can be measured to a precision of about 4%.

The observables together with the unique feature of the ILC to provide polarised
beams allow for a disentangling of the individual couplings of the ¢t quark to the
ZY boson and the photon. These couplings can be measured with high precision at
the ILC and always more than one order of magnitude better than it will be possible
at the LHC with £ = 300fb™'. This precision would allow for the verification of a
great number of models for physics beyond the Standard Model. Examples for these
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models are extra dimensions and compositeness. The current analysis allows in the
future to define observables to e.g. measure C'P violation or to test other theoretical
models. They constitute therefore a perfect basis for discussions with theoretical
groups.

It has to be noted that the results contain only partially experimental systematical

errors. These will have to be estimated in future studies. From the achieved precision
it is mandatory that systematics are controlled to the 1% level or better in particular
for the measurement of the cross section.
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Forward backward asymmetry in ete™ — tt
at /s = 500 GeV for fully hadronic decays
of the tt pair

M.S. Amjad, T. Frisson, R.P6schl, F. Richard, J Rouéné

Abstract

We determine the statistical precision for the forward back asym-
metry AL.p in ete” — tt for the fully hadronic decay mode tt —
(bqq)(bqq) at \/s = 500GeV. Results are given for the beam polari-
sations P(e™,et) = (=80%,+30%) and P(e”,e") = (+80%, —30%)
for an integrated Iuminosity of 250 fb~' for each polarisation. Only
signal events are used for the analysis, with vy overlay. The expected
precisions are 2.9% in case of P(e™,e") = (—80%, +30%) and 3.2% in
case of P(e™,e™) = (+80%, —30%).

1 Introduction

Top quark physics is one of the most important channels at ILC. The forward
backward asymmetry A% 5 for fully hadronic decays of the top or ¢ quarks
was determined in the Letter of Intent of the ILD concept [!] for the beam po-
larisations P, P’ = —0.8,40.3 of the incoming electron and positron beams,
respectively. The charge was to repeat this analysis for the detector DBD.
Therefore, the analysis presented in this short note follows closely the pro-
cedure described in [2|. It is also a test for the updated software packages
mainly ILCSoft and LCFIPlus.

2 Event selection

The present study assumes a centre-of-mass energy of /s = 500 GeV and a
luminosity of £ = 500fb~! equality shared between the beam polarisations
P, P! = +0.8,F0.3 of the incoming electron and positron beams.

We use the data generated with WHIZARD 1.95. The analysis is carried
out on samples with fully polarised beams and then corrected for the realistic
case of non-full beam polarisation. We select the signal events for analysis,
for which a tt pair is required to be present in the generated event record. For
more details about the input samples, please read the Technical Remarks at
the end of this note. The software version ILCSoft 01-16 is used for event
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reconstruction. The package LCFIP1lus v00-05-02 is used for flavor tagging
and vertex charge reconstruction.

The t quark decays nearly exclusively into a pair of b quarks and W bosons.
The b quarks hadronise into a jet, called b jet hereafter, which contains a
B meson. The six jet final state is reconstructed using the Durham jet finder.
Subsequently the jets are analysed with the LCFIP1lus package, which assigns
a b likeness called b -tag to the jet. The two jets with the highest b-tag values
are considered to be the jets from the b quarks. Events for which one of the
b-tag values is smaller than 0.3 are rejected. The two W bosons are recon-
structed from the remaining four jets. A combination of two jets, which are
closest to the W mass, myy, is defined to be W7 while the remaining two are
combined into Whs.

After having reconstructed the jets from W bosons and b quark jets, the
jets are combined to form ¢ quarks. Out of four possible combinations of
two b jets with these Ws, Top = W, + by, with i,k = (1,2), two tops are
reconstructed with the minimal x?.

2
— 174\ 2 E, — 250\ 2 *_ 69
X2 _ (mt > i ( t > i (pb ) :
Omy OR, Tpr

Py = YPu(1 — Bt - cos(bp))

with

being the momentum of the b quark in the rest frame of the t quark, E; the
energy of the ¢t quark candidate and m; the mass of the ¢t quark.

The defined x? is a quality criterium for the events and only events that
satisfy x? < 20 and x3 < 40 are retained. Finally, events are selected for
which both ¢ quarks and both W bosons are in the range 50 < m; < 200 GeV
and 60 < my < 100 GeV

After having selected the ¢t quarks, the b quark charge @Qp at the vertex
is determined to identify whether it came from a t or ¢ quark. The charge at
the vertex is reconstructed as the sum of the charge of all particles related
to this vertex. For both jets |Qp| < 5 is required, otherwise the event is
rejected.

In order to verify the charge reconstruction it is compared with b quark
and b quark in the Monte Carlo record. Additionally, a cross check is per-
formed using B mesons, which are formed from the b quark. The Fig. 1
shows in its left part the measured jet charges originating from b or b quarks.
The right hand part is the same but now the reference charge is given by
a B meson in the jet. For the majority of the events the charge of the
original particle is reconstructed correctly. The distributions are compatible
with those shown in Ref. [2]. It should at this point be emphasised that the
LCFIP1lus package is so far not optimised for the charge measurement. This
means that further improvement can be expected in the future.
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Figure 1: Left: Reconstructed charge for jets originating from b or b quarks.
Right: The charge of the B meson is taken as a reference for the verification
of the vertex charge measurement.

For the association of the b jets by and by having charge @, and @,
to t or t the event charge C' = Qp, — Qp, is defined. The Fig. 2 shows the
distribution of the event charge. As expected, most of the events have a
non-zero C' value, which in turn implies that we can distinguish between a
t quark and a t quark. The following criteria are applied

— In case C' = 0 an event is discarded;
— If C < 0 the by is assumed to be produced in the decay of a ¢ quark;
— If C > 0 the by is assumed to be produced in the decay of a ¢ quark.

All introduced event selection criteria are summarised in Table 1.

Cut number Type

1 btagl,g > 0.3
X3 < 20 and x3 < 40
50 < my < 200 GeV
60 < my < 100 GeV

Qp<5b
C+#0

O O = | W N

Table 1: Cuts as applied in this analysis in the sequence as they appear in
the text.

The final selection efficiency is about 13% independent for both beam
polarisations. This is about 8% smaller than reported in [2|. The main
reason for this is the relatively hard cut on the W boson mass, see Sec. 4 for
further discussion.
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Figure 2: Event Charge C' = Qp, — Q,, the variable used to identify the
charge of top quark.

3 Determination of the forward backward asymme-
t
try Apg
The forward backward asymmetry is defined as follows

N(O < etop <
N(O < Htop <

) = N(§ < Oip <)
)+N(%<9t0p§7r)

t
AFB_

ISENNTE

The polar angle 6., is defined w.r.t. to the incoming electron beam. The
quantity IV is the number of events in the different detector hemispheres.

For convenience the asymmetry is given for ¢ quarks only and the angle
of t is inverted by 7 to add it to ¢.

cos by = —1 * cos b

The Fig. 3 shows the forward backward asymmetry for the polarisation
P, P’ = —1,+1 after the selection described in the previous section. A clear
asymmetry is visible. The measured charge of the b quark is compared with
the MC truth and remaining events with a wrong charge assignment are
identified. These events are also indicated in Fig. 3.

For about 65% of the ¢ quarks selected according to Sec. 2 the charge
is measured correctly. For the final result events with wrong charge assign-
ment are subtracted from the number of observed events. The resulting
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Figure 3: Left: Asymmetry for P, P’ = —1,+1 after application of cuts in
Tab. 1. The figure shows in addition the generated distribution and the
events for which the b quark charge is incorrectly reconstructed. Right: The
same as left but for P,P' = +1,—1
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Figure 4: Left: Asymmetry for P, P’ = —1,+1 after application of cuts in
Tab. 1 and correction for events in which the b quark charge was incor-
rectly reconstructed. The corrected result is compared with the generated
distribution. Right: The same as left but for P, P’ = +1, -1

asymmetries for both beam polarisations are shown in Fig. 4 and the re-
sults are summarised in Tab. 2. Note, that 1/4 of the difference between
generated and reconstructed A% is taken as the systematic error. The sta-
tistical error is given for the number of events expected for 250fb~! and
P,P'=+40.8,F0.3

P, P/ (A%B)ge'n“ A%‘B (5AFB /AFB)stat. [%] (6AFB/AFB)syst. [%]
—1,+1 0.355 0.344 | 2.9 (corrected to P, P’ = —0.8,+0.3) 0.8
+1,—1 0.438 0.443 | 3.2 (corrected to P, P" = +0.8,—0.3) 0.3

Table 2: Precisions expected for A%, for different beam polarisations.
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4 Discussion of results

The selection efficiency in the present analysis is about 8% smaller than this
was case for the LOI study. The reason is mainly the tighter selection cuts
on the W boson mass. The analysis cuts have been varied within reasonable
limits. The efficiency can be increased to about 20% and better while the
absolute result of A% 5 changes by less than 6%. It might also be required
to define different selection cuts for the two configurations of the beam po-
larisation. Clearly, the definition of an optimal cut scenario is a task for
further studies. A major source of systematic error is that the final correc-
tion for wrongly measured b quark charges is based on Monte Carlo truth
information. This is turn would require a perfect modeling of the final state.
The error of the charge measurement may however be controlled in situ with
semi-leptonic events. More studies on the optimisation of the measurement
b or charge are needed in the future.

5 Summary and outlook

A repetition of the LOI analysis of the asymmetry A% in fully hadronic
decays of the ¢ quark is presented. The asymmetry A%, can be measured
with a precision of about 3%. The obtained result is within statistical lim-
its compatible with what ILD has presented in the LOI. The analysis may
be improved by means of an optimisation of the analysis cuts. The new
LCFIPlus package is not yet optimised for the measurement of the b quark
charge. Yet it gives already results, which are at least similar to those of
the LOI. This promises future improvement of the study. In order to con-
trol systematic effects due to a non-perfect modeling of the final state, the
charge measurement can be studied using semi-leptonic events. In general it
is clearly attractive to investigate how the fully hadronic and semi-leptonic
analysis can be combined in the future. In addition the full SM background
will have to be included. Due to reasons of limited time this was not possible
up to now. In the LOI analysis it was however shown that this is no major
concern.

Technical remarks

The events are generated with version 1.95 of the WHIZARD event generator |3,

| in form of six fermion final states. The generated events are then passed to
the PYTHIA simulation program to generate parton shower and subsequent
hadronisation. For this events are selected for which the difference between
the invariant masses of the three fermion systems forming a ¢ quark from
WHIZARD and the input ¢ quark mass to WHIZARD of 174 GeV is smaller
than 5I°;. Here I'; is the total decay width of the ¢t quark. By this only about
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70% of the events generated by WHIZARD are recognised as tt events and
treated accordingly. The analysis is based on the described sub-selection of
events. In reality only the six fermion final state is available. The relation
between the measurement of the six fermion final state and e.g the couplings
of the t quark to the photon and the Z° boson remains to be established.
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The potential of the ¢t charge asymmetry measurement
at a Linear Collider with /s in the range 500 GeV — 1 TeV
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Precision measurements of electroweak parameters are a sensitive probe for BSM physics. In this lecture
it is shown how to extract experimentally the top forward-backward charge asymmetry at a Linear
Collider with /s in the range 500 GeV — 1 TeV (even without beam polarizations). We show that
ambiguities in the top reconstruction, present at /s = 500 GeV, are removed for /s = 1 TeV and
beyond.

1 The FB charge asymmetry for top quarks

The FB charge asymmetry for top quarks is defined as

Np — Np

Arn) = NN

where Np(Np) are defined as the number of events with forward (backward) outgoing top quark. The
direction of the top is defined relative to the incoming electron direction. Therefore, if 6 is the angle between
the incoming electron and the outgoing top, Np is the number of events with cosf > 0 and Np the number
of events with cos@ < 0. The same holds for the incoming positron and the outgoing antitop.

The FB charge asymmetry has been extensively studied at LEP (y/s = M) for all fermions except
top, that could not be procuced since the center-of-mass energy of LEP is below top production threshold.
Table 1 shows the FB asymetries measured by LEP experiments [1]. One can notice some tension between
the SM value and the measurement for b-quarks. The measurement of the left-right symmetry by SLD |]
offers a complementary constraint on the Z/v*qq vertex. These two sets of measurements provide the most
precise measurements of the Weinberg angle, that differ at the 3 o level.

Table 1: FB asymmetries measured by LEP experiments at /s = M.

Aprp measured deviation
value (in sigmas)
e | 0.0145(25) —0.7
p | 0.0169(13) +0.6
T | 0.0188(17) +1.6
s | 0.0976(114) —14
c 0.0707(35) +0.8
b 0.0992(16) —-2.3

The FB asymmetry can be shown to be sensitive for example to warped Extra Dimension models [3] and
in general to a large variety of BSM models.
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A top charge asymmetry can also be defined for hadron colliders [4]. Evidence for a deviation from the
value predicted by the Standard Model is claimed by the CDF collaboration for events with large invariant
mass (my > 450 GeV [5]). The DO collaboration finds no statistically significant enhancements of App,
neither for high m,; nor for top quark pairs with a large rapidity difference.

A top charge asymmetry can be also defined at the LHC, where gluon-gluon collisions form the main
source of top production. In this case one defines the asymmetry as

N, - N

A =+ =
© Ny +N_

where N4 (N_) is the number of events with |y:| — |yz| > 0(< 0), where y; and yz are the rapidity of the top
quark and anti-top quark, respectively. This quantity should vanish in the SM, except for % level higher
order corrections in QCD. The first analyses of the CMS and ATLAS experiments have not observed any
anomaly in this quantity:

A, = —0.013 % 0.02819:026 [CMS, 1.09 fb~" [7]]

A, = —0.02440.016 + 0.023 [ATLAS, 0.7 b= [8]]

The analysis of this asymmetry, together with other observables like the total cross-section and the invariant
mass spectrum, can be used to constrain a large variety of BSM models.

Concerning App(t) for a Linear Collider, it can be used as a benchnark for the sensitivity to detect a
seuential Z’ well beyond the /s of the collider. This resonance will interfere with the v/Z to produce a
deviation in App(t). If we assume a precision for this asymmetry of 1.5%, the sensitivity at /s = 500 GeV
is up to a mass of 3 TeV. For a Collider with /s = 1 TeV, the sensitivity goes beyond 5 TeV. In certain
warped ED models [9], the sensitivity is considerably enhanced for top quarks. Technically, App(t) is more
easy to measure at /s = 500 GeV due to an increased cross-section (0.6 pb, compared to 0.2 pb at 1 TeV),
resulting in a statistical error of AApp = 0.4% (compared to 0.7% at 1 TeV), if we assume a total integrated
luminosity of 1 ab~! and event acceptance od 12% for semileptonic top decays. In practice the situation is
more complicated due to problems in the top reconstruction at the low energy (see next section) and to an
increased sensitivity of the asymmetry to the top mass uncertainty resulting in AApp = 0.4% at /s = 500
GeV, to be compared to AArp = 0.1% at 1 TeV. In both cases we assume a precision of 1.6 GeV for the
top mass.

We note here that the use of polarized electron and/or positron beams allows for a more precise deter-
mination of the top quark couplings than that possible with Aprp. This study will be extended to include a
study of the left-right asymmetry, but in this note these results are not yet included.

2 Top quark reconstruction

The top quark decays to a W boson and a bottom quark with a branching fraction close to 100 %. Depending
on whether the W bosons decays to a charged lepton and a neutrino or to quark anti-quark, the final state
formed in tf pair production is categorized as:

e fully hadronic: both W-bosons decay to quark anti-quark, resulting in a final state with at least six
jets and no isolated leptons

e one lepton + jets (or semi-leptonic): one W boson decays to a charged lepton and a neutrino, yielding
a distinctive signature of an isolated lepton and missing (transverse) energy and at least four jets

e di-lepton: both W-bosons decay to a charged lepton and a neutrino, leading to a final state with two
isolated leptons, missing energy with contributions from two neutrinos and two b-jets

In many analyses (at hadron colliders) final states with 7-leptons form a separate category to deal with the
difficulties inherent in the isolation of hadronic 7-lepton decays and the ambiguities due to the additional
neutrinos in leptonic 7-lepton decays.
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Reconstruction algorithms have been developed for these different final states. In final states with at
most one leptonically decaying W-boson the measurement of the missing energy can be used to reconstruct
the neutrino momentum. In hadron colliders, the missing transverse energy is identified with the neutrino
pr, while the longitudinal component of the neutrino momentum is inferred (with a two-fold ambiguity)
from the measured lepton momentum and the WW-mass constraint. Jets are assigned to top quark candidates
using a combination of b-tagging information and mass constraints. The ambiguities that inevitably arise
in this procedure are studies in detail in the next section.

In the years leading up to the start-up of the LHC many authors have pointed to the experimental
challenge posed by the reconstruction of highly boosted top quarks [10, 11]. Since then, new techniques
have been developed that are geared particularly towards the highly collimated topologies that form in the
N-body decay of highly boosted objects [12, 13]. The LHC experiments have evaluated the potential of these
methods in detailed MC simulations [14] and have tested some of the crucial assumptions in analyses of the
first LHC data [15, 16, 17]. We expect that these techniques will reach maturity to provide a new window
on BSM physics at the LHC and future high-energy ete™ colliders.

3 Results for a future linear collider

In the following we present a study of top reconstruction using the PYTHIA generator, including ISR, and
a fast simulation of the detector response, for both center-of-mass energies of 500 GeV and 1 TeV. Our
500 GeV simulation study gives an overall result compatible to another result presented in this workshop,
using this time a full simulation based on the ILD detector [18]. We claim therefore that the reconstruction
problems that we observe at the low energy (500 GeV) are intrinsic of the event configuration and cannot
be removed by an improved detector resolution.

Semi-leptonic quark decays are selected by demanding a highly energetic electron (E; > 20 GeV,
|cos ;] <0.996), missing energy (pmiss > 20 GeV) and at least 4 jets in the event. Note that the miss-
ing energy is obtained from the momentum imbalance in the 3 directions z, y, z, ignoring therefore ISR, that
for ¢t is very small, since radiative return to the Z° is forbidden. It is possible in this way to obtain the full
momentum imbalance (i.e. the neutrino energy) and not just its transverse component as for hadron collid-
ers. The next step in the selection is the reconstruction of the W from the leptonically decaying top-quark.
This is achieved by demanding

| Miny (I — miss) — Mw| < 25(35) GeV

for 500 GeV and 1 TeV, respectively, My = 80.4 GeV being the W mass. The leptonic top reconstruction
is achieved by demanding
|Mino(W — j) — M| < 35(60) GeV

for 500 GeV and 1 TeV, respectively, My = 175 GeV being the top mass, and j a jet with £; > 20 GeV and
[cosf;| < 0.996. The jet j producing the best fit is selected as the "b-jet’ from the top semi-leptonic decay.
No b-tagging requirement is imposed besides this fitting condition. The final requirement is that the total
beam energy can be reconstructed from the energy of the various particles produced in the decay of the top
quark, i.e.

|Ew + E; — Epeam| < 75(200) GeV

for 500 GeV and 1 TeV, respectively, Epeqarm being the beam energy of 250 (500) GeV.

Only the leptonic side of the reconstructed top is used in the analysis. The charge of the lepton can be
related to the charge of the top (I* for top, [~ for antitop) and allows therefore the reconstruction of the
scattering angle 6 between the incoming e~ and the outgoing top (or between e~ and the antitop). This
scattering angle (that provides the App asymmetry) is displayed in Fig. la and Fig. 1b, for 500 GeV and 1
TeV, respectively.

We can see that at /s = 500 GeV a very large migration in the reconstructed cosf distribution, leading
to a reduced asymmetry of 0.22, to be compared to the partonic value of 0.40. Similar problems in mapping
the reconstructed top quark direction back onto the true direction are reported by the LHC collaborations.

Repeating our study for the LHC environment, we find our response matrices are in qualitative agreement
with those found by ATLAS in Reference [8].
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Figure 1: cosf distribution for top quark scattering at center-of-mass energies of (a) 500 GeV and (b) 1 TeV.
The reconstructed distribution using a fast detector simulation is compared to the distribution obtained at
the partonic level. The 2D response matrices are shown in (c) for 500 GeV and (d) for 1 TeV.

This migration effect has almost vanished at 1 TeV, where the reconstructed and partonic asymmetries are
0.52 and 0.56, respectively. In the following, we discuss the origin of this migration effect. This origin is the
impossibility to select the correct b-quark from the leptonic top decay for any detector with finite resolution,
as illustrated in Fig. 2a. This figure shows at parton level, and for the 500 GeV case, the reconstructed
top mass using the correct b-quark and also the wrong combination. Fig. 2b shows the same result after
including detector simulation. This figure shows a very large overlap between both distributions, implying
a very large probability for confusing the correct and the wrong b-quarks. This probability is in fact of the
order of 40%. When the wrong b-quark is selected, the direction of the reconstructed top is erratic, leading
to the migration effect discussed before.
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Figure 2: Reconstructed top (a,b) at parton level and (c,d) after detector simulation. In both cases the
comination using the correct b-quark (red) and wrong combinatuons (black) are presented. The center-of-
mass energy is 500 GeV. The same quantities, (¢) and (d), are also displayed at 1 TeV.

The power of the top quark mass constraint to resolve the ambiguities increase slightly at 1 TeV, as seen
in Fig. 2c and Fig. 2d. A drastic improvement is achieved using the boost of the top quarks (at 500 GeV
they are nearly at rest). As a result the lepton and the correct b-quark are close together, as illustrated
by Fig. 3 that shows the quantity cos(f, — 6;) at 500 GeV (a) and 1 TeV (b). A simple cut of the type
cos(0p — 0;) > 0 is sufficient to select the correct b-quark and therefore remove the migration effect discussed
before. An improved detector resolution may have some impact in the migration effect observed at 500 GeV,
as discussed in [18], where the full capabilities of the ILD detector are used. It is noted however that the
migration effect is still present with this improved resolution, and is even present at the parton level.
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Figure 3: |cos(0, — 6;) at 500 GeV (a) and 1 TeV (b).

4 Summary and conclusions

1) A measurement of the FB top asymmetry at ILC-1000 (or CLIC-3 TeV) is complementary in several ways
to a measurement at CLIC-500, since statistical and systematic errors differ substantially, but add finally to
a total value with similar uncertainty.

2) The relatively modest boost at 1 TeV is sufficient to circumvent the potentially large systematic due to
ambiguities in the assignement of b-jets to top-quarks candidates.

3) These conclusions will be reinforced by repeating the analysis with full simulation and extending the
number od observables to quantities like, for example, LR asymmetries.
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Abstract

We evaluate the potential of the International Large Detector (ILD) to measure the top Yukawa coupling of a
125 GeV Higgs boson at the International Linear Collider (ILC) operating at 1/s=1 TeV. The hadronic and semileptonic
decay modes of the process, e e~ — ttH, are considered with the Higgs boson decaying via the dominant bb channel.
Two methods are used to perform the analysis, a cut based approach and a multivariate approach using the TMVA
package. When combining the hadronic and semileptonic decay modes a statistical uncertainty on the top Yukawa
coupling of 4.3% can be achieved using the multivariate approach.

1 Introduction

The International Linear Collider (ILC) is a proposed e*e™ linear collider which will operate at centre-of-mass energies
up to 1 TeV. Due to the nature of e*e™ colliders the state of the initial interaction can be controlled and calculated with a
high degree of certainty and thus high precision measurements can be achieved. This will allow a rich physics program
to be completed including accurate measurements of the couplings of the Higgs boson to matter. According to the
Standard Model (SM) of particle physics, the strength of the Yukawa coupling of the Higgs boson to matter fermions

scales with the mass of these particles by
M

f
. 1
8ffH =" e

where My is the mass of fermion and v = 246 GeV is the vacuum expectation value.
Figure 1 demonstrates the expected experimental precision of the Yukawa couplings of the Higgs boson after
running several years at each center-of-mass energies at 250 GeV, 500 GeV, and 1 TeV. As the top quark is the heaviest

é 1= t
T Full ILC Program
2  250fb™ @ 250GeV
S | 500fb™ @ 500GeV
©10”= 1000fb™ @ 1000GeV
107 T
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10°
F M
:H‘ \\\HH‘ \\\HH‘ \\\HH‘
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Figure 1: Expected experimental precision of the Yukawa couplings of the Higgs boson following a full ILC program
running at 250 GeV, 500 GeV, and 1 TeV [1].

known particle in the SM, its Yukawa coupling is expected to be the largest. Any deviations away from the SM in the
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couplings would be an indication of new physics. It is thus essential to evaluate the capability of the ILC to measure
the top Yukawa coupling. It is also worthwhile to note that the measurement of the top quark polarization combined
with the beam polarization information offers the possibility of determining structure of the ttH coupling, although this
is beyond the scope of this analysis.

In principle, the top Yukawa coupling could be measured indirectly. This could be achieved either through top
pair production near threshold provided that the theoretical uncertainties are reduced to O(1)% level, or via the H—gg
decay channel where the top quark contribution dominates in the loop. However, whilst the top quark, due to it having
the largest mass, is favoured in the loop there are other interfering processes which are reliant on Higgs couplings
which lead to increased theoretical uncertainties. Direct measurements of the top Yukawa coupling is thus desired.

At the ILC, the direct measurement of the top Yukawa coupling becomes possible starting at around /s = 500 GeV
via the ete™ — ttH reaction. The optimal centre-of-mass energies to measure the top Yukawa coupling are /s = 700—
800 GeV, around which the ete™ — ttH production cross section attains its maximum. However, one must also keep in
mind the concurrency of various measurements at the ILC. By far the most demanding in terms of integrated luminosity
is the Higgs self-coupling measurement. At around +/s = 500 GeV the e*e~ — ZHH reaction reaches its maximum
cross section, making 500 GeV the first important energy for this measurement. The e*e~ — VVHH reaction via WW
fusion rises at higher energies, which demands a centre-of-mass energy as high as possible. At the ILC, /s = 1 TeV is
the highest centre-of-mass energy that is considered to be technologically feasible. It also remains to show that the ILC
detectors are capable of performing physics measurements at /s = 1 TeV. Several reactions were chosen as detector
benchmarks including the top Yukawa coupling measurement.

The final state consists of eight fermions with at least four jets, potential leptons, and missing energy and this study
will also demonstrate the ability of the ILD detector to reconstruct complicated topologies.

In this note, the precision of the top Yukawa coupling is estimated using the International Large Detector (ILD)
concept.

2 Signal and Backgrounds

Figure 2 summarizes the cross sections for signal and typical background processes as a function of the center-of-mass
energy. Figure 3 illustrates the lowest order Feynman diagrams for the process ete™ — ttH. The diagram e*e™ —ZH
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Figure 2: Summary of cross sections for signal and background processes for unpolarized initial beams [2].

(Higgs-strahlung) with Z— tt which does not contain the top Yukawa coupling has small yet non-negligible contribution
to the total cross section. The size of this effect is studied by looking at how the e"e™ — ttH cross section varies when
modifying the top Yukawa coupling from the SM value using the cross section calculation of the event generator. The
result is shown in Fig. 4 for eZeng initial state (left) and ey e; initial state (right). It is found that a quadratic curve
models the behavior of the cross section dependence on the top Yukawa coupling quite well. The slope do/dy; is
extracted at the SM value of the top Yukawa coupling to compute the factor needed to convert the precision in the cross

101



(ol

W +

Figure 3: The lowest order Feynman diagrams for the process e e~ — ttH. In (a) and (b) the Higgs boson is radiated

from a top quark and (c) is the background Higgs-strahlung process where the Higgs boson is radiated from the Z
boson.
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section into the precision of the top Yukawa coupling, using the following equation:

Ay, [ oy Ac
LAY (N /i A —. ()
i o /dyi] ) y—ysm) ©

The pre-factor in the r.h.s. is exactly equal to 1/2 if there is no contribution of the Higgs-strahlung diagram. In actuality,

find that (%)
e IS \ o /av] Y=y (SM)

cross section. This factor will be used in the final extraction of the top Yukawa coupling precision.

For this study the semileptonic and hadronic decays of the tt system were studied with the Higgs decaying via the
dominant decay mode into a bb pair. For the fully hadronic decay channel this leads to a signal of 8 jets, 4 of which
should be tagged as b-jets. In the semileptonic mode the final signal in the detector consists of 6 jets, 4 of which should
be tagged as b-jets, an isolated lepton, and missing energy and momentum from a neutrino. These two competing
modes act not only as a signal process but also as a background to each other.

Irreducible backgrounds to these processes arise from the 8 fermion final states of ttZ where the Z decays into a bb
pair and ttbb where the tt system radiates a hard gluon which forms a bb pair. A large background contribution arises
from tt due to the huge relative cross section compared to the signal. There is also a contribution from the other decay
modes of the ttH system such as the Higgs not decaying to a bb pair and the fully leptonic decays of the top quarks.

The signal is selected using the variables described in Section 6 via the methods described in Sections 7 and 8.

= (.52. which indicates that the Higgs-strahlung contribution is about 4% of the total

3 Sample Generation

The samples for this study were generated using two event generators, WHIZARD v1.95 [3], and PHYSSIM [4]. The
tt samples were generated using WHIZARD whereas the ttH, ttbb, and ttZ samples used PHYSSIM due to its improved
phase space integration time for the eight fermion final states compared to WHIZARD. We include as background all
six fermion final states generated with WHIZARD which are compatible with the final states of the tt process; these
processes will be called “tt” processes despite their containing contributions which are non-resonant in tt.

The detector simulations were conducted using the Mokka/GEANT4 software with the ildconfig-v01-14-01-p00
configuration and the ILD_o1_vS5 detector geometry model. The “o1” model indicates the choice of silicon-tungsten
electromagnetic calorimeter with 5x5 mm? cell sizes, and scintillator-steel hadronic calorimeter with 3x3 cm?. The
simulation detector model is validated by software experts for correctness of the material and geometry, such as gaps
and/or overlaps. The yy — hadrons pile-up backgrounds are overlayed at the level of simulated hits, with an average of
4.1 interactions per bunch crossing. The reconstruction used software packages consistent with the versions in iLCSoft
v01-16 [5, 6] (ildconfig-v01-16-p03) including; MarlinTrk, a new Kalman-filter based track finder; PandoraPFA [7]
particle flow algorithm, and LCFIPlus [8] for jet clustering and flavour tagging. The analysis was carried out using
the Data Summary Tables (DSTs) which were centrally produced at DESY [9] and reweighted to give an integrated
luminosity of 1000 fb! split equally between two polarisation states, (€', e ™) = (£0.2, F0.8).

4 Event Reconstruction

The final state of the ttH decays contain eight fermions, eight jets for the hadronic and 6 jets, a lepton and a neutrino in
the case of the semileptonic mode. This leads to a large number of possible combinations to reconstruct the final state
of two W bosons, two top quarks and a Higgs boson. The optimal combination of jets was found by minimising

M, —M)* (M, —M,)> (Ms=—My)®
x2:( n S l) +( %) > t) +( bb ; H) (3)
O-tl sz GH

where the top quarks are formed by combining a b-jet with a W boson, and the Higgs boson from the remaining two
b-jets. The W bosons are formed using the four least b-like jets in the hadronic mode, and the two least b-like jets form
one W in the semileptonic mode with the other formed from the isolated lepton and neutrino. The resolutions o; are
taken to be all roughly equal and are found to be insensitive to small variation for the final mass resolutions.

The neutrino was reconstructed assuming that all of the missing momenta is attributed to a neutrino with zero mass.
Figure 5 shows that this assumption is valid for events with small amounts of ISR but as the amount of ISR increases
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Figure 5: The neutrino reconstruction for varying amounts of ISR and its effect on the energy reconstruction (top left),
Px (top right), p, (bottom left), and p, (bottom right).

the neutrino reconstruction suffers. This is primarily observed in the z-direction as the ISR photons have small p, but
large p.

The effect of the neutrino reconstruction can be seen in Figure 6 where the leptonic W and top reconstruction has
a much broader width than the equivalent hadronic particles. However, this behaviour is expected and as the masses
peak in the correct places with the correct shapes this is not an issue. It can also be seen that the reconstructed Higgs
mass peaks at 125 GeV as expected and the total mass of the final system has a maximum at the expected 470 GeV.
These properties demonstrate that the semileptonic decay mode can be reconstructed well.

As with the semileptonic case, the hadronic events can be successfully reconstructed as demonstrated by Figure 7.
The expected behaviour is observed for the W boson, top quarks, Higgs boson, and total masses. The W boson and top
quark histograms have twice the statistics of the Higgs boson due to there being two of these particles in each event.

5 yy —hadrons Overlay Removal

In addition to the underlying event, there is an extra component to the event from unrelated ¥y —hadrons “pile-up”
events. On average there are 4.1 pile-up events per bunch-crossing leading to an additional 50 GeV in the reconstructed
event. Figure 9 demonstrates that without the removal of the pile-up the reconstructed energy in the event is overes-
timated. This is due to the Durham algorithm forcing all of the particles in an event into the jets. In order to use the
Durham algorithm implemented within LCFIPlus these pile-up events must be removed.

The particles in the pile-up events are generally low pr and happen at angles close to the beam axis as shown in
Figure 8. As the pile-up events are, in general, separate from the underlying event they were removed using the kt
algorithm with optimised values of R. The optimal values of R was found to be 1.2. The isolated leptons were removed
first followed by the yy —hadrons removal to ensure that none were discarded with the pile-up events.
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Figure 6: Reconstructed masses for the semileptonic decay mode for the leptonic W boson (top left), leptonic top quark
(top right), hadronic W boson (middle left), hadronic top quark (middle right), Higgs boson mass (bottom left), and the
total mass of the system (bottom right).
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106



Total Visible Energy in the event

[ — Durham (no bg}

100 1 — Durham (bg)

60 | -

40 3

20 3

i A
400 1000 1200 1400

E s [GeV]

Figure 9: The total visible energy for events with and without yy —hadrons clustered using the Durham algorithm, and
the kt algorithm for the semileptonic mode.

6 Selection Variables

The signal is selected and the background reduced using a series of selection variables. These include the number of
isolated leptons in the event, the total visible energy and number of Particle Flow Objects (PFOs) in the final state,
the thrust of the event and jet clustering variables from the Durham algorithm (y;;), the number of jets tagged as good
b-jets in LCFIPlus, the consistency of the final reconstructed masses with the expected values, and the helicity of the
bb pair associated with the Higgs boson. Figures 11-15 illustrate the normalised distributions for the cuts used for the
semileptonic and hadronic modes and the ttZ, ttbb, ttH —other, and the tt backgrounds.

6.1 Lepton Isolation

To ensure that the samples used for the semileptonic and hadronic modes were completely independent the samples
were first split using the number of isolated leptons found utilising the LAL Lepton Finder isolation method as pre-
sented here [10]. The PFOs in the events were forced into 8 jets and the isolation of constituent particles within these
jets checked using

E
=57 @
Jet
where Ej., and E ., are the energies of the lepton and the jet within which the lepton resides, and
pPr
xXr = —— (%)
M Jet

where pr is the transverse momentum of the lepton and Mj,; is the mass of the jet. The values of z and pr were
optimised to yield the best performance at values of xr >0.25, and z>0.6 as shown in Figure 10. Table 1 shows
the efficiency of this method for locating isolated leptons, coupled with the purity of the selection and the source of
the isolated leptons. An efficiency of 82% (89%) and purity of 95% (97%) for electrons (muons) from W decays is
observed.

. Composition
Lepton Efficiency W—e, u | W—17—e,u | Othere, u | Fakee, u
Electrons 84.0% 94.2% 2.9% 1.6% 2.3%
Muons 90.5% 96.3% 2.4% 1.2% 0.7%

Table 1: The performance of the isolated lepton finder including the efficiency of selecting a genuine lepton from a W
decay, and the composition of the selected samples including fake leptons.
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Figure 10: A scatter plot showing the variables used in the lepton isolation for leptons originating from a W boson
(red) and all other leptons (blue).

6.2 Total Visible Energy

Events were selected within a window of the total visible energy, E'¢/, in an event in order to remove events with a

large number of particles removed alongside the yy —hadrons due to very forward jets, events with a large amount of
ISR, and events which contained multiple neutrinos in the final state.

6.3 Number of Particle Flow Objects

Events with a small number of PFOs were rejected to further protect against backgrounds with multiple neutrinos
especially those containing two leptons, two neutrinos, and just four jets. This is of particular relevance for the tt
background which contains two lepton processes with high cross sections in the final state.

6.4 Thrust

The thrust of an event is given by

A B
T = max M (6)

¥ |pil
where p; is the momentum of the jet. The thrust of an event with two back to back jets is one whereas for an event
where the jets are spherically symmetric in the detector is 0.5. As the tt system is effectively a two fermion system the

thrust of the event is larger than the ttH, ttZ, and ttbb.

6.5 Jet Clustering

The signal and backgrounds were clustered using the Durham algorithm into 6 and 8 jet final states. The distance
parameter between n and (n+1) jets in the final state is given by

min(Eiz,Ejz»)(l —cos ;)
v Ey

N

where i=n and j=(n+1) jets, and cos 6;; is the angle between the jets. If the event is forced into more jets than necessary,
Y;; becomes small. As the values of i and j are signal dependent the two signals used different values of Y;;. For the
semileptonic decay mode the values of Y45 and Ys¢ were interesting to study the change between 6 and 7 jets, and the
hadronic mode used Y7 and Y7g.
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Figure 11: Normalised histograms of the number of identified isolated leptons (top left), total visible energy (top
right), number of PandoraPFOs (middle left), thrust (middle right), and the jet parameters (bottom right and bottom
left) within the events for the semileptonic (red) and hadronic (blue) modes alongside the backgrounds.
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6.6 Flavour Tags

Both the semileptonic and the hadronic signals have four b-jets in the final state, two from the top decays and two from
the Higgs decay. The tt background will only contain two b-jets from the top decays as will ~80 % of ttZ. The flavour
tagging is thus a very good discriminant between the signal and backgrounds. The b-tag values from LCFIPlus were
ordered from largest to smallest and cuts were made on the third and fourth values to remove the events containing just
two b-jets.
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Figure 12: Normalised histograms for the response of the b-tagging from LCFIPlus for the highest ranked jet in an event
(top left), second highest (top right), third highest (bottom left), and fourth highest (bottom right) for the semileptonic
(red) and hadronic (blue) signal modes and all backgrounds.

Figure 12 shows the differences in the expected profiles of the third and fourth largest b-tags. For the background,
there are small peaks at higher values of the b-tag due to the small contributions from genuine backgrounds with four
b-jets, but the shape, especially tt, is dominated by the peak at 0.1.

6.7 Event Reconstruction and Masses

After finding the optimal combination of jets from Equation 3 and reconstructing the event, cuts were made on the
resulting masses of the top quarks, Higgs boson and total masses to ensure that the final event is consistent with ttH.

Figure 13 demonstrates the final masses for all events which have exactly one isolated lepton. This requirement was
essential for the reconstruction of the leptonically decaying top quark in the semileptonic mode. The statistics in the
hadronic plots of Figure 13 are poor due to the excellent rejection of events which do not contain any isolated leptons.
This is also reflected by the lack of a peak in the reconstructed mass of the leptonic W for the hadronic sample as there
are no genuine isolated leptons for the reconstruction. A peak is observed in all of the backgrounds due to the finite
fraction of expected leptonic top decays in the samples. There is a large fraction of events within the tt background
which do not reconstruct a good W boson and in turn a good hadronic top due to the low multiplicity in the events
containing multiple neutrinos.

Figure 14 shows the equivalent plots when there are no identified isolated leptons. In general, the reconstruction of
the events for the hadronic mode is improved across all of the signal and background channels. This is a consequence of
the events which have been selected by the isolation criteria. The events which pass this cut have hadronically decaying
W bosons leading to higher particle multiplicities which removes the reconstruction issues of the semileptonic samples.
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Figure 13: The reconstructed masses of the leptonic W boson (top left), leptonic top quark (top right), hadronic W
boson (middle left), hadronic top quark (middle right), Higgs boson (bottom left) and total mass (bottom right) when

there is exactly one identified isolated lepton in the event.
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Figure 14: The reconstructed masses of the W boson (top left), top quark (top right), Higgs boson (bottom left) and
total mass (bottom right) when there are no identified isolated leptons.

6.8 Helicity of Higgs Decay

The nature of the Higgs boson, especially its spin, is expected to be well-established by the time this analysis will
commence. We make use of the fact that in the SM the Higgs boson is a scalar particle, whose decay products are
distributed isotropically (and back-to-back) in the rest frame of the Higgs boson. We calculate the helicity angle of the
Higgs decay as defined by the angle of the two b jets, in the rest frame of the Higgs boson, with respect to the direction
of the Higgs momentum. This can be used to discriminate the ttZ process in which the Z boson is vector particle and
results in non-uniform helicity angle distribution. From Figure 15 it is also found that this variable is also useful in
discriminating ttbb and tt backgrounds.
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Figure 15: The helicity of the decay products associated with the Higgs boson for the semileptonic (red) and hadronic
(blue) decay modes relative to the Higgs direction.
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Cut leptonic | semileptonic | hadronic | ttH —other ttZ ttbb tt ﬁ

Total Events 151.4 628.7 652.7 1046.1 5332.4 | 1434.5 | 308800.9 1.11
Nigotep=1 74.6 363.5 5.0 371.8 1581.5 439.9 101295.2 1.13
610< E,;s <1000 49.6 338.5 4.7 312.7 1228.9 373.8 75507.1 1.21
nPFOs>154 15.0 235.0 4.1 195.0 589.0 194.5 12605.9 2.00
Thrust<0.88 12.5 205.6 3.7 168.9 492.6 140.0 6092.3 244
logio(Yss) >-2.25 7.7 151.3 32 108.5 295.2 91.0 2067.2 2.90
logio(Yse) >-3.35 6.9 145.1 32 106.2 277.6 86.0 1836.1 2.92
b-tag; >0.96 6.7 135.1 2.8 79.8 216.9 78.3 1367.8 3.11
b-tag, >0.91 6.1 118.2 2.3 41.2 135.1 66.9 715.2 3.59
b-tagz >0.67 5.5 102.1 1.6 5.7 59.4 56.0 137.2 5.33
b-tags >0.04 5.5 100.5 1.5 5.4 58.3 54.8 128.7 5.34
2% <450 5.3 100.0 1.4 52 56.8 53.7 126.0 5.36
364< Mryq <808 52 99.7 1.4 52 56.5 53.5 124.7 5.36
98< My <234 4.6 95.1 1.2 4.7 46.1 48.6 109.9 5.40

Table 2: The number of events passed each cut when the cut values are optimised to select the semileptonic signal with
maximum significance. The ttH —other is the background where the Higgs boson does not decay to a bb pair.

7 Cut Based Analysis

The variables described in Section 6 were applied to the data sets to select the signal and reject the background events.
The variables were optimised to maximise the significance . = §/+/S+ B, of selecting the signal where S and B are
the number of signal and background events passed the cut. Each cut was applied and optimised to the subset of events
which passed all of the previous cuts.

Table 2 shows the optimised cut values for the semileptonic analysis and the number of events expected passed each
cut for 1000 fb~! split between the two polarisation states. The ttH events where the Higgs does not decay to a bb are
incorporated into the tth—other events. Whilst the cuts before the b-tags demonstrate excellent background reduction,
the main discriminant in this analysis is the b-tagsz cut as this yields the largest increases in the signal significance of the
sample. The small increases observed when applying the mass cuts is a result of the excellent background suppression
from the previous cuts leading to only events which are consistent with ttH.

The expected number of events for the hadronic selection are shown in Table 3. As observed in the semileptonic
channel the main discriminant is the b-tagging. The final hadronic sample has a much larger significance than the
semileptonic channel due to the cut on the number of isolated leptons removing less than one percent of the events
compared with 42% for the semileptonic study. The large number of semileptonic events in the final hadronic sample
is believed to be a result of the lepton isolation criteria which rejects the events which contain taus.

Cut leptonic | semileptonic | hadronic | tth—other tZ ttbb tt \/5‘3_73
Total Events 151.4 628.7 652.7 1046.1 5332.4 | 1434.5 | 308800.9 1.11
Nisorep=0 20.9 261.2 647.9 556.7 3226.1 932.5 188911.4 1.47
E,is> 650 9.8 221.0 636.2 497.5 2743.5 849.3 157389.6 1.58
Thrust<0.87 8.1 187.8 577.6 440.1 2219.7 540.9 46916.1 2.56
logyo(Y78) >-4 3.7 143.6 549.5 4155 1926.6 | 4746 | 27472.1 3.12
b-tags >0.38 1.9 81.0 275.0 17.6 230.0 209.6 680.6 7.11
cos(6per) <0.9 1.6 73.8 263.7 16.5 215.9 189.2 584.9 7.19
M; >120 1.5 68.9 255.4 15.6 207.8 178.5 530.93 7.20

Table 3: The number of events passed each cut when the cut values are optimised to select the hadronic signal with
maximum significance. The ttH —other is the background where the Higgs boson does not decay to a bb pair.

Figure 16 demonstrates the power of the background suppression. Before any cuts have been applied the recon-
structed Higgs mass peak in the signal is completely swamped by background events. Following the cuts the number
of signal and background events remaining are comparable with each other and the Higgs mass peak is clearly visibly
above the signal.

After the cuts have been applied the efficiency of signal selection, &g, is 39.1% (15.1%) with a selected sample
purity, p;:llnp]e, of 20.3% (30.6%) for the hadronic (semileptonic) mode. This yields a signal significance of 7.20 (5.40)
and a statistical uncertainty of 7.2% (9.6%) on the value of gzy. The uncertainty is reduced in the hadronic channel
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Figure 16: The reconstructed Higgs boson mass for the optimal combination of jets in the semileptonic decay mode
for all events (left) and only the events which pass all of the cuts (right).

due to a higher relative cross section as the tau decays are rejected from the semileptonic channel. As the samples
were split by the number of isolated leptons and minimal amounts of the signals remain as backgrounds in the final
selections the final numbers can be combined to yield an overall significance of 9.01 and statistical uncertainty of 5.8%
on the value of ggy.

8 TMYVA Analysis

A multivariate analysis using the TMVA toolkit [11] was implemented using boosted decision trees (BDT) to improve
the signal and background separation. It was found that BDT with gradient boosting (BDTG) offers superior perfor-
mance over BDT with adaptive boosting. The variables used as an input to the analysis are the same as those defined
in Section 6 after the lepton isolation leading to input variables of the; visible energy; number of PandoraPFOs; thrust;
jet clustering parameters; b-tags for the four highest jets; total mass of the final system; masses of the W bosons, top
quarks, and Higgs boson, and the helicity of the decay products of the Higgs.
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Figure 17: The response of the multivariate analysis for the semileptonic (left) and hadronic (right) decay modes.

Figure 17 shows the cut efficiencies, purities, and significance for the BDTG output value for both modes. The
optimal cut values of -0.5334 (0.1325) yield a maximal significance of 9.59 (7.59) leading to a statistical uncertainty
on ggy of 5.4% (6.9%) for the hadronic (semileptonic) modes. The performance for each mode is significantly im-
proved with the use of a TMVA over the cut based method. As with the cut based method the performance in the
hadronic channel is observed to be better than the semileptonic channel as expected. When the results are combined an
uncertainty on gy of 4.3% is obsevered. The efficiencies and purities of the final results are summarized in Tabs. 4-6.
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Figure 18: Reconstructed masses for the Higgs boson candidate after applying a cut on the multivariate classifier for
the semileptonic (left) and hadronic (right) decay modes.

Cut leptonic | semileptonic | hadronic | tth—other ttZ ttbb tt ﬁ
Total Events 151.4 628.7 652.7 1046.1 5332.4 | 1434.5 | 308800.9 1.11
BDTGgemi) > 0.1325 18.7 208.0 2.1 10.1 126.1 1254 261.2 7.59

Table 4: The number of events passed each cut in the TM VA analysis for the semileptonic channel.

Cut leptonic | semileptonic | hadronic | tth—other ttZ ttbb tt \/ﬁ
Total Events 151.4 628.7 652.7 1046.1 5332.4 | 1434.5 | 308800.9 1.11
BDTGy,q > —0.5334 0.3 65.5 365.6 25.0 260.5 222.6 513.6 9.59

Table 5: The number of events passed each cut in the TM VA analysis for the hadronic channel.

Efficiency | Purity | Significance
Semileptonic (Cut) 15.1% 30.6% 5.40
Hadronic (Cut) 39.1% 20.3% 7.20
Semileptonic (TMVA) 33.3% 28.0% 7.59
Hadronic (TMVA) 56.0% 25.2% 9.59

Table 6: Summary of efficiencies, purities, and significances.
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9 Consideration of systematic uncertainties

Given that the final sample used in the extraction of the top Yukawa coupling contains signal and background events
in comparable proportion, it is expected that the estimation of the background will be a dominant source of systematic
uncertainties. The total cross section is expected to be calculable from theory to very good precision for ttZ and tt
processes. The ttbb cross section may present an issue; in principle the measurement of the gluon splitting rate at
relevant energies will provide a handle to estimate its size. The most crucial aspect is expected to be the estimation of
the efficiencies. For this, one needs to know how well the event selection variables are modeled. Here we illustrate
how one might arrive at control samples for different background sources in order to control the efficiency of each
background component.

It is foreseen that the ttZ final state can be reconstructed in a similar fashion to the ttH final state. For hadronically
decaying Z, the number of jets in the final state will be the same as in the ttH analysis. For our nominal integrated
luminosities, 1400 events are expected for ttH(— bb) whereas 800 events are expected for ttZ(— bb), taking into
account the Z — bb branching ratio. The other hadronic decays of the Z will have large tt background due to the
absence of the two b jets. The Z leptonic decays may help increase the sensitivity. Overall, one can naively expect that
the statistical uncertainty for ttZ will be similar to that of ttH, i.e. at the few percent level.

In the case of tt, although its cross section is large, it should be checked on data whether the events passing the ttH
event selection come from the core or the tail of the tt system. Once it is found that the core of tt is responsible for
most of the tt background, the systematic uncertainty can be evaluated in the same way as in ttZ.

For ttbb, the gluon splitting rate is expected to be measured for tt processes at various energies.

Other sources of systematic uncertainties such as the luminosity measurement, jet energy scale, and flavor tagging
are typically at the 1% level or better for eTe™ colliders.

10 Conclusions

The uncertainty on the measurement of the top Higgs Yukawa coupling has been studied at 1 TeV for the hadronic
and semileptonic decay modes using a conventional cut-based approach and a multivariate analysis. The semileptonic
analysis leads to an uncertainty of 6.9% (9.6%) for the multivariate (cut based) methods and the hadronic analysis
yields improved values of 5.4% (7.2%). When the samples were combined an uncertainty on ggy of 4.3% is achieved
via the multivariate method. This demonstrates the robustness of the physics reconstruction of high jet multiplicity
final states at /s = 1 TeV under realistic simulation conditions.
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We present a detailed investigation of the NLO polarization of the top quark in ¢t production at a polar-
ized linear eTe™ collider with longitudinally polarized beams. By appropiately tuning the polarization
of the beams one can achieve close to maximal values for the top quark polarization over most of the
forward hemisphere for a large range of energies. This is quite welcome since the rate is largest in the
forward hemisphere. One can also tune the beam polarization to obtain close to zero polarization over
most of the forward hemisphere.

1 Introductory remarks

The top quark is so heavy that it keeps its polarization at production when it decays since Thadronization >
Tdecay- One can test the Standard Model (SM) and/or non-SM couplings through polarization measurements
involving top quark decays (mostly ¢ — b+ W™T). New observables involving top quark polarization can be
defined such as (]5; -p) (see e.g. Refs. [1, 2, 3, 4, 5, 6]). It is clear that the analyzing power of such observables
is largest for large values of the polarization of the top quark. This calls for large top quark polarization
values. One also wants a control sample with small or zero top quark polarization. Near maximal and
minimal values of top quark polarization at a linear eTe™ collider can be achieved in tf production by
appropiately tuning the longitudinal polarization of the beam polarization [8]. At the same time one wants
to keep the top quark pair production cross section large. It is a fortunate circumstance that all these goals
can be realized at the same time. A polarized linear eTe™ collider may thus be viewed as a rich source of
close to zero and close to 100% polarized top quarks.

Let us remind the reader that the top quark is polarized even for zero beam polarization through vector—
axial vector interference effects ~ veae, veay, vyae, vyay, where

Ve, Qe . electron current coupling

v, a5 : top quark current coupling (1)

In Fig. 1 we present a NLO plot of the cosf dependence of the zero beam polarization top quark polarization
for different characteristic energies at /s = 360GeV (close to threshold), /s = 500 GeV (ILC phase 1),
Vs =1000GeV (ILC phase 2) and +/s = 3000 GeV (CLIC).

2 Top quark polarization at threshold and in the high energy limit

The polarization of the top quark depends on the c.m. energy /s, the scattering angle cos 6, the electroweak
coupling coefficients g;; and the effective beam polarization P.g, i.e. one has

—

P:P’(\/g7cosoagij7peﬁ)7 (2)
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Figure 1: Magnitude of NLO top quark polarization for zero beam polarization

where the effective beam polarization appearing in Eq. (2) is given by [9]

he —hy

Pgg=—
T T h_h, (3)

and where h_ and hy are the longitudinal polarization of the electron and positron beams (—1 < hy <
+1), respectively. Instead of the nonchiral electroweak couplings g;; one can alternatively use the chiral
electroweak couplings fy,.s (m,m’ = L, R) introduced in Refs. [11, 12]. The relations between the two sets
of electroweak coupling coefficients can be found in Ref. [8]. In this report we shall make use of both sets of
coupling parameters.

For general energies the functional dependence in Eq. (2) is not simple. Even if the electroweak couplings
gij are fixed, one remains with a three-dimensional parameter space (v/s,cosf, Peg). Our strategy is to
discuss various limiting cases for the Born term polarization and then to investigate how the limiting values
extrapolate away from these limits. In particular, we exploit the fact that, in the Born term case, angular
momentum conservation (or m-quantum number conservation) implies 100% top quark polarization at the
forward and backward points for the (e;eg) and (egez) beam configurations.

In this section we discuss the behaviour of P at nominal threshold Vs =2my (v =0) and in the high
energy limit /s — oo (v — 1). At threshold and at the Born term level one has

P — ALRr

ﬁthresh = m Ne— (4)

where Ap g is the left-right beam polarization asymmetry (oLr —orr)/(cLr+0orL) and 7.- is a unit vector
pointing into the direction of the electron momentum. We use a notation where o(LR/RL) = o(h_ =
F1;hy = £1). In terms of the electroweak coupling parameters g;;, the nominal polarization asymmetry at
threshold /s = 2m; is given by ALgr = —(ga1 + ga2)/(g911 + g12) = 0.409. Eq. (4) shows that, at threshold
and at the Born term level, the polarization P is parallel to the beam axis irrespective of the scattering
angle and has maximal values |]3| =1 for both P.g = £1 as dictated by angular momentum conservation.
Zero polarization is achieved for Peg = A g = 0.409.

In the high energy limit the polarization of the top quark is purely longitudinal, i.e. the polarization
points into the direction of the top quark. At the Born term level one finds ﬁ(cos 0) = P(‘})(Cos 0) - pr with

(g14 + ga1 + Pesr(g11 + g44)) (1 + c080)? + (914 — ga1 — Perr(g11 — gaa)(1 — cos0)?

PO (cosh) = .
( ) (911 + 944 + Pegr (914 + 941)) (1 4+ c0s0)2 + (911 — gas — Pesr(g14 — g41))(1 — cos 6)?

(5)

In the same limit, the electroweak coupling coefficients appearing in Eq. (5) take the numerical values
g11 = 0.601, g14 = —0.131, g41 = —0.201 and g44 = 0.483. For cosf = +1 and P.g = +1 the top quark is
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100% polarized as again dictated by angular momentum conservation. The lesson from the threshold and
high energy limits is that large values of the polarization of the top quark close to |]3| = 1 are engendered
for large values of the effective beam polarization parameter close to Pog = +1.

Take, for example, the forward—backward asymmetry which is zero at threshold, and large and positive
in the high energy limit. In fact, from the numerator of the high energy formula Eq. (5) one calculates
b= 3 gaa + Pegia _ 0.61 1—-027Pg . (6)

4 g1+ Pegga 1—0.33FPg
The forward-backward asymmetry is large and only mildly dependent on P.g. More detailed calculations
show that the strong forward dominance of the rate sets in rather fast above threshold [8]. This is quite
welcome since the forward region is also favoured from the polarization point of view.

As another example take the vanishing of the polarization which, at threshold, occurs at Peg = 0.409.
In the high energy limit, and in the forward region where the numerator part of Eq. (5) proportional to
(1+cos #)? dominates, one finds a polarization zero at Pog = (g14+ g41)/(911 + gaa) = 0.306. The two values
of P.g do not differ much from another.

Ap

3 Overall rate and left-right (LR) and right-left (RL) rates

The overall rate o for partially longitudinal polarized beam production can be composed from the LR rate
orr and the RL rate ogy valid for 100% longitudinally polarized beams. The notation is such that LR
and RL refer to the (eZeE) and (el_%e}f) longitudinal polarization configurations, respectively. The relation
reads [10]

do . 1—h_14hy dorr 14+h_1—hy dogrp
dcosf 2 2 dcost 2 2  dcost
1 dorr +dorr dorr — dogrr
- Z(l_h_h+)( dcos@ ool dcosf ) (7)

Using the left-right polarization asymmetry

dO’LR *dURL

Arr = 8
LB dopr + doRrr (8)
one can rewrite the rate (7) in the form
do 1 dopr +dogyL
=-(1—-h_hy)——(1—-Pgd .
dcosf 4( +) dcos® ( i LR) )

The differential rate do/dcos@ carries an overall helicity alignment factor (1 — h_h4) which enhances the
rate for negative values of h_h,. Also, Fig. 2 shows that Appr varies in the range between 0.30 and 0.60
which leads to a further rate enhancement from the last factor in Eq. (9) for negative values of Peg.

Let us define reduced LR and RL rate functions Dy /gy by writing

dULR/RL 7T042’U

dcosf 352 Dy r/ri(cos®) o)

such that, in analogy to Eq. (7),

1
D = Z(l*h,th) (DLRJrDRL*Pe{-f(DLR*DRL)) . (11)

In the next step we express the reduced rate functions through a set of independent hadronic helicity structure
functions. For the LR reduced rate function one has

3
2Drr(cost) = 2(1+ cos®0) ((fzr + fir)Hi +2fLofrrHE)
3 .
+ sin® 0 ((f7r + fir)HL +2fLLfLrHT)

3
+Z cosO(f7, — fir)Hp (12)
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Figure 2: NLO left-right polarization asymmetry Ay for /s = 360, 500, 1000, and 3000 GeV

and accordingly for Dry, with frr — frr and frr — frL-

At NLO one has HJ = HJ(Born) + HJ(as). The radiatively corrected structure functions HJ (a) are
listed in Ref. [8]. If needed they can be obtained from S.G. or B.M. in Mathematica format. For the
non-vanishing unpolarized Born term contributions HJ(Born) one obtains (see e.g. Ref. [7, 8])

H{(Born) = 2N.s(1 + v?), Hi(Born) = H?(Born) = N.s(1 —v?),
H?(Born) = 2N.s(1 —v?),  Hg(Born) = 4N, sv. (13)

Following Refs. [11, 12], Dpr(cos#) (and Dgr(cosf)) can be cast into a very compact Born term form

Dpg(Born) =

| w

(Cir —2frLfrrv®sin® 0) 2N,s, (14)

where
Crr(cost) = frr(l4+vcosh) + frr(l —vcosh). (15)
The corresponding RL form Dpy, is obtained again by the substitution (L <+ R) in Egs. (14) and (15).
With the help of the compact expression in Eq. (14) and the translation table 2(g11 — ga1) = (f7, + f# ),

2(g914 — gaa) = — [ + g 20911 + 901) = [hp + fhL> 2(914 + gas) = fhp — [ one can easily verify the
threshold value for Ay r and the high energy limits for App discussed in Sec. 2.

4 Single top polarization in ete™ — tf

The polarization components P (™) (m = £: longitudinal; m = tr: transverse) of the top quark in eTe™ — t{
are obtained from (the antitop quark spin is summed over)

N(m)(P ff)
P (Pg) = - 16
) = D) 1o
where the dependence on Peg is given by
N (Par) = (1= hoho) (NJR) + NG = PN = Ni2) ) (17)

P(7) ig the transverse polarization component perpendicular to the momentum of the top quark in the scat-
tering plane. The overall helicity alignment factor (1 —h_h4) drops out when one calculates the normalized
polarization components according to Eq. (16). This explains why the polarization depends only on Peg and
not separately on h_ and hy (see Eq. (2)).
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The numerator factors N g};) and N 1(;2) in Eq. (16) are given by

y) 3 14 3. 14
_2N£12c(005 o) = g(l +cos?0) (2 — f%R)Hé( '+ 1 sin 0 (f7;, — f%R)Hi( )
3
+7 cos ((fiL + LR HE Y + 2fLLfLRH§“)) : (18)
—2N)(cos ) = f% sinfcosd (f7;, — fir) H}l(tr)
3 .
V2 sinf ((fEL + R AT + 2fLL]"LRHJ%&W)> ’ (19)
and Nl(;cng) = ,Né’?{)(L < R). Note the extra minus sign when relating Nén;c) and NI(%"LL).

The LO longitudinal and transverse polarization components read (see e.g. Ref. [7, 8])
Hy"(Born) = 4N.sv,  Hy"'(Born) = 2Nes(1 4+ 0%),
1y (Born) =0, Hy"'(Born) = 2Nes(1 — 0?), (20)

and

T 1 T T 1
H;L(t )(Bom) = QNcsmv\/l — 02, i(t )(Bom) = Hf‘(t )(Bom) = QNcsm\/ 1—02. (21)

The LO numerators (18) and (19) can be seen to take a factorized form [11, 12

Né%(cos@) = 72 (fLL(c089 +v)+ frr(cosd — v)) Crr(cosf) 2N,s,
Nét;i)(cose) = gsin 0V 1 =02 (frr + fur) Crr(cos0) 2N,.s, (22)

where the common factor Cpr(cos @) has been defined in Eq. (15).
One can then determine the angle a enclosing the direction of the top quark and its polarization vector
by taking the ratio N](flg)/Né%. One has

tanarg = N](f;) (cos ) _ sinv1 —v2 (for + fLr) (23)
Né%(cos@) fro(cosO+v) + frr(cos —v)

For v =1 one finds ay g = 0, i.e. the polarization vector is aligned with the momentum of the top quark, in
agreement with what has been said before. In Ref. [8] we have shown that radiative corrections to the value
of app are small in the forward region but can become as large as Aoy g = 10° in the backward region for
large energies.

Eqs. (22) and (22) can be used to find a very compact LO form for |Ppg|. One obtains [8]

s VNI AN VT dag |
|PLr| = = Ln =1-2a2,—8alp— 183 5. .., (24)

DLR 1—2aLR

where the coefficient ayr depends on cosé through

Jiifir v?sin? 6. (25)

arr(cosf) = 02 (cos0)
LR

Again, the corresponding expressions for |ﬁL r| and ar i can be found by the substitution (L < R).
For the fun of it we also list a compact LO form for |P(P.g = 0)|. One has

\/(C%R —C%,)2 — 42sin?0(Crrfrr — Crrfrr)(Crrfrr — CrLfRL)
Cip+C% —202sin* 0(frofrr + frRRSRL) -

Eq. (26) would produce a LO version of Fig 1.

|P(Peit = 0)] =

(26)
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5 Effective beam polarization

As described in Sec. 2, large values of the effective beam polarization P.g are needed to produce large
polarization values of P. Tt is a fortunate circumstance that nearly maximal values of P.g can be achieved
with non-maximal values of (h_, k). This is shown in Fig. 3 where we drawn contour plots Peg = const in
the (h_, ) plane. The two examples shown in Fig. 3 refer to

(h— = —0.80, hq = +0.625) leads to  Peg = —0.95,
(h— =40.80, hy = —0.625) leads to  FPog = 40.95. (27)
These two options are at the technical limits that can be achieved [13]. In the next section we shall see that

the choice Peg ~ —0.95 is to be preferred since the polarization is more stable against small variations of
P.g. Furthermore, negative values of P.g gives yet another rate enhancement as discussed after Eq. (9).

10—

0.5

-05

-10 -05 0.0 05 10
h-

Figure 3: Contour plots of Peg = const in the (hy,h_) plane

6 Stability of polarization against variations of P

Extrapolations of |ﬁ| away from P.g = +1 are more stable for P.g = —1 than for P,y = +1. Because the
derivative of the magnitude of |P| leads to rather unwieldy expressions, we demonstrate this separately for
the two polarization components P¥) and P(*"). The polarization components are given by (m = ¢, tr)

N{™ — PgNG™

pm — ,
Doy — PegDp

(28)

where Ném) =N g;) + N }(;Z) and NV I(Dm) =N g;) — Ng’z) and similarly for Dy and Dp. Upon differentiation
w.r.t. Pug one obtains
dP™  —N"Dp+ N3 Dy
dPeff (DO — Pe{-po)Q .

For the ratios of the slopes for P.g = —1 and P.g = +1 one finds

/dP(m) (DODP)2<DRL>2<1ALR)2 (30)
Por=—1 dP.g | Pg=+1 - Do+ Dp - Drr 1 + Arr '

Depending on the energy and the scattering angle, Fig. 2 shows that Ay varies between 0.3 and 0.7 which
implies that (DRL/DLR)2 varies between 0.29 and 0.06, i.e. for P,y = —1 the polarization components are

(29)

dp(m)
dP.g

123



much more stable against variations of Peg than for P.g = +1. At threshold the ratio of slopes of |]3thresh |
for Pog = —1 and P.g = +1 is given by —(Dgr/Drr)? = —0.18 where the minus sign results from having
taken the derivative of the magnitude |P | (see Eq. (4)).

7 Longitudinal and transverse polarization
P vys. P for general angles and energies

In Fig. 4 we plot the longitudinal component P%) and the transverse component P*") of the top quark
polarization for different scattering angles 6 and energies /s starting from threshold up to the high energy
limit. The left and right panels of Fig. 4 are drawn for Pog = (—1, —0.95) and for Peg = (41, +0.95), respec-
tively. The apex of the polarization vector P follows a trajectory that starts at P = Pipresh (— cos 6, sin 9)
and P = Pihresh(cos @, —sin 0) for negative and positive values of P.g, respectively, and ends on the line
P = 0 in the high energy limit. The two 60° trajectories show that large values of the size of |]3| close to
the maximal value of 1 can be achieved in the forward region for both Peg ~ F1 at all energies. However,
the two figures also show that the option Peg ~ —1 has to be preferred since the P.g ~ —1 polarization is
more stable against variations of Peg.

:‘? 7‘ T T T T ‘ T T T T ‘\ 7‘ T T T T T T ] /E L T T T T T T T H\ rrrr \\ T T T T T T ]
\EL W C === ] ﬁ 1 r - ]
0.5 - . 0.5 - i s
- ] i =Py = +0.95 ]
r ] r — Pu= 1 ]
1 S — 20 0e0]
- 60°90 120 0 =150° | - e
[ Py = 1 i [ ! ]
05 f——f%Peffzfo.% 24 —osE ]
- w 7‘ Il Il Il Il ‘ Il \\ \‘ \\\ Il ‘ Il Il Il Il ‘7 - 1 7‘ Il Il Il Il ‘ Il Il \U\A ‘ Il Il Il Il ‘ Il Il Il Il ‘7
—1 —0.b 0 0.5 1 —1 —0.5 0 0.5 1
P(l) P(l)

Figure 4: Parametric plot of the orientation and the length of the polarization vector in dependence on
the c.m. energy /s for values = 60°, 90°, 120°, and 150° for i) (left panel) Peg = —1 (solid lines) and
P.g = —0.95 (dashed lines) and ii) (right panel) Peg = +1 (solid lines) and Peg = +0.95 (dashed lines). The
three ticks on the trajectories stand for /s = 500 GeV, 1000 GeV, and 3000 GeV'.

It is noteworthy that the magnitude of the polarization vector remains closer to |]3| =1 in the forward

region than in the backward region when cos@ is varied. Let us investigate this effect for Pog = —1 by
expanding the high energy formula (5) in Acosf around cosf® = +1 and cos® = —1. Since the first
derivative vanishes, one has to expand to the second order in A cos#. The result is
5 1( fur\’® 2
Forward |Prrl = 1—-(==] (Acosf)*+...
2\ JfrL
>3 o 1 fLL ? 2
Backward |Prr] = 1—=(==) (Acosf)"+.... (31)
2\ fre

Numerically, one has f7,/f?, = 0.13 and 2.1 r = 7.53. The second derivative is very much smaller
in the forward direction than in the backward direction. This tendency can be clearly discerned in Fig. 4. A
similar but even stronger conclusion is reached for the second derivative of |ﬁRL| where the corresponding
second order coefficients are given by f;/fap = 0.064 for cosf = +1, and by fip/fz, = 15.67 for
cos® = —1. Corresponding v-dependent expansions can be obtained from Eq. (24).
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We mention that at NLO there is also a normal component of the top quark polarization P generated
by the one-loop contribution which, however, is quite small (of O(3%)) [8].

8 Summary

The aim of our investigation was to maximize and to minimize the polarization vector of the top quark
P (\/s,c080, gij, Per) by tuning the beam polarization. Let us summarize our findings which have been
found in NLO QCD in the context of the SM.

A. Maximal polarization: Large values of P can be realized for P.g ~ %1 at all intermediate energies.
This is particularly true in the forward hemisphere where the rate is highest. Negative large values for Peg
with aligned beam helicities (h_hy neg.) are preferred for two reasons. First there is a further gain in rate
apart from the helicity alignment factor (1 — h_h4) due to the fact that generally o,z > oy as explained
after Eq. (7). Second, the polarization is more stable against variations of P.g away from Peg = —1. The
forward region is also favoured since the 100% LO polarization valid at cos# = 1 extrapolates smoothly into
the forward hemisphere with small radiative corrections.

B. Minimal polarization: Close to zero values of the polarization vector P can be achieved for Pog ~ 0.4.
Again the forward region is favoured. In order to maximize the rate for the small polarization choice take
quadrant IV in the (h_, hy) plane.

Acknowledgements

J.G.K. would like to thank X. Artru and E. Christova for discussions and G. Moortgat-Pick for encour-
agement. The work of S.G. is supported by the Estonian target financed project No. 0180056509, by the
Estonian Science Foundation under grant No. 8769 and by the Deutsche Forschungsgemeinschaft (DFG)
under grant 436 EST 17/1/06. B.M. acknowledges support of the Ministry of Science and Technology of
the Republic of Croatia under contract No. 098-0982930-2864. S.P. is supported by the Slovenian Research
Agency.

References

1] E. Christova and D. Draganov, Phys. Lett. B434 (1998) 373

M. Fischer, S. Groote, J.G. Korner, M.C. Mauser and B. Lampe, Phys. Lett. B451 (1999) 406
M. Fischer, S. Groote, J.G. Koérner and M.C. Mauser, Phys. Rev. D65 (2002) 054036

S. Groote, W.S. Huo, A. Kadeer and J.G. Korner, Phys. Rev. D76 (2007) 014012

J.A. Aguilar-Saavedra and J. Bernabeu, Nucl. Phys. B840 (2010) 349;
J.A. Aguilar-Saavedra and R.V. Herrero-Hahn, arXiv:1208.6006

J. Drobnak, S. Fajfer and J.F. Kamenik, Phys. Rev. D82 (2010) 114008

S. Groote and J. G. Korner, Phys. Rev. D 80 (2009) 034001

S. Groote, J.G. Korner, B. Melic and S. Prelovsek, Phys. Rev. D83 (2011) 054018

G.A. Moortgat-Pick et al., Phys. Rept. 460 (2008) 131

X. Artru, M. Elchikh, J.M. Richard, J. Soffer and O.V. Teryaev, Phys. Rept. 470 (2009) 1
S. Parke and Y. Shadmi, Phys. Lett. B387 (1996) 199

J. Kodaira, T. Nasuno and S.J. Parke, Phys. Rev. D59 (1998) 014023

G. Alexander, J. Barley, Y. Batygin, S. Berridge, V. Bharadwaj, G. Bower, W. Bugg and F.J. Decker et al.,
Nucl. Instrum. Meth. A610 (2009) 451

SEEN =

SRR =N

LN B O

125






Chapter 3

Electroweak Precision Physics

127



The muon magnetic moment and new physics

Dominik Stockinger
Institute for Nuclear and Particle Physics
TU Dresden, Germany

September 12, 2012

1 Introduction

The LHC era has had its first spectacular success with the discovery of a new par-
ticle compatible with a Standard Model (SM) Higgs boson. The LHC promises
great progress in understanding the nature of electroweak symmetry breaking
(EWSB). Additional, non-LHC observables are nevertheless important, for they
can provide complementary information on EWSB, and they can unravel the
existence of physics beyond the SM invisible at the LHC and possibly unrelated
to EWSB.

The muon magnetic moment a, has a special role because it is sensitive to
a large class of models related and unrelated to EWSB and because it combines
several properties in a unique way: it is a flavour- and CP-conserving, chirality-
flipping and loop-induced quantity. In contrast, many high-energy collider ob-
servables at the LHC and a future linear collider are chirality-conserving, and
many other low-energy precision observables such as electric dipole moments or
processes such as p — ey are CP- or flavour-violating. These properties might
be the reason why there is a significant deviation between the experimental and
the SM value of a,,

as® — a5 = (28.7 £ 8.0)10'7, (1)
while there is no significant deviation in electroweak precision observables and
searches for electric dipole moments and lepton-flavour violation have been un-
succesful.

In these proceedings we will first briefly review the current status and future
prospects of a;*P and aEM and we will explain the general structure and model-
dependence of contributions from new physics. Then we will discuss concrete
examples of contributions from and constraints on new physics models, with
particular emphasis on the complementarity to recent LHC results.
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2 Current status and future prospects

The uncertainty quoted in Eq. (1) is the quadratic sum of various experimental
and theoretical errors. The experimental value of the muon magnetic moment
has been determined by a series of measurements at BNL [1] with a final statisti-
cal and systematic uncertainty of (£5.4gtat 3. 3syst) X 10719, which is dominated
by statistics. The importance of this result has motivated two new experiments.
One is already under construction at Fermilab, using the same technique as used
at BNL, where high-energy muons at the “magic relativistic v” are used, for
which electric focusing fields in the ring do not perturb the muon precession.
The second is planned at J-PARC, using ultra-cold muons with smaller v but no
electric focusing field. Both of these complementary experiments aim to reduce
the statistical uncertainty by more than a factor 4.

The precision of the SM theory prediction is currently even higher than the
experimental one. The remaining theory error is dominated by the hadronic
vacuum polarization (HVP) contributions. These can be related to the cross
section for eTe™ — hadrons, and the increasingly precise experimental data for
this cross section lead to consistent recent evaluations by several groups [2, 3, 4]
(for recent overviews see [4, 5]). The error used in Eq. (1) is taken from Ref.
[2] and is +4.2 x 10710, Earlier discrepancies between these e*e~-based results
and alternative ones using data from 7-decays have been dramatically reduced
2, 6, 7].

A subdominant part of the SM theory error is due to the hadronic light-
by-light scattering (HLbL) contributions. Here progress is very difficult since
hadronic dynamics is relevant in kinematical regimes where neither perturbation
theory nor established low-energy effective theories are valid. In spite of using
different approaches, the results of various groups agree within the quoted errors,
see in particular Refs. [4, 8]. The result quoted in Eq. (1) is based on the
evaluations of Refs. [2, 8], and has the theory error +2.6 x 10719,

3 New physics contributions in general

General contributions from new physics to a, are best understood by using a
relation between a, and m,, the muon mass. Both a, and m, correspond to
quantum field operators which flip chirality, i.e. convert a left-handed into a
right-handed muon. For this reason, contributions of new physics at some scale
A to both quantities, a,(N.P.) and dm,(N.P.), are linked as

a,(N.P.) = O(1) x (ﬂf x (M) . 2)

A my

As discussed in [9], this relation is model-independent, but the walue of the
constant C' = dm,,(N.P.)/m,, is highly model-dependent. It is important that
the O(1) factors do not contain any coupling constants of 1/1672 factors —
those are contained in the constant C. A first consequence of this relation is

129



that new physics can explain the currently observed deviation (1) only if A is at
the TeV scale or smaller (assuming no fine-tuning in the muon mass, |C| < 1).

Second, the relation illustrates how widely different contributions to a, are

possible.

4

e For models with new weakly interacting particles (e.g. Z’, W', little Higgs

or universal extra dimension models [10, 11]) one typically obtains per-
turbative contributions to the muon mass C = O(«/4m). Hence for weak-
scale masses these models predict very small contributions to a, and might
be challenged by the future more precise a, measurement. Models of this
kind can only explain a significant contribution to a, if the new particles
interact with muons but are otherwise hidden from searches. An exam-
ple is the model with a new gauge boson associated to a gauged lepton
number L, — L, [12], where a gauge boson mass of O(100 GeV) is viable.

For supersymmetric (SUSY) models one obtains an additional factor tan 3,
the ratio of the two Higgs vacuum expectation values [13]. A numerical
approximation for the SUSY contributions is given by

100 GeV

K Msusy

2
aSUSY ~ 13 x 10710 < ) tan 5 sign(p), (3)

where Mgygy denotes the common superpartner mass scale and p the
Higgsino mass parameter. It agrees with the generic result (2) for C' =
O(tan 8 x a/4m) and is exactly valid if all SUSY masses are equal to
Msusy. The formula shows that the observed deviation could be explained
e.g. for relevant SUSY masses of roughly 200 GeV and tan 8 ~ 10 or SUSY
masses of 500 GeV and tan 3 ~ 50. However, the SUSY prediction for a,,
depends strongly on the detailed scenario, and if SUSY exists a, will help
to measure the SUSY parameters.

Models with large C' ~ 1 are of interest since there the muon mass is essen-
tially given by new physics loop effects. Some examples of such radiative
muon mass generation models are given in [9]. For examples within SUSY
see e.g. [14, 15]. In such models a, can be large even for particle masses
at the TeV scale.

Supersymmetry and q,

As discussed above, supersymmetry with moderate to large tan § and masses in
the 200-500 GeV range can easily explain the currently observed deviation (1).
We now discuss the supersymmetry contributions in more detail. At the one-
loop level, the diagrams involve either charginos and sneutrinos, or neutralinos
and smuons. The relevant parameters are thus the soft mass parameters for the
2nd generation sleptons, the gaugino masses Ms, M7, and the Higgsino mass
parameter p. Strongly interacting particles, squarks and gluinos, and their

masses are irrelevant.
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Figure 1: (a) SUSY contributions to a, for the SPS benchmark points (red),
and for the “degenerate solutions” from Ref. [22]. (b) Possible future tan 8 de-
termination assuming that a slightly modified MSSM point SPSla (see text) is
realized. The bands show the Ax? parabolas from LHC-data alone (yellow) [24],
including the @, with current precision (dark blue) and with prospective pre-
cision (light blue). The width of the blue curves results from the expected
LHC-uncertainty of the parameters (mainly smuon and chargino masses) [24].

If all the relevant mass parameters are equal, the approximation (3) is valid,
and the dominant contribution is from the chargino—sneutrino diagrams. If p
is very large, the bino-like neutralino contribution is approximately linear in u
and can dominate. If there is a large mass splitting between the left- and right-
handed smuon, even the sign can be opposite to Eq. (3), see the discussions in
[16, 13].

At the two-loop level various contributions are possible with potentially rele-
vant impact. Photonic two-loop corrections always decrease the one-loop result
slightly [19], and two-loop diagrams with either a sfermion (stop, sbottom, ...)
loop or a chargino loop can be large even if the one-loop contributions are sup-
pressed [17, 18]. For large tan 3, two-loop (tan 3)2-enhanced effects become
important [20].

Within supersymmetry the contributions to a, are therefore very model-
dependent, and a,, places important constraints on how supersymmetry can be
realized. Fig. 1 illustrates this. The left plot shows the values for the so-called
SPS benchmark points [21]. These span a wide range and can be positive or
negative, due to the factor sign(u) in Eq. 3. The discriminating power of the
current (yellow band) and an improved (blue band) measurement is evident from
Fig. 1(a). One might think that if SUSY exists, the LHC-experiments will find
it and measure its parameters. The green points illustrate that this is not the
case. They correspond to “degenerate solutions” of Ref. [22] — different SUSY
parameter points which cannot be distinguished at the LHC alone (see also Ref.
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(23] for the LHC inverse problem). They have very different a, predictions, in
particular different signs for 1, and hence a,, can resolve such LHC degeneracies.

The right plot of Fig. 1 illustrates that the SUSY parameter tan 8 can be
measured more precisely by combining LHC-data with a,. It is based on the
assumption that SUSY is realized, found at the LHC and the origin of the
observed a,, deviation (1). To fix an example, we use a slightly modified SPS1a
benchmark point with tan 8 scaled down to tan S = 8.5 such that aEUSY is equal
to an assumed deviation Aa, = 255x10711.1 Ref. [24] has shown that then mass
measurements at the LHC alone are sufficient to determine tan 3 to a precision
of +4.5 only. The corresponding Ax? parabola is shown in yellow in the plot. In
such a situation one can study the SUSY prediction for a, as a function of tan 3
(all other parameters are known from the global fit to LHC data) and compare
it to the measured value, in particular after an improved measurement. The
plot compares the LHC Ax? parabola with the ones obtained from including
ap, AX? = [(a5Y5Y (tan 8) — Aay)/ba,]?* with the errors da, = 80 x 10~
(dark blue) and 34 x 10~1* (light blue). As can be seen from the Figure, using
today’s precision for a, would already improve the determination of tan 8, but
the improvement will be even more impressive after a future more precise a,
measurement.

To date, the LHC has not found indications for supersymmetric particles,
S0 a tension is rising between four pieces of experimental information and the-
oretical prejudice:

o If supersymmetry is the origin of the deviation in a,, the supersym-
metric particles cannot be too heavy, in particular the smuons and
charginos/neutralinos.

e The negative results of the LHC searches for supersymmetric particles
imply lower limits, in particular on squark and gluino masses.

e The constraint that a SM-like Higgs boson mass is around 126 GeV re-
quires either very large loop corrections from large logarithms or non-
minimal tree-level contributions from additional non-minimal particle con-
tent.

e The requirement of small fine-tuning between supersymmetry-breaking
parameters and the Z-boson mass prefers certain particles, in particular
stops, gluinos and Higgsinos to be rather light.

Apart from fine-tuning, it is of course possible to accommodate all experimen-
tal data in the minimal supersymmetric standard model, which has enough free
parameters [25]. However, the Constrained MSSM (CMSSM) cannot simulta-
neously describe all data [26], while slight extensions such as the Non-universal
Higgs mass model (NUHM) or a model with gauge-mediated supersymmetry

IThe actual SPSla point is ruled out by LHC, however for our purposes only the weakly
interacting particles are relevant, and these are not excluded. The following conclusions are
neither very sensitive to the actual tan S value nor to the actual value of the deviation Aay.
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breaking and extra vector-like matter [27] are marginally consistent with all
data.

Models inspired by naturalness, where the spectrum is such that fine-tuning
is minimized while squarks and gluinos evade LHC bounds, can explain the
observed Higgs boson mass but completely fail to explain a,, [28].

An interesting possibility is provided by supersymmetric scenarios that real-
ize radiative generation of the muon mass. Since the muon mass at tree level is
given by the product of a Yukawa coupling and the vacuum expectation value
of the Higgs doublet H,, there are two kinds of such scenarios. First, one can
postulate that the muon Yukawa coupling is zero but chiral invariance is broken
by soft supersymmetry-breaking A-terms. Then, the moun mass, and aiUSY,
arises at the one-loop level and aSUSY can be large even for TeV-scale smuon
masses [14, 15]. Second, one can postulate that the vacuum expectation value
(Hg) is very small or zero [29, 30]. Then, the muon mass and a$"SY arise at
the one-loop level from loop-induced couplings to the other Higgs doublet.

5 Conclusions

In spite of tremendous progress at the LHC, a,, is still a very important con-
straint on physics beyond the SM. The increasing difficulty to explain the a,
deviation and satisfy LHC bounds and Higgs mass constraints highlights this. It
is conceivable that the observed deviation (1) is real but not due to new physics
at the electroweak scale, but e.g. due to new very light particles, as suggested
e.g. in [31]. In such a case, the resolution of the EWSB puzzle would be the task
of the LHC and a possible future linear collider, while the new light particles
could be probed by dedicated low-energy precision experiments such as the next
generation a, measurements.
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Physics Applications of Polarized Positrons

S. Riemann
DESY Zeuthen, Platanenallee 6, D-15738 Zeuthen, Germany

Abstract

With the LHC a new era of measurements at the energy frontier
has started, and exciting new discoveries are expected. However, also
measurements at the precision frontier will be necessary to fully un-
derstand the underlying physics model. The programme for the e*e™
collider projects ILC and CLIC is focused on precision tests of the
Standard Model and new physics beyond it at the TeV scale. Polar-
ized positron beams play a crucial role in these analyses. Here, the
advantages as well as the requirements using also polarized positron
beams for measurements at e™e™ colliders are discussed.

1 Introduction

So far, the particle physics experiments have confirmed the Standard Model
(SM) with excellent precision. Neither significant deviations from the SM
predictions nor new physics phenomena have been obtained. Based on the
global analysis of the measurements it is expected that the SM Higgs boson
has a mass of O(100) GeV. The fundamental question whether the Higgs
boson exists will be answered soon by the measurements at the LHC, and
the experiments are well prepared to discover and probe new physics beyond
the SM. But the full understanding of phenomena obtained at the LHC is only
possible if complementary measurements from lepton colliders are available.
The precise knowledge of type, energy and helicity of the interacting particles
allows to test theoretical models at the level of quantum corrections up to
higher orders. The microscopic world of electroweak interactions is not left-
right symmetric and so are new phenomena suggested by various extensions
of the SM. The chiral structure of interactions can be analyzed best using
high-energy lepton colliders with polarized beams. However, the production
of an intense, highly polarized electron beam with high energy is simple in
comparison to the generation of the corresponding polarized positron beam.
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But the flexibility and the substantial advantages justify the effort necessary
to create the polarized positron beam.

In this paper important features of measurements at eTe™ colliders with
polarized beams are discussed. Section 2 presents few selected examples for
precision physics with polarized beams. In subsections 2.1-2.3 the basics
of measurements with polarized beams are introduced. The experimental
requirements to utilize polarized positron beams are described in section 3.
Section 4 summarizes.

2 Physics with Polarized Positrons

The era of precision electroweak measurements [2] at high energies was based
on experiments at the Large Electron Positron Collider (LEP) at CERN and
at the SLAC Linear Collider (SLC). The Standard Model has been confirmed
with extremely high precision, up to loop corrections. Its parameters have
been determined and the mass of the SM Higgs boson has been predicted.
One of the important SM parameters that describe the electroweak symme-
try breaking is the weak mixing angle, sin®6fy. The measurement of this
observable was performed by the four LEP collaborations, ALEPH, DEL-
PHI, L3 and OPAL, and by the SLD collaboration; the results and details
can be found in reference [2]. It was impressive to see that the SLD collabo-
ration achieved a slightly more precise measurement of this parameter than
the four LEP collaborations combined although the latter obtained a more
than 30 times higher number of Z bosons created in ete™ collisions. The cru-
cial point was the polarized electron beam which increased the sensitivity to
the left-right asymmetry of the Z boson coupling to fermions. If SLD would
have used also polarized positrons a further reduction of the uncertainty by
a factor of about two would have been possible.

This simple Gedankenexperiment demonstrates the potential of polarized
beams in high energy particle physics experiments. The precise test of the
SM at high energies as well as the understanding of new phenomena benefit
substantially if electron and positron beams are polarized. A comprehensive
overview of physics with both beams — electrons and positrons — polarized is
given in reference [1]. Here, some of the basics are emphasized.

First, few remarks about the requirements for measurements at the pre-
cision frontier. Future lepton colliders have to complement and to attend
the physics goals achieved with the LHC. This implies physics at center-of-
mass energies between 200 GeV and 1 (3) TeV. Two projects are under de-
velopment: the International Linear Collider (ILC) [3] with energies between
200 GeV and 1TeV and the possibility to run also at the Z boson resonance,
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Vs = 91.2GeV, and the Compact Linear Collider (CLIC) [4] foreseen for
energies up to 3 TeV. To interprete the results and to examine the SM and
possible extensions, the precision of measurements must be better than the
size of higher order corrections to the observables. With other words: Only
high intensities (combined with a highly sophisticated detector) allow to de-
tect the huge number of events for all interesting processes which is necessary
to perform measurements with uncertainties at and below the percent-level.
However, it is not at all easy to produce a beam with the required high lu-
minosity. Since the cross sections in lepton colliders fall as o ~ 1/E?, the
increase of energy by a factor f has to be compensated by a factor f? for
the luminosity to keep the number of events almost constant. Further, the
stability of energy and luminosity must be very high — below 0.1% for the
ILC — and the precise measurements of energy and luminosity must be pos-
sible. Similar requirements exist for the beam polarization. As shown in the
SLD experiment at SLC, electron beam polarization of 80% is possible and
measurable with a precision of 0.5% [2]. Further improvements are possible
at the ILC [5]. In the following features of precision measurements using
polarized beams are discussed.

2.1 Fermion-Pair Production in the s-Channel

Some important advantages of physics with colliding polarized beams can
be explained best for the fermion-pair production process. Photon and Z
boson are spin-1 particles, and in the SM they are exchanged in this process,
ete™ — Z,v — ff. The Feynman diagram in lowest order is shown in figure 1.
For longitudinally polarized beams, the cross section can be written as

e f

v, Z

Figure 1: The Feynman diagram in lowest order for the fermion-pair produc-
tion; in the SM, photon and Z boson are exchanged (J=1).

[(1 - ,Pe_) (1 + Pe+) OLR + (1 + Pe_) (1 - Pe‘*’) ORL
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with the electron beam polarization P.- and the positron beam polarization
P.+. oLr denotes the cross section if the electron beam is 100% left-handed
polarized (P.- = —1), and the positron beam 100% right-handed polarized
(P.+ = +1). The other cross sections, ogy, orr, and ogg, are defined corre-
spondingly. Since the exchange of the spin-1 particles, photon and Z boson,
in the fermion-pair production is only possible for J = 1, the cross sections
orr and oy, are zero in the SM!. Figure 2 shows the possible combinations
of electrons and positrons with helicities +1. It is not excluded that fur-
ther — yet unknown — particles contribute either to processes with J = 1 or
J = 0. If these particles are not too heavy they can be studied by precise
measurements of the process ete™ — ff.

e- % e+ he. he.  cross section
J=1 = P B GLR
J=1 = ) +1 -1 GRL
J=0 — S +1  +1 GORR
J=0 L= — 1A oL

Figure 2: Helicity combinations in collisions of electrons and positrons and
the corresponding contributions to the cross section.

The cross section (1) can be expressed with

1
O'iyj = EO'U [1 — Pe+7)e_ + ALR (-Pe+ + Pe—)] 5 (2)

where Aj g is the left-right asymmetry caused by the different coupling strength
of Z bosons to left- an right-handed fermions, and the indices i, j describe
the sign of the polarization: o_,, o, , o,,, o__. Taking into account
beams with realistic polarization, |P| < 1, the measured cross sections for
the different helicity combinations are

S iauuﬂpﬁ |+ Apr (+]Por| + [P ])] (3)
S iau [+ |Pos P | + App (—| Pt = | P )]
S iauu_ype+Pef|+ALR<—|Pe+|+|Pef|>1 (4)
o = Joull~ [P Pl + App (+Por| ~ |P])

!The cross section for the exchange of Higgs bosons (J = 0) yields only tiny contribu-
tions and is neglected.
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where o, denotes the cross section with unpolarized beams. The cross sec-
tions o,y and o__ (J = 0) are zero for P.- = P+ = +£1, in contrast to
o, #0and o_, # 0 for P.- = =P+ = £1 (J = 1). It is easy to see
that in case of unpolarized electron and positron beams half of the collisions
is spent for helicity combinations that yield ¢ = 0. Figure 2 illustrates the
combinations and resulting cross section contributions.

If the electron beam is 100% longitudinally polarized, but the positron
beam is unpolarized, one half of the measurements is performed with the
orientation P,- = +1, the other half with P,- = —1. Also in this case initial
state helicity combinations occur that do not contribute to the cross section.
Hence, only half of the possible helicity combinations yields o # 0.

However, if both beams are 100% polarized and P,- = —P,+, all possi-
ble combinations of initial state helicity amplitudes contribute to the cross
section measurement and the luminosity is enhanced compared to the case
of unpolarized beams. Figure 3 demonstrates these options.

Pe. P, e- % e+ he.  hes Cross section
10 Emooem G o
10 =2 T q o
T +1 ——= —&=— -1+ OLR
+1 -1 ——) ) +1 41 ORL

Figure 3: Helicity combinations in collisions of a longitudinally polarized elec-
tron and unpolarized positron beam (upper part) and in collisions with both
beams polarized. The corresponding helicities of the initial state particles as
well as the contributions to the cross section are shown.

2.2 Cross Sections

It is an important result, that the effective luminosity can be substantially
enhanced if both beams are polarized. The unpolarized cross section, o, is
given by the sum

1
Oy = 1(U+7+07++07—+0++)~ (5)
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Using unpolarized beams, o, is measured obtaining the number N, of events
for the integrated luminosity L,

N,
- (6)

If the electron beam is 100% polarized but the positron beam unpolarized,
and the luminosity is equally distributed to collisions with P.- = —1 and
P.- = +1, one finds

Oy —

or0too Nioo+No N,

? 2 L/2 C (7)
If also the positron beam is polarized, the unpolarized cross section is
O'_++O'+_ N+_+N_+ Nu
2 L/2 (1 =P+Pe-) L
The luminosity is effectively enhanced,
Leg=(1—P+Po-)L, (9)

resulting in a smaller statistical error of the measurement. With positron
beam polarization of |P.+| = 0.4 (0.6), the effective luminosity can be in-
creased by about 30% (50%) having an electron beam polarization of |P.-| =
0.8. In the same way, also processes beyond the SM, e.g. due to the exchange
of spin-0 particles, can be enhanced. However, in that case also runs with
combinations of the initial state helicities are necessary that are ’inefficient’
with respect to the SM cross sections. But the flexibility to chose the desired
initial state helicities improves the precision of SM measurements as well as
the sensitivity to new phenomena beyond the SM.

It must be mentioned that the uncertainties for the left-handed and right-
handed cross section measurements, do, _, do_,, include also the error of
the polarization measurement. For dPe+ /Pet = 0Po- /Po- = 0P /P the ad-
ditional error contribution due to the beam polarization measurement is

60'2']'

T SRR A (PP, (10)
which is unimportant for small relative polarization errors and small Arg.
However, for high luminosities larger 1ab™! and 6P/P = 0.25%, this con-
tribution can approach the magnitude of the statistical error of the cross
section measurement. The corresponding contribution to the uncertainty of
the unpolarized cross section is

50.  PuPe J(M@)Z (57%)2 1)
Oy, B 1-—- PeJrP@* PP,+ PP* .
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and increases slightly the uncertainty of the measurement. The knowledge
of the contributions (10) and (11) is important for precision measurements
with high luminosities and high beam polarizations. Large errors on the
polarization measurement could limit the precision to measure unpolarized
quantities, or the right-handed and left-handed cross-sections, o r and ogy,,
correspondingly.

2.3 Left-Right Asymmetry

The left-right asymmetry Apr is an important observable to measure the left-
and right-handed coupling of bosons to fermions. It is defined as

Aip = OLR T OLR (12)
OLR T OLR

Since in realistic beams |P| < 1, Apg is derived from measurements by

o —o— AR
Air = = 13
LR O_ + 04— <7Deff> ( )

with the effective polarization, Peg:

—Pe— + Pe-

Pest = PP (14)
The effective polarization is larger than the individual e* beam polarizations;
80% polarization of the electron beam are increased to an effective polariza-
tion of almost 95% using a 60% polarized positron beam. Because of error
propagation the uncertainty of the effective polarization is substantially de-
creased. Assuming that the relative error for polarization measurement of
the electron and positron beam is §Pe+ /Per = Pe- /Po- = IP /P, the un-
certainty of the effective polarization yields

P _ 0P/ (1-P2)'PL+(1-P2) P -

P P (Pt + Po-) (1 4+ Pt Pe-) ' (15)
Assuming 80% (90%) electron polarization, and an uncertainty of the polar-
ization measurement of §P/P = 0.25%[5], the error of the effective polariza-
tion is reduced by a factor 3.7 if the positron beam is 60% polarized. This
fact is important for precise Apr measurements with large integrated lumi-
nosity. In this case the error contribution due to the polarization uncertainty
could dominate the total error, d A r, given by

_p2 2

Peﬁ N 7Deff
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2.4 u,t-Channel Processes

In sections 2.1-2.3 some basic advantages are discussed for s-channel pro-
cesses. Without going into detail it should be mentioned that the search for
new phenomena benefits from polarized positrons also if u- and t-channel
processes are considered. In u- and t-channel processes the helicity of the
particle’s final state is directly coupled to the helicity of the initial state
fermion, it does not depend on the helicity of the second incoming beam
particle. This gives a direct access to the helicity of the exchanged particle
and allows an enhancement or suppression of specific processes. An example
is the production of single W bosons, ete~ — W e v, which is one basic pro-
cess to study CP violation. For more details and examples, in particular the
sensitivity to supersymmetric phenomena, the interested reader is strongly
encouraged to consult reference [1].

2.5 WT™W ™ Pair Processes

The precise measurement of the Three-Gauge-Boson-Coupling (TGC) in the
process ete” — Z,v — WTW™ allows a test of the weak gauge structure
as described by the SM, and it is very sensitive to new physics scenarios.
Since the SM defines the TGC, deviations of precision measurements from
the SM prediction are hints to new phenomena. To select this process with
high efficiency, the contribution of the neutrino exchange in the t-channel,
efe” = v - WTW~ (see figure 4), is suppressed using a polarized electron
beam. A further improvement is possible with polarized positrons in addition
to polarized electrons.

e —<——T7VWW W'

e ——VWWAwW-

Figure 4: Feynman diagrams for the process "e= — W*W~. Only the right
diagram is important to measure TGC.

2.6 Higgs Factory

The Higgs boson is a scalar particle which can be produced in ete™ annihi-
lation by the Higgsstrahlung or boson fusion (see figure 5). The dominating
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process is determined by the Higgs mass which is not yet known. In case of
a light Higgs boson as suggested by the electroweak precision measurements
at LEP and SLD [2], the Higgsstrahlung is dominating. With polarized
positrons the Higgs production can be enhanced by a factor (1 — Pe+Pe-).
If the Higgs boson is heavy, it is produced via WW fusion, ete™ — v,0.H.
This process can be enhanced (or suppressed) by the factor (1 4+ Pe+)(1 —
P.-) choosing the proper sign of the e® polarizations. For (P, Pe+) =
(—80%, +60%), the WW fusion process is enhanced by a factor of 2.88 in
comparison to unpolarized beams.

Figure 5: Feynman diagrams for Higgs production processes: Higgsstrahlung
process (left) and WW boson fusion (right).

2.7 GigaZ Option

Electroweak precision measurements at the Z resonance were performed by
the experiments ALEPH, DELPHI, L3 and OPAL at LEP and SLD at SLC.
Taking into account the results for the top quark mass and the W boson mass,
the SM has been confirmed at the one-loop level of quantum corrections. The
results of LEP and SLD are in good agreement, however, the A;r measure-
ment at SLD results in values for the weak mixing angle or correspondingly
for the Z boson couplings to fermions that are slightly different from that
determined by the LEP experiments. Running at the Z resonance again by
utilizing polarized e* beams and a much higher luminosity would substan-
tially improve the accuracy of electroweak measurements. This option is
called GigaZ since the luminosity available at the ILC allows to produce and
record about 10 Z bosons within few months of running. High-luminosity
measurements at the Z resonance combined with updated precise results for
the W boson mass, the top-quark mass, and hopefully the Higgs boson mass
allow excellent consistency tests of the SM and provide a high sensitivity
to models beyond the SM. This would also to test whether the slightly dif-
fering values for observables measured at LEP and SLD is a fluctuation as
assumed so far, or whether it is due to a certain yet unknown phenomenon.
At GigaZ a relative precision of less than 5 x 107° can be achieved for the
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effective weak mixing angle — more than 10 times better than the values
achieved with LEP/SLD measurements. This allows precise conclusions on
new physics models, e.g. supersymmetry. The GigaZ option requires very
precise measurements of energy, luminosity and beam polarization. If both
beams are polarized, the Blondel scheme [6] can be applied to determine the
beam polarization and Apgr simultaneously with highest precision [7].

2.8 Transversely Polarized Beams

Finally it must be mentioned that also collision of transversely polarized
beams are interesting. They allow access to helicity correlations, CP violating
effects and new phenomena like extra dimension [8]. The contribution to the
differential cross section due to transverse polarization is

jg ~ P PS sinf cos 26, (17)
which is zero if one of the colliding beams is unpolarized. New physics phe-
nomena yield additional terms resulting in substantially modified differential
cross sections. For example, extra dimensions differential cross sections mea-
sured for transversely as well as longitudinally polarized beams with angular
distributions typical for special classes of models. Hence, physics runs with
transversely polarized beams will help to distinguish between models and to
resolve ambiguities.

3 Requirements for Physics

Polarized positron and polarized electron beams offer the best flexibility and
an improved sensitivity to fulfill the physics programme for future high en-
ergy lepton colliders. Unfortunately, it is quite difficult to produce an intense
polarized positron beam for a high energy linear collider. The ILC baseline
design proposes to generate the positrons using photons created in an un-
dulator passed by a high energy electron beam [9]. Since the photon yield
in a helical undulator is higher up to a factor 2 than in a planar undulator,
the ILC positron source design is based on a helical undulator. The pho-
tons generated in a helical undulator are circularly polarized. If they hit the
positron production target, longitudinally polarized electron-positron pairs
are created. The scheme has been tested successfully in the proof-of-principle
experiment E-166 at SLAC [10].

Using a helical undulator, the ILC will provide a polarized positron beam.
The degree of polarization is determined by the parameters of the undulator
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and the source design. The opening angle of the photon beam decreases with
the electron energy, o< 1/. The polarization of the photons is distributed
such that a collimation of the photon beam increases its average polarization.
The loss of intensity has to be compensated using a longer undulator. For
more details see the references [11, 12].

In order to exploit the positron and electron beam polarization for physics
measurements, the degree of polarization must be kept up to the interaction
point. Therefore spin rotation systems upstream the damping ring rotate
the particle spins from the longitudinal to the vertical direction, parallel (or
anti-parallel) to the magnetic field in the damping ring. Downstream the
turnaround the spins are rotated back to the longitudinal direction so that
the beams have the desired polarization at the IP.

The electron and positron beam polarization is measured at the IP using
Compton polarimeters. To meet the high precision requirements, the relative
uncertainty of the polarization measurement must be at the level of (few)
per-mille.

One important issue must be mentioned: The direction of the helical un-
dulator winding determines the orientation of the photon polarization and
therefore the sign of the positron polarization. Switching to the opposite ori-
entation of positron beam polarization requires an additional spin-flip equip-
ment. This point is discussed in the subsection 3.3. It should be remarked
that in a polarized positron source based on Compton back-scattering the
helicity reversal can be easily realized by switching the polarization of the
laser light.

3.1 Polarimetry at the Interaction Point

The beam polarization at the interaction point is measured using Compton
polarimeters. In order to determine the luminosity-weighted longitudinal po-
larization at the interaction point (IP) at the ILC, one polarimeter is located
at the beginning of the Beam Delivery System upstream the IP, the other
in the extraction line downstream the IP. The two polarimeters are highly
complementary. The upstream polarimeter has a clean environment and a
much higher counting rate; the fast polarization measurement is important to
detect correlations. The downstream polarimeter measures the polarization
of the outgoing beam. Since the background in the downstream polarimeter
is high and the beam is disrupting after the IP, the counting rate is sub-
stantially smaller than in the upstream polarimeter. But the downstream
polarimeter has access to depolarization effects: Due to the small bunch
sizes high electromagnetic fields act between the particles in the crossing
bunches and induce the radiation of hard photons. The resulting depolar-

146



ization has to be taken into account to attain the required precision of the
polarization measurement. The combination of both polarimeters allows the
determination of the luminosity-weighted polarization; cross checks between
both polarimeters are possible. Measurements without collisions can be used
to control the spin transport through the Beam Delivery System. However,
due to the large beam disruption at CLIC the downstream polarimeter will
not work with the required precision.

Present studies and test measurements show that at the ILC a precision
of P/P =~ 0.25% can be achieved [5] for the longitudinal polarization. For
comparison: the precision for the polarization measurement reached with
the Compton polarimeter at the SLD experiment was 0P /P = 0.5%. The
measurement of the transverse polarization at the IP is under study.

3.2 Positron Polarimetry at the Source

Since the production of an intense positron beam needs some effort the de-
gree of polarization should also be measurable at the positron source. At
the electron source a Mott polarimeter is used. Due to the design and the
parameters of a polarized positron source it is not recommended to apply a
Mott polarimeter. Instead, a Bhabha polarimeter located at beam energies
of few hundred MeV is a promising option [13].

3.3 Frequency of Helicity Reversal

As discussed in section 2, a substantial enhancement of the effective lu-
minosity is possible with polarized beams. But the increase by the factor
(1 — Pe-"Pe+) is only possible in case of an efficient pairing of initial states
(+—), (—+). This requires the same helicity reversal frequencies for the elec-
tron and the positron beam. The polarization of the electron beam can be
flipped easily by reversing the polarity of the laser beam which hits the pho-
tocathode. A fast and random flipping between the beam polarization orien-
tations reduces systematic uncertainties substantially (see also reference [2]).
The orientation of the positron beam polarization can be reversed using a
spin rotator. However, it is impossible to switch the high magnetic field in
the spin rotator within very short time, e.g. from train to train as possible
for the electron beam. There is no gain for the effective luminosity if the
helicity of the positrons is reversed from run to run (or even less often) and
the the helicity of the electrons train-by-train. Further, to control systematic
effects, a very high long-term stability is necessary. A possible solution of
this problem would be to kick the positron beam to parallel spin rotation
lines with opposite magnetic fields, similar as suggested in reference [14].
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The precision measurements require almost identical intensities and po-
larizations for the left- and right-handed oriented beams. The measured
left-right asymmetry is related to the left-right asymmetry by
Apges

(Pesr)

If the luminosities and degrees of polarization are identical for o, and o _,
one gets

Aig =

(18)

N, —N, 1

N_y = Ny (Pet)
Also for fast helicity reversal small differences in luminosity and polarization
occur between the running modes (+—) and (—+). They have to be taken
into account,

App — LR + L [(ATE)?Ap + (Pe)Ap + Az + ... ] (20)
LR — <Peff> <Peff> LR P eff ] 2P L BN

where A, and Ap are the left-right asymmetries of the integrated luminosity
and of the beam polarization; the asymmetries of residual background, the
center-of-mass energy, detector acceptance and efficiency are not shown in
equation (20). The contribution Ap depends on AP+ P.- + AP,-P.+ with
AP, as difference between + and — sign of the beam polarization. A slower
helicity reversal for the positron than for the electron beam yields different
luminosities for the running modes (+—) and (—+), and also the degree of
polarization could vary. The resulting corrections in equation (20) could be
large. The corrections to Apg, i.e. Az, Ap and Ap, must be determined and
should be as small as possible. In particular, the uncertainty of Ay and Ap
should be at the per-mille level to achieve the desired high precision for Arg.

Detailed studies are ongoing to evaluate the influence of parallel spin
rotation lines on the final physics performance with polarized beams, and
to find alternative solutions with fast and flexible helicity reversal at the
undulator-based positron source.

ALR (19)

4 Summary

Precision measurements of SM physics and phenomena beyond the SM can
be performed at future linear ete™ colliders. They will extend and com-
plement the achievements of the LHC. The best conditions are provided if
high luminosity, a wide energy range and polarized beams are available. In
particular, the flexible choice of initial state helicities is desired to reveal
unexpected phenomena and their nature.
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The polarization of both beams, electrons and positrons, affords substan-
tial advantages: The occurrence of desired processes can be enhanced. The
effective luminosity for s-channel processes with exchange of spin-1 particles
can be increased by the factor (1 — P.-Pe+) if the luminosity is equally dis-
tributed to running modes with the initial state helicities (+—) and (—+).
The uncertainty of the effective polarization is reduced which is important for
precision measurements of left-right asymmetries. Among many arguments
to have polarized positrons it should be emphasized: If signals from physics
beyond the SM are found, a much better distinction between models is pos-
sible than with only one polarized beam. For the GigaZ option the electron
and the positron beam must be polarized to achieve the required precision
for the Apr and polarization measurement. In order to benefit from these
advantages, it must be possible to reverse the helicity of positrons as frequent
as the helicity of electrons. Hence, for a positron source based on a helical
undulator an additional facility is necessary to realize the fast spin flip for
the positrons.

Finally, it should be emphasized that a positron source based on a helical
undulator will provide a polarized positron beam; the degree of polarization
depends strongly on the undulator parameters and the energy of the electrons
passing through. One may ask what minimum degree of positron polariza-
tion is necessary. Recent ILC studies [1, 15] show that for Pe+ > 30% the
physics analyses clearly benefit from polarized electron and positron beams.
Of course, a high degree of positron polarization is desired and can be re-
alized by photon beam collimation for the undulator-based source (see also
reference [16]). Thus, an excellent feasibility is provided to perform the high
energy linear collider physics programme at the precision frontier.
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Impact of polarized beams for a staged approach at the
LC
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In this note we provide the achievable polarization degrees for the undulator-based e source at the
different energy stages of the International Linear Collider (ILC). In particular we discuss the physics
potential for the different energy stages.

1 Introduction

1.1 Beam polarization basics

Both Higgs physics as well as precision top quark physics strongly benefits from the use of polarized beams.
New physics will manifest itself with new fermionic and bosonic particles carrying unknown spins. Disentan-
gling and studying the underlying physics benefits from the polarization of both beams because of several
facts:

e a higher effective degree of polarization causing higher cross sections and better sensitivity to the chi-

rality of the couplings;

e an efficient suppression of background processes;

e exploitation of couplings only accessible via transversely-polarized beams;

e a reduced uncertainty of the effective polarisation and of the left-right asymmetry.

Concerning physics examples for all these cases, including quantitative and qualitative gain factors, please
see also Table 2.1 in [1].

Physics processes occur through e~ et annihilation (‘s’-channel diagrams) and scattering (‘¢,u’-channel
diagrams). In annihilation diagrams the helicities of the incoming beams are coupled to each other, whereas
in scattering processes, they are coupled to those of the final particles and therefore are directly sensitive to
their chiral properties. In such processes only simultaneously-polarized e™ and e~ beams can uniquely test
the couplings of the final 'new’ particles. Prominent applications are given, for instance, in Supersymmetry
models.

To exploit the effects of transversely polarized beams the polarization of both beams is required, otherwise
all effects at leading order from transverse polarization vanish for m. — 0 (suppression by m./+/s). This
option has substantial applications in determining CP-violating effects, distinctions of models with large
extra dimensions and high-precision tests of the Standard Model.

For details, please, see also S. Riemann, LC-REP-2013-017 [2].

1.2 Staged energy approach and achievable polarization degrees

a) ‘Higgs frontier’:
With the discovery of the Higgs boson with about my ~ 125 GeV, the dominant production process
at lower energy is Higgsstrahlung ete™ — ZH and the first energy stage to measure Higgs couplings
is at about mg + mz + 30 GeV~ 240 GeV.

With a drive beam energy of F(e™) = 120 GeV a yield of #et /#e~ = 1.5, which is crucial to match
the luminosity requirements, can also be fulfilled with the helical undulator-based et source. Applying
a collimator with a radius of Reo ~ 3.5 mm a positron polarization P(e™) = 40% is achievable for
231 m active length of the undulator with 11.5mm period and K value of 0.92, details see the note
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LC-REP-2013-019, contribution by A. Ushakov et al. The effective polarization P.g and corresponding
uncertainty APeg/Pog are listed in Tab.1.

b) ‘Top frontier’:
The next important energy stage is at about the top quark threshold, i.e. /s ~ 350 GeV. Performing
a threshold scan is mandatory to achieve a measurement of the top mass with Am; = 100 MeV. In
addition the measurement of the left-right asymmetry in ete™ — ¢ is crucial for the measurement of
the electroweak top couplings.

With a corresponding e~ drive beam energy of 175 GeV a yield requirement of #e™/#e~ = 1.5 does
not cause any problems for the undulator-based e* source. Applying the collimator as before with
Reol = 1.2 mm yields a positron polarization of P(e™) = 56% (Fig. 1).
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Figure 1: Positron yield (black curve) and polarization (red curve) versus the aperture radius of photon
collimator of et source with 175 GeV electron drive beam and 231 m helical undulator (11.5 mm period and
K =0.92).

¢) ‘Design energy frontier’:
The currently foreseen design energy is /s = 500 GeV. The undulator-based positron source with
143.5m undulator and an applied collimator of 0.7mm aperture radius will deliver P(e*) = 59%.
Detailed material tests concerning the collimator are still under work.

This stage allows a first measurement of the top Yukawa coupling gy and et polarization decisive
for a partial compensation of the severe statistical limitations of this process.

d) ‘Energy upgrade’:
A discussed upgrade energy up to /s = 1 TeV will, for instance, provide reasonable precision for
the trilinear Higgs couplings. Using a modified undulator-based et source with a 176 m undulator
(period of 4.3 cm, K = 2.5), and a collimator with R.,; = 0.9 mm at such a high e~ drive beam
energy of E(e™) = 500 GeV would still deliver P(e™) = 54%, details see the note LC-REP-2013-012,
contribution by A. Ushakov et al. Detailed studies on the effects of misalignments are still under work.

For reasons of simplicity, we assume for all energy stages /s = 350, 500 and 1000 GeV an e™ beam

polarization of P(et) = 55%. The corresponding Peg = (P(e”) — P(e™))/(1 — P(e™)P(e™)), Leg = (1 —
P(e7)P(et))L and APeg/Pegr are listed in Tab.1.

2 Polarization issues at /s = 240 GeV

Up to this energy stage the main physics questions to be addressed are the measurement of Higgs mass and
its couplings to light quarks, 7’s and the gauge bosons. The advantage of polarized beams is mainly given
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\/E P(e_) P(€+) Peog Lo %APeH/Peff
total range | F80% 0% F80% 1 1
250 GeV F80% | £40% | F91% | 1.3 0.43
>350 GeV | F80% | £55% | F94% | 1.4 0.30
total range | F90% 0% F90% 1 1
250 GeV F90% | £40% | F96% | 1.4 0.43
>350 GeV | F90% | £55% | F97% | 1.5 0.29

Table 1: The effective polarization Peg, luminosity L. and APes/P.s in dependence of the achievable
e™ polarization for the different energies. Concerning the polarization measurement, z is defined via z =
AP(e™)/P(e”) = AP(eT)/P(e™).

by the enhancement of the cross section compared to the run with unpolarized beams, assuming that the
polarization uncertainty is sufficiently small.

Providing only polarized e~ with P(e™) = —80% (P(e~) = —90%) will enhance o(ete™ — HZ by about
a factor of 1.12 (1.14) but P(e”) = +80% (P(e”) = +90%) will decrease the process by about a factor
of 0.88(0.86). Simultaneously polarized beams with P(e™) = —80% (P(e~) = —90%) and P(e*) = +40%,
however, would enhance o(ete™ — HZ) by about a factor of 1.50 (1.56) corresponding to an increase of 35%
(37%) compared to the case with only polarized electron beams. With the opposite polarization configuration
the cross section would also be enhanced, but only slightly: with P(e™) = +80% (P(e”) = +90%) and
P(et) = —40% the enhancement factor is of about 1.14 (1.16). The enhancement factor for eTe™ — HZ is
practically given by:

oP Y (HZ) L%[1— P(e7))(1 + P(e")] + R*[1 + P(e™)][Ll — P(e™)]

O-unpol(HZ) L2 + R2 ’

where the couplings are approximately given by L = —0.269 and R = 0.231.

The availability of polarized beams at this stage ensures that already an ultimate precision in the de-
termination of the Higgs couplings can be achieved at this low energy stage. Such a high precision may be
crucial to detect any hints whether one has a pure SM-like Higgs or not.

An important property of the Higgs is the CP property. In the SM the Higgs should be a pure CP-even
state. In BSM models, however, the observed boson state a priori can be any admixture of CP-even and CP-
odd states. Therefore it is crucial to determine not only whether it has CP-even state components or not but
in particular whether it is a mixed CP-state. The HV'V coupling projects out only the CP-even components,
therefore the degree of CP admixture cannot be tackled via analyzing these couplings. Therefore the precise
measurement of the Higgs couplings to fermions is decisive. For instance, analyzing the decays of the new
boson into 3rd generation fermions tau’s provides the possibility to construct CP—odd observables via the
polarization vector of the 7’s[5]. The polarization states of the Higgs decay product 7’s are suitable to
determine uniquely the degree of the CP-admixture in the parent Higgs state. Keeping in mind, however,
that in the SUSY parameter space even in CP-max scenarios only admixtures of CP—odd Higgs couplings
of 0.1% can be obtained, shows which crucial role precision aspects may play and any improvement via, for
instance, beam polarization should be exploited[1].

3 Polarization issues at /s > 350 GeV, 500 GeV and beyond

At /s = 350 GeV further physics challenges open up as, for instance, the measurement of the top quark
mass and the measurement of the total width of the Higgs. Also the polarization of the top quark gives
important information whether one has SM-like couplings or new physics contributions involved. In order
to maximize the top quark polarization beam polarization is very crucial[6].

But also new physics scenarios not observable at the LHC may directly be accessible at this energy stage
at the LC. For instance, higgsino-like SUSY scenarios that lead often to mass degenerated light states with
radiative soft photon decays are practically in a hidden sector concerning the physics potential of the LHC.
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The polarization of both beams is definitely needed to enhance the signal, to provide enough observables
and to unravel the mixing character of the neutralinos/charginos|1, 7].

In general, determining the fundamental SUSY parameters, one is —due to the expected high precision
at the LC— even sensitive to effects from virtual, heavy particles via loop effects and can predict their mass,
as for instance, m;[8].

Raising the energy to /s = 500 GeV allows to determine the top-Yukawa coupling g;;. It is expected
to achieve an accuracy of Agup/geen ~ 10%][9], although it is close to the threshold. But thanks to QCD-
induced enhanced threshold effects such an accuracy should be achievable with 1 ab—!. The polarization of
both beams is again crucial to enhance the small cross section and the sensitivity of this study. For instance,
if only polarized electrons with P(e™) = —80% are available, the improvement in Ag;py is expected to be
only of about 19% with respect to unpolarized beams. However, using simultaneously P(e™) = +60% as
well, the improvement in Agypr is expected to be 45% (see [1] and references therein).

It is of great importance to measure this Yukawa coupling with high precision in order to test the Higgs
mechanism and verify the measured top mass m; = yupv/+/s. Also admixtures of non-SM contributions
are expected to become visible in this coupling. For instance, in general Two-Higgs-Doublet model the
deviations to the SM value can here achieve typically 20%.

Concerning the Higgs sector, this energy stage also provides first access to the trilinear Higgs coupling
A, that is important for the establishment of the electroweak symmetry breaking mechanism and the deter-
mination of the Higgs potential:

1 1
V= §m§,q>§, + W% + Z,@‘;{,

where v = 246 GeV. The cross section for double Higgsstrahlung is small but has a maximum of about 0.2 fb
for a Higgs with mpy ~= 125 GeV at this energy stage. The uncertainty scales with AA/A = 1.8Ac /0.
Beam polarization of both beams is crucial to enhance the tiny cross section and it is expected to get a
precision on the Higgs self coupling < 40% already at this energy stage[10].

As soon as non-SM physics shows up the polarization of both beams gets mandatory to have the best
sensitivity to the chirality of the couplings of the new particles and to determine the underlying structure
of the model as precise as possible. Many physics examples have been studied[9, 1, 2].

One is also sensitive to new physics models via indirect searches. For instance, effects from heavy Z’[11]
become observable in eTe™ — WTW~. Having both beams polarized allows to distinguish the variety of
different Z’-models already at this energy /s = 500 GeV, exceeding the limits given by the LHC.

Contributions from CP—violating coupling or scalar- and tensor-like interactions can become observable
as well at /s = 500 GeV if transversely-polarized beams are used[12, 13, 1]. To exploit this option, both
beams have to be polarized as explained above and in [2]. Transversely-polarized beams are also mandatory
to test specific CP-violating triple gauge boson couplings in ete™ — WHW ™ ([1] and references therein).
Concerning technical issues of how accurate one can measure the polarization degree of transversely-polarized
beams at the ILC, see [14].

4 Polarization issues at /s ~ 92 GeV

In case the LHC has only discovered the SM-like Higgs but no hints for physics beyond the SM show up
another LC option may become a superior choice to clarify whether inconsistencies within the SM point to
the underlying structure of a more general physics model.

There exists, for instance, a strong relation between the measured Higgs mass and the electroweak
mixing angle sin? Hg’t. The currently still most accurate experimental measurements still offer a more than
20-discrepancy between the derived sin® H(ﬁft = 0.23221+£0.00029 at LEP and 0.23098 +0.00026 at SLC. The

world average is given by sin® 95;“ = 0.23153 + 0.00016. Such a deviation between the two measurements
may look just as a small experimental fact. However, since there exists the strong relation between the
electroweak precision observables that are theoretically calculated at the quantum level, clarifying the ‘true’
value would have a big impact. For instance, studying the two values separately, see Fig.2a,b, shows that the
current value from the LEP measurement would rule out immediately the SM as well as the MSSM (Fig2a).
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Figure 2: Left panel: The 1o uncertainty area of sin? Oy depicted at the measured value at Apg at LEP
in dependence of myy for the SM and the MSSM. Both models would be excluded. Right panel: The 1o
uncertainty area of sin? o depicted at the measured value at Ajg at SLC in dependence of my, for the SM
and the MSSM. The MSSM would be favoured [16, 17, 18].

Contrary the measured value at SLC would more favour the MSSM, see Fig2b and would immediately rule
out the SM.

At GigaZ, the high luminosity option for running at the Z-pole, offers to determine the mixing angle
up to a precision of 1.375[1]. Simultaneously polarized et beams are mandatory to achieve such ultimate
high precision goals (see also [2]). However, one should note that the achievable precision is still driven by
parametric uncertainties from Amyz, Aanaqa and Amyep. A top precision of mye, = 0.1 GeV is expected to
be achievable only at the LC via threshold scan measurements, but such a precision will be mandatory to
fully exploit the GigaZ precision[15].

In case no further new physics appears in LHC results in the near future, it may be a natural step
for the ILC after the first energy stages to go back to the GigaZ option. On basis of such a precision of
Amyop = 0.1 GeV one could fully interprete the ultimate precisions tests at GigaZ at the ILC. In Fig.3 the
expected achievable precision at GigaZ around the current central value of the world average for sin? og is
given. This figure also demonstrates how important it is both to shrink the uncertainty as well as to clarify
the actual central value.

Due to the high sensitivity of such electroweak precision observables to loop effects, they are also sensitive
to effects from heavy virtual new particles as, for instance, heavy SUSY particles, that are even beyond the
discovery range of the LHC. The chosen example scenario in Fig. 4 shows that the measurements with GigaZ
precision would even still be sensitive to SUSY scenarios that have a multi-TeV coloured sector beyond the
kinematic range of the LHC[16]. Therefore such ultimate precisions measurements at GigaZ can give even
hints to outline the underlying new physics scale.

5 Summary

Polarization plays an important role in the full physics programme of the Linear Collider. In order to
be competitive to the LHC results and estimates, the physics potential of the ILC has to be maximized.
Therefore simultaneously polarized e~ and e™ beams are needed in the full energy range. The polarization
may play a crucial part in particular in the first energy stages in order to optimize the results in Higgs and
top physics and to widen the accessible physics potential for beyond Standard Model physics. Furthermore,
polarized beams will play the substantial role when analyzing the structure of the underlying new physics
models.
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even if the on-shell particles are beyond the kinematic range. [16, 17, 18].
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LC-REP-2013-009

Measurement of the beam polarization at the ILC using
ete” —- WTW~ — qqfv data

A. Roscal

I DESY, Hamburg, D 22607, Germany

Abstract

An assessment of the achievable precision on the measurement of the longitudinal polarization
of high energy electron and positron beams in collision at the International Linear Collider
operated at 1 TeV is presented. Two methods to extract the beam polarization using the eTe™ —
WHW~ — qqfv process are investigated: a modified Blondel scheme with both beams polarized
and an angular fit method based on the W-boson production angle.
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1 Introduction

The measurement of the beam polarization at the ILC will be performed by Compton polarimeters.
They will measure the average beam polarization at their location with high statistics. Due to
effects such as polarization spread, spin transport between the polarimeter and interaction point,
and disruptions due to beam-beam effects, the result of the polarimeter measurement will differ from
the luminosity-weighted beam polarization. Using a physics process that is sensitive to the beam
polarization, the average luminosity-weighted polarization at the interaction point can be directly
extracted. The process ete™ — WHTW™ can be used to achieve this goal.

We compare two techniques to measure the polarization: a modified Blondel scheme that relies on
the dependence of the total cross sections of semileptonic W-pair production for different incoming
beam polarizations, and an angular fit method that uses the distribution of the production angle
cos By of the W~ with respect to the electron beam axis.

This study investigates the capability of the ILD detector to measure the longitudinal polarization
of high energy electron and positron beams at the ILC operated at /s = 1 TeV. The simulation of the
signal and background processes is described in Section 2. Event selection is described in Section 3.
The methods to extract the polarization are presented in Section 4 and conclusions are summarized
in Section 5. The achievable accuracy of this measurement for the ILC at /s = 500 GeV has been
reported by [7].

2 Simulation of the signal and background processes

Signal and background events are generated using the WHIZARD [1] event generator. The effects of
initial state radiation and beamstrahlung are included. The four- momenta of the final-state quarks
and leptons are passed as input to PYTHIA 6.422 [2] for parton showering and hadronization. The
detector response is simulated using the MOKKA [3] full Monte Carlo detector simulation.

The detector model used in this analysis is ILD_01.v05 and it is described in Reference [4].

Events were generated at a centre-of-mass energy of 1 TeV assuming 100% polarized beams.
Events corresponding to different polarization configurations were obtained by properly mixing the
samples in order to obtain realistic cases of partial polarizations. The final results are reported for an
integrated luminosity of 1000 fb~!, but propagation of the uncertainties at different luminosities are
also shown.

The hadronic cross-section for vy — hadrons events, with mass exceeding 2 GeV, is several hundred
nb [5], so that about 4.1 events of this type are produced per bunch crossing. These events (pile-up)
are overlaid to the physics events. Since the pile-up events are produced in the t-channel g-exchange
most of the resulting final state particles are distributed at low angles.

3 Event selection

W bosons decay into hadrons, mostly through W~ — ud or ¢s, or leptons, W~ — ¢~ 1v,, where ¢
denotes an electron, muon or tau lepton. W-boson pair production yields three classes of events:
the fully- leptonic, fvlv, the semi-leptonic, ggfv, and the fully-hadronic, qqqq, final states. Due to
the presence of more than one neutrino in the fvfv final state, the masses of the W bosons cannot
be directly reconstructed from their decay products and this decay channel is not further considered
here. The gqqq final state has been excluded as well due to the fact that the charge of the W-boson
cannot be reconstructed with sufficient precision from the jets of the hadronic decay.

In order to measure the charge of the W-boson with high purity we only considered here the
semi-leptonic final state gqfv where ¢ denotes an electron or a muon. The channel qq7v is considered
as a background as well.
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Figure 1: Distributions of the number of PFO Npgro (top left), visible mass My g (top right), total
transverse momentum Py (bottom left) and visible energy Ey s (bottom right). Events with pile-up.

Visible final-state fermions are reconstructed in each event. Electrons and muons from W-boson
decays are measured in the calorimeters and in the tracking system. Lepton candidates are defined
by the following ratios: FEgpcar/Eir and Eiot/Pirack, where Epcap is the energy measured in the
electromagnetic calorimeter, F,, is the total measured energy in the calorimeters, and pj.qc. is the
measured track momentum in the tracking detectors. We require that Epcar/Fio is greater than
0.9 for electrons and less than 0.5 for muons and FEiy/pirack be greater than 0.8 for electrons and
below 0.4 for muons. Jets originating from quarks are reconstructed by combining information from
calorimetric clusters and associated tracks into jets using the kt algorithm [6], see section 3.2.

The event selection for the process qqfv requires high particle-multiplicity, an identified lepton,
and missing momentum.

Events are selected requiring the number of reconstructed particle flow objects Nprpo be greater
than 15, the total transverse momentum Pr larger than 5 GeV, a total visible energy below 1200 GeV
and a visible mass greater than 100 GeV. The distributions of the variables used for the preselection
of the gqfv events are shown in Figure 1.

3.1 Identification of isolated leptons

In the qqlv final state, the lepton from the W — (v tends to be energetic and isolated from the rest of
the event. To identify an isolated lepton, a cone with a half-opening angle 6.,,. is constructed around
each lepton candidate. The cone energy E.,,. is defined to be the sum of the energy of all the tracks
inside the cone, excluding the lepton candidate. We require the value of the cos..,. to be 0.98.

For illustration purposes we show in Figure 2 the distribution of the cone energy versus the lepton
candidate energy for the processes WTW~ — ¢qqq (in blue) and ZZ — ¢T¢~¢*¢~ (in red). The
energetic isolated leptons have high energy and a low cone energy, thus populating the lower right
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Figure 3: Left: Distribution of the visible energy of the PFOs after applying a jet clustering algorithm
in events with pileup, compared to the visible energy of the PFOs in events without v overlay (red
curve). Right: Reconstructed invariant mass of the W-boson using different jet clustering algorithms.
The black curve is obtained for events without v~ overlay.

region, shown as red points in Figure 2. Leptons from heavy flavour jets are likely to be less energetic
and have a higher cone energy, shown as blue dots in Figure 2. The selection of isolated leptons is
performed by applying a cut on the cone energy which varies as the lepton energy and is given by the
equation F.,,. < v/20E, — 300. We require one and only one isolated lepton.

3.2 Jet clustering and suppression of vy overlay events

We employ a jet clustering algorithm to separate the event into 2 jets, after taking out the isolated
lepton. At the ILC, the physics event is accompanied by significant additional energy from vy —
hadrons background. For this reason it is not possible to use the jet clustering algorithms developed
for LEP which combine all particles into jets. We found that the kt algorithms [6] developed for
hadron collisions are more suitable since they reduce the inclusion of background particles into the
jets from the ete™ interaction. Figure 3 (left) compares the reconstructed visible energy observed with
the Durham algorithm to that from the kt algorithm for different values of the jet radius parameter
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Cut qqlv qqrv 2 ferm. 4 ferm. 6 ferm.
Initial events 210841.0 104698.0 776759.0 2369330.0 69277.0
Preselection 192576.7  95783.3 427708.3 1130853.3 63785.0
Single isolated lepton 117451.7  20010.0  19167.5 234110 22696.7
Fit probability 100232.0  17606.7  12490.7 68277.0 17983.3
Tagiser < 1 91281.7 5651.0  10294.7 52409.3 16445.0
Mass cuts 76415.0 4120.0 2550.2 14051.9  3010.0
cos By > -0.95 76101.7 4100.0 2369.5 124425  2886.7

Table 1: Summary of the cuts to select qgfv events. Estimated yields are given assuming an integrated
luminosity of 100 fb~! with beam polarizations (P,-, P,+) = (-0.8,+0.2 ).

R. The Durham algorithm adds about 100 GeV energy from the background to the reconstructed
jets, while this effect is reduced using the kt algorithm.

Jets are reconstructed from PFOs using the kt algorithm in its exclusive mode with R=1.3 and
using the E recombination scheme. The clustering is stopped when two jets are found.

As an example, the reconstruction of W bosons is illustrated in Figure 3 (right). The distributions
obtained with and without the overlay of vy events are compared.

3.3 Kinematic fit

A kinematic fit, assuming four-momentum conservation and other constraints, is used to improve
energy and angle resolutions. The four-momentum conservation requirement determines in the case
of our final state the momentum and the direction of the neutrino. The mass resolution of the two W
bosons is improved by the additional constraint of requiring these masses to be equal. This procedure
results in a two-constraint (2C) fit of gqfv events. The reconstructed mass obtained in the 2C fit,
Mo fit is required to be 40 < Mye < 120 GeV.

The suppression of the gqrv is performed using the same discriminating variable 74, as defined
in ref. [7]. Candidates with 74, < 1 are considered gqrv events and rejected. Figure 4 shows the
distribution of this discriminating variable.

We summarize the yields after applying each cut for the case of polarized beams (P,-, P.+) =(-
0.8,40.2) in Table 1, where the yields are normalized assuming an integrated luminosity of 100 fb=*.

The total signal efficiency is estimated to be 36% in the presence of the pile-up events. The
puritv of the selection is 82% at 1 TeV. The residual backeround. not originating from W-boson pair
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Figure 5: Left: Distribution of reconstructed W-boson mass after applying the kinematic fit using
the equal-mass constraint and all selection cuts. Right: Distribution of the cosine of the polar angle
of the W~—.

production, is dominated by ggev events (70.3%), followed by ¢G events (13.4%) and 6 fermion events
(16.3%). The qqrv events amount to 5%. The ggerv events considered here as a background originate
from single-W production and fail the signal definition:

qu/ey = Mw+Wf + 50 GeV.

The distributions of Msc and cos 0y, after applying all the cuts, are shown in Figure 5.

4 Methods to extract the beam polarization

The first method considered to measure the beam polarization is a modified Blondel scheme. This
technique requires to spend some luminosity with all four possible combinations of the beam po-
larizations: +4, +—, —+ and ——, where the signs are for the positron, and respectively electron
polarizations. The absolute polarization values of the left- and right-handed degrees of polarization
are required to be equal. The beam polarization is obtained by measuring the total cross section for
each helicity combination [8]:

Pa| = (04 tor-—o0 —oyy)(Foy For-+o_ —o04y)
‘ (0 +or-to_+op)(FoyrFor —o_+opy)

where o, _ is the total cross section measured for right-handed positron beam and left-handed
electron beam (o__ and o, are defined analogously) and P.+ (P,-) is the resulting positron (electron)
beam polarization.

The four cross sections 0,4, o, o_, and o__ have been measured using Monte Carlo samples
for an integrated luminosity of 100 fb=!. The equation above has been applied and the statistical
uncertainty on the measured polarizations has been calculated. The error has been propagated towards
higher luminosities, as shown in Figure 6 (left). The total luminosity is assumed to be shared equally
between the four polarization sets. For a total integrated luminosity of 1000 fb~! the precision
obtained on the electron and positron polarizations is AP,-/P.- = 0.44% and AP.+/P.+ = 1.19%,
respectively.

The Blondel scheme requires high integrated luminosities in order to obtain small uncertainties on
the polarization. This motivates the use of alternative techniques, for instance an angular fit to the
cos Oy -distribution. This method uses the additional information contained in the distribution of the
W-pair production angle.
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Figure 6: Statistical precision on the polarization obtained with the Blondel technique (left). The
integrated luminosity is shared equally between the four polarization sets. Results for the angular fit
method are also shown (right). Here the integrated luminosity is divided equally between P_gg 420 and
P 1s50.—20 (solid lines) or it is divided among P_go.—20, P—s0.+20, P+80,—20 and Pso 420 in the proportions
1:4:4:1 (dotted lines). The horizontal dashed line indicates the optimum precision of 0.2%.

The angular fit method is based on the creation of Monte Carlo templates of the cos 0y, distribution
for several sets of beam polarizations. The electron (positron) polarization was scanned in the interval
[-90%,+90%)] ([-70%,+70%]). Each distribution is divided into 20 bins, which cover the full range of
variability of cos Oy, [-0.95,+1]. The cos 0y distribution of the data are fitted to the templates in order
to measure the polarization using MINUIT [9]. The fit has been performed with two free parameters
for P.- and P,+, with a linear least squares minimization:

X=>

j=1 i=1

= (Ni,jATA - fi<iPe+7 iPe*))Q
N DATA ;
/L?]

where N2AT4 is the content of the i-th bin of the cos fy distribution for the j-th data sample of the
four samples for different helicity sets. The Monte Carlo template f; for the same bin of cosfy and
the polarizations P,- and P,+ depend on the sample j. For each considered integrated luminosity
the fit is repeated several times. The resulting fit parameters are Gaussian distributed around the
expected value, as shown in Figure 7. The fit statistical errors are obtained from the widths of the
Gaussian fitted to the parameter distributions.

The precision achieved with the angular fit method is summarized in Figure 6 (right).

The angular fit is more powerful than the Blondel technique, yielding the same precisions at much
lower luminosities. For an integrated luminosity of 1000 fb~! divided among the four polarization
sets P_s0,—20, P—s80,+20, P+s80,—20 and Prgp 120 in the proportion 1:4:4:1 the precision obtained on the
electron and positron polarizations is AP.- /P,- = 0.11% and AP,+/P.+ = 0.6%, respectively.

We also assessed the achievable error on the polarizations when reducing to zero the integrated
luminosity spent on the ++ and —— polarization sets. Such configurations of the helicities are of low
interest for most of the physics studies, since they suppress the s-channel production. The results
obtained are shown in Figure 6 (right, solid lines). For an integrated luminosity of 1000 fb~! the
precision obtained on the electron and positron polarizations is AP.- /P.- = 0.19% and AP.+/P.+ =
1.13%, respectively.

5 Conclusions

Using W-pair production it will be possible to measure the average luminosity-weighted beam polar-
ization at the ILC with high sensitivitv. Assuming an inteerated luminositv of 1000 fb=! at /s=1
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Figure 7: Distributions of the fitted parameters for the electron (left) and positron (right) polariza-
tions.

AP.- AP—/P— AP+ AP./P.

Blondel technique 0.0035 0.44% 0.0024 1.19%
(25% ++/+—/—+/——)

Fit method 0.00084 0.11% 0.0012 0.6%
(10% ++/——)

(40% +—/—+)

Fit method 0.0016 0.19% 0.0023 1.13%
(50% +—/—+)

Table 2: Achievable errors for the two beam polarizations using gqfv events and 1000 fb~! at /s =
1 TeV.

TeV, Table 2 summarizes the obtainable errors on the electron and positron polarizations.

The study has not yet evaluated all backgrounds, particularly vy and ey processes need to be
looked at in more detailed. If the impact of these backgrounds becomes important, the selection cuts
can be tightened with an expected degradation of the efficiency by a factor about 1.8.

Also it should be mentioned that the precision of the angular fit method does not depend on as-
suming that the TGCs are consistent with the SM expectations. A simultaneous fit of the polarization
and TGCs is possible [7] without loosing sensitivity on the polarization.
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Abstract

We evaluated the measurement accuracy of the branching ratio of H — 777~ mode at
Vs = 250 GeV at the ILC with the ILD detector. We assumed the Higgs mass My = 120
GeV, branching ratio Br(H — 7777) = 8.0 %, beam polarization P(e™,et) = (—0.8,+0.3),
and integrated luminosity [ L dt = 250 fb~!. We used the LOI samples as the Monte-Carlo
samples. The evaluation was performed by the ILD full detector simulation. All Standard
Model backgrounds were included in this study. We obtained the accuracy A(c-Br)/(o-Br) =
3.5 %. The scaled result to My = 125 GeV is calculated to be 4.2 %.

1 Introduction

A new Higgs-like particle was discovered by the ATLAS and the CMS experiments [1, 2]. One of
the next important themes for particle physics is the investigation of that new particle, especially
the mass generation mechanism.

One of the important properties of Higgs boson is its branching ratio. In the Standard Model
(SM) of particle physics, the Yukawa coupling constant of matter fermions with the Higgs boson
is proportional to the fermion mass. Besides, if there is new physics, the coupling constant may
deviate from the SM prediction. Therefore, the branching ratio is a probe for new physics.

In this note, we focus on the branching ratio of H — 777~ mode. We estimate the measurement
accuracy of the H — 717~ branching ratio at /s = 250 GeV with the ILD full detector simulation.

2 Signal and Background

The main Higgs production process at /s = 250 GeV is the Higgs-strahlung process (ete™ — ZH).
There are three types of signal depending on the decay of the Z boson, as shown in Figure 1. In
this note, we concentrate on (A) Z — I*]~ mode and (B) Z — ¢G mode.
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(B)

Figure 1: The diagrams of signal processes. (A): Z — [l mode, (B): Z — ¢g mode, (C): Z — vb
mode.

The Z — vv mode has been found to contribute negligibly to the overall precision which is
dominated by the Z — ¢q mode. However, at higher center-of-mass energies, the ete™ — vH
mode is expected to contribute substantially due to the increase in the cross section of W W fusion
process.

2.1 7 —I"l” mode

In this mode, we only considered Z — e*e™ mode and Z — u™p~ mode as the signal process.
The signal cross section of this mode is 1.9 fb. The dominant background processes are the four
leptons processes (ete™ — eeee, eeup, eert, pppp, purt, and 7777). An example diagram is
shown in Figure 2-(A). Other background processes are ete™ — ZH reactions where the Higgs
boson does not decay to tau pairs.

2.2 7 — gq mode

The signal cross section of this mode is 19.8 fb. The possible background processes for this mode
are qqqq, qqll, and gqlv, which come from e*e™ — WHW ™ or ete™ — ZZ reactions. An example
diagram is shown in Figure 2-(B). Other possible backgrounds are ete™ — ZH with Z — 777~
and H — qq. These processes have the same final state to the signal.

u+

et .

7 L

e+
T o :
(A) (B)

Figure 2: Example diagrams of possible background. (A): pur7 background for Z — "]~ mode,
(B): gqqq background for Z — ¢g mode.

-
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3 Simulation Conditions

We performed the detector simulation with Mokka [3], a Geant4-based [4] full simulation, with
the ILD_00 detector model. TAUOLA [5] was used for the tau decay simulation. The ILD_00
detector model is consists of vertex detector, time projection chamber, electromagnetic calorimeter
(ECAL), hadronic calorimeter (HCAL), and yoke.

We used the signal and background samples which were generated in the context of the Letter
of Intent [6]. The assumed center-of-mass energy is 250 GeV. The effects of beamstrahlung and
initial state radiation are included. All Monte-Carlo sample information (process ID, process,
polarization, cross section, number of events, and luminosity) are summarized in Tables 6 (page 9)
and 7 (page 10). We assumed the Higgs mass My = 120 GeV, branching ratio Br(H — 7t77) =
8.0 % as assumed by PYTHIA [8], integrated luminosity [ L dt =250 b, and beam polarization
P(e*,e”) = (+0.3,—0.8). We also rescale the final result to the case of My = 125 GeV and the
H — 7777 branching ratio which includes the NNLO corrections [9].

4 Event Reconstruction and Event Selection

4.1 7 — 1"l mode

In this mode, we take the strategy of reconstructing the Z boson first, followed by the reconstruc-
tion of the tau pairs from the Higgs decay.

We applied lepton identification at first for dividing Z — eTe™ events and Z — u* ™ events by
using the information of energy deposit in the calorimeter (Ercar, and Epcar, where Egrcap, is the
energy deposit in ECAL, Eycay, is the energy deposit in HCAL, respectively) and track momentum
(Pirack)- Figures 3 - 6 are the plots of Excar/(Ercar + Eucar) and (Ercar, + Eucar)/ Prirack-
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From these plots, we define the criteria for lepton identification.
identification <€—ID> are: EECAL/(EECAL + EHCAL) > 0.92 and (EECAL + EHCAL)/Ptrack > 0.5.
The criteria for muon identification (u-ID) are: Egcar/(Ercar + Fucar) < 0.6 and (Egcar, +

EHCAL)/Ptrack < 0.5.

After the lepton identification, we applied selections to remove secondary leptons from tau
decays. The strategy of this selection is to remove tracks which do not come from the interaction
point (IP) by using the track energy Fi.. and impact parameter in the transverse direction dg
and longitudinal direction z, with respect to the beam axis. Figures 7 - 12 show the |dy/o(dy)],
120/0(20)|, and Eia plots which through the lepton identification. We defined the tau rejection
cut for the objects through the e-ID: |do/o(dp)| < 50, |z0/0(20)| < 5, and Eiaac > 10 GeV, and

for the objects through the p-1D: |dy/o(dy)| < 3, |20/0(20)| < 7, and Fipaee > 20 GeV.
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We applied the energy recovery procedure to correct for bremsstrahlung and final state radi-
ation. In order to reconstruct the original Z boson, we have to use both the charged particles
and the radiated photons. To achieve this, we defined the cone as shown in Figure 13. The four-
momenta of the neutral particles in the cone were combined with that of the lepton candidate.
We defined the half-opening angle of the cone with cosf..,. = 0.999 and applied the recovery
procedure to the lepton candidates. The results are shown in Figures 14 and 15.

QCOI’IG

Figure 13: The definition of the cone. Black arrow shows the lepton candidate. .., is the angle
of the cone.
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Figure 14: The results of recovery for Z — Figure 15: The results of recovery for 7 —
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After that, we applied the tau finder to the remaining objects to reconstruct tau leptons.
First of all, the objects which already used at Z boson reconstruction were rejected from tau
reconstruction analysis. Then we search the highest energy track from the remaining objects, and
combine the neighboring particles (which satisfies the angle with respect to the highest energy
track less than 1.0 radian) with the combined mass less than 2 GeV. We regarded the combined
object as a tau candidate. Then repeat these processes until there are no charged particles.

After finishing the event reconstruction, we applied the cuts for selecting signal, rejecting
background. Before optimizing the cuts, we applied the preselection as follows for Z — ete™
mode: number of et and e = 1, number of 77 and 7= =1, and for Z — g™~ mode: number of
p and = =1, number of 77 and 77 = 1.

We applied the following cuts for Z — eTe™ mode: number of tracks < 8, 115 GeV < E,;, < 230
GeV, | cosOniss| < 0.99, 81 GeV < My < 113 GeV, cosf.- < 0.92, cos O+ > —0.92, E.- < 90 GeV,
E.+ <90 GeV, cos,+,- < —0.45, cosf,.- < 0.92, cosO,.+ > —0.92, and 116 GeV < M econ < 142
GeV, where E is the visible energy, 6., is the missing momentum angle with respect to beam
axis, f.-(c+y is the e”(e") angle with respect to beam axis, E,-(+) is the e”(e™) energy, 0+, is
the angle between 7+ and 77, 0 (7+) is the 77 (71) angle with respect to beam axis, and Miecoi
is the recoil mass, respectively. The histograms of all cut variables are shown in Figures 17 - 28
(page 11 - 12). Table 1 shows the cut statistics of this mode. After the cuts, the Z — eTe™ signal
events of 108.9 and background events of 76.0 remained. The statistical significance was calculated
to be S/v/S+ B =108.9/4/108.9 + 76.0 = 8.00.

We applied the following cuts for Z — ptp~ mode: number of tracks < 8, 115 GeV <
Eyis < 235 GeV, | cosOpiss|] < 0.98, 72 GeV < Mz < 107 GeV, E.- < 90 GeV, E.+ < 90 GeV,
cosO+.- < —0.5, and 118 GeV < M,econ < 143 GeV. The histograms of all cut variables are shown
in Figures 29 - 36 (page 13 - 14). Table 2 shows the cut statistics of this mode. For the Z — pu*pu~
mode case, 131.2 signal events and 91.2 background events were remained. The significance was

S/VS+ B =131.2/y/131.2 + 91.2 = 8.80.

Table 1: The cut statistics of Z — eTe~ mode.

eeH ppH TTH Z H with eeTT other other signi.
H—71mr H-—>1r H-—>711 no T 4 leptons SM bkg
No cut 228.3 211.1 214.6 7325 2.388 x 10°  5.238 x 10>  1.492 x 109 0.0019
preselection 171.3 0.155 1.532 47.05 1.338 x 104 3.215 x 10*  1.023 x 107  0.053
# of tracks 169.4 0.155 1.532 41.56 1.316 x 10*  3.205 x 10*  1.009 x 107 0.053
Euis 162.3 0.155 0.912 38.36 1.068 x 10*  1.039 x 10*  4.761 x 106 0.074
€08 Omiss 160.6 0.155 0.912 38.03 8719 1906 5.155 x 10° 0.22
My 148.0 0 0.017 29.09 2408 501.2 1.299 x 104 1.2
€08 0, (o+) 133.9 0 0.009 25.40 1067 101.5 729.7 3.0
Eo— (et 133.0 0 0.009 24.93 690.3 78.70 629.7 3.4
cosf 4 — 130.8 0 0 3.536 254.9 30.70 155.4 5.5
€080, — (+) 123.4 0 0 3.074 212.1 9.161 3.817 6.6
recoil 108.9 0 0 2.474 72.35 1.134 0.034 8.0
Table 2: The cut statistics of Z — p*p~ mode.
pnuH eeH TTH ZH with  puprt other other signi.
H—r H-—1tr H-—>r71T7 no T 4 leptons SM bkg
No cut 211.1 228.3 214.6 7325 3513 7.591 x 105  1.492 x 1019  0.0017
preselection 168.5 0 0.155 43.01 1698 7546 7732 1.3
# of tracks 167.4 0 0.155 39.65 1684 7537 7400 1.3
Euis 162.9 0 0.155 37.40 1586 2285 3713 1.9
€08 Omiss 158.6 0 0.155 36.51 1386 227.5 55.48 3.7
My 153.2 0 0 32.84 1038 55.28 42.54 4.2
Eo—(et) 153.2 0 0 32.70 738.6 42.41 36.72 4.8
cosf 4 146.3 0 0 3.638 259.4 20.19 0.756 7.1
Miecoil 131.2 0 0 2.875 82.36 5.311 0.301 8.8
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4.2 7 — q¢ mode

In this mode, the tau pairs are reconstructed first, followed by the di-jet reconstruction of the Z
decay.

At first in this mode, we applied the tau finder to all objects to reconstruct tau leptons. In
this analysis, we search the highest energy track and combine the neighboring particles, which
satisfy cosfeone > 0.98, with the combined mass less than 2 GeV. We regarded the combined
object as a tau candidate. Then we applied the selection cuts as following: Fiau candidate > 3 GeV,
Eeone < 0.1Fiay candidate With cosf.one = 0.9, and rejecting 3-prong with neutral particles events.
These selection cuts were tuned for minimizing misidentification of part of quark jets as tau jets.
The survived tau candidate regarded as a tau jet. After the selection cuts, we applied the charge
recovery to obtain better efficiency. The charged particles in tau jet which have the energy less
than 2 GeV are detached one by one from smallest energy from the tau jet until satisfying the
conditions as following: the charge of tau jet is +1 or —1, and the number of track(s) in tau jet is
1 or 3. The tau jet after detaching is rejected if it does not satisfy the above conditions. After the
selection cuts and detaching, we repeat the above processes until there are no charged particles
which have the energy greater than 2 GeV.

After the tau reconstruction, we applied the collinear approximation [10] to reconstruct M +,-.
In this approximation, we assumed that the visible decay products of tau and the neutrino(s) from
tau is collinear, and the contribution of missing transverse momentum is only comes from the
neutrino(s) of tau decay. The invariant mass of the tau pair with the collinear approximation
shown in Figure 16.

Figure 16: The plot of Mcapp in the unit of GeV, the invariant mass of di-tau with collinear
approximation. Blue histogram shows the signal process ZH — qq7T.

After that, we applied the Durham jet clustering method [11] with two jets for the remaining
objects for the reconstruction of the Z boson.

After the tau and Z reconstruction, we applied the cuts to select signal process. Before op-
timizing cuts, we applied the preselection as follows: number of quark jets = 2, number of 7+
and 77 = 1, number of tracks in 7 < 3, and the events which have the tracks in both 7 = 3
were rejected (double 3-prong cut). We applied the following cuts to reject the background: 9 <
number of tracks < 50, 110 GeV < Eis < 235 GeV, | cos Oniss| < 0.98, 77 GeV < My < 135 GeV,
80 GeV < Ez < 135 GeV, co80,+,- < —0.5, log,,|do/o(do)|(7F) + logyo |do/o(do)|(77) > —0.7,
logyo |20/0(20)|(7T) + logyo |20/0(20)|(77) > —0.1, M,+,- < 115 GeV, E.+,.- < 125 GeV, 100
GeV < Meoiapp < 170 GeV, 100 GeV < Egglapp < 280 GeV, and 112 GeV < Meeon < 160 GeV,
where M. +,- and E,+,- is the invariant mass and energy without using collinear approxima-
tion, Meolapp and Egolapp is the invariant mass and energy with collinear approximation, respec-
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tively. The histograms of all cut variables are shown in Figures 37 - 49 (page 14 - 16). Table 3
shows the cut statistics of this mode. After the cuts, the signal events and background events
were remained 1026 and 554.4. The statistical significance of Z — ¢ mode is calculated to be

S/VS + B = 1026//1026 + 554.4 = 25.80.

Table 3: The cut statistics of Z — ¢¢ mode.

qqH ZH with UH TTH qqqq qqll qqTT qqlv qqTV other signi.

H — 71 no T SM bkg
No cut 4233 4.829 x 10* 5377 2596  4.038 x 10°  3.563 x 10°  4.169 x 10*  2.788 x 10%  1.326 x 10  1.494 x 10'°  0.035
preselection 1647 578.8 2761  765.4  1.230 x 10*  6.378 x 10*  1.161 x 10*  1.249 x 10°  4.948 x 10* 2.570 x 107 0.32
# of tracks 1644 549.8 2680  765.4  1.230 x 10*  6.059 x 10*  1.146 x 10*  1.214 x 10°  4.806 x 10* 5.190 x 10° 1.9
Eyis 1607 492.3 1015 744.2 4443 2.106 x 104 1.107 x 10*  1.192 x 10>  4.693 x 10* 2.383 x 10° 2.4
coS Omiss 1572 474.7 860.5  725.1 2127 8315 1.021 x 10*  1.171 x 10°  4.415 x 10* 5939 3.6
My 1440 376.1 791.3  682.8 778.6 4987 8674 8189 3288 997.3 8.3
Eg 1429 352.0 782.7  528.7 505.0 4797 7857 7703 3061 609.9 8.6
cos®_4 _ 1386 46.28 4422 255.6 191.4 1468 2001 2831 1154 475.6 13.7
dosig 1338 30.29 235.1  244.3 131.4 854.9 1928 1786 1044 248.1 15.1
zosig 1287 19.54 105.0  234.7 81.77 408.2 1845 909.9 883.4 244.6 16.6
M4 1286 19.39 103.2  234.7 72.05 349.1 1837 883.5 883.4 243.9 16.7
E_4 _ 1282 19.39 103.0  234.7 72.05 324.7 1836 873.2 883.4 243.9 16.7
Mcolapp 1065 3.074 18.76  47.94 10.28 72.83 616.9 150.8 137.0 0.746 23.1
Ecolapp 1062 2.454 18.01  46.72 10.28 71.27 612.1 93.05 93.52 0.454 23.7
Miyecoil 1026 2.144 14.54  21.24 9.938 57.07 366.3 39.64 43.31 0.161 25.8

5 Summary

We evaluated the measurement accuracy of the branching ratio of the H — 777~ mode at /s =
250 GeV at the ILC with ILD_00 detector model. We assumed My = 120 GeV, Br(H — 7777) =
8.0 %, [ L dt =250 fb~!, and the polarization P(e*,e”) = (+0.3,—0.8). The obtained values
were summarized in Table 4.

Table 4: The analysis results of /s = 250 GeV.
mode Z —etes Z—=utum Z—qq
significance 8.00 8.80 25.80

From these results, the combined significance was calculated to be 1/8.02 + 8.82 4 25.82 =
28.40. Therefore, the measurement accuracy A(o - Br)/(o - Br) was calculated to be A(o - Br) /(o -
Br) =1/28.4 =35 %.

The results are extrapolated to the case of My = 125 GeV by scaling the signal yields by the
ete” — ZH cross section and the branching ratio Br(H — 7777) — 6.32 % [9]. We assumed
that the selection efficiencies the same. The results are summarized in Table 5.

Table 5: The results of the extrapolation to My = 125 GeV.

A(c-B

Z —ete Z—putu~ Z— qq| Combined (U—Br)
o-Br
6.80 740 2190 2410 4.2 %
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A Monte-Carlo Samples

Table 6: Monte-Carlo information which used in this analysis. From the left line, the process
ID, process, beam polarization (ep for positrons, em for electrons), cross section in the unit of
fb, number of Monte-Carlo events, integrated luminosity in the unit of fb=!, are shown. This list

continues to Table 7.

21564
21565

aa_bb ep+0,0en+0,0 960,971 96 0,033833
aa_bb ep+0,Qen+0, 0 5218,47 521 0,0998377

23584
23585

aa_e3e3dd ep+0,0em+0,0 0073276 10 136,47
aa_e3e3dd ep+0,0em+0,0 0,096953 10 103,143

21664
21665

ael_elelel ep-1.0em+0.0 7275.46 7275 0,933937
ael_elelel ep-1.0em+0,0 44860.5 44060 0,932156

21566 aa bb ep+0.0en+0,0 5205,84 520 0,0030875 23086 aa_ele3dd ep+0.0en+0.0 0,.007375 10 102,696 21666 ael_elelel ep+d,en+0,0 7327,35 7327 0,933352
21567 aa_bb ep+0,0en+0,0 4768,41 476 0,0338236 23587 as_e3eddd ep+0,0em+0.0 0,019565 10 511,117 21667 ael_elelel ep+l.Oem+0.0 44310.9 44510 0,33338
21560 aa_cc ep+0,Oen+0, 0 25826,9 2582 0,0939733 23580 as_edededed ep+(,Oen+),0 2,98239 10 3,35302 21668 ael_eleZe? ep-1,0em+0,0 7853,36 7859 0,999954
21661 aa_cc ep+0.Oent0,0 153487 15848 0,0333356 23081 aa_elededed ept0.Oen+),.0 681718 10 1,71908 21669 ael_elePel ep-1,0em+0,0 03497,7 B2257 0,5977556
21562 aa_cc ep+0,0em+0,0 158287 15828 0,0939956 23582 as_elededed ept0,Oen+0,0 5,B3263 10 1,71449 21670 ael_eleZe? ep+l,Vem+0,0 7874,12 6874 0,872336
21563 aa_cc ep+0,Oen+0,0 208130 20813 0,0333376 23083 as_eleleded ep+(,Oen+0,0 2,0741 10 4,82127 21671 ael_eleZel ep+l,en+0, 0 536954 52655 0,981369
23532 aa_cchh ep+t0,0em+0,0 0,010556 10 947,323 23588 aa_e3e3ss ep+0,0em+(.0 0,073357 10 136,32 21672 ael _ele3ed ep-1.0em+0,0 13442.9 12442 0,933333

23533

aa_cchb ep+0,Oen+0, 0 0,004464 10 2240,14

23583

as_e3e3ss ept(,Oen+0,0 0,09712 10 102,965

21673

ael_eleded ep-1.0en+0,0 96101.5 34701 0,935427

23634 aa_cchb ep+0.0em+0,0 0,004538 10 2203,61 23080 aa_elelzs ep+0,0en+0.0 0,007351 10 102,683 21674 ael_eleded ep+l,en+0,0 13433 13283 0,985167
23432 aa_ccocc ep+0,Oen+0,0 0,038923 10 256,918 23591 as_ededss ep+0,Oen+0.0 0,019638 10 509,217 21675 acl_eleded ep+l.Oen+0,0 96257.6 94007 0,977138
23433 aa_ccoc ept),Oem+0,0 0,012718 10 786,287 23212 aa_nleldy ep+0,0em+0,0 0,225273 10 44,3308 21648 ael_elnZn2 ep-1,0em+0,0 33,3463 33 0,989615
23434 aa_ccco ep+0.0en+0,0 0,01308 10 764,526 23300 aa_nlelelnl ep+0.Qem+),0 0076337 10 130,933 21649 ael_elr2n2 ep-1,0em+0,0 14,4871 14 0,966377
23528 aa_ccdd ep+0,Oen+0,0 0,008955 10 1116,69 23304 as_nlele2nz ep+0,0em+0),0 0,073443 10 136,16 21600 ael_elnZn2 ep+l,Oem+0,0 52,0655 52 0,538665
23529 aa_codd ep+),dem+0,0 0,002019 10 4952,95 23308 as_nleledn3 ep+0,Oen+0,0 0072757 10 135,58 21651 ael_eln2n2 ep+l,en+0, 0 22,6358 22 (,9715912

23530

aa_ccdd ep+0,0em+0,0 0,002071 10 4828,53

2221R

aa_nlelsc ep+0,0em+0,0 0,236377 10 44,3858

21662

ael_eln3nd ep-1.0em+0,0 33,3836 33 (.988509

23516 aa_ccelel ep+),0em+0,0 (,470002 10 21,0825 23436 as_ninleZe? ep+0,Oem+),0 0,003527 10 2835,27 21653 ael_elndnd ep-1,0em+0,0 14,5035 14 0,365284
23617 aa_coelel ep+0.0en+0,0 0.574236 10 17,4144 22440 az_nlnleZed ep+0.Qem+),0 0,003793 10 2636.44 21654 ael_eln3n3 ep+l, en+0,0 52,1148 52 0,397797
23518 aa_ccelel ep+0,0em+0,0 0,578067 10 17,293 23400 aa_nlnluy ep+0,Oen+0,0 0,002035 10 4914 21665 ael_eln3nd ep+l.Oem+0,0 22,6013 22 0,973355
23519 aa_ccelel ep+(,0em+0,0 0,095382 10 104,186 233232 aa_nZeldu ep+0,0em+0,0 0,225253 10 44,3345 21680 ael_elss ep-1,0em+(,0 263,497 263 0,998114
23620 aa_cceZe ep+).Oen+0,0 0.473937 10 21,0939 23320 aa_nZeZelnl ep+0.Qem+),0 0073442 10 136,162 21681 ael_elss ep-1.0en+0,0 1205,28 1205 0,939768
23521 aa_ccelel ep+0,.0em+0,0 0,578748 10 17,2787 23324 as_nZelednz ep+0,0em+),0 0,076285 10 151,087 21682 ael_elss ep+l,Den+0,0 304,802 304 0,597363
23522 aa_cceel ep+),Oen+0,0 0,581645 10 17,1926 23328 as_nleZednd ep+0,Qem+),0 0,073621 10 135,831 21683 ael_elss ep+l,Oen+0,0 1203,83 1203 (,939311

23523

aa_occele? ep+0,Oen+0,0 0,095404 10 104,817

22412

aa_nZnZoc ep+0,0em+0,0 0,002028 10 4930,97

21686

ael_eluy ep-1.0em+0,0 2630,42 2630 0.99984

23524 aa_cce3ed ep+),len+(,0 0,B09322 10 12,356 23456 aa_nZnZelel ep+0,Oem+0,0 0003538 10 2826,46 21657 ael_eluu ep-1,0em+0,0 14117,2 14117 0,933386
23625 aa_cce3ed ep+).Oen+0,0 1.07006 10 9.34827 23460 as_n2nZeled ep+0.Qem+) .0 0003797 10 2633,66 21658 ael_eluy ep+l,Oen+0 0 26596,50 2696 0,399807
23526 aa_cceded ep+0,Oen+(,0 1,07435 10 9,30795 25302 as_ndeddu ep+0,Oen+(,0 0,22566 10 44,3145 21669 ael_eluu ep+l.0en+0.0 14183.1 14183 0,993333
23527 aa_cce3ed ep+),Oen+(,0 0,198611 10 50,3457 23240 aa_n3e3elnl ep+0, Oem+), 0 0073677 10 135,728 21183 bb ep+l,0em-1,0 47506,1 93600 2,03657

23392 aa_cedu ep+0.0en+0,0 0,644164 10 15,524 23344 aa_n3edend ep+0.Qem+),0 0,073513 10 136,019 21180 bb ep-1,0em+1,0 27566 93800 32,6204

23393 aa_cadu ep+t0,Oem+0,0 0,001171 10 8533,71 23348 as_n3ededn3 ep+0,Oem+0, 0 0,077072 10 129,749 21633 bbbb ep+l.Oen-1.0 B7.0078 67008 1000

23394 aa_cedu ep+0,Den+0,0 0,001482 10 674764 23306 aa_ndedzc ep+0,Oen+0,0 0,225626 10 44,3192 21534 bbbb ep-1,0em+d,0 28,7721 28772 933,997

23380

aa_cselnl ep+0,0en+0,0 0,225189 10 44,4071

22420

aa_n3nZcc ep+0,0em+0,0 0,002052 10 4921,26

22281

bbesdu ep+l.Oen-1.0 0023307 10000 334370

23384 aa_cseZnZ ep+),len+(,0 0,225196 10 44,4058 23476 aa_n3n3elel ep+0, Oem+), 0 0003529 10 2833,66 22285 bbossc ep+l,Den-1,0 0,034435 10000 230402
23388 aa_cse3nd ep+).Oen+(,0 (,225468 10 44,3522 23480 as_n3n3eed ep+0.Qem+) .0 0003535 10 2828,85 22286 bbcsse ep-1,0em+l,0 0002779 10000 3,59842e+06
23396 aa_cssc ep+0,Oem+0,0 0,650312 10 15,3772 23416 as_n3n3uu ep+0, Oen+(,0 0,002035 10 4914 20633 bbh ep+l.0em-1,0 75,602 THE0Z 1000

23397 aa_cssc ep+),Oen+0,0 0,002852 10 3506,31 21556 aa_ssz ep+l,Oent(, 0 1612,02 161 0,0338747 20634 bbh ep—1,0sm+1,0 48,4438 48444 1000

23398 aa_csac ep+0.Den+0,0 0,003221 10 3104,63 21567 aa_ss ep+0.Oenrt0,0 9919,95 932 0,100001 22261 bbuddu ep+1,0em-1,0 0,033336 10000 234239
21552 aa_dd ep+0,0en+0,0 1611,35 161 0,0333162 21558 as_ss ep+0,Oent0,0 9874,29 987 0,0939566 22262 bbuddu ep-1.0en+1.0 0002776 10000 3,60231e+06

21663

aa_dd ep+0,0en+0,0 9302,35 330 0,00359763

21583

aa_s5 ep+0,Oem+0,0 13010,8 1301 0,0833323

22265

bbudsc ep+l,Oem-1,0 0,030041 10000 332878

21654 aa_dd ep+0.0en+0,0 9313.25 351 0,0933672 23372 aa_uddu ep+0,0em+0.0 0660353 10 15,3763 21165 co ep+l,Oem-1,0 447457 99600 2,22551

21555 aa_dd ep+0,0en+0,0 12933,6 1299 00339723 23373 aa_uddu ep+0,0em+0,0 0,002865 10 3490,4 21166 cc ep-1,0en+1,0 27317.2 8BGO0 3,24338

21636 aa_elel ep+0,0em+0,0 75475,4 7047 (,0333528 22374 aa_uddu ep+0,0em+0,0 0,003197 10 3127,93 21449 ccbb ep+l,Oen—1,0 123,783 93000 793,748

21537 aa_elel ep+0,0em+0,0 551033 107766 0,135607 23360 as_udelnl ep+0,Oem+0,0 0,225336 10 44,3782 21460 ccbb ep-1.0em+l.0 56,6712 BBEVL 982,301

21539 aa_elel ep+0,0en+0,0 1,42431e+06 137431 0,09648395 23364 aa_udeZnZ ep+0,0em+(,0 0,225701 10 44,3064 21343 cooo eptl.Dem-1,0 54,3735 53774 388,974

23686 aa_elelbh ep+0.0en+0,0 0.031025 10 322,221 23368 aa_ude3nd ep+0,0en+0.0 0,225594 10 44,3274 21360 cooo ep-1,0en+d, 0 26,3297 26330 1000,01

23557 aa_elelbh ep+0,0en+(,0 0,028705 10 348,371 23376 as_udsc ep+0,0em+0,0 0,643852 10 15,5315 24477 cooocbb eprl.Oen-1.0 0003422 10000 2,92227e+06

23658

aa_elelbb ep+0,0en+0,0 0,02884 10 346,741

23377

aa_udsc ep+d, Den+0,0 0,001171 10 8539,71

24478

coechb ep-1,Oem+d, 0 0001756 10000 5,59476e+06

23559 aa_elelbb ep+0.0em+0,0 0,004257 10 2343.07 23378 aa_udsc ep+0.Oemt0.0 0,001454 10 738,54 21445 cedd ep+l.0en-1.0 120,779 100000 827,959
23549 aa_eleldd ep+),Oen+0,0 0000203 10 193,167 21648 az_uu ep+,Den+0,0 25709,9 2570 0,0393615 21446 codd ep-1,0en+1,0 55,1663 54566 989,118
22000 aa_eleldd ep+0.0en+),0 0,000333 10 198,417 21543 aa_uu ep+0,Oem+0,0 153254 31608 0,200045 24773 ceddbb eptl, Oen-1,0 0,004519 10000 2,21288e+08
23501 aa_eleldd ep+0,0en+0,0 0,008768 10 1140,51 21551 aa_uu ep+0,Oent0,0 208230 20823 0,1 24774 coddbb ep-1.0em+1,0 0,002267 10000 4,41112e+08

23536

aa_elelelel ep+0,0em+d, 0 0662331 10 15,0982

23512

aa_uubb ep+0, Oen+(,0 0,010578 10 945,358

21432

ceelel ep—1,0em-1,0 448,721 96400 214,833

23637 aa_elelelel ep+0.0en+0.0 0,5971629 10 10,232 23513 aa_uubb ep+0.0em+0.0 0004456 10 2244,17 21433 coelel ep+l,0en-1,0 506,805 92000 153,368
23538 aa_elelelel ep+0.Oent0,0 0,97552 10 10,2503 23014 as_uubb ep+0,0em+0,0 0,004531 10 2207,02 21434 coelel ep-1.0en+l.0 464,383 96300 208,443
23639 aa_elelelel ep+0,Oen+0,0 0,236858 10 42,2154 23428 aa_uucc ep+0,0em+0,0 0078277 10 127,751 21435 ceelel ep+l,Oen+l,0 448,339 99200 221,261
23540 aa_elelele? ep+0.Oen+0,0 1,E8EES 10 §,52891 22429 aa_uucc ep+0,0em+0,0 0,027362 10 365,47 21437 coele? ep+l.0en-1.0 53,1354 52335 996,229
23541 aa_elelele? ep+0, Oem+(,0 3,07145 20 6,51158 23430 aa_uucc ep+0,0en+0,0 0,027931 10 358,025 21438 coee? ep-1.0em+l,0 29,3345 29335 1000,02
23043 aa_eleledel ep+0.Oen+0.0 0,5971522 10 10,2931 23496 az_uuelel ep+0,0en+0.0 0.476112 10 21,0035 21441 ceeded ep+l,Oen-1,0 52,7484 52543 996,201

23544

aa_eleleded ep+0,0en+0,0 3,14724 10 3,17739

23498

aa_uuelel sp+0,0em+0.0 058118 10 17,2064

21442

coeded ep-1.0em+1.0 29,1611 25151 993,957

23545 aa_elele3el ep+0, Oem+(,0 6,43529 10 1,53958 23499 aa_uuelel ep+0,0en+0,0 0,095015 10 105,247 20603 cch ep+l,0em-1,0 53,231 53231 1000

23546 aa_eleleZed ep+0.0en+0.0 6.52147 10 1,6334 23600 aa_uue2e? ep+0,Oen+0.0 0,4745597 10 21,0705 20610 cch ep-1,0en+l,0 37,8738 37000 1000,01
23547 aa_eleleded ep+0, Oem+),0 2,55979 10 3,90657 23502 as_uueZe? ep+0,Oen+(,0 0576787 10 17,3374 21209 cadu ep+l.0en-1.0 B513.67 99600 15,2309
23852 aa_elelss ep+0,Qem+0,0 0,044306 10 222 687 23603 az_uuezel ep+0,Oen+0,0 0,005267 10 104,968 21310 csdu ep-1,0em+l,0 59,9344 59534 993,319
23853 aa_elelss ep+0.Qem+),0 0050028 10 133,088 23604 aa_uueded ep+0,0en+0.0 0,808463 10 12,3691 21297 caelnl ep+l,0en-1,0 2466,08 92400 37,4688
23554 aa_elelss ep+0,Oem+0,0 0050343 10 198,637 23505 as_uueZed ep+0,en+(,0 107081 10 3,34047 21238 cselnl ep-1.0em+l,0 20,9278 11528 550,846
23885 aa_elelss ep+0.Qem+0,0 0,008754 10 1142,33 23606 as_uueded ep+0,0en+0.0 1,07551 10 9,20731 21299 ceelnl ep+l,Oen+l,0 86,2613 B00B1 928,122

21540

aa_e2e? ept0,0en+0,0 75532,1 7553 0,0333372

23507

aa_uue3e3 ep+t(,0em+0,0 0,19332 10 50,1706

21301

cae2n2 ep+l.Oem-1.0 2268,39 100000 44,0841

21541 aa_eZe2 ep+(,Oem+0,0 550564 SE0EE 0,0333333 23508 as_uuss ep+0,0em+0,0 0,008366 10 1115,32 21302 cse2n2 ep-1,0em+1,0 20,8865 20887 1000,02
21542 aa_g2e2 ep+(,0en+0.0 551685 BE1ES 0,0333931 23609 aa_uuss ep+0.0em+0.0 0,001933 10 5002,5 21305 ceednd ep+l,0en-1,0 2266,29 100000 44,125
21543 aa_eZe? ep+(,Oen+(,0 1,42307e+06 141987 0,0997191 23510 as_uuss ep+0,0em+0,0 0,002084 10 473846 21206 c=e3nd ep-1.0en+l.0 20,8869 20867 1000
23876 aa_eZelbb ep+0,Oem+), 0 0,031069 10 321, 23424 az_uuuu ep+0,0en+0,0 0,03834 10 256,805 21313 cssc eprl,Oen-1,0 B638,5 93800 15,0335
23877 aa_eZelbb ep+0.Qem+),0 00208705 10 248,371 23425 aa_uuuu ep+0,0em+0,0 0012785 10 782,167 21314 cagc ep-1,0em+l,0 112,648 79200 703,075
23578 aa_eZelbb ep+0,Oem+), 0 0020893 10 346,105 23426 aa_uuuu ep+0,0en+0,0 0,013116 10 762,428 21181 dd ep+1,0em-1,0 48065,6 100000 2,08043
23679 aa_eZelbb ep+0,Qem+0,0 0,004264 10 2346,22 21101 az ep+l,Oem-1,0 49260,8 241254 4,83848 21182 dd ep-1,0en+d,0 28036,9 99200 353819

23568

aa_eZe2dd ep+0,0em+0, 0 0,044878 10 222,826

21102

am ep-1,0em+1,0 43267,2 237936 4,8295

21521

ddbb ep+1.0en-1.0 137,124 30200 657,733

23569 aa_eZedd ep+0,Oem+), 0 0050182 10 193,275 21105 aza ep+l,0en-1,0 530006 26500 4,93334 21522 ddbb ep-1,0en+1,0 58,3035 58309 993,932

23670 aa_eZeldd ep+0.0em+),0 0050545 10 157,844 21106 aza ep-L.0sm+l,0 5258,17 26031 4,92453 21513 dddd ep+1,0en-1,0 67,066 BEEEE 934,036

23571 aa_eZe2dd ep+0,0em+0,0 0,008769 10 1140,38 21109 asaa ep+l,Oen—1,0 324,752 1624 5,00074 21514 dddd ep-1.0em+1.0 28,8606 24661 854,487

2EBE0 aa_eZeledel ep+0,Oen+),0 0,663421 10 15,0734 21110 azaa ep-1,0en+l,0 323,783 1619 §,00028 24973 ddddbb ep+1,0en-1,0 0,001032 10000 9,15751e+08
23861 aa_eZeledel ep+0.Oen+0.0 0,97305 10 10,2765 21120 ael ela ep-1.0em+0.0 371863 183593 0,0434618 20625 ddh ep+l,0em-1,0 75,8833 75830 1000

23562 aa_eZelelel ep+0,Oem+(,0 0,975528 10 10,2509 21121 ael_ela ep-1,0em+0,0 5,36047e+06 266224 0,0436643 20626 ddh ep-1.0em+1,0 48,5522 48552 393,396

23563

aa_eleledel ep+0,Qen+), 0 0,236644 10 42,2676

21122

ael_ela ep+d,Oen+(,0 372274 18614 0,0500003

21517

ddss ep+l,0en-1,0 134,545 65800 483,056

23564 aa_eZeleded ep+0.Oem+0,0 3,15328 10 3,1713 21123 ael_ela ep+l,0ent0,.0 5,363722+06 266186 0,0436271 21518 ddss ep-1.0em+1.0 57,7473 51748 896,102

23565 aa_eZeleded ep+0,Oem+(,0 6,51091 20 3,07177 21684 ael_elbb ep-1,0en+0,0 195,883 196 0,935515 24381 ddssbb ep+1,0em-1,0 0,002197 10000 4,55166s+06
23867 aa_eZeleded ep+0.Oen+0.0 2,56862 10 3,83314 21685 ael elbb ep-1.0em+0.0 741,93 742 1,00001 24382 ddssbb ep-1,0em+1,0 0,001108 10000 9,02527e+08
23072 aa_eZePss ep+(,Oem+0,0 0,044865 10 222,831 21686 asl_elbb ep+l,0em+0,0 2357 235 0,93703 21116 ela_ela ep+0.0en-1.0 372192 18610 0,0500011
23573 aa_eelzs ep+0,Qem+0,0 0,043876 10 200,437 21687 ael_elbb ep+l,0em+0,0 729,393 729 0,999461 21117 ela_ela ep+0,0em-1,0 9,39497e+0E 269148 0,0438887
23674 aa_eZelss ep+0.Qem+),0 0050324 10 198,712 21660 ael elcc ep-1.0em+0.0 2633,94 2633 0,093643 21118 ela_ela ep+(,Oen+1,0 372426 18621 0,0433932
23575 aa_eZeZszs ep+),Oem+0, 0 0008735 10 1144,82 21661 ael_elcc ep-1,0em+0,0 14122, 4 14122 0,933372 21119 ela_ela sp+0,Oen+l,0 5,33207e+06 267003 0, 0435177

21544

aa_eled ep+0,Oem+(,0 447301 4473 0,00333338

21662

ael_elec ep+l,Oem+(,0 2683,16 2683 0,99934

21624

ela_elbb ep), em-1,0 235,775 230 0,8367

21545 aa_ede3 ept0,0en+0,0 4,005272+06 10000 0,00243671 21663 ael_elcc ep+l,Oem+0,0 14237 14037 0,985952 21625 ela_elbb ep+).0em-1.0 723,568 729 0,9353221
21546 aa_eZed ep+(,Oem+(,0 3,99604e+06 10000 O,00250248 21676 ael_eldd ep-1,0em+0,0 262,926 262 0,996478 21626 ela_elbh ep+0,0em+l,0 195,662 196 0,335621
21547 aa_eZed ep+0,0en+0.0 2,06470+07 10000 0,000434313 21677 ael eldd ep-1.0em+0.0 1209,36 1203 0,5933702 21627 ela_elbb ep+0,0en+l,0 742,713 742 0,33504
23592 aa_e3e3bb ep+0,Oem+0, 0 0,048481 10 206,266 21678 asl_eldd ep+l.0em+0,0 305,707 305 0,937687

23893 aa_eZedbb ep+0,Oem+),0 0,085322 10 180,76 21679 ael_eldd ep+l,0em+0,0 1204,34 1204 (,03322

23694 aa_eZedbb ept0.Oem+),0 005558 10 173,921

23535

aa_e3edbb ep+),Oem+0, 0 0009567 10 1045,26
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Table 7: Monte-Carlo information which used in this analysis. From the left line, the process
ID, process, beam polarization (ep for positrons, em for electrons), cross section in the unit of fb,
number of Monte-Carlo events, integrated luminosity in the unit of fb~!, are shown. This list is
series of Table 6.

21600
21601
21602
21603
21616
21617
21618
21619
21604
21605
21606
21607
21608
21609
21610
21611
21612
21613
21614
21615
21588
21589
215490
21531
21592
21593
21534
21595
21620
21621
21622
21623
21536
21597
21538
21539
21168
21163
21170
21171
21472
21473
21474
21475
21464
21465
21466
21467

21452
21453
21454
21455
21456
21457
21458
21459
21460
21461
21462
21463
20612
20613
20614
20615
21468
21469
21470
21471
21173
21174
21433
21434
21485
21486
21477
21478
21481
21482
20617
20618
21489
21430
21177
21178
21503
21510
21501
21502
21497
21438
20621
20622
21505
21506
21228
21229
21230

ela_elee ept0,0em-1,0 2692,03 2000 0,742934
ela_elee ep+0,Oem-1,0 14238,4 14238 0,993972
ela_elec ep+0,Oem+l, 0 2630,76 2630 0,939711
ela_eloc ept0,0em+l, 0 14172 14172 1

ela_eldd ep+0,Oem1,0 305,228 305 0,999253
ela_eldd ep+0,Oem1,0 1207,73 1207 0,999396
ela_eldd ep+0.0em+l,0 263,602 263 0,337716
ela_eldd ep+0,Oeml, 0 1210,08 1210 0,939934
ela_elelel ep+0,0em-1,0 7211,26 7311 0,939964

ela_elelel ep+0,0em—1,0 45047,7 43047 0,956057

ela_elelel ep+0,0em+l,0 728256 7282 0,939923

ela_elelel ep+0,Oem+l,0 44999,4 43999 0,977769

ela_eleZe? ep+0,0em-1,0 7880,39 7880 0,933595

ela_eleZe? ep+0),0em-1,0 53812,4 53412 0,992555

ela_eleZe? ep+0,0em+1,0 7BE9,66 7BEI 0,9939916

ela_eleZe? ep+0),Oem+l,0 B27E5,8 505D 0,340468
ela_eleded ep+0,0em-1,0 12471,9 13471 0,999933
ela_ele3ed ep+0,0em-1,0 966034 94303 0,381363
ela_eleded ep+0,Oem+l,0 13453,7 13459 0,999948

ela_eleded ep+0,0em+1,0 96607 95607 0,989649
ela_elnZn? ep+0,0em-1,0 52,0727 52 0,938604
ela_elnZn? ep+0,0em-1,0 21,8282 21 0,962058
ela_eln2n2 ep+0,Oem+l,0 33,307 33 0,990783
ela_elnZn2 ep+0,0em+l,0 13,982 14 1,00129
ela_eln3nd ep+0,0em-1,0 52,0473 52 0,93908
ela_eln3n3d ep+0,0em-1,0 21,8319 21 0,961835
ela_elnind ep+0,0em+1,0 33,3573 33 (,989289
ela_eln3nd ep+0,0em+l,0 13,9806 14 1,00139
ela_elss ept0,0em-1,0 305,28 305 0,333083
ela_elss ep+0,0em-1,0 120361 1203 0,939493
ela_elss ep+0,Oem+l,0 263,322 263 0,938777
ela_elss ep+0,Oem+l, 0 1210,02 1210 0,939353
ela_eluu ep+0,Oem-1,0 2697,07 2697 0,939974
ela_eluu ept0,0em-1,0 14270,7 14270 0,999951
ela_eluu ep+0,Oem+l, 0 2631,22 2631 0,939916
ela_eluu ep+0,Oem+l, 0 14186,3 14186 0,993979

elel sp-1.0em-1,0 1,72542e+07 25000 0, 00144802
elel ep+rl.Oem-1,0 1,73374e+07 22500 0,00123777
elel ep-1.0em+1,0 1,72346e+07 24500 0,00141663
elel ep+l,0em+l,0 1,72517e+07 25000 0,00144313

elelbb ep-1,0em-1,0 57,2207 57221 1000,01
elelbb ep+l,0em-1,0 106,063 100000 942,836
elelbh ep-1,0em+l,0 63,3777 63973 1000
elelbb ep+l,0em+l,0 57,3033 57310 1000
eleldd ep-1,0em-1,0 73,2921 72632 989,058
eleldd ep+l,0em-1,0 123,983 100000 808,562
eleldd ep-1,0em+1,0 85,3261 84126 935,930
eleldd ep+rl.Oem+l,0 73,442 73442 1000

elelelel ep-1,0em1.0 942,464 92200 97,8287
elelelel ep+l,Oem1,0 995,595 91400 91,8044
elelelel ep-1,0em+l,0 982,404 97400 99,1445
elelelel ep+l,Oem+l,0 943,694 57800 103,635
elelefe? ep-1,0em-1,0 107364 100000 93,1411
elele?e? ep+l,Oem1,0 1106,71 93800 90,1772
elele?e? ep-1,0em+l,0 1088,6 100000 91,8611
elelele? ep+l,Oem+l, 0 1068,97 93000 92,6125
eleleded ep-1,0em1.0 941,685 98800 104,518
eleleded ep+rl,Oem1,0 965,145 57800 101,332
eleleded ep-1,0em+1,0 348,774 33000 104,345
eleleded eprl,Oeml, 0 942,984 98200 104,138
elelh ep-1,0em-1,0 0,644935 10000 15504
elelh ep+l,Oen-1,0 17,8919 17852 1000,01
elelh ep-1,0em+1,0 11,2834 112839 933,965
elelh ep+l,Dem+l,0 0645477 10000 15492 4
elelss ep-1,0em-1,0 73,2531 73253 999,999
elelss ep+l,Oem—1,0 123,972 100000 806,634
elelss ep-1,0em+1,0 85,4529 BGEOO 767,674
elelss ep+l,Oem+l,0 73,152 71752 980,862
e2e? ep+l,Oem—1,0 17077,6 93000 5,79707
e2e? ep-1,0em+1,0 12853,5 93400 7,72963
e2e?bb ep+l,0em-1,0 BE,5071 56307 936,459
e2elbb ep-1,0em+l,0 29,5793 28779 972,944
e2e?dd ep+l,0em-1,0 57,5377 57038 1000,01
e2e2dd ep-1,0em+1,0 30,2016 20202 1000,01
eleZele? eptl,Oem-1,0 11,4311 11431 999,991
eZele?e? ep-1,0em+l, 0 7,23464 10000 1382,24
e2ePeded eprl,Oem1,0 23,1405 23140 993,578
e2e2eded ep-1,0em+l,0 14,6585 14658 999,966
e2elh ep+l,len-1,0 17,126 17126 1000

e2elh ep-1,0em+1,0 10,9671 10367 993,931
eeZze eptl,Qem-1,0 57,6073 B7EOY 999,995
elelss ep-1,0em+l,0 30,1803 29980 993,363
e3ed ep+l,Oem—1,0 17102,4 98800 5,77697
e3ed ep-1,0em+l,0 12852,9 99800 7,76478
e3e3bb ep+l,0em-1,0 BE,1355 B8535 989,303
e3e3bb ep-1,0em+1,0 29,4194 29219 993,188
e3e3dd ep+l,0em-1,0 57,2295 BEE30 933,019
e3e3dd ep-1,0em+1,0 30,0379 29838 933,340
e3e3eded eptl,Oem-1,0 11,4274 11427 999,965
e3eZeded ep-1,0em+l,0 7,21497 59800 1358,29
e3e3h ep+l,Oen-1,0 17,0988 17053 1000,01
e3e3h ep-1,0em+1,0 10,3435 10344 1000,05
e3e3ss ep+l,lem-1,0 57,3548 57155 996,516
ede3ss ep-1,0em+l,0 30,0802 30050 939,993
rleldu ep-1,0em-1,0 86,2492 86349 939,998
rleldu ep+l,0em-1,0 2467,16 100000 40,5324
nleldu ep-1,0em+1,0 20,8701 20870 999,995

3

21216
21217
21218
21213
21220
21221
21222
21224
21225
21226
21232
21233
21234
21125
21126
21157
21138
21143
21150
21363
21370
21321
21320
21361
21362
21353
21354
21357
21358
20533
20534
21365
21366
21317
21318
21243
21250
21257
21238
21233
21241
21242
21245
21248
21263
21254
21129
21130
21141
21142
21153
21154
21389
21330
21329
21330
21381
21382
21372
21373
21374
21375
21377
21378
20597
20538
21385
21386
21325
21326
21263
21270
21257
21258
21269
21261
21262
21265
21266
21273
21274
21133
21134
21145
21145
21157
21158
21409
21410
21357
21338
21401
21402
21392
21393
213594
21395

nlelelnl ep-1,0em-1,0 43,5841 43284 995,409
nlelelnl ep+l,0em—1,0 929,059 98800 105,207
rlelelnl ep-1,0em+l,0 27,4575 26858 978,166
nlelelnl ep+l.0em+l,0 43,6248 43625 1000
nleleZn? ep-1,0em—1,0 28,824 28424 986,123
nlele?n? ep+l,0em-1,0 822,5 95000 119,149
nleleZn? ep-1,0em+1,0 7,09688 10000 1403,07
rlele3n3 ep-1,0em—1,0 28,6769 28477 993,029
nlele3n3 ep+l,0em—1,0 823,729 97800 118,728
rlele3nd ep-1,0em+l,0 7,10283 10000 1407,83
nlelsc ep-1,0em-1,0 86,1229 86123 1000
nlelsc ep+l,Oem-1,0 2470,24 100000 40,4803
nlelsc ep-1,0em+l,0 20,9005 20701 330,455
rinla ep+l,Cen-1,0 23969,4 2386394 9,95828
nlnla ep-1,0em+1,0 2878,85 27788 3,65247
nlnlaa ep+l,Oem-1,0 1582,94 15829 5,93975
nlnlaa ep-1,0em+1,0 281,145 2811 59,9984
nlnlaaa ep+l,Oem-1,0 63,1303 632 10,0013
nlnlaaa ep-1,0em+l,0 16,0647 161 10,022
rinlbb ep+l,0em-1,0 85,7148 85715 1000
rinlbb ep-1,0em+l,0 25,0179 25018 1000
nlnlec ep+l,Oem-1,0 81,3195 81319 339,934
nlnlcc ep-1,0em+1,0 24,5259 24526 1000
rinldd ep+l,0em-1,0 87,9093 87309 939,997
rinldd ep-1,0em+l,0 25,5486 25549 1000,02
nlnleZe? ep+l,0em-1,0 44,7068 42707 955,269
ninleZe? ep—1,0em+l,0 12,8466 12847 1000,03
rinle3ed ep+l,Oem—1,0 44,4167 43417 977,493
nlnleded ep-1,0em+1,0 12,7832 12783 933,984
rinth ep+l,Cen-1,0 60,8309 0831 1000

rinth ep-1,0em+1,0 21,6813 21681 993,986
nlnlss ep+l,Oem-1,0 87,6368 87637 1000
nlnlss ep-1,0em+l,0 25,4646 25465 1000,02
nlnluu ep+l,0em-1,0 81,2845 81084 997,533
nlnlug ep-1,0em+l,0 24,5303 24330 531,835
n2eZdu ep+l,0em-1,0 2268,24 98600 43,4698
n2e2du ep-1,0em+1,0 20,8833 19883 952,1
n2ZeZelnl ep+l,Oem—1,0 822,267 95800 116,507
nZeZelnl ep-1,0em+l,0 7,11354 10000 1405,77
n2eZelnl ep+l,0em+1,0 28,8352 28835 993,933
n2efeZn? ep+l,0em—1,0 779,633 98800 126,726
n2eZeZn? ep—1,0em+1,0 19,3972 18197 938,125
n2eZednd ep+l,lem—1,0 755,228 97400 128,968
n2eZednd ep—1,0em+l,0 7,11024 9400 1322,04
n2eZzc ep+l,Oem-1,0 226578 97000 42,8109
n2efsc ep-1,0em+l,0 20,8933 20493 580,841
n2nZa ep+l,Oen-1,0 4486,97 42870 9,55433
nZnZa ep-1,0em+1,0 2875,61 28756 3,93936
nZnZaa ep+l,Oem-1,0 433,022 4230 59,9935
nZnZaa ep-1,0em+l,0 280,164 2802 10,0013
nZnZaaa ep+l,0en—1,0 25,1862 252 10,0173
nZnZaaa ep-1,0en+l,0 16,0935 161 10,0003
n2n2bb ep+l,0em-1,0 59,3921 47792 804,636
nZnZbb ep-1,0em+l,0 24,9283 24528 939,988
nZnZoc ep+l,Oem-1,0 54,495 54438 1000
n2nZcc ep-1,0em+l,0 24,5273 24327 991,834
n2n2dd ep+l,0em-1,0 B0,E737 B0474 936,709
n2nZdd ep-1,0em+1,0 25,509 26509 1000
n2nZelel ep-1,0em-1,0 16,1173 15718 375,183
nZnZelel ep+l,0em—1,0 38,3067 37307 973,903
nZnZelel ep—1,0em+l,0 21,4025 21403 1000,02
n2nZelel ep+1.0em+1,0 16,124 16124 1000
rZn2eded ep+l,Oen-1.0 24,5783 24573 1000
n2nZeZed ep-1,0em+l,0 12,7721 11772 921,897
n2nzh ep+l,Oen-1,0 23,8385 33839 1000,01
n2nzh ep-1,0em+1,0 21,6474 21647 999,982
nZn2ss ep+l,0em-1,0 60,5318 56932 940,53
nZnZsz ep-1,0em+l,0 25,5038 24304 952,956
n2nZuy ep+l,Oem-1,0 54,5125 52512 963,32
nZn2uu ep-1,0em+1,0 24,5195 24513 933,98
n3e3du ep+l,0em-1,0 2264,41 93000 43,72
n3e3du ep-1,0em+l,0 20,8481 20248 971,216
n3edelnl ep+l,Oem—1,0 821,651 98000 119,266
n3edelnl ep-1,0em+l,0 7,10352 9600 1351,44
n3edelnl ep+l,Oem+l, 0 28,6767 28677 1000,01
n3edeZn? ep+l,lem—1,0 755,344 93800 132,125
n3edeZn? ep—1,0em+l,0 7,10407 10000 1407, 64
n3e3ednd ep+l,0em-1,0 777,523 93800 128,356
n3eZedn3 ep—1,0em+1,0 19,3359 19136 989,662
n3edsc ep+l,Oem-1,0 2267,88 97600 43,0358
n3edzc ep-1,0em+l,0 20,906 20906 1000

n3nda ep+l,0em-1,0 4485,85 44889 10

n3n3a ep-1,0em+1,0 2885 28850 10

n3ndaa ep+l,Oem-1,0 440,452 4405 10,0011
n3ndaa ep-1,0em+l,0 280,722 2807 9,99922
n3n3aaa ep+l,lem-1,0 25,0412 260 9,98305
n3ndaaa ep-1,0em+l,0 16,0931 161 10,0006
n3n3bb ep+l,0em-1,0 59,3812 53381 939,957
nan3bb ep-1,0em+d,0 24,936 24936 1000
nandce ep+l,Oem-1,0 54,5350 54335 936,323
nandce ep-1,0em+l, 0 24,532 24132 583,695
n3n3dd ep+l,0em-1,0 60,5857 BOS36 1000
n3n3dd ep-1,0em+l,0 25,5446 28045 1000,02
n3ndelel ep-1,0em—1,0 16,1083 16108 993,981
n3ndelel ep+l,0em—1,0 38,2851 37732 985,553
n3nZelel ep-1,0em+l,0 21,4031 20403 953,273
n3n3elel ep+l,0em+l,0 16,1459 16146 1000,01
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21397 ninZeled ep+l.em-1,0 24,7230 24324 002,829
21398 n3nZele? ep-1.0em+1,0 12,8475 12847 333,961
20601 n3n3h ep+l,0em-1,0 33,8138 33814 1000,01

20602 n3n3h ep-1,0em+1,0 21,6938 21634 1000,02

21405 n3n3ss ep+l,Oem-1,0 60,567 BOSE7 1000

21406 n3n3ss ep-1,0em+l,0 25,0008 20056 1000,01
21333 nanduu ep+l,0em-1,0 54,5087 54103 332,667
21334 n3n3uu ep-1,0em+1,0 24,0484 24243 391,836
21185 5= ep+l,Oem-1,0 48243,2 38200 2,03527

21186 s= ep-1.0em+1,0 28018,3 533400 3,54762

21529 ssbb ep+d,0em-1,0 137,055 100000 723,634

21530 ssbb ep-1,0em+1,0 58,9474 62947 933,993

20629 ssh ep+l,0en-1,0 75,8803 75080 933,936

20630 ssh ep-1,0en+1,0 48,5657 48566 1000,01

21525 s=s= ep+l.Oem-1,0 67,1388 GEV33 934,040

21526 s=ss ep-1.0em+l,0 28,8318 28832 1000,01

24333 s=sshb ep+l,Oem-1,0 0,001031 10000 3,1653=+05
21289 uddu ep+1.0em-1,0 B633,40 100000 15,0751

21290 uddu ep-1,0em+1,0 112,876 33400 320,612

21277 udelnl ep+l,0em-1,0 2467,75 98200 33,7333
212738 udelnl ep-1,0em+1,0 20,8373 20837 333,996
21273 udelnl ep+l,0em+l,0 36,4364 SE036 995, 368
21281 udeln2 ep+l,0em-1,0 2268,37 33200 33,5873
21282 ude2n? ep-1,0em+1,0 20,9171 159717 942,626
21285 ude3n3 ep+l,0em-1,0 2263,51 100000 44,1752
21288 ude3n3 ep-1,0em+1,0 20,8331 20833 333,335
21293 udsc ep+l,COen-1,0 B522,1 33600 15,1178

21294 udsc ep-1,0em+1,0 53,9337 53130 996,663

21161 uu ep+l,0em-1,0 44830,2 83800 2,00044

21162 wu ep-1,0en+l,0 27372 35400 348531

21429 uubb ep+1,0em-1,0 123,961 33400 301,365

21430 uubb ep-1,0em+1,0 56,7304 56330 932,942

21345 uucc ep+d,Oem-1,0 109,296 33200 307,627

21346 yuce ep-1,0em+1,0 52,8917 628592 1000,01

24457 uucchb ep+l,0em-1,0 0,006837 10000 1,46263e+06
24458 uucchh ep-1,0em+1,0 0,003574 10000 2,73733e+06
21412 uuelel ep-1,0em-1,0 448,513 33500 222,51

21413 uuelel ep+l,Oem-1,0 505,705 100000 137,744
21414 uuelel ep-1,0em+1,0 464,733 100000 215,177
21415 yuelel ep+l,Oem+l,0 443,636 33200 220,823
21417 wuelel ep+l,0em-1,0 53,0187 53019 1000,01
21418 wuele? ep-1,0em+1,0 23,2736 23274 1000,01
21421 wueded ep+l,0em-1,0 52,7824 G2GB2 396,203
21422 yueded ep-1.0em+1,0 23,0329 27333 968,706
20605 uuh ep+l,Oen-1,0 59,1744 53174 999,993

20606 wuh ep-1,0en+1,0 37,9209 37926 1000

21425 uuss ep+l,Oem-1,0 120,383 38300 816,603

21426 uuss ep-1.0em+1,0 55,1501 53350 978,239

24713 uussbb ep+l,0em-1,0 0,004512 10000 2,21631e+06
24714 uussbb ep-1,0em+1,0 0,002273 10000 4,39347e+06
21341 uuuu ep+d,Oem-1,0 54,3813 50981 937,473

21342 uuuu ep-1,0em+1,0 26,3337 26134 932,417

24441 uuuubb ep+d,Den-1,0 0,003425 10000 2,91121e+06
24442 uuuubb ep-1,0em+1,0 0,001753 10000 5,68505+06
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B Histograms of cut variables

B.1 7 — e"e” mode

Figures 17 - 28 show the histograms of cut variables. The blue lines in all histograms show the
signal process ZH — ete 777~
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Figure 17: Number of tracks < 8. Figure 18: 115 GeV < F i < 230 GeV.
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Figure 19: | cos Opmiss| < 0.99. Figure 20: 81 GeV < My < 113 GeV.
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Figure 21: cosf.- < 0.92. Figure 22: cosf.+ > —0.92.
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Figure 27: cosf,.+ > —0.92. Figure 28: 116 GeV < M econ < 142 GeV.

B.2 Z — putp” mode

Figures 29 - 36 show the histograms of cut variables. The red lines in all histograms show the
signal process ZH — ptpu~7r7r.
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Figure 29: Number of tracks < 8. Figure 30: 115 GeV < FEs < 235 GeV.
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Figure 31: | cos Opiss| < 0.98. Figure 32: 72 GeV < Mz < 107 GeV.
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B.3 Z — gq mode

Figures 37 - 49 show the histograms of cut variables. The blue lines in all histograms show the

signal process ZH — qqrt7.
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all

— A
— G, HTe
E —— qaH, Hothers
F o 4
— qaag
10* = —— w->qq9q
2 — qqll
E - -~ qqr
F —
b i
E qqTv
£ —— w->qql
= W->aqry
H other SM bg
102 E,
10
= H
1|
100 | | 1R | LA !
0 50 100 150 200 250 30 350 400
Figure 38: 110 GeV < F i < 235 GeV.
— Al
— gaH, HTT
T Hoothers 5
10t =5 i
E — qaug
= — w->aqq
F — qdl
L - -~ qqrt
— waqal
>aqte
10° -

183

b

140

160 180

120

Figure 40: 77 GeV < Mz < 135 GeV.




10° =
107

10

10"

60 80 100 120 140

1 N A P
160 180 200

Figure 41: 80 GeV < Ez < 135 GeV.

Figure  43: log,o(|do/o(do)|)(77)  + Figure  44: log,o(|z0/c(z0))(77) +
logo(|do/a(do)[)(7F) > —0.7. l0gy0(|20/0(20)])(77) > —0.1.
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Abstract

The statistical uncertainty of o(v.7.H) - Br(H — p*p~) for a 125 GeV/c® Standard Model
Higgs boson is evaluated, in the context of the 1 TeV ILC [1] eTe™ linear collider with beam
state polarisation (P,—, P,+)=(-0.8,+0.2), and a total integrated luminosity of 500 fb~*. The study
is performed in the ILD [2] detector concept using full simulation. All relevant Standard Model
backgrounds are taken into account. The effect of the underlying vy — hadrons is taken into
account by overlaying realistic amounts of 4 — hadrons onto both signal and background events.
The cross section times the branching ratio can be measured with a statistical accuracy of 44 + 3

%.
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1 Introduction

Figure 1: Higgs couplings to SM particles as a function of their masses (left) Higgs branching ratios as
a function of the Higgs mass (right).
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The SM predicts a linear relation between Higgs couplings to SM particles and their masses (Fig. 1).
A deviation from this prediction would be a strong indication of new physics. The precise measurement
of those couplings is one of the main goals of the ILC physics program.

The recent discovery at ILC of a higgs-like boson with a mass ~ 125 GeV/c2 makes possible to
study many branching ratios of the decay of this boson at the ILC (Fig. 1).

In this note we study ver.H,H — p*p~ at 1 TeV and beam state polarisation (P,-, P.+)=(-
0.8,40.2), and we determine the expected statistical uncertainty for o (v H) - Br(H — ptu™).

The measurement v.7.H, H — p ™ is quite challenging due to the very low branching ratio Br(H —
ut ™), only 0.02% for a Higgs boson mass of 125 GeV/cQ. After recording 500 fb~! of data with beam
polarization state (P,-, P,+)=(-0.8,+0.2) we expect only 45 v.v,H,H — pu*u~ events. For the right-
handed beam polarisation state (P,-, P,+)=(+0.8,-0.2) we expect less than 4 events.

2 Software

The event samples used in this analysis were created in the context of the ILD DBD mass production.
The event generation is performed using WHIZARD [3] v1.95. The fragmentation is taken by PYTHIA [4].
The decays of 7 leptons are handled by TAUOLA [5]. The simulation of the ILD detector is carry out
with GEANT4 [6]. Since the events are generated as head-on collisions in WHIZARD, the crossing angle of
7 mrad is taken into account in the simulation step by boosting all particles accordingly. The event
reconstruction is perform inside ILCSOFT [7] v01-16 framework. The analysis is done using ROOT [§]
v5.32.00 and the TMVA [9] and RooFit [10] v3.50 software packages.

3 Event Samples

This section introduces the different samples used in the analysis. Table 1 lists the cross sections and
the generated luminosity for all processes. Samples ea_ell, ae_ell, aa_4f and 5f were generated with fast
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simulation [11]. All the other samples were fully simulated. In Appendix A it is described the actual
final state for every considered process.

Processes o [fb] Llab ]
Full Simulation

hmumu (signal) 0.089 64.8

4f _sznu_l 254.9 0.99996
4f_zzorww_1 190.9 0.99999
4f sze l 8534 0.04762
4f_ww_l 184.7 0.99999
271 929.6 0.65653
2f z_h 5270.8  0.02317
2f z_bhabhag 1580.1 0.02112
4f_ww_h 1812.0  0.02320
4f ww_sl 2223.5 0.23174
4f_zzorww_h 1510.7 0.02320
4f zz_h 167.4 0.02320
Af 771 13.3 0.98921
4f 778l 142.38 0.02311
4f sw_l 1838.5  0.02242
4f sw_sl 5503.9  0.22426
4f sze_sl 2464.3 0.02061
4f sznu_sl 1237.5 0.02320
4f szorsw_l 950.4 0.02233
6f_ttbar 449 0.75790

Fast Simulation

ea_ell 105041.2  0.10000
ae_ell 104896.4  0.99999
aa_4f 132.9 1.00000
5f 51.78 1.00001

Table 1: Summary of event generation samples. The quoted cross sections and integrated luminosity
are referred to the beam polarisation state: (P,-,P.+)=(—0.8,40.2), at sqrt(s)=1 TeV. The list of SM
process with 4 fermions in the final state is exhaustive.

3.1 Signal Sample

The signal events used in this analysis have been created by generating events with a final state of
veUe. H using WHIZARD. The decay of the higgs boson in PYTHIA was forced into two muons. The width
of a 125 GeV/ ¢® Standard Model Higgs is negligible compared with the invariant mass resolution of
the detector. The topology of the event comprises two muons and missing energy. Figure 2 shows the
Feynman diagrams to eTe™ — v.7.H , H — pTp~ in the ILC. In this analysis the contribution from
Higgsstrahlung is negligible compared with WW-fusion.

3.2 Main Backgrounds

The main background comes for those processes with final state vou™p™, where the pair of muons
are not from a Higgs decay. The initial state could be eTe™ or vv. The ratio of the production cross
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Figure 2: Feynman diagrams for signal: Higgsstrahlung (left) and WW-fusion (right). The WW-fusion
is the dominant process at 1 TeV and (P,-, P,+)=(-0.8,4+0.2). In this analysis, the contribution from
Higgsstrahlung process is negligible compared with WW-fusion.

sections between these backgrounds and signal exceed 103. Table 1 list all the cross sections for those
backgrounds.

4 Event Selection

The event selection is done in two steps. First, preselection of the events with two large energy muons
in the final state, with invariant mass around to the Higgs mass peak. The final selection cuts are
obtained by means an optimization process.

4.1 Preselection

Only events with two reconstructed muons with £ > 15 GeV are used. The identification of the muons
is based on the deposited energy over the calorimeters. Objects not being produced in the primary
vertex. are rejected with the requirement |do/Adp| < 5.

The missing energy of the event ¥ is defined as the center-of-mass energy less the total observed
energy. A minimum value of £>300 GeV is required to accept the event. The hadronic/semileptonic
modes are rejected requiring less than 4 charged PFO’s with energy higher than 15 GeV | and less than
3 leptons with E > 15 GeV. Table 2 shows the preselection cuts. No isolation requirement is made.
The signal efficiency after these preselection requirements is 85 %.
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Muons
charged PFO
E > 15 GeV
EcalE/(EcalE + Ecal_l"—l) < 0.5
(EcalE + EcalH)/|P| <0.3
|do/Ado| <5
Dimuon system
Opposite sign charges
Emuonl + EmuonQ < 400 GeV
|M(ut, p—) — 125| < 30 GeV /c?
I > 300 GeV
# charged PFO’s with £ > 15 GeV< 4
# charged leptons with E > 15 GeV< 3

Table 2: Preselection cuts: E.qug (Ecqp) is the deposited energy on the electromagnetic (hadronic)
calorimeter by the muon, P is the momentum of the muon and d its impact parameter. The cut on
the maximum energy of the dimuon system select one of the process (WW-fusion) in Fig. 2.
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4.2 Optimization

A cut based selection is performed using the following variables: K7, B, Pr(ut)+Pr(u™), Pr(u™, pn™),
cos(ut, u~). Optimization of the final cuts is performed using as score function the significance defined
by:

S

where S is the number of signal events passing selection on every scan with dimuon invariant mass
inside (124,126) GeV/c*; B is the number of background events inside sidebands (normalized to the
signal window size). The sidebands are defined as: (115,120) and (130, 135).

e Variables are scanned until we rise a stable point.

— varp — varp — vary_—i — varp
— If the var; best value changes we scan var; again.

— If no variables change in a full cycle (var; — vary): we found a stable point.
e A new variable is added vary and we scan it.

e New cycle of scans to find a new stable point: var; — vary — vary — vary

The performed scans are included in Appendix C. After the last scan the significance (Eq. 1) reaches
~ 2.3.

Table 3 summarizes the optimization results. A requirement on the maximum energy deposited on
the forward calorimeters is added to supress background contributions as ye* — ellvy, vy — llvv.
Figure 3 shows the dimuon invariant mass distribution before and after optimization.

Table 3: Result of the optimization.
Br> 40 GeV
B> 550 GeV
Pr(put)+Pr(n)> 130 GeV/c
cos(pt,u™) > —0.45
BCal < 70 GeV

5 Branching Ratio Precision

In Section 4.2 it is shown that a statistical significance around o = 2.3 is reached after the optimization
process. This correspond with a statistical precision Al Br) _ 1 4y3 %; similar value can be obtained

o-Br o
from the data after applying the final selection: defining a signal mass window (124, 126) GeV/ ¢® the
signal (background) contribution inside this window is S = 14.95 (B = 21.96), thereby we estimate the
precision to be /S + B/S = 41 %.

This value is sensitive to fluctuations in the number of events; signal sample was obtained from high
statistics Monte Carlo samples, but the simulated statistics for the background is lower.
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Figure 3: Dimuon Invariant Mass after preselection (left) and after optimization (right).
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5.1 Pseudoexperiments

The background after optimization is flat (Fig. 3 with a value ~ 4. A number of 10° independent
background toy-samples were randomly generated using the background from data as template. For
every sample, the value B of events inside (124, 126) GeV/ ¢? is extracted and use to fill the distribution
VS+B/S 1.

Figure 4 shows the distribution v/S + B/S over all these pseudoexperiments with S (B) the number
of signal (background) events within the mass window (124, 126) GeV/c” . A gaussian fit return the
values: mean = 0.44, o = 0.015.

Figure 4: Distribution v/S + B/S over all the pseudoexperiments; S (B) are the signal (background)
events passing selection with invariant dimuon mass inside (124, 126) GeV /c”.
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6 Results

In Section 4.2 the statistical significance for o - Br is estimated as 41 — 43 %. This value is obtained
directly from the data samples after the final selection, and it is sensitive to fluctuations in the observed
number of events.

1The number of signal events, S, is the one observed on the data sample
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In Sec. 5 an alternative toy Monte Carlo based approach is followed: many independent background
samples are randomly generated from the background shape observed in the data. The number of signal
events on the data, S, and the number of background events on every of the toy samples, B, both inside
a mass window (124, 126)GeV /c® are used to fill the distriution v/S + B/S (4). The expected statistical
precision for o - Br is estimated as £2¢ of the peak value of that distribution, thereby,

2loBr) — 4443 %.

7 Conclusion

The statistical uncertainty for a measurement of the cross section times branching ratio of a light
Standard Model Higgs boson, with a mass of 125 GeV/ ¢ decaying into two muons has been evaluated.
At the ILD, with a center-of-mass energy of 1 TeV , beam polarisation state (P,-, P,+)=(-0.8,+0.2),

and total integrated luminosity of 500 fb™*, % ~ 44 4+ 3 %.
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A Samples Description

This appendix list the final state of the samples used in this analysis.
In the final states of the 6f_ttbar samples:

e e refers to an electron-positron and | other charged lepton.
e v refers to one neutrino.

e x is up-type quark and y is down-type quark (Some channels have one or more final quarks given
explicitly).

e ae_ell, ea_ell, aa_4f and 5f samples were generated with fast simulation.
e All other samples were fully simulated.

Full detail about all these samples can be found in [12].
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B Event Distributions

This appendix contains the event distributions after preselection.

Normalized Events Normalized Events

Normalized Events
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C Optimization Scans

This appendix contains the steps in the
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D Event Distributions After Optimization

This appendix contains the event distributions after optimization.

Normalized Events Normalized Events

Normalized Events
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E Cut Flow Table

This appendix contains the analysis cut table. The quoted number of events referes to the Monte
Carlo statistics (no applied weights); it includes all the beam polarisation states contribuing to the
current process. The efficiency for every process can not be obtained just as the ratio of two columns.
In order to obtain the efficiency it is necessary separate all the pure polarisation states taking in account
their different cross sections. Thereby, the efficiency is defined as:

Nobs
Ne:vp

with Nops (Negp) the total number of observed (expected) events under the experimental conditions,
that is, L = 500 fb~'and beam state polarisation (P,—, P.+)=(-0.8,4-0.2). The efficiency is included in
the last column.

Sample/Cut generated preselection missEt missE  ptSum cosD  bcalE \ effi
vvh_mumu 19800 10839 9553 8290 5948 5122 4943 | .318356
4f sznu_l 477413 11004 9163 8335 4171 3795 3734 | .039122
4f sze 1 1611426 2309 152 7 1 0 0 0

2f z_h 338147 5 0 0 0 0 0 0

2f 71 2106528 9946 241 132 28 9 9 .000003
4f swl 87453 11 10 7 1 1 1 .000002
4f sw sl 2611402 6 3 3 0 0 0 0
4f_ww_h 78039 5 0 0 0 0 0 0

4f ww_l 343337 1048 680 540 134 46 45 .000632
A4f_ww_sl 957247 970 410 40 3 1 1 .000001
Af zz_h 9671 1 0 0 0 0 0 0

Af 771 37386 352 169 112 42 37 33 .000007
4f_zzorww_h 65524 4 0 0 0 0 0 0

4f _zzorww_1 360269 2685 1776 1499 703 285 253 | .001985
Af 7781 8316 16 1 0 0 0 0 0
yycyyc 329537 2 1 0 0 0 0 0
yycyyu 137616 3 0 0 0 0 0 0
yyuyyc 138426 3 1 0 0 0 0 0
yyuyyu 139987 1 0 0 0 0 0 0
yyvelv 42873 30 22 7 1 0 0 0
yyveyx 140251 2 2 0 0 0 0 0
yyvlev 42869 4 4 1 0 0 0 0
yyvllv 53867 664 569 193 69 27 26 .001111
yyvlyx 193651 292 220 6 1 1 1 .000042
yyxyev 170823 3 2 0 0 0 0 0
yyxylv 193929 272 214 12 2 0 0 0
ae_ell 10489608.00 67767 3797 134 5 4 2 0
ea_ell 10504152.00 68295 3929 140 4 1 1 .000015
aa_4f 132939 7531 4513 4213 762 410 357 | .000751
ae_ellvv 10356.60 450 289 197 37 25 11 0
ea_ellvv 15526.80 466 299 208 41 28 16 .001544
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Higgs branching ratio study for DBD detector benchmarking in ILD

Hiroaki Onol>*

I Nippon Dental University School of Life Dentistry at Niigata

Precise measurement of Higgs boson branching ratios (BRs) is one of the key issues for the
International Linear Collider (ILC) project to reveal a particles mass generation mechanism
via Higgs and particles mass coupling relation. Even though the Higgs boson accurate
measurement will be conducted at the center-of-mass (CM) energy of 250 GeV to adapt the
125 GeV of the mass of Higgs-like particle observed at the Large Hadron Collider (LHC)
experiments [1, 2], ILC will also keep an extendability of CM energy up to 1 TeV to explore
the new particles. In order to demonstrate the detector capability even at the 1 TeV,
Higgs BRs measurement is also assigned as one of the detector benchmarking process for
the Detailed Baseline Design (DBD) study. In this study, measurement accuracies of the
product of the cross section and branching ratio into; two jet final state of h — bb, c¢, and
gluons; four jet final state of h — WW™* — 4j, are evaluated with a full detector simulation

adopting the International Large Detector (ILD) [3].

Keywords: ILC, Higgs boson, Branching ratio

I. INTRODUCTION

Higgs boson branching ratio measurement at the CM energy of 1 TeV in ILC project is one
of the detector performance benchmarking processes listed in Detailed Baseline Design document

(DBD) to demonstrate the detectors performance capability at higher energy.

o <

(a) (b)

FIG. 1: Higgs production process via (a) Higgs-strahlung (eTe™ — Zh) and (b) WW-fusion (eTe™ — vorh)

*Electronic address: ono@ngt.ndu.ac.jp
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At the CM energy below 500 GeV, Higgs boson mainly produced via Higgs-strahlung process:
ete”™ — Zh (Fig. 1 (a)) assuming a Higgs mass of 125 GeV and largest Higgs production cross
section is obtained around the Zh production threshold of 250 GeV, as shown in Fig. 2. On the other
hand, at the CM energy above 500 GeV, Higgs boson is mainly produced via WW-fusion process:
ete”™ — veh (Fig. 1 (b)) and much larger production cross section is obtained around the CM
energy of 1 TeV than 250 GeV as shown in Fig. 2 (a) with assuming the P(e™, e™) = P(—0.8, +0.2)
left-handed beam polarization. Higgs production cross section assuming the right-handed beam
polarization of P(40.8, — 0.2) is also shown in Fig. 2 (b) and vereh production via WW-fusion
process is suppressed at /s = 1 TeV.

P(e, €")=(-0.8, 0.2)

P(e, €=(0.8, -0.2)

5001 500 —— T —
- — SMall ffh - —sMallffh
~~ r— Zh ~~ B —Zh
§4OO - — WW fusion §,400 3 — WW fusion {
c i ZZ fusion c r ZZ fusion 1
2300 . 2300 ]
(&) O L
7 B F
0200 o n200- ]
0 0 -
2 o I
0100 ] 0100
0 . P —t P SRS 0 I < n P
200 400 600 800 1000 200 400 600 800 1000
s (GeV) /s (GeV)

(a) (b)
FIG. 2: Higgs production cross sections as a function of CM energies at the Higgs mass of 125 GeV with

(a) P(e™,e™) = P(—0.8, +0.2) left-handed and (b) P(4+0.8, — 0.2) right-handed beam polarizations.

In DBD benchmarking study, Standard Model (SM) Higgs BRs [4] are used to generate Higgs
signal samples and Higgs BRs at different Higgs masses are shown in Fig. 3. Taking into account
of the observation of Higgs-like particle in LHC experiments [1, 2], Higgs mass is selected as 125
GeV. From the Fig. 3, Higgs BRs measurement at the Higgs mass around 125 GeV is very suitable
for accessing to the most of Higgs decay channels into both Fermions and Bosons. Higgs BRs at

the Higgs mass of 125 GeV are summarized in Table I and Higgs mainly decays into bb.

204



10

1072

Branching ratios

|

10
1

00 110 120 130 140 150 160
Higgs mass (GeV)

FIG. 3: SM Higgs BRs as a function of Higgs mass referred from [4].

TABLE I: Higgs BRs for each particle at the Higgs mass of 125 GeV.

Higgs decay channels|bb cc |gg |WW*|ptu™ |tTr7|ZZ% |yy Zy

Higgs BRs 57.8%(2.7%|8.6%21.6%|0.02%|6.4% |2.7%0.23%(0.16%

II. SIMULATION AND RECONSTRUCTION TOOLS

A. 1ILD standard samples for DBD

In the detector benchmarking study for ILD DBD, standard Higgs signals (ffh) selecting its mass
of 125 GeV and SM background samples were centrally generated employing whizard 1.95 [5].
All the generated standard signal and background samples are summarized in Table II.

From the Table I, Higgs is mainly produced via WW-fusion process thus large missing energy
and transverse momentum is in final state forming multi-jets. Taking into account of this final
state, evW and vvZ, WW/ZZ final state from eTe~ — 4f channels are supposed to be major
background, which makes mass peak around Z and closed to the Higgs mass peak. ey — vqq from
ey — 3f channel also considered as major background, since electrons or photons escapes to the
beam pipe, invisible particles contribute as missing energy. Two photon backgrounds of vy — vrqq
are also considered as similar final state of signal channel.

Simulation and reconstruction were performed employing latest ilcsoft v01-16-p03 [6]. Gen-
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TABLE II: Production cross sections and expected number of events of Higgs and supposed SM back-
grounds in this study assuming the integrated luminosity of 500 fb~! for each beam polarization P(e™,e*) =

P(F0.8,40.2).

Higgs signals (My, = 125 GeV, /s = 1 TeV)

Processes |o(—0.8,+0.2) (fb)|o(40.8,—0.2) (fb) [N(—0.8,+0.2)|N(+0.8,—0.2)
vvh 404 33 202,022 16,549
qgh 18 12 8,885 6,058
th 25 16 12,501 8,089
ffh 447 61 993,408 30,697

Processes SM backgrounds (1/s = 1 TeV)

ete — of 7,780 5,399 3.9 x 106 2.7 x 106

ete™ — 4f 27,028 13,060 13.5 x 106 6.5 x 106

ete™ — 6f 693 239 0.4 x 108 0.1 x 106

ey — 3f 460,783 398,016 230.4 x 10°| 199.0 x 108

ey — bf 1,370 872 0.8 x 10 0.4 x 108

Ny = Af 3,137 3,137 1,6 x 106 1.6 x 106

erated signals were passed through the detector simulation in Mokka [7] employing the latest ILD de-

tector model of ILD_o1_v05. Simulated hits were digitized and reconstructed in the MarlinReco [8].

III. SGYV fast simulation

Due to the time limitation of the full detector simulation and reconstruction, several background
samples are separately simulated using SGV fast simulator [9], which can reproduce the Mokka
detector simulation well. Higgs signal and ete™ — 2f, 4f, 6f channels are fully simulated and
reconstructed by full simulation but other ey — 3f, 5f, and vy — 4f are simulated with SGV
fast simulator. In this study, ILD standard generated and reconstructed samples are used. At
the analysis stage, each sample is scaled to be the integrated luminosity of 500 fb~! or 1 ab~!
and generated 100% polarized samples are mixed with appropriate factors to obtain the expected

P(e™, et) = P(F0.8, =4 0.2) polarized beam condition.
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A. Beam related vy — hadron background

At the CM energy of 1 TeV, beam induced backgrounds are not negligible even in the lepton
collider and 4.1 events of 7y — hadron backgrounds are estimated per one bunch crossing. For each
simulated sample, vy — hadron backgrounds are overlaid on the simulated hits. But note that
current reconstructed samples using SGV are not overlaid 7 backgrounds, but same k; algorithm
is applied at the reconstruction stage. To treat these beam related backgrounds, k; jet clustering
algorithm implemented in FastJet [10] package is employed, which is commonly used for the
hadron collider experiment to treat the beam related backgrounds.

In exclusive k; jet algorithm, beam induced particles are combined as beam jet (Jpeam) and

not used as clustered jets [11]. After applying the k; jet clustering, beam related PFOs mainly
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FIG. 4: v — hadron background removal employing k; jet algorithm on (a) cos§ of PFOs and (b) invariant

mass distribution in ¥7h channel with or without background overlay.

distributed at the forward region are well subtracted as shown in Fig. 4 (a) and exceeded visible
particles are suppressed shown in Fig 4 (b).
In k; jet algorithm, following distance between particle ¢ and j are calculated:
AR?,
R2

dij = min(E}, E) - (1)

where AR%J- = (yi —y;)*+ (¢i — ¢j)? and Ey;, y;j, and ¢;; are a transverse momentum, rapidity, and
azimuthal angle of i —th particle and R is a jet-radius parameter. If d;; is closed to the beam axis
d;ivearn, these particles are merged as beam jet and these particles are treated as not related to any

jets and removed. After removing 7y — hadron backgrounds using k; algorithm, flavor tagging
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is performed for all the clustered particles employing LCFIPlus [12] implemented in MarlinReco
package, which was coded in C++ and replaced from the previous LCFIVertex [13] implemented
in FORTRAN. Neuralnet output for b and ¢ quarks; Btag, Ctag, and their combination of BCtag
(=Ctag/(Btag+Ctag)) from LCFIPlus, are used as input of flavor templates.

X1X2

x1xg + (1 —x1)(1 — x2) (x =D, ¢, be), (2)

x — likeness =

where x; /5 is a neuralnet output of Btag, Ctag, and BCtag from LCFIPlus.

IV. h— bb, ce, gg CHANNEL ANALYSIS

A. Reconstruction and background reduction at /s =1 TeV

For the h — bb, c¢, and gg channel analysis at the CM energy of 1 TeV, vy — hadrons
background should be considered. At first forced two jet clustering is applied employing exclusive

k: algorithm selecting R = 1.1.

h- bb, ct, gg

T LI B L ]
300 |~ —— w/oBG (bb, cc, gg) —]
g 200 __ — ktR=1.4 __
= i ]
Ll L i
100 - -
0 P Lot R e o]

0 50 100 150 200

Reconstructed mass (GeV)

FIG. 5: Reconstructed Higgs mass distribution employing k; jet clustering algorithm with different R pa-

rameters for h — bb, c¢, gg selected by MC information.

After applying k: jet clustering, LCFIP1lus flavor tagging is applied for the particles clustered
into jets and reclustered with jet clustering algorithm implemented in the LCFIPlus based on the
Durham jet clustering algorithm [14]. After the reconstruction procedure, event selection and

background reduction is performed for each cut condition, summarized on the Table III.
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TABLE III: Cut flow summary of h — bb, c¢, gg channel analysis.

. Visible energy on beam calorimeter Egcar < 50 GeV

. Thrust value Thrust < 0.95

. Visible energy 100 < Eyis < 400 GeV
. Transverse visible momentum Pt > 50 GeV

. Number of charged particle flow object Ncnapro > 15

. Azimuthal angle of Higgs flight direction | cosfy| < 0.95

N O Ot e W N

. Reconstructed dijet mass 110 < Mj; < 150 GeV

In order to identify the electrons or photons going into beam pipe direction from ey or vy
process, energy on the beam calorimeter (Egcar,) is used to eliminate the two photon backgrounds
event. Further reduction of huge ey processes is efficiently obtained by cut on the thrust variable

defined as:

Thrust 7' = max M,
a2 1Pl
where p; is a momentum of i-th particle and 77 is an unit vector of the thrust axis which maximize
the thrust value T

Since vh final state has large missing energy and transverse momentum, cuts on the visible
energy (E,;s) and visible transverse momentum (Pr) are applied to suppress fully hadronic decay
and low P channels. Cuts on the number of charged particle flow objects (Ncnhgpro) and azimuthal
angle of the flight direction of reconstructed Higgs (cosf),) are required to suppress the leptonic
decay channels or particles going into forward region. Finally Higgs signals are selected with its
mass range between 110 to 150 GeV. All the cut variables and cut conditions are shown in Fig. 6.

After passing all the selections, selection efficiencies are obtained as 35.0% (h — bb), 37.3%
(h — cc), and 35.9% (h — gg), respectively. An example of reconstructed Higgs mass distribu-
tion requiring additional b-likeness cut (b — likeness > 0.6) to select h — bb is shown in Fig. 7.
According to the Fig. 7, most of backgrounds are significantly eliminated by b-tagging.

In the DBD detector benchmarking study, both left- and right-handed P(F0.8, + 0.2) polar-
ized beam runs are expected accumulating the integrated luminosity of same 500fb~—! with each
polarization. From the Fig. 2 (b), even though main signal production process is significantly re-
duced, but WW-fusion production process is still achieved the largest cross section at 1 TeV with
respect to the P(4+0.8, — 0.2) beam polarization. Hence same cut conditions are adopted even
for right-handed polarization to select WW-fusion production process. Background reduction on

right-handed polarization are summarized in Table V.
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FIG. 6: Cut variables for h — 2j channel reconstruction with integrated luminosity of 500 fb~! regarding

P(—0.8, +0.2) left-handed beam polarization.

B. Template fitting and accuracies of ¢BR

In order to evaluate the cBR with separating h — bb, c¢, and gg, we apply the flavor template
fitting to employ the flavor-likeness template calculated as Eq. 2.
After the all above selections, signal flavor templates of h — bb, c¢, and gg and background

template of the all other Higgs decay channels and SM background are prepared. In order to
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TABLE IV: Summary table of cut flow for h — bb, c¢, and gg channel at /s = 1 TeV with £ = 500 fb~!
regarding P(e™, eT) = P(—0.8, + 0.2) polarization. Note that 3f, 5f, vy — 4f channels contributions were

simulated and estimated using SGV fast simulation sample.

Signals Higgs other decays

Cut flow h — bb|h — c¢|h — gg||lh - WW*|h — ZZ* |h — 77 |h — s§

No cut 128,700 6,058| 19,045 48,320 5,979| 14,291 90

1. Egcar  [125,021| 5,875| 18,514 46,958 5,809| 13,896 88

2. Thrust [104,305| 4,910 15,506 35,780 4,569| 10,248 80

3. Euis 96,807| 4,572| 14,179 26,199  3,303| 6,208 73

4. Pp 74,849| 3,577| 11,296 20,859 2,544 4,193 63

5. Nenapro| 70,005 3,152 11,133 16,402 2,074 113 50

6. |cosOu| | 65,273 2,913| 10,421 15,835 1,981 109 48

7. Mj; 44,988 | 2,258| 6,845 4,419 685 32 41

Efficiency 35.0%| 37.3%| 35.9% 9.1% 11.5%| 0.2%]| 45.7%

SM backgrounds

Cuts 3f 5| vy —4f 2f 4f 6f
No cut 223,626,000 615,361| 1,538,560| 3,890,180(13,514,000 346,419
1. Egcar 110,066,000 498,059| 1,374,030| 3,354,840 8,473,960 318,340
2. Thrust 39,901,400 338,787 971,486 622,544| 2,600,550 205,792
3. Evis 10,449,800 203,570 662,748 208,035 1,233,480 64,422
4. Pr 5,595,070 102,081 225,666 13,986 782,962 48,951
5. Nonapro| 3,268,180 47,640 106,017 6,120 475,624 37,700
6. | cos 6| 3,175,530 38,739 94,914 4,076 441,836 33,997
7. Mj; 44,725 7,106 18,486 219 27,172 6,139
Efficiency | 2.0 x 107%[1.2 x 1072[1.2 x 1072(5.6 x 107°(2.0 x 1073|1.8 x 102

estimate the measurement accuracy of cBR(h — s) (s = bb, cc, gg),

oBR(s) = ry x 0BR®M(s) (s = bb, cg, gg, bkg), (3)

where 0BR(s) and ¢BR5M(s) are observed and expected products of cross section and branching
ratio and rg is a fluctuation from the SM prediction. From the Eq. 3, the measurement accuracy

of 0BR(s) is estimated as

AcBR(h — s)
cBR

Arg

Is

: (4)

Relative uncertainties of the rg are estimated with the binned log-likelihood fitting for flavor
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FIG. 7: Example of the reconstructed Higgs mass distribution at \/s = 1 TeV in h — bb channel assuming
the b-likeness cuts (b — likeness > 0.6).

templates. Assuming the Poisson statistics, probability of entry in each bin is determined as;

pre

; (5)

P —
ijk n!

where n = N%ita is a expected number of data entries in (i, j, k) bin, and u represents the sum of
each template sample entries at (i, ], k) bin, which is defined as Nitjimplate:

NP = 30 nee Njc+ N (6)

s=bb, cc, gg

where N%k is a number of entries in each template bin predicted in SM and Ngig is a sum of
entries from h — others and SM backgrounds in (i, j, k) bin. Two dimensional images of the three
dimensional b—, ¢c—, and bc— flavor-likeness template samples for h — bb, ¢, gg, others, and SM
backgrounds are shown in Fig. 8.

The uncertainty of the ry is evaluated by the 5,000 times of Toy-MC with log-likelihood fitting by
fluctuating the Data samples assuming the Poisson statistics in each bin. After applying template
fitting, accuracies of cBR are extracted from the Gaussian fitting for parameter rg.

Fitted results and extracted accuracies of cBRs assuming the integrated luminosity of £ =
500 fb~! with both beam polarization P(e™, e™) = P(F0.8, 4+0.2) are summarized on the Table VI.

Concerning the precision measurement of the Higgs boson ¢BRs, left-handed beam polarization
P(—0.8, + 0.2) with accumulating the integrated luminosity of £ = 1 ab~! is also evaluated on

the same table. Note that these results are only considered the statistical uncertainty of cBR.
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TABLE V: Summary table of background reduction for h — bb, c¢, and gg at /s = 1 TeV with £ = 500 fb~!
and P(e™, et) = P(4+0.8, — 0.2) right-handed beam polarization. Note that 3f, 5f, vy — 4f channels

contributions were simulated and estimated using SGV fast simulation sample.

Signal Other Higgs decays

Cut flow h — bb|h — c¢|h — gg||lh - WW*|h — ZZ* |h — 77 |h — s§

No cut 17,768 812| 2,566 6,592 830 1,992 10

1. EpcaL 17,054 783 2,463 6,331 794 1,917 9

2. Thrust 10,999 512| 1,628 3,743 457 1,068 7

3. Evis 8,049 366| 1,152 2,230 282 567 6

4. Pr 6,045 284 898 1,722 211 377 )

5. Ncnapro| 9,608 248 882 1,328 171 24 4

6. | cosbh| 5,171 224 815 1,262 157 21 4

7. Mj; 3,542 172 837 354 56 4 3

Efficiency 19.9%| 21.2%| 20.9% 5.4% 6.7%| 0.2%| 29.5%

SM backgrounds
Cut flow 3f 5f|  yy —4f 2f Af 6f
No cut 205,529,000 415,380| 1,538,560| 2,699,560| 6,530,160 119,252
1. Egcar, | 92,815,300| 310,618| 1,374,030| 2,288,410| 2,174,560| 103,473
2. Thrust 28,610,000 206,465 971,486 401,722 606,529 67,684
3. Evis 4,870,840 131,761 662,748 135,701 252,878 17,727
4. Py 1,947,590 60,325 225,666 8,963 130,966 12,774
5. Nenapro| 1,095,980 28,418 106,017 2,634 74,999 10,265
6. | cos 6| 1,060,520 23,195 94,914 1,497 69,081 9,228
7. Mj; 15,749 4,417 18,486 144 3,493 1,575
Efficiency | 7.7 x 107°[1.1 x 1072[1.2 x 1072(5.3 x 107°(5.3 x 10~*|1.3 x 102
V. h—- WW* CHANNEL ANALYSIS

In the h - WW™ analysis, high energetic neutrinos are generated via the production process
of vvh, therefore h - WW* fully hadronic decay channel (h — WW* — qqqq) is analyzed with
reconstructing four jet final state.

In order to suppress the vy — hadron backgrounds, exclusive four jet clustering with k; al-
gorithm is applied for selecting R = 0.9. Owing to this algorithm, beam related backgrounds
are well removed, then LCFIPlus flavor tagging is applied for all the reconstructed particles and

re-clustered as four jets forcibly by Durham [14] base jet clustering in the LCFIPlus package.
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FIG. 8: 2D image of the 3D flavor template samples for Data, h — bb, c¢, gg, others, and SM BGs.

TABLE VI: Estimated measurement accuracies of ¢BR for h — bb, c¢, and gg channels at /s = 1 TeV

with respect to the £ = 500 fb=! for both P(e™, e*) = (F0.8, =+ 0.2) beam polarizations or accumulating

L =1 ab~! regarding P(—0.8, + 0.2) left-handed polarization. Here these results are taken only statistical

uncertainties into account.

Integrated luminosity 500 fb—! 500 fb—* 1ab™!
Beam polarization P(e™, e*)|P(-0.8, +0.2)|P(4+0.8, —0.2)||P(-0.8, +0.2)
Tbh 1.000£0.005 0.999+0.021 1.000+0.004

Tee 1.002+0.057 1.034+£0.380 1.001+£0.039

Tgg 0.9984+0.039 1.025+0.263 0.998+0.028
AcBR/oBR(h — bb) 0.54% 2.1% 0.39%
AcBR/oBR(h — cc) 5.7% 36.8% 3.9%
AcBR/oBR(h — gg) 3.9% 25.7% 2.8%
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FIG. 9: Four jet reconstruction employing k; algorithm with different R parameters.
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At the Higgs mass of 125 GeV, one W should be off-shell and only one W has mass close to the
W mass (My). The best jet pair combination is selected as closest dijet mass as My, which has
minimum mass difference of [Mj; —Myy|. Selected W candidate is defined as W; and remaining dijet
is described as Ws, where they are mostly contributed from on-shell and off-shell W, respectively.
After the jet clustering and pairing, following cuts are applied to suppress SM backgrounds and

other Higgs decay channel contributions.

TABLE VII: Cut flow summary of h — WW* channel analysis.

1. Visible energy on beam calorimeter Egcar < 50 GeV

2. Thrust Thrust < 0.95

3. Visible energy 100 < Eyis < 400 GeV
4. Visible transverse momentum Pr > 50 GeV

5. Total number of charged particle flow object Nchargearro > 25

6. Azimuthal angle of each jet | cos 65| < 0.90

7. Y34 value —log;(Y34) < 3.0

8. Ya3 value —log,(Ya3) < 2.2

9. Sum of B-tagging output for four jets Btags; < 0.8

10. W1 mass (Closest to Myy) 60 < Mw, < 95 GeV

11. W5 mass (Remaining dijet mass) 15 < My, < 60 GeV

12. Higgs mass 110 < My, < 140 GeV

First requiring energetic jets final state to suppress semi-leptonic decay channels in 2f and 4f
(WW, ZZ) requiring large visible energy and transverse momentum. In addition, cut on Nppo and
N; are required to suppress the leptonic and semileptonic decay channel from WW — lvqq. Cuts
on the threshold value of jet clustering y value used in the Durham jet algorithm from i to j=i+1
jets (—logo(Yjj)) are applied to reduce non-four jets like events. In order to suppress the other
Higgs decay channels contribution, mostly comes from the h — bb by largest fraction of the Higgs
decay; sum of Btag output for four jets is required (Btags; < 0.8). After applying b-tagging cut,
remaining contribution from other Higgs decay channel is mainly coming from h — gg.

Reconstructed Higgs mass distribution regarding h — WW?* hadronic decay channel is shown
in Fig. 11. P(40.8, — 0.2) right-handed beam polarization running with the same integrated
luminosity of 500 fb~! is also estimated. According to the right-handed electron beam polarization,
production process via WW — fusion contributed by the t-channel diagram is suppressed, hence
both main signal production channel v,.h and WW background productions are reduced.

Therefore, same cut flow is applied as left-handed polarization case which optimized for WW-
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FIG. 10: Cut variables of h - WW™* analysis.

fusion process. Backgrounds reductions are summarized on the Table VIII and IX.

After passing all the selections, signal significance S/ \/m , where S is a number of selected
signal samples and B is a total number of background samples; is obtained from the final selected
samples as 27.9 with P(—0.8, 0.2) left-handed and 4.2 with P(+0.8, — 0.2) right-handed beam
polarizations assuming the same integrated luminosity of £ = 500 fb=!.

As a result, AcBR/oBR(h — WW¥) is estimated as 3.6% with P(—0.8, 40.2) and 23.7% with
P(40.8, —0.2) polarizations. Assuming further statistics of 1 ab~! only running with P(—0.8, +0.2)

left-handed polarization, measurement accuracy is expected to be improved as 2.5%. Note that
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TABLE VIII: Summary table of background reduction on h — WW* — 4j channel assuming £ = 500 fb~!
with respect to the P(—0.8, + 0.2) left-handed beam polarization at /s = 1 TeV. O Note that 3f, 5f,

vy — 4f channels contributions were simulated and estimated using SGV fast simulation sample.

Signal Other Higgs decays
Cut flow h - WW* — 4j||h — bb|h — ¢c|h — gg|h — ZZ*|h — 77|h — s§
No cut 21,976|1128,700| 6,058| 19,045 5,979| 14,291 90
1. Epcar 21,348|1124,986| 5,873| 18,514 5,797| 13,747 88
2. Thrust 19,256(109,860| 5,188| 16,530 5,006| 11,601 84
3. Eyis 14,534 82,950| 4,108| 12,709 2,924 4,828 66
4. Pr 12,185 67,792 3,375| 10,607 2,341 3,388 61
5. Nchapro 8,992|| 38,071| 1,534 9,115 1,350 32 24
6. | cos 6] 5,330|| 20,555 868| 5,325 782 10 15
7. Btagy; 5,027 651 769 4,958 501 6 15
8. —logYsy 4,363 304 289 2,916 420 5 6
9. —logYas 3,792 215 203| 2,034 348 3 4
10. My 3,177 162 167| 1,684 280 2 3
11. Mwe 3,025 140 145] 1,539 257 2 3
12. My, 2,732 118 124| 1,366 231 1 3
Efficiency 12.4%| 01%| 2.0%| 7.2% 3.9%| 0.0%| 3.1%

SM backgrounds

Cut flow 3f S5f| vy —4f 2f 4f 6f
No cut 223,628,000  615,361| 1,538,5603,890,180|13,514,000| 346,419
1. Epcar | 72,750,600 483,560| 1,284,9303,347,830| 8,442,530 317,394
2. Thrust | 23,633,100| 408,482| 1,102,330 771,237| 2,929,920 260,408
3. Buis 4,967,370| 105,205 606,486| 133,143| 803,488 30,640
4. Pt 2,750,240 38,794 95,691 6,925 524,360 22,308
5. Ncnapro 289,052 7,034 11,092 171 112,904 12,726
6. | cosbj| 170,938 3,393 5,782 60 48,634 7,736
7. Btagy; 168,176 3,227 5,641 25 35,396 3,946
8. —logYsy 89,374 2,882 4,746 13 15,194 3,395
9. —logYas 51,723 2,716 4,395 13 9,464 3,249
10. M, 8,879 2,397 3,400 13 4,889 3,005
11. My 6,064 792 2,369 0 3,350 783
12. My, 2,568 164 850 0 1,206 113
Efficiency | 1.1 x 1075(2.7 x 1074[5.5 x 1074 0.0/8.9x 107°|3.2 x 10~*

217



TABLE IX: Summary table of background reduction in h — WW* — 4j channel assuming £ = 500 fb~!
with respect to the P(4+0.8, — 0.2) right-handed beam polarization at /s = 1 TeV. O Note that 3f, 5f,

vy — 4f channels contributions were simulated and estimated using SGV fast simulation sample.

Signal Other Higgs decays
Cut values |h — WW* — 4j||lh — bb|h — cc|h — gg|h — ZZ*|h — 77|h — ss
No cut 2,972 17,768 812| 2,566 830 1,992 10
1. EpcaL 2,870 17,048 782| 2,463 794 1,906 9
2. Thrust 2,055 12,071 559| 1,824 527 1,259 7
3. Eyis 1,126|| 6,456 315 981 242 430 5
4. Pp 928| 5,218 255 811 191 302 5
5. Ncnapro 683] 2,921 116 698 109 7 2
6. | cos 6| 405] 1,589 67 411 64 3 1
7. Btagy; 381 48 58 382 39 3 1
8. —logYsy 327 22 21 221 32 2 0
9. —logYas 284 16 15 155 27 1 0
10. Mw, 237 12 12 128 22 1 0
11. My, 212 10 10 107 19 1 0
12. My, 193 8 9 95 17 0 0
Efficiency 6.5%|| 0.0%| 1.1%| 3.7% 21%| 0.0%| 0.0%

SM backgrounds

Cut values 3f 5f| 4y —4f 2f 4f 6f
No cut 205,530,000  415,380| 1,538,5602,699,560| 6,530,160 119,252
1. Epcar | 60,587,000( 301,833| 1,284,930|2,282,960| 2,155,180 103,093
2. Thrust | 15,111,000| 249,963| 1,102,330 486,424| 626,178 82,263
3. Buis 2,317,670 69,903|  606,486| 87,755 143,697 6,761
4. P 935,773 21,219 95,691 5,672 74,944 4,289
5. Nchapro 96,284 3,251 11,092 117 13,979 2,712
6. | cosbj| 56,987 1,454 5,782 28 4,744 1,691
7. Btagy; 56,091 1,387 5,641 25 3,606 491
8. —logYsy 29,965 1,245 4,746 13 1,641 440
9. —logYas 17,261 1,171 4,395 13 1,033 421
10. My, 3,057 1,006 3,400 13 531 390
11. My, 1,801 269 1,796 0 320 62
12. My, 766 79 769 0 143 12
Efficiency | 3.7 x 107%[1.9 x 1074(5.0 x 1074 0.0[2.2 x 107°|1.0 x 10~*
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FIG. 11: Reconstructed Higgs mass distribution for h — WW* hadronic decay channel at /s = 1 TeV with
respect to the £ = 500 fb~! with P(—0.8,4+0.2) beam polarization.

TABLE X: Measurement accuracies of cBR in h = WW* — 4j channel with respect to the £ = 500 fb—! for
both P(F0.8, £ 0.2) beam polarizations or accumulating £ = 1 ab~! regarding P(—0.8, +0.2) left-handed

polarization.
Integrated luminosity 500 fb—! 500 fb~! 1ab!
Beam polarization P(e™, e1)|P(—0.8, +0.2)|P(40.8, —0.2)||[P(-0.8, +0.2)
Signal significance (S/v/S + B) 27.9 4.2 39.7
AcBR/oBR(h = WW* — 4j) 3.6% 23.7% 2.5%

current cut based analysis still remains h — gg and ZZ contribution after the all cuts but not taken
into account for the systematic uncertainty of cBR(h — WW*). Further improvement is needed

to reduce the uncertainty from other Higgs decay channels.

VI. CONCLUSION

Measurement accuracies of the ¢BR for the Higgs decay channels of h — bb, c¢, gg, and
WW* — 4j are analyzed at the CM energy of 1 TeV. All results are summarized on Table XI
assuming the £ = 500 fb~! and 1 ab~! regarding both P(F0.8,+0.2) beam polarizations. Owing
to the good background separation by B-tagging, h — bb channel can also achieve good situation
even with right-handed polarization, but that is degraded for other channel case significantly, which
is mainly caused by ey — vqq or vy — qqqq. h — cc, gg, WW™* are affected by this background
except for the h — bb. vy — ¢gqqq contribution is relatively increased with the right-handed beam
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polarization case. Note that all the results are only considered statistical uncertainty of cBR and
systematic uncertainty from other decays and backgrounds should be also taken into account in
further study.

TABLE XI: Summary table of the measurement accuracies of BR at /s = 1 TeV assuming £ = 500 fb~!

with P(F0.8, 4 0.2) both polarizations or 1 ab™! only accumulating P(—0.8, + 0.2) left-handed beam

polarization. Results are only considered statistical uncertainty.

Integrated luminosity 500 fb—! 1ab~!

Beam polarization P(e™, et) [P(—0.8, +0.2)|P(+0.8,—0.2)||P(-0.8, +0.2)

AcBR/oBR(h — bb) 0.54% 2.1% 0.39%

AcBR/oBR(h — cc) 5.7% 36.8% 3.9%

AoBR/oBR(h — gg) 3.9% 25.7% 2.8%

AcBR/oBR(h - WW* — 4j) 3.6% 23.7% 2.5%
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Appendix
Appendix A: Higgs BR study at 500 GeV

1. Reconstruction and background reduction at 500 GeV

At the CM energy of 500 GeV, large amount of reconstructed signal and SM background samples
are available for which were produced the study of ILD Letter of Intent (LOI), even though these
samples were generated employing the Higgs mass of 120 GeV in whizard-1.40. Higgs BRs are
calculated by Pythia [17] instead of used in DBD analysis, where the BRs for h — bb, c¢, and
ge are BR(h — bb) = 65.7%, BR(h — c¢) = 3.6%, and BR(h — gg) = 5.5%, respectively. These
generated samples are also simulated with previous ILD_00 detector model in Mokka. For the flavor
tagging, LCFIVertex package [13] was used. In the h — bb, c¢, and gg reconstruction, Durham
jet clustering [14] was applied and forcibly clustered as two jet. Note that at the /s = 500 GeV,
vy beam induced background contribution is relatively smaller than 1 TeV, thus 7y — hadron
backgrounds were not overlaid to the samples.

In order to select the vevech WW-fusion process, at first cut on missing mass is applied to
suppress Zh process. Cuts on P, Pz, Ppax, and Nepg are required to suppress semi-leptonic decay

channels. Finally Higgs signal is selected with the cut on reconstructed Higgs mass region.
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TABLE XII: Cut flow for v/s = 500 GeV analysis

1.

2
3
4.
5
6

Missing mass

Maximum momentum PFO

. Number of charged tracks

. Reconstructed Higgs mass

Miiss > 220 GeV

. Transverse visible momentum Pt > 20 GeV

. Longitudinal visible momentum |Pz| < 150 GeV

Prax < 50 GeV
Nchd > 10
100 < My, < 130 GeV

TABLE XIII: Background reduction summary at v/s = 500 GeV with £ = 500 fb~! regarding P(—0.8, +0.3)

beam polarization. vvéf and €€0¢ processes are completely suppressed.

Cuts h — bblh — cc|h — gg|h — all voqq vlqq llqq qqaq ZWW 777
Gen 59,921| 3,336| 5,053| 90,029 367,779| 5,042,400| 682,517| 4,288,940/ 513,824 2,681
1 51,619| 2,811| 4,185| 78,712 239,835| 192,350 3,739 114,929 28,140 1,068
2 47,889 2,629| 4,017| 72,087 213,867| 155,999 1,230 43,028 26,009 927
3 46,431 2,552 3,895| 69,132 197,487 134,599 1,136 42,930 25,679 910
4 43,604| 2,308| 3,711| 61,308 175,734 58,380 613 15,006 16,581 7
5 43,307 2,280| 3,711| 57,126 166,037 56,281 610 14,976 15,894 699
6 35,054 2,040| 3,711| 45,473 15,405 16,657 90 663 4,372 226
Efficiency| 55.6%| 46.0%| 64.5%| 41.2%||1.7 x 1072{2.2 x 1073|1.5 x 1074 1.7 x 107#|7.1 x 1072 |7.4 x 1072

2. Measurement accuracies of ¢BR at the /s = 500 GeV

After applying all above cuts, flavor templates on h — bb, ¢, and gg are prepared using the

Neuralnet-output for b, ¢, bc flavor from LCFIVertex. 5,000 times of Toy-MC is applied and

extracted the accuracies of cBR. Fitted results by template fitting Toy-MC are shown in Fig. 12

and summarized on the Table XIV.

FIG. 12: Fitted r, distribution for h — bb, c¢, and gg at \/s = 500 GeV with assuming the £ = 500 fb~!

and P(—0.8, + 0.3) left-handed beam polarization.
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TABLE XIV: Reduction summary for h — bb, c¢, gg channels at /s = 500 GeV assuming £ = 500 fb~!
and P(—0.8, + 0.3) beam polarization at the Higgs mass of 120 GeV.

Integrated luminosity 500 fb~!
Beam polarization P(e™, e*)|P(—0.8, + 0.3)
Tbb 1.000 % 0.006
Tee 1.002 £ 0.052
- 1.000 + 0.050
AoBR/oBR(h — bb) 0.6%
AoBR/oBR(h — ct) 5.2%
AcBR/oBR(h — gg) 5.0%
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Study of Higgs self-coupling at the ILC based on the full detector simulation at

Vs =500 GeV and /s =1 TeV

Junping Tian
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
(Dated: January 30, 2013)

In this analysis we investigated the feasibilities of the measurement of Higgs self-coupling at the
International Linear Collider (ILC) during its two phases of operation with centre-of-mass energy
of 500 GeV and 1 TeV. Three combinations of the decay modes of double Higgs strahlung process
ete™ — ZHH ,where Z — 1717, Z — v and Z — ¢ accompanying with both Higgs decay into bb,
were analyzed together at 500 GeV. The decay mode of WW fusion process ee™ — vHH | where
both Higgs decay into bb was analyzed at 1 TeV. Both the signal and background event samples
are generated by a full detector simulation based on the International Large Detector (ILD). At
500 GeV, assuming an integrated luminosity of 2 ab~! and the Higgs mass of 120 GeV, an excess
of the e"e™ — ZHH events with a statistical significance of 5.00 is expected to be observed in
case of the polarized electron and positron beams, P(e”,e*) = (—0.8,+0.3). The cross section of
ete™ — ZHH can be measured to the precision of 27%, corresponding to the precision of 44% on
the Higgs trilinear self-coupling. At 1 TeV, in case of P(e”,e") = (—0.8,40.2), we can expect the
precision of self-coupling to be 18%.
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I. INTRODUCTION

The Higgs sector is the piece of Standard Model which is responsible for the spontaneous breaking of electroweak
symmetry and offers the source of mass generation for both the gauge bosons and fermions; the expected Higgs boson
is the last particle of the Standard Model to be found by experiment. Once a Higgs-like boson is discovered, we need
to verify that it is indeed the Higgs boson that condenses in the vacuum and gives masses to all the standard model
particles. Higgs self-coupling is just the force that makes the Higgs boson condense in the vacuum, therefore probe of
this coupling is one of the most decisive tests of the Higgs sector.

In the Standard Model, after the electroweak symmetry breaking, the Higgs potential, given as
1
V(H) = W?*H? + \WwH? + 1AH4, (1)

where H is the physical Higgs field, v ~ 246 GeV is the vacuum expectation value of the neutral component of Higgs
field and A is the Higgs self-coupling, is uniquely determined by the Higgs self-coupling. There are three terms in
this potential, the first is the Higgs mass term, with the mass My = v2Mv?; the second term is a trilinear Higgs
self interaction, with the trilinear self-coupling Ay gy = 6Av; the third term is a quartic Higgs self interaction, with
the quartic Higgs self-coupling Ay gy = 6. Considering that all the interactions discovered up to now are gauge
interactions, the second and third terms predict non-gauge interactions, which would be a completely new type of
interaction. To fully verify the shape of Higgs potential, we need to measure these three terms respectively. The mass
term is possible to first be measured at the Tevatron and the LHC and then precisely determined at the ILC. The
quartic Higgs self-coupling turns out to be very difficult to be measured at the Tevatron, LHC and the ILC due to
the very small cross section of three Higgs bosons production (less than 0.001 fb). Therefore, it becomes crucial to
investigate the feasibilities of measuring the trilinear Higgs self-coupling.

On the other hand, alternatively to the Higgs Sector in the standard model, which is the simplest way spontaneously
breaking the electroweak symmetry, there are several extended Higgs theories. To reveal these new physics models,
the Higgs self-coupling is one of the most important discriminative quantities. One of the latest articles [1] gives a
clear conclusion from the theoretical calculation in those extended theories that the Higgs self-coupling measurement
is quite useful to explore new physics. In addition, studies of the Higgs self-coupling in the framework of the Minimal
Supersymmetric extension of the Standard Model (MSSM) or the general Two Higgs Doublet Model (THDM), where
typically there are five Higgs bosons instead of one, can be found in these references [1-4], showing that the Higgs
self-coupling can significantly deviate from the standard model value, at the level of order 100% in some scenarios.
The Higgs self-coupling can also be a common signature of the Higgs sector with the strong first order electroweak
phase transition [5-10], which is required for a successful scenario of electroweak baryogenesis [11-13]. The new
physics model with the sequential fourth generation fermions also predict large one loop contributions to the Higgs
self-coupling [14]. Therefore, the precision measurement of trilinear Higgs self-coupling could directly reveal the nature
of the extended Higgs sector.

II. MEASURING THE HIGGS SELF-COUPLING AT THE ILC

The measurement of trilinear Higgs self-coupling can be carried out at the ILC through two leading processes:
double Higgs-strahlung process ete™ — ZHH [15-17] and WW fusion process ete™ — vvHH [18, 19]. Figure 1
shows the cross sections of these two processes as a function of the center of mass energy. The double Higgs-strahlung
process is expected to be dominant at around the center of mass energy of 500 GeV and to be taken over by the WW
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fusion process at higher energy at around 1 TeV. Their tree-level Feynman diagrams are respectively shown in Figure
2 and Figure 3. However, in both cases, there exist the irreducible Feynman diagrams which have the same final-
state particles but don’t concern the Higgs self-coupling. The interferences between the interested Higgs self-coupling
related diagrams and these irreduciable diagrams make the measurement of the Higgs self-coupling more complicated.
As a result of the interferences, the cross sections (o) of ete™ — ZHH and ete™ — vvHH , as a function of the
Higgs self-coupling ()), can be formulated as o = a\? + b\ + ¢, where constant a comes from the contribution of Higgs
self-coupling diagram, ¢ comes from the contribution of the irreducible diagrams and b comes from the contribution
of the interference between them. For a particular value of the Higgs mass of My = 120 GeV, Figure 4 shows these
functions, by which we can infer the Higgs self-coupling from the cross sections of the two processes. And at the value
of the standard model, the precision of the Higgs self-coupling (%) is determined to be 1.8 times of the precision of
the cross section of ete™ — ZHH (22) at 500 GeV,

21822, (2)

In case of eTe™ — viHH at 1 TeV, the factor will be 0.85,

oA oo

— =0.85—. 3

3 . 3)
Here we see the complication caused by the interference, without which the factor will always be 0.5. A new weighting
method developed recently [20] shows we can enhance the coupling sensitivity, as a result of which the above factors
can be improved correspondingly to 1.66 and 0.76

0.3

e"+e - ZHH
e +e — VWHH (WW fusion)
e" + e — vWHH (Combined)
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FIG. 1: The separate and combined production cross sections for the ZHH and voHH processes as a function of the center of
mass energy assuming the Higgs mass of 120 GeV. The red line is for the ZHH process, the blue line is for the voHH fusion
process and the green line is for the combined result.

III. SIMULATION FRAMEWORK

[This Part is to be added later, which nevertheless is common for all the DBD benchmark analyses.
In this analysis the vy to low p; hadrons background has not been overlaid.]
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FIG. 2: Feynman diagrams for the double Higgs strahlung process e*e™ — ZHH . (a): involving trilinear Higgs self-coupling;
(b), (¢), (d): the irreducible diagrams.

)

FIG. 3: Feynman diagrams for the WW fusion process ete™ — vvHH . (a): involving trilinear Higgs self-coupling; (b), (c),

(d): the irreducible diagrams.
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FIG. 4: The evaluation of cross section as a function of the Higgs self-coupling. left: for ete™ — ZHH at 500 GeV; right:
for efe™ — vvHH at 1 TeV. The Agnn stands for the Higgs trilinear self-coupling and Ay p(SM) stands for the standard
model value, which is indicated by the vertical line. The red ones are without weighting method and the blue ones are with
weighting method.

A. Accelerator and Detector
B. Event Generator
C. Simulation and Reconstruction
IV. ANALYSES OF e"e” - ZHH AT 500 GEV
A. Analysis of the mode ZHH — |1 HH — I"1~bbbb at 500 GeV
1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from different sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the

5(&3?1)) ratio, the other is the M ratio, where E(total) = F(ecal) + E(hcal), E(ecal) and E(hcal) are the energies

deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

e For electron identification, two samples of PFOs from the process e™ +e¢~ — eTe™ HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very different it is straightforward to add requirements on these two
quantities

E(ecal)
e: E((tictzl) > 0.9 (4)
0.8 < Zlotal <19
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FIG. 5: The distribution of 5(&3‘:11)) (left) and M (right) for PFOs in sample e™ + e~ — eTe” HH. The red histogram is

for prompt electrons and the blue one is for other charged non-original PFOs.

After these requirements, the mis-identified electrons are mainly from: (i) charged pions, which become neutral
pions through charge exchange interaction with the nuclei inside ECAL, decaying into photons which deposit
almost all of their energies in ECAL; (ii) electrons from weak decays of b or ¢ quarks, such asb — ¢cW ™ — ce™ I;
(iii) electrons from a Higgs boson decaying into WWW* followed by a semi-leptonic W decay. Type (i) and (ii)
mis-identified PFOs usually have smaller momenta and more PFOs around them due to parton showering and
fragmentation than the prompt electrons. It is hence possible to further reduce the mis-identification by using
the cone energy. For each PFO, define a cone with angle 6, around the momentum of that PFO as shown in
Figure 6, and sum up the energies of the other PFOs which are inside this cone. This energy sum is called the
cone energy. If only the charged PFOs are considered, then the sum is called the charged cone energy. The
effect of bremsstrahlung tends to give the prompt electrons a sizable cone energy. This makes the charged cone
energy more discriminative to separate the prompt electrons from the other PFOs. Figure 7 shows a scatter
plot of charged cone energy versus momentum of the PFOs from these two samples, where the red points denote
prompt electrons and the blue points denote the remaining mis-identified non-prompt charged PFOs. By using
Fisher classification, we decided to impose

FIG. 6: Schematic view of a cone around a particle with momentum 7. The cone angle is 6.

P — 0.25Fcone > 12.6 GeV (5)

e For muon identification, the strategy is very similar to the electron identification, plus that we require the
energy deposited in Yoke to be larger than 1.2 GeV. Samples for prompt muons and the other charged PFOs
are from the et + e~ — ut = HH process. The distributions of 5(&33;1)) and E(t;tal) are shown in Figure 8. The

requirements to these two quantities are

E(ecal)
<0.5
e {%EIEEZR (6)

otal) < 0.3

In this case, the mis-identified muons are mainly from: (i) charge pions which have small momentum and do
not reach HCAL, thereby having small energy deposits in ECAL and HCAL; (ii) and (iii) are similar to the
electron case, namely from weak decays of b, ¢ quarks and from Higgs decaying into WW*. Also, the charged
cone energy and momentum can be used to further reduce the mis-identification. A scatter plot of the charged
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cone energy versus momentum for the samples of prompt muons and the other non-prompt PFOs are shown in
Figure 9. We require
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FIG. 9: Scatter plot of charged cone energy versus momentum for PFOs in the et 4+ e~ — ptpu~ HH sample. Red points
denote prompt muons and blue ones denote the other charged PFOs.

P —0.1Econe > 17.1 GeV. (7)

The angle of the cone in Figure 6 is expected to affect the performance of charged lepton selection. To minimize
the mis-identification, the value of the cone angle 6 is scanned from cosf = 0.8 to cosf = 1. At each value, while
fixing the efficiency for the prompt lepton identification to 98%, we looked at the efficiency of the other charged
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PFOs being identified. The result is shown in Figure 10. The optimized cone angle cosf = 0.98 giving the minimal
mis-identification efficiency is adopted.
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FIG. 10: Optimization of cone angle using PFOs in the et + e~ — eTe™ HH sample.

For each event, at least two oppositely charged PFOs are required to be both identified as electron or muon. If
there are more than two PFOs identified, we look at all the pairs which have opposite charge. The pair of which the
invariant mass is the nearest to the mass of Z, M(Z) = 91.18 GeV, is selected as the two prompt charged leptons,
effectively suppressing type (iii) mis-identification. As a loose requirement, the invariant mass of the two selected
charged leptons M (I717) should satisfy

|M(IT17) = M(Z)| < 40 GeV. (8)

The distribution of M(ITI™) for the signal events after the above selection is shown in Figure 11, where the
bremsstrahlung and FSR effects are recovered by using algorithms in ZFinder.
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FIG. 11: Invariant mass of the two selected charged leptons. Left one is for the electron mode of the signal e™ +e~ — eTe™ HH
process; Right one is for the muon mode of the signal e™ 4+ e~ — ut ™ HH process.

b. Jet Clustering and Jet Pairing After the two charged leptons are selected, all the other PFOs are forced to
four jets by using the Durham jet algorithm. Then the four jets ji, jo, 73 and j4 are combined to two pairs, each of
which contains two jets. Among all the possible combinations, the one which minimizes the x? is selected. The x?2 is
defined by

o (M(j1,j2) — M(H))*  (M(js,ja) — M(H))?

= 9
X J%{ + O’% ( )

where M (41, j2) is the invariant mass of jets j; and jo, M (H) is the nominal Higgs mass, and oy is the Higgs mass
resolution, which doesn’t affect the combination here. The two jets pairs are reconstructed as two Higgs bosons. The
order of the two Higgs bosons are determined by the order of jets output from the jet clustering algorithm. Usually
a jet output earlier has a relatively larger momentum. While pairing, M (ji, j2) and M (js, ja) are required to satisfy
loose cuts:

|M (51, 42) = M(H)| < 80 GeV,  [M(js, ja) — M(H)| < 80 GeV. (10)
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2.  Final Selection

The remaining signal and background events can be grouped into four: first one, called full hadronic background,
such as bbcsdu, bbuddu, bbessc and bbbb, without leptons in the parton level final states; second one, called jets-poor
background, such as llbb, only two partons with two leptons in the parton level final states; third one, called semi-
leptonic background, such as lvbbgq, with one charged lepton, one missing neutrino and four partons in the parton
level final states; the last one, called the most signal-like background, such [1bbbb and [lbbH, with two charged leptons
and four partons in the parton level final states. Since the event topologies and the amounts of contamination from
these four groups are very different, it is not very efficient if we use only one multivariate classification for the whole
backgrounds. Actually it is almost impossible to find any global minimum if we put together the backgrounds with
very different topologies and very different weights, considering the limited MC statistics. Instead of one multivariate
classification, the strategy adopted is to use a separate multivariate classification to suppress the backgrounds in each
group.

a. Full Hadronic Backgrounds The full hadronic backgrounds, which mainly come from et +e~ — tt, WWZ
and ZZ, are significantly suppressed by the pre-selection mainly due to the requirement of two charged leptons. Even
though, the number of remaining events is still much larger than that of the signal. For these backgrounds, the
selected charged leptons must have come from the hadronization and decay, as a result of which the momenta of
the charged leptons should relatively be smaller and the cone energy relatively larger. A natural strategy to further
suppress them is to apply tighter cuts on the cone energy and momenta of the two selected charged leptons. Figure
12 shows the scatter plot of the total cone energy (FEcono12) versus the total charged cone energy (EeoneChargel2) of
the two leptons, and the distribution of the total momentum (pLep; + pLep,). Tighter requirements are imposed to
further suppress the full hadronic backgrounds, which is denoted as Cutl:
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FIG. 12: The scatter plot of Econel2 versus EconeChargel2(left) and the distribution of pLep; + pLep, (right). Red denotes
signal and blue denotes full hadronic backgrounds.

| Eeconel2 + 4E oneChargel2 < 60 GeV
Cut1 : { pLep; + pLep, > 80 GeV (11)

After these tighter requirements, the full hadronic backgrounds are almost completely eliminated.

b. Jets-Poor Backgrounds The jets poor backgrounds Ilbb and llcc, which mainly come from ZZ, ZZ*, bbZ and
IT1=Z, are the dominant backgrounds after the pre-selection. Though there are only two partons in their parton
level final states, due to the gluon to gq and the imperfection of the jet clustering algorithm, they can be clustered to
four jets and some of them survived the mass constraints in Eqn. 10. To suppress these backgrounds while keeping
as many signal events as possible, one of the multivariate data analysis methods, neural-net is used. The following
discriminative quantities are included for the neural-net training:

e Y value, which is given by the jet clustering algorithm. Because there are only two partons for these jets poor
backgrounds, their Y values are relatively smaller than that of the signal events. Among all the Y values, Y;_.3
and Y3_,o turned out to be the most discriminative. The distributions of Y;_,3 and Y5_,5 are shown in Figure
13, respectively denoted by “yminus”and “yplus2”.
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e Thrust, which is derived from the quantity

p= Zz |pi - 7 (12)
> 17

where p; is the momentum of a PFO, 7 is any possible unit vector |7i| = 1 and the summation is over all the
PFOs in each event. The thrust is defined to be the maximum of p, and the corresponding 7i is called the axis
of the event. The thrust value reflects the anisotropy of an event, indicating if there is any special direction
favored by this event. Because these jets poor backgrounds are mainly from two-body t-channel processes, most
of the PFOs in each event are very forward or backward. Their thrust is much closer to 1 than that of the
signal, which is from a three-body process. The axis of these backgrounds is much closer to the beam direction
than that of the signal. The distributions of the thrust value and the polar angle of the thrust axis are shown
in Figure 13, respectively denoted by “pthrust” and “cosaxis”.

e Reconstructed Z mass. Some of these backgrounds are from ZZ, Z+, or ~+y fusion processes and from s-channel
processes, where two charged leptons in the final states are not from a Z decay. In this case, the reconstructed Z
mass does not peak at the nominal Z mass, as indicated by the flat part in the distribution of the reconstructed
7 mass in Figure 13, denoted by “mz”.

e The total number of PFOs. For this background, the total number of PFOs is much smaller than that of the
signal, because there are only two partons. The distribution of this quantity is shown in Figure 14, denoted by
“npfos”.

e The smallest number of PFOs in a jet. For the same reason, the smallest number of PFOs in a jet is much
smaller than that of the signal. The distribution of this quantity is shown in Figure 14, denoted by “npfomin”.

e The largest jet momentum when reconstructed as two jets. If we force the PFOs other than the two selected
charged leptons to two jets, the momenta of these jets for the background will be relatively larger than signal.
The Distribution of this quantity is shown in Figure 14, denoted by “pjmaxjets2”.

e The largest angle between the reconstructed 7Z and the other two jets. Some of these backgrounds come from
et + e~ — bbZ, where Z is radiated from one of the two b partons. In this case, the Z is very close to one of
the two b jets. The distribution of this quantity is shown in Figure 13, denoted by “cosjzmax2”.

These quantities are used as input variables by the MLP method in the TMVA package [21]. A neural-net is
trained for the signal and the [lbb background. For the neural-net training, additional statistically independent signal
ete"HH, p*pu~ HH and background [lbb samples are used. The weights for different processes are normalized to the
corresponding cross sections. The statistics of the training samples are higher than 2 ab™! for both the signal and
the background. The neural-net outputs and cut efficiencies for the signal and the background are shown in Figure
15. The 1lbb background is well separated by the neural-net output (MLPy;). A cut, MLP;,, > 0.56, is imposed to
suppress the [lbb background, denoted by MLP1. Though the neural-net is trained for the I{bb background, another
jets-poor background llcc is also significantly suppressed by this cut.

c.  Semi-leptonic Backgrounds The semi-leptonic backgrounds such as e~ 7bbés, e~ vbbud, and their corresponding
muon or tau modes, together with their conjugate modes, are mainly from ¢ and W W ~Z. After the pre-selection,
they are the second dominant backgrounds, being hundreds times more than the signal events. Unlike the jets-poor
backgrounds, these semi-leptonic backgrounds have four quarks, but only one prompt charged leptons. We trained
another neural-net to suppress these backgrounds by using the following quantities:

e Visible energy and missing P;. Because there’s one prompt neutrino in the backgrounds, the visible energy is
smaller and the missing P; is larger for the backgrounds than for the signal. The distributions of these two
quantities are shown in Figure 16, respectively, denoted by “evis” and “mpt”.

e Cone energy and momentum of the lower momentum selected charged lepton. Because there’s only one prompt
charged lepton in the backgrounds, the other selected charged lepton must have originated from hadronization
and decay, which has larger charged cone energy and smaller momentum. The distributions of these two
quantities are shown in Figure 16, respectively, denoted by “econec2” and “plmin”.

e Reconstructed Z mass. The invariant mass of the two selected charged leptons should be very different for the
backgrounds, as indicated in Figure 17, denoted by “mz”.
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explained in the text.

e The total number of PFOs. During parton showering, a b quark usually results in more particles than light
quarks. So the total number of PFOs for the backgrounds is smaller than that of the signal. This information
is independent of the b tagging algorithm. The distribution of this quantity is shown in Figure 17, denoted by

“npfos”.

e Reconstructed W mass. The four jets are ordered from the largest b-likeness to the smallest. The backgrounds
contain two b quark jets and two light quark jets. The two light quarks are from a W decay. The invariant mass
of the 3rd and 4th jets are reconstructed as the W mass. The distribution of this quantity is shown in Figure
16, denoted by “massb34”.

e Angle between two b jets. A large fraction of these backgrounds come from t#, where the angle between two
prompt b jets is relatively large. The angle between 1st and 2nd jets are reconstructed as the angle between the
two prompt b jets. The distribution of this quantity is shown in Figure 16, denoted by “cosbmax”.

Statistically independent [l H H signal sample and the lvbbgq background samples are used for the neural-net train-
ing. The statistics are higher than 2 ab™! for both the signal and the background. The neural-net outputs and cut
efficiencies for signal and background are shown in Figure 18. The lvbbgq background can well be separated by the
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FIG. 16: Discriminative quantities for the signal (blue) and the semi-leptonic backgrounds lvbbgg (red). The variable names
are explained in the text.

neural-net output (MLPjyppqq). A cut, MLPyppqq > 0.81, is applied to suppress the lvbbgq background, denoted by
MLP2.

d. Backgrounds with Same Final States These backgrounds including [lbbbb and [IbbH mainly come from ZZZ
and ZZH. Though their cross sections are not as large as the previous backgrounds, they have the same parton
level final states as the signal, and, consequently, are more difficult to suppress. The quantities used in the previous
neural-nets are of little use, requiring quantities related to the invariant mass and angular distributions to suppress
them. For this purpose yet another neural-net is trained using the following quantities:

e Reconstructed Higgs mass. The two Higgs bosons masses should be the most discriminative to separate
these backgrounds. The distributions of these two quantities are shown in Figure 20, respectively, denoted
by “mh1” and “mh2”.

e Reconstructed Z, H and Z, Z masses. In order to take maximal use of the mass information, in addition to

235



Normalized

LI B N B B N B S B N B B B B e ey B B B S B ho} |LINLI B  L B L
0.03 | — g E .
E ] S 016 =

. ] G £ E

0.025 F- 3 E omf =
L b 2 - ]

r b 0.1F 3

0.015 |- E 0.08 & =
001E 3 0.06 |- 3
E ] 0.04 3
0.005 |- 3 ]
s 1 0.02 -

0 v £ n 0 -

60 80 100 120 140 160 180 60 70 80 90 100 110 120 130

npfos mz

FIG. 17: Discriminative quantities for the signal (blue) and the semi-leptonic backgrounds lvbbgq (red). The variable names
are explained in the text.

Normalized

w
o
o

r— T T T T Signal efficienc ———- Signal purity
7 Slgna| ‘ T T T 9 K y T et Signal efficiency*purity
Background Background efficiency s /\S+B.
— )
= C 600 ©
z — g
& g
= P e = 5002
& os - TN &
=4 [
Q2 -
= r
=
i o6 ( // \

N
o
o

—

0.4 \ .
0.2 [—Forage-sign AT Baekground
r ?Mimum s/Ns+Bis
E~+569.9528 when cuTtmy-a1.0048

-1 -0.5 o 0.5 1
MLP response MLP output

A b i b Lo Al
1N
o
o

Camil
=
o
s}

o

FIG. 18: (left): The neural-net output for the signal versus the lvbbgq background, where the blue histogram is for the signal
and the red one is for lvbbgq. (right): The cut efficiencies of the signal and background at different cut values of the neural-net
output, where the solid blue curve is for the signal and the red one is for lvbbgq background.

the two Higgs boson masses reconstructed as from the signal process, the four jets are also paired as from the
IT1=ZH and IT1~ ZZ processes. The reconstructed Z and Higgs masses in the case of [T]~ZH pairing, though
correlated with the two Higgs masses in the case of [T/~ HH pairing, can offer some additional discriminative
power to suppress the [lbbH background. The distributions of these reconstructed Z and Higgs masses are
shown in Figure 20, respectively, denoted by “mzzh” and “mhzh”. Similarly, the reconstructed two Z masses
in the case of 71~ ZZ pairing are useful to suppress the llbbbb background, distributions of which are shown in
Figure 20, respectively, denoted by “mzlzz” and “mz2zz”.

t-channel characteristics. The processes e™ + ¢~ — ZZZ and e™ + e~ — ZZH are dominated by diagrams
stem from the t-channel process et +e~ — ZZ, with one more Z boson strahlung from the electron line or one
more Higgs strahlung from a Z, as shown in Figure 19. This feature makes the two Z bosons emitted from the
electron line move very fast and very forward. To effectively use this information, each event is re-reconstructed
as from ZZZ or ZZ H, and the boson candidate with the largest momentum among the three is identified for the
both hypotheses. The largest momentum and its polar angle reflect the t-channel characteristics, distributions
of which are shown in Figure 21, respectively, denoted by “plzzz” and “coslzzz”in case of ZZZ, “plzzh” and
“coslzzh”in case of ZZH.

For the neural-net training, statistically independent [lH H signal samples and the [lbbbb and [IbbH background
samples are used, with each sample having statistics higher than 2 ab™*. The neural-net outputs and cut efficiencies
for the signal and backgrounds are shown in Figure 22. The [[bbbb and [[bbH backgrounds are not as well separated as
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FIG. 19: Typical Feynman diagrams for e™ + e~ — ZZZ (left) and et + ¢~ — ZZ H(right).
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FIG. 20: The discriminative quantities for the signal (blue) and the same final states backgrounds 1lbbbb, llbbH (red). The
variable names are explained in the text.

the previous two backgrounds. A requirement to the neural-net output MLP 5, > —0.5 is imposed to suppress the
same final states background, denoted by MLP3. Because the two Higgs masses are the most discriminative quantities
in this neural-net, this cut is also effective to suppress all the other backgrounds.

e. B tagging Though the jets-poor backgrounds and the semi-leptonic backgrounds are significantly suppressed
by the neural-net, the number of remaining background events is still much larger than that of the signal. On the
other hand, so far we have only considered the backgrounds which contain at least two b quarks in the parton level
final states. Information of flavour tagging can be used to eliminate the backgrounds with less than two b quarks,
and further suppress the jets-poor and the semi-leptonic backgrounds.

For each jet, three outputs (b-likeness, c-likeness and be-likeness) are calculated. The signal mode is supposed to
have four b jets. The b-likeness of the four jets are investigated. To make the difference between the signal and
the background more significant, the four jets are ordered by the b-likeness from the largest to the smallest. The
distributions of the four b-likeness values are shown in Figure 23, denoted by Bmax1, Bmax2, Bmax3 and Bmax4,
where Bmax1 > Bmax2 > Bmax3 > Bmax4. One can see that Bmax1 is usually large and Bmax4 is usually small for
both the signal and the backgrounds. Bmax3 turn out to have the most discriminative power. The following cut on
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Bmax3, denoted by B tagging, is applied to suppress the backgrounds:

Bmax3 > 0.19. (13)

8. Results

The number of the signal and background events remained after the final selection are shown in the reduction table
I and II, where all the events are separated into two categories, electron-type and muon-type. The finally cuts in
these two categories are summarized as following:

e For electron-type category, the final cuts are
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1. Cutl:
2. Cut2:
3. Cut3:
4. Cut4:
5. Cuth:

Econel2 + 4FEonoChargel2 < 60 GeV and |M(ll) — M(Z)| < 32 GeV.
MLP;;pp > 0.56.

MLP 4544 > 0.81.

Bmax3 > 0.19.

MLP ;14666 > 0.5.

e For muon-type category, the final cuts are

1. Cutl:
2. Cut2:
3. Cut3:
4. Cutd:
5. Cuth:

Econel2 + 4E¢on.Chargel2 < 60 GeV, pLep; + pLep, > 80 GeV and |M (Il) — M(Z)| < 27 GeV.
MLPy; > 0.53.

MLP 0 > 0.2.

Bmaz3 > 0.16.

MLP ;15555 > 0.52.

4. Summary of the lHH mode

In the search mode ete™ — [T~ HH, assuming a Higgs mass of 120 GeV and an integrated luminosity of 2 ab™!
with the beam polarization P(e™,et) = (—0.8,+0.3), category a) it is expected to observe 3.7 signal events with
4.3 backgrounds events, corresponding to a ZHH excess significance of 1.50 and a ZHH cross section measurement
significance of 1.10; category b) it is expected to observe 4.5 signal events with 6.0 backgrounds events, corresponding
to a ZHH excess significance of 1.50 and a ZHH cross section measurement significance of 1.20. [the definition of
excess significance and measurement significance can be found in the appendix.]
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TABLE I: The reduction table for the signal and backgrounds after the final selection for the electron-type category of [lHH
mode, together with the number of expected events and generated events. The cuts names are explained in text.

Process [ expected [ generated [ pre-selection [ electron-type [ Cutl [ Cut2 [ Cut3 [ Cut4 [ Cutb
IIHH 46.5 3.88 x 10° 26.5 13.1 12.3 10.1 8.6 4.64 3.73
eebb 2.84 x 10° 4.18 x 10° 3950 3950 2762 75.4 57.8 3.88 0.81
pupbb 4.96 x 10* 1.00 x 108 1944 0.74 0.10 0 0 0 0
evbbqq 2.48 x 10° 1.51 x 10° 2437 2437 928 675 25.7 1.93 0.46
uvbbqq 2.46 x 10° 1.48 x 10° 239 24.5 0.52 0.36 0 0 0
Tvbbgq 2.46 x 10° 1.35 x 10° 156 148 38.6 30.3 1.50 0.25 0
bbgqqq 6.24 x 10° 3.90 x 10° 107 106 3.93 3.93 1.04 0.16 0.16
bbbb 4.02 x 10* 1.02 x 108 5.84 5.76 0.10 0 0 0 0
11bbbb 69.5 1.06 x 10° 15.0 7.42 6.69 5.44 4.68 4.18 0.97
llggh 157 6.30 x 10* 138 68.1 65.0 51.1 46.9 9.92 1.93
BG 1.74 x 10° 1.46 x 107 8992 6748 3806 842 138 20.3 4.32

TABLE II: The reduction table for the signal and backgrounds after the final selection for the muon-type category of [lHH
mode, together with the number of expected events and generated events. The cuts names are explained in text.

Process [ expected [ generated [ pre-selection [ electron-type [ Cutl [ Cut2 [ Cut3 [ Cut4 [ Cutb
UHH 46.5 3.88 x 10° 26.5 13.3 13.0 10.6 104 5.76 4.47
eebb 2.84 x 10° 4.18 x 10° 3950 0 0 0 0 0 0
L4Lubb 4.96 x 10* 1.00 x 108 1944 1943 1750 73.3 72.8 7.28 2.33
evbbqq 2.48 x 10° 1.51 x 108 2437 0 0 0 0 0 0
uvbbqq 2.46 x 10° 1.48 x 108 239 215 95.7 65.7 33.3 2.78 0
TUbbqq 2.46 x 10° 1.35 x 106 156 7.76 2.62 1.82 0.8 0 0
bbgqqq 6.24 x 10° 3.90 x 10° 107 1.09 0 0 0 0 0
bbbb 4.02 x 10* 1.02 x 108 5.84 0.08 0 0 0 0 0
11bbbb 69.5 1.06 x 10° 15.0 7.57 7.10 5.92 5.90 5.38 1.29
llggh 157 6.30 x 10* 138 69.7 68.4 54.3 54.0 12.8 2.36
BG 1.74 x 10° 1.46 x 107 8992 2244 1924 201 167 28.2 5.97

B. Analysis of e" + e~ — voHH — vibbbb at 500 GeV

In this search mode, the final state of a candidate signal event contains two missing neutrinos and four b quarks
fragmenting into four jets. The three types of neutrinos ve, v, and v, are considered together. The analysis strategy
is quite similar with the lepton pair mode. For pre-selection, we reject the isolated lepton and cluster the events to
four jets and pair them by minimizing the x? of two Higgs masses, loose mass cut and b-tagging cut are added. In the
final selection, first we use missing energy and missing pt to suppress the full hadronic background. Then we train
three neural-nets to suppress the dominant bbbb, lvbbqq and vvbbbb backgrounds. And eventually tight b-tagging is
added. The reduction table of this searching mode is shown in Table IIT and the all the final cuts are summarized as
following:

e Pre-selection: |M(bb) — M(H)| < 80 and Bmaxz3 > 0.2
e Final-selection:

1. Cutl: FEvis —0.83MissPt < 360 GeV, MissMass > 60 GeV.

2. Cut2: NpfosMin >= 8, 92 GeV < M(H;) < 136 GeV, 94 GeV < M(H;) < 130 GeV, M(HH) >
200 GeV.

. Cut3: MLPypp > 0.83.

. Cutd: MLP;pppqq > 0.56.

. Cuth: MLP,,ppep > 0.61.

. Cut6: Bmaz3 + Bmaz4 > 1.14.
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TABLE III: The reduction table for the signal and backgrounds after the final selection for vvHH mode, together with the
number of expected events and generated events. The cuts names are explained in text.

Process[ expected [ generated [ pre-selection[ Cutl [ Cut2 [ Cut3 [ Cut4 [ Cuth [ Cutb
vwHH 103 7.06 x 10° 45.0 43.6 26.0 22.7 20.6 17.1 8.47
vvbb 2.73 x 10° 4.79 x 10° 861 758 9.17 4.25 4.25 3.02 0
evbbqq 2.48 x 10° 1.51 x 108 3884 2126 504 451 72.6 54.9 0
uvbbgq 2.46 x 10° 1.48 x 108 1637 951 22.3 195 72.8 52.1 0
TUbbqq 2.46 x 10° 1.59 x 108 37440 24728 2591 3890 959 724 2.07
bbgqqq 6.24 x 10° 3.88 x 10° 58457 1212 178 71.5 38.6 37.2 0
bbbb 4.02 x 10* 7.06 x 10° 30826 3684 350 13.2 9.82 7.87 2.99
vvbbbb 97.1 8.22 x 10* 82.1 80.5 10.1 6.90 5.66 2.03 0.87
vvqqh 469 7.41 x 10* 82.1 79.0 21.5 17.5 13.0 5.86 1.93
BG 1.33 x 10° 33619 5887 4650 1176 887 7.86

1. Summary of the vvHH mode

In the et + e~ — vHH search mode, assuming the Higgs mass of 120 GeV, the integrated luminosity of 2 ab™!,
and the beam polarization P(e™, eT) = (—0.8,40.3), it is expected to observe 8.5 signal and 7.9 backgrounds events,
corresponding to a ZHH excess significance of 2.50 and a ZHH cross section measurement significance of 2.1c.

C. Analysis of e + e~ — qgHH — qgbbbb at 500 GeV

In this search mode, the final state of a candidate signal event contains four of six b quarks each fragmenting into
a b jet. In the pre-selction, we require no isolated lepton and cluster the particles to six jets, which are then paired
to form two Higgs bosons and one Z boson. The third larges b-likeness of the four jets from two Higgs is required
to be larger than 0.16 in the pre-selection. In the final selection, all the events are separated into two categories
according to the flavor tagging of the two jets from Z decay, which are correspondingly bbHH dominant and light
qqHH dominant. The sum of b-likeness of the two jets from Z decay is used to achieve the separation. The dominant
background in this analysis are bbbb from ZZ(bbZ), full hadronic bbgqqq from tt, qgbbbb from ZZZ and ZZH, each of
which is suppressed with a neural-net. The reduction table of this searching mode is shown in Table IV and V, and
the all the final cuts are summarized as following:

e bbH H dominant category

1. Cutl: sum of b-likeness of the two jets from Z > 0.54.

2. Cut2: MissPt < 60 GeV, Npfos < 245, 30 GeV < M(Z) < 139 GeV, 73 GeV < M(H;) < 170 GeV,
73 GeV < M(H;) < 148 GeV.

. Cut3: MLPyypp > 0.47.

. Cutd: MLPppgqqq > 0.33.

. Cutb: MLP gqpp0 > 0.16.

6. Cut6: Bmax3 + Bmaz4 > 1.17.

T o~ W

e light gq¢H H dominant

1. Cutl: sum of b-likeness of the two jets from Z < 0.54.

2. Cut2: MissPt < 60 GeV, Npfos < 245, 60 GeV < M(Z) < 131 GeV, 97 GeV < M(H;) < 133 GeV,
84 GeV < M(Hs) < 136 GeV.

. Cut3: MLPpppp > 0.48.

. Cutd: MLPypqqqq > 0.51.

. Cutb: MLP gqpp0 > 0.09.

. Cut6: Bmax3 > 0.85, Bmax3 + Bmazx4 > 1.21.

S Tt W
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TABLE IV: The reduction table for the signal and backgrounds after the final selection for bbH H dominant category, together

with the number of expected events and generated events. The cuts names are explained in text.

Process [ expected [ generated [ pre-selection [ Cutl [ Cut2 [ Cut3 [ Cut4 [ Cutb [ Cutb
qqHH 310 3.73 x 10° 111 26.9 25.1 23.0 22.4 21.1 13.6
lvbbgq 7.40 x 10° 3.56 x 10° 17240 363 103 18.7 15.9 12.8 0.03
bbuddu 1.56 x 10° 8.87 x 10° 565 11.4 11.3 10.0 7.65 6.92 0.55
bbesdu 3.12 x 10° 1.26 x 108 6109 89.0 78.4 67.6 51.2 45.1 1.01
bbessc 1.56 x 10° 1.17 x 108 12456 263 246 212 147 129 3.69
bbbb 4.02 x 10* 7.19 x 10° 22889 2319 733 16.5 15.0 11.8 5.25
qqbbbb 140 1.23 x 10° 82.9 13.9 12.7 9.80 9.19 5.78 3.03
qqqqh 818 5.98 x 10* 154 27.5 25.4 22.5 21.6 18.5 10.9
itz 2.20 x 10° 8.49 x 10* 172 17.2 13.6 12.5 12.3 11.4 2.88
) 2.11 x 10® 8.25 x 10* 450 47.8 29.9 26.0 24.5 22.6 3.40
BG 60119 3152 1253 395 304 264 30.7

TABLE V: The reduction table for the signal and backgrounds after the final selection for light q¢H H dominant category,

together with the number of expected events and generated events. The cuts names are explained in text.

Process[ expected [ generated [ pre-selection[ Cutl [ Cut2 [ Cut3 [ Cut4 [ Cuth [ Cutb
qqHH 310 3.73 x 10° 111 84.0 36.9 34.2 31.0 30.8 18.8
lubbgq 7.40 x 10° 3.56 x 10° 17240 16877 408 147 74.0 73.2 1.07
bbuddu 1.56 x 10° 8.87 x 10° 565 554 102 96.7 48.4 47.9 5.93
bbesdu 3.12 x 10° 1.26 x 10° 6109 6020 1200 1094 501 492 15.7
bbessc 1.56 x 10° 1.17 x 10° 12456 12193 2308 2111 848 829 16.0
bbbb 4.02 x 10* 7.19 x 10° 22889 20570 273 22.0 18.1 17.2 10.0
qqbbbb 140 1.23 x 10° 82.9 68.9 11.1 9.49 7.92 6.95 4.07
qqqqh 818 5.98 x 10* 154 126 37.8 34.0 30.5 29.9 16.1
ttz 2.20 x 10° 8.49 x 10* 172 155 30.3 29.4 25.7 25.5 7.74
ttbb 2.11 x 10® 8.25 x 10* 450 402 62.4 59.3 49.0 48.6 14.0
BG 60119 56967 4433 3603 1603 1570 90.6

1. Summary of the qgH H mode

In this et + e~ — qgH H search mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of 2
ab™!, with the beam polarization P(e™,et) = (—0.8,+0.3), in bbHH dominant category, it is expected to observe
13.6 signal events with 30.7 backgrounds events, corresponding to a ZHH excess significance of 2.20 and a ZHH cross
section measurement significance of 2.00; in light q¢H H dominant category, it is expected to observe 18.8 signal
events with 90.6 backgrounds events, corresponding to a ZHH excess significance of 1.90 and a ZHH cross section
measurement significance of 1.80. .

V. COMBINED RESULT OF e¢"e™ — ZHH AT 500 GEV

The results of the three searching modes of ete™ — ZHH are shown in Table VI for the beam polarization
P(e™,et) = (—0.8,40.3), which is favored benefiting with higher cross section. The ZHH excess significance (i) and
the measurement significance (ii) are also shown there. Notice that there are two independent parts in the qgH H
mode. In this section, we will combine these results and try to answer the following two crucial questions:

e Can we observe the ZHH events? How much is the combined ZHH excess significance?

e Can we observe the trilinear Higgs self-interaction? How precisely can we measure the trilinear Higgs self-
coupling?
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TABLE VI: The numbers of the remaining signal and background events in each search mode of the e*e™ — ZHH analysis
based on the full detector simulation at 500 GeV, with the beam polarization P(e™,e") = (—0.8,+0.3). The last two columns
are ZHH excess significance (i) and cross section measurement significance (ii). The g¢H H mode and I[HH mode are both
separated into two categories: (a) bbHH dominant, (b) light ¢q¢H H dominant, (c) electron-type {{HH, (d) muon-type lIHH.

Search Mode Signal Background Significance (i) Significance (ii)
el H (a) 136 30.7 220 2.00
qqHH (b) 18.8 90.6 1.90 1.80

vvHH 8.5 7.9 2.50 2.10
UHH (c) 3.7 43 1.50 Llo
UHH (d) 45 6.0 1.50 1.20

A. Statistical independence of the three modes

Before deriving the combined result, it is necessary to check the statistical independence of the three modes.
e Due to the very different visible energy requirement in the vvH H mode and the other two modes, events selected

for the vwH H mode will not satisfy the selection criteria for the other two modes. Thus the vvHH mode is
statistically independent of the [IH H and qgH H modes.

e Due to the very energetic isolated lepton requirement for the [IH H mode, all fully hadronic events will not be
selected, so that the [lH H mode is statistically independent of the gq¢H H mode.

Thus we conclude that all the three modes are statistically independent.

B. Combined ZHH excess significance

A hypothesis test is used to calculate the combined ZHH excess significance. Define the null hypothesis:

Hy : there is only background (B). (14)
and the alternative hypothesis:
H; : there are ZHH signal and background (S+B). (15)
Then define the test variable
L
2 _ s+b
= —2ln—— 1
o =~z (16)
where the likelihood L. is defined as
—(si+bi)(c. \ni
e s;+0b
[0 @

i

and the L; is defined as

e bipli
Ly = e 18
=1 (1)
The s; and b; are the expected numbers of remaining signal and background events in mode i (search modes i = 1, .., 4).
The n; is the total number of observed events in mode i, which is a Poisson random variable, with mean value s; + b;

under hypothesis Hy, and with mean value b; under hypothesis Hy.

Figure 24 shows the distributions of the y? test variable under hypothesis Hy, denoted by blue line, and under
hypothesis H;, denoted by red line, produced using a Toy Monte-Carlo. The black line shows the observed value of
the test x2. The significance of the observed value under no signal hypothesis is obtained to be so = 5.00, meaning
that a statistical significance of 5.00 is expected to observe the excess of ZHH events.
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FIG. 24: The distribution of the test x* under the background only hypothesis (blue) and the signal + background hypothesis
(red). The black vertical line denotes the observed value of the test x? variable.

C. Extracting the Cross Section of ZHH

The precision of the Higgs self-coupling is determined by the precision of the ZHH cross section, as introduced in
Eqn 2. The cross section measurement can be carried out by parameter estimation through Maximum Likelihood.
Define the combined likelihood

e s;i+0b
Lo =] i (19)

%

where b; is the expected number of background events, which is known from MC simulations; n; is the number of
observed events, which is known from the measurement; s; is related to the cross section oz, which is the unique
parameter. The relation between s; and oz is

S; = (JZHH+Ji) LumlBrZEffl (20)

where Lumi is the integrated luminosity; Br; is the branch ratio of mode i; Eff; is the selection efficiency of mode
i; 0; is the fusion contribution for mode i, which is negligible at 500 GeV. The Likelihood hence contains only one
parameter oy y. The minimization of x? = —21nL L — is shown in Figure 25. The result is

ozpp - Lumi = 4437122, (21)
For the integrated luminosity of 2 ab™', we then have
ozpg = 0.22+0.06 fb. (22)

The precision of the cross section is 26.7%. Recalling the sensitivity of Higgs self-coupling to the cross section in
Figure 4 (left), the Higgs self-coupling can be measured to the precision of 48% in case of without weighting. If we
use the weighting method, the precision on Higgs self-coupling would be further improved to 44%.

VI. ANALYSIS OF ete” - voHH AT 1 TEV

In this searching mode, the strategy is quite similar as that in vv HH at 500 GeV. The dominant background here
are from the semi-leptonic decay of ¢t and vvZH from WW fusion process, which are suppressed by two neural-nets.
The pre-selection and final selection are summarized as following and the reduction table is shown in Table VII.

e Pre-selection:

— no isolated lepton.
— cluster all pros to 4 jets, each at least with 7 pfos and the third largest b-likeness to be larger than 0.2.

244



— visible energy less than 900 GeV, missing p; large than 5 GeV,

e Final-selection:

2 = 2nk
r L

1.

1.

x2 as a function of cross section

4
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FIG. 25: The x? as a function of ozpx -

1. Cutl: FEvis < 700 + 5MissPt GeV.
2. Cut2: MLP;,ppqq > 0.84.
3. Cut3: MLP,, pppp > 0.36.
4. Cut4: Bmax3 + Bmazx4 > 0.71.
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900 1000

O,p® Lumi

Lumi.

and missing mass larger than 0.

TABLE VII: The reduction table for the signal and backgrounds after the final selection for vrvHH at 1 TeV mode, together
with the number of expected events and generated events. The cuts names are explained in text.

Process [ expected [ generated [ pre-selection[ Cutl [ Cut2 [ Cut3 [ Cut4 ‘
vwHH (fusion) 272 1.05 x 10° 127 107 77.2 47.6 35.7
vwHH (ZHH) 74.0 2.85 x 10° 32.7 19.7 6.68 4.88 3.88
yyxyev 1.50 x 10° 6.21 x 10° 812 424 44.4 11.0 0.73
yyzyly 2.57 x 10° 1.17 x 10° 13457 4975 202 84.5 4.86
YYTYYT 3.74 x 10° 1.64 x 10° 18951 4422 38.5 26.7 1.83
vvbbbb 650 2.87 x 10° 553 505 146 6.21 4.62
vveebb 1070 1.76 x 10° 269 242 63.3 2.69 0.19
vvqqh 3125 7.56 x 10* 522 467 257 30.6 17.6
BG 7.86 x 107 34597 11054 758 167 33.7

1. Summary of the vwHH at 1 TeV

In this e™ + e~ — v HH searching mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of
2 ab™!, with the beam polarization P(e™,et) = (—0.8,40.2), it is expected to observe 35.7 signal events with 33.7
backgrounds events, expecting the measurement significance of 4.30. The cross section of vvH H from fusion can be
measured to the precision of 23%, corresponding to the precision of 20% on the Higg self-coupling according to the
sensitivity in Figure 4 (right). And with the weighting method, the precision on Higgs self-coupling would be further
improved to 18%. Another important information from this analysis is that the double Higgs production excess with
a statistical significance of 7.20 is expected to be observed.
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(i)

Appendix A: Definition of Significance

excess significance. Assuming there’s only background, the p value is defined as the probability of observing
events equal to or more than the number of the expected events, Ng + Np:

p= / T @i Ng)da (A1)
Ns+Np

where f(z; Np) is the probability density function for the number of observed events when only the background
exists, with the expected number Ng. Here, the number of observed events is a Poisson random variable

e—NB N7 .
f(n; Np) = =2, the p value is calculated as
p= Y., [f(n;Ng) (A2)
n=Ns+Np
corresponding to the significance:
1-p= / N(z;0,1)dz (A3)

where N (z;0, 1) is the normal gaussian probability density function. The significance so is defined as the excess

significance. In the large statistics limit where if f(z) becomes gaussian, this definition leads to the familiar

significance formula \/]\vai .
B

measurement significance. Assuming both signal and background exist, the p value is defined as the probability
of observing events equal to or less than the expected number of background events:

Np
p= f(z; Ng + Ng)dz. (A4)

— 00

This definition of significance is called “measurement significance”. In the large statistics limit where if f(x)

. . oy e .. Ng
becomes gaussian, this definition leads to the familiar significance formula TNV
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. INTRODUCTION

Recently, the ATLAS and CMS experiments reported the discovery of a neutral boson of
mass~ 126 GeV at the LHC [1, 2]. The experimental findings disfavor the option of a
spind = 1 resonance. The experimental results [1, 2] are compatible with the hypothesis of
identifying this resonance with the Standard Model (SM) Higgs boson; however, much more
detailed investigations will be necessary to establish this conjecture. The investigations of the
properties of this resonance will probably be possible at the LHC to a large extent.

A high-energy lineae"e™ collider would be an ideal machine to investigate the properties
of this resonance, i.e., its couplings, decay modes, spinC&nplarity, in great detail (and,

of course, also of other, not too heavy resonances of similar type if they exist). As it is likely
that the ATLAS and CMS resonance is a spin-zero (Higgs) boson, one may revert, for as-
sessing the prospects of exploring this particle at a future linear collider, to the many existing
phenomenological investigations, within the SM and many of its extensions, of Higgs-boson
production and decay ia"e~ collisions. As to the prospects of exploring the spin &l
properties of a Higgs boson, there have been a number of proposals and studies, including
[3—-28] that are relevant for Higgs-boson production and decay at a linear collider.

In this workshop contribution we apply a method [26, 27] for the determination of the CP
properties of a neutral spin-zero (Higgs) bosbrin its 7717~ decays to the production of

® at a futureete linear collider (ILC). For definiteness, we considere™ — Z®, but the
analysis outlined below is applicable to any otlkieproduction mode. In our analysis all
major 1-prongr decays are taken into account. We demonstrate that the CP properies of
can be determined with our method in an unambiguous way.

. CROSS SECTION AND OBSERVABLES

Here we consider the production of a neutral Higgs bo®oor, more general, of a spin-
zero resonance of arbitra@P nature by the Higgs-strahlung process in high energgy™
collisions:

ete - Z+. (1)

For definiteness, we usey = 126 GeV in the following. The following remark is in order
here. As is well known, for a pure pseudoscalar bo¥ca A, the AZZ vertex must be loop-
induced. We assume here, for the sake of choosing a defipiproduction mode, that (1)
applies also to the production of a pure pseudoscalar.

ForZ boson decays into an electron or a muon pair, the precise reconstruction of the produc-
tion vertex and of the 4-momentum of teboson will be possible. As t®, we consider

4 The strength of the loop-inducé@Z vertex was investigated for a number of SM extensions in [29].
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here the decay mode into tau pairs, with subsequent 1-prongcays:
dP1 Tt —saa +X, (2)

wherea® = {e*, u*, m*} andX denotes neutrinos and, possibly, neutral pions. We assume
that the tau-decay mode of tdehas a reasonably large branching fraction, which is the case
in the Standard Model and in many of its extensions. The interaction of a Higgs Bosbn
arbitraryCP nature §°¢ = 0t*, J© = 0~*, or CP mixture) tot leptons is described by the
general Yukawa Lagrangian

Lo = —(V2GE)Y2my (a; TT+ b TiysT) @, (3)

whereGg denotes the Fermi constant amdb; are the reduced Yukawa coupling constants.
In the following we take into account in (2) the main 1-prandecay channels

T — | 4+v+vg,
T — a3+ v — m+ 210+ vy,
T = p+vr— m+ 1+ vy,

T — T+Vrg. (4)

Our method that will be applied in the following does not require the knowledge of the
rest frame. Therefore we can include also the leptordecays in our analysis for which the
presence of two, respectively four neutrinos would preclude the reconstructiontof tiest
frames. We do not consider herelecays into 3 prongs, for instante— a; — 3 charged
pions, because in this case the reconstruction ofrth@ur-momentum should always be
possible. This would considerably facilitate the measurement of the tau spin correlations that
will be discussed below. (A corresponding analysis#gsroduction at the LHC was made in
[25].) As an aside, we remark that it will be helpful, but not essential for future experimental
analyses if the different hadrontedecays can be experimentally distinguished.

Our method to determine tl&P properties of a spin-zero boson was first developed for the
case of® production inpp collisions at the Large Hadron Collider in [26] and was then
applied to an analysis that included the combination of all 1-pmodgcay channels in [27].
The method is based on the fact that@equantum number of a neutral spin-zero resonance
® can be determined in a definite way throughtits™ mode by measuring the twospin
correlationsS=s; -s;+ andScp = Ky - (S~ x Sp+ ), Wherek; = k¢/|k;| is the normalized

T~ momentum vector in the zero-momentum frame (ZMF) of the " -pair [5, 16]. For a
scalar®, the expectation value @is (S) = 1/4, whereas for a pseudoscalgs) = —3/4.
TheCP-odd andT -odd spin correlatioigcp probes whether or n@p is a mixedCP state. If

@ is aCP mixture, i.e., if the neutral Higgs sector violateR (that is,a;b; # 0 in (3)), then

a non-zero expectation value &fp is generated already at tree level [5] and can be as large
as 0.5.
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The spin of ther can not be measured directly; however it induces, in the spectrum of po-
larized tau decay®™ — a*, a correlation with the direction of flight of the charged particle
at:
1 dr (17(s7) —at(q") +X)
(¥ —at+X) dE;+dQg+/(4m)

- n(Ea¥)(1ib<Ea¥)§$'q$)- ®)

Here, 5T denote the normalized spin vectors of theandg™ the direction of flight ofa™

in the respectiva rest frame. The functiob(E,) encodes tha-spin analyzing power of
particlea. The correlation of the-spins,$" -5, leads to a nontrivial distribution of the
opening angle/(§", §~), whereas th&€P-odd observablé - (8" x §7) induces the triple
correlationk - (% x 7). The strength of these correlations depends, for a given strength of
the reduced Yukawa couplings, b;, on the producb(E,-)b(E+), while n(Ey-)n(Eg+) is
responsible for the rate af 1~ decay intoa*ta’~ final states.

In order to use these observables in an experimental analysis, one has to be able to reconstruct
the t* anda®™ momenta in tha® and® rest frames. This is, in general, not possible for the
leptonic T-decay channel and very difficult in the case of hadranaecays, because at a
linear collider beamstrahlung effects can shift the initial center of mass energy by a large
amount. In [26] it was shown that one can, nevertheless, construct experimentally accessible
observables that have a high sensitivity to @ quantum numbers of th&@. The crucial

point is to employ the zero-momentum frame of &i&’~ pair. The distribution of the angle

¢* = arccogi’" - A7) (6)

discriminates betwee@P = +1 states. Heré*j are normalized impact parameter vectors
defined in the zero-momentum frame of #iea’~ pair. These vectors can be reconstructed
[26] from the impact parameter vectaliss measured in the laboratory frame by boosting
the 4-vectorsni = (0,f5) into thea~a™ ZMF and decomposing the spatial part of the
resulting 4-vectors into their components parallel and perpendicular to the respettive
or IT momentum. We emphasize thixt defined in Eq. (6) is not the true angle between
the T decay planes, but nevertheless, it carries enough information to discriminate between
CP-even andCP-odd Higgs bosons. The role of ti@&P-odd andT-odd triple correlation
introduced above is taken over by the triple correlaigip = p* - (ﬁj+ x A7) between the
impact parameter vectors just defined and the normaéizechomentum in th&'—a*™ ZMF,
which is denoted byp* . Equivalently, one can determine the distribution of the angle [26]

Wep = arccop” - (A1 x A1)). ()

Before presenting results we would like to point out the difference of our method as compared
to a previous analysis of how to determine @ parity of a Higgs boson inits* 1~ decays

at a linear collider. Refs. [20—22] analyzed the hadronic 1-prong deeayv. The observ-

able used by these authors, namely the acoplanarity angle gf'ttead p~ decay planes,
requires the reconstruction of tle"p~ ZMF, i.e., the measurement of the" and ther
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momenta, and the reconstruction of approxin@taest frames. As emphasized above, our
method is applicable to all 1-prongdecays, in particular — .

. RESULTS

For predicting the distributions of the observabfesand Y%, for a specific®@-decay mode

(2), interms of the unknown reduced Yukawa coupliag$;, one needs to know the spectral
functionn(Ez) and in particulab(E,), which determines, as mentioned, the tau-spin analyz-
ing power of particlea®™ = |, * and therefore the shapes of e and Y, distributions.

For the purpose of our analysis, the major 1-praordgecays (4) can be considered to be ex-
perimentally well established Standard Model physics, and the respective spectral functions
are known within the SM to sufficient accuracy, cf. [25, 27] and references therein.

At alinearete™ collider, a Higgs bosom produced by the Higgs-strahlung process (1) will
have on average a much larger transverse momentum as compabeprealuction at the
LHC by its major production modgg — ®. This calls for a study — independent of the
LHC analyses [26, 27] — of the question how DB properties of a (pseudo)scalar boson
are reflected in the distributions ¢f andy):p. In addition, for future experimental analyses,
differences between LHC and ILC can be expected from the fact that the ILC detectors will
be able to measure thredecay products at transverse momenta as small as about 10 GeV.
As outlined above, our method is based on the reconstruction of the normalized spatial impact
parameters of the-decay products with respect to the production vertex of the Higgs boson.
In the Higgs-strahlung processe™ — ® + Z at the ILC the normalized impact parameters
can be reconstructed for events whereZhgoson decays into electron or muon pa#s;»

ete, utu~ and for®d — 11 decays with sufficiently long-decay lengths. Here, we use
this process to study thg* and (5, distributions. We apply the following acceptance cuts
appropriate for the ILC:

p™ > 10GeV,
15’ < 6 7 < 165.

Let us first consider the decayst™ — | ~I""4v, wherel |’ = e u. The functionsi(E;) and
b(E;), whereE, is the energy of in the r rest frame, are shown in Fig. 1a. The function
b(E;), which determines the correlation of thespin with the momentum df changes sign
atE; = m;/4. For a Higgs boson with specifi€P parity (and specified reduced Yukawa
couplings), the sign of the produbtE,)b(E;/) determines the functional form of thg*
distribution and in particular the sign of the associated asymmetry
_ N(¢" > m/2) —N(¢" < 11/2)
M= N> 2 N6 < 11/2)

As an illustration we apply the cl; > m;/4 in thet rest frames to allow only for contri-
butions withb(E;) < 0. The resulting normalizedl* distributions are shown as black dotted

(8)
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Figure 1: (a) The spectral functiom$E, ) and b(E,), Eq. (5), for the leptonia decays. The function

n(E)) is given in units of GeV!. (b) Normalized¢* distribution for al*I’~ final state for a Higgs

boson with mass of 126 GeV produced\& = 250 GeV. Scalak = H, pseudoscalap = A. The

dashed lines show the distribution if no cuts are applied, the solid lines refer to the case where a cut
Elq’*reStz 20 GeV was applied on both lepton energies in the Higgs rest frame. The dotted lines show
the results for the ideal c "> m, /4.

linesin Fig. 1b. For &P-odd boson it has its maximum @t = 0 and its minimum ap* = T,

while for aCP-even boson (red dotted line) the distribution is flipp¢d <~ m— ¢*. If one
applies instead, either far” or T~ decay (but not for both), the ct < m;/4 which leads to

b(E;) > 0, the behavior of thel andA distributions with increasing* will be interchanged.

The magnitude of the resulting asymmetry (8) becomes smaller because the maximum of
Ib(E))| is smaller forg; < m;/4 than the maximum ofb(E;)| for E; > m;/4. In addition,

with the cutE; < m;/4 the total decay rate is smaller than §r> m; /4. This would make

a measurement more difficult. Without a cut on the lepton energy, the asymmetry of the
normalizedg *-distributions is reduced, but remains non-zero because the averaging over the
different signs ob(E; ) is weighted by the spectral functioniE, ) displayed in Fig. 1a. The
result is shown in Fig. 1b (dashed lines, black for a pseudoscalar, red for a scalar boson).
Obviously, it would be an advantage if one could apply a cuEoto separate the contribu-
tions that involve different signs &f(E, ). However, this would require to reconstruct the full

T 4-momentum in order to perform the necessary boost inta tlest frame. On the other
hand, the energy of the leptdrin the Higgs rest frameg,®, is correlated with the enerds

in the 1 rest frame and a cut on the former can enrich the event sample with events in the de-
sired range of the latter. The Higgs rest frame can, in fact, be reconstructed for the production
procesete” — ® -+ Z, because th&-boson 4-momentum is known f& — e, u decays,
provided that initial state radiation is negligible or can be corrected for. This should be the
case at least for the TESLA design [30]. In Fig. 1b we show the resuftindistributions
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with a cutElqJ > 20 GeV applied to both leptons from~ decay. The solid black line (solid

red line) shows the distribution for@P-odd CP-even) Higgs boson. The sensitivity of the
distributions to the&CP parity of @ is clearly enhanced compared to the case where no cut is
applied (dashed lines). These distributions are only slightly less sensitive than those with the
ideal cute "®'> m; /4 (dotted lines).

In the 2-body decay — m+ v¢, the imis monochromatic in the rest frame. (Itsr-spin
analyzing power is maximal.) A cut on the energy of the charged prong, i.e., of the charged
pion, is very important for the hadronic 1-prong decays— p*v — = + v and 1+ —

ajv — mt +2rlv. For example, for the decgy* — m* + n°, the functionb(E,) changes

sign within the range dE; (see, e.g., Fig. 4ain [27]) and tipe distributions for both a scalar

and a pseudoscalar boson turn out to be flat if no cut was applied. The same is true for the
T — a; decay mode. As in the case of— |, a cut on the energy of the charged pion in the
Higgs-boson rest frame such tHHE;;) is either positive or negative for the selected events
significantly enhances the discriminating power of¢tialistribution. Provided that the event

rate is large enough, a value fﬁﬁgcut may be chosen such as to optimize the separation of
events with positive and negatit¢E;;), and both sets of events could be used to determine
theCP nature ofd.

(a) H- I'p*+3v (b) H- I'p*+3v

L R A R AR
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Figure 2: Influence of a cut on the energy of the charged pidntp final states for a scalar boson
@ = H with a mass of 126 GeV produced-g@b= 250 GeV: (a) on th@* asymmetry, (b) on the cross
section. The black full lines correspond to applying theEfit< E,“{Cm, while the red dashed lines are
for Ef > Ecut

We illustrate this in Fig. 2 for the decaly — | ~p™ + 3v of a scalar boson. The effect can be
quantified by calculating the associated asymmetry (8). The dashed red line in Fig. 2a shows
the asymmetry for events witE? > E,"T”Cm. The vaIueE,qchut = 0, not shown in the figure,
corresponds to the case without cut. In this case the asymmetry is rather small; applying
a cut, the asymmetry increases to almed2% for E,"chut = 35 GeV. However, increasing
E,"chut will decrease the cross section as shown in Fig. 2b. (The cross section was computed
for the Standard Model Higgs boson.) Without any cut the cross section is agofltt; it
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Figure 3: Normalized)is, distribution forlp final states for different types of Higgs bosons with
mass of 126 GeV produced gfs = 250 GeV. A minimum cut on ther" energy of 25 GeV in the
Higgs rest frame was applied.

decreases to.D fb for the cutEg ., = 45 GeV.

On the other hand, the complementary redigh< E?ﬁcut leads to a positive asymmethy -

for cut valuess< 35 GeV due to the fact théi( E;;) has changed sign. For small valuessgf

one findsAy: ~ +9%, but the cross section is tiny, aboud® fb. The asymmetry decreases

to almost—2% for E?ﬁcut =45 GeV. ltis clear that a judicious choice of this cut, taking into
account experimental conditions and the available luminosity, is required to reach an optimal
discrimination between @P-even andCP-odd boson.

The ¢* distribution is well suited to distinguish betwe€R-even andCP-odd states. How-

ever, if the Higgs boson is@P-mixture, or if there would exist two (almost) mass-degenerate
bosons that escape experimental resolution, one of whicBRasirity +-1 and the other one

—1, the¢™* distribution would be flat, assuming the cross sections are of comparable magni-
tude. The distribution with respect to the anglg, defined in Eq. (7) would be appropriate

to resolve these scenarios. A typical result is shown in Fig. 3 which applies to the decay chain
® — 1ttt — | " + 3v via hadronict — p decay. The solid blue line shows the normal-
ized * distribution of a maximallyCP-mixed boson |@;| = |b;| > 0) and we have chosen

ar = —b;. For the scenario of mass degenerate bosons with oppRifearities they:p
distribution is shown by the horizontal dashed black line. The dotted blue line corresponds to
the case of a non-maximal mixture with reduced Yukawa coupkrngs —2b;. If a; andb;

have the same sign, the distribution is flippggy <> m— Y&p. The resulting asymmetry of

the i5p distribution will clearly be observable, provided the event rates are large enough.
We have also performed a Monte Carlo study to estimate the uncertainty of the measurement
of the impact parameters. We applied a simple Gaussian smearingiith: = 25° [21]

on the direction of the normalized impact parameter vectors. We found thét taed (5,
distributions are only mildly affected by such an uncertainty.
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IV. CONCLUSIONS

Using the method of [26, 27] we have shown that the CP nature of a neutral Higgs®oson
produced at a future linear e~ collider can be determined in a definite way in thes T 1~

decay channel with subsequent 1-prandecays. We have considered the productiod®of

with masang = 126 GeV by the Higgs-strahlung process, but our method can also be applied
to Higgs bosons with other masses and to any othproduction mode. Our approach does

not require the knowledge of therest frames; therefore, all 1-prorgdecays, including

T — | can be used. The joint measurement of the distributions and associated asymmetries of
the anglesp* andy)’p allows to discriminate between a number of scenarios, some of which
were discussed above. For a statistically significant determination GRiparity of ®, only

very few 1-prong events are required. We will elaborate on this and on other related issues in
future work [31].
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The Higgs boson is the most anticipated discovery at the LHC, which can only partially explore its true
nature. Thus one of the most compelling arguments to build a future linear collider is to investigate
properties of the Higgs boson, especially to test the predicted linear dependence of the branching ratios
on the mass of the final state. At a 3 TeV CLIC machine the Higgs boson production cross section is
relatively large and allows for a precision measurement of the Higgs branching ratio to pairs of b and
¢ quarks, and even to muons. The cross section times branching ratio of the decays H — bb, H — c¢
and H — p7 1~ can be measured with a statistical uncertainty of approximately 0.22%, 3.2% and 15%,
respectively.

The electroweak symmetry breaking mechanism, called Higgs mechanism, predicts a fundamental spin-0
particle, whose existence currently is being investigated at the LHC. The answer to the question about its
existence is expected in 2013. The Standard Model predicted linear dependence of the branching ratios on
the mass of the final state could be altered by non-Standard Model couplings. The LHC can deliver only
very limited measurements of the Higgs sector, but a detailed exploration is crucial for a deep understanding
of its nature.

The compact linear collider (CLIC) is a proposed ete™ collider with a maximum centre-of-mass energy
Vs = 3TeV, based on a two-beam acceleration scheme [1]. In the following we present the analysis of the
measurement of the branching ratios H — bb, H — c¢ [2] and H — p*u~ [3] at such a machine. The studies
are based on fully simulated and reconstructed samples in the CLIC_SiD [4] detector concept and take into
account the relevant background processes as well as the main beam-related background.

1 The CLIC_SiD detector concept

The CLIC_SiD detector, used in the full simulation of samples, is based on the SiD detector concept [5]
developed for the ILC project. It is designed for particle flow calorimetry using highly granular calorimeters
and has been adapted [4] to the specific requirements at CLIC.

A superconducting solenoid with an inner radius of 2.9m provides a central magnetic field of 5T. The
calorimeters are placed inside of the coil and consist of a 30 layer tungsten-silicon electromagnetic calorimeter
with 3.5 x 3.5 mm? segmentation, followed by a tungsten-scintillator hadronic calorimeter with 75 layers in
the barrel region and a steel-scintillator hadronic calorimeter with 60 layers in the endcaps. The read-out
cell size in the hadronic calorimeters is 30 x 30 mm?2. The iron return yoke outside of the coil is instrumented
with 9 double RPC layers with 30 x 30 mm? read-out cells for muon identification.

The silicon-only tracking system consists of 5 20 x 20 um? pixel layers followed by 5 strip layers with a
pitch of 25 um, a read-out pitch of 50 um and a length of 92 mm in the barrel region. The tracking system in
the endcap consists of 5 strip disks with similar pitch and a stereo angle of 12°, complemented by 7 pixelated
disks of 20 x 20 um? in the vertex and far-forward region at lower radii.

2 Analysis framework and data samples

The physical processes are generated with the Whizard [6, 7] event generator, with fragmentation and
hadronization done by Pythia [8]. The full simulation and reconstruction is performed in the software
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Process o [fh] Nevents  Short label

ete” - Hvv; H— ptp~ 0.120 21000 H — ptp~
ete” — Hvv,; H— bb 285 45000 H — bb
ete” — Hvv,; H— cc 15 130000 H — cé
ete™ = putp~w 132* 5000000 ptu-vv
efe” —ptp=ete” 346* 1350000 ptpTete”
ete” —ptp~ 12* 10000 ptp~
ete” —1tht~ 250* 100000 ttT—

ete” w1tV 125* 100000 tTt~ww
ete™ = qq 3100 96000 qq

ete™ — qqvv 1300 170000 gquv

ete™ — ggete™ 3300 90000 gqgete~
ete™ — qger, 5300 91000 qqev

vy — ntu~ (generator level only) 20000* 1000000 yy — utu~

Table 1: List of processes considered for this analysis with their respective cross section o and the number
of simulated events Neyents- The cross section takes into account the CLIC luminosity spectrum and initial
state radiation. Cross sections marked with * include a cut on the invariant mass of the muon pair at
generator level to lie between 100 and 140 GeV.

framework of the CLIC_SiD detector concept.

The event simulation is performed using SLIC [9], a wrapper for GEANT4 [10], while the reconstruction is
done by lcsim and PandoraPFA packages. We assume a total accumulated luminosty of 2 ab~!, corresponding
to 4years of data taking at the nominal machine parameters. Table 1 lists the physics processes that were
taken into account in the analyses, together with their cross sections and the number of simulated events.

The dominant Higgs boson production channel at 3 TeV is the WW fusion channel ete™ — Hvi with
a cross section of op,5 = 420 fb. The main background for all channels is the Z boson production via WW
fusion, which has similar kinematics as the signal processes.

Beamstrahlung effects on the luminosity spectrum as well as initial and final state radiation are taken into
account. For the default configuration of a 3 TeV CLIC [1], 3.2 yy — hadrons events per bunch crossing are
expected on average. With a spacing of 0.5 ns between bunches, these necessarily pile up in the subdetectors,
for which we assume integration times of 10 ns, except for the barrel hadronic calorimeter, which has
an integration time of 100ns. To approximate the CLIC beam structure and background conditions, the
equivalent of 60 bunch crossing of yy — hadrons events were mixed with every simulated event. In the
H — ptp~ analysis, only the signal sample was mixed with events from yy — hadrons background.

For the processes involving jets in the final state, fragmentation products of the hadronic systems are
forced to two jets using the exclusive k; algorithm of the FastJet package [11], where the parameter R is set
to 0.7. The LCFI vertexing package [12] is used to identify jets according to their quark content as b, ¢ and
light quarks and computes the corresponding jet flavour tag values.

The event classification in H — bb and H — ¢ analyses is based on the open source Fast Artificial Neural
Network (FANN) package [13]. FANN was modified to account for event weights during the neural network
training. The event classification in the H — p+u~ analysis is done using the boosted decision tree (BDT)
classifier implemented in the TMVA package [14].

3 Measurement of H — bb and H — ¢¢

The measurement of the H — bb and H — ¢¢ decays requires resolution of secondary vertices from the
primary vertex and is thus an important benchmark of the vertex tracking detector design.
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Figure 1: In the left plot, the mis-tag rate in the CLIC_SiD detector for charm (blue) and light (green) jets
as a function of the b-tag efficiency is shown. The right plot shows the mis-tag rate for bottom (red) and
light (green) jets as a function of the c-tag efficiency. The mean pr of the jets is 70 GeV while the mean
energy is ~ 130 GeV'.

3.1 Jet flavour tagging

The flavour identification package developed by the LCFI [12] collaboration consists of a topological ver-
tex finder ZVTOP, which reconstructs secondary interactions, and a multivariate classifier which combines
several jet-related variables to tag bottom, charm, and light quark jets. Displaced vertices are the most sig-
nificant characteristic of b quark decays. A combination of several vertex-related variables, complemented
by additional track-related variables, form an input for the tagging classifier. A detailed description of the
variables and the procedure are given in [12].

The probability to tag a jet with a false flavour, the so called mis-tag rate, is used to assess the performance
of the flavour tagging package. Figure 1 (left) shows the mis-tag rate for c-jets (blue line) and light jets
(green line) as b-jets versus the b-tag efficiency, while Figure 1 (right) shows the mis-tag rate for b-jets
(red line) and light jets (green line) as c-jets versus the c-tag efficiency. The presence of yy backgrounds is
found to reduce the flavour tagging performance, although the effect is not dramatic. The degradation of
the flavour tag performance, shown in Figure 1, has two sources: the flavour tag degradation itself plus a
degradation of the jet quality due to a more difficult jet finding. For instance, at the b-tag efficiency of 70%
the mis-tag rate for c-jets (light jets) drops from 4.3% (0.19%) w/o overlay to 6.8% (0.33%) with overlay.

3.2 Results

The basic event selection requires two jets in each event. Apart from this selection, no further cuts are
explicitly imposed and a number of relevant variables is given to a neural net for the subsequent multivariate
analysis. The invariant mass of the jet pair is the major discriminant between decays of Higgs and of Z
bosons. It is used in a event classification neural network, together with the output of the b-flavor tagging
network and the following variables:

e The maximum of the absolute values of jet pseudorapidities.
e The sum of the remaining LCFI jet flavour tag values, i.e. c¢(udsb), c¢(b)-tags and b(uds)-tag!.
e R4, the distance of jets in the 7 — ¢ plane.

IThe notion indicates which flavour is tagged against which set of other flavours. For instance, c(b) is the c-flavour tagged
against the b-flavour only, while remaining (uds) flavours are not used during the neural net training.
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Figure 2: Statistical uncertainty of the measurement of cross section times branching ratio versus selection
efficiency of the neural network. The neural network was trained to identify H — bb decays from di-jet
backgrounds including H — c¢¢ (left). The neural network was trained on H — ¢¢ as signal and di-jets
backgrounds including H — bb (right).

The sum of jet energies.

The total number of leptons in an event.

The total number of photons in an event.

Acoplanarity of jets.

Two neural nets were trained to separate either the H — bb or the H — c¢ signals from background
samples accounting for event weights. Thus the amount of the information about the signal, compared to
the background, was proportional to its natural contribution. Such a solution delivers optimal results. It
is more appropriate than, for instance, choosing the same number of signal and background events with no
weights, or, training according to arbitrary sizes of the generated samples.

The neural network selection efficiency versus the statistical uncertainty on the measurement is shown in
Figure 2 for the two neural networks that were trained on H — bb and H — c¢ as signal, respectively. The
optimal selection is at the local minimum of the curve, at a selection efficiency of 55% for H — bb with a
sample purity of 65%, and a selection efficiency of 15% for H — c¢¢ corresponding to a sample purity of 24%.
These values reflect the fact that b-jets can be distinguished from c-jets with high purity, while incompletely
reconstructed b-jets and light jets make up a large fraction of the background to c-jet selection. Using the
output of the reconstruction algorithms in neural networks leads to the minimal statistical uncertainty on
the measurement at the eventual cost of an increased dependence on systematic effects. We assume that
with sufficient experience at the running machine, the systematic variations are well enough understood so
that the systematic uncertainties are comparable to the statistical uncertainties of the H — ¢¢ channel and
dominate in the H — bb channel.

The resulting statistical H — bb cross section uncertainty amounts to 0.22 % while preserving meaningful
values of both the sample purity (65.4 %) and of the signal selection efficiency (54.6 %). The H — ¢¢ channel
is more difficult to separate from the background and the statistical cross section uncertainty is 3.24 % with
a signal selection efficiency of 15.2%.
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Figure 3: Muon reconstruction efficiency for the signal sample with and without yy — hadrons pile-up.

4 Measurement of H — ™ pu~

The measurement of the rare decay H — u™p~ requires high luminosity operation and sets stringent limits
on the momentum resolution of the tracking detectors. The branching ratio of the decay of a Standard
Model Higgs boson to a pair of muons is important as the lower end of the accessible decays and defines the
endpoint of the test of the predicted linear dependence of the branching ratios to the mass of the final state
particles.

The events are selected by requiring two reconstructed muons, each with a transverse momentum of at
least 5 GeV. In this note, the most energetic muon is referred to as u; and the second most energetic muon
is referred to as py. In addition, the invariant mass of the two muons M (u* ™) is required to lie between
105 GeV and 135 GeV.

The muon reconstruction efficiency is shown in Figure 3 (left). The beam induced background from
vy — hadrons leads to a small deterioration of the muon reconstruction efficiency. The average muon
reconstruction efficiency for polar angles greater than 10° is 98.4% with this background compared to 99.6%
without. The total reconstruction efficiency of the signal sample, requiring two reconstructed muons with
an invariant mass between 105 GeV and 135 GeV is 72% in the presence of background.

The event classification is done using boosted decision tree classifier implemented in TMVA [14]. The
BDT is trained to separate the p*u~vv signal events from the utp~ete™ background. The utp~—, tt¢~
and tTtvV samples are not used in the training of the BDT, but are effectively removed by the classifier
nevertheless.

The variables used for the event selection by the BDT are:

e The visible energy excluding the two reconstructed muons FEi;s.

e The scalar sum of the transverse momenta of the two muons p(u1) + pr(us).

e The helicity angle cos 0* (utpu~) = %,
di-muon system. Since the two muons are back-to-back in the rest frame of the di-muon system there
is no additional information to be gained from calculating a similar angle for ps.

where p is the momentum in the rest frame of the

e The relativistic velocity of the di-muon system B(u* /™), where p = 2.
e The transverse momentum of the di-muon system pr(p™p™).

e The polar angle of the di-muon system 6(u* ™).

The major discriminant is the visible energy whenever there is an electron within the detector acceptance.
Otherwise the background can be rejected by the transverse momentum of the di-muon system or the sum
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of the two individual transverse momenta. Figure 3 (right) shows the Higgs peak in the invariant mass
distribution after the event selection.

The dominant background from ete™ — eTe " u™u™ events, is effectively reduced by forward electron
tagging. While the forward calorimeters were not part of the full detector simulation, assuming a tagging
efficiency of 95% down to an angle of 40 mrad for electrons of several hundred GeV to over one TeV is a
conservative estimate, even in the presence of yy — hadrons background. It is found that Bhabha events
prevent further rejection of this background at lower angles. The results quoted are based on a ad-hoc
rejection of 95% of the electrons in the Luminosity Calorimeter.

4.1 Invariant mass fit

The distribution of the invariant mass in the H — p*u~ sample has a tail towards lower masses because of
final state radiation. The shape can be described best by two half Gaussian distributions with an exponential
tail. Together with the mean value this results in five free parameters in the fitted function, which can be

written as
—(z—mg)?

o2 fap (z—mg)2
B e291 oL 0) , < mg
f(l‘) =n —(z77n0)2 ?
620%+0¢R(m77n0)2 , T > mO

where mg is the mean of both Gaussian distributions, oy, and og are the widths, and o, and ag are the tail
parameters of the left and the right Gaussian distribution, respectively; n is a normalization parameter. The
background is well described by an exponential parameterization, obtained from a background-only sample.

The number of signal events is obtained from a maximum likelihood fit to the sample containing signal
plus background after the event selection.

The average muon momentum resolution of the fully simulated sample is 4 x 10° GeV~! corresponding to
a statistical uncertainty of 23% without the forward electron tagging. If the background from ete™ — up~
can be reduced using tagging of electrons down to an angle of 40 mrad with an efficiency of 95%, the cross
section times branching ratio can be measured to a precision of 15%.

5 Summary

The sensitivity to the decay branching ratios of a neutral 120 GeV Standard Model Higgs boson to bottom
and charm quarks and to muons has been studied at the CLIC centre-of-mass energy of /s = 3 TeV and
integrated luminosity of 2ab~!. The analysis is based on full simulation and realistic event reconstruction
in the CLIC_SiD detector. We have demonstrated the feasibility of such measurements and estimated their
statistical uncertainty.

For the measurement of Higgs decays to quarks, 0.22% and 3.2% statistical uncertainty can be achieved
for the decays H — bb and H — ¢¢, respectively. This includes the effect of background from yy — hadrons
on the flavor tagging.

For the rare decay H — p ™, the cross section times branching ratio can be measured to a precision of
15% if the background from eTe™ — p*pu~ can be reduced using tagging of electrons down to an angle of
40 mrad with an efficiency of 95%. The effect of yy — hadrons has been taken into account conservatively
by only including it in the signal sample and thus reducing its reconstruction efficiency.

From experience of the LEP experiments one can assume that the systematic uncertainties related to
detector effects are of the order of 1% or less. For the measurement of oz0_,,+,~ at LEP the systematic
uncertainty was between 0.1 and 0.4%, depending on the experiment. Thus we expect that the systematic
uncertainty of the H — pu™p~ analysis will be negligible compared to the statistical uncertainty, the un-
certainty of H — bb analysis will be dominated by the systematic and theoretical uncertainties and in the
H — c¢¢ analysis the uncertainty sources will contribute comparably.
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After the discovery of a Higgs boson, the next step is to measure its properties and test their accordance
with the predictions of the Standard Model, in particular the couplings of the Higgs boson. In this talk
we discuss what information the LHC will be able to give us over the coming years, and what remains
as a task for a future Linear Collider.

Using the well-established SFitter framework, we map measurements onto a weak-scale effective theory
with general Higgs boson couplings. Our sophisticated error treatment allows us to take all theory and
experimental errors, including arbitrary correlations, fully into account.

1 Introduction

Completing our understanding of the electro-weak symmetry-breaking mechanism is one of the main tasks
for present and future particle colliders. In the Standard Model (SM), this is accomplished by introducing
a complex SU(2) doublet, the Higgs field, which obtains a vacuum expectation value (vev) [1, 2, 3]. Three
of the four degrees of freedom form the longitudinal modes of W and Z bosons, while the remaining one
becomes a physical particle, the Higgs boson. Interactions between these gauge bosons and the Higgs field
are introduced automatically via the latter’s kinetic term, while interactions with fermions are added via
Yukawa-type couplings. Replacing the Higgs field by its vev then yields mass terms for the gauge bosons
and fermions. Therefore, the couplings of the Higgs boson to the other particles are fixed and proportional
to the measured masses and the vev.

The mass of the Higgs boson is the only remaining unknown parameter in the SM. Direct searches
by LEP [4], Tevatron [5] and in particular the LHC experiments ATLAS [6] and CMS [7] have excluded
large parts of the parameter space, leaving only a small window around 125 GeV. High-mass values, where
the experimental sensitivity drops again, are strongly disfavoured by indirect constraints from electro-weak
precision data [8, 9]. As mentioned before, the Higgs couplings in the SM are completely determined by
the known particle masses. Therefore, we can use these theoretically predicted values and compare them to
future measurements of Higgs boson channels [10, 11, 12, 13, 14, 15, 16]. Thereby, we assume that the discrete
quantum numbers, like its CP property or spin [17], are identical to the SM expectation. Many models of new
physics predict deviations in the Higgs couplings, which can then be measured. Examples include models
with an extended Higgs sector, like the two-Higgs doublet structure e.g. in supersymmetry [18], or also Higgs
portal models [19], but modifications can also be more elementary as in composite models [20], where the
Higgs boson emerges as a pseudo-Goldstone boson of a new strongly-interacting sector.

A correct treatment of all errors is important to obtain correct results. As in the Higgs boson channels
rates are measured, these statistical errors are of the Poisson type. Additionally, there are systematic errors,
which are correlated, and we implement the full correlation matrix between different measurements. Theory
errors are best described as box-shaped [3], using the prescription of the RFit scheme [21]. In the SFitter
tool [22] these different types of errors are fully implemented. As output we obtain a fully-dimensional
log-likelihood map, which we can then reduce to plotable one- or two-dimensional distributions via both
Bayesian (marginalisation) and Frequentist (profile likelihood) techniques. Furthermore, a list of best-fitting
points is obtained.

*for the SFitter collaboration

265



2 Setup of the Calculation

As the underlying model of our study we assume the Standard Model with a generalised Higgs sector, where
the Higgs couplings can take arbitrary values. These are parametrised in the following way: Couplings to
particles 4, which are present at tree-level in the SM, are modified according to

giirr — 9o (1 + Aiig) (1)

As a global sign flip of all couplings is not observable, we always take gy w g to be positive, i.e. Ay wpg > —1.
Additionally, there are two important loop-induced couplings present, namely those to gluons and photons.
They are altered in the following way:

giir — gyt (L+ ASN + Aim) - (2)

These can receive two types of contributions. First, there are contributions from changing the tree-level
couplings, AZSZI\I@ Second, there can be additional dimension-five contributions A z. They originate from
new particles running in the loop, e.g. the supersymmetric partners in SUSY models. The numerical values
of the couplings are obtained from a modified version of HDecay [23]. Also the masses of the Higgs boson
and the top and bottom quark are added as free parameters and corresponding measurements constrain
them to their experimentally measured value. Additionally, we define Ay as a single free parameter that
changes all (tree-level) couplings simultaneously.

The total width of the Higgs boson is too small to be measured directly at the LHC. Therefore we have
to make one single model assumption about how to treat the total width, which we take as

Tiot = Z T;(giim) + generation universality .
obs
This means that there are no further contributions from Higgs decays into invisible particles. The assumption
about generation universality is important as the Higgs has a significant branching ratio of several percent
into unobservable particles (e.g. charm quarks) for which at the LHC there is no possibility to measure
them, and neglecting them would introduce a bias. Further details of the setup have been described in
Refs. [11, 12]. We will not consider any couplings that can only be measured with very high luminosity or
not at all. This includes the only second-generation Yukawa coupling that might be measurable at the LHC,
namely those to muons [24, 25|, as well as the Higgs self-couplings [26, 27, 28, 29].

3 Results

3.1 Expectations for the LHC at 14 TeV

The measurements that enter our analysis are derived from an ATLAS Monte Carlo study performed for an
integrated luminosity of 30 fb~! and assuming a centre-of-mass energy of 14 TeV [11, 30]. We perform a
simulation with typically 5000 toy Monte Carlos, where we smear the signal and background expectations
according to their corresponding errors, and fit the resulting Higgs couplings.

In Fig. 1 we show the results of our analysis. The different curves denote the 68% CL errors on the
A;;g parameter for the respective coupling. As input value for the signal strength we assume a SM Higgs
boson of the given mass value and note that for reduced couplings the change in the absolute value of the
errors is small. On the left-hand side of the figure we present results where additional contributions from
dimension-five operators have been neglected. Also shown is the result for the single-parameter modifier
Ap. On the right-hand side the dimension-five operators are taken into account as well. In both cases the
coupling of the Higgs to W bosons can be measured best, between 10 and 20% over the whole mass range.
The dimension-five operators thereby reduce the sensitivity to this coupling somewhat. Yukawa couplings
to bottom quarks and 7 leptons can only be determined with good accuracy for Higgs masses below 140
to 150 GeV, as for larger masses the corresponding branching ratios become too small. The top quark
is strongly affected by the dimension-five operators Without these operators the gluon-fusion production
processes contribute to the precision of this coupling. Including them, the top-quark coupling needs to be
determined by the badly measurable top-quark-associated production modes, and gluon-fusion production
then pins down the size of the additional operators relative to the top quark coupling.
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Figure 1: Error on the Higgs-boson couplings as a function of the Higgs mass without (left) and including
(right) additional dimension-five operators. The left-hand plot also includes the result for a single-parameter
modification Ap. Results are for the LHC at 14 TeV centre-of-mass energy and an integrated luminosity of
30 fb~1, assuming SM Higgs couplings. Figures taken from Ref. [31].
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Figure 2: Error on the Higgs-boson couplings as a function of the Higgs mass including (left) and without
(right) the subjet analyses in the Higgsstrahlung production processes with decays into bottom quarks.
Results are for the LHC at 7 TeV centre-of-mass energy and an integrated luminosity of 20 fb~!, assuming
SM Higgs couplings, obtained by extrapolating the 14-TeV-Monte-Carlo studies.

3.2 Extrapolation to 7 TeV

To get an estimate of what to expect from the LHC in the near future, we have extrapolated these studies
to a centre-of-mass energy of 7 TeV. For the backgrounds the inclusive cross sections of the individual
contributions were computed with Sherpa [32] and the event rate scaled according to the numbers obtained.
For the signal we assume that the signal efficiencies, i.e. the number of signal events remaining after the
selection cuts and detector acceptance corrections relative to the original rate, stays unchanged. The cross
sections themselves for both centre-of-mass energies are taken from Ref. [3]. As the expected precision on
the couplings will be rather low, only the case of vanishing additional dimension-five operators is considered
here.

In Fig. 2 we show the corresponding results for an integrated luminosity of 20 fb~!, corresponding to
approximately what is expected for the end of 2012'. On the left-hand side we include all channels of the
14-TeV analysis. We observe the same principal behaviour as in Fig. 1, but with a significant increase in
the expected errors. Nevertheless, with this amount of data a determination of Ay with a precision of

1The increased centre-of-mass energy of 8 TeV for the 2012 run can be approximated by a corresponding increase in the
integrated luminosity.
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Figure 3: Precision of tree-level Higgs-boson couplings as well as single-parameter modifier as a function of
the Higgs mass using current LHC searches as input. Results are presented for the luminosities used in the
analyses (left) and extrapolated to 20 fb~! (right). Figure from Ref. [15].
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Figure 4: Overview of LHC expectations in different scenarios for energy and integrated luminosity for a SM
Higgs boson with mass of 125 GeV. Figure from Ref. [15].

14% is already possible for a Higgs boson mass of 125 GeV. On the right-hand side the channels making
use of subjet techniques [33] are removed. These consist of Higgs bosons produced in association with a
W or Z boson, where the Higgs decays into bottom quarks and the decay products are required to be
strongly boosted in order to reduce backgrounds. A significant drop in accuracy can be observed mainly
for two couplings. The coupling to Z bosons is now predominantly determined by the decay of the Higgs
to four leptons, which suffers from low event numbers for lighter Higgs masses. The bottom-quark Yukawa
coupling has to rely on the top-quark-associated production channel with decays into bottom quarks as well
as its contribution to gluon-fusion production. The first one suffers from a large combinatorial background,
while in the second case the bottom-quark loop is only a small contribution. The badly determined bottom
coupling then influences all other couplings via the total width.

3.3 Results and Expectations from Current Measurements

With direct search results available from the LHC, we can update the results of the previous subsection
using the actual background expectations and errors as described in the analyses [6, 7]. Thereby we assume
as input that there is a SM Higgs boson at the considered mass value and add a SM Higgs signal to the
background expectations. These results are depicted in Fig. 3. On the left we show errors on the Higgs
couplings using for each measurement the luminosity for which the analysis has been performed. With this
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data a precision of 14% on Ay is already possible, and the couplings to the weak bosons can also be measured
fairly precisely. The error on the top-quark Yukawa coupling is mostly determined by Higgs production via
gluon-fusion decaying into a W pair. The sensitivity of this channel drops rapidly below 125 GeV, leading
to the observed behaviour of the top-quark coupling. On the right-hand side we present expectations when
extrapolating all analyses to an integrated luminosity of 20 fb~!. This extrapolation is done blindly, i.e.
the improvement is purely statistical. The precision on the single-parameter modifier now reaches 9% for a
Higgs mass around 125 GeV.

In Fig. 4 the different results shown previously are summarised for a hypothetical Higgs boson at 125
GeV assuming SM couplings as a central value. The three values on the right-hand side of the plot show
errors on ratios of couplings. While for the Z over W Higgs couplings at 7 TeV only a small improvement
over the absolute measurements is achievable, the situation is different for the two other ratios involving the
bottom Yukawa coupling. Here correlations are important and therefore the ratio is better determined. At a
14 TeV LHC the situation is different. Using ratios yields no improvement over absolute values in any case.

4 Models of New Physics

In physics models beyond the Standard Model the couplings between the Higgs boson and the gauge bosons
and fermions can be modified from the SM theory prediction. In this section we will discuss two such models,
a Higgs portal [19] as well as a strongly-interacting light Higgs [20].

4.1 Higgs Portal

In the Higgs portal model, an additional hidden sector is added which is a singlet under the SM gauge
groups. A connection to the SM is only possible via a term connecting the Higgs field of the SM & with
that of the hidden sector &y,

Loxdld,0ld), .

After electro-weak symmetry-breaking both fields obtain a vev. The two physical Higgs bosons of the SM
and the hidden sector mix and need to be rotated into mass eigenstates

Hy\ [ cosxy siny) (Hs (3)
Hy) \—siny cosy) \Hp) ~
The parameter cosx corresponds to our single-parameter modifier Ay defined before. The cross sections
and branching ratios then change in the following way from their SM value for Hy

o =cos? y- oM (4)
Fvis = COS2 X F\S/f\s/l (5)
Diny = cos? x - FISI%I +Thiq - (6)

Fisnl\v/[ is induced by Higgs decays into four neutrinos, which has a negligible rate for light Higgs bosons.

The partial decay width into the hidden sector I'yiq is a free parameter and depends on the structure, i.e.
couplings and masses, of the hidden sector particles, being zero if they are all heavy. Corresponding equations
hold for Hs with the replacement cosy < sin y plus possibly decays Ho — Hy H; added, if this channel is
kinematically allowed.

In Fig. 5 we present the fitted cos? x as a function of the Higgs mass in a scenario where the Higgs contains
no additional decay modes into invisible particles. cos?x is a free parameter, which is not constrained to its
physical range. On the left-hand side the input value of cos? y is chosen as one, corresponding to the SM
scenario. Hence, this curve corresponds to the Ay line of Fig. 1. The central value is correctly reproduced
by the fit. Errors at the 95% CL range between 25% and 50% with the highest precision obtainable for a
mass of 170 GeV. On the right-hand side the same plot is shown but now with an input value of cos? x = 0.6.
The central values are shifted down to smaller values, but the absolute size of the errors stays approximately
the same. This is due to the fact that most channels have large backgrounds, which are not affected by a
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Figure 5: Precision in the Higgs portal model assuming a theory input of cos? x = 1 (left), corresponding
to the SM value, and an input value of cos? y = 0.6 (right). Numbers assume LHC data at 14 TeV with an
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Figure 6: Precision in the Higgs portal model assuming a Higgs mass of 120 GeV and including invisible

decays with T'yiq = sin? y - I'SM. We show the fitted value cos? yg; over the input value cos? x¢p, (left), as well
as the correlation between cos? xat and T'yiq for an input value of cos? Xth = 0.6 (right). Numbers assume

LHC data at 14 TeV with an integrated luminosity of 30 fbo—!. The brightness in the correlation plot on the
right-hand side denotes the resulting log-likelihood.
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reduction in signal cross section. At the chosen luminosity of 30 fb~! these give the dominant effect. Also,
the value cos? Y = 1 is outside the 95% CL band over almost the whole mass range. Therefore, in this
scenario the SM could be excluded at the 95% CL.

Figure 6 shows the fitted over the input cos? y for a Higgs boson mass of 120 GeV. Now decays into the
invisible sector are also included with a partial width of sin® x times the SM Higgs width. This corresponds
for example to the case where the hidden sector is an exact copy of the SM sector. Correspondingly, a
measurement of the branching ratio into invisible particles is added [34, 35, 36]. This will be possible only
with a rather low precision at the LHC. Therefore, the expected accuracy on cos? y is much lower than in
the previous case, as can be seen on the left-hand side of Fig. 6. Also, at low values of cos? x, we see a
deviation of the fitted value, tending to be larger than the input one. This is because only measurements
with a positive signal are taken into account. Positive fluctuations are hence always included, while negative
ones might get removed. The observation of a Higgs signal therefore favours larger values of the coupling.
On the right-hand side of Fig. 6 a correlation plot between the invisible decay width and the fitted cos? y is
depicted for an input value of cos? y = 0.6. A strong correlation between the two variables is visible, which
is the origin of the large errors on cos? y observed before. This correlation is due to the total width of the
Higgs boson, where the invisible decay width enters. As the denominator in the branching ratio it enters
into all measurements.

4.2 Strongly-interacting Light Higgs

In strongly-interacting light Higgs models [20], the Higgs boson emerges as a pseudo-Goldstone boson of
a new, strongly-interacting sector. As a pseudo-Goldstone boson, the Higgs can be much lighter than the
other particles of the theory and therefore be in the mass range still allowed by all experimental constraints,
while the other ones can be chosen heavy enough to avoid constraints from direct searches. Modifications of

2
the Higgs-boson couplings can be parametrised by & = (%) , where v = 246 GeV is the SM Higgs vev and

f the Goldstone scale. The limit f — oo corresponds to the SM, while f = v are Technicolour models.

There are two important phenomenological implementations. In the first one, called MCHM4, all cou-
plings of the Higgs boson to other particles scale with /1 — &. Therefore, the results of the Higgs portal
in the previous subsection can be reused by identifying cos? y = 1 — ¢ and setting invisible decay modes to
zero. In the second one, MCHMS5, the couplings change differently for vector bosons and fermions

QVVH:g\S/I\\/;H'Vl_g

1-—2¢
_SM
95fH = Y55 1—5'

The latter one has the interesting feature that the coupling vanishes for £ = 0.5 and flips its sign for values
below that. These models also show significant deviations in Higgs pair-production processes [37], which we
will not consider further here.

In Fig. 7 we depict the fitted value of & over the input one for an integrated luminosity of 30 (left) and
300 fb=1 (right) at the 14 TeV LHC. The shaded region around ¢ = 0.5 denotes the region where the cross
sections are so low, that with the given luminosity no evidence of a Higgs boson is yet expected. For the
lower luminosity there are always two possible solutions. One corresponds to the correct solution, while
the other originates from the ambiguity in the fermion-Higgs coupling. The sign of the coupling is only
observable as interference between W-boson and top-quark loop in the effective photon coupling. With the
higher luminosity this degeneracy is lifted, as can be seen on the right-hand side of Fig. 7. This is further
demonstrated in Fig. 8. Here we show the log-likelihood for 30 fb~! in the two individual channels which
contribute most to the parameter determination. Both channels vanish at & = 0.5 and therefore for this
value the log-likelihood is constant independent of the parameter. The left channel is gluon-fusion Higgs
production with decays into photons. For each input value two different solutions can be found that cannot
be distinguished, as they yield the same rate. On the right-hand side, we show the combination of vector-
boson associated production channels with decay into bottom quarks via subjet techniques, which are all
governed by the same coupling factors. Here for £ < 0.4 only a single solution exists, while for larger values
additional solutions appear. These do not coincide with the secondary solution of the first channel, however,
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Figure 7: Best-fit values and 68% and 95% CL error bands in the MCHMS5 model for the LHC at 14 TeV
assuming a Higgs boson mass of 120 GeV as function of the input value &;,. Results are shown for an
integrated luminosity of 30 (left) and 300 fb=1 (right).

Figure 8: Best-fit distribution for two main channels: gluon-fusion production with decay into photons (left)
and vector-boson-associated production with decay into bottom quarks (right). Results are shown for a
Higgs boson of 120 GeV at the LHC at 14 TeV and an integrated luminosity of 30 fb—!. The brightness
denotes the resulting log-likelihood.
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so for the nominal values the solution becomes unique. Therefore, the degeneracy is not a true one, but
induced by fluctuations due to errors and can be lifted with more data.

5 Conclusions

The determination of the Higgs-boson couplings is an important task to verify our understanding of electro-
weak symmetry breaking and the Higgs mechanism. We have studied how well we can measure these
couplings at the LHC and what remains as a task for a future linear collider. To be independent of any
specific new-physics model, we take as a model the Standard Model, where all Higgs couplings are left as free
parameters. Using the SFitter framework, all experimental and theory errors, as well as their correlations,
can be fully taken into account. For a single parameter modifying all couplings an error of 9% is achievable
for a Higgs boson mass of 125 GeV. We have also interpreted our results in terms of new-physics models,
namely a Higgs portal and a strongly-interacting light Higgs. For the former, invisible decay modes provide
an additional experimental challenge. In the latter case, statistical fluctuations lead to secondary solutions,
which also need to be considered.

Acknowledgments

We would like to thank the organisers of the LC-Forum for the friendly atmosphere during the workshop
and the possibility to present our results. Support by the Deutsche Forschungsgemeinschaft via the Sonder-
forschungsbereich/Transregio SFB/TR~9 “Computational Particle Physics” and the Initiative and Network-
ing Fund of the Helmholtz Association, contract HA-101(“Physics at the Terascale”) is acknowledged.

References
(1] P. W. Higgs, Phys. Lett. 12, 132 (1964); P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964); F. Englert and R. Brout, Phys.
Rev. Lett. 13, 321 (1964).

[2] A. Djouadi, Phys. Rept. 457, 1 (2008) [arXiv:hep-ph/0503172]. V. Biischer and K. Jakobs, Int. J. Mod. Phys. A 20, 2523
(2005); [arXiv:hep-ph/0504099]. D. Rainwater, arXiv:hep-ph/0702124;

[3] S. Dittmaier et al. [LHC Higgs Cross Section Working Group Collaboration], arXiv:1101.0593 [hep-ph]; arXiv:1201.3084
[hep-ph].

[4] [LEP, Tevatron and SLD Collaborations and Working Groups], arXiv:0811.4682 [hep-ex].

[5] [TEVNPH (Tevatron New Phenomina and Higgs Working Group) and CDF and DO Collaborations|, arXiv:1203.3774
[hep-ex].

[6] ATLAS Collaboration, ATLAS-CONF-2012-019.

[7] CMS Collaboration, CMS-PAS-HIG-12-008.

[8] D.Y. .Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olchevski, S. Riemann and T. Riemann, Comput. Phys. Commun.
133 (2001) 229 [hep-ph/9908433]; A. B. Arbuzov, M. Awramik, M. Czakon, A. Freitas, M. W. Grunewald, K. Monig,
S. Riemann and T. Riemann, Comput. Phys. Commun. 174 (2006) 728 [hep-ph/0507146].

[9] H. Flacher, M. Goebel, J. Haller, A. Hocker, K. Monig, J. Stelzer, Eur. Phys. J. C60, 543-583 (2009). [arXiv:0811.0009
[hep-ph]], M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Ludwig, K. Moenig, M. Schott, J. Stelzer, [arXiv:1107.0975
[hep-ph]].

[10] D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. Richter-Was, Phys. Rev. D 62 (2000) 013009 [hep-ph/0002036];
M. Diihrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld, Phys. Rev. D 70, 113009 (2004).

[11] R. Lafaye, T. Plehn, M. Rauch, D. Zerwas and M. Duhrssen, JHEP 0908, 009 (2009) [arXiv:0904.3866 [hep-ph]], M. Rauch
[ SFitter Collaboration |, [arXiv:1005.2843 [hep-ph]].

[12] S. Bock, R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, P. M. Zerwas, Phys. Lett. B694, 44-53 (2010). [arXiv:1007.2645
[hep-ph]].
[13] F. Bonnet, M. B. Gavela, T. Ota, W. Winter, [arXiv:1105.5140 [hep-ph]].

[14] D. Carmi, A. Falkowski, E. Kuflik and T. Volansky, arXiv:1202.3144 [hep-ph|; A. Azatov, R. Contino and J. Galloway,
arXiv:1202.3415 [hep-ph]; J. R. Espinosa, C. Grojean, M. Muhlleitner and M. Trott, arXiv:1202.3697 [hep-ph]; P. P. Gia-
rdino, K. Kannike, M. Raidal and A. Strumia, arXiv:1203.4254 [hep-ph];

[15] M. Rauch, talk at Moriond EW 2012; M. Klute, R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, M. Diihrssen, in preparation.

273



[17]

18]

[19]

[20]

S
=

)
N

)

w
=~

)
NS 9

W W W W
S48

J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], hep-ph/0106315; E. Accomando et
al. [CLIC Physics Working Group Collaboration], hep-ph/0412251; S. Heinemeyer, S. Kanemura, H. Logan, A. Raspereza,
T. M. P. Tait, H. Baer, E. L. Berger and A. Birkedal et al., hep-ph/0511332; G. Aarons et al. [ILC Collaboration],
arXiv:0709.1893 [hep-ph]; W. Lohmann, M. Ohlerich, A. Raspereza and A. Schalicke, eConf C 0705302 (2007) TIG13
[arXiv:0710.2602 [hep-ex]]; and references therein.

J. R. Dell’Aquila and C. A. Nelson, Phys. Rev. D 33, 93 (1986).; D. J. Miller, 2, S. Y. Choi, B. Eberle, M. M. Mubhlleitner and
P. M. Zerwas, Phys. Lett. B 505 (2001) 149 [hep-ph/0102023]; T. Plehn, D. Rainwater and D. Zeppenfeld, Phys. Rev. Lett.
88, 051801 (2002); C. P. Buszello, I. Fleck, P. Marquard and J. J. van der Bij, Eur. Phys. J. C 32, 209 (2004); V. Hankele,
G. Klamke, D. Zeppenfeld and T. Figy, Phys. Rev. D 74, 095001 (2006); C. Ruwiedel, N. Wermes and M. Schumacher,
Eur. Phys. J. C 51, 385 (2007); K. Hagiwara, Q. Li and K. Mawatari, JHEP 0907 (2009) 101 [arXiv:0905.4314 [hep-ph]];
C. Englert, C. Hackstein and M. Spannowsky, Phys. Rev. D 82 (2010) 114024 [arXiv:1010.0676 [hep-ph]]; R. M. Godbole,
C. Hangst, M. Mubhlleitner, S. D. Rindani and P. Sharma, Eur. Phys. J. C 71 (2011) 1681 [arXiv:1103.5404 [hep-ph]]; J. Ellis
and D. S. Hwang, arXiv:1202.6660 [hep-ph]; C. Englert, M. Spannowsky and M. Takeuchi, arXiv:1203.5788 [hep-ph]; M.
Miihlleitner, these proceedings.

for an introduction see e.g. S. P. Martin, arXiv:hep-ph/9709356; I. J. R. Aitchison, arXiv:hep-ph/0505105; J. F. Gunion
and H. E. Haber, Phys. Rev. D 67, 075019 (2003).

T. Binoth and J. J. van der Bij, Z. Phys. C 75, 17 (1997); A. Hill and J. J. van der Bij, Phys. Rev. D 36 (1987) 3463;
R. Schabinger and J. D. Wells, Phys. Rev. D 72, 093007 (2005); B. Patt, F. Wilczek, [hep-ph/0605188]; C. Englert,
T. Plehn, D. Zerwas and P. M. Zerwas, Phys. Lett. B 703 (2011) 298; C. Englert, T. Plehn, M. Rauch, D. Zerwas and
P. M. Zerwas, Phys. Lett. B 707 (2012) 512 [arXiv:1112.3007 [hep-ph]]; B. Batell, S. Gori and L. -T. Wang, arXiv:1112.5180
[hep-ph]; A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon, Phys. Lett. B 709 (2012) 65 [arXiv:1112.3299 [hep-ph]];
C. Englert, these proceedings.

G. F. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, JHEP 0706, 045 (2007). [hep-ph/0703164], J. R. Espinosa, C. Grojean
and M. Muhlleitner, JHEP 1005, 065 (2010) arXiv:1003.3251 [hep-ph]; J. R. Espinosa, C. Grojean and M. Mubhlleitner,
arXiv:1202.1286 [hep-ph].

A. Hocker, H. Lacker, S. Laplace and F. Le Diberder, Eur. Phys. J. C 21, 225 (2001); J. Charles et al. arXiv:hep-ph/0607246.
R. Lafaye, T. Plehn, M. Rauch and D. Zerwas, Eur. Phys. J. C 54, 617 (2008).

A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108 (1998) 56 [hep-ph/9704448]; A. Djouadi,
M. M. Muhlleitner and M. Spira, Acta Phys. Polon. B 38 (2007) 635 [hep-ph/0609292].

T. Plehn and D. Rainwater, Phys. Lett. B 520, 108 (2001); K. Cranmer and T. Plehn, Eur. Phys. J. C 51, 415 (2007);
see also T. Han and B. McElrath, Phys. Lett. B 528, 81 (2002).

S. Su and B. Thomas, arXiv:0812.1798 [hep-ph].

U. Baur, T. Plehn and D. L. Rainwater, Phys. Rev. Lett. 89, 151801 (2002) and Phys. Rev. D 67, 033003 (2003);
A. Dahlhoff, arXiv:hep-ex/0505022; for a different point of view see also F. Gianotti et al., arXiv:hep-ph/0204087.

V. Barger, T. Han, P. Langacker, B. McElrath and P. Zerwas, Phys. Rev. D 67, 115001 (2003); C. Grojean, G. Servant
and J. D. Wells, Phys. Rev. D 71, 036001 (2005); S. Kanemura, Y. Okada, E. Senaha and C. P. Yuan, Phys. Rev. D 70,
115002 (2004).

T. Plehn and M. Rauch, Phys. Rev. D 72, 053008 (2005); T. Binoth, S. Karg, N. Kauer and R. Riickl, Phys. Rev. D 74,
113008 (2006).

F. Boudjema and E. Chopin, Z. Phys. C 73 (1996) 85 [hep-ph/9507396]; A. Djouadi, W. Kilian, M. Muhlleitner and
P. M. Zerwas, Eur. Phys. J. C 10 (1999) 27 [hep-ph/9903229]; J. Tian, K. Fujii and Y. Gao, arXiv:1008.0921 [hep-ex].

M. Diihrssen, ATL-PHYS-2003-030.
M. Rauch, arXiv:1110.1196 [hep-ph].

T. Gleisberg, S. .Hoeche, F. Krauss, M. Schonherr, S. Schumann, F. Siegert and J. Winter, JHEP 0902 (2009) 007
[arXiv:0811.4622 [hep-ph]].

J. M. Butterworth, A. R. Davison, M. Rubin and G. P. Salam, Phys. Rev. Lett. 100, 242001 (2008), ATLAS Collaboration,
ATL-PHYS-PUB-2009-088.

0. J. Eboli and D. Zeppenfeld, Phys. Lett. B 495, 147 (2000).

G. Aad et al. [The ATLAS Collaboration], arXiv:0901.0512 [hep-ex].

G. L. Bayatian et al. [CMS Collaboration], J. Phys. G 34, 995 (2007).

R. Grober, M. Miihlleitner, JHEP 1106, 020 (2011) [arXiv:1012.1562 [hep-ph]]; R. Gréber, LC-TH-2012-001.

274



arXiv:1205.2893v1 [hep-ph] 13 May 2012

Higgs boson mass and new physics

Fedor Bezrukov*
Physics Department, University of Connecticut, Storrs, CT 06269-3046, USA
RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

Mikhail Yu. Kalmykov!
Bernd A. Kniehl?
II. Institut fiir Theoretische Physik, Universitdt Hamburg,
Luruper Chaussee 149, 22761, Hamburg, Germany

Mikhail Shaposhnikov®

Institut de Théorie des Phénomenes Physiques,

Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

May 15, 2012

Abstract

We discuss the lower Higgs boson mass bounds which come from the absolute
stability of the Standard Model (SM) vacuum and from the Higgs inflation, as well
as the prediction of the Higgs boson mass coming from asymptotic safety of the
SM. We account for the 3-loop renormalization group evolution of the couplings
of the Standard Model and for a part of two-loop corrections that involve the
QCD coupling a; to initial conditions for their running. This is one step above
the current state of the art procedure (“one-loop matching—two-loop running”).
This results in reduction of the theoretical uncertainties in the Higgs boson mass
bounds and predictions, associated with the Standard Model physics, to 1 —2 GeV.
We find that with the account of existing experimental uncertainties in the mass
of the top quark and a5 (taken at 20 level) the bound reads My > M,y (equality
corresponds to the asymptotic safety prediction), where My, = 129 + 6 GeV.
We argue that the discovery of the SM Higgs boson in this range would be in
agreement with the hypothesis of the absence of new energy scales between the
Fermi and Planck scales, whereas the coincidence of My with My;, would suggest
that the electroweak scale is determined by Planck physics. In order to clarify the
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relation between the Fermi and Planck scale a construction of an electron-positron
or muon collider with a center of mass energy ~ 200+ 200 GeV (Higgs and t-quark
factory) would be needed.

1 Introduction

The mass My of the Higgs boson in the Standard Model is an important indicator of
the presence of new energy scales in particle physics. It is well known that if M;t;bﬂity <
My < MLandaw then the SM is a consistent effective field theory all the way from the
Fermi scale up to the (reduced) Planck scale Mp = 2.44 x 10'® GeV. The upper limit
comes from the requirement that the Landau pole in the scalar self-coupling! must not
appear at energies below Mp [1-3]. The lower limit comes from the requirement of
the stability of the SM vacuum against tunneling to the states with the Higgs field ¢
exceeding substantially the electroweak value 250 GeV [4-6] (see Fig. 1).

The estimates of MLandat give a number around 175GeV [1-3, 7] which is in the
My range excluded (at least in the range 129 — 525 GeV) by the searches for the SM
Higgs boson at the LHC and Tevatron [8, 9]. In other words, we already know that
the SM is a weakly coupled theory up to the Planck scale. Thus, we will focus on the
upgrade of existing computations of Mi&bihty and on the discussion of the significance
of the relation between the Higgs boson (to be discovered yet) mass My and Mifﬁlbﬂity
for beyond the SM (BSM) physics.

The computation of Mrsrf;bﬂity has been already done in a large number of papers [10—
15]. It is divided into two parts. The first one is the determination of the MS parameters
from the physical observables and the second one is the renormalization group running
of the MS constants from the electroweak to a high energy scale. The most advanced
recent works [13, 14] use the so-called “one-loop-matching—two-loop-running” procedure.
It can determine the Higgs boson mass bounds with the theoretical accuracy of 2—5 GeV
(see the discussion of uncertainties in [14] and below). Meanwhile, the most important
terms in the 3-loop running of the gauge and Higgs coupling constants were computed in
[16, 17] (we thank K. Chetyrkin and M. Zoller for sharing these results with us prior to
publication). The present work accounts for O(aqy) corrections in the MS-pole matching
procedure, which were not known previously. This allows us to decrease the theoretical
uncertainties in the Higgs boson mass prediction /bounds, associated with the SM physics
down to 1—2 GeV. This is a new result, based on a superior partial “two-loop-matching—
three-loop-running” procedure. These findings are described in Section 2.2. We will see
that the experimental errors in the mass of the top-quark and in the value of the strong
coupling constant are too large to settle up the question of the stability of the electroweak
vacuum, even if the LHC will confirm the evidence for the Higgs signal presented by the
ATLAS and CMS collaborations [8, 9] in the region My = 124 — 126 GeV.

In Section 3 we will discuss the significance of the relationship between the true Higgs

1To be more precise, the scalar self-coupling is infinite in the one-loop approximation only. If higher
order terms are included, it may not become infinite, but move away from the region of the weak
coupling.
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boson mass My and MZ*"™ for BSM physics. We will argue that if My = MY
then the electroweak symmetry breaking is likely to be determined by Planck physics
and that this would indicate an absence of new energy scales between the Fermi and
gravitational scales. We will also address here the significance of M**™ for the SM
with gravity included. Of course, this can only be done under certain assumptions.
Specifically, we will discuss the non-minimal coupling of the Higgs field to the Ricci
scalar (relevant for Higgs-inflation [14, 18, 19]) and the asymptotic safety scenario for
the SM [20].

In Section 4 we present our conclusions. We will argue that if only the Higgs boson
with the mass around M "™ and nothing else will be found at the LHC, the next step
in high energy physics should be the construction a new electron-positron (or muon)
collider—the Higgs and t-factory. It will not only be able to investigate in detail the
Higgs and top physics, but also elucidate the possible connection of the Fermi and Planck
scales.

Appendix A contains a full set of formulas required for the determination of the MS
coupling constants from the pole masses of the SM particles, including the corrections
of the orders of up to O(a?), O(a), and O(aay). The computer code for the matching

is made publicly available at http://www.inr.ac.ru/~fedor/SM/.

2 The stability bound

The stability bound will be found in the “canonical” SM, without any new degrees of
freedom or any extra higher dimensional operators added, see Fig. 2.

2.1 The benchmark mass

It will be convenient for computations to introduce yet another parameter, “benchmark
mass”, which we will call M,;, (without any superscript). Suppose that all parameters
of the SM, except for the Higgs boson mass, are exactly known. Then M,,;,, together
with the normalisation point pg, are found from the solution of two equations:

)\(Mo) =0, ﬁ,\(/\(ﬂo)) =0, (1)

where [, is the S-function governing the renormalisation group (RG) running of A. Here
we define all the couplings of the SM in the MS renormalisation scheme which is used de-
facto in the most of the higher-loop computations. Clearly, if any other renormalization
scheme is used, the equations A = [, = 0 will give another benchmark mass, since the
definition of all the couplings are scheme dependent.

The procedure of computing M, is very clean and transparent. Take the standard
MS definition of all coupling constants of the SM, fix all of them at the Fermi scale
given the experimentally known parameters such as the mass of the top quark, QCD
coupling, etc., and consider the running Higgs self-coupling A\(1) depending on the stan-
dard t’Hooft-Veltman parameter p. Then, adjust My, in such a way that equations (1)
are satisfied at some p.
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Figure 1: Higgs self-coupling in the SM as a function of the energy scale. The top plot
depicts possible behaviors for the whole Higgs boson mass range—Landau pole, stable,
or unstable electroweak vacuum. The lower plots show detailed behavior for low Higgs
boson masses, with dashed (dotted) line corresponding to the experimental uncertainty
in the top mass M; (strong coupling constant «y), and the shaded yellow (pink) regions
correspond to the total experimental error and theoretical uncertainty, with the latter
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estimated as 1.2 GeV (2.5 GeV), see section 2 for detailed discussion.
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Figure 2: Schematic depiction of the SM effective potential V' for the Higgs field for
My > MUY (left) and My < MUY (right).

min min

For the stability bound one should find the effective potential V' (¢) and solve the
equations

V(¢SM) = V(¢1)7 V/(¢SM) = V,(¢l) = Oa (2)

where ¢g,s corresponds to the SM Higgs vacuum, and ¢, correspond to the extra vacuum
states at large values of the scalar field. Though the effective potential and the field ¢
are both gauge and scheme dependent, the solution for the Higgs boson mass to these
equations is gauge and scheme invariant.

In fact, Mrsrf;bﬂity is very close to My,;». Numerically, the difference between them
is much smaller, than the current theoretical and experimental precisions for M,;,, see
below. The following well known argument explains why this is the case. The RG

improved effective potential for large ¢ can be written as [11, 12, 21|

V() x A(@)6" [1+ 0 (1= log(Mi/ M) | 3)

where « is here the common name for the SM coupling constants, and M, are the
masses of different particles in the background of the Higgs field. If O(«) corrections
are neglected, the equations (2) coincide with (1), meaning that M, ~ MY The
numerical evaluation for one loop effective potential gives Amstability = Mfg&biﬁ%y—Mmm ~
0.15GeV, which can be neglected in view of uncertainties discussed below.

Note that in many papers the stability bound is shown as a function of the cutoff
scale A (the energy scale up to which the SM can be considered as a valid effective field
theory). It is required that V(¢) > V(¢gn) for all ¢ < A. This can be reformulated
as A(pu) > 0 for all p < A with pretty good accuracy. Interestingly, if A = Mp, this
bound is very close to the stability bound following from eq. (2), having nothing to do
with the Planck scale (see also below). Note also that the uncertainties in experimental
determinations of M; and «, together with theoretical uncertainties, described in the
next section, lead to significant changes in the scale A. Fig. 1 illustrates that for Higgs
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boson masses 124 — 127 GeV this scale may vary from 10® GeV up to infinity within
currently available precisions.

2.2 Value of M,

The state of art computation of M, contained up to now the so called one-loop MS-pole
matching, relating the experimentally measured physical parameters to the parameters
of the SM in the MS subtraction scheme (to be more precise, the two-loop ay corrections
to the top pole mass—MS mass relation has been included [13]). Then the results of the
first step are plugged into two-loop RG equations and solved numerically.

Before discussing the upgrade of the one-loop-matching—two-loop-running procedure,
we will remind of the results already known and their uncertainties. We will make use
of our computations of My, presented in [14].2 A somewhat later paper [22] contains
exactly the same numbers for Mf;ﬁlbimy (note, however, that the theoretical uncertainties
were not discussed in [22]). See also earlier computations in [7, 10-13, 23].

In [14] we found:

M, — 171.2GeV o, — 0.1176
Mo = |126.3 41— 200 5| Gev, 4
LN VS 0.002 ¢ (4)

and estimated the theoretical uncertainties as summarized in Table 1 (see also [15]).
While repeating this analysis we found some numerical errors which are given at the
bottom section of this table (see a detailed discussion below). In total, they shift the
value given in eq. (4) up by 0.7 GeV. As for uncertainties, they were estimated as follows.
The one-loop matching formulas can be used directly at ;4 = m;, or at some other energy
scale, e.g. at u = My, and then the coupling constants at m; can be derived with the
use of RG running. The difference in procedures gives an estimate of two-loop effects in
the matching procedure. This is presented by the first two lines in Table 1 (in fact, we
underestimated before the uncertainty from A matching—previously we had here 1.2 GeV
and now 1.7GeV). The next two lines are associated with 3 and 4-loop corrections to
the top Yukawa y;. The 3-loop corrections were computed in [24-26] and the four-loop
a5 contribution to the top mass was guessed to be of the order dy;(m;)/y:(m;) ~ 0.001
in [27]. The non-perturbative QCD effects in the top pole mass-MS mass matching
are expected to be at the same level [28-30]. For 3-loop running we put the typical
coefficients in front of the largest couplings a, and ;. If these uncertainties are not
correlated and can be summed up in squares, the theoretical uncertainty is 2.5 GeV. If
they are summed up linearly, then the theoretical error can be as large as ~ 5 GeV.
Now, this computation can be considerably improved. First, in [16] the 3-loop cor-
rections to the running of all gauge couplings has been calculated. Second, in [17] the
leading contributions (containing the top Yukawa and «y) to the running of the top
quark Yukawa and the Higgs boson self coupling have been determined. This removes
the uncertainty related to 3-loop RG running. In addition, in the present paper, we

2The main interest in this paper was the lower bound on the Higgs boson mass in the Higgs-inflation,
see below. However, M,;, has been estimated as well as a by-product of the computation.
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Source of uncertainty Nature of estimate Atheor Mmin, GeV

2-loop matching A Sensitivity to u 1.7
2-loop matching y; Sensitivity to u 0.6
3-loop a; to y; known 1.4
4-loop ay to y; educated guess [27] 0.4
confinement, 1; educated guess ~ Agep 0.5
3-loop running My, — Mp educated guess 0.8
total uncertainty sum of squares 2.5
total uncertainty linear sum 5.4
Corrections to [14] AMin, GeV
Typos in the code used in [14] error +0.2
Extra 62" in (A.5) of [13] error +0.4
“Exact” formula instead of

approximation (2.20) in [31] clarification +0.1
Total correction to (7.1) of [14] +0.7
Total shift to be applied to (7.1) of [14] for comparison +0.7

Table 1: Theoretical uncertainties and mistakes in the M, evaluation in [14].

determine the two-loop corrections of the order of O(aqy) to the matching of the pole
masses and the top quark Yukawa and Higgs boson self coupling constants. Also, the
known [24-26] three loop QCD correction to the top quark mass relation of the order
O(a?) can be included (previously it had been used for estimates of uncertainties). All
this considerably decreases the theoretical uncertainties in M.

The individual contributions of the various new corrections on top of the previous
result are summarized in the Table 2. Tt is clearly seen that there are two new significant
contributions—one is the three-loop pure QCD correction to the top quark mass [24-26],
and another is the two loop correction O(aay) to the Higgs boson mass, found in the
present paper. Together the new contributions sum to the overall shift of the previous

prediction [14] by —0.89 GeV, giving the result

M, — 172.9 GeV a, — 0.1184
M. — |128.95 99 X~ U6l Gev. 5
T 116y * 0.0007 _~ ¢ (5)

The new result (5) is less than 0.2 GeV away from the old one (4) if the same central
values for M; and « are inserted. This coincidence is the result of some magic. In the
old evaluation several mistakes were present, summarized in Table 1. The largest one
was the double counting of 62" in (A.5) of [13], as compared to the original result [31].
Also, there were minor typos in the computer code for the matching of the Higgs coupling
constant, and finally there was a small correction coming from the use of an approximate
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Contribution AMin, GeV

Three loop beta functions -0.23
Sy o< O(a?) -1.15
Iy x O(aay) -0.13
I\ x O(aay) 0.62

Table 2: Contributions to the value of the M,,;,.

rather than exact one loop formula for O(«) corrections from [31]. These corrections
add 0.7 GeV to the original number in [14]. By chance this almost exactly canceled the
—0.89 GeV contribution from the higher loops, Table 2, nearly leading to a coincidence
of (5) and (4).

Table 3 summarizes the uncertainties in the new computation. It contains fewer
lines. Now we can ignore safely the error from higher order (4-loop) RG corrections for
the running up to the Planck scale. The first two lines were derived in the same manner
as previously. For the Higgs boson self-coupling we can use the matching formulas
(A.42) to get the value of \(u) at scale u = M, directly, or to get the value A(Mz) and
then evolve the constants to the scale y = M; with the RG equations. The obtained
difference 0A(M;)/A(M;) ~ 0.016 corresponds to the error dm ~ 1.0GeV. A similar
procedure of comparing evolution between M; and Mz using RG equations and direct
matching formulas to the order O(a?, o, aay) leads for the chang in the top quark Yukawa
dy/yr ~ 0.0005, leading to dM ~ 0.2GeV. Note, however, that strictly speaking
this test verifies the error of the u dependent terms in the matching formulas, while
the constant ones may lead to larger contributions. We also do not estimate now the
contributions of the order O(a?), where formal order in @ may correspond to y;. Thus,
this estimate should be better considered as a lower estimate of the error. The 4-loop
matching and confinement contributions are the same as before.

As an indication of the dependence on the matching point we present Fig. 3, where
the reference Higgs boson mass M,,;, was obtained using the matching formulas at scale
Lo varying between the Z-boson and top quark masses. One can see that the overall
change of the Higgs boson mass is about GeV.

If we assume that these uncertainties are not correlated and symmetric we get a the-
oretical error in the determination of the critical Higgs boson mass dmpeor =~ 1.2 GeV.
If they are summed up linearly, we get an error of 2.4 GeV. The precision of the theoret-
ical value of My,;, can be further increased by computing the O(aQ) two-loop corrections
to the matching procedure. Numerically, the most important terms are those when «
corresponds to y? and .

The result (5) is visualized by Fig. 4. The experimentally allowed regions for the top
mass M; and strong coupling a, are adopted PDG 2010 edition [32].> On top of these

3Note however, that the current experimental error estimate is based on averaging over different
experimental approaches. In some methods quite a different central values are obtained. See e.g.
[33-35] about @y determination and [36-38] about M;.
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Source of uncertainty Nature of estimate Atheor Mmin, GeV

3-loop matching A Sensitivity to p 1.0
3-loop matching Sensitivity to 0.2
4-loop ag to y; educated guess [27] 0.4
confinement, 1; educated guess ~ Agep 0.5
4-loop running My — Mp educated guess <0.2
total uncertainty sum of squares 1.2
total uncertainty linear sum 2.3

Table 3: Theoretical uncertainties in the present M,,;, evaluation.

A~O(a), yt~O(0z,a/§)_ P o

129.5

129.0

128.5

128.0

127.5

Minimal Higgs mass My, GeV

127.0

126.5

100 120 140 160
Matching scale uq, GeV

Figure 3: The dependence of the reference Higgs boson mass My, on the matching
scale 119 (the MS constants are obtained by matching formulas at scale y1o and then used
for the solution of the equations (1)). The solid line corresponds to the full matching
formulas A ~ O(a, aas), yy ~ O(a?, a, aa,); the dashed and dotted lines correspond to
using matching formulas of lower order. Here M; = 172.9 GeV and o, = 0.1184.
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Figure 4: The values of the strong coupling constant a; and top mass M; corresponding
to several minimal Higgs boson mass M,,;,. The 68% and 95% experimentally allowed
regions for o and M, are given by shaded areas. The dashed (dotted) lines correspond
to 1.2 GeV (2.45 GeV) uncertainty in the M, theoretical determination.

284



allowed regions the bands corresponding to the reference values of the Higgs boson mass
M in being equal to 124,125,126, 127 GeV are shown, with the dashed and dotted lines
corresponding to quadratically or linearly added estimates of theoretical uncertainties.

One can see that the accuracy of theoretical computations and of the experimental
measurements of the top and the Higgs boson masses does not allow yet to conclude
with confidence whether the discovery of the Higgs boson with the mass 124 — 127 GeV
would indicate stability or metastability of the SM vacuum. All these reference values
of Higgs masses are compatible within 20 with current observations.

3 M., and BSM physics

Our definition of the “benchmark” Higgs boson mass consists of the solution of the two
equations (1) and gives, in addition to My, the value of the scale py at which the
scalar self-coupling and its S-function vanish simultaneously. The central value for pyg is
2.9 x 10" GeV and is quite stable if m; and o, are varied in their confidence intervals
(see Fig. 5). One can see that there is a remarkable coincidence between f and the
(reduced) Planck scale Mp = 2.44 x 10 GeV. The physics input in the computation
of pg includes the parameters of the SM only, while the result gives the gravity scale.
A possible explanation may be related to the asymptotic safety of the SM, see [20] and
below.* It remains to be seen if this is just the random play of the numbers or a profound
indication that the electroweak symmetry breaking is related to Planck physics. If real,
this coincidence indicates that there should be no new energy scales between the Planck
and Fermi scales, as they would remove this coincidence unless some conspiracy is taking
place.

We will discuss below two possible minimal embeddings of the SM to the theory of
gravity and discuss the significance of M, in them.

3.1 Asymptotic safety

The asymptotic safety of the SM [20], associated with the asymptotic safety of gravity
[41], is strongly related to the value of the Higgs boson mass. Though General Rel-
ativity is non-renormalizable by perturbative methods, it may exist as a field theory
non-perturbatively, exhibiting a non-trivial ultraviolet fixed point (for a review see [42]).
If true, all other coupling of the SM (including the Higgs self-interaction) should exhibit
an asymptotically safe behaviors with the gravity contribution to the renormalisation
group running included.

The prediction of the Higgs boson mass from the requirement of asymptotic safety of
the SM is found as follows [20]. Consider the SM running of the coupling constants and
add to the p-functions extra terms coming from gravity, deriving their structure from

4Yet another one is the “multiple point principle” of [39, 40], requiring the degeneracy between the
SM vacuum and an extra one appearing at the Planck scale.
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Figure 5: The scale pg (solution of (1)) depending on the top mass M,;. The dashed
lines correspond to 1o uncertainty in the a,. The yellow shaded region corresponds to
adding the oy, experimental error and the theoretical uncertainty in the matching of the
top Yukawa y; and top pole mass.

dimensional analysis:
2
rav ap I
ho= (6)

T I
where a1, as, as, a,, and ay, are some constants (anomalous dimensions) corresponding
to the gauge couplings of the SM g, ¢, gs, the top Yukawa coupling y;, and the Higgs
self-coupling A. In addition,
M) = M3 + 2602 (7)

is the running Planck mass with &, ~ 0.024 following from numerical solutions of func-
tional RG equations [43-45]. Now, require that the solution for all coupling constants
is finite for all 4 and that A is always positive. The SM can only be asymptotically safe
if a1, as, as, a, are all negative, leading to asymptotically safe behavior of the gauge
and Yukawa couplings. For a) < 0 we are getting the interval of admissible Higgs boson
masses, MY < My < MW However, if ay > 0, as follows from computations
of [44, 45], only one value of the Higgs boson mass My = MY Jeads to asymptoti-
cally safe behavior of A\. As is explained in [20], this behavior is only possible provided
AMMp) ~ 0 and Sy\(A(Mp)) ~ 0. And, due to miraculous coincidence of g and Mp,
the difference Amsfety = Mrﬁfty — M, 1s extremely small, of the order 0.1 GeV. The
evolution of the Higgs self-coupling for the case of a; < 0 is shown in Fig. 6, and for the
case ap > 0 in Fig. 7.

In fact, in the discussion of the asymptotic safety of the SM one can consider a more

general situation, replacing the Planck mass in eq. (7) by some cutoff scale A = kMp.
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Figure 6: Schematic depiction of the behavior of the scalar self-coupling if a; < 0 for
MY < My < M5 (left) and My < MY (right). In both cases gravity leads to

asymptotically free behavior of the scalar self-coupling. Negative \ lead to instability
and thus excluded.

Indeed, if the Higgs field has non-minimal coupling with gravity (see below), the behavior
of the SM coupling may start to change at energies smaller than Mp by a factor 1/¢,
leading to an expectation for the range of x as 1/§ < k < 1. Still, the difference between
M and Miiiety remains small even for k ~ 10~%, where Miﬁiety ~ 128.4 GeV, making
the prediction My ~ M,,;, sufficiently stable against specific details of Planck physics
within the asymptotic safety scenario.

3.2 M, and cosmology

It is important to note that if the mass of the Higgs boson is smaller than the stability
bound M,,;n, this does not invalidate the SM. Indeed, if the life-time of the metastable
SM vacuum exceeds the age of the Universe (this is the case when My > Meta, With
Mpeta =~ 111 GeV [13]) then finding a Higgs boson in the mass interval Mo < My <
M i would simply mean that we live in the metastable state with a very long lifetime.
Of course, if the Higgs boson were discovered with a mass below M., this would prove
that there must be new physics between the Fermi and Planck scales, stabilizing the
SM vacuum state. However, the latest LEP results, confirmed recently by LHC, tell us
that in fact My > M,ea, and, therefore, that the presence of a new energy scale is not
required, if only the metastability argument is used.

The bound My > Myeta can be strengthened if thermal cosmological evolution is
considered [13]. After inflation the universe should find itself in the vicinity of the
SM vacuum and stay there till present. As the probability of the vacuum decay is
temperature dependent, the improved Higgs boson mass bound is controlled by the
reheating temperature after inflation (or maximal temperature of the Big Bang). The
latter is model dependent, leading to the impossibility to get a robust bound much better
than My,eta. For example, in R? inflation [46, 47] the reheating temperature is rather
low, T ~ 10° GeV [47], leading to the lower bound 116 GeV [48] on the Higgs boson
mass, which exceeds Myeta only by 4 GeV.

However, if no new degrees of freedom besides those already present in the SM are
introduced and the Higgs boson plays the role of inflaton, the bound My 2 My

~
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Figure 7: Schematic depiction of the behavior of the scalar self-coupling if a;, > 0
for My > MY leading to Landau-pole behavior (left), My > MY leading to

instability (right) and My = ana;fnety, asymptotically safe behavior (middle). Only this
choice is admissible.
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Fermi Planck Fermi Planck

Figure 8: Schematic depiction of the effective potential V' for the Higgs field in the Higgs-
inflationary theory in the Einstein frame for My > minfation (left) and My < minflation
(right).

reappears, as is discussed below.

3.3 Higgs inflation

The inclusion of a non-minimal interaction of the Higgs field with gravity, given by
the Lagrangian ¢|¢|?R, where R is the Ricci scalar, changes drastically the behavior
of the Higgs potential in the region of large Higgs fields ¢ > Miygation =~ Mp//€ [18].
Basically, the potential becomes flat at ¢ > M gation, keeping the value it acquired at
¢ ~ Mp/+/€. This feature leads to a possibility of Higgs-inflation: if the parameter ¢ is
sufficiently large, 700 < £ < 10°, [14] the Higgs boson of the SM can make the Universe
flat, homogeneous and isotropic, and can produce the necessary spectrum of primordial
fluctuations. The possibility of the Higgs inflation is also strongly related to the value
of the Higgs boson mass: the successful inflation can only occur if Minfation — pr, <
Minflation “The ypper limit Mnation comes from the requirement of the validity of the SM
up to the inflation scale M gation. Near Mé‘ﬁaﬁon the behavior of the effective potential
in the Einstein frame changes as shown in Fig. 8: if My < Mnation the “bump” in the
Higgs potential prevents the system to go to the SM vacuum state. As in the previous
case, these bounds can be formulated with the use of the Higgs self-coupling A. Basically,
it must be perturbative and positive for all energy scales below Miygation. Though any
Higgs boson mass in the interval Mnfation - pr, < pyinflation capy Jead to successful
inflation, the value Mnfation jg somewhat special. For the lower part of the admitted
interval the value of the non-minimal coupling £ reaches its minimal value & ~ 700,
extending the region of applicability of perturbation theory [14, 49, 50].

The computation of the lower bound on the Higgs boson mass from inflation is
more complicated. It is described in detail in [14, 19]. Basically, one has to compute
the Higgs potential in the chiral electroweak theory associated with large values of the

Higgs field and find when the slow-roll inflation in this potential can give the large-scale
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perturbations observed by the COBE satellite. The outcome of these computations,
however, can be formulated in quite simple terms: for inflationary bound find M/infation
from the condition A(u) > 0 for all g < Mifiation [14]. A priori, the inflationary bound
could have been very different from M,,;,, and thus from Miff;bﬂity. Indeed, both M,
and M"Y inow nothing about the Planck scale and are defined entirely within the
SM, whereas the inflationary bound does use Mp. However, the remarkable numerical
coincidence, between py and Mp, makes M,,;, and Mli?iflllation practically the same. The
coupling constant A evolves very slowly near the Planck scale, so that the regions for the
Higgs boson mass following from the conditions A(u) > 0 for u < Mp and p < Mingation
are almost identical. This leads to the result that Aminflation = pyinflation _pp . -~
—0.1 — 0.2GeV. This number is derived within the SM without addition of any higher
dimensional operators.

As is explained in [49], adding to the SM higher-dimensional operators with a Higgs-
field dependent cutoff modifies the lower bound on the Higgs boson mass in Higgs infla-
tion. If these operators are coming with “natural” power counting coefficients (for exact
definition see [49]) the sensitivity of the Higgs boson mass bound to unknown details
of ultraviolet physics is rather small AMinfation ~ (.6 GeV [49]. At the same time, it is

certainly not excluded that the change of A/inflation can be larger.

min

4 Conclusions

If the SM Higgs boson will be discovered at LHC in the remaining mass interval 115.5 <
My < 127 GeV not excluded at 95% [8, 9], there is no necessity for a new energy scale
between the Fermi and Planck scales. The EW theory remains in a weakly coupled
region all the way up to Mp, whereas the SM vacuum state lives longer than the age of
the Universe. If the SM Higgs boson mass will be found to coincide with My, given
by (5), this would put a strong argument in favor of the absence of such a scale and
indicate that the electroweak symmetry breaking may be associated with the physics at
the Planck scale.

The experimental precision in the Higgs boson mass measurements at the LHC can
eventually reach 200 MeV and thus be much smaller than the present theoretical (~
1 —2GeV) and experimental (~ 5GeV, 20) uncertainties in determination of Mp;,.
The largest uncertainty comes from the measurement of the mass of the top quark. It
does not look likely that the LHC will substantially reduce the error in the top quark
mass determination. Therefore, to clarify the relation between the Fermi and Planck
scales a construction of an electron-positron or muon collider with a center-of-mass
energy of ~ 200+ 200 GeV (Higgs and t-quark factory) would be needed. This would be
decisive for setting up the question about the necessity for a new energy scale besides the
two ones already known—the Fermi and the Planck scales. In addition, this will allow
to study in detail the properties of the two heaviest particles of the Standard Model,
potentially most sensitive to any types on new physics.

Surely, even if the SM is a valid effective field theory all the way up the the Planck
scale, it cannot be complete as it contradicts to a number of observations. We would like
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to use this opportunity to underline once more that the confirmed observational signals
in favor of physics beyond the Standard Model which were not discussed in this paper
(neutrino masses and oscillations, dark matter and baryon asymmetry of the Universe)
can be associated with new physics below the electroweak scale, for reviews see [51, 52]
and references therein.® The minimal model-—~MSM, contains, in addition to the SM
particles, three relatively light singlet Majorana fermions. These fermions could be
responsible for neutrino masses, dark matter and baryon asymmetry of the Universe.
The vMSM predicts that the LHC will continue to confirm the Standard Model and see
no deviations from it. At the same time, new experiments at the high-intensity frontier,
discussed in [55], may be needed to uncover the new physics below the Fermi scale.
In addition, new observations in astrophysics, discussed in [52], may shed light to the
nature of Dark Matter. As the running of couplings in the ¥MSM coincides with that
in the SM, all results of the present paper are equally applicable to the ¥MSM.
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A O(aay) electroweak corrections to the top Yukawa
and Higgs self couplings in Standard Model

The evaluation of radiative corrections to the relations between MS parameters (coupling
constants) and masses of particles includes two steps: evaluation of radiative corrections
between the Fermi constant Gy and its MS counterpart [57] (see [58-60] for recent
reviews) and the evaluation of the radiative corrections between MS and pole masses.

The one-loop electroweak corrections O(«) to the relation between the self-coupling
A(p?) and the pole mass of the Higgs boson was obtained in [61] and to the relation
between the Yukawa coupling y, and the pole mass of top quark was found in [31].
The corresponding ingredients for the 2-loop mixed electroweak-QCD corrections were
evaluated in [56, 62-66], but has never been assembled. We performed independent
(re)calculations of all O(«) and O(aay) contributions. In the following we will denote
the on-shell masses by capital M and the MS masses by lowercase m.

A.1  O(aay) corrections to the relation between on-shell and MS
Fermi constant

The relation between the Fermi coupling constant and the bare parameters is as follows
[57]:

2
Cr _ 9% 4 ARy, (A.8)

V2 87"124/,0

where ARy includes unrenormalized electroweak corrections and go, m%ﬁ,,o are the SU(2)
coupling constant and the bare W boson mass (see for details [58-60]). After performing
MS renormalization this relation has the following form:

Gr _ Gr(1?)
V2 V2
where on the r.h.s. all masses and coupling constants are taken in the MS renormalization

scheme. The one-loop coeflicient, Ag, o, is known from [57] and for N, = 3, Cr = 4/3
and my = 0 has the following form:

2 4 2 2 2 2 2
g my my my 3 3. m 5 7T 3. my
AGF,Q - 1671'2{ 5 3 <6—6IDF>+m—2<—Z+§ D?)—Fm—Q(—g—Fé—llH?

14+ Agpa+Acpaa, +-1)- (A.9)
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Here, sin? @y, is defined in the MS scheme as

g*(12) + g% (u2) b m(p?)’

o 2(,2 2 (2
sin Oy = sin? Oip (p?) = ) = miy (1) (A.11)

where ¢'(1%) and g(p?) are the U(1) and SU(2) MS gauge coupling constants, respec-
tively. The matching conditions between the MS parameter, defined by Eq. (A.11), and
its on-shell version, [57], follows from identification

Mgy

Sin2 Q%S =1 — F%, (AIZ)

where My and My, are the pole masses of the gauge bosons (see detailed discussion
in [67-69]). The evaluation of the mixed QCD-EW coefficient, Ag, aa., is reduced to
the evaluation of the O(aay) corrections to the W boson self-energy at zero momenta
transfer and may be written in the following way [70-74]:

I1 11
AGF,aaS = 29?{Zg,aas — |:ZW,aaS — me,asm2 a WW,a(O) N WW,aos (0):|

2

Yom? w2, 2) | m () (4.13)

2.2 2 2
g gs mt mt 13
= C}N, 20—L — =2
T 16m2)2 m2, [ m% 8 =

2 2 2 2
+ (1—20m—;) In (ﬁ;) = (§—12%t) In? (ﬁ;)]
My H 2 My H
where for Z, na., Zg.a0, a0d Zy e, we used the results® of [69] and np is the number of
fermion families (ng is equal to 3 in the SM).

Using the fact, that G is RG invariant, i.e. ,u2#G r = 0, the p~-dependent terms in
Eq. (A.13) can be evaluated explicitly from the one-loop correction and explicit knowl-
edge of anomalous dimension 7g,. As was shown in [67-69, 75, 76], the anomalous
dimension 7¢, can be extracted (i) via the beta-function g, of the scalar self-coupling

and the anomalous dimension of the mass parameter m? (in unbroken phase) or (ii) via
the S-function of the SU(2) gauge coupling g and the anomalous dimension of the W

6There are typos in Eq. (4.41) of [69]: in all MS renormalization constants, Zj;s and Zy*, “m7/m¥,”

should be replaced by “m?/m?2,”

2 4 2 4 2
o g° oy 1 my S5 mj 1 1 my 3 mg
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boson (in broken phase):

0
Vop = a—lnGF( ):%—’meIZ%—”yw. (A.14)

Eq. (A.9) can be written as

Cr 9 M
G T 16w el ~AXE)
9293 (2,2) 2 (2,1)
+(167T)2 [AXGF aas +CGF aas L _CGF,aasL] , (A15)

where L = 1In £, and the coefficients C’G and C’G na, are defined via the RG equa-

, g

tions:
0 3 m? mi
20%? = g7, = —6C 12— . (A.16
Graas 0 gm QWGF’ T2 miy miymi; Ne=3 ( )
0
ng{l{as = Yop,aas + Zmz asmt o AXGF ot Zmz s VG (A.17)
with
69 oo 1 2 mt
e = 28800 9z | = ZN.C 5— 16—t | A.18
/YGF, s |: g W7 s 2 f W me%[ ( )
Collecting all terms in Eq. (A.17) we get
2 4
(2.1) g g M A.19
Gp,aas Nc:37Cf:§ mIQ/V m%‘/m%{ ( . )

At the end of this section we again point out that the anomalous dimension of
the vacuum expectation value v?(u?) = 1/(v2Gr(1?)) within the diagram technique is
defined by Eq. (A.14) and it is not equal to the anomalous dimension of the scalar field as
in the effective potential approach [77]. Another important property of Eq. (A.14) is the
appearance of an inverse power of the coupling constant A due to the explicit inclusion
of the tadpole contribution. As consequence, the limit of zero Higgs mass, m% = 0,
does not exist within the perturbative approach. The importance of the inclusion of the
tadpole contribution to restore gauge invariance of on-shell counterterms was recognized
a long time ago [78] and was explicitly included in the one-loop electroweak corrections
to the matching conditions [31, 61]. The RG equations for the mass parameters were
discussed in [67-69, 75, 76].
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A.2 O(aas) corrections to the relation between the MS and

pole masses of the top quark

The detailed discussion and explicit evaluation” have been presented in [66]. For our

analysis is enough to write the following symbolic relation between the MS and pole
masses of the top quark:

2
mé\(;) = 140,404 +002+ 043+ 000, + -, (A.20)
t

where 0, and 0,,, are defined by Eq.(5.54) or Eq.(5.57) of [66].

The pure QCD corrections can be found in [24-26] (only the value of o, (M;) is given
there, but the expression for other y values can be readily reconstructed from the beta
functions).

A.3 O(aag) corrections to the relation between the MS and
pole masses of the Higgs boson

At the two-loop level the relation between the pole and MS masses is defined as follows:

0

0
SPng—Hél)—HéQ)—Hél)Hél)’— Z(émio)(l)m—{—zng,o)(l)a ‘ H(()l)
j 3,0 j 35,0
2 1 2 D)7
= my— IV} g — {05 + IV e (A.21)

where the sum runs over all species of particles, g; = a, gs, (0g;0)" and (5mj2~’0)(1) are
the one-loop counterterms for the charges and physical masses in the MS scheme and
after differentiation we put all parameters equal to their on-shell values. The derivatives
in Eq. (A.21) correspond to the subtraction of sub-divergences. The genuine two-loop
mass counterterm comes from the shift of the m2 term. The relation between the bare
and MS masses of the Higgs boson has the form

92

1+——Zxa
+167r25 H,

(mB)* = (mfi (1))

4 2.2
g L ey, 1 02 959 (1 ey |1 02
i672)2 (EZH@?J%_?ZH@Q T 6r2)2 \ 2P eat 2 e ) |- (A.22)

where g is the SU(2) MS renormalized coupling constant.

"There is typo in Eq. (4.46) of [66]: the common factor C; was lost. The correct result is
Qg e? L 22, 2M 1 21, Mi : ; ;
= Emcf (qcé&s) ln ﬁ =+ chéa*) ln F —+ WlthOut mOdlﬁC&thDS) .

However, all plots, the Eq. (5.57) and the Maple program [79] are correct.
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The exact analytical result for the O(aay) two-loop quark contribution to the Higgs-
boson self-energy was calculated in [65, 72, 72]. The bare two loop mixed QCD-EW
contribution (with explicit inclusion of the tadpole) for the quark with mass m, reads:

2

2 2
(2) _ 9°9s m . 2
Ho,mi,,aas,q - (167T2)2N60fm‘2:/ {—Joqq(l, 1, 1;my)(n — 3)

(n* — 5n + 8)

(n—4)(n—3)
(n—2)
(n—3)(n—4)

+Jogq(1, 1, 2; m3) [mé—élmﬂ

—i—Ao(mg)Bo(mg, mz; m?)

2
3 2 My 2
X [(n —8n +19n—16)+2—m(21(n —5n+8)}

(n—2) 22(n2—4n+2)}
)

+ [Bo(mg,mg;mlzq)]2 [mHm m, (= 1)

+[Ao(m§)]2(ZT;?I?L(T_Z 4;(2”_233) + [glm)? 20 (n__gf) } (A.23)

a(n

where the last terms come from the tadpole, n is the dimension of space-time [80] and

d"(k1ks)
Jogg(@, b, c;m?) = / )
qu( ) [(kl + kg —p)z]a[/{i% + mg]b[k% + mg]c P e
d"k
By(m?,m3,m?) = / ! ;
o0 o) = | G — 9 ]|
d"k, 4(m?)z2~!
Ag(m?) = = ) A.24
o(m”) /k%—i—m? (n—2)(n—4) ( )
In accordance with Eq. (A.21), the coefficient A, , 4, of order O(aws) relating the
pole and MS masses of the Higgs boson, s, — m3;, can be written as
Az ooeg = (A.25)
9°g: 1Z(2 1) L 22 9; LA 9 o® @
m (1672)2 Haasq+ Hoasa| 1612 ¢ mg,as qamq 0,H,a  “0,m2 aas,q
where
9 @) Ne ¢° 2 o oo [mE—2mi(n+1)]  (3n-2) 2
IT = B — A .
om? 0.Ha mé, 1672 o(mg, g, M) 2 2 o(my)
(A.26)
As result of our calculation we find
2 .2 5 2 92g2 3 m2
z@h o 99 N2 Te o g0 99 o2 e (A7
H,aos,q (1671'2)2 f4 mIQ/V’ H,aos,q (167‘(’2)2 f2 m%/[/ ( )
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The contributions of other quarks with non-zero mass are additive. Exploring the &

expansion for the master integral Jy,, from [81], we have for t-quark contribution (¢ = ?):
2 2 4 3
_ 99 my ) 4z=2)(2—4) A1 +y)
At e = Ay oo = 2L _N.C Fy) G
m%{,asa m%{,asa,t (167’(’2)2 fm‘Q/V{ > (y) y(l_y) (y)
34 20 16y? — 4y3 — 9y* 1 17 4 88 179>
+ 20y + 1657 — 4y Yoy s LTy AT+88y +17y7) )
2y(1 =) (1—-y) 2y
(131 + 258y + 131y?) (14921 +9?)
+ - 6C3 2
8y y(1—y)
2 2
refi e (1) v it m (1), (29
) s ILL ’ s /’L
where
m; I+ /5 Yy Yy

and we have introduced the two functions F(y) and G(y) (see also [64, 65]) defined as®

F(y) = 3|[Lis(y)+2Lis(—y)] — 2Iny [Li; (y)+2Lis (—y)]
—% Iy [In(1 — y)+2In(1 + 5)],

G(y) = [Lip(y)+2Lis (=y)] +Iny[In(1 —y)+2In(1 +y)], (A.31)
and )
In <%> —2In(1 - y) — Iny + ir. (A.32)

In Eq. (A.28) we explicitly factorized the RG logarithms, C%? and C*V | which may

H,oos H,aas>
be calculated also from the one-loop result and the mass anomalous dimensions (see

[75, 76] for the general case). From the parametrization

2 2 2
MH = myg+ 1672 A)(H,cu - CH,ozL] + (167’(’2>2 |:AXH,aa5+CH,aaSL _CH,aasL]
- m%{ + Am%,a + Am%,aaﬁ (ASS)

8We cross checked, that Eq. (A.28) minus tadpole contribution coincides with results of Ref. [64, 72—
74] after the following substitutions:

1 2
) 177":( Iyy)a T+:1/\/§7 T—:\/§7

f= —%lny, g=In(1—y)—1/2lny, h=In(1+y)—1/2Iny. (A.30)

T =

RN
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where L = In 7‘2—22, and using the fact that pole mass is RG invariant, we have:
t

Clgil,)a = m%{ZH,CU Tm2as = me,as = _Gny (A34)
(2,2) 5 O ) m?
20 nee = Zm2 sy 35— mHZHa = _3mHCch_27 (A.35)
) s t s a mW
2.1 1
CJ(LI,a)aS = m%fq/H,aOls + Zm?,ascﬁi,)a + me a th am% H,a (A'36)

2

3 3my 3my 1 m} 1 m? 1 mj
Zia=—5~" 3 2t o+ > 5—2+Nc¥§ o+ N Y gosn (AST)

dmy,  4myy, miy 2myy,

In terms of the variable y, defined by Eq. (A.29), the final result reads:

mfFa+wﬂr+@+y%my+a7+%y+wﬁq'

c — N,
Haas y(1—vy) 2y

(A.38)

myy

A.4 O(aay) corrections to the top Yukawa and Higgs self cou-
plings

The relation between the top Yukawa (Higgs) coupling and the Fermi constant G is
obtained from Egs. (A.9), (A.20) and (A.33) as

2(,,2 2(,,2 2
yi (1°) mi () Gr(p?)
_ , A.39
2\/§GFM152 Mt2 GF ( )
AMu?) mi () Gr(p?)
_ , A.40
V2G M3, My Gr (4.40)

and the relation between the Higgs coupling constant A = hgj, used in [61] and the
parametrization of [66—69] follows from the comparison of the RG functions: hgyn, =

/\Jegerlehner( )/6
The O(aqy) result for the top-Yukawa coupling reads (see Eq. (21) in [56] and [82])

AN

2\/§G

—1=(1404+ 00, + 0aa.)

N

0
(1 GF « AGF aocs Z [m?f_M?]as WAGF,Q> —1
! f 2_ 272
mj:MJ.
(Ua AGF a""o-as)

1 1 0
Oaas — AGF aos éaasAGF,a D) Z [m?”_M?] _2AGF704(m§)>
f

2_p2
e _6OS

+
s 3mf
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where oy are defined in Eq. (A.20). The O(aay) result for the Higgs coupling is

A(p?) < Az a
e | AV p— L (A.42)
V2Gp M} My g ea
Am2 aa 0 Am2 o
+ (~Boran, = = = (=M, 5o | Moo+ 52 ) |
MH amt MH m?:M3'€2:62OS

where

2 2
2 21 _ 2 9s M;
[mi = M), = —2M; (meﬁ2 (4 —31In 7) :
and the sum runs over all quarks.

For completeness, we present also the explicit expressions for the derivatives (for

N.=3,Crp=4/3 and m;, = 0):

0 2 3m} 1+4 2 (1 148 2 1m? 2
S N . U] +y+y? | (I+y)(1+ y+y)lny+_m_§ln m\ |
om; "m 1672 my;my, Yy 2y(1—y) 2 m; 2
(A.43)
0 g* mi m? m?2 (3 3. m?
i ——AGpa = L (6-12In—F )+ —F =+ =In—F ) ¢. A4
S om? Gr, 16%2{m12/‘,m%{ " 12 + m, \ 4 * 2 " w? ( )

Terms of the order O(«), O(as) in Eq. (A.41) and Eq. (A.42) correspond to [31] and [61],
respectively. Terms of the order O(aay) in Eq. (A.41) and Eq. (A.42) are the mixed
electroweak-QCD corrections and Ay aa.s Taass Am2 a0, are defined by Eq. (A.13),
Eq. (A.28), and Eq.(5.54) or Eq.(5.57) of [66].

For completeness we present also the the coefficient A,,» ,. We divide all correc-
tions into bosonic (diagrams without any fermions) and fermionic (diagrams exhibiting

2
_ ¢ 2 ) .
= T62™Mu (Am%,a,bOSOn + Am%,a,f@l‘ﬂllOH)' Using the

notations of [67-69] we may write the one-loop corrections in the following form?

a fermion loop) ones: Am% o

Amgi,oz,boson % B %ln n;_%;/ Bl B(m%% m%‘/; i)
(D B iy + Bt )
+ Z—gi (i — EIHTZ—EZ — %B(m%,mZQWH))
" m_zV (3 _ 3In m—i" + 3B(m3y,, my; mH))
H

9For simplicity we assume a diagonal Cabibbo-Kobayashi-Maskawa matrix.
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A oo 1m 3
m?, o fermion T 2

w lepton
1 m2 2 2 2
+ ——LN, Bo(m2,m2,m2)(1—4—q)— —q(l—ln—q) ,
2miy q%k: woe T it miy G
(A.46)
where (see Eq. (E.6) in [81])
/ m?  m? m?2
B(m?,m*;m?%) = /da:ln ?:B + ?(1 —x)— N—fx(l —z)—1i0
0
2 1+Y
_ ln%—Z—ljylnY, (A.47)

with
yoloVE | m
1+ /5 e

All results are collected in the Maple code of Ref. [79].

B Beta functions

Two loop SM beta functions above the top mass are collected in [13] (see [83-92] for
original works). The three loop beta functions can be read off [16, 17].

Below the top mass the one loop beta functions for the gauge couplings were used
to evolve the PDG values from My to M;. For example, for the a(u)

o) = o it2)
1+ é—}ra(MZ) log(miz)
The higher loop corrections are not important numerically for the electroweak constants

for the small energy range between M, and M;.
For the strong coupling o = g%/(47) the RG equation up to order O(a,?) is used

(B.48)

doys 2 a,? 19 5033 325 . ayt
=—(11-2 51— — 2857 — =2 222 N?
dlog 1 (1= s Ny) 5 = 3 f)4 — o Uty )64 3’
(B.49)

and Ny = 5 is the number of flavors below the top quark. Strictly speaking, the value
of as(My) obtained from this equation should be also shifted to the 6-quark value by
11
aS,Nfzﬁ(Mt) = ozs,Nf:5(Mt) o 2OéSNf (Mt) (BE)O)

but this introduces a negligible effect (< 0.1 GeV) for the Higgs mass.
In all the formulas of the Appendix A we use the values of a and «; at the matching
scale .
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Figure 9: Contributions to the top Yukawa constant from QCD up to 2 loops, up to 3
loops, QCD and 1 loop EW corrections O(«), and QCD with O(a)) +O(aas) corrections.
One parameter is vrying, the two others are chosen from M; = 172.9 GeV, o, = 0.1184,

M, = 125GeV.
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Figure 10: Contributions to the Higgs self coupling constant of the order O(«) and
O(a) + O(aag). One parameter is vrying, the two others are chosen from M, =
172.9 GeV, a, = 0.1184, M), = 125 GeV.

ool T T g 0
é‘: ’é_’ 0.141;
? 0.937 ] é_ 0.1402
8 003! 18 0139}
g ——— - g o7,
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Figure 11: Top Yukawa (left) and Higgs coupling (right) at scale M;. The constants are
extracted by using matching formulas at scale ; and then evolving to the scale M; by RG
equations. Blue solid line corresponds to using full O(a, aag, a,®) matching formulas,
dashed line is matching with O(«, a,®), dotted is matching with O(a, as?).
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Interpretations of searches for the Higgs boson are governed by model-dependent combinations of Higgs
production cross sections and Higgs branching ratios. Mixing of the Higgs doublet with a hidden sector
captures modifications from the Standard Model Higgs phenomenology in the standard search channels
in a representative way, in particular because invisible Higgs decay modes open up. As a consequence,
LHC exclusion bounds, which disfavor a heavy Standard Model Higgs can be consistently understood
in terms of a standard-hidden mixed Higgs system. Shedding light on the possible existence of such
an admixture with a hidden sector and quantifying the resemblance of an eventually discovered scalar
resonance with the Standard Model Higgs crucially depends on measurement of invisible decays. This
task will already be tackled at LHC, but eventually requires the clean environment of a future linear
collider to be ultimately completed.

1 Introduction

Recent measurements at the CERN Large Hadron Collider [1-4] constrain a SM-like Higgs to be lighter than
my < 130 GeV at 95% confidence level. Moreover, both ATLAS and CMS have observed an excess for
Higgs masses around 125 GeV, consistent with each other. These tantalizing hints for a light Higgs boson
in the multilepton H — 4¢ and, more importantly, in the H — 7 channels are in excellent agreement with
theoretical expectations, which have been coined by electroweak precision measurements performed during

the LEP era [5].

The accumulated statistics of approximately 5 fb~! per experiment, however, is yet too small to draw
a conclusive picture about mechanism of electroweak symmetry breaking. Since the assumption of SM-like
production and decay explicitly enter the hypothesis tests that lead to the formulation of the LHC exclusion
limits, the quantitative resemblance of the observed phenomenology with the SM is, in fact, not entirely
transparent. Instead of mere numerical agreement of data with the SM Higgs hypothesis, we can understand
the exclusion limits as a measure of how much a more general theory is bound to coincide with the SM in
the light of current experimental observations. This exercise naturally yields model-dependent statements,
but there is only a limited number of phenomenological patterns of how the Higgs can evade detection [6].
The extension of the Higgs sector by including invisible decay modes and constrain them by measurements
is crucial for the re-interpretation of the exclusion bounds is this context. A substantial non-zero branching
ratio would signalize a non-standard Higgs sector while being in perfect agreement with a non-observation
of the Higgs at the moment.

Constraining invisible branching ratios is a difficult and challenging task at hadron colliders with their
busy final states [7]. A statistically significant determination of an invisible Higgs branching ratio requires
large statistics (if possible after all) as experimental systematics set the scale of uncertainty. Systematics
vastly improves when studying the Higgs sector at a future linear collider. There, eTe™ — H Z associated pro-
duction provides an extremely clean laboratory process to study invisible decays in a model-independent way
in recoil analyses [8]. At the LHC, only ratios of branching fractions are accessible in a model-independent
fashion, but absolute branching ratio predictions can be formulated in specified models [9]. Hence, perform-
ing such an analysis at a future linear collider is going to be of utmost importance to study the Higgs boson
in full detail after its discovery at the LHC.
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Figure 1: Left: masses of the light SM-like Higgs boson H; (blue) and the heavy Higgs boson Hs (red). We
choose the vacuum expectation values v, = vy = 246 GeV and Ay = Ay /4 = 1/8 for illustration purposes.
The shaded region displays the LEP bound [5]. Right: cascade decay width I'Y/# as a function of sin? x for
the same parameters. Again, the region in which H; is excluded by LEP is shaded. The figures are taken
from Ref. [10].

2 The Higgs portal

We introduce invisible decay channels in an efficient and theoretically consistent way via a particular type
of hidden valley [11] interaction in the Higgs sector. The SM Higgs doublet ¢, is coupled to a hidden sector
scalar field ¢y, via the gauge-invariant and renormalizable operator |¢s|?|¢n|? so that the potential reads [12]

V= a2l + Asloslt + pplonl* + Anlonlt + nyldsllenl (1)

The mass parameters u; can be substituted by v; after expanding the two Higgs fields about their vacuum
expectation values UJQ- = (- ,u? —nyv2/2)/ A (i # j = s, h). The electroweak gauge boson masses are generated
exclusively by the visible fields’ vacuum expectation. The so-called Higgs portal interaction operator ~ 7
rotates s, h states into the mass eigenstates

Hy = cosx Hs + sin x Hy,

2
Hy = —sinx Hs + cosx Hp,, @

where siny is the characteristic mixing angle, which affects the production cross sections o; 2 and visible
and invisible decay widths T'Y'5™" of the two Higgs bosons in an universal fashion [9]

01,2 = cos® x {sin® x} 0?}\2/[ (3a)
and
Iy = cos® y ITM and Iy =sin? x I5M
i —gin?  rhid and v = cos? y Thi (3b)

The index “SM” refers to the values in the SM, and the information on the hidden sector is encoded in
the “hid” quantities. If kinematically allowed, i.e. for mp, 2 2mg, we can have additional cascade decays
(in the following we take H; to be the lighter, mostly SM-like state by definition), which, depending on
the combinations of the fundamental parameters, can play a significant role [10]. We exemplarily show a
Higgs spectrum as a function of sin? y in Fig. 1. The relations between the suppression factors sin? y, the
masses my, , mp, and the fundamental lagrangian parameters of Eq. (1) can be obtained by straightforward
calculation and we refer the reader to Refs. [9,10] for further details.
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The model of Eq. (1) is subject to constraints by electroweak precision observables and partial wave
unitarity. A guiding principle toward the validity of a model is the comparison of the model’s prediction
of the Peskin-Takeuchi parameters [13] with measurements performed at LEP [5]. These give rise to the
strongest constraints on the Higgs portal model*. This is easy to understand: for larger mixing angles
sin? y — 1 we effectively deal with a heavy Higgs model which is tightly constraint! by the measurements
of [5]. At the same time, the isometry Eq. (2) restores unitarity in the high energy limit.

3 Higgs portal lessons from the LHC

Altogether the model predicts the four different phenomenological scenarios of Tab. 1 for standard Higgs
resonance searches at typical LHC Higgs discovery luminosities (1/s = 14 TeV), ¢f. Fig. 2, where we assume
rhid — PSM for simplicity. Apart from a small window in sin? x, the Higgs portal can be explored in its most
symmetric version already at typical SM Higgs discovery luminosities [15].
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Figure 2: Scan over the Higgs portal model Eq. (1) for parameter ranges vy, € (0 GeV,246 GeV],vs =
246 GeV, A\, € (0,47], As € (0,47], and n, € [—4m,4n]. The hidden Higgs decay width is identified with the
SM decay width for demonstration purposes, i.e. M4 = I'SM_ LEP constraints and bounds from S, T, U [5]
and unitarity are included. Panel (a) displays the sensitivity for Hy only, panel (b) for Hs only, and panels (c)
and (d) show where the LHC is sensitive to both H; and Hy at the same time for 30 fb~! at /s = 14 TeV.
The figures are taken from Ref. [10].

*For a discussion of perturbativity and stability of the potential Eq. (1) see Ref. [14].
TNote that in a realistic scenario we can expect kinetic mixing with a heavy U(1) boson [14], which again loosens the
electroweak precision constraints.
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LHC sensitivity after 30 fb™ ' to

sin® xy <0.2 only Hy (om, 23, om, <1)
0.3 <sin?x <04 neither Hy nor Ho (0H, 1y, <3)
0.4 $sin® x £ 0.6 both Hy and Ho (oH, 1y > 3)
sin? y > 0.6 only Ho (o, <1, op, > 3)

Table 1: Result of Higgs searches at the LHC (y/s = 14 TeV) with a luminosity of 30 fb™!, o refers to the
sensitivity in terms of signal/+/background.

Relaxing the assumption I'M4 = I'SM changes the picture. In fact, there is good reason to also consider
the situation I'Md > I'SM | gince the hidden decay width parametrizes our lack of knowledge about the
dynamics in the hidden sector, which can be strong. To study the implications for general I'"d /TSM choices
we examine the the 95% confidence level bounds which are formulated by the LHC collaborations with
respect to the SM cross section. In the portal model of Eq. (1),(2) these can be expressed as [16]

—~H, = F 2
7lpp - S]M = QCOS }>1<'d sy <R, (4)
olpp — Hy — F] 1+ tan® x [} /Ftot,l]

where R denotes the observed exclusion limit. An identical quantity can be derived from future constraints
on invisible decays [6,7,16]:

olpp — Hy — inv) sin x [TP4/T ]

olpp — HiSM 1+ tan? x [Thd/T8M ]

<J. (5)

In Fig. 3 we exemplarily examine the implications of the current Higgs exclusion bounds for mpg = 155
GeV in the I'}id/T$M_cos? y plane. For this particular Higgs mass the experiments observe R = 0.4 [2-4].

From Fig. 3 we learn that there is a variety portal parameter choices which can accommodate the current
phenomenological findings.
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Figure 3: Left: bounds on the mixing and hidden decay width of H; for the point My, = 155 GeV; R = 0.4
in the standard-hidden Higgs scenario, based on current experimental results [2-4]. The regions dappled by
small squares are compatible with unitarity and precision measurements. The dot indicates the I'Md — 0
limit of the exclusion curve at R. The dotted line indicates the projected search limit for £ = 50 fb~ 1.

Right: bounds due to hidden Higgs searches at the LHC for established Higgs masses and cross sections.
The figures are taken from Ref. [16].
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Figure 4: Reconstruction of the mixing angle from a measurement of the superposition of the invisible decays.
The shaded area is theoretically not allowed due to positivity of the cross section ratio R;, uncertainties of
these parameters are not considered. (a) is a degenerate mass spectrum My, = 140 GeV, My, = 160 GeV,
(b) is a mass spectrum My, = 115 GeV, My, = 300 GeV, where the mixing can in principle be reconstructed
due to Eq. (6) and comments below. Uncertainties follow from statistics only. The figures are taken from
Ref. [10].

An additional constraint can be imposed in the same plane by constraining invisible decays at the LHC?.
Typically this involves large statistics when the [16] visible cross section of the H; state is already measured,
i.e. the inequality of Eq. (4) becomes an equality within the uncertainty given by statistics and systematics.
If J is yet to be understood as a 95% confidence level exclusion [7], we do not have the enough information
to reconstruct the all parameters of Eq. (3).

In fact, when comparing to the SM Higgs potential, the multitude of observables which are potentially
accessible in addition to the SM, i.e. the Higgs resonance masses and the cascade decay width if present,
allow for a full reconstruction strategy of the Higgs portal potential Eq. (1). An absolutely crucial input
for this analysis is the measurement of J. The measurement of R for both Higgs states will eventually be
possible at the LHC for the bulk of the parameter space. The measurement of J at the LHC, however, is
limited by systematics [7] and the fact that we measure a superposition of invisible rates of the two Higgs
states (on top of a challenging background) at hadron colliders

<UBRinV> ~ f(A) — [COS2 X+ {ggM/g§M} sin? X!, (6)

where f(A) depends on the trilinear coupling (if accessible) in the invisible cascade decay Hy — H1H; —
invisible. Even if a measurement turns out to possible, we rely on the separation of the two Higgs states to
lift the degeneracy in the invisible decay channel (¢f. Fig. 4). More concretely, in order to project out the
cos? x component in Eq. (6) we need o5M/o$™ < 1, i.e. mpy, > mpy,, unless we have a significant trilinear
coupling in the resolved cascade decay, which can be used to constrain the mixing parameters.

In total the LHC can not cover the entire parameter space of the Higgs portal model Eq. (1).

4 Higgs Portal spectroscopy at a linear collider

The systematics-plagued determination of invisible branching ratio of the individual resonances can be cured
at a linear collider. The clean LC environment allows a precise determination of the Higgs invisible branching
ratio over a broad range of Higgs masses (see e.g. Ref. [8]). We exemplarily show the improvement due the
measurement of J; for the mpy, = 155 GeV scenario discussed in Fig. 3b of the previous section in Fig. 5a.

fSuch an analysis has not been performed by the experiments, but exiting analyses were adopted in Ref. [6,17], demonstrating
potentially sufficient sensitivity to J ~ 1 for the combined 2011 data set.
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Figure 5: Left: the scenario of Fig 3b at a linear collider (/s = 500 GeV, £ = 500 fb_l). Right: a Higgs

portal scenario with small 7. The uncertainties are adopted from Refs. [8,18], the figure are taken from
Ref. [16].

From Fig. 5b it also becomes clear that the linear collider gives a good reconstruction of the Higgs portal
for percent level values of 7.

Due to the measurement of both [J; and R, we can reconstruct the intersection of both curves, yielding
the mixing angle

cos?xy = J1 + Ry . (7)

An independent measurement of sin® Y = J, + Ry overconstraints the system, giving rise to the sum rule
Ji+Ri+T2+Re=1, (8)

which can be used to test the consistency of the portal model Eq. (1) with experimental observations. We
stress that this is not possible at the LHC due to Eq. (6).

Coming back to the strategy of approaching the SM with measurements that constrain T /T$M it is
worthwhile addressing the implications of the measured excess around 125 GeV for the portal model. If this

V5 =17 TeV

1 F Mgy, =125 GeV, 95% CL £L=5f"1 -

V5 =T TeV

£ =50fb !

i SM
ryv/r tot,1

V5 = 14 TeV
£ =300 fb—t

0.1

V5 = 350 GeV
£ =500 fb~1, LC

0.99 09 0807 05 0.2

cos? x

Figure 6: 95% CL contours for a measurement of I'}id/T$M at the LHC and a 350 GeV ILC. The LHC

uncertainties are computed with SFITTER [19] and the LC uncertainties are again adopted from Refs. [18];
the figure is taken from Ref. [16].
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turns out to be the Higgs then a measurement of T'i"V/T5M give us a measure of the compatibility of the
experimental observations with the SM.

Treating ['}'d as a free parameter, we show 95 % confidence level contours in the T'i" /T$M-cos? y plane
in Fig. 6. The blue and red lines correspond to measurements at the LHC, while the shaded are gives
the prospects at a linear collider. Obviously the current findings at the LHC are not good enough from a
statistical point of view to tell us wether or not we observe the SM Higgs. These bounds improve when
higher center of mass energy and more integrated luminosity becomes available, but systematic uncertainties
saturate the LHC sensitivity at around 300 fb™ .

A future linear collider has the potential to take this LHC legacy to the next level: In Fig. 6 there is only
a small region untested for the LC curve. For the chosen set-up of 350 GeV,500 fb™! the statistical and
systematic uncertainties are comparable [8], hence further improvements can be expected by an even larger
data sample.
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We review selected results for Higgs boson production at Linear Colliders in the framework of the general
Two-Higgs Doublet-Model (2HDM). We concentrate on the analysis of i) the pairwise production of
neutral Higgs boson pairs (h®A°, HYA"); and ii) the neutral Higgs boson-strahlung modes (h°Z°, HZ?).
We identify sizable production rates, in the range of o ~ O(10 — 100) fb for /s = 0.5 TeV, alongside
with large quantum effects (6, ~ £50%), which we can fundamentally track down to the enhancement
power of the triple-Higgs self-interactions. This constitutes a telltale signature of the 2HDM, with no
counterpart in e.g. the Minimal Supersymmetric Standard Model (MSSM). We compare these results
with several complementary double and triple (’)(agw,aiw) Higgs-boson production mechanisms and
spotlight a characteristic phenomenological profile which could eventually be highly distinctive of a non-
supersymmetric two-Higgs doublet structure.

1 Introduction

Deciphering the fundamental nature of Electroweak Symmetry Breaking (EWSB) lies at the very frontline of
the current theoretical and experimental research in Particle Physics. Even in spite of the tantalizing Higgs
boson candidates recently identified by the ATLAS and CMS experiments [1], a long way might yet stand
ahead of us until we are able to convincingly close in on such a longstanding conundrum. In particular, were
these signatures finally confirmed, a first question to be answered would be whether they can be described
within the minimal framework of the Standard Model (SM) or, on the contrary, if they should rather be
attributed to an extended EWSB sector [2]. One canonical example of the latter is the general Two-Higgs-
Doublet Model (2HDM) [3]. The model is built upon a second scalar SUL(2) doublet with ¥ = +1 weak
hypercharge. This results into a larger Higgs boson spectrum of five physical Higgs fields: neutral C' P-even
(h° HY), neutral CP-odd (A°) and charged HE. Such a simple, but yet non-minimal extension of the SM
Higgs sector has gathered growing attention over the past years [4] and become a cherised setup for model
builders and phenomenologists alike. Besides the many novel, and usually highly distinctive features put
forward by the model in multifarious domains — from collider to flavor physics or astrophysics —, the 2HDM
provides a suitable low-energy description to many UV completions of the the EWSB dynamics.

The model is fully specified once we fix i) the masses of the physical Higgs bosons; ii) the ratio tan § =
(H9)/(HY?) of the two Vacuum Expectation Values (VEVs) giving masses to the up- and down-like quarks;
iii) the mixing angle a between the two C'P-even states; and iv) one remaining Higgs boson self-couplingin
the Higgs potential, hereafter dubbed A5. We note in passing that the Higgs sector of the MSSM [5]
corresponds to a particular realization of the general (unconstrained) 2HDM, for which the invariance under
SUSY transformations enforces a number of additional restrictions — most significantly, the Higgs boson
self-interactions become tied to the gauge couplings. This situation is remarkably different in the general
2HDM, where the size of these self-interactions is fundamentally unrestricted and it only becomes limited,
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Figure 1: Sample of one-loop Higgs-mediated Feynman diagrams which account for the bulk of the quantum
effects to the neutral Higgs pair efe™ — h%A” (upper row) and the Higgs-strahlung mechanisms ete™ — hoz°
(lower row).

in practice, by the interplay of theoretical consistency conditions (unitarity [6], vacuum stability [7]) and
experimental bounds (viz. the excluded Higgs boson mass ranges from the from direct collider searches,
and also the constraints derived from electroweak [8] and flavor physics observables [9]). A detailed account
of these restrictions and of the model setup can be found in Ref. [10]. For comprehensive analyses of the
2HDM parameter space constraints, see e.g. Refs. [11].

Following the eventual discovery of the Higgs boson(s) at the LHC, it will be crucial to address the precise
experimental determination of the corresponding quantum numbers, mass spectrum and couplings to other
particles. A linear collider (linac) can play a central role in this enterprise [12]. Dedicated studies have
exhaustively scrutinized the phenomenological imprints of the basic 2HDM Higgs boson production modes,
such as e.g. i) triple Higgs, eTe™ — 3h [13]; ii) inclusive Higgs-pair through EW gauge boson fusion, eTe™ —
V*V* — 2h + X [14]; iii) exclusive Higgs-pair eTe™ — 2h [10,15]; and iv) Higgs strahlung, or associated
production with a weak gauge boson ete™ — AV [16], with [h = hO,AO,HO,Hi] and [V = ZO,Wi]l. As
a common highlight, all these studies report on sizable production rates and large quantum effects, arising
from the potentially enhanced Higgs self-interactions. Interestingly enough, Higgs boson searches at ete™
colliders may also benefit from alternative running modes, particularly from 7 scattering. Processes such
as yy-induced production of single (yy — h) and double (yy — 2h) Higgs bosons have been studied from
this viewpoint. These entirely operate at the quantum level, via an effective (loop-induced) Higgs/photon
interaction g~ that we may regard as a direct probe of non-standard (charged) degrees of freedom coupled
to the Higgs sector. The aforementioned single Higgs channels have been considered in the framework
of the SM [18], the 2HDM [19] and the MSSM [20,21] and are known to exhibit excellent experimental
prospects, not only due to the clean environment inherent to a linac machine, but also owing to the high
attainable v luminosity, and the possibility to tune the y-beam polarization as a strategy to enlarge the
signal-versus-background ratios?.

2 Numerical analysis

In this contribution we review two particular 2HDM Higgs boson production modes at a linear collider, to
wit: i) the pairwise production of neutral Higgs bosons ete™ — h®A°/HA%; and ii) the associated production
of a neutral Higgs and a Z° bosons, ete™ — h°Z° / HOZ° — the so-called Higgs-strahlung mechanism, which
we can regard as the 2HDM analog(s) to the Bjorken process in the SM [23]. The motivation herewith is
threefold: i) a first focus point is to seek for the most favorable regions across the 2HDM parameter space,
for which the Higgs boson production rates become optimal, and to correlate them to alternative multi-Higgs

IFor related work in the context of MSSM Higgs boson production see e.g. [17].
2 Analogue studies for the vy — hh mode are available e.g. in Ref. [22].
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Figure 2: Tree-level and loop-corrected cross section [o(ete™ — hAY)] (in fb), alongside with the relative
size of the radiative corrections [, = [0(°TD — ¢(9]/6%] (in %), as a function of /s (left, center) and As
(right). We fix tan 8 = 1.2 (compatible with the lower tan 3 bound from BY — BY data [9]) and examine
the representative choices a = 8 (maximum gpopozo tree-level coupling) and o = 7/2 (fermiophobic limit
for h¥ in type-I 2HDM). The influence of the Higgs self-interactions is assessed by dialing the value of the
parameter As. The shaded areas on the left (resp. right) are excluded by unitarity (resp. vacuum stability).

production modes; ii) second, we aim at quantifying the importance of the radiative corrections associated
to these processes; iii) and third, we shall examine the impact of the Higgs boson self interactions and their
potentially enhanced strenght. The leading order production rates merely depend on the Higgs couplings to
the Z boson. In other words, they are entirely subdued by the gauge symmetry — and hence they feature no
disclosing scenarios between the general 2HDM and e.g. the MSSM. The resulting phenomenological portray,
however, may clearly depart once the quantum effects to such couplings are considered. Vertex corrections,
in particular, turn out to be sensitive to the triple Higgs self-interactions through the interchange of virtual
Higgs bosons which are then linked to the external Higgs boson legs. A sample of such Higgs-mediated
one-loop diagrams is displayed in Fig. 1. These effects we can roughly describe by a loop-induced form
factor, which spells out how the strength of the bare Higgs-to-gauge boson couplings is modified:

N |?

L (R[5, MBo/5) | 1)

Inaozo — gpaozo |1+

Here Ay stands for generic triple Higgs self-interaction, and 1/1672 for the standard loop integral sup-
pression factor. By f(M?/s, M32,/s) we denote a generic rational function involving the ratios of the different

mass scales taking part in the process. The above expression (1) indicates how the Higgs-to-gauge boson cou-
plings, which are entirely anchored by the gauge symmetry at the leading-order, may be strongly promoted
at one-loop through the indirect effect of the Higgs boson self-couplings — unlike their MSSM counterparts.

2.1 Calculational setup

Throughout our study we make use of the standard algebraic and numerical packages FEYNARTS, FORM-
CaLc and LoorTooOLS [24]. Updated experimental constraints (from EW precision data, low-energy flavor-
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Figure 3: Contour plots for the relative size of the one-loop quantum corrections 6, = [¢(*TD — ¢(9] /% (in
%) to the ete™ — hYA° (left panel) and ete™ — h%Z° (right panel) total rates, as a function of tan 8 and \s.
We fix o = 8 (for ete™ — h®A%) and a = B — 7/2 (for ete™ — h°Z"), in which cases their respective born-
level couplings maximize. For the Higgs boson masses we use Set A from Tab. 1. The linac center-of-mass
energy is taken to be /s = 500 GeV. The shaded areas in the upper (resp. lower) patches of the tan § — A5
plane are excluded by unitarity [6] (resp. vacuum stability [7]) bounds. The vertical grey strip accounts for
the lower limit tan 8 ~ 1.18 stemming from BY — BY data [9].

physics and the Higgs mass regions ruled out by direct collider searches), as well as theoretical consistency
conditions (perturbativity, unitarity and vacuum stability) are duly taken into account [6,7,9,11,25,26].
For definiteness, we set along two Higgs boson mass benchmark choices A and B, as quoted in Tab. 1:

Mo [GeV]  Myo [GeV]  Mpo [GeV]  Myx [GeV]
Set A 130 200 260 300
Set B 130 150 200 160

Table 1: Choices of Higgs boson masses employed throughout our calculation.

In order to carry out the complete one-loop computation we are entitled to define suitable UV coun-
terterms, in particular for the renormalization of the Higgs boson masses and wave functions. These we
can express in terms of the Higgs 2-point functions at order O(ae,, ). Conventional on-shell renormalization
conditions — see e.g. Ref. [27] — are extended to the 2HDM Higgs sector. In particular, the relations

Re EA]’Avo(qQ)} =0; ReXjop0 (qz)} =0,

— 2 — 2
?=M3, ?=M3,

anchor the wave function renormalization of the Higgs doublets, and thereby of all the physical Higgs fields.
The remaining Higgs boson masses, as well as the mixing angle «a, are determined via on-shell conditions
imposed on their respective self-energies (including the h® — HY kinetic mixing). The parameter tan 3 is fixed
via Eq. (2) alonside with one additional condition on the Higgs boson tadpoles. An exhaustive account of
the renormalization procedure is available in Ref. [10].
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Figure 4: Tree-level and loop-corrected cross section [o(efe™ — h°A%)] (in fb) and relative size of the
radiative corrections [§,] (in %), as a function of /s (left, center) and A5 (right), for an equivalent setup to
that of Fig. 2.

2.2 Higgs boson pair production at O(a?,): eTe™ — h°A%/HOA”

For definiteness, we focus on the light Higgs mode [h°A°] and specialize our results for the Higgs mass
spectrum defined by Set A of Tab. 1. We quantify our analysis by means of i) the Born-level, [0(0)], and
1-loop cross sections, [0(°*D] — in which we include the full set of O(a2,) corrections, and also the leading
O(a?,) ones which arise from the squared of the scattering amplitude [10]; i) the relative size of the 1-loop
corrections, via the parameter 6, = [0(°+1) — (9] /5. The upshot of our findings, as summarized in Fig. 2,
highlights substantial production rates, which fall roughly in the range of 2 — 15 fb for /s = 0.5 TeV — this
is, up to barely 10° — 10* events per 500 fb~!; and eventually very large quantum corrections, of the order
|6c|/o ~ 20 — 60 %, which can be either positive (for v/s ~ 0.5 TeV) or negative ( /s = 1 TeV) and fairly
independent on the details of the Higgs mass spectrum, the particular value of the tree-level coupling [gj, po7]
and the actual type of 2HDM under consideration — namely, whether we specifically target at the type-I
or II realizations of the 2HDM. The evolution of ¢(®+1) and 4, as a function of /s for different A5 values
evinces how critically the quantum effects depend on the Higgs self-interaction enhancements. The quadratic
dependence on the parameter A5, o ~ (a — bAs)?, as shown in the rightmost panel of Fig. 2, nicely illustrates
the dominance of the Higgs mediated one-loop diagrams — these are indeed sensitive to the product of two
triple Higgs self-interactions. As a complementary viewpoint, in the left panel of Fig. 3 we display the profile
of the radiative corrections d, to the total cross-section [o(hYA%)] along the tan 3 — A5 plane, again for Set
A of Higgs boson masses, a = 3 and a linac center-of-mass energy of \/s = 0.5 TeV. The choice o =
maximizes the tree-level cross section. Unitarity [6] and vacuum stability limits [7] (lower and upper shaded
areas, respectively) restrict the largest attainable quantum effects to regions with tan 5 ~ 1 and |A5| ~ 5—10
(A5 < 0). The central grey band depicts the lower limit tan 8 ~ 1.18 ensuing from BY — BY [9].

2.3 Associated Higgs/Z’-boson production at O(a?,): ete™ — h°Z"/H°Z’

Again, without loss of generality, we concentrate on the light Higgs mode [hOZO] and arrange the mass
spectrum as in Set A of Tab. 1. Our results are shown in Fig.4. In this case we obtain typical cross sections
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| Process || o(y/s=0.5TeV)[fb] | o(y/s=1.0TeV)[fb] | o(/s =1.5TeV)[fb] |

hYAC 26.71 (6, = 31.32%) 4.07 1.27
HOZ° 19.09 (6, = —61.56%) 3.73 1.47
hOHO A0 0.02 5.03 3.55
HOHTH™ 0.17 11.93 8.39
hoh' + X 1.47 17.36 38.01

Table 2: Compared cross section (in fb) for different associated, pairwise and triple Higgs boson production
mechanisms at O(a2,,a?,), for tan 8 =1, « = B and A5 = —10. The Higgs boson mass spectrum we fix as
in Set B of Tab. 1. The relative size of the one-loop corrections [d,] for the Higgs pair and Higgs strahlung
mechanisms is quoted in brackets.

in the range of o(h’Z%) ~ O(10 — 100) fb, with very significant (and systematically negative) radiative
corrections (up to order d, ~ —50%), reaching their maximum again in the parameter space regions with
tan 8 ~ O(1) and |As| ~ O(10). Such a characteristic pattern of negative quantum effects we can relate
to the dominance of the finite wave function corrections to the external Higgs boson fields — this being the
only contribution which retains a quadratic dependence on Agpg at one loop, as we can also read off the
rightmost panel of Fig. 4. The relative size of the quantum effects [0,] and its interplay with the relevant
constraints is examined in the right panel of Fig. 3 as we move across the tan 8 — A5 plane. Set A of Higgs
boson masses, a fixed value of @« = 8 — 7/2 and a linac center-of-mass energy to /s = 0.5 TeV are employed
throughout. Worth noticing is that the J, isocurves are not responsive to a change of tan 3. This follows
directly from the analytical structure of all the relevant couplings for the particular setup o = 8 — 7/2 [16]
— which corresponds to the decoupling (or SM-like) limit of the 2HDM.

3 Discussion and closing remarks

Higgs boson self-interactions constitute a paradigmatic structure of extended Higgs sectors of non-supersymmetric
nature. The general (unconstrained) Two-Higgs-Doublet Model is a canonical example of the latter. Here,
the triple and quartic Higgs boson self-interactions are not subdued by the gauge symmetry. This entails
two major consequences, which are in stark contrast to analogue models, such as e.g. the MSSM: i) the
Higgs boson spectrum is fully unconstrained; this is to say, no limitations on the mass splittings between the
physical Higgs boson fields must be assumed a priori; ii) by the very same token, the Higgs boson self interac-
tions are also fundamentally unrestricted, and hence may accomodate sizable enhancements. Both features
are tamed in part by stringent theoretical and phenomenological constraints (unitarity, vacuum stability,
electroweak precision and flavor physics) but nevertheless open up a plethora of rich, and highly distinc-
tive, phenomenological possibilities. So much so, the analysis of collider observables which are sensitive to
the Higgs self-interactions, either directly or through quantum corrections, may bring forward instrumental
handles to disclose non-SUSY vs SUSY multi-doublet Higgs structures.

In this contribution we have concisely revisited two particular examples of Higgs boson production
from eTe™ colliders within the 2HDM context, these are the pairwise production of neutral Higgs bosons
(hA°/HOA®) and the Higgs-strahlung channels (h°Z° /H°Z°). We have portrayed their phenomenology at a
future linac and have spelled out the features that singularize the 2HDM scenarios with large Higgs boson
self-couplings. Our findings can be outlined as follows:

e Large Higgs boson production rates, in the ballpark of oap 1z ~ O(10 — 100) fb for /s = 500
GeV, and yet of few dozens of fb in the TeV-range center of mass energies — this would correspond to
rates of O(10% — 10°) events for an integrated luminosity of 500 fb~1.

e Large quantum effects, which may reach up to 6, = [0t — ¢(0]/5(0) ~ +50%, preferably
realized within the tan 5 ~ O(1) and |As] ~ O(10) domains of the 2HDM parameter space. These may
alternatively lead to characteristic enhancements (e.g. for o(2h) at /s ~ 500 GeV), or suppressions
(for o(hZ) and also for o(2h) at larger /s).
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e A generic phenomenological pattern, in the sense that the above observations barely depend on
the very choice of Higgs masses nor the type of Yukawa couplings to fermions, and they hold for broad
regions across the tan 8 — sin « plane.

Interestingly enough, enhancements of the Higgs boson production rates have also been put forward in the
literature for alternative multi-Higgs production processes, such as the ete™ — hhh [13] and eTe™ — VV* —
hh + X [14] channels. In this vein, let us consider the following choice of parameters: tan § = 1, & = 8 and
A5 = —10, along with Set B of Higgs boson masses from Tab. 1. This particular configuration saturates the
unitarity bounds, and thus maximizes the impact of the Higgs boson self-interactions. If we now combine
the evaluation of the total production rates for all these different production channels, we come up with the
cross-correlated set of predictions displayed in Tab. 2. These results reflect the great complementary of the
different multi-Higgs states at different center-of-mass energies. Likewise, the correlation of large negative
quantum effects on the Higgs-strahlung channels with the presence of significant positive (for /s < 500
GeV) and negative (for /s > 600 GeV) quantum effects on the double Higgs production may eventually
constitute an additional hint at a generic (unconstrained) 2HDM dynamics. Notice once more that, in all
these cases, the reported pattern of signatures crucially relies on the strenght of the 3H self-couplings. No
analogue picture could then be attributed e.g. to the MSSM.

On balance, there is little doubt that a linear collider qualifies as a most cherised tool to carry to
completion the Higgs boson research program. Owing to its superbly clean environment, a linac facility
should enable accurate measurements of the Higgs boson masses, gauge and Yukawa couplings, as well as of
the Higgs boson self-interactions themselves. This means, it could provide us with the firmest possible grip
on the fundamental structure of the EWSB sector. In this context, our results underline the possibilities of
the Higgs boson self-interactions as a trademark dynamical feature of the generic 2HDM. We prove their
capabilities to rubber-stamp significant — and highly distinctive — fingerprints on multi-Higgs production
processes, either at the leading order or through quantum corrections, and conclude that these might well
constitute a pristine window towards non-standard, non-supersymmetric Higgs sectors.
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The Higgs bosons of the MSSM can be produced from the decay of SUSY particles. We review the
evalulation of two decay modes in the MSSM with complex parameters (cMSSM). The first type is the
decay of the heavy scalar top quark to a lighter scalar quark and a Higgs boson. The second type is the
decay of the heavy chargino to a lighter chargino/neutralino and a Higgs boson. The evaluation is based
on a full one-loop calculation including hard QED and QCD radiation. We find sizable contributions to
many partial decay widths and branching ratios. They are roughly of O(10%) of the tree-level results,
but can go up to 30% or higher. These contributions are important for the correct interpretation of
scalar top quark decays at a future linear e*e™ collider.

1 Introduction

One of the most important tasks of current high-energy physics is the search for physics effects beyond the
Standard Model (SM), where the Minimal Supersymmetric Standard Model (MSSM) [1] is one of the leading
candidates. Supersymmetry (SUSY) predicts two scalar partners for all SM fermions as well as fermionic
partners to all SM bosons. Another important task the investigation and identification of the mechanism of
electroweak symmetry breaking. The most frequently investigated models are the Higgs mechanism within
the SM and within the MSSM. Contrary to the case of the SM, in the MSSM two Higgs doublets are required.
This results in five physical Higgs bosons instead of the single Higgs boson in the SM; three neutral Higgs
bosons, h, (n = 1,2,3), and two charged Higgs bosons, H*. In the MSSM with complex parameters
(¢cMSSM) the three neutral Higgs bosons mix [2-4], giving rise to the states hi, ho, h3.

An interesting production channel of Higgs bosons is the decay of the heavy scalar top quark to the
lighter scalar top (scalar bottom) quark and a neutral (charged) Higgs boson. Another SUSY particle that
can produce a Higgs boson is a chargino, which can decay to a lighter chargino (a lighter neutralino) and a
neutral (charged) Higgs boson.

The original heavier SUSY particles can be produced at the LHC, or if kinematically allowed at an eTe™
collider. At the ILC (or any other future eTe™ collider such as CLIC) a precision determination of the
properties of the observed particles is expected [5,6]. Thus, if kinematically accessible, Higgs production via
scalar top quark or chargino decays could offer important information about the Higgs sector of the MSSM.

In order to yield a sufficient accuracy, one-loop corrections to the various SUSY decay modes have to
be considered. For the precise evaluation of the branching ratio at least all two-body decay modes have to
be considered and evaluated at the one-loop level. We review the results for the evaluation of these decay
widths (and branching ratios) obtained in the MSSM with complex parameters (cMSSM) [7,8]. We will
review the numerical results for

Tty — t1hy) (n=1,2,3), (1)
Dty = bHT) (2)
L(x; = XJH)  (1=1,2,3), (3)
T(xy = XVH ), (4)
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where )22 denotes the neutralinos, )Z;t the charginos. The total decay width is defined as the sum of the
partial decay two-body decay widths, which have all be evaluated at the one-loop level.

We also concentrate on the decays of ts, X2, and do not investigate f;, )2;1 decays. In the presence of
complex phases this would lead to somewhat different results. Detailed references to existing calculations
of these decay widths, branching ratios, as well about the extraction of complex phases can be found in
Refs. [7,8]. Our results will be implemented into the Fortran code FeynHiggs [9-12].

2 The complex MSSM and its renormalization

All the relevant two-body decay channels are evalulated at the one-loop level, including hard QED and QCD
radiation. This requires the simultaneous renormalization of several sectors of the cMSSM, including the
colored sector with top and bottom quarks and their scalar partners as well as the gluon and the gluino,
the Higgs and gauge boson sector with all the Higgs bosons as well as the Z and the W boson and the
chargino/neutralino sector. Details about our notation and especially about the renormalization of the
c¢MSSM can be found in Refs. [7,8,13-16].

An important role play contributions of self-energy type of external (on-shell) particles. While the
real part of such a loop does not contribute to the decay width due to the on-shell renormalization, the
imaginary part, in product with an imaginary part of a complex coupling (such as A; or M;) can give a real
contribution to the decay width. These contributions have been taken into account in the analytical and
numerical evaluation. The impact of those contributions will be discussed in Sects. 3, 4.

The Feynman diagrams and corresponding amplitudes contributing to the various decays have been ob-
tained with FeynArts [17]. The model file, including the MSSM counterterms, is largely based on Ref. [18§],
however adjusted to match exactly the renormalization prescription described in Ref. [7,8,13,15]. The fur-
ther evaluation has been performed with FormCalc [19]. As regularization scheme for the UV-divergences we
have used constrained differential renormalization [20], which has been shown to be equivalent to dimensional
reduction [21] at the one-loop level [19]. Thus the employed regularization scheme preserves SUSY [22,23].
All UV-divergences cancel in the final result.

3 Numerical results for scalar top decays

The numerical examples are shown in two numerical scenarios, S1 and S2, where the parameters are given in
Tab. 1. The results shown in this section consist of “tree”, which denotes the tree-level value and of “full”,
which is the partial decay width including all one-loop corrections. We only show the results for the decay
widths, since size of the loop corrections to the branching ratios are more parameter dependent.

‘ Scen. H tan 8 ‘ Mg+ ‘ mg, ‘ mg, ‘ mg, ‘ 1 ‘ Ay ‘ Ay ‘ My ‘ Mo ‘ M3 ‘
S1 20 150 650 | 0.4mgz, | 0.7mg, | 200 | 800 | 400 | 200 | 300 | 350
S2 20 180 | 1200 | 0.6mg, | 0.8mg, | 300 | 1800 | 1600 | 150 | 200 | 400

Table 1: MSSM parameters for the initial numerical investigation; all masses are in GeV.

The production of 5 at the ILC(1000), i.e. with /s = 1000 GeV, via ete™ — F{fg will be possible, with
all the decay modes (1), (2) being open. The clean environment of the ILC would permit a detailed study
of the scalar top decays. For the parameters in Tab. 1 we find o(ete™ — f{fg) ~ 1.4 fb, i.e. an integrated
luminosity of ~ 1ab™' would yield about 1400 5. The ILC environment would result in an accuracy of
the relative branching ratio close to the statistical uncertainty: a BR of 30% could be determined to ~ 6%
for the mg, values in Tab. 1. Depending on the combination of allowed decay channels a determination of
the branching ratios at the few per-cent level might be achievable in the high-luminosity running of the
ILC(1000).

We show the results for the various decay widths as a function of ¢ 4,. The other parameters are chosen
according to Tab. 1. Thus, within S1 we have mg, +myg, = 910 GeV, i.e. the production channel ete” — f{fg
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is open at the ILC(1000). Consequently, the accuracy of the prediction of the various partial decay widths
and branching ratios should be at the same level (or better) as the anticipated ILC precision.

/GeV ST /Ttree
10 - r 22%
T
9 Loawst® 4 20%
8 femmmmmmm= -l 18%
L 4 169
v S1, tree 6%
6 | S1, full 14%
S1, abs
5 F S2, tree 12%
S2, full o
4r S2, abs 10% ¢
3 89 | S1. full
S1, abs
2 6% | S2, full 4
S2, abs =
1 L L L L L L L 4% 4,
0° 45° 90°  135° 180° 225° 270° 315° 360°  0° 45° 90°  135° 180° 225° 270° 315° 360°
T/GeV ST /Ttree
0.8 r - - T T T - —4%
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Figure 1: Tree-level (“tree”) and full one-loop (“full”) corrected partial decay widths are shown with @4,
varied. Also shown are the full one-loop corrected partial decay widths including absorptive contributions
(“abs”). First row: ['(ty — t1h1), second row: I'(ty — t1hy), third row: I'(fa — t1h3), fourth row:
].—‘(1?2 — 51H+).

In Fig. 1 we show I'(fy — #1hy) (first), D(fy — £1hy) (second), D(fy — f1hs) (third) and D(fy — by H™T)
(fourth row) as a function of ¢4, for the parameters in Tab. 1, where the left (right) column displays the
(relative one-loop correction to the) decay width. While I'(fa — #1h1) in S2 is of O(9 GeV), the other decay
widths shown are of O(1 GeV). The variation with ¢4, can be seen to be very large, of O(50%). The
size of the one-loop corrections, as shown in the right column are also sizable, of O(£20%) and exhibit a
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‘ Scen. H tan 3 ‘ M+ ‘ M+ ‘ M+ ‘ M, | M, ‘ Ay ‘
| s || 20 | 160 | 600 | 350 | 300 | 310 [ 400 |

Table 2: MSSM parameters for the numerical investigation of chargino decays; all masses are in GeV.

strong variation with ¢4,. The effects of the “absorptive contributions” are clearly visible, especially for
to — t1hy. Consequently, the full one-loop corrections must be taken into account in a reliable complex
phase determination from scalar top decays.

4 Numerical results for chargino decays

The numerical examples are evaluated using the parameters given in Tab. 2. We assume the scalar quarks
heavy such that they do not contribute to the total decay widths of the charginos. We invert the expressions
of the chargino masses in order to express the parameters p and My (which are taken to be real) as a function
of My and Mgz This leaves two choices for the hierarchy of p and Mo:

Ss :p> M, (XF more higgsino-like) , (5)
S.:p < M, (XF more gaugino-like) . (6)

The absolute value of M; is fixed via the GUT relation (with |Ma| = Ma)
5 1
| M| = §tan Ow My =~ §M2 , (7)

leaving @y, as a free parameter.

The values of My, allow )ZliX;F or X7 X; at the ILC(1000) via ete™ — Xf)}fz will be possible, with
all the subsequent decay modes to a neutralino and a charged Higgs boson, see Eqgs. (3), (4). As for the
scalar top decays the clean environment of the ILC would permit a detailed study of the chargino decays.
For the values in Tab. 2 and unpolarized beams we find, for Ss. (S<), o(eTe™ — )Nﬁif(f) ~ 4(12) fb, and
oleTe™ = ¥ x7) = 55(80) fb. Choosing appropriate polarized beams these cross sections can be enhanced
by a factor of approximately 2 to 3. An integrated luminosity of ~ 1ab~! would yield about 4 — 12 x 103
)at X5 events and about 55 — 80 x 103 )21" X7 events, with appropriate enhancements in the case of polarized
beams. The ILC environment would result in an accuracy of the relative branching ratio close to the
statistical uncertainty, see the previous section. Depending on the combination of allowed decay channels
a determination of the branching ratios at the per-cent level might be achievable in the high-luminosity
running of the ILC(1000).

The results shown in this section consist of “tree”, which denotes the tree-level value and of “full”, which
is the partial decay width including all one-loop corrections. Also shown are the full one-loop corrected decay
widths omitting the absorptive contributions (“full R”). We only show the results for the decay widths, since
size of the loop corrections to the branching ratios are more parameter dependent.

In Fig. 2 we show I'(x, — XVH ™) (first), T'(xs — X9H ) (second), I'(x, — X9H~) (third) and
T'(x; — X{H™) (fourth row) as a function of ¢y, for the parameters in Tab. 2, where the left (right)
column displays the (relative one-loop correction to the) decay width. The decay widhts are of O(0.1 GeV)
in the case of Y, — X{H~, about five times larger for ¥, — )2373H* and a factor of ten smaller for the
light chargino decay. For the heavy chargino decay a strong variation with ¢, can be observed. The size
of the one-loop corrections, as shown in the right column are also sizable in the case of the heavy chargino,
between —4% and +12% and show a non-negligible dependence on ¢y, . Again the effects of the “absorptive
contributions” are clearly visible. Also these loop corrections should be taken into account in a reliable
complex phase determination in the chargino/neutralino sector.

328



T[GeV]

AT /T[%]
14

0.3

12 fmme

9207

180°

270°

907 180~

270°

360°
PN

0.65

360°

90° 180° 270°
YAy
T[GeV]
0.64 S
0.63 - S, full B S- _—

0° 90° 180° 270° 360° 0° 90° 180° 2707
wan @an
T[GeV] AT /T[%)]
0.02 0.2
0.018 4 oas | E
0.016 F “d o6 4

0.014 |

0.012 |

- 0.14 |

— 0.12 |

0.01

90°

180°

270°

PNy

.1
360° 0°

90° 180°

270°

360°
PNy

Figure 2: Tree-level (“tree”) and full one-loop (“full”) corrected decay widths are shown with ¢y, varied.
Also shown are the full one-loop corrected decay widths omitting the absorptive contributions (“full R”). First
row: I'(Xy — XYH ™), second row: I'(Y, — X3H ), third row: I'(x5 — X5H ~), fourth row: I'(x] — XVH .
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We review the computation of the one-loop radiative corrections from the neutrino/ sneutrino sector to
the lightest Higgs boson mass, Mj,, within the context of the so-called MSSM-seesaw scenario. This model
introduces right handed neutrinos and their supersymmetric partners, the sneutrinos, including Majorana
mass terms. We find negative and sizeable corrections to Mj, up to —5 GeV for a large Majorana scale,
10" — 10" GeV, and for the lightest neutrino mass in a range 0.1 — 1 eV. The corrections to M, are
substantially larger than the anticipated ILC precision for large regions of the MSSM-seesaw parameter
space.

1 Introduction

The current experimental data on neutrino mass differences and neutrino mixing angles clearly indicate
new physics beyond the so far successful Standard Model (SM) of Particle Physics. In particular, neutrino
oscillations imply that at least two generations of neutrinos must be massive. Therefore, one needs to extend
the SM to incorporate neutrino mass terms.

We have explored [4] the simplest version of a Supersymmetric extension of the SM, the well known
Minimal Supersymmetric Standard Model (MSSM), extended by right-handed Majorana neutrinos and where
the seesaw mechanism of type I [2] is implemented to generate the small neutrino masses. For simplicity, as
a first step, we focus here in the one generation case.

On the other hand, it is well known that heavy Majorana neutrinos, with a Majorana mass scale mp; ~
1013 — 105 GeV, induce large LFV rates [3], due to their potentially large Yukawa couplings to the Higgs
sector. For the same reason, radiative corrections to Higgs boson masses due to such heavy Majorana
neutrinos could also be relevant. Consequently, our study has been focused on the radiative corrections to
the lightest MSSM CP-even h boson mass, My, due to the one-loop contributions from the neutrino/sneutrino
sector within the MSSM-seesaw framework.

In the following we briefly review the main relevant aspects of the calculation of the mass corrections
and the numerical results. Further details can be found in [4], where also an extensive list with references
to previous works can be found.

2 The MSSM-seesaw model

The MSSM-seesaw model with one neutrino/sneutrino generation is described in terms of the well known
MSSM superpotential plus the new relevant terms given as:

AoA A 1 - ~
W = e [YVH;LJN ~ YiH{ L R| + 5 Nmu N, (1)
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where N = (%, (vr)°) is the additional superfield that contains the right-handed neutrino vp and its scalar
partner vg.
There are also new relevant terms in the soft SUSY breaking potential:

2

i = mEUL L+ msvpig + (Y, Ay H3 L0 + my By gig + hec.) . (2)

After electro-weak (EW) symmetry breaking, the charged lepton and Dirac neutrino masses can be
written as
my = Y vp, mp =Y, vz, (3)

where v; are the vacuum expectation values (VEVs) of the neutral Higgs scalars, with vy) = v cos(sin)3
and v ~ 174 GeV.
The 2 x 2 neutrino mass matrix is given in terms of mp and my; by:

M”(O mD). (4)

mp My

Diagonalization of M" leads to two mass eigenstates, which are Majorana fermions with the respective mass

eigenvalues given by:
1
mu,N:§ <m1p{:F\/m?\4+4m2D> . (5)

In the seesaw limit, i.e. when & = n”;—ﬁ < 1, one finds,
2
3 mp
m, = —mpé& + O(mpé )’:—m— , my =mpy +O(mpé) ~mpy . (6)
M
Regarding the sneutrino sector, the sneutrino mass matrices for the CP-even, M, , and the CP-odd, M_,
subsectors are given respectively by
72— m2 +mi, + 3MZcos23  mp(A, — pcot f £ ma) .
== mp(A, — pcot S+ mpy) m%erZD +m§\/[:|:QBVmM ’ (7)

The diagonalization of these two matrices, Z\Zi, leads to four sneutrino mass eigenstates. In the seesaw limit,
where m ), is much bigger than all the other scales the corresponding sneutrino masses are given by:

1
m%+,ﬂ_ - m% + 5M% Cos Qﬂ + 27774D(Al/ - ,LLCOtB - Bu)g ’
?\h,ﬂ/_ = m3, £2B,my + m% +2m3, . (8)

Finally, in the interaction Lagrangian that is relevant for the present work, there are terms already present
in the MSSM: the pure gauge interactions between the left-handed neutrinos and the Z boson, those between
the ’left-handed’ sneutrinos and the Higgs bosons, and those between the ’left-handed’ sneutrinos and the
Z bosons. In addition, in this MSSM-seesaw scenario, there are interactions driven by the neutrino Yukawa
couplings (or equivalently mp since Y, = (gmp)/(v/2My sin 3)), as for instance gpn,, v, = 7%, and
new interactions due to the Majorana nature driven by mjs, which are not present in the case of Dirac
fermions, as for instance gps, 5, = —%Liz’hf%sa Besides, the Higgs boson sector in the MSSM-seesaw
model is as in the MSSM.

3 Calculation

In the Feynman diagrammatic (FD) approach the higher-order corrected CP-even Higgs boson masses in
the MSSM, denoted here as M}, and My, are derived by finding the poles of the (h, H)-propagator matrix,
which is equivalent to solving the following equation [1]:

p*—mj + ihh(pQ)} [pQ —my + iHH(pQ)] - [ihH(pQ)} =0, (9)
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where my, g are the tree level masses. The one loop renormalized self-energies, i¢¢(p2), in (9) can be
expressed in terms of the bare self-energies, ¥4 (p?), the field renormalization constants §Z4, and the mass
counter terms 5mi, where ¢ stands for h, H. For example, the lightest Higgs boson renormalized self energy
reads: .

Shn(P?) = Shn(p®) + 0 Zpn(p® — mi) — om, . (10)

Regarding the renormalization prescription, we have used an on-shell renormalization scheme for Mz, My,
and M4 mass counterterms and T}, Ty tadpole counterterms. On the other hand, we have used a modified
DR scheme (mﬁ) for the renormalization of the wave function and tan 3. The mDR scheme is very similar
to the well known DR scheme but instead of subtracting the usual term proportional to A = % —vE+log(4m)
one subtracts the term proportional to A,, = A — log(m3,/ MQD—R), hence, avoiding large logarithms of the
large scale mys. As studied in other works [5], this scheme minimizes higher order corrections when two very
different scales are involved in a calculation of radiative corrections. )

The full one-loop v/ corrections to the self-energies, f];{;j, EVH/I'; and izg , entering (9) have been
evaluated with FeynArts and FormCalc [6]. The new Feynman rules for the v/0 sector are inserted into a
new model file. Since we are interested in exploring the relevance of the new radiative corrections to M,
from the neutrino/sneutrino sector, we will present here our results in terms of the mass difference with
respect to the MSSM prediction. Consequently, we define,

Am}?[TR = M;;/D — My, (11)

where M;:/ ” denotes the pole for the light Higgs mass including the v/ corrections (i.e. in the MSSM-
seesaw model), and M}, the corresponding pole in the MSSM, i.e without the v/U corrections. Thus, for
a given set of input parameters we first calculate M} in the MSSM with the help of FeynHiggs [7], such
that all relevant known higher-order corrections are included. Then we add the new contributions from the

neutrino/sneutrino sector and eventually compute Am;{‘DR.

4 Results

We have obtained the full analytical results for the renormalized Higgs boson self-energies and their expres-
sions in the seesaw limit. In order to understand in simple terms the analytical behavior of our full numerical
results we have expanded the renormalized self-energies in powers of the seesaw parameter & = mp/m;:

267 = (267) , + (507) , + (567) |+ (12)

The zeroth order of this expansion is precisely the pure gauge contribution and it does not depend on mp
or mys. Therefore, it corresponds to the result in the MSSM. The rest of the terms of the expansion are
the Yukawa contribution. The leading term of this Yukawa contribution is the O(m%) term, because it
is the only one not suppressed by the Majorana scale. In fact it goes as YVQM%W, where Méw denotes
generically the electroweak scales involved, concretely, p?, M2 and MZ. In particular, the O(p*m%) terms
of the renormalized self-energy, which turn out to be the most relevant leading contributions, separated into
the neutrino and sneutrino contrill/oiltions, read: -

VL
e -+ ~
/ \
$mDR o h-- “hthA F-=h _ gPmipe | gPpPmic a3
hh 2 p2 S 64m2 M, 53 642 My, s7
VR I;R m%pQ

Notice that the above neutrino contributions come from the Yukawa interaction gpn,, .., which is extremely
suppressed in the Dirac case but can be large in the Majorana case. The sneutrino contributions come from
the new couplings gns, s, Which are not present in the Dirac case. It is also interesting to remark that these
terms, being ~ p?, depend on the external momentum. Therefore, at large mys, to keep just the Yukawa
part is a good approximation, but to neglect the momentum dependence or to set the external momentum
to zero are certainly not. In consequence, the effective potential method will not provide a realistic result
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for the radiative corrections to the Higgs mass. Similarly, obtaining the leading logarithmic terms in a RGE
computation, would also miss these finite terms.

The behaviour of the renormalized self-energy with all others parameters entering in the computation
have been discussed in [4]. According to our detailed analysis in this paper, the most relevant parameters
for our purposes are: my, (or, equivalently, the heaviest physical Majorana neutrino mass my ), m, and the
soft SUSY breaking parameters my and B,. In the literature it is often assumed that m,; has a very large
value, my ~ O(101471%) GeV, in order to get |m,| ~ 0.1 - 1 eV with large Yukawa couplings Y, ~ O(1).
This is an interesting possibility since it can lead to important phenomenological implications due to the
large size of the radiative corrections driven by these large Y,,. We have explored, however, not only these
extreme values but the full range for my;: ~ 102 — 10'° GeV.

2 10
mz=10° GeV
s mg=10° Gev - 0r
mg=10° GeV -
12 10 F
mz=10"° GeV -
% 0 mz=10"% Gev - 3 20
S S
] [
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€ -1f £ VoL 2 S5 mp=10" Gev -
< I tanB= 5, Ms=200 GeV \/ { et sotcev -
—n = m—103 -40 | 1=200 GeV, [m,|=05eV S mg=6410Gev
A,=B,= m;=10° GeV s mg = 7*10"° GeV
-2 | tanp= 5, My=200 GeV 0l L my= moi: Gev
H=200 GeV, |m,|=0.5 eV mg= 9"10]A GeV
mz=10" Gev -
.3 L L L _60 L L L
107 10 105 105 10" 10"
my (GeV) my (GeV)

Figure 1: One-loop corrections to M), from the neutrino/sneutrino sector as a function of mys for: mp <
10" GeV (left panel) and 103 GeV < mp < 10'* GeV (right panel).

Fig. 1 shows the predictions for Am}?ITR as a function of ms, for several input mp values. The Higgs

mass corrections are positive and below 0.1 GeV if my S5 x 10" GeV and mp < 10'? GeV (left panel).

For larger Majorana mass values, the corrections get negative and grow up to a few GeV; Am}{‘DR =-2.15
GeV for my; = 10'® GeV. The results in the right plot show that for larger values of the soft mass,
mp 2 10" GeV, the Higgs mass corrections are negative and can be sizeable, a few tens of GeV, reaching
their maximum values at mpz ~ myy.

The results of the Higgs mass corrections in terms of the two relevant physical Majorana neutrino masses,
light |m, | and heavy my, are summarized in the left plot of Fig. 2. For values of my < 3 x 10 GeV and
|my| < 0.1 —0.3 eV the corrections to M}, are positive and smaller than 0.1 GeV. In this region, the gauge
contribution dominates. In fact, the wider black contour line with fixed Am’g‘DR = 0.09 coincides with the
prediction for the case where just the gauge part in the self-energies have been included. This means that 'the
distance’ of any other contour-line respect to this one represents the difference in the radiative corrections
respect to the MSSM prediction. For larger values of my and/or |m, | the Yukawa part dominates, and the
radiative corrections become negative and larger in absolute value, up to about —5 GeV in the right upper
corner of this figure. These corrections grow in modulus proportionally to mj; and m,,, due to the fact that

the seesaw mechanism impose a relation between the three masses involved, m% = |m, |my.

Finally, we present in the right plot of Fig. 2 the contour-lines for fixed Amg‘DR in the less conservative

case where my is close to mps. These are displayed as a function of |m,| and the ratio mR/mM. mps 1S
fixed to 10'* GeV. For the interval studied here, we see again that the radiative corrections can be negative
and as large as tens of GeV in the upper right corner of the plot. For instance, Am}{‘DR = —30 GeV for
|my| = 0.6 eV and mp/ma = 0.7.

To summarize: for some regions of the MSSM-seesaw parameter space, the corrections to My are of
the order of several GeV. For all soft SUSY-breaking parameters at the TeV scale we find correction of up
to —5 GeV to M. These corrections are substantially larger than the anticipated ILC precision of about
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Figure 2: Contour-lines for the Higgs mass corrections from the v /& sector as a function of: |m,| and my
(left panel) and the ratio mp/mys and |m,| (right panel). The other parameters are: A, = B, = mj =
mp =103 GeV,tan 8 =5, Ma = 200 GeV, u = 200 GeV.

50 MeV (and also larger than the anticipated LHC precision of ~ 200 MeV). Consequently, they should be
included in any phenomenological analysis of the Higgs sector in the MSSM-seesaw.
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We calculate the one-loop corrections to the Higgs boson masses within the context of the MSSM with
Non-Minimal Flavor Violation in the squark sector. We take into account all the relevant restrictions
from BR(B — X,v), BR(Bs — putu™) and AMp,. We find sizable corrections to the lightest Higgs
boson mass that are considerably larger than the expected ILC precision for acceptable values of the
mixing parameters 61')](- Y. We find §5F and 6%F specially relevant, mainly at low tan 3.

1 Introduction

We review the one-loop corrections to the Higgs boson masses in the MSSM with Non-Minimal Flavor
Violation (NMFV) [1]. The flavor violation is generated from the hypothesis of general flavor mixing in
the squark mass matrices, parameterized by a complete set of 65]{3/ (X,)Y = L,R; i,j = t,c,u or b,s,d).
The corrections to the Higgs masses are calculated in terms of these 6i)§y taking into account all relevant
restrictions from B-physics data. In particular the present constraints from BR(B — Xv), BR(Bs — up™)
and AMp_are demanded to be fulfilled and our predictions are also compared within NMFV scenarios with
the SM predictions. For completeness, we include below the present experimental data [2], and the predictions
within the SM [3]:

BR(B — X¢7)exp = (3.554+0.26) x 107* ; BR(B — Xsy)sm = (3.154+0.23) x 107* (1)
BR(Bs = 11 Jexp < 1.1 x 1078 (95% CL); BR(Bs — p i )sm = (3.6 £0.4) x 1077 (2)
AMp, ., = (117.0£0.8) x 1071 MeV  ;  AMp, gy = (117.1F]§3) x 1071 MeV . (3)

Here we focus on the analysis of the Higgs mass corrections that are originated from the flavor mixing
between the second and third generations which is the relevant one in B physics and devote special attention
to the LR/RL sector. These kind of mixing effects are expected to be sizable, since they enter the off-diagonal
A parameters, which appear directly in the coupling of the Higgs bosons to scalar quarks.

In the following we briefly review the main relevant aspects of the calculation and present the numerical
results focusing on the light Higgs boson. For further details we address the reader to the full version of our
work [1], where also an extensive list with references to related works can be found.

2 SUSY scenarios with Non-Minimal Flavor Violation

The usual procedure to introduce general flavor mixing in the squark sector is to include the non-diagonality
in flavor space in the Super-CKM basis. These squark flavor mixings are usually described in terms of a

*Preprint number: IFT-UAM/CSIC-12-10
fTalk given by M. Arana-Catania at LCWS11

336



set of dimensionless parameters 5f§y (X, Y=L,R;i,j=t,c,uorb,s,d), introduced in the SUSY-breaking
matrices (after RGE running) at low energy as follows,

m?j 0 0
L11
2 2 LL,, . - o2 oyt 2
mg, = 0 L M0 023 MG 125" 135 My = VCKMm[}LVCKM (4)
0 623 MG 120 M T L33 Urss
0 0 0
u LR,, . -
v A" =1 0 L 0 Oct MG, M s (5)
0 0" My, M, . me A
m2 0 0
2 o 2 SRR
mUR - 0 m0R22 ct M Tgos MU gss (6)
0 SBEms  mg 2
c URa22 URrss URas

and analogously for v;.4% and mzﬁR, changing the up-type indexes to the down-type ones in v9 A" and
mQU , correspondingly. The flavor diagonal entries in these matrices at low energy are found here as usual,
namely after RGE running and assuming universality conditions for the soft parameters at the GUT scale
(i.e. within constrained models).

In the present study we will restrict ourselves to the case where there is flavor mixing exclusively between
the second and third squark generation. These mixings are known to produce the largest flavor violation
effects in B meson physics since their size are usually governed by the third generation quark masses. On
the other hand, and in order to reduce further the number of independent parameters, we will focus in
the following analysis on constrained SUSY scenarios, where the soft mass parameters fulfill universality
hypothesis at the gauge unification (GUT) scale. Concretely, we will restrict ourselves here to the so-called
Constrained MSSM (CMSSM) which is defined by mg,my /2, Ao, sign(), tan 3, where Ag is the universal
trilinear coupling, mo and m,/, are the universal scalar mass and gaugino mass, respectively, at the GUT
scale, sign(p) is the sign of the p parameter and tan 8 = vy /vy.

For the following numerical estimates we will chose two particular points in the CMSSM that are examples
of scenarios with moderate and very heavy sparticles masses, respectively. Firstly, we set the well-known
benchmark point SPS2, with mg = 1450 GeV, m; /3 = 300 GeV, Ag = 0, sign(u) > 0, tan 8 = 10. Secondly,
we study a peculiar scenario, nowadays favored by LHC recent data, where the SUSY particles are rather
heavy, at the TeV scale, but still the Higgs particle is light. We name this scenario as VHeavyS, defined by
mo = my s = —Ag = 800 GeV, sign(y) > 0, tanB = 5 and where m}\lASSM = 120GeV. The corresponding
analysis for other points in the CMSSM and other scenarios as the Non Universal Higgs Mass case can be
found in [1].

3 Results

In this section we review our numerical results for the radiative corrections to the Higgs boson mass my, from
flavor mixing within NMFV-SUSY scenarios. Since all one-loop corrections in the present NMFV scenario
are common to the MSSM except for the corrections from squarks, which depend on the 55 Y values, we will
focus just on the results of these corrections as a function of the flavor mixing parameters, and present the
differences with respect to the predictions within the MSSM. Correspondingly, we define:

Ama(6XY ) = mMEV (XY )  jpiss (7)

where ml}\[MFv(éﬁy) and m}SSM have been calculated at the one-loop level. It should be noted that

mEMFV((;fJ(-Y = 0) = m}MSSM and, therefore, by construction, Amh((%(-y = 0) = 0, and Amy, gives the
size of the one-loop NMFV contributions to mj. The numerical calculation of mEMFV(éﬁ Y) and m}1SSM
has been done with FeynHiggs [4]. The numerical calculations of the rates for the B observables have been
done with the FORTRAN subroutine BPHYSICS included in the SuFla code [5], which we have conveniently

modified as to include all the relevant contributions within NMFV scenarios (for more details see [1]).
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In Fig.1 we show the numerical results for Amy, as a function of the various (5;-’5— Y| We have also included
our predictions for BR(B — X,7v), BR(Bs — ptu~) and AMpg_ and their corresponding experimental
allowed areas.

In order to conclude on the allowed delta intervals by B physics data, we have assumed that our pre-
dictions of the B observables within SUSY-NMFV scenarios have a somewhat larger theoretical error than
the SM prediction. Then, by adding linearly the experimental uncertainty (that we take as 30exp) and the
theoretical uncertainty, a given (5;-’5— Y value is considered by us to be allowed by data if the total predicted
ratios lie in the following intervals:

2.08 x 107* < BR(B — X,v) < 5.02 x 107*, (8)
BR(Bs — ptp) < 1.22 x 1075, (9)
63 x 10710 < AMp_(MeV) < 168.6 x 1071, (10)

In table ?? we summarize the total allowed delta intervals by BR(B — Xsv), BR(Bs — putu~) and
AMp, for SPS2. Notice that for 6% there are two very narrow allowed region close to £1, which indeed
for SPS2 reduce just to the two single allowed values +0.99.
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Figure 1: Sensitivity to the NMFV deltas for the SPS2 point for different observables: Am;, (left upper
panel), BR(B — X,v) (right upper panel), BR(Bs — pu"u~) (left bottom panel), AMp_(right bottom
panel). The experimental allowed areas in the plot for B physics observables (30ex, for BR(B — X,7) and
AMp,, 95% CL bound for BR(Bs; — u"u~) ) are the horizontal colored bands. The SM prediction for the
B physics observables and the theory uncertainty (red bar) is displayed on the right axis, correspondingly.

As we can see in Fig.1, the most restrictive observables are BR(B — X v) and AMpg,, leading to the
total allowed delta intervals summarized in table ?7. The main conclusion from this table is that the NMFV
deltas in the top-sector can be sizeable |65 Y|, larger than ((0.1) and still compatible with B physics data.
In particular 6% is the less constrained parameter. The parameters on the bottom-sector are, in contrast,
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SPS2 Total allowed intervals

oL (-0.37:0.34)

SLE (-0.46:0.46)

SLE (-0.0069:0) (0.048:0.055)
SEL (-0.39:0.39)

SRL (-0.014:0.014)

Py (-1.0:0.99)

ST (-0.99) (-0.39:0.39) (0.99)

quite constrained. The most tightly constrained are clearly 5be and 65}. Similar conclusions are found for
other CMSSM points studied in [1].

Regarding the size of the mass corrections, Amy, we clearly see in this figure that they can be sizable
for non-vanishing deltas in the allowed intervals by B physics data. In particular for 65% and §%* they can
be positive and up to about 4 GeV or negative and up to tens of GeV. 5§R yields negative corrections and
up to about 4 GeV.

In order to explore further the size of the Higgs mass corrections, we have computed numerically the size
of Amy, as a function of two non-vanishing deltas and have looked for areas in these two dimensional plots
that are allowed by B physics data (see Fig.3 for the color code of the allowed/disallowed areas). The results
for VHeavyS are displayed in Fig.2. Contour lines corresponding to mass corrections Amy, above 60 GeV or
below -60 GeV have not been represented.

As we can see, the largest mass corrections Amy, found, being allowed by B physics data occur in the
(63 LR and (644, §%E) planes. This applies also to the other points studied in [1]. They can be as large
as —60 GeV for 652 or 5L close to +0.3. Again these large corrections from the LR and RL parameters
are due to the A-terms. Generically, the plots with largest allowed regions and with largest Higgs mass
corrections correspond to scenarios with low tan 8 = 5 and heavy spectra like the VHeavyS point considered
here.

There are also important corrections in the allowed areas of the two dimensional plots of (55, 6&R)
for some of the studied points, particularly for SPS5 (and to a lesser extent for SPS2). For the first the
corrections can be as large as -50 GeV for §% close to £0.5. In the case of SPS2 they can be up to -2 GeV
for this same region.

Regarding the plots involving the down-type squark sector deltas it is clear that the constraints from
B physics data are so tighted that the Higgs mass corrections found are very tiny.

4 Conclusions

We have reviewed the analysis of the one-loop corrections to the Higgs boson masses in the MSSM with
Non-Minimal Flavor Violation, assuming that the flavor violation is being generated from the hypothesis of
general flavor mixing in the squark mass matrices. Here we have focused on the analysis of the light Higgs
mass corrections that are originated from the flavor mixing between the second and third generations, and
that are compatible with the constraints from BR(B — Xv), BR(Bs — ptu~) and AMp_ data.

We found large corrections, mainly for the low tanf case, up to several tens of GeV for mj. These
corrections are specially relevant in the case of the light MSSM Higgs boson since they can be negative and
up to three orders of magnitude larger than the anticipated ILC precision of 50 MeV [6]. Consequently,
these corrections should be taken into account in any Higgs boson analysis in the NMFV MSSM framework.
Conversely, in the case of a Higgs boson mass measurement these corrections might be used to set further
constraints on 5f§Y. The present work clearly indicates that the flavor mixing parameters 657 and §%F
are severely constrained by the present bounds on the lightest Higgs boson mass within the NMFV-MSSM
scenarios.
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Figure 2: Amyj (GeV) contour lines from our two deltas analysis for VHeavyS. The color code for the
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Figure 3: Legend of plots for Fig. 2. Each colored area represents the disallowed region by the specified
observable/s inside each box. A white central area represents a region that is allowed by all B physics data
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Higgs-Radion interpretation of the LHC data?

We explore a Higgs-radion interpretation of the LHC Higgs-like excesses seen by ATLAS and CMS in
the current data set.

1 Introduction

The two simplest ways of reconciling the weak energy scale O(1 TeV) and the much higher GUT or reduced
Planck mass scale mp; ~ O(10'® GeV) in a consistent theory are (i) to employ supersymmetry or (ii) to
introduce one or more warped extra dimensions. In this contribution, I summarize the results of [1] in which
we pursue the 5D version of the latter introduced by Randall and Sundrum (RS) [2], but modified in that all
fields other than the Higgs reside in the bulk. Having the gauge and fermion fields in the bulk is needed to
adequately suppress flavor changing neutral current (FCNC) operators and to keep corrections to precision
electroweak (PEW) observables small [3, 4, 5, 6, 7, 8, 9, 10]. .

By placing the Higgs field on the TeV brane its vev can naturally be order a TeV vs mp; as a result of the
RS metric “warp factor” Qy = e~™0%/2: 4y = Qomp; < 1 TeV for moby/2 ~ 35. (Our notation will basically
follow that of [11]. ) This is a great improvement compared to the original problem of accommodating both
the weak and the Planck scale within a single theory.

The quantum excitations of the gravitational metric are the Kaluza-Klein (KK) modes hy, (z) (with
mass m,) and the quantum excitation associated with the distance between the two branes is the radion
field ¢o(z). The vacuum expectation value of the radion field is denoted by A, which is related to the
Planck mass by Ay = v/6Q¢mp;. To solve the hierarchy problem, A, should be no larger than 10 TeV, with
Ay ~ 1 —3 TeV preferred. In addition to the radion, the model contains a conventional Higgs boson, hg.

The ratio mg/mp; is a particularly crucial parameter that characterizes the 5-dimensional curvature. As
discussed shortly, large curvature values mo/mp; 2, 0.5 are favored for fitting the LHC Higgs excesses and by
bounds on FCNC and PEW constraints. In early discussions of the RS model it was argued that Rs/M2 < 1
(M5 being the 5D Planck scale and Rs = 20mZ the size of the 5D curvature) is needed to suppress higher
curvature terms in the 5D action, which leads to mg/mp; < 0.15 being preferred. However [10] argues that
R5/A? (with A being the energy scale at which the 5D gravity theory becomes strongly coupled, estimated
by naive dimensional analysis to be A ~ 2v/37M5) is the appropriate measure, implying that values as large

as mo/mp; < \/3m3/(5v/5) ~ 3 are acceptable.

Let us comment on how it is that propagation of the gauge and matter fields in the bulk can ameliorate
the FCNC and PEW problems. In this case, the SM particles are the zero-modes of the 5D fields and
the profile of a SM fermion in the extra dimension can be adjusted using a mass parameter. If 1st and
2nd generation fermion profiles peak near the Planck brane then FCNC operators and PEW corrections
will be suppressed by scales > TeV. Even with this arrangement it is estimated that the masses of the
first KK excitations g', W' and Z! must be larger than about 3 TeV (see the summary in [10]). Another
more direct bound on the g' mass comes from collider experiments. First, there is a universal component
to the light quark coupling ¢gg' that is roughly equal to the SM coupling g times a factor of ¢(~!, where

C~y/ %mobo ~ 5 — 6. The suppression is due to the fact that the light quarks are localized near the Planck

brane whereas the KK gluon is localized near the TeV brane. Even with such suppression, the LHC g'
production rate due to u@ and dd collisions is large. Further, the tgtrg" coupling is large since the ¢ty profile
peaks near the TeV brane — the prediction of [12] is g;,7,41 ~ (g. As a result, the dominant decay of the
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g' is to tf. ATLAS and CMS search for £ resonances at high mass. Using 9qqg ~ 9/5, ¢ = u,d, one finds
a lower bound of m{ 2 1.5 TeV [13] using an update of the analysis of [12]. ([14] gives a weaker bound of
md > 0.84 TeV.) .

In terms of Ay, we have the following relations:

mo  V6mi mi 1 ( Ay >
— =—F—~—1 and —moby=—1o 1
mpi a{ Ay Ay 20" ®\Vome W

where ] = 2.45 is the 1st zero of an appropriate Bessel function. If the model really solves the hierarchy
problem then A4 cannot be much larger than 1 TeV and certainly Ay < 10 TeV. If we adopt the CMS
limit of m{ > 1.5 TeV then Eq. (1) implies a lower limit on the 5-dimensional curvature of mg/mp; 2, 0.15.
Thus, a significant lower bound on mj implies that only relatively large values for mg/mp; are allowed. As
discussed above, mg/mp; values up to ~ 2 — 3 are probably consistent with curvature corrections to the RS
scenario being small. Still, tension between the lower bound on m{ and keeping acceptably small mg/mp;
could increase to an unacceptable point as the LHC data set increases. We will discuss the phenomenology
that applies if the value of Ay for any given (mg/mp;) is tied to the lower bound of m{ = 1.5 TeV using
Eq. (1). Alterations to the phenomenology using mj = 3 TeV, as perhaps preferred by PEW constraints,
will also be illustrated.

However, as described in [1], there are alternative approaches in which the tie between m{ and Ay of
Eq. (1) is not present or is very uncertain. In this case, it becomes appropriate to discuss the phenomenology
that arises for fixed Ay as mo/mp; is varied. This will be discussed for Ay =1 TeV and 1.5 TeV.

Since the radion and Higgs fields have the same quantum numbers, it is generically possible to introduce
mixing between them. The mixing action [15] has magnitude dictated by a coefficient parameter {. The
physical mass eigenstates, h and ¢, are obtained by diagonalizing and canonically normalizing the kinetic
(and mass) terms in the Higgs-radion Lagrangian. The diagonalization procedures and results for the h and
¢ using our notation can be found in [11] (see also [15, 16]). The resulting Feynman rules for the h and ¢
were obtained in, for example, [11] (see also [15, 16]) in the case where SM fields do not propagate in the
bulk. However, as noted earlier, preventing large FCNC and PEW corrections requires that the gauge and
fermion fields propagate in the bulk. The full Feynman rules after mixing for the h and ¢ interactions with
gauge bosons and fermions located in the bulk were derived in [17]. These Feynman rules are summarized
in our notation in [1]. There are important modifications to the anomaly induced 7y and gg couplings as
well as to the WW and ZZ couplings

For the fermions, we assume profiles such that there are no corrections to the hy and ¢g couplings due
to propagation in the bulk. This is a very good approximation for the top quark quark which must be
localized near the TeV brane. Also for the bottom quark the approximation is better than 20%, see [17].
Even though the approximation is not necessarily good for light quarks, it is only the heavy quarks that
impact the phenomenology of the Higgs-radion system.

In fact, the LHC Higgs-like excesses provide substantial motivation for considering a Higgs-radion RS
model. The reasons are as follows. First, the most prominent excesses are in the vicinity of 125 GeV. This
is an "awkward” mass for both a SM Higgs boson, in that for this mass the SM cannot be valid all the way
up to mpy, and for supersymmetric models, in that fine-tuning is substantial for the large squark masses
needed to achieve such a high mass, especially in the minimal supersymmetric model (MSSM). Further, the
LHC excesses at 125 GeV in the v (and perhaps also the ZZ — 44 channel) appear to be larger than
predicted for a SM Higgs boson. If confirmed, this, of course, rules out the SM and is also rather awkward
for supersymmetric models with universal or sem-universal GUT scale boundary conditions. In contrast,
excesses larger than SM expectations are natural in the context of the Higgs-radion RS model. This is
because of the anomalous couplings of the radion to two gluons and to two photons that can, in particular,
combine to give values larger than one for the ratios

_ Tu(gg)BR(h — X)
B = £, (g9 BRsy — X))

and/or Ry(X) = I's(99)BR(¢ — X)

= Thay (99)BR(hsar — X) (2)

where numerator and denominator are computed for the same mass, for X = vy and X = 4¢ for the h
and ¢ mass eigenstates. (We note that the production of the h and ¢ are dominated by gg — h, ¢ at the
LHC.) Finally, the CMS data shows Higgs-like excesses not only at 125 GeV, but also at other masses, most
notably at ~ 120 GeV in the 4¢ channel and at 137 GeV in the 7 channel. Obviously, this requires more
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than one Higgs-like state. If confirmed, this would rule out the SM. And, supersymmetric model parameter
choices with R(X) values larger than one at two masses have not yet been found. In the Higgs-radion RS
model, it is quite easy to obtain R(X) > 1 at two masses and even more Higgs-like excesses can in principle
be accommodated by expanding the Higgs sector of the model.

We have concentrated on the situations where either just the ~ 125 GeV excesses survive (with R(yy) > 1)
or, in addition, there is a 44 excess at ~ 120 GeV or a vy excess at 137 GeV. It is particularly easy to
obtain an approximate fit to the v excess at 125 GeV alone or to the vy excesses at both 125 GeV and
137 GeV since it is most typically the case that R(yy) > R(4¢) at both the physical Higgs and the physical
radion masses. However, there is a choice of parameters in the model where Ay and mo/mp; can be set
independently of m{ for which at 120 GeV there is an excess in 4¢ but no excess in 7y while at the same
time there are both vy and 4¢ excesses at 125 GeV.

Finally, we note that in the most general model it is necessary to consider KK excitations in the loops
responsible for the gg and v couplings of the unmixed h°. However, these contributions are only large if the
7Yy” and 7Y;” 5D quark Yukawa couplings are comparable. If |Ya| < |Y7], a limit in which FCNC problems
are minimal, these KK excitation corrections are quite small. (For more details, see [1].) Our results assume
that this limit applies.

2 LHC Excesses

Our focus will be on the excesses seen in the vy and 4¢ final states that have excellent mass resolution. As
already noted, in the context of the Higgs-radion model with just a single hy at most signals at two different
masses can be described. We will consider three cases, labelled as ATLAS, CMSA and CMSB. We quantify
the excesses in terms of the best fit value for R(X) = o(X)/osm(X) for a given final state X. Errors quoted
for the excesses are those for +10. The mass locations and excesses in the v+ and 4¢ channels in these three
cases are taken from Figs. 8a and 8b of [18] in the ATLAS case and from the appropriate windows of Fig. 14
of [19] in the case of CMSA and CMSB.

Table 1: Three scenarios for LHC excesses in the v and 4/ final states.

125 GeV (ATLAS) or 124 GeV (CMS) 120 GeV 137 GeV
ATLAS R(yy) ~2.070% no excesses no excesses
R(40) ~ 1.5%1
CMSA R(yy) ~ 1.7903 R(41) ~2.0717 no excesses
R(40) ~ 0.5 11 R(yy) < 0.5
CMSB R(yy) ~ 17708 no excesses R(yy) ~ 15708
R(40) ~ 0.5 0% R(4¢) < 0.2

As discussed above, it is appropriate to consider two different kinds of models: one in which Ay, mo/mp;
and m{ are tied together as given in Eq. (1) and there is strong lower bound on the masses of the first
excitations of the gauge bosons; and one in which there is no such tie and it is appropriate to consider
phenomenology for a given fixed Ay with varying mo/mp;. We consider these two alternatives in turn.

2.1 Lower bound on mj

In this section, we consider a model along the lines of [12] in which FCNC and PEW constraints are satisfied
by virtue of the fermionic profiles being peaked fairly close to the Planck brane leading to fairly definitive
couplings of the fermions to the excited gauge bosons. As described earlier, a lower bound of mj ~ 1.5 TeV
can be obtained from LHC data while FCNC and PEW constraints suggest a still higher bound of ~ 3 TeV.
We will show some results for both choices as we step through various possible mass locations for the Higgs
and radion that are motivated by the LHC excesses in the vy and/or 4¢ channels. In what follows, each
plot will be labelled by the value of mg/mp; chosen and the corresponding mp;€)y value as calculated for
the fixed m{ using Eq. (1).
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Figure 1: For m;, = 125 GeV and my = 120 GeV, we plot R, (X) and Ry(X) for X = vy and X = ZZ
(equivalent to X = 4/) as a function of £, assuming m{ = 1.5 TeV.

2.1.1 Signal at only 125 GeV

In Fig. 1 we illustrate some possibilities for mj, = 125 GeV and m, = 120 GeV taking m{ = 1.5 TeV. First,
we note that to get an enhanced vy rate at 125 GeV, it is necessary to have mg/mp; 2 0.4 and £ < 0. In
order to have small R4(vy) and Rg(4¢) at 120 GeV while at the same time Ry (yy) 2 1.5 at 125 GeV, for
consistency with the ATLAS scenario, then my/mp; = 0.4 and £ ~ —0.09 are good choices. The somewhat
larger associated value of Ry (44) is still consistent within errors with the ATLAS observation at 125 GeV.
We note that for the reversed assignments of my = 120 GeV and mg = 125 GeV, we cannot find parameter
choices that yield a decent description of the ATLAS 125 GeV excesses with Rp(y7y) and Rp(4€) being
sufficiently suppressed at 120 GeV.

2.1.2 Signals at 125 GeV and 120 GeV

Fig. 1 also exemplifies the fact that with m{ = 1.5 TeV the Higgs-radion model is unable to describe the
CMSA scenario. In the regions of £ for which appropriate signals are present at 125 GeV from the h, then
at 120 GeV the 4¢ and vy rates are either both suppressed or Ry (yy) > Ry(4¢). This phenomenon persists
at higher mo/mp; values as well as higher m{.

2.1.3 Signals at 125 GeV and 137 GeV

Let us next consider the CMSB scenario, i.e. neglecting the 4¢ excess at 120 GeV in the CMS data. In Fig. 2
we see that the choices mg/mp; = 0.5 and & = 0.12 give Rp(yy) ~ 1.3 and Rp(4¢) ~ 1.5 at 125 GeV and
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Figure 2: For m;, = 125 GeV and my = 137 GeV, we plot R,(X) and Ry(X) for X = yy and X = ZZ
(equivalent to X = 4/) as a function of §, assuming mi = 1.5 TeV. Also shown are the similarly defined
ratios for Z + h production with h — bb and Z + ¢ production with ¢ — bb.

Ry (yy) ~ 1.3 at 137 GeV, fairly consistent with the CMSB observations. However, R4 (4¢) ~ 0.5 at 137 GeV
is a bit too large. Also shown in the figure are the rates for Z, W + h with h — bb and Z, W + ¢ with ¢ — bb
relative to their SM counterparts. For the above mg/mp; = 0.5, ¢ = 0.12 choices, the Z, W + h(— bb) rate
at 125 GeV is only slightly below the SM value, whereas the Z, W + ¢(— bb) rate is about 10% of the SM
level predicted at 137 GeV. The former is consistent with the poorly measured bb rate at 124 GeV while
confirmation of the latter would require much more integrated luminosity.

We also note that it is not possible to get enhanced v and 4¢ h signals at 125 GeV without having
visible 137 GeV ¢ signals, i.e. the ATLAS scenario of no observable excesses other than those at 125 GeV
cannot be realized for mg = 137 GeV.

For this case, it is also interesting to consider results for m; = 125 GeV and my = 137 GeV for the higher
value of m{ = 3 TeV. One finds that Rj,(yy) and Rj,(4¢) are both < 1 (or less) except for mo/mp; = 0.7
and large ¢ for which R4(yy) < 1. Thus, a reasonable description of the CMSB scenario requires relatively
small m7.

2.1.4 Signals at 125 GeV and high mass

A general question is whether one could explain the ATLAS 125 GeV excesses as being due to the h or ¢ with
the other being at high mass. If m; = 125 GeV and mg > 500 GeV, one finds that Ry (yy) ~ Rp(40) ~ 1
for £ above some minimum (negative) value, with values substantially below 1 for more negative . In any
case, precision electroweak constraints are violated if |£| is not quite modest in size since at large |£| the
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oVV (V. =W, Z) couplings become of SM strength or larger. For more discussion see [20].

If the mass assignments are reversed, mg = 125 GeV and mj, > 500 GeV, then at the most positive £
values one can achieve Ry(y7y) ~ 2 and Rg(4¢) ~ 1 at 125 GeV for mg/mp; = 0.4 and 0.5. However, this
scenario is even less consistent with precision electroweak constraints since for all £ the h alone has hV'V
couplings that are at least SM-like. Much larger A4 would be needed to have a hope of achieving PEW
consistency [20] and for large Ay ATLAS-like >SM signals at my;, = 125 GeV would not be achievable. In
addition, the h — 4/ signal at high mass would be at least as large as predicted for a high-mass SM-like
Higgs and therefore quite observable if m;, < 500 GeV, as seemingly inconsistent with ATLAS and CMS
data. If mj, ~ 1 TeV, then the 4¢ signal would be beyond current LHC reach but PEW inconsistency would
be much worse. Thus, we conclude that for the Higgs-radion model to be of interest, both mj, and m should
be modest in size.

2.2 Fixed Ay

In this section, we consider the second type of model discussed in the introduction in which there is no
direct tie between m{, Ay and mo/mp;. In this case, we feel free to consider the rather low values of Ay,
Ay =1 TeV and Ay = 1.5 TeV, for which the Higgs-radion model can yield LHC rates in the vy and
4¢ channels that exceed those that are predicted for a SM Higgs. We note that when the gauge bosons
propagate in the bulk, the phenomenology does not depend on Ay alone — there is strong dependence on
mo/mp; when mg/mp; is small. However, for large mq/mp; 2 0.5 the phenomenology is determined almost
entirely by Ay, but is still not the same as found in the case where all fields are on the TeV brane. Once
again, we step through a few possible mass locations for the Higgs and radion that are motivated by the
LHC excesses in the 4y and/or 4¢ channels.

2.2.1 Signal only at 125 GeV

As shown in Fig. 3, the choice of Ay, =1 TeV with my = 125 GeV and my = 120 GeV gives a reasonable
description of the ATLAS excesses at 125 GeV with no visible signals at 120 GeV in either the vy or 44
channels when one chooses mo/mp; = 1 and § = —0.016. In contrast, for A, = 1.5 TeV the 125 GeV
predicted excesses are below 1xSM and thus would not provide a good description of the ATLAS data. For
the reversed assignments of m;, = 125 GeV and my = 120 GeV any choice of parameters that gives a good
description of the 125 GeV signals always yields a highly observable vy signal at 120 GeV.

2.2.2 Signals at 125 GeV and 120 GeV

The closest that we can come to fitting this CMSA scenario is to take m;, = 125 GeV and my = 120 GeV.
One finds that if £ is at its maximum value and mg/mp; = 1.1 then the vy and 4/ signals at m; = 125 GeV
are low, but still within —1o of the CMS data while at my = 120 GeV one finds Ry(4¢) ~ 2.5 while
R4 (vy) ~ 0.3, which values are roughly consistent with the CMSA situation. For the reversed assignments
of my = 120 GeV and mg = 125 GeV, Fig 3 illustrates the fact that a satisfactory description of the two
CMSA excesses is not possible — for ¢ such that appropriate 125 GeV excesses are present, Rj(vy) and
Ry, (40) at 120 GeV are always small so that the 4¢ excess at 120 GeV is not explained.

2.2.3 Signals at 125 GeV and 137 GeV

Let us now consider the CMSB scenario. For Ay, =1 TeV, one finds m;, = 125 GeV and mg = 137 GeV with
the choices mo/mp; = 0.6 and £ = —0.05 give Ry (y7y) ~ 2 and Ry, (4¢) ~ 1 at 125 GeV, while Ry(y7y) ~ 2
and Ry (4¢) ~ 0.4 at 137 GeV, an ok description of the CMSB excesses. An equally rough description of this
same situation is also possible for Ay = 1 TeV with mo/mp; = 0.8 and £ = 0.05.

For Ay = 1.5 TeV a somewhat better simultaneous description of these excesses is possible. Fig. 4 shows
some results for my, = 125 GeV and my = 137 GeV. For mo/mp; = 0.25 and £ ~ —0.1 one finds Ry (y7y) ~ 2
and Ry, (40) ~ 1.5 at my, = 125 GeV, while Ry(vy) ~ 2 and R,;(4¢) < 1 at m, = 137 GeV, in pretty good
agreement with the CMSB scenario.

If we reverse the configuration to m, = 137 GeV and my = 125 GeV, the only parameter choices that
come close to describing the two excess are Ay = 1 TeV with mo/mp; = 0.8 and £ ~ 0.05 for which one
finds that the my = 125 GeV vy and 4/ signals and the m; = 137 GeV v signal are all at the level of
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Figure 3: For m;, = 120 GeV and my = 125 GeV, we plot R, (X) and Ry(X) for X = yy and X = ZZ
(equivalent to X = 4/) as a function of ¢ taking A, fixed at 1 TeV.

~ 1.4xSM. However, the m;, = 137 GeV 4/ signal is at the level of ~ 0.6x SM which is 40 away from
the CMS central value at this mass. For these mass assignments, the higher A, = 1.5 TeV value does not
provide any parameter choices that come close to describing the CMS excesses — the mg = 125 GeV signals
are never both sufficiently large at the same time to fit the observed signals.

2.2.4 Signals at 125 GeV and higher mass

We choose not to show any specific plots for this situation. For Ay = 1 TeV or 1.5 TeV, it is possible
to choose one of either the h or ¢ to have a mass of 125 GeV and find mgy/mp; and £ values that result
in a decent description of the 125 GeV ATLAS excesses. However, these scenarios always are such as to
imply a large inconsistency with PEW constraints and, if the higher mass is chosen below 500 GeV, a highly
observable 4¢ signal that would be inconsistent with ATLAS and CMS observations in that region of mass.

2.2.5 SM Higgs at 125 GeV and Signal at 137 GeV

It is still quite conceivable that, after accumulating more data, the 7y and 4¢ excesses at ~ 125 GeV will
converge to those appropriate for a SM Higgs boson. Such a situation would correspond to taking £ = 0 in
the Higgs-radion model. In this case, one can ask whether or not there could be a radion at some nearby mass
and what its experimental signature would be. To exemplify, let us suppose that the signal at 137 GeV of the
CMSB scenario survives. In Fig. 5 we plot Ry(X) for X = vy and X = 4/ as a function of Ay for a selection
of my/mp; values, taking £ = 0. We also display ratios to the SM for W fusion production of the ¢, with
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Figure 4: For m;, = 125 GeV and my = 137 GeV, we plot R, (X) and Ry(X) for X = yy and X = ZZ
(equivalent to X = 4/) as a function of £ taking A, fixed at 1.5 TeV.

¢ — v, 4¢ and bb, as well as associated Z¢ production with ¢ — bb. One observes that a nice description
of the R(yy) ~ 2 excess at 137 GeV is possible, for example, for mo/mp; = 0.3 at Ay ~ 2.8 TeV with the
40 signal (and all other signals) being very suppressed. As also apparent, other choices of mo/mp; and Ay
will also yield Ry () ~ 2 with varying levels of 4/ and bb signals. (However, to suppress R,(4¢) below 0.2
while achieving Ry(yy) ~ 2 requires mq/mp; > 0.3.) We also note that for & = 0 the Z, W + ¢(— bb) is
greatly suppressed relative to its SM counterpart due to the very suppressed ZZ¢ coupling.

Plots for the case of a SM Higgs at 125 GeV and my = 120 GeV look very similar and, in particular, it
is not possible to find parameters for which the 4¢ signal substantially exceeds the ~~ signal — the reverse
always applies, as one anticipates from the enhanced anomalous v coupling of the (unmixed) ¢.

3 Summary and Conclusions

The Randall Sundrum model solution to the hierarchy problem yields interesting phenomenology for the
Higgs-radion sector, especially when Higgs-radion mixing is allowed for, and can be made consistent with
FCNC and PEW constraints if fermions and gauge bosons propagate in the 5th dimension. At the moment,
there are interesting hints at the LHC of narrow excesses above SM backgrounds in the vy and ZZ — 44
channels, as well as a broad excess in the WW — fvlv channel. ATLAS sees excesses in the v and 44
channels at a mass of ~ 125 GeV of order 2xSM and 1.5xSM respectively. CMS sees a vy excess of order
1.5x SM at ~ 124 GeV and constrains the 4¢ channel at this mass to be less than ~ 1.5xSM. Additional
excesses at 120 GeV (in the 4¢ channel) and at 137 GeV (in the 4y channel) are present in the CMS data.

Here, we summarized two models with Higgs-radion mixing within the Randall Sundrum model context.
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Figure 5: For my = 137 GeV, we plot Ry(X) for X = vy and X = ZZ (equivalent to X = 4/) as functions
of Ay taking £ = 0. We also plot ratios to the SM for Z — Z¢ with ¢ — bb and for WW — ¢ — X for
X =y, ZZ and bb.

In the first model, the light fermion profiles are taken to be peaked near the Planck brane in order to avoid
corrections to FCNC and PEW constraints that are too large. In this case, there is a lower bound on the
mass of the 1st excited gluon state of order m{ > 1.5 TeV and it is necessary to correlate Ay (the radion
field vacuum expectation value) with the curvature ratio mg/mp; and the mj lower bound appropriately. In
the second model considered there is no strong tie between the above parameters and it is most appropriate
to consider fixed Ay values while varying mg/mp; — we studied the phenomenologically interesting choices
of Ay =1 TeV and 1.5 TeV.

Since the single Higgs plus radion model can describe at most two Higgs-like excesses, we considered three
scenarios labelled as: ATLAS, with vy and 4¢ excesses at 125 GeV larger than SM and no other significant
excesses; CMSA, with vy and 44 excesses at 124 GeV (the 7 excess being above SM level) and a 4/ excess at
120 GeV; and, CMSB, with a vy and 4¢ excesses at 124 GeV along with a vy excess at 137 GeV larger than
would have been predicted for my,,, = 137 GeV. In both the fixed m{ and the fixed A4 model possibilities,
the signal levels of the ATLAS and CMSB scenarios could be nicely described. Only for the 2nd model class
could a (marginally) satisfactory description of the CMSA case be found. In general, successful fitting of
the ATLAS and CMSB excesses required a modest value for the radion vacuum expectation value, typically
Ay <2 TeV, and mostly mg/mp; 2 0.5, a range that the most recent discussion suggests is still consistent
with higher curvature corrections to the RS scenario being small.

We also considered expectations for the radion signal in the case where the Higgs signal was assumed
to ultimately converge to precisely that for a SM Higgs of mass 125 GeV. This situation would arise if the
there is no Higgs-radion mixing. We found that interesting excesses at the radion mass would be present for
low enough Ay, namely Ay < 3 TeV, but would always be characterized by a yv signal that substantially
exceeds the 4/ signal (as appropriate for the CMS excesses at 137 GeV but in definite contradiction with
the CMS excesses at 120 GeV).
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In order to establish the Higgs mechanism experimentally, also the Higgs potential must be reconstructed.
This requires the measurement of the Higgs self-couplings. The trilinear Higgs self-coupling is accessible
in Higgs pair production. In this contribution we investigate the prospects of measuring the trilinear
Higgs self-coupling at the ILC in composite Higgs models. In these models the Higgs boson arises
as a pseudo-Nambu Goldstone boson from a strongly-interacting sector. We focus on two particular
composite Higgs models in which the couplings of the Higgs boson to the Standard Model (SM) particles
are modified by a parameter & which describes the degree of compositeness. We will investigate various
final states of Higgs pair production through double Higgs-strahlung and W boson fusion.

1 Introduction

After the discovery of a Higgs-like particle of mass around 125 GeV by the ATLAS and CMS experiments
at the LHC [1,2] its properties have to be investigated in order to clarify the question if it is really the
particle responsible for the creation of particle masses through the Higgs mechanism [3]. Thus its couplings
to the other SM particles have to be measured and its spin and CP properties must be determined. In the
final step the Higgs self-couplings are to be determined. This allows to reconstruct the Higgs potential
and test if it really has the typical minimax form inducing a non-vanishing vacuum expectation value
as necessary ingredient for the Higgs mechanism. The Higgs self-couplings are accessible in multi-Higgs
production processes. The trilinear Higgs coupling can be extracted from Higgs pair production, the quartic
Higgs coupling from triple Higgs production. At the LHC this is a very difficult task due to large QCD
backgrounds and small production cross sections [4,5]. At an ete™ linear collider on the other hand the
signatures are cleaner so that a measurement of the Higgs properties is possible with a higher precision.
As for the quartic Higgs self-coupling, however, several studies [6-9] have shown that its measurement is
impossible at ILC/CLIC and a high-energy LHC.

Another important question is if the thus established Higgs particle is the one of the SM or of extensions
beyond the SM. Although the SM has been tested to very high accuracy there are several reasons to consider
physics beyond the SM. One of them is the hierarchy problem, i.e. the question how the Higgs boson mass
can be kept at the order of the electroweak symmetry breaking (EWSB) scale in the context of large scales
up to which the SM is assumed to be valid. These would induce large radiative corrections and hence a large
degree of fine-tuning in order to ensure a Higgs boson mass around 125 GeV. A solution to this problem
is for example given by composite Higgs models where the Higgs boson is a bound state from a strongly-
interacting sector [10]. The Higgs boson arises as a pseudo Nambu-Goldstone boson from an enlarged global
symmetry [11]. This symmetry is explicitly broken by the couplings of the SM particles to the strongly-
interacting sector. The Higgs potential is created by loops of SM fermions and gauge bosons and the Higgs
mass remains naturally light.

In the following we will first give an introduction to the model, briefly discuss Higgs pair production at
the LHC and then investigate the prospects of measuring the trilinear Higgs self-coupling at an e*e™ linear
collider in double Higgs-strahlung and W boson fusion into Higgs pairs.
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2 Composite Higgs Models

In composite Higgs models a light Higgs boson arises as a pseudo Nambu-Goldstone boson from a strongly-
interacting sector [11]. This leads to modified Higgs couplings compared to the SM. An effective low-energy
description of a Strongly Interacting Light Higgs boson (SILH) has been given in [10]. The corresponding
Lagrangian arises as first term of the expansion in & = (v/f)? where v &~ 246 GeV is the EWSB scale and f is
scale of the strong dynamics. It can be used in the vicinity of the SM limit given by & — 0. In order to reach
larger values of £ as e.g. the technicolor limit, £ — 1, a resummation of the series in £ is required. This is
provided by explicit models built in five-dimensional warped space. In the Minimal Composite Higgs Models
(MCHM) of Refs. [12,13] the global symmetry SO(5) x U(1) is broken down at the scale f to SO(4)xU(1) on
the infrared brane and to the SM SU(2), x U(1)y on the ultraviolet brane. In these models the modifications
of the Higgs couplings can be described by one single parameter, given by £. The modification factor of the
Higgs coupling to fermions depends on the representations of the bulk symmetry into which the fermions
are embedded. In the model of Ref. [12], called MCHMy, the fermions are in the spinorial representation of
SO(5), in the model MCHMj5 of Ref. [13] they are in the fundamental representation. The Higgs potential
is generated by loops of the SM gauge bosons and fermions. The Higgs self-couplings therefore also depend
on the representation of the fermions. The composite Higgs couplings with respect to the corresponding SM
Higgs boson couplings are shown in Table 1 for MCHM, and MCHM3, respectively. Note in particular, that
in MCHMj5 for € = 0.5 the Higgs coupling to fermions and the trilinear Higgs self-interaction vanish.

HVV HHVV Hff HHH HHHH
MCHM, | VI—¢| 1-26 | VI—¢|VI—¢E| (1-19

MM, | V=€ | 1 e | TE | LE | TELG

Table 1: Modification factors of the composite Higgs couplings in MCHM, and in MCHMj;, with respect
to the SM Higgs boson couplings to vector bosons (HVV and HHVV), to fermions (H f f) and to the SM
Higgs self-couplings (HHH and HHHH).

The parameter space of composite Higgs models is constrained by electroweak precision tests and the
LHC Higgs search results. Electroweak precision tests prefer low values of £ [14]. If a partial cancellation
of 50% with contributions from new states is allowed & should be < 0.45 [15,16]. The current Higgs results
allow only for small deviations from the SM [17].

3 Higgs Pair Production at the LHC

At the LHC the dominant Higgs pair production process is given by gluon fusion [18]. The generic Feynman
diagrams which contribute to this process are shown in Fig. 1. As can be inferred from the figure, in
composite Higgs models a new coupling between two Higgs bosons and two fermions is possible which leads
to additional diagrams contributing to gluon fusion into Higgs pairs [19,20]. It grows linearly with £ and is
explicitly given by

m
MCHMy : JHHff = U—fo "
1
m
MCHM; : gHHf = U—2f4g.

As expected it vanishes in the SM limit £ — 0. The coupling is suppressed by an extra power of v compared
to the coupling of one Higgs boson to two fermions, but the corresponding diagram in the gluon fusion process
Fig. 1 is not suppressed by an extra propagator, so that for large values of £ it can have sizeable effects on
Higgs pair production through gluon fusion. Thus the cross section increases with rising £ mainly due to the
diagram with the new coupling [19]. Since the dominating background processes do not depend on &, the
signal to background ratio in composite Higgs models becomes larger. On the other hand the sensitivity of
the cross section to the trilinear Higgs self-coupling is further diluted by this diagram not involving Ag .
Furthermore, in MCHMj3;, where the self-coupling vanishes at £ = 0.5, the sensitivity vanishes near these &
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Figure 1: Generic Feynman diagrams contributing to the process gg — HH.

values. In [4,21] it was found that for My = 125 GeV the prospects of measuring the trilinear Higgs self-
coupling in the bbyy and bbr7 final state are encouraging for the SM. But for a definite answer a dedicated
model-dependent analysis taking into account background and detector effects has to be performed.!

In composite Higgs models also the top quark can be a composite object through its mixture with heavy
fermions of the strong sector. If the additional new top partners have masses below the cut-off scale of the
theory they will play a role in the heavy quark loops of the gluon fusion process. As was shown in Refs. [23]
the cross section in single Higgs production does not depend on the spectrum of the top partners. This is not
the case, however, for Higgs pair production [24]. In order to unambiguously extract the Higgs self-coupling
from the gluon fusion process into Higgs pairs, therefore also the couplings and masses of the new resonances
have to be known. If they are not too heavy they are accessible in direct production.? Otherwise, other
processes such as double Higgs-strahlung off W/Z bosons [26] or vector boson fusion [27,28], where heavy
top partners do not play a role, may be exploited to extract the trilinear Higgs self-coupling Aggr. Their
cross sections are, however, much smaller than the one of the gluon fusion process.

4 Higgs Pair Production at the ILC

The clean environment of an ete™ linear collider together with high luminosities and a high degree of
polarisation of the electron/positron beams offers more promising prospects to extract the trilinear Higgs
self-coupling. The most important processes for Higgs pair production are double Higgs-strahlung off Z
bosons [26,29,30] at low energies and W boson fusion [27,30,31] at higher energies [6]. The Z boson fusion
process to Higgs pairs is suppressed by an order of magnitude as the electron-Z couplings are small.

In the following Higgs pair production through double Higgs-strahlung and W boson fusion and the
prospects of extracting the trilinear Higgs coupling will be discussed in more detail.

4.1 Higgs-Strahlung off Z Bosons

The generic Feynman diagrams contributing to the double Higgs-strahlung off Z bosons are depicted in
Fig. 2. In Fig. 3 we show the cross section for this process as a function of £ for MCHM,; and MCHMj5
and for two different c.m. energies, /s = 500 GeV and 1 TeV. Here and in the following the Higgs boson
mass is set to My = 125 GeV. The numerical calculation of the cross sections has been performed by
using MADGRAPH/MADEVENT [32], where the model files for the composite Higgs models have been
implemented. The results have been checked independently by an own FORTRAN routine.

As can be inferred from the figure, the cross sections for small values of ¢ decrease with rising £. The
reason is the reduction with & of the involved Higgs couplings. For & = 0.5 the H HZ Z coupling vanishes, and
in MCHMj5 in addition the trilinear Higgs self-coupling becomes zero. Above £ = 0.5 the HH ZZ coupling

n Ref. [22] it was shown that ¢ can be extracted with an accuracy of O(20%).
2Note, that the lightest top partner cannot be too heavy to accommodate a Higgs mass of My = 125 GeV [25].
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Figure 2: Generic Feynman diagrams contributing to Higgs pair production via Higgs-strahlung off Z bosons.

changes sign and increases again in absolute value. In MCHMj also the trilinear Higgs self-coupling becomes
larger with £. In both models hence the cross sections increase for large values of £, and depending on the
c.m. energies they develop minima around & ~ 0.45 — 0.65.

The energy behaviour of the process can be understood as follows. The SM cross section decreases with
rising c.m. energy, but this is not the case for the composite Higgs models. Because of the modified couplings,
for £ 2 0.5 the cross sections increase with the energy to reach a constant value at very high energies. The
reason is the change in the sign of the HH ZZ coupling at £ = 0.5 leading to a constructive interference for
¢ 2 0.5 between the diagrams containing the HH ZZ coupling and the diagram with the Z boson in the
s-channel. The diagram including the trilinear Higgs self-coupling becomes less important with increasing
energy since it is suppressed by an extra Higgs boson propagator compared to the other diagrams, so that
for large energies the sensitivity to the Higgs self-coupling is suppressed.

MCHM4: e*e” - ZHH MCHMS: e*e” — ZHH
1 1

0.1
g
o

.01

0.0 Vs=500 GeV
Vs=500 GeV
0.001 L L L L L L L L L 0.001 L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09
g g

Figure 3: The cross section of Higgs pair production via Higgs-strahlung ZH H as a function of £ for the
MCHM, (left) and the MCHMj5 (right) and for two c.m. energies, /s = 500 GeV (red) and 1 TeV (blue).

In order to study the sensitivity of the double Higgs-strahlung process to the trilinear Higgs self-coupling
we vary Agpgg in terms of the Higgs self-coupling of the corresponding model, hence

)\HHH —>K)\HHH . (2)

This allows an estimate of how accurately the Higgs pair production process needs to be measured in order to
achieve a certain precision on Aggyy within the model under consideration. It does not represent, however,
a test of models beyond the actually investigated theory. In Fig. 4 we show for the SM (£ = 0) and
for MCHMj for three representative values of £ (£ = 0.2,0.5,0,8) the respective normalised ZHH cross
section as a function of the modification factor s for two c.m. energies, /s = 500 GeV and 1 TeV. The
normalisation is with respect to the ZH H cross section at k = 1 of the respective model (SM and MCHM 5
at £ =0.2,0.5,0.8). The figure confirms that the cross section is more sensitive to Agppy for lower collider
energies. For £ = 0.5 there is no sensitivity to a change in the trilinear Higgs self-coupling at all, as Aggg = 0
in the MCHMj5 for £ = 0.5. The figures 4 also show that there might be ambiguities in the measurement of
the trilinear Higgs self-coupling, as e.g. for £ = 0.2 in the MCHMj; for k = 1 and s &= —1.7 the cross sections
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Figure 4: The ZHH cross section in the SM (red) and the MCHMj for £ = 0.2 (blue), £ = 0.5 (black) and
&€ = 0.8 (green) divided by the cross section of the corresponding model at k=1 for /s = 500 GeV(left) and
/s =1 TeV (right).

at /s = 1 TeV have the same value. Such ambiguities can be resolved by investigating other pair production
processes like W boson fusion or by measurements of the cross section at different collider energies.

In order to study the experimental sensitivities to the trilinear Higgs self-coupling the decays of the
Higgs bosons must be included. In the narrow-width-approximation this can be done by multiplying the
production cross section with the respective branching ratios.> For the MCHMy 5 the branching ratios can
be found in Ref. [15] or be calculated with the Fortran program eHDECAY [33]. In the MCHMy the branching
ratios do not change compared to the SM since the Higgs couplings are all modified by the same factor.
For My = 125 GeV the Higgs boson decays dominantly into b-quarks followed by the decay into W bosons.
In the MCHMj; the branching ratios depend on £. For a 125 GeV Higgs boson and small £ values, again
the decays into bb dominate. But for ¢ = 0.5 the fermion coupling vanishes and therefore the branching
ratios into fermions and gluons vanish as well, so that in the region around £ = 0.5 the decays into W W~
dominate. Above £ = 0.5 with increasing £ the Higgs coupling to gauge bosons decreases while the coupling
to fermions increases, so that for & > 0.65 the decays into bb dominate and the decays into W W~ become
less important.

In order to investigate the question if the double Higgs-strahlung process is sensitive to a change in the
trilinear Higgs self-coupling we have constructed sensitivity areas in the £ — k plane. These sensitivity areas
give an idea of how accurately the pair production cross section has to be measured in order to extract
the Higgs self-coupling with a certain precision. For the construction of the areas we place ourselves in a
particular model (MCHM, or MCHMj; and a fixed value of ) and vary within this model the trilinear Higgs
self-coupling in terms of the corresponding coupling of this model by applying a modification factor . We
then determine the regions where the number of signal events deviates by more than 1,2,3,50 from the
number of signal events at k = 1, hence where in the specific model under investigation,

S, < Su=1 —a\/S.=1 S, > S.—1+a\/S.=1 (3)

In Fig. 5 we show these sensitivity areas for MCHMy, in the bbbb final state at /s = 500 GeV and an
integrated luminosity of 500 fb~! (left) and 1000 fb~' (right). The darkest (lightest) region corresponds to
the 5 (1) o region. As can be inferred from Fig. 5 the trilinear Higgs self-coupling cannot be measured very
precisely in double Higgs-strahlung in the 4b final state. In the SM, corresponding to £ = 0, only a variation
in the sign can be measured at 3 o or whether the trilinear Higgs self-coupling changes by at least a factor of

or with a=1,2,3,5.

3The narrow-width-approximation can be applied here as for a 125 GeV SM Higgs boson the total width is ~ 4 x 1073 GeV,
and the total widths of MCHM,4 and MCHMj5 for the same Higgs boson mass and the three investigated & values are in the
vicinity of or below the SM total width [15].
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Figure 5: Sensitivity areas in the £ —k plane of the double Higgs-strahlung process to a change in the trilinear
Higgs self-coupling by a multiplicative factor x in terms of the MCHMy trilinear Higgs self-coupling for a
certain value of ¢ in the final state bbbb at /s = 500 GeV and [ £ = 500fb™" (left) and [ £ = 1000fb~"
(right). The regions correspond from dark blue to light blue to 5, 3, 2, 1 o, see the text for explanation.

2. For low non-vanishing values of £ the situation becomes even worse. For larger luminosities the prospects
are somewhat better. Note, however, that although in the region around £ = 0.7 we have 5o regions, the
number of signal events is very low here with only 2 — 3 events for [ £ = 500fb . Increasing the energy
worsens the prospects due to reduced cross sections.

The corresponding sensitivity plots for MCHMj5 can be found in Fig. 6. Here again the trilinear Higgs
self-coupling cannot be measured with high accuracy. Around & = 0.5 there is no sensitivity at all since here
the trilinear Higgs self-coupling vanishes. For very large values of ¢ there is some sensitivity in the bbbb final
state due to the enhanced branching ratio into b-quarks for large values of £ where the coupling of the Higgs
boson to the vector bosons becomes small. Again the prospects of measuring the trilinear Higgs self-coupling
increase significantly with higher luminosity.

So far no background processes or detector effects have been taken into account. For a realistic study,
which is beyond the scope of this contribution, they are necessary. We can, however, give an estimate what
the prospects of such an analysis are. The dominating background processes do not involve Higgs bosons,
so that they do not change in the composite Higgs models compared to the SM. Previous studies found
that in the SM the trilinear Higgs self-coupling can be measured with an accuracy of ~ 10 — 20% for high
luminosities at ILC/CLIC [6,34-37]. As, however, the ZH H signal processes in the MCHMs are reduced
compared to the SM, a measurement of the trilinear Higgs self-coupling will not be possible with the same
accuracy as in the SM. Note also that the number of signal events even without applying any cuts is very
small (~ 24 for k = 1 and £ = 0 at /s = 500 GeV for [ £ =500fb™" in the bbbb final state).

4.2 Vector boson fusion

In the following we discuss vector boson fusion via W bosons into a Higgs boson pair. The generic diagrams
contributing to this process are depicted in Fig. 7. The Z boson fusion process is an order of magnitude
smaller in the SM. This slightly changes in the composite Higgs models, but not as much as to dominate
over W boson fusion.

In Fig. 8 the Higgs pair production cross sections via W boson fusion are shown as a function of £ for
the MCHM, (left) and MCHMj (right) at /s = 500 GeV and 1 TeV. The cross section increases with &

4For the sensitivities on Higgs self-couplings in the context of genuine dimension-six operators, see [38].
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Figure 6: Same as Fig. 5 but in the MCHMj5.

because the interference behaviour between the Feynman diagrams changes. In the SM the diagrams with
the WW HH coupling and the diagram with the ¢/u-channel exchange of a W boson interfere destructively
whereas in the composite Higgs models for low £ the destructive interference term becomes smaller. For
& = 0.5 the HHWW coupling and the HH H coupling change sign and they interfere constructively with the
other diagrams. In the SM the cross section for double Higgs-strahlung slightly exceeds the W boson fusion
cross section. As W boson fusion increases with £, in the composite Higgs models already for low values of
¢ the W boson fusion process becomes more important than double Higgs-strahlung at /s = 1 TeV.

The W boson fusion cross section in composite Higgs models shows an interesting and characteristic
energy behaviour of the strongly-interacting Higgs scenario [10,39]. Due to the modified Higgs couplings the
amplitude of longitudinal W boson fusion becomes

M =G {82 [1-20)+

V2

(s — M)/ M3

n 1-¢ {(1ﬂév)+(ﬂw — Bucosf)® (1ﬂ3/)+(ﬂw+/8HCOSG)2:|}
Bw B cosf — xy cosf + xy
ith B = 1_% d = % (4)
wi wiH = . an Ty = BB

The Higgs production angle in the WW c.m. frame is denoted by 6. The contribution of the diagram with
2

the trilinear Higgs self-coupling A%, = ?’ML{’ is modified by a factor of A =1 — ¢ in MCHM, and by a

z

factor of A =1— 2¢ in MCHMj5. For high energies the amplitude becomes

MZZ V2G5 ¢ (5)

Figure 7: Generic Feynman diagrams contributing to Higgs pair production via W boson fusion.
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Figure 8: The cross sections of Higgs pair production via W boson fusion as a function of the £ for the
MCHM, (left) and the MCHMj5 (right) at /s = 500 GeV (red) and 1 TeV (blue).

and hence increases with the c.m. energy. In Fig. 9 the Higgs pair production cross section via W boson
fusion is shown as a function of the c.m. energy in the MCHMj; for £ = 0.2,0.5,0.8 and for comparison also
in the SM. Indeed, the cross section increases for non-vanishing values of ¢ with the c.m. energy, an increase

MCHMS: e*e” . yVHH
250

LA

200

150

o [fb]

100 £

50

5000 10000 15000 20000
Vs[GeV]

Figure 9: The W boson fusion cross section as a function of the c.m. energy /s in the MCHMj for £ = 0.2
(blue), 0.5 (black) and £ = 0.8 (green) and compared to the SM (red).

which becomes more and more important with larger £ values. At the same time the contribution of the
diagram involving the trilinear Higgs self-coupling becomes negligible.® The energy behaviour results from
the Higgs boson not fully unitarising this process any more due to its modified couplings with respect to
the SM. Since the couplings depart smoothly from the SM case the breakdown of partial wave unitarity is
delayed to higher energies. From the viewpoint of an effective theory, partial wave unitarity can be restored
above the cut-off by new resonances of the strongly-interacting sector [40].

5Therefore, we did not show Fig. 9 for the MCHMy since the two models differ for this process only in the trilinear Higgs
self-coupling. At high energies, when the contribution from the trilinear Higgs self-coupling is negligible, the two models show
no difference.
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Figure 10: The W boson fusion cross sections in MCHM35 as a function of £ normalised to the cross section
at k=1 for £ = 0.2 (blue), £ = 0.5 (black) and & = 0.8 (green) and in the SM (red) for a collider energy of
Vs =500 GeV(left) and /s =1 TeV (right).

In Fig. 10 the sensitivity of Higgs pair production through W boson fusion to the trilinear Higgs self-
couplings is investigated by plotting the normalised cross section as function of k, which is the modification
factor applied to Agpgm in terms of the Higgs self-coupling of the respective model. The cross section is
normalised to its value where the trilinear Higgs self-coupling takes the value of Agppy predicted in the
model under investigation, i.e. for k = 1. The variation is shown for /s = 500 GeV (left) and 1 TeV
(right). As can be inferred from the figure, the cross sections show are stronger variation with A at lower
c.m. energies. This is because the diagram involving the trilinear Higgs self-coupling is suppressed by an
extra propagator compared to the other diagrams. Nevertheless, the trilinear Higgs self-coupling can be
measured with a higher accuracy at 1 TeV due to the larger number of signal events. The comparison with
the double Higgs-strahlung process shows that the sensitivity in W boson fusion to Mgz is higher.

In Fig. 11 the sensitivity areas in the £ — k plane are shown for the MCHMy in the 4b final state. Again
the dark blue region is the 5o region, i.e. the region where the number of signal events for the modified
coupling in terms of the coupling predicted by the model deviates by more than 5o from the number of
signal events where the coupling takes the value predicted by the model. The c.m. energy has been set
equal to 1 TeV as it is large enough to produce a sufficient number of signal events but small enough not
to spoil the sensitivity to Aggm. For the integrated luminosity we took [ £ = 500 fb~!. Furthermore, in
Fig. 11 (right) we assumed polarised e* beams which gives an additional factor of 4 for the cross section
if the beams are perfectly polarised.® In practice, a polarisation of the e~ —beam of 80-90% is possible, for
the e —beam of ~ 60% [41]. The factor of 4 from polarised beams is equivalent to a factor of 4 in the
luminosity. The figure shows, that the sensitivity to the trilinear Higgs self-coupling becomes smaller with
rising £. In other words, the cross section has to be measured with higher precision in order to achieve a
certain precision on Aggpg. The reason is that with rising £ the coupling Aggy becomes smaller as it is
modified by a factor v/1 — € compared to the SM. However, the prospects of measuring the trilinear Higgs
self-coupling in W boson fusion look much better than in double Higgs-strahlung. For very low values of &
this is only due to the higher sensitivity of the W boson fusion compared to the Higgs-strahlung process.
For moderate values of £ also the cross section is larger than for double Higgs-strahlung. The region of poor
sensitivity at k &~ 2 for values of £ close to 0 is due to an ambiguity in the cross section. The value k &~ 2
leads to the same cross section as kK = 1.

The sensitivity areas for the MCHMj in the & — x plane can be found in Fig. 12. They are shown
for ideally polarised beams for two different final states, bbbb and WHW ~W+W~. Since for £ = 0.5 the
fermionic couplings in the MCHM3 are zero, the branching ratio H — bb is zero. Also the sensitivity to the

6Note that the double Higgs-strahlung cross section is enhanced by a factor of 2 for 100% polarised e* beams.
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Figure 11: Sensitivity areas in the £ — k plane of W boson fusion into Higgs pairs to a change in the trilinear
Higgs self-coupling by a multiplicative factor x in terms of the MCHMy trilinear Higgs self-coupling for a
certain value of ¢ in the final state bbbb at /s = 500 GeV and [ L = 500fb~! and unpolarised beams (left).
In the right figure [ £ = 2000 fb~! or equivalently we have ideally polarised e* beams at fL= 500fb 1.
The regions correspond from dark blue to light blue to 5, 3, 2, 1 o, see the text for explanation.

trilinear Higgs self-coupling vanishes for £ = 0.5 because the coupling becomes zero at this £ value. The 4W
final state shows some sensitivity to the coupling in the vicinity of £ ~ 0.5, contrary to the 4b final state,
where the branching ratio of the decay H — bb is still too small. On the other hand, the branching ratio
into WTW ™~ diminishes for large ¢ values since the HWW coupling scales with /1 — &, and also for small
¢ values the decays into H — bb dominate leading to a better sensitivity on Ag .

Taking into account detector properties and background processes, for the SM it was found that the
trilinear Higgs self-coupling can measured with a precision of ~ 10% in the SM [35-37]. In composite Higgs
models the cross section increases and in large areas of the parameter space the cross section is sensitive to
the trilinear Higgs self-coupling. As the dominant background processes do not change compared to the SM,
for large regions in the parameter space a determination of the trilinear Higgs self-coupling with the same
accuracy or even better may therefore be expected in the MCHM, and MCHM.

5 Conclusions

The measurement of the Higgs self-couplings is an important but very difficult task in the program of the
experimental verification of the Higgs mechanism. We studied the prospects of measuring a non-vanishing
trilinear Higgs self-coupling in the context of minimal composite Higgs models. At the LHC this is very
difficult in particular for a light Higgs boson with mass of 125 GeV where the decay into bb dominates, which
faces large QCD backgrounds.

The ILC offers a cleaner environment, high luminosities and a high degree of polarisation of the e* beams.
We showed that in double Higgs-strahlung off Z bosons the cross sections in the MCHMs become smaller
compared to the SM. Therefore, the measurement of the trilinear Higgs self-coupling in this channel is more
difficult than in the SM case. For W boson fusion into Higgs pairs, however, the cross section is larger in
the MCHMs than in the SM. It has been shown that this process is sensitive to a non-vanishing trilinear
Higgs self-coupling in large regions of the parameter space. Due to the expected number of signal events the
precision with which the trilinear Higgs self-coupling can be measured should therefore be as good as or even
better than in the SM. The cross section of W boson fusion increases with rising c.m. energy. However, this
does not lead to better prospects of measuring the trilinear Higgs self-coupling, since the diagram containing
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Figure 12: Sensitivity areas in the £ — k plane of W boson fusion into Higgs pairs to a change in the trilinear
Higgs self-coupling by a multiplicative factor s in terms of the MCHMj trilinear Higgs self-coupling for
a certain value of ¢ in the final state bbbb (left) and WW-WFW~ (right) at /s = 1 TeV and ideally
polarised e* beams at J £ =500 fb~!. The regions correspond from dark blue to light blue to 5, 3, 2, 1 &,
see the text for explanation.

the trilinear Higgs self-coupling is suppressed by an extra propagator compared to the other diagrams so
that the sensitivity to A5y becomes more diluted at higher c.m. energies. Altogether, W boson fusion is
more sensitive to the trilinear Higgs self-coupling than Higgs-strahlung.
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Implications of the 125 GeV Higgs for Supersymmetry
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CNRS/IN2P3, INPG, 53 Avenue des Martyrs, F-38026 Grenoble, France

The current LHC Higgs results may be used as a guide for where to look for SUSY. This contribution
discusses implications of the 125 GeV Higgs boson for the MSSM and NMSSM. Using boundary conditions
at the GUT scale, gluinos and light-flavor squarks turn out to be heavy, in accordance with the current
SUSY search limits, while stops can still be light, below 1 TeV. The observed Higgs signal is much easier
accommodated in the NMSSM than in the MSSM. Particularly interesting are NMSSM scenarios with
large A and small tan 8: they are characterized by light stops and light higgsinos, and offer the intriguing
possibilities of, e.g., observing a second light Higgs boson with lower mass, or two (quasi-)degenerate
Higgs bosons near 125 GeV.

1 Introduction

The recent discovery [1, 2] of a new particle with mass around 125 GeV and properties consistent with a
Standard Model (SM) Higgs boson is a first triumph for the LHC physics program. However, while this
discovery completes our picture of the SM, it still leaves many fundamental questions open. One of the most
pressing issues is that the SM does not explain the value of the electroweak (EW) scale itself: Why is the
Higgs boson so light when it is predicted to be driven to the scale of Grand Unified Theories (MguT), or
even the Planck scale, by radiative corrections? Either new physics appears at the EW scale, or the Higgs
mass-squared is fine tuned at the 10732 level.

New particles that couple to the Higgs can however also modify the Higgs couplings, and thus the
production and decay rates in various channels. So on the one hand we expect physics beyond the SM (BSM)
to explain the Higgs mass, on the other hand the measured mass and signal strengths provide significant
constraints on concrete BSM realizations, see e.g. [3, 4]. Moreover, while the SM provides a reasonably good
fit to to the current data, based on the results published in 2012, some new physics contributions to the
effective Higgs couplings to gluons and photons are preferred, as shown in Fig. 1.

The arguably best motivated extension of the SM is weak-scale supersymmetry (SUSY), introducing a new
symmetry between fermions and bosons. SUSY solves the hierarchy problem provided SUSY particles exist

1Based on the experimental results available at the end of 2012.

Figure 1: Global fit of additional loop contributions
AC, and AC,, from new particles to the Higgs cou-
plings to gluons and photons, assuming SM values
- for the couplings to W, Z and SM fermions. The
@) Ob----------=- R fit includes all available Higgs signal strengths from
< ATLAS, CMS and the Tevatron experiments. The
red, orange and yellow ellipses show the 68%, 95%

o
a
T
1

R e R o

-0.5f . and 99.7% CL regions, respectively. The white star
marks the best-fit point ACy, = —0.086, AC, =
0.426. From [4].
Y 0.5 1
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Figure 2: Left: dependence of mj on mj in the NUHM model, with the amount of stop mixing indicated
by a color code. Right: projection of the points with mj;, = 123—127 GeV in the squark versus gluino mass
plane. From [6].

at or around the TeV energy scale. The (Next-to-) Minimal Supersymmetric Standard Model, (N)MSSM,
moreover predicts a light, often SM-like, Higgs boson with mass below ~ 135 (140) GeV. This has always
been regarded as an intriguing feature, and even more so with the actual observation of a Higgs-like state
at 125 GeV. So far, however, SUSY searches at ATLAS and CMS show no signal whatsoever, and the mass
limits in particular for squarks and gluinos have been pushed well into the TeV range [7, 8].

So the Higgs has been found — but where is supersymmetry? In fact, the SUSY particles relevant for
the Higgs sector and the hierarchy problem, stops and higgsinos, are much less constrained than light-flavor
squarks and gluinos. “Natural” SUSY still lives on. In this talk I therefore discuss some implications of the
LHC Higgs results for supersymmetric models.

2 Minimal Supersymmetric Standard Model

In the MSSM, m? = m% cos® 283 at tree level, where tan 3 = v, /vg, v = \/v2 + v% =174 GeV. This quickly
saturates to mi < m% for tan > 5. To further lift m? from m% = (91 GeV)? to around (125 GeV)?,
radiative corrections nearly as large as the tree-level value are required. The leading one-loop correction
comes from the top—stop sector and is given by [5]

3 mi MZ  X? X?
Amp = 25—t (log =5 + =L (11— : 1
M T g e (Og m2 T2 12 M2 S

Here m; is the running top-quark mass at the scale m;, M2 = mg, mg, with mg, , the stop masses, and X; is
the stop mixing parameter, X; = Ay — pcot 3, at the scale Mg. The contribution from the logarithmic term
in Eq. (1) can be increased by simply raising Mg, but naturalness demands that the SUSY scale should be
not too far above the EW scale. The X; contribution is maximized at |X;/Mg| =~ /6 = 2.45; this is called
the maximal-mixing scenario.

As a consequence, my, ~ 125 GeV requires either (unnaturally) heavy stops, or maximal mixing. This is
illustrated in Fig. 2 for a semi-constrained version of the MSSM with universal gaugino mass M 5, scalar
mass mo and trilinear coupling Ag all defined at Mgy, but non-universal Higgs mass parameters (NUHM
model). As can be seen, a 125 GeV Higgs together with stops in the 0.5-1 TeV mass range indeed requires
maximal mixing, i.e. very large |A;| (left plot). At the same time, gluinos and 1st/2nd generation squarks
turn out to be heavy. with masses above 1-2 TeV (right plot). thus automaticallv avoiding the current LHC
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Figure 3: Signal strength (relative to SM) in the h; — 77 channel as function of A from a scan over the
semi-constrained NMSSM, on the left for the h; lying in the 123 — 128 GeV mass range, on the right for the
ho lying in the 123 — 128 GeV range. See text for color code.

3 Next-to-Minimal Supersymmetric Standard Model

The NMSSM differs from the MSSM by to the presence of the gauge singlet superfield S [9]. In the simplest
Z3 invariant realization of the NMSSM, theA Higgs mass term uwHHyg in the superpotential Wyigsm of the
MSSM is replaced by the coupling A of S to H,, and H; and a self-coupling £53. The superpotential Wixnssm
is given by:
~ A ~ K A
WinMssM Z)\SHu~Hd+§S3+... , (2)

where hatted letters denote superfields, and the dots denote the MSSM-like Yukawa couplings of H, and Hy
to the quark and lepton superfields. Once the real scalar component of S develops a vev (S), the first term
in Wnwmssm generates an effective p-term, peg = A(S).

As compared to two independent parameters in the Higgs sector of the MSSM at tree level, often chosen
as tan 8 and M4, the Higgs sector is now described by

)‘7 K, A)\ ) AR? tanﬁ :Uu/vd y Meff - (3)

The neutral Higgs sector of this model consists of three CP-even (hi, ha, h3) and two CP-odd (a1, as)
states. The CP-even mass eigenstates are superpositions of the neutral CP-even components of H,, Hy, S:

hi = SiqaHi+S1,u Hi+815 5,
h2 = S2,d Hd + S2,u Hu + S2,s S y
hs = S3q Hqg+ 83, Hy+S835 S, (4)

with the couplings to gauge bosons and fermions determined by the 3x3 mixing matrix S, e.g. g;, vv/9pe, vy =
cos BS;.q +sinBS; .

An interesting feature is that the coupling ASH,Hy, in the superpotential leads to an extra tree-level
contribution to the SM-like Higgs mass mi = m?% cos® 28 + \v? sin? 28 + Am?. 1t is thus much easier to
obtain my, ~ 125 GeV in constrained versions of the NMSSM then in their MSSM equivalents [10]. Moreover,
as pointed out by Ellwanger [11, 12], for large A (and small tan 3) doublet—singlet mixing can reduce the hbb
coupling, thus enhancing the di-photon signal at the LHC. This works in fact for both, the lightest and the
second-lightest scalar, hy and hsa, and either of them could be the observed state at 125 GeV [12, 10, 13].

For illustration, Fig. 3 shows the result of a scan of the “semi-constrained” NMSSM with universal my,
M, /5 and Ag at the GUT scale, but the NMSSM-specific parameters of Eq. (3) treated as free parameters
at the EW scale. The scan was performed with NMSSMTools [141: all points have a neutralino as the lightest
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Figure 4: Signal strengths (relative to SM) Rivip (bb)
versus RI2(vy) for my, € [96,100] GeV and mp, €
[123,128] GeV in the semi-constrained NMSSM.
Blue points have Qh? < 0.094 while red and orange
points have Qh? € [0.094,0.136]. From [15].

AMygy, BR(Bs; = ptp), BR(BT — 771;) and BR(B — Xsut ™) at 20. The light, medium and dark blue
points have Qh2 < 0.136 and obey the bounds on the spin-independent LSP-proton scattering cross section
from XENON100. Light and medium red points have 0.094 < Qh? < 0.136 and of course also pass the
XENON100 bounds. (The shades of blue and red just help indicate the level of enhancement or suppression
of the v signal.) The green points have (A% < 0.136 and in addition explain Aa, within 20.

4 Two Higgs bosons at 98 and 125 GeV

If the hy of the NMSSM is responsible for the signal at 125 GeV, a particularly interesting question [15] is
whether one could simultaneously explain the LHC signal and the small (~ 2¢) LEP excess in ete™ — Zbb
in the vicinity of M3 ~ 98 GeV. We recall that the LEP excess is clearly inconsistent with a SM-like Higgs
boson at this mass, being only about 10 — 20% of the rate predicted for the Hgyr. Consistency with such a
result for the h; is natural if the h; couples at a reduced level to ZZ, which, in turn, is automatic if the ho
has substantial ZZ coupling, as required by the observed LHC signals.

As above, we perform a scan over the semi-constrained NMSSM. We compute the ratio of the gg or
VBF induced Higgs cross section times the Higgs branching ratio to a given final state X, relative to the
corresponding value for the SM Higgs boson, as?

I'(h; — gg) BR(h; — X)
F(HSM — gg) BR(HSM — X),

I'(h; — WW) BR(h; — X)

hi _
i(X) =
Rgy(X) T(Hsy — WW) BR(Hsy — X))’

RQ/iBF (X) =

()

where h; is the i NMSSM scalar Higgs, and Hsy is the SM Higgs boson, taking mg, = mn, .

To describe the LEP and LHC data the h; and hs must have mp, ~ 98 GeV and mp, ~ 125 GeV,
respectively, with the h; being largely singlet and the ho being primarily doublet (mainly H,, for the scenarios
we consider). Figure 4 shows R(LfBF (bb) versus RZ; (y7y) for the scan points that pass LEP, B-physics and
dark matter constraits as above and have in addition my, € [96,100] GeV and my, € [123,128] GeV. (These
ranges take into account a 2-3 GeV theoretical error in the computation of the Higgs masses.) The points
with 0.1 < R(L}BF(bIB) < 0.25 would provide the best fit to the LEP excess. As can be seen, a large portion

of these points have RZ; (vy) > 1 as preferred by LHC data.

In the following we thus require myp, € [96,100] GeV with 0.1 < R(L}BF(bIB) < 0.25, and my, €
[123,128] GeV with R’;; (vy) > 1. We refer to this as the “98 + 125 GeV Higgs scenario”. Points with
Qh? < 0.094 are represented by blue circles and points with Qh? € [0.094,0.136] (the “WMAP window”)
are represented by red/orange diamonds.

Two distinct WMAP-window regions appear. The red region has RZ; (vy) ~ 1.6 and corresponds fieg ~
120 GeV and tan 3 ~ 2; as can be seen in Fig. b, it features a partly light spectrum with mszo ~ 70—80 GeV,
Mg ~ 105 — 110 GeV and m;, ~ 0.2 — 1 TeV, while mg 2 1 TeV and mg 2 2 TeV. Again, LHC SUSY

limits are automatically avoided by the Higgs-sector requirements. Moreover, the other Higgses are light,
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Figure 5: Expectations for sparticle and Higgs masses in the 98 + 125 GeV Higgs scenario. Blue points have
Qh? < 0.094 while red and orange points have Qh? € [0.094, 0.136]. From [15].

too, my, ~ 150 GeV and mp, ~ my+ =~ mg, ~ 300 — 400 GeV. The orange region is quite different. It
appears at feg ~ 200 GeV and tan f ~ 5 —8 and has RZ; () ~ 1.1. The overall mass scale is much heavier:
msgo ~ 90 — 150 GeV and m;, > 1.8 TeV, see Fig. 5. Squarks and gluinos lie in the 3 — 5 TeV mass range,
above the reach of the 14 TeV LHC. The heavy Higgses also have masses above 1 TeV, only the a; is still
light with m,, < 250 GeV.

The LSP decomposition and its expected spin-independent scattering cross section off protons are shown
in Fig. 6. The prospects to test the 98 4+ 125 GeV Higgs scenario at the LHC and a future ILC are discussed
in detail in [15]. Obviously the ILC would be the ideal machine to explore the light charginos and neutralinos
present in this scenario, and to precisely measure their properties.

An eTe™ collider would also be the ideal machine to produce the additional Higgs states. Production cross
sections for the various Higgs final states are shown in Fig. 7 for three illustrative scenarios specified in Table 1
taken from our NMSSM scans. The first plot is for a WMAP-window scenario with mszo ~ 76 GeV and light
Higgs bosons. The third plot is for the point in region B with smallest my,,, for which mg,, mp,, my+ are
all around 1 TeV. The second plot is for a sample scenario with Higgs masses that are intermediate, as only
possible if Qh? lies below the WMAP window. With an integrated luminosity of 1000 fb ™!, substantial event
rates for many Z+Higgs and Higgs pair final states are predicted. In the ete™ collider case, it would be easy
to isolate signals in many final states. For example, in the case of Higgs pairs, final states such as (¢f)(t),
(X9x9)(tt) and so forth could be readily identified above background. Observation of the (Y9x9)(x{X}) final
states would require a photon tag and would thus suffer from a reduced cross section. Associated Z+Higgs,
with Higgs decaying to tf or XX} would be even more readily observed.
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Figure 6: LSP higgsino component (left) and spin-independent scattering cross section (right) as function of
the LSP mass for the 98 4+ 125 GeV Higgs scenarios. From [15].

scenario I scenario 11 scenario III

Figure 7: Cross sections for Higgs production at an eTe™ collider, as functions of the center-of-mass energy
/s, for three illustrative mass spectra as tabulated in Table 1. From [15].

Table 1: Higgs masses and LSP mass in GeV for the two scenarios for which we plot eTe™ cross sections in
Fig. 7. Also given are Qh?, the singlino and Higgsino percentages and RZ; (7). Scenarios I) and III) have
QA2 in the WMAP window, with I) being typical of the low-mso scenarios and III) being that with smallest
mp, in the large-mgo group of points in the WMAP window. Scenario IT) is chosen to have mg, and mp,

intermediate between those for scenario I) and III), a region for which QA? is substantially below 0.1.

Scenario | mp, | Mp, | Mpy | May | May | Myt | Mo Qh? | LSP singlino | LSP Higgsino R’s}; ()
I 99 124 | 311 | 140 | 302 295 76 0.099 18% 5% 1.62
II 97 124 | 481 | 217 | 473 466 92 0.026 20% 74 % 1.53
111 99 | 126 | 993 | 147 | 991 | 989 | 115 | 0.099 5% 25% 1.14
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5 Degenerate case: two Higgses hiding in the 125 GeV signal?

As mentioned, enhanced rates in the 4+ channel arise in the NMSSM with large A when the h; and hy are
sufficiently close in mass that one Higgs, h;, “steals” (through mixing) some of the bb width of the other
Higgs, hj. The state with the enhanced ~ signal and mass near 125 GeV can be either the hy or the ho.
It is however also possible that hy and hy both lie in the 123-128 GeV mass window [16]. In this case, a
second mechanism for large v rates emerges — namely both h; and hy contribute significantly and their
summed rate is enhanced even though their individual rates are more or less at, or even somewhat below,
the SM level.

Figure 8 shows the correlation of gg — (h1, ha) — 77 signal strengths in the semi-constrained NMSSM
when both h; and hs lie in the 123-128 GeV mass range. We see that often one Higgs dominates the signal,
but it is also possible that both have RZ; (vy) 2 0.5 thus giving a combined signal larger than 1.

To go a step further, we take the net signal in given production and decay channels Y and X to simply
be RE(X) = RIN(X) + RI2(X), and we define the resulting “effective” Higgs mass as

Y _ R?fl (X)mhl + R?/Q (X)mhz
my (x) = 22 Y . (6)
Ry (X) + Ry* (X)
Of course, the extent to which it is appropriate to combine the rates from the h; and hy depends upon the
degree of degeneracy and the experimental resolution. It should be noted that the widths of the h; and ho
are of the same order of magnitude as the width of a 125 GeV SM Higgs boson, i.e. they are very much
smaller than this resolution.

In Fig. 9, we display in the left-hand plot the strong correlation between R;Lg (vv) and Rgg(VV), V=
W, Z. Note that if R’!}g(fw) ~ 1.5, as suggested by current experimental results, then in this scenario
RZQ(VV) > 1.2. In the right-hand plot, we show R’;g () versus the mass of the lighter pseudoscalar a;. It
is interesting to note that for the bulk of the points with (quasi-)degenerate hq o also the other Higgs states
tend to be light, with m,, < 300 GeV and mg,, ~ mp, ~ mg+ < 500 GeV.

The scenario again prefers small g of order 100-200 GeV, which is very favorable in point of view of
fine tuning, in particular if stops are also light. Indeed a good fraction of our points with degenerate hq, ho
and R(yy) > 1 features light stops with m;, € [300,700] GeV and Msusy = /my my, < 1 TeV. Because of
the small o, the LSP is dominantly a light higgsino. A relic density of 2h? ~ 0.1 can be achieved for LSP
masses just below 80 GeV, see Fig. 10. The LSP is 70-80% higgsino in this case, with order 20% singlino

admixture. The ILC would again be the ideal machine to explore this scenario.
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Figure 9: Correlation between the gg induced vy and V'V signal strengths (left) and RZ’g(’y’y) versus the
mass of a; (right) for NMSSM points with quasi-degenerate h; and hsy in the 123-128 GeV mass window.
The green, blue and red points have Am = mp, — mp, = 2-3 GeV, Am = 1-2 GeV and Am < 1 GeV,
respectively. From [16].
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Figure 10: Relic density Qh? versus LSP mass (left) and versus LSP singlino component (right) for NMSSM
points with quasi-degenerate hy and hsy in the 123-128 GeV mass window. The green, blue and red points
have Am = mp, — mp, = 2-3 GeV, Am = 1-2 GeV and Am < 1 GeV, respectively. From [16].
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Figure 11: Tllustration of the double ratio I) of Eq. (7) for degenerate hy and hy in the 123-128 GeV mass
range in the semi-constrained NMSSM. The green, blue and red points have Am = my,, —mp, = 2-3 GeV,
Am =1-2 GeV and Am < 1 GeV, respectively. From [17].

6 Diagnosing degenerate Higgs bosons

Two or more degenerate Higgs bosons will in general have different relative production rates in the VBF and
gg fusion channels for one or more final states. In [17] we thus proposed double ratios of signal strengths
as a useful diagnostic tool to reveal the existence of one ore more quasi-degenerate (but non-interfering in
the small width approximation) Higgs states. For models with Higgs doublets+singlets, the relevant double
ratios are:

R (WW)/RE, (WW)
R (bb)/RE, (0b)

Rlpp(vy) /R, (v7)
Rypp(WW)/RE (WW)’

Rlpe(vy)/ R, (79)
Rl (bb) / RE (bb)

I): II): II):

(7)

each of which should be unity if only a single Higgs boson is present but are generally expected to deviate
from 1 if two (or more) Higgs bosons are contributing to the net Higgs signals. Values obtained in the
semi-constrained NMSSM are shown in Fig. 11.

7 Conclusions

In summary, the observation of the 125 GeV Higgs boson at the LHC has important implications for super-
symmetric models. In particular, in the MSSM and NMSSM scenarios discussed here, gluinos and squarks
of the first two generations tend to be heavy, in agreement with the non-observation of SUSY signals at
the LHC, while stops and EW-inos can be light. Within NMSSM, there exists the intriguing possibility of
additional Higgs states in the vicinity of, or degenerate with, the state at 125 GeV. This offers extremely
interesting possibilities for precision Higgs physics a the ILC. Neutralinos and charginos are also expected
to be light in these scenarios; the lightest states are typically higgsino-like and thus difficult to observe at
the LHC. An e*e™ collider would be the ideal machine to resolve such scenarios.
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We re-evaluate prospects for supersymmetry at the proposed International Linear ete™ Collider (ILC)
in light of the first year of serious data taking at LHC with /s = 7 TeV and ~ 5 fb™" of pp collisions
(LHCT7). Strong new limits from LHC SUSY searches, along with a hint of a Higgs boson signal around
my, ~ 125 GeV, suggest a paradigm shift from previously popular models to ones with new and compelling
signatures. We present a variety of new ILC benchmark models, including: natural SUSY, hidden
SUSY, NUHM2 with low ma, non-universal gaugino mass (NUGM) model, pMSSM, Kallosh-Linde
model, Briimmer-Buchmiiller model, normal scalar mass hierarchy (NMH) plus one surviving case from
mSUGRA/CMSSM in the far focus point region. While all these models at present elude the latest LHC
limits, they do offer intriguing case study possibilities for ILC operating at /s ~ 0.25 — 1 TeV, and
present a view of some of the diverse SUSY phenomena which might be expected at both LHC and ILC
in the post LHC7 era.

1 Introduction

1.1 Motivation

Supersymmetry (SUSY) is a quantum spacetime symmetry which predicts a correspondence between bosonic
and fermionic fields [1, 2, 3, 4]. Supersymmetry is particularly appealing for theories of particle physics in that
it reduces scalar field quadratic divergences to merely logarithmic. This fact allows for an elegant solution
to the notorious gauge hierarchy problem, rendering the weak scale stable against quantum corrections
and allowing for stable extrapolations of the Standard Model (SM) into the far ultraviolet (E > Myecak)
regime [5, 6]. Thus, SUSY provides an avenue for connecting the Standard Model to ideas of grand unification
(GUTs) and/or string theory, and provides a route to unification with gravity via local SUSY, or supergravity
theories [7, 8, 9].

While models of weak scale supersymmetry are theoretically compelling, we note here that a variety of
indirect evidence from experiment has emerged which provides support for the idea of weak scale SUSY:

o Gauge coupling unification: The values of the three SM gauge couplings, measured at energy scale
Q ~ My at the CERN LEP collider, when extrapolated to high energy scales via renormalization
group (RG) running in the Minimal Supersymmetric Standard Model (MSSM) [10], very nearly meet
at a point around @ ~ 2 x 10® GeV [11, 12, 13]. Unification of gauge couplings is predicted by many
grand unified theories (GUTs) and string theories. Gauge coupling unification is violated by numerous
standard deviations under SM RG running.

e Precision electroweak measurements: Fits of precision electroweak observables (EWPO) to SUSY model
predictions find accord provided there exists a rather heavy SUSY particle mass spectrum [14]. Mean-
while, models such as minimal technicolor are highly stressed if not ruled out by EWPO.

o Top quark mass and electroweak symmetry breaking: The electroweak scalar potential is highly con-
strained in SUSY theories compared to the SM, and it is not immediately clear if electroweak symmetry
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can be properly broken, yielding the required vector boson and fermion masses while leaving the pho-
ton massless. In top-down theories, the soft breaking Higgs mass m%u is driven to negative values by
the large top quark Yukawa coupling, triggering an appropriate breakdown of EW symmetry, provided
that the top quark mass m; ~ 150 — 200 GeV [15]. The latest measurements find m, = 173.2 £ 0.9
GeV [16].

e Higgs mass: In the SM, the physical Higgs scalar mass mgg,, > 115 GeV due to LEP2 and LHC
searches, and it is lighter than ~ 800 GeV [17] from unitarity constraints [18]. In the MSSM, typically
mya > my, so that h is SM-like. In this case, mj > 115 GeV as in the SM case, but also my, < 135 GeV
due to its more constrained mass calculation including radiative corrections [19]. The latest data from
the CERN LHC and Fermilab Tevatron is consistent with 115 GeV < my, < 127 GeV with a (2 — 3)o
evidence for mj; ~ 125 GeV [108, 109, 110], squarely in the narrow SUSY window of consistency.

e Dark matter: While none of the SM particles have the right properties to constitute cold dark matter
in the universe, SUSY theories offer several candidates [20]. These include the neutralino (a WIMP
candidate), the gravitino or a singlet sneutrino. In SUSY theories where the strong C'P problem is
solved via the Peccei-Quinn mechanism, there is the added possibility of mixed 1. axion-neutralino [21,
22, 23], 2. axion-axino [24, 25, 26] or 3. axion-gravitino cold dark matter.

e Baryogenesis: The measured baryon to photon ratio n ~ 107! is not possible to explain in the SM. In
SUSY theories, three prominent possibilities include 1. electroweak baryogenesis (now nearly excluded
by limits on mj; and my, [27]), 2. thermal and non-thermal leptogenesis [28], and 3. Affleck-Dine
baryo- or leptogenesis [29, 30].

1.2 Some problems for SUSY models

While the above laundry list is certainly compelling for the existence of weak scale SUSY in nature, we are
faced with the fact that at present there is no evidence for direct superparticle production at high energy
colliders, especially at the CERN Large Hadron Collider (LHC). The ATLAS and CMS experiments have
accumulated ~ 5 fb~1 of integrated luminosity from pp collisions at /s = 7 TeV in 2011 (LHC7), and they
anticipate collecting ~ 15 fb~1 at /s = 8 TeV in 2012 (LHC8). Recent analyses by the CMS experiment [120]
using 4.4 tb~! of data have now excluded mj < 1400 GeV in the mSUGRA (also known as CMSSM) model,
for the case of mg ~ mg, while values of mgz < 800 GeV are excluded in the case where mg > my. Indeed,
fits of the mSUGRA model as recently as 2010 [31] to a variety of observables including EWPO, (g — 2),,
B-meson decay branching fractions and neutralino cold dark matter density predicted SUSY to lie exactly
in this excluded range. In addition, if the light SUSY Higgs boson turns out to have mp ~ 125 GeV, then
the minimal versions of gauge-mediated and anomaly-mediated SUSY breaking models will likely be ruled
out [32], since it is difficult to obtain such large values of my, in these models unless the sparticle mass spectra
exist with a lightest MSSM particle with mass greater than about 5 TeV [33].

While the above results may seem disconcerting, at the same time they were not unanticipated by many
theorists. Whereas SUSY theories solve a host of problems as mentioned above, they also bring with them
considerable phenomenological baggage [35]. Some of these SUSY problems include the following:

e The SUSY flavor problem [36]: In SUSY models based on gravity-mediation, it is generally expected
that large flavor-violating terms will occur in the Lagrangian [37], giving rise to large contributions to
the kaon mass difference, and flavor violating decays such as b — s or u — ey. Solutions to the SUSY
flavor problem include 1. degeneracy of matter scalar masses, in which case a SUSY GIM mechanism
suppresses flavor violation [38], 2. alignment of squark and quark mass matrices [39], or 3. decoupling
mainly of first/second generation scalars (m; ; 2 5 — 50 TeV) [40, 41, 42].} Indeed, the SUSY flavor
problem provided strong impetus for the development of GMSB and AMSB models, where universality
of scalars with the same quantum numbers is automatically expected.

e The SUSY CP problem: In this case, it is expected in gravity mediation that C'P-violating phases in
the soft SUSY breaking terms and perhaps p parameter will give rise to large electron and neutron (and

1Some degree of alignment or degeneracy would still be needed for the lower portion of this mass range.
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other) electric dipole moments (EDMs). Solutions include dialing the C'P-violating phases to zero, or
decoupling. Models such as GMSB and AMSB are again not expected to have complex, CP-violating
soft terms.

e Proton decay in SUSY GUT theories: In SUSY GUT theories, the proton is expected to decay to
K via colored Higgsino h exchange. The lifetime is expected to occur at levels below experimental
limits [43]. Since 7, ~ mg / m%mg, large squark masses can again suppress proton decay.

e The gravitino problem [44]: In models of gravity-mediation, the superhiggs mechanism generates SUSY
breaking by giving the gravitino a mass mg/5. The gravitino mass sets the scale for the visible sector
soft breaking terms, and so one expects sparticle masses of order ms/,. However, thermal production
of gravitinos in the early universe can lead to either 1. an overproduction of dark matter (here, the
gravitinos would decay to the stable LSP, or even be the LSP), or 2. late-time decays of gravitinos
at time scales > 1 s after the Big Bang would lead to dissolution of the light nuclei built up during
Big Bang nucleosynthesis (BBN). Solutions to the gravitino problem include 1. a rather low re-heat
temperature T < 10° GeV after inflation so that thermal gravitino production is suppressed [45] (but
such low Tk values conflict with some baryogenesis mechanisms such as leptogenesis, which seems to
require T > 10 GeV), 2. a rather light gravitino with msg s2 < 1 GeV, which enhances the goldstino
coupling, or 3. a rather heavy gravitino ms,, > 5 TeV, which lowers the gravitino lifetime so that
732 < 1 sec, and gravitinos decay before BBN [46].

While some proposed solutions solve individual problems listed above (e.g. alignment for the SUSY flavor
problem, low T for the gravitino problem, small phases for the SUSY C'P problem), there is one solution—
decoupling of first/second generation matter scalars— which goes a long way to solving all four.? But what of
fine-tuning constraints in SUSY models, which seemingly require sparticle masses near the weak scale [47]7

1.3 Fine-tuning in supersymmetric models

The connection between the SUSY breaking scale and the magnitude of the weak scale can be understood
most directly by minimization of the scalar potential in the MSSM to determine the magnitude of the
electroweak vacuum expectation values. The scalar potential gains contributions from three sectors:

Vsusy = Vi + Vb + Viort, (1)

and with 50 field “directions” in the MSSM, the scalar potential is rather daunting. Under rather mild
conditions, charge and color breaking minima can be avoided, so that instead we just minimize in the
neutral/non-colored scalar field directions. A well-defined local minimum can be found where the vacuum
expectation values of the real parts of the neutral Higgs fields are given by (h) = v, and (hY) = vq with

tan 8 = v, /vg. The Z boson acquires a mass M% = # (vﬁ + vﬁ). Including radiative corrections, the

scalar potential minimization condition is then written as

- (m¥y, +Xa) — (m3;, + 3y) tan® g 2 @)
(tan? 3 — 1) '

Here, ¥, and 3, arise from radiative corrections [48], and are given in the 1-loop approximation to the Higgs
effective potential by

1 0AV
z:u,d = )
Vu,d aHu,d

where AV is the one-loop correction to the tree-level potential, and the derivatives are evaluated at the
physical vacuum.

It is then reasonable to say that the theory yields a natural value of My if the individual terms on the
right hand side of Eq. (2) are comparable in magnitude so that the observed value of My is obtained without

2In gravity mediation, it is expected that the gravitino mass mg /o sets the mass scale for the heaviest of the scalars; in this
case, multi-TeV scalar masses would proceed from a multi-TeV gravitino mass.
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resorting to large cancellations. Indeed this is why |u| has been suggested as a measure of naturalness [49],
with theories where p? < M2 being the “most natural”. This relationship must be accepted with some
latitude, since values of p? < (100 GeV)? are phenomenologically excluded. Here, we will adopt |u| < Ays,
where Axs ~ Mz, but might be as high as ~ 200 GeV. Of course, there is nothing special about the
magnitude of u, so that the same considerations apply equally to all the terms in Eq'n 2, including those
involving the radiative corrections. Naturalness thus requires that each individual term in (2) be < Ays.

The largest contributions to X, 4 in Eq. (2) arise from superpotential Yukawa interactions of third
generation squarks involving the top quark Yukawa coupling. The order of magnitude of these contributions
is given by

3f7 w«m? (1 102 — 1
s, (g0 -1).
and so grows quadratically with the top squark masses. Clearly, the top squark (and by SU(2) gauge
symmetry, also bz,) masses must then be bounded from above by the naturalness conditions. In Ref. [50],
it has been shown that requiring >, < %M% leads to mj, <500 GeV. Scaling this up to allow p values up
to 150-200 GeV leads to a corresponding bound m;, <1 — 1.5 TeV. In other words, from this perspective,
models with g < 200 GeV and top squarks at the TeV scale or below are preferred by naturalness. It is also
worth remarking that since

2y

m3 ~2u* + myy, +mi, + Su+Sa, (3)

for moderate to large values of tan 3, the heavier Higgs scalars can naturally be at the several-TeV scale
because of the appearance of tan? 3 — 1 in the denominator of Eq. (2). Notice, however, that the bound of
A?VS on each term in Eq. (2) translates to an upper bound m4 < Aygtan S.

There will also be corresponding constraints on other sparticles such as electro-weak charginos and
neutralinos that directly couple to the Higgs sector, but since these couplings are smaller than f; and
there are no color factors, the constraints will be correspondingly weaker. Sparticles such as first and
second generation squarks and sleptons that have no direct/significant couplings to the Higgs sector are
constrained only via two-loop effects and can easily be in the 10-50 TeV range. An important exception
would be the gluino, since radiative corrections to the top squark mass are proportional to mg [51]. Using
omg ~ %mg x log and setting logs to be order unity, we expect that mg < 3mg. For top squarks to remain
in the ~ 1.5 TeV range, the gluino must be lighter than 3-4 TeV. In models with electroweak gaugino mass
unification, electroweak-inos would then automatically not destroy naturalness.

To summarize, naturalness considerations suggest that SUSY models should give rise to a mass spectrum
characterized by

e [ul S Ans ~ 200 GeV,
e third generation squarks mz, . m; < 1.5 TeV,
e myz <3 —4 TeV and SSB electroweak-ino masses smaller than 1-2 TeV

[ ) mqm, mg

L ~10—50 TeV.

1,

The latter weak constraint on first/second generation matter scalars allows for a decoupling solution to the
SUSY flavor, CP, p-decay and (indirectly) gravitino problems. SUSY models with the above generic spectra
have been dubbed “natural SUSY” [52].% This spectra is closely related to effective SUSY[41], but with
the additional requirement that |u| < 150 — 200 GeV which would likely give rise to a higgsino-like lightest
neutralino xJ. In contrast, models such as mSUGRA with rather heavy top squarks are expected to be
highly fine-tuned, even when g is small as in the hyperbolic branch/focus point (HB/FP) region.

The remainder of this report is geared towards presenting a new set of supersymmetry benchmark models
suitable for ILC investigations, while maintaining consistency with the latest indirect and direct constraints
on supersymmetric models, especially taking into account what has been learned from recent LHC searches.
In Sec. 2, we briefly summarize current indirect constraints on SUSY models, and also discuss the current
status of SUSY dark matter. In Sec. 3, we present a summary of the most recent results from LHC searches for

3For earlier related work, see Ref’s [53, 54, 55, 56, 57, 75].
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SUSY and Higgs bosons. In Sec. 4, we present a variety of new post LHC7 benchmark points for ILC studies.
These new benchmarks reflect a movement away from previous studies within the mSUGRA /CMSSM model.
Some models have been selected due to their theoretical motivation (e.g. natural SUSY and its relatives),
while others have been selected for their diversity of phenomenology which may be expected at ILC. In
Sec. 5, we present a brief summary and outlook for physics prospects at the ILC.

2 Indirect constraints on SUSY models

In this section, we review briefly indirect constraints on SUSY models from muon g — 2 measurements, rare
B-decay branching fractions along with an updated discussion of the role of dark matter in SUSY models.

2.1 (g—2), status

The magnetic moment of the muon a, = % was measured by the Muon g — 2 Collaboration [68]

and has been found to give a 3.60 discrepancy with SM calculations based on ete™ data [69]: Aa, =
ame®s —afMeTe™] = (28.7£8.0) x 107!, When 7-decay data are used to estimate the hadronic vacuum
polarization contribution rather than low energy ete™ annihilation data, the discrepancy reduces to 2.40 ,
corrensponding to Aa, = a'*** — a5M[r] = (19.5+8.3) x 10717,

2 .
The SUSY contribution to the muon magnetic moment is[70] AaEUSY ~ Duktitenf

where ¢ = 1,2
stands for electroweak gaugino masses and mgygsy is the characteristic sparticle mass circulating in the
muon-muon-photon vertex correction: here, mg, ., mz,, Myt and mgo. Attempts to explain the muon g — 2
anomaly using supersymmetry usually invoke sparticle mass spectra with relatively light smuons and/or
large tan 3 (see e.g. Ref. [71]). Some SUSY models where mj,  is correlated with squark masses (such as
mSUGRA) are now highly stressed to explain the (¢ — 2), anomaly. In addition, since naturalness favors a
low value of |u|, tension again arises between a large contribution to Aa VY and naturalness conditions.
These tensions motivate scenarios with non-universal scalar masses. Of the benchmark scenarios discussed
in the following, some feature light smuons which raise (g — 2), to its experimental value, while others are
compatible with the Standard Model prediction.

2.2 b— sy

The combination of several measurements of the b — sy branching fraction finds that BF(b — sv) =
(3.55 £ 0.26) x 10~* [72]. This is somewhat higher than the SM prediction [73] of BF*M(b — sv) =
(3.15 4 0.23) x 10~*. SUSY contributions to the b — sy decay rate come mainly from chargino-top-squark
loops and loops containing charged Higgs bosons, and so are large when these particles are light and when
tan (3 is large [74].

2.3 By—putp

The decay Bs — pu*p~ occurs in the SM at a calculated branching ratio value of (3.24:0.2) x 10~%. The CMS
experiment [65] has provided an upper limit on this branching fraction of BF(Bs — puTu~) < 1.9 x 1078 at
95% CL. The CDF experiment [66] claims a signal in this channel at BF(Bs — puTp~) = (1.8 £1.0) x 1078
at 95% CL, which is in some discord with the CMS result. Finally, the LHCb experiment has reported a
strong new bound of BF(Bs — putpu~) < 4.5 x 1072[67]. In supersymmetric models, this flavor-changing
decay occurs through pseudoscalar Higgs A exchange [61, 62], and the contribution to the branching fraction

tan® 8
mY

from SUSY is proportional to

24 B,— 71,

The branching fraction for B, — 7tv, decay is calculated [63] in the SM to be BF(B, — 7tv;) =
(1.1040.29) x 10~%. This is to be compared to the value from the Heavy Flavor Averaging group [64], which
finds a measured value of BF(B,, — 77v,) = (1.4140.43) x 10, in agreement with the SM prediction, but
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leaving room for additional contributions. The main contribution from SUSY comes from tree-level charged
Higgs exchange, and is large at large tan 8 and low mg+.

2.5 Dark matter

During the past several decades, a very compelling and simple scenario has emerged to explain the presence
of dark matter in the universe with an abundance roughly five times that of baryonic matter. The WIMP
miracle scenario posits that weakly interacting massive particles would be in thermal equilibrium with the
cosmic plasma at very high temperatures T' > mwpp. As the universe expands and cools, the WIMP
particles would freeze out of thermal equilibrium, locking in a relic abundance that depends inversely on the
thermally-averaged WIMP (co)-annihilation cross section [76]. The WIMP “miracle” occurs in that a weak
strength annihilation cross section gives roughly the measured relic abundance provided the WIMP mass is
of the order of the weak scale [77]. The lightest neutralino of SUSY models has been touted as a protypical
WIMP candidate [78, 79, 80].

While the WIMP miracle scenario is both simple and engaging, it is now clear that it suffers from several
problems in the case of SUSY theories. The first of these is that in general SUSY theories where the lightest
neutralino plays the role of a thermally produced WIMP, the calculated relic abundance Q,h? is in fact
typically two-to-four orders of magnitude larger than the measured abundance g‘f)‘llahQ ~ (.11 in the case
of a bino-like neutralino, and one-to-two orders of magnitude lower than measurements in the case of wino-
or higgsino-like neutralinos [81]. In fact, rather strong co-annihilation, resonance annihilation or mixed bino-
higgsino or mixed wino-bino annihilation is needed to obtain the measured dark matter abundance. Each
of these scenarios typically requires considerable large fine-tuning of parameters to gain the measured dark
matter abundance [82]. The case where neutralinos naturally give the measured CDM abundance is when
one has a bino-like neutralino annihilating via slepton exchange with slepton masses in the 50-70 GeV range:
such mass values were long ago ruled out by slepton searches at LEP2.

The second problem with the SUSY WIMP miracle scenario is that it neglects the gravitino, which is
an essential component of theories based on supergravity. Gravitinos can be produced thermally at high
rates at high re-heat temperatures Tr after inflation. If mgs > mpsp, then gravitino decays into a stable
LSP can overproduce dark matter for T > 10'9 GeV. Even at much lower T ~ 10° — 10'° GeV, thermal
production of gravitinos followed by late decays (since gravitino decays are suppressed by the Planck scale)
tend to dissociate light nuclei produced in the early universe, thus destroying the successful picture of Big
Bang nucleosynthesis [46].

The third problem is that the SUSY WIMP scenario neglects at least two very compelling new physics
effects that would have a strong influence on dark matter production in the early universe.

e The first of these is that string theory seems to require the presence of at least one light (~ 10 — 100
TeV) moduli field [83]. The moduli can be produced at large rates in the early universe and decay at
times ~ 10! — 10° sec after the Big Bang. Depending on their branching fractions, they could either
feed additional LSPs into the cosmic plasma [84], or decay mainly to SM particles, thus diluting all
relics present at the time of decay [85].

e The second neglected effect is the strong C'P problem, which is deeply routed in QCD phenomenol-
ogy [86]. After more than three decades, the most compelling solution to the strong C'P problem is the
hypothesis of a Peccei-Quinn axial symmetry whose breaking gives rise to axion particles with mass
~1075-107? eV [87]. The axions can be produced non-thermally via coherent oscillations [88, 89, 90],
and also would constitute a portion of the dark matter. In SUSY theories, the axions are accompanied
by R-odd Spin—% axinos @ and R-even spin-0 saxions s [91]. Thermal production of axinos and non-
thermal production of saxions can either feed more dark matter particles into the cosmic plasma, or
inject additional entropy, thus diluting all relics present at the time of decay. Theoretical predictions
for the relic abundance of dark matter in these scenarios are available but very model-dependent. In
the case of mixed axion-neutralino dark matter, it is usually very difficult to lower a standard over-
abundance of neutralinos, but it is also very easy to bolster a standard underabundance [23]. This
latter case may lead one to consider SUSY models with a standard underabundance of wino-like or
higgsino-like neutralinos as perhaps the more compelling possibility for CDM. In the case of mixed
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axion-neutralino CDM, it can be very model-dependent whether the axion or the neutralino dominates
the DM abundance, and cases where there is a comparable admixture of both are possible.

The upshot for ILC or LHC physics is that one shouldn’t take dark matter abundance constraints on SUSY
theories too seriously at this point in time.

2.5.1 Status of WIMP dark matter searches

As of spring 2012, a variety of direct and indirect WIMP dark matter detection searches are ongoing. Several
experiments — DAMA /Libra, CoGent and Cresst — claim excess signal rates beyond expected backgrounds.
These various excesses can be interpreted in terms of a several GeV WIMP particle, although the three
results seem at first sight inconsistent with each other. It is also possible that muon or nuclear decay
induced neutron backgrounds — which are very difficult to estimate — contribute to the excesses. Numerous
theoretical and experimental analyses are ongoing to sort the situation out. A WIMP particle of a few GeV
seems hard to accommodate in SUSY theories.

There also exists claims for measured positron excesses in cosmic rays above expected backgrounds by
the Pamela collaboration [92] and claims for an electron excess by the Fermi-LAT group [93]. While these
claims can be understood in terms of very massive WIMPs of order hundreds of GeV, it is unclear at present
whether the positrons arise from exotic astrophysical sources [94] or simply from rare mis-identification of
cosmic protons.

A variety of other direct WIMP search experiments have probed deeply into WIMP-model parameter
space, with no apparent excesses above SM background. At this time, the best limits come from the Xenon-
100 experiment [95], which excludes WIMP-proton scattering cross sections of o(xp) > 1078 pb at 90%CL
for mwiap ~ 100 GeV. The Xenon-100, LUX and CDMS experiments seem poised decisively to probe the
expected parameter space of mixed bino-higgsino dark matter [96, 97] (as occurs for instance in focus point
SUSY of the mSUGRA model) in the next round of data taking.

2.5.2 Gravitino dark matter

It is possible in SUSY theories that gravitinos are the lightest SUSY particle, and could fill the role of dark
matter. In gravity-mediation, the gravitino is expected to have mass of order the weak scale. In this case,
late decays of thermally produced neutralinos into gravitinos are often in conflict with BBN constraints. If
the gravitinos are much lighter, well below the GeV scale, then their goldstino coupling is enhanced and
BBN constraints can be evaded. This scenario tends to occur for instance in gauge-mediated SUSY theories.
The simplest GMSB scenarios now appear in conflict with Higgs mass results if indeed LHC is seeing my,
at ~ 125 GeV [32, 33]. We will, however, present an example of a non-minimal GMSB model which is
compatible with a Higgs mass of ~ 125 GeV.

3 LHC results

In this section, we present a very brief summary of the status of LHC searches for SUSY Higgs bosons and
for SUSY particles as of April 2012.

3.1 Impact of Higgs searches
3.1.1 SM-like Higgs scalar

The ATLAS and CMS experiments reported on search results for a SM-like neutral Higgs scalar Hgps in
March 2012 based on about 5 fb~! of data at /s = 7 TeV [108, 109]. Their analyses exclude a SM-like
Higgs boson over the mass range 127 < mpy,,, < 600 GeV. Combining this range with a fit of precision
electroweak data to SM predictions then allows a SM-like Higgs boson to live in the narrow mass range of
115 GeV < mp,,, < 127 GeV. In fact, ATLAS reports an excess of events at 3.5¢ level in the vy, WW*
and ZZ* channels which is consistent with mpg,, ~ 126 GeV. A similar excess is reported by CMS at 3.1¢
at mpg,, ~ 124 GeV, along with an excess of 4¢ events at ~ 120 GeV. These excesses are also corroborated
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by recent reports from CDF and DO at the Fermilab Tevatron of excess events over the mass range 115-130
GeV [110]. Upcoming data from the 2012 LHC run at /s = 8 TeV should validate or exclude a Higgs signal
in the 115-127 GeV range.

3.1.2 Non-standard Higgs bosons

Searches by ATLAS and CMS for H, A — 777~ now exclude a large portion of the m4 vs. tan 3 plane [111,
112]. In particular, the region around tan 8 ~ 50, which is favored by Yukawa-unified SUSY GUT theories,
now excludes my < 500 GeV. For tan § = 10, the range 120 GeV < my < 220 GeV is excluded. ATLAS
excludes charged Higgs bosons produced in association with a tf pair for masses below about 150 GeV for
tan 8 ~ 20 [113].

3.1.3 Impact of Higgs searches on SUSY models

A Higgs mass of my, = 125 £ 3 GeV lies below the value of my ~ 135 GeV which is allowed by calculations
within the MSSM. However, such a large value of my, requires large radiative corrections and large mixing in
the top squark sector. In models such as mSUGRA, trilinear soft parameters Ag ~ 2myq are thus preferred,
and values of Ag ~ 0 would be ruled out [114, 115]. In other constrained models such as the minimal versions
of GMSB or AMSB, Higgs masses of 125 GeV require even the lightest of sparticles to be in the multi-TeV
range [33], as illustrated in Figure 1.

mGMSB: n =1, p >0, m, =173.3 GeV MAMSB: p >0, m =173.3 GeV
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Figure 1: Value of mj, in mGMSB and in mAMSB versus A and mg/, from [33].

In the mSUGRA/CMSSM model, requiring a Higgs mass of about 125 GeV pushes the best fit point in
mo and m1 space into the multi-TeV range [114] and makes global fits of the model to data increasingly
difficult [105]. This has provided motivation for extending the MSSM with gauge singlets [106, 50] or
vector-like matter [107] both of which allow for somewhat heavier values of my,.

3.2 Review of sparticle searches at LHC
3.2.1 Gluinos and first/second generation squarks

The ATLAS and CMS collaborations have searched for multi-jet+ERS events arising from gluino and squark
pair production in 4.4 fb~! of 2011 data taken at /s = 7 TeV [117, 120]. In the limit of very heavy squark
masses, they exclude mz < 0.8 TeV, while for mg >~ mj then mg < 1.4 TeV is excluded. Here, mg refers to a
generic first generation squark mass scale, since these are the ones whose production rates depend strongly
on valence quark PDFs in the proton.

Both collaborations in addition have searched for gluino and squark cascade decays [121] assuming more
specific decay chains leading to signatures involving leptons and photons as well as b-jets [116, 118, 125, 126,
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127,128, 119, 129, 122, 123, 124, 138]. In most cases, the limits on the gluino mass are rather similar to the
ones from the multi-jet+EX analyses, with values of mj < 0.8 — 1 TeV being excluded depending on the
particular decay chain.

If the gluino decays dominantly into third generation squarks, the gluino mass limits are somewhat
weaker, typically in the range of 0.65 to 0.8 TeV, again depending on the exact decay chain [126, 129, 127].
These results are soon expected to be upgraded to include the full 5 fb~! data set.

Some analyses have addressed the situation where there are small mass differences between mother and
daughter particles in the decay chain. In one case, ATLAS considered gluino decays via an intermediate
chargino [116]. Using a soft-lepton tag, they reach down to § — x{ mass differences of ~ 100 GeV. In this
case, gluino masses are only excluded up to 0.5 TeV.

3.2.2 Sbottom and Stop

A recent ATLAS search for direct bottom squark pair production followed by by — bx{ decay (pp — biby —
bb+ EX5%) based on 2 fb~! of data at \/s = 7 TeV now excludes my, < 350 GeV for mgo as high as 120 GeV.
For larger values of my %05 the limit vanishes at present [131]. These limits also apply to top squark pair
production where t; — bx+ decay and the YT decays to soft, nearly invisible particles, as would be expected
in natural SUSY. From a search for events with b-jets, same-sign di-leptons and missing energy, CMS puts
a limit on the mass of directly produced bottom squarks to be larger than 370 GeV for chargino masses
between 100 and 200 GeV and a x{ mass of mgo = 50 GeV [129).

In the context of GMSB with the X as higgsino-like NLSP and a gravitino G' LSP, ATLAS searched for
direct top squark pair production, followed by #; — by or, when kinematically allowed, also t%). Based on
2 fb~1, they exclude top squark masses up to 330 GeV for NLSP masses around 190 GeV [130]. This limit
relies on the GMSB specific decay of the Y{ into Z G, especially on two (same flavour, opposite sign) leptons
consistent with the Z mass.

3.2.3 Electroweakinos

In models with gaugino mass uniﬁcation and heavy squarks (such as mSUGRA with large my), electroweak
gaugino pair production pp — X1 X9 is the dominant SUSY particle production cross section at LHC7
for mg > 0.5 TeV[157]. If the X1 and Y9 decay leptonically and Y9 — ¥YZ decay is closed, then this
reaction leads to the well-known trilepton plus EsS final state [132, 133] which may be observable over
SM backgrounds. A search by ATLAS using 2.1 fb_1 of data [134] has been interpreted in the pMSSM
and in a simplified model assuming chargino and neutralino decay to intermediate sleptons, which enhances
the leptonic branching fractions. In the simplified model case, Mg < 250 — 300 GeV are ruled out for
mgo =0 —150 GeV. In the pMSSM as well as in the simplified model interpretation it is assumed that the
hghter set of sleptons, including the third generation, is mass degenerate and fulfils m; = (mxi: mgo)/2,
which maximizes the lepton momenta and thus the acceptance. Thus this analysis does in particular not
apply to scenarios with a small 7-¥! mass difference, which are still a viable scenario even for My and
values depicted as excluded in Fig. 2 of reference [134]. Furthermore, the theoretically more interesting case
of chargino and neutralino three-body leptonic decay through W* and Z* should be possible with 10-20 fb—*
of data, as should the trilepton signal from pp — Xix9 — WZ 4 EXiss [157].

3.2.4 Electroweakinos with extremely small mass differences

In models such as AMSB where the light chargino )Zli and neutralino yY are expected to be wino-like, the
expected )Zli — Xy mass gap is expected to be ~ 100 — 200 MeV. Such a small mass gap implies the )Zli
will actually fly a short but possibly observable distance before decaying into very soft pion(s). A search
by ATLAS using 4.7 fb~! has been made for long lived charginos arising from gluino and squark cascade
decays [135]. Thus, the search looks for three high pr jets plus E¥* > 130 GeV. Within this event class, a
search is made for events with hits in the transition radiation tracker (TRT) which ultimately disappear. No
signal is seen above expected background levels, leading to limits on m3/, > 32 TeV in the mAMSB model.
More generally, lifetimes between ToE ™~ 0.2 — 90 ns are excluded for mygx < 90 GeV at 95% CL.
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3.2.5 Heavy stable charged particles

Long-lived quasi-stable charged or colored particles are common in many versions of supersymmetric models.
Examples include GMSB models with a 7 as NLSP which decays to 7 + G, or models such as split SUSY
where gluino decays are suppressed by an ultra-heavy squark mass scale. In the latter case, any quasi-stable
gluinos which are produced at LHC would be expected to hadronize into a gluino hadron, which could be
either charged or neutral.

A search by ATLAS using 2.1 fb~! of data looks for anomalous dE/dz energy loss measurements in the
Pixel detector. Since no deviation from expected background levels was found, they were able to exclude
the production of gluino hadrons with mg < 810 GeV [136].

3.2.6 R-Parity Violation

The ATLAS collaboration has searched for R-parity violating SUSY (for a review, see [137]) in the context
of the mSUGRA /CMSSM model in two scenarios.

In the case that mg ~ 0, the tau-slepton 7y is the LSP. To be compatible with cosmological bounds on
relic stable charged particles produced in the Big Bang, it is assumed that 7; decays to TeT (¢*1y) where
¢ = e or u via the R-parity coupling Aja1. A search for four isolated leptons plus ERisS in 2 fb~! of data
allows them to exclude m; /5 < 800 GeV at 95% CL for tan 8 < 40 and mz, > 80 GeV [143].

Furthermore, ATLAS has published an interpretation of their search for events with one lepton, jets and
missing transverse energy in 1 fb=1 of data [145] in the context of bilinear R-parity violating SUSY, where
the bRPV parameters are determined by fitting them to neutrino oscillation data [146]. For tan g = 10,
Ap = 0 and p > 0, they exclude values of mg up to 430 GeV for my,, = 290 GeV. For smaller or larger
values of my /5 the exclusion in my is weaker; values of my/, < 240 GeV have not been studied at all.

4 Implications for ILC and benchmark points
The results from the previous sections, when summarized, yield the following grand picture:

e Squarks and gluinos: Ironically, the strongest LHC limits on sparticle masses apply to the first
generation squarks and gluinos, while these are the most remotely connected to the determination of
the electroweak scale, and to the weak boson masses. So while mgz > 1.4 TeV for mgz ~ mg, these
limits hardly affect naturalness limits, which prefer mg < 3 —4 TeV and basically do not constrain first
generation squarks, so that mg values into the tens of TeV regime are certainly allowed.

e Electroweakinos: The masses of the electroweakinos — constrained by LEP2 to have mg, > 103.5
GeV — are hardly constrained by LHC7 data unless they are connected with 1. a light gluino (via the
gaugino mass unification assumption) or first/second generation squarks allowing for strong production
or 2. in conjuction with light sleptons appearing in the electroweakino decay right in between the y?

and 9, Xli masses. In particular, mgo, My and Mg+ can very well be below 200 GeV as motivated

by naturalness. Very likely they have at least a sizable Higgsino component, and thus could very well
have small mass splittings. Several of the scenarios proposed below exhibit such a pattern for the
light electroweakinos. The heavier electroweakinos are likely not directly observable at the ILC. The

proposed benchmarks cover various options in this respect.

o Sleptons: The most important indication for light sleptons is still (¢ — 2),. They are so far not
constrained directly by LHC7 data (but see [147] for projections). If a common matter scalar mass my
at the GUT scale is assumed, then the stringent LHC7 bounds on first and second generation squarks
imply also rather heavy sleptons. Most of the scenarios below have heavy sleptons and thus do not
explain the (g —2), anomaly. If non-universality of matter scalars is assumed, then the slepton masses
are completely unconstrained and all sleptons could still lie within reach of the ILC, as illustrated by
the dM7 and NMH benchmarks described below: both these scenarios allow for perfect matches to
the observed (g — 2), value. In natural SUSY — while the first two slepton generations are expected to
be heavy — the 77 can be quite light due to the limited mass of the top squarks.
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e Third generation squarks: Direct limits on the third generation squarks from LHCT7 are far below
those for the first generation, so that especially the top squark could very well be in the regime
expected from naturalness and thus accessible at the ILC. Both the natural SUSY benchmark and the
dM7 benchmark described in Subsections 4.1 and 4.6 give examples with light #; and possibly by and
to.

e SUSY Higgses: The possibly SM-like properties of a 125 GeV Higgs scalar, as hinted at by LHC7
data, suggests that the other SUSY Higgses could be rather heavy, although of course a firm statement
in this regard will require not only a Higgs discovery but also precise measurements of the branching
ratios. We present in section 4.3 a NUHM2 scenario with light A, H and H™; also, the § M7 benchmark
features heavy Higgses which should be observable at a 1 TeV ete™ collider.

Based on these observations, we propose a set of benchmark points which can be used to illustrate the
capabilities of ILC with respect to supersymmetry, and for future optimization of both machine and detector
design. The suggested points all lie outside the limits imposed by LHCT7 searches. Some of these scenarios
might be discoverable or excluded by upcoming LHCS8 searches, while others will be extremely difficult to
detect at LHC even with 3 ab™! of data at \/s = 14 TeV. The spectra for all benchmarks are available
online [144] in the SUSY Les Houches Accord format.

4.1 Natural SUSY
Natural SUSY (NS) models are characterized by [51, 52, 99]:

e a superpotential higgsino mass parameter p < Ayg ~ 200 GeV,
e a sub-TeV spectrum of third generation squarks ¢;, t; and l~71,

e an intermediate scale gluino my <3 —4 TeV with ma < |p|tan 8 and

multi-TeV first/second generation matter scalars m g0 ~ 10 =50 TeV.

The last point offers at least a partial decoupling solution to the SUSY flavor and C'P problems.
The suggested model parameter space is given by [99]:

m0(172)7 m0(3)7 m1/27 A07 tanﬁa M, A . (4)

Here, we adopt a NS benchmark point as calculated using Isasugra 7.82 [100] with parameters mg(1,2) = 13.5
TeV, mo(3) = 0.76 TeV, my /3 = 1.38 TeV, Ag = —0.167 TeV, tan 3 = 23 GeV, = 0.15 TeV and m4 = 1.55
TeV. The resulting mass spectrum is listed in Table 1.

Due to their small mass differences, the higgsino-like light electroweakinos will tend to look like missing
transverse energy to the LHC. The next heavier particle is the #;. Since the mass difference mg, —mgo is

less than the top mass, the decay t; — b)Zli dominates, thus making the signature for ; pair production two
acollinear b-jets plus missing transverse energy.

For ILC, the spectrum of higgsino-like Y, X9 and {3 will be accessible for /5 > 320 GeV via Y= and X3%3
pair production and y9x9 mixed production, albeit with a mass gap Mgt = Mmgo ~ Mgy — mge ~ 7.5 GeV:
thus, visible energy released from decays will be small. Specialized cuts allowing for ILC detection of light
higgsinos with small mass gaps have been advocated in Ref’s [101] and [102]; there it is also demonstrated
that ILC will be able to measure the values of y and M; and show that |u| < M.

In the case of very small mass gaps, a hard ISR photon radiated from the initial state may help to
lift the signal out of the substantial background of photon—photon induced processes. The experimental
performance of this ISR recoil method has been evaluated recently in full simulation of the ILD detector in
context of radiative WIMP / neutralino production [103, 104]. The cross-sections are typically in the few
tens of fb region [75] and thus should be detectable in the clean ILC environment. Similar signatures have
also been investigated in the context of AMSB for the TESLA TDR [98].

As /s is increased past 600 — 800 GeV, then also tit1, 70, and 7171 become successively accessible.
This benchmark model can be converted to a model line by varying the GUT-scale third generation mass
parameter mg(3) or by varying u. The light higgs mass my, can be pushed as high as ~ 124 GeV if larger
values of m(3) and |Ag| are selected [99].
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4.2 Hidden SUSY

Models of “hidden SUSY” [75] are motivated by the fact that the magnitude of the superpotential higgsino
mass parameter p itself has been suggested as a measure of fine-tuning [49]. This idea has been used to
argue that mSUGRA /CMSSM models in the hyperbolic branch/focus point region are less fine-tuned than
generic parameter space regions. Natural SUSY models wherein Ayg slides into the > 300 GeV regime but
maintain |u| < 300 GeV morph into hidden SUSY. Here, we select a model where all mass parameters are
large except for the y parameter, which may lie in the 100 — 300 GeV range. The parameter space suggested
is that of the 2-parameter non-universal Higgs mass (NUHM2) model:

mo, Mi/2, A07 ta’nﬁv My mA . (5)

Here, we adopt a benchmark point with parameters mo = 5 TeV, m;,, = 0.8 TeV, Ay = —8.3 TeV,
tan 8 = 10 with g = 0.15 TeV and m 4 = 1 TeV. The spectrum is given in Table 1.

Hidden SUSY models are very difficult to detect at LHC. In contrast to natural SUSY, the third generation
scalars are also beyond 1 TeV. While the higgsino-like light charginos and neutralinos are produced at large
rates, the very low energy release from their decays will be hard to detect above background levels, making
them all look like missing transverse energy. If the cross-sections are large enough, the decays of the
X3 — )ZliWi, 5((1),22 or X?’Qh might provide a source of isolated leptons visible at the LHC if the #; is too
heavy for detection.

The ILC operating at energy /s > 300 GeV should be able to detect and distinguish )H')Zf and Y9%9
production as in the natural SUSY case discussed above. The small mass gap, angular distribution and
polarization dependence of the signal cross sections may all be used to help establish the higgsino-like nature
of the light Xi, 3 and 9. In addition, the Y3 is accessible in mixed production with the lighter neutralinos
already at /s > 500 GeV.

Phenomenologically similar scenarios — which are even more minimal case in the sense that the 3§ and
the #; are in the multi-TeV regime as well — have been suggested by Briimmer and Buchmiiller [140]. We
will discuss one example in section 4.8.

4.3 NUHMZ2 benchmark with light A, H and H*

This benchmark point, constructed within the 2-parameter non-universal Higgs model (NUHM2), provides
a model with relatively light A, H and H* Higgs bosons while the remaining sparticles are beyond current
LHC reach. We adopt parameters mo = 10 TeV, m, ;5 = 0.4 TeV, A9 = —16 TeV, tan3 = 6 with u =5
TeV and ma = 275 GeV. The values of my = 124.4 GeV, with my = 277.5 GeV and mg+ = 286.0 GeV
are obtained with FeynHiggs [58]. The only colored sparticles accessible to the LHC are the gluinos with
mg = 1.225 TeV, while most squarks live at around mg ~ 10 TeV. The gluino decays are dominated by
g — Xitt and § — ()Zli — XYW *)th, and thus will require dedicated analyses for high multiplicity final states
or boosted techniques for identifying W- or t-jets. The signal pp — X1X3 — Wh + ERSS — fu, + bb + Eimiss
should ultimately be observable at LHC14 [59]. The Higgs bosons, apart from the light C' P-even one, can
most probably not be observed at the LHC in this low tan 8 and m 4 region [142].

At the TLC with /s ~ 0.5 TeV, we expect eTe™ — Ah, ZH to occur at observable rates. As /s rises
beyond 600 GeV, AH and H H~ production becomes accessible while mixed ¥{Y9 pair production, though
accessible, is suppressed. At 800 GeV, )Zli pairs will be produced in addition. Due to heavy sleptons and the
sizable mass gap between )Zli, %9 and the Y?, one expects electroweakino decays to real W+ and Z bosons,
very similar to the “Point 5”7 benchmark studied in the Letter of Intents of the ILC experiments [158, 159].

4.4 mSUGRA/CMSSM

Large portions of mSUGRA model parameter space are now ruled out by direct searches for gluino and
squark production at LHC7. In addition, if one requires mj; ~ 124 — 126 GeV, then even larger portions of
parameter space are excluded: m; /o < 1 TeV (corresponding to mg < 2.2 TeV) for low mg and mg < 2.5
TeV (corresponding to mg < 2.5 TeV) for low m; /o [114]. These tight constraints rule out almost all of the
co-annihilation and A-funnel annihilation regions [114, 33]. The HB/FP region moves to very large mg > 10
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TeV since now |Ap| must be large to accommodate the rather large value of my. Some remaining dark
matter allowed parameter space thus remains.

An example is provided by an mSUGRA benchmark point with mo = 15.325 TeV, m,,, = 0.845884
TeV, Ag = —10.8126 TeV and tan 8 = 20.197. The masses are shown in Table 1. At this point, mg = 2320
GeV and mg ~ 15.3 TeV. However, u ~ 145 GeV, and so Mg = 155.3 GeV and mgo = 154.8 GeV and
mgo = 141.6 GeV. Thus, this point — although very fine-tuned in the EW sector (with mz, ~ 8.7 TeV) —
would allow Y ¥; and x9%9 production at ILC with a )Zli — %) mass gap of 14 GeV. The ¥} would be of
mixed bino-higgsino variety. When increasing /s towards 1 TeV, the heavier neutralinos become accessible
in mixed production and X9 pair production.

Since all scalars are above 10 TeV (apart from the lighter top squark at m;, ~ 8 TeV), the most promising
signature for the LHC is gluino production, followed by § — %t and § — ()ZJjE — XYWt as discussed in
case of the NUHM2 benchmark in Section 4.3.

4.5 Model with non-universal gaugino masses (NUGM)

In supergravity, gaugino masses arise from the Lagrangian term (using 4-component spinor notation)

1 of; ik~
LG = 760” aj;ﬁf Lo (G71)1 G*"AaB (6)
where fap is the holomorphic gauge kinetic function with gauge indices A, B in the adjoint representation,
A4 are four-component gaugino fields and the h,, are hidden sector fields needed for breaking of supergravity.
If fap ~ dap, then gaugino masses are expected to be universal at the high energy scale where SUSY breaking
takes place. However, in general supergravity, fap need only transform as the symmetric product of two
adjoints. In general, gaugino masses need not be universal at any energy scale, giving rise to models with
non-universal gaugino masses (NUGM).

For a NUGM benchmark, we select a model with my = 3 TeV, Ag = —6 TeV, tan 8 = 25 and p > 0.
We select gaugino masses at the GUT scale as M7 = My = 0.25 TeV with M3 = 0.75 TeV. The spectrum is
listed in column 6 of Table 1. With mz ~ 1.8 TeV and m4 ~ 3 TeV, the model is clearly beyond current LHC
reach for gluinos and squarks. The model should be testable in future LHC searches, not only in with the
standard jets plus missing E; analyses, but also via searches tailored for very high multiplicity final states
and using b-jet tagging [34], since the gluino almost exclusively decays via § — 1t followed by £; — ¥}t. In
addition, the production channel pp — ;zf;zg — WZ + E¥' may be testable in the near future [157].

The rather light spectrum of electroweak gauginos with Mgk ~ 2mgo ~ 216 GeV allows for chargino pair
production at ILC followed by )Zli — XYW decay, yielding a WHW =+ F signature. The x5 and ¥9%9
production channels tend to be suppressed, but may offer additional search avenues albeit at low rates.

4.6 A pMSSM model with light sleptons

In many constrained SUSY models where slepton and squark masses are correlated at some high energy
scale, relatively light sleptons with mass ~ 100 — 200 GeV are forbidden. However, if we invoke the greater
parameter freedom of the pMSSM, then spectra with light sleptons and heavy squarks can easily be generated.
In fact, these models have some degree of motivation in that they naturally reconcile the measured (g — 2),
anomaly (which favors light smuons) with the measured b — sy branching fraction (which favors rather
heavy third generation squarks).

In the pMSSM][148, 149], one inputs weak scale values of the following parameters: 1. mg, p, ma, tan 3, 2.
mqg, my, mp, mr, mg for each of the three generations, 3. gaugino masses M7 and M» and 4. third generation
trilinear A;, A, and A,. This gives a 19 dimensional parameter space if first and second generation scalar
masses are taken as degenerate, else a 24 dimensional parameter space for independent first, second and
third generations.* As an example, we specify the “6M7” benchmark with the following parameters, all
given at a scale of 1 TeV:

4 Alternatively, the SU(3) gaugino mass M3 may be substituted for the physical gluino mass as an input.
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PMQ NS HS NUHM2 mSUGRA NUGM
mo(1,2), mo(3) 13.35, 0.76 5.0 10.0 15.325 3.0
mye | My, Ma, M 1.38 0.7 0.4 0.8459 0.25,0.25,0.75
tan 3 23 10 6 20.2 25

Ap -0.167 -8.3 -16.0 -10.81 -6.0
m, 0.121 0.125 0.124 0.126 0.125
ma 1.55 1.0 0.275 14.22 3.268
mpy 1.560 1.006 0.277 14.31 3.289
M« 1.563 1.011 0.286 14.31 3.293

w 0.15 0.15 6.0 0.144 2.36
mg 3.27 1.79 1.225 2.32 1.835
Mo 0.156, 1.18  0.154, 0.611  0.386,4.9  0.155,0.756  0.216, 2.37
mgo 0.148,0.156  0.14, 0.158  0.192, 0.384 0.141, 0.155  0.109, 0.215
mig; 0.615,1.18  0.32,0.621  4.93,4.93  0.397,0.780  2.36, 2.36
My p 13.58,13.59  5.12,5.27  9.92,10.21 15.31,15.36  3.30, 3.31
mz, , 0.286,0.914  1.21,3.55  4.14,7.43  8.75,12.29 1.11, 2.29
mg, . 13.6, 13.6 5.12,5.09  9.92,9.89 15.31,15.37  3.30, 3.31
my, 0.795,1.26  3.58, 5.0 7.45,9.84  12.26,14.85  2.30, 2.99
mep n 13.4,13.3 5.11, 4.8 10.2,9.66  15.31, 15.31 3.0, 3.0
ms, , 0.43,0.532  4.73,5.07  9.61,10.1  14.68, 14.99 2.6, 2.81
Q¥ih? 0.007 0.009 210 0.008 1540
(ov)(v — 0) [em? /5] 3.1x107%  2.8x107%  51x107%°  2.9x107% 1.5x10732
a1 (x%p) x 10° [pb] 2.0 11. 0.007 4.0 0.0004
aSUSY % 1010 0.03 0.09 0.05 0.02 0.45
BF(b — svy) x 10* 3.3 3.3 3.48 3.05 2.95
BF(Bg — ptu™) x 107 4.2 3.8 3.9 3.8 3.9

BF (B, — Tv;) x 10* 1.3 1.3 1.3 1.3 1.3

Table 1: Input parameters and mass spectrum and rates for post LHC7 benchmark points 1 — 5. All masses
and dimensionful parameters are in TeV units. All values have been obtained with Isasugra apart from Higgs
masses for the NUHM2 point, which have been taken from FeynHiggs.

e Higgs sector parameters:
tan(8) = 10, p = 200 GeV, m4 = 400 GeV,

e trilinear couplings: A; = A, = A, = —1.8 TeV,

e gaugino mass parameters:

Mg =2 TeV, My = 225 GeV, M; =107 GeV,

e slepton mass parameters:
mr(1,2,3) =200 GeV, mg(1,2) = 125 GeV, mg(3) = 103 GeV,

e squark mass parameters:
mq(1,2) =mp(l,2) = my(1,2) =2 TeV, m(3) = 1.5 TeV, my(3) = mp(3) = 400 GeV.

The resulting sparticle masses, which have been obtained with SPheno [150, 152] with Higgs masses
calculated by FeynHiggs [58], along with the neutralino relic density obtained from [60], are listed in Table 2.

With masses around 2 TeV, the gluino and the partners of the light quarks are beyond current LHC
limits, especially since the gluino decays dominantly via it or bib. Although light sleptons are present,
the current limits on direct electroweakino production [134] do not cover this case due to the small mass
difference between the 7; and the Y7, which leads to soft 7 leptons in the chargino and neutralino decays
instead of the searched for high p; electrons and muons.

389



All sleptons and electroweakinos are within ILC reach at /s < 500 GeV. In addition, the light top and
bottom squarks as well as the heavy Higgs bosons would be accessible at ILC with /s ~ 1 TeV.

Due to the large number of production processes open already at /s ~ 500 GeV, which often yield long
cascades[151], M T is actually an experimentally challenging scenario for ILC. Therefore, it is an ideal case
study to demonstrate the separation of many closely spaced new matter states with all the tools offered by
ILC, including threshold scans and different beam polarization configurations, but also taking into account
realistic assumptions on the beam energy spectrum, accelerator backgrounds and detector resolutions.

At a center-of-mass energy of 1 TeV or above, the rather small mass difference of 40 GeV between the light
stop and sbottom as well as the separation of the heavy Higgs states will provide additional experimental
challenges.

4.7 Kallosh-Linde or G2MSSM benchmark

While minimal anomaly-mediation seems on shaky ground due to its prediction of a light Higgs scalar
myp, < 120 GeV, other similar models have emerged as perhaps more compelling. One of these models — by
Kallosh and Linde (the KL model [153, 154]) — attempts to stabilize stringy moduli fields via a generalization
of the KKLT method [155] utilizing a racetrack superpotential. The moduli in this theory end up superheavy
and allow for the chaotic inflationary scenario to emerge in supergravity models. In this class of models, the
various scalar fields have a mass of the order of the gravitino mass, with ms,5 ~ 100 TeV. The gauginos,
however, remain below the TeV scale, and adopt the usual AMSB form. Another stringy model by Acharya
et al. [156] known as G2MSSM also predicts multi-TeV scalars. In the G2MSSM, the gauginos are again
light, typically with My < M; ~ M3 so that again a model with light wino-like y; and X emerges.

To model these cases, we adopt the NUHM2 model, but with non-universal gaugino masses, with param-
eters chosen as mg = 25 TeV, my,5 = 200 GeV, Ag = 0, tan 3 = 10 with u = m4 = 2 TeV. We then set
GUT scale gaugino masses to the AMSB form given by M; = 1320 GeV, My = 200 GeV and M3 = —600
GeV. The wino-like x{ state is the lightest MSSM particle with mass mgo = 200.07 GeV while the wino-like
lightest chargino has mass Myt = 200.4 GeV. We also have a bino- hke X2 with mgg = = 616.5 GeV and a
gluino with mg = 1788 GeV. All matter scalars have mass near the 25 TeV scale, and so decouple. The light
Higgs scalar has mass mp = 125 GeV.

In this case, gluino pair production may barely be accessible to LHC14 with of order 10% fb~! of data [139].
At ILC, the decay products from chargino decay will be extremely soft. However, the wino-like chargino
is then quasi-stable, flying of order centimeters before decay, leaving a highly ionizing track (HIT) which
terminates upon decay into very soft decay products. Chargino pair production could be revealed at ILC via
initial state radiation of a hard photon, and then identification of one or more HITs, or stubs. In addition,
if \/s is increased to ~ 1 TeV, then xYx9 production opens up, although rates are expected to be small. In
this case, one expects X — WXT or ¥{h to occur.

4.8 Briimmer-Buchmiiller (BB) benchmark

Briimmer and Buchmiiller have proposed a model wherein the Fermi scale emerges as a focus point within
high scale gauge mediation [140]. The model is inspired by GUT-scale string compactifications which fre-
quently predict a large number of vector-like states in incomplete GUT multiplets which may serve as
messenger fields for gauge mediated SUSY breaking which is implemented at or around the GUT scale. By
adopting models with large numbers of messenger fields, it is found that the weak scale emerges quite natu-
rally from the scalar potential as a focus point from RG running of the soft terms. The soft SUSY breaking
terms receive both gauge-mediated and gravity-mediated contributions. The gauge-mediated contributions
are dominant for most soft masses, while the A-terms and p may be forbidden by symmetry. The super-
potential higgsino mass term p emerges from gravitational interactions and is expected to be of order the
gravitino mass p1 ~ ms;p ~ 150 — 200 GeV. The spectrum which emerges from the model tends to contain
gluino and squark masses in the several TeV range so that the model is compatible with LHC constraints.
States accessible to a linear collider would include the higgsino-like light charginos Xli and neutralinos )2(1)’2
similar to the Hidden SUSY model in Subsection 4.2.
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For ILC studies, we adopt the benchmark model with messenger indices (N1, N3, N3) = (17,23,9) with
tan 8 = 52 and weak scale values of u = 200 GeV and m4 = 1120 GeV, with A; ~ 0. Then the GUT scale
scalar masses are found to be: mg = 1538.5 GeV, my = 1181.2 GeV, mp = 1033.8 GeV, mp = 1274.7 GeV
and mg = 989.5 GeV. The GUT-scale gaugino masses are given by M; = 4080 GeV, My = 4600 GeV and
M3 = 1800 GeV. The spectrum generated from Isasugra is listed in Table 2.

mass OMT KL BB NMH
mh 0.124 0.125 0.123 0.125
ma 0.400 2.0 1.120 5.32
my 0.401 2.013 1.127 5.35
mp+ 0.408 2.014 1.131 5.36

U 0.2 2.0 0.2 3.0

mg 2.0 1.79 3.817 1.496
mes 0.155, 0.282  0.2004, 2.05 0.214, 3.76 0.535, 3.0
mm 0.097, 0.162  0.2001, 0.616  0.0.205, 0.208 0.277, 0.533
m)zg_; 0.209, 0.282  2.05, 2.05 1.83, 3.78 2.99, 3.0
My g 2.03, 2.03 24.8, 25.3 4.55, 3.56 1.237, 1.215
m, 0.299, 1.53 16.4, 20.9 2.28, 3.85 1.998, 3.763
mi, . 2.03, 2.03 24.8,24.8 4.55, 3.41 1.24, 1.167
m, 0.338, 1.53 20.8, 24.7 2.54, 3.85 3.789, 4.874
Méy n 0.208, 0.135  25.3,24.4 3.25, 1.79 0.507, 0.284
mz , 0.104, 0.210  24.3,25.2 0.69, 3.03 4.65, 4.85
Qin? 0.116 0.0025 0.008 0.07
(ov)(v — 0) x 10725 [em3/s] - 19 1.9 0.0005
a1 (x°p) x 10° [pb] - 0.04 0.24 0.0012
R 33.5 0.0002 0.51 23.4
BF (b — sv) x 10* 3.3 3.2 3.2 3.2
BF(Bs — ptp~) x 10° 3.9 3.8 4.4 3.9

BF (B, — 1v;) x 10% 1.1 1.3 1.1 1.3

Table 2: Input parameters and mass spectrum and rates for post LHC7 benchmark points 6 — 9. All masses
and dimensionful parameters are in TeV units. Entries marked “-” have not been calculated. All values are
obtained from Isasugra apart from JM7, which have been calculated with SPheno and FeynHiggs (Higgs
sector).

4.9 Normal scalar mass hierarchy

Models with a normal scalar mass hierarchy (mg(1) =~ mo(2) < mo(3)) [141] are motivated by the attempt
to reconcile the > 3¢ discrepancy in (g — 2), (which requires rather light sub-TeV smuons) with the lack
of a large discrepancy in BF (b — s7), which seems to require third generation squarks beyond the TeV
scale. The idea here is to require a high degree of degeneracy amongst first/second generation sfermions in
order to suppress the most stringent FCNC processes, while allowing third generation sfermions to be highly
split, since FCNC constraints from third generation particles are relatively mild. The normal mass hierarchy
follows in that first/second generation scalars are assumed much lighter than third generation scalars, at
least at the GUT scale. Renormalization group running then lifts first/second generation squark masses to
high values such that mg ~ mgz. However, first/second generation sleptons remain in the several hundred
GeV range since they have no strong coupling.

Here, we adopt a NMH benchmark point with separate 5* and 10 scalar masses as might be expected
in a SU(5) SUSY GUT model. We adopt the following parameters: ms(3) ~ mio(3) = 5 TeV, mq,9 =
0.63 TeV, Ag = —8.5 TeV, tanf = 20, p > 0 with my(1,2) = mp(1,2) = ms(1,2) = 0.2 TeV, and
mq(1,2) =my(1,2) =mg(1,2) = mye(1,2) = 0.375 TeV. The spectrum generated using Isasugra 7.82 with
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non-universal scalar masses is listed in Table 2, where we find Mmgo =~ 277 GeV, ms, ~ mp, = 284 GeV,
mgp, ., = 300 GeV and mg, ~m;, = 507 GeV, as well as mj, >~ 125 GeV. In the colored sector, mz = 1.5
TeV with mg ~ 1.2 TeV, so the model is compatible with LHC7 constraints, but may be testable at LHCS.
The first and second generation squarks decay mainly into Xliqt jet, followed by >~<1¢ — ol — X{yl, or
alternatively into Y9+ jet, followed by Y9 — 7y — ¥Yvv. Thus, squark pair production will give only 2
jets, either accompanied by just missing transverse energy or by 1 or 2 leptons. The gluino decays mostly
into first or second generation squarks plus an additional jet. Since the Y9 decays invisibly, the only sign of
direct )Zli Xy production will be a single lepton from the the )Zli decay plus missing transverse energy.

The model does indeed reconcile (g — 2),, with BF(b — s7) since AazVY ~ 23 x 1071% and BF(b —
sv) = 3.22 x 10~%. Also, the thermal neutralino abundance is given as Qi?hQ ~ (.07 due to neutralino-
slepton co-annihilation. An ILC with /s > 600 GeV would be needed to access the érér and jirfir pair
production. These reactions would give rise to very low energy di-electron and di-muon final states which
would be challenging to extract from two-photon backgrounds. However, since it has been demonstrated
that mass differences of this size are manageable even in the case of 7 leptons from 7 decays [161], it should
be feasible also in case of electrons or muons. Since 7 — v + X7, sneutrinos would decay invisibly, although
the reaction ete™ — Dy Pry may be a possibility. The lack of 777~ pair production might give a hint that
nature is described by a NMH model.

5 Conclusions

At first sight, it may appear very disconcerting that after one full year of data taking at LHC7, with ~ 5
fb~! per experiment, no sign of supersymmetry is yet in sight. On the other hand, evidence at the 3¢ level
seems to be emerging that hints at the presence of a light higgs scalar with mass my ~ 125 GeV. While
my, can theoretically inhabit a rather large range of values of up to 800 GeV in the Standard Model, the
simplest supersymmetric extensions of the SM require it to lie below ~ 135 GeV. A light SUSY Higgs of
mass ~ 125 GeV seems to require top squark masses m;, 2 1 TeV with large mixing: thus, the emerging
signal seems more consistent with a super-TeV sparticle mass spectrum than with a sub-TeV spectrum, and
indeed the latter seems to be nearly excluded by LHC searches for gluinos and first and second generation
squarks (unless there is a highly compressed spectrum, or other anomalies). In addition, a Higgs signal
around 125 GeV highly stresses at least the minimal versions of constrained models such as AMSB and
GMSB, and may favor gravity-mediated SUSY breaking models which naturally accommodate large mixing
in the top squark sector.

While some groups had predicted just prior to LHC running a very light sparticle mass spectrum (based
on global fits of SUSY to a variety of data, which may have been overly skewed by the (¢—2), anomaly), the
presence of a multi-TeV spectrum of at least first/second generation matter scalars was not unanticipated
by many theorists. The basis of this latter statement rests on the fact that a decoupling of first/second
generation matter scalars either solves or at least greatly ameliorates: the SUSY flavor problem, the SUSY
CP problem, the SUSY GUT proton decay problem and, in the context of gravity mediation where the
gravitino mass sets the scale for the most massive SUSY particles, the gravitino problem.

In contrast, examination of electroweak fine-tuning arguments, applied to the radiatively corrected SUSY
scalar potential imply that models with 1. low |u] < Ays ~ 200 GeV, 2. third generation squarks with
mz 5, 1.5 TeV and 3. mg < 4 TeV are favored. Since first/second generation matter scalars don’t enter
the electroweak scalar potential, these sparticles can indeed exist in the 10-50 TeV regime — as required
by decoupling — without affecting fine-tuning. The class of models which fulfill these conditions are called
natural SUSY or NS models. NS models are typically very hard to detect at LHC unless some third generation
squarks are very light ~ 200 — 600 GeV, with a large enough decay mass gap to yield sufficient visible energy.
The set of light higgsinos )Zli, %9 and X9 can be produced at high rates at LHC, but the very tiny visible
energy release from higgsino decays makes them exceedingly hard to detect. However, NS at an ILC may
well be a boon! An ILC would likely then be a higgsino factory in addition to a Higgs factory. The small
visible energy release from higgsino-like chargino decays should be visible against backgrounds originating
from two-photon initiated processes, especially when an additional hard ISR photon is required. In addition,
there is a good chance that some or even most third generation squarks and sleptons may be accessible given
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high enough beam energy. As the fine-tuning upper bound Ayg increases, the NS spectrum blends into
Hidden SUSY where the higgsinos are still light, but the third generation is lifted beyond LHC/ILC reach.
The HS collider phenomenology is expected to be very similar to that emerging from a non-minimal GMSB
model suggested by Briimmer and Buchmiiller (BB).

We also present several benchmark models consistent with LHC and other constraints which predict some
varied phenomenology. One NUHM2 point with heavy matter scalars and my = 125 GeV contains A and H
Higgs bosons which would also be accessible to ILC. A model with non-universal gaugino masses (NUGM)
allows for chargino pair production at ILC followed by xi© — Wx{ decay, leading to WW ™+ F events.
Also, a rare surviving benchmark from mSUGRA/CMSSM is presented in the far focus point region with
my, = 125 GeV, with matter scalars at mg ; ~ 15 TeV, where chargino pairs of the mixed bino-higgsino
variety are accessible to an ILC. We also present one benchmark point from the Kallosh-Linde (KL) model.
In this case, matter scalars have masses m;; ~ mg/2 ~ 25 TeV, but gaugino masses follow the AMSB
pattern, with the X1 and YY) being nearly pure wino, with Mgk = Mg ~ 0.33 GeV mass gap. If the mass gap
is small enough then charginos can fly a measureable dlstance before decay. It might be possible to detect
ete™ — X1 X1 7Y — 7+ soft debris including possible highly ionizing tracks which terminate into soft pions.
The phenomenology of this model is similar to that expected from G2MSSM of Acharya et al. [156]. Finally,
we present pMSSM and NMH models with light charginos and sleptons which is in accord with the (g —2),,
anomaly, my ~ 124 GeV and with a standard neutralino relic abundance QStth = 0.11. The ILC-relevant
part of the spectrum is very similar to the well-studied SPS1a scenario [160] (or its variant SPSla’).

In summary, results from the LHC7 run in 2011 have resulted so far in no sign of SUSY particles, although
impressive new limits on gluino and squark masses have been determined. In addition, much of the expected
mass range for a SM-like Higgs boson has been ruled out save for the narrow window of 115 GeV < My <
127 GeV. Indeed, within this window, there exists ~ 3o hint for a 125 GeV Higgs signal in several different
channels from both Atlas and CMS, and also from CDF/D0 at the Fermilab Tevatron. If the Higgs-hint is
verified, this can be regarded as an overall positive for weak scale supersymmetry in that the Higgs would
fall squarely within the narrow predicted SUSY window. While the lack of gluino and first generation squark
signals at LHC7 may at first be disconcerting, it must be remembered that first generation squarks, and to
some degree gluinos, contribute little to naturalness arguments which connect SUSY breaking to the weak
scale. Naturalness arguments do favor a value of p ~ My, with perhaps p ranging as high as ~ 200 GeV. In
this case, a spectrum of light higgsinos is anticipated. Such light higgsinos would be very difficult to detect
at LHC, while an ILC with /s = 0.25 — 1 TeV would be a higgsino factory, in addition to a Higgs factory!
Naturalness arguments, and also the muon g — 2 anomaly, portend a rich assortment of new matter states
likely accessible to the ILC, although such states will be difficult for LHC to detect. We hope the benchmark
models listed here give some view as to the sort of new SUSY physics which may be expected at ILC in the
post LHCT era.
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Supersymmetric scenarios with a very weakly interacting lightest superpartner (LSP)—like the gravitino
or axino—naturally give rise to a long-lived next-to-LSP (NLSP). If the NLSP is a charged slepton it
leaves a very distinct signature in a collider experiment. At the ILC/CLIC it will be possible to capture a
significant fraction of the produced charged sleptons and observe their decays. These decays potentially
reveal the nature of the LSP and thus provide a unique possibility to measure the properties of a very
weakly interacting LSP which otherwise is most likely hidden from any other observation, like direct
or indirect dark matter searches. We review the proposals that have been made to measure the LSP
properties at the ILC/CLIC and compare its potential to the capability of the LHC.

1 Introduction

In supersymmetric extensions of the standard model (SM) with conserved R-parity the lightest superpartner
(LSP) is stable and thus provides a natural dark matter (DM) candidate. The lightest neutralino—being part
of the minimal supersymmetric standard model (MSSM)—is the most widely studied candidate. However,
in extensions of the MSSM other cosmologically viable DM candidates appear such as the gravitino or the
axino. _

The spin-3/2 gravitino G arises in the spectrum of supergravity, i.e., once supersymmetry (SUSY) is
promoted from a global to a local symmetry. It is a well motivated DM candidate and can even be regarded as
favored since it alleviates the cosmological gravitino problem [1] allowing for a higher reheating temperature
as required for thermal leptogenesis [2]. The gravitino acquires a mass through the super Higgs mechanism
once SUSY is broken. Its mass depends strongly on the SUSY breaking scheme and can range from the
eV scale to scales beyond the TeV scale. Requiring a reheating temperature of O(10° GeV), masses of
around and above O(10 GeV) are favored in order not to over-close the universe by the thermally produced
gravitino abundance. The very weak coupling of the gravitino causes the next-to-LSP (NLSP) to be long-
lived. Thus, in the early universe after the NLSP freeze-out, late NLSP decays taking place during or after
big bang nucleosynthesis (BBN) can affect the primordial abundance of light elements. This imposes strong
constraints on the couplings and lifetime of the NLSP. Accordingly, a neutralino NLSP is strongly disfavored
by BBN constraints from energy injection [3, 4, 5, 6]. The lighter stau 7; is therefore often considered as a
natural NLSP candidate.! The most severe bound on the stau NLSP lifetime arises from Li/H constraints
requiring 77, <5 x 10%s [8, 9] for a typical stau yield after freeze out. The most conservative bound arises
from *He/D constraint. It excludes lifetimes 77, > 10%s [10]. Conclusively, lifetimes ranging from seconds
to a month may be considered as interesting.

The resulting signatures of staus at colliders are charged, muon-like tracks usually leaving the detector—
the decay length is large compared to the size of a detector. The tracks of staus can be discriminated
against the muon background via high ionization loss and anomalous time-of-flight. The LHC provides a
good environment for discovering long-lived staus. Searches for heavy stable charged particles are being
performed at ATLAS [11] and CMS [12].

Tonization loss is the main source of energy loss for heavy charged particles when penetrating the detector
material. The energy loss increases with decreasing velocity 8. Staus that are produced with sufficiently

1The basic ideas given in this article are expected to hold with modifications for other charged NLSP candidates or even
for very different scenarios. Some of the ideas discussed in this article have initially been brought up in the context of 4th
generation lepton searches [7].
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small § may lose their kinetic energy completely and stop inside the detector. According to its lifetime,
the stau will decay leaving a characteristic signature in the detector which is uncorrelated with the bunch
crossing. If it is possible to measure the lifetime, the recoil energy and even the angular distribution of the
emitted SM particles in the decay, it is possible to determine the coupling, mass and even the spin of the
LSP. This is a unique possibility to test a (stable) gravitino DM scenario which is hopeless to test in direct
and indirect DM searches.

Another well motivated DM candidate is the axino a which appears once the MSSM is extended by the
Peccei-Quinn mechanism, in order to solve the strong CP problem. The phenomenology at a collider is
virtually identical. The decay of the stau into the axino can give insights into the Peccei-Quinn sector.

We will consider both scenarios here. In section 2 we will describe the decays of the NLSP into the grav-
itino or axino LSP and explain how to distinguish these cases. In section 3 we will describe the implications
from the LHC and its sensitivity to these scenarios. In section 4 we will review some of the experimental
ideas that have been brought up in order to realize the investigation of NLSP decays.

2 NLSP decays

In the considered scenarios the dominant decay mode of the staus is the 2-body decay 7 — GT or 7 — ar.
For the gravitino LSP the corresponding decay width reads

5 2 \*
~ ~ mz ms 1
rm—-Gr)~—>+—1[(1-—-%

(7—1 T) 487rm2éMP2)1 ( b) ) ) ( )
where Mp) is the (reduced) Planck mass. The decay rate is completely determined by the masses mz and
mg. It is independent of any other SUSY parameter or SM coupling.

For the axino LSP the 2-body decay is loop-induced and contains further SUSY parameters in particular
it depends on the stau mixing angle. For a pure right-handed stau the width has been computed in the
KSVZ axino model [13],

9 402 m2~ m% 7m,2v 2 "
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where « is the fine structure constant, fy is the weak mixing angle, f, is the Peccei-Quinn scale, m is the
(pure) bino mass and Cyyy and £ are O(1) factors expressing the Peccei-Quinn model dependence and loop
cut-off uncertainties, respectively.

The typical decay length of the staus is large compared to their traveling range in the detector material.
Hence, staus always decay at rest, i.e., we know the center-of-mass frame. Accordingly, if the mass of the
stau is known, the LSP mass can be determined from the recoil energy of the 7 produced in the 2-body
decay, F,,

mLsp = \/m%1 +m2 —2mz E. . (3)

As pointed out in [14, 15], we can probe the hypothesis of a gravitino LSP by computing the Planck mass
from (1) once mz, , mysp and lifetime 77 = I'Z ! are known. An agreement with the Planck mass measured in
macroscopic experiments would provide a strong evidence for supergravity and the existence of the gravitino.
Since the gravitino mass is directly related to the scale of spontaneous SUSY breaking,

(F) = V3Mpimg, (4)

these measurements would provide us with insights in the SUSY breaking sector that are otherwise beyond
the reach of any experiment in the near future. For the axino LSP case, from (2) we may be able to estimate
the Peccei-Quinn scale and confront it with limits from astrophysical axion studies and axion searches in the
laboratory. _

A sub-dominant but nevertheless very important decay mode of the stau is the 3-body decay 7 — G7y
or 7 — arvy which has been studied in [14, 13]. As pointed out in these references, from the 3-body decay

399



branching ratio as well as from the distribution of the angle between the 7 and the photon, the spin of the
LSP can be determined. More precisely, it has been shown that it is possible to distinguish between the spin-
3/2 gravitino and a spin-1/2 axino. The observation of a spin-3/2 LSP would be an important confirmation
of supergravity. In particular, for small gravitino masses mg < 0.1 mz the determination of mz requires a
very precise measurement of the tau recoil energy at below the percent level. Thus, (3) may only provide
an upper limit on the gravitino mass in these cases. In such a situation a much better determination of mz
can be achieved via (1) from the measurement of the stau lifetime once we are convinced that the LSP is
indeed a gravitino by the measurement of its spin.

3 Implications from the LHC

Before the stau will be observed at the ILC/CLIC we expect its discovery at the LHC.? Therefore, in this
section we will briefly review the LHC potential.

Long-lived staus leave a prominent signature in the detectors of the LHC. Combining ionization loss
and time-of-flight measurements provide very clean signal regions and, at the same time, high efficiencies.
Consequently, the discovery of long-lived staus typically can be claimed on the basis of a very few events
and thus is expected to be established in a rather short time period without providing any hints in advance.

The direct production of staus provides a robust lower limit on the stau mass [16]. Null searches for this
channel at the 7TeV, 5fb~! LHC run [12] can be interpreted in the most conservative limit to exclude stau
masses below 216 GeV [17]. Although the LHC provides a very good environment to discover heavy stable
charged particles, it is typically difficult to capture a sufficiently large number of staus in the detector in
order to be able to study its decays systematically. As shown in [18] especially widely spread spectra (spectra
with large mass gaps between the colored sparticles and the stau) provide way too little stopped staus for
the desired measurements (see figure 1). For such spectra even a scenario with msz just above the above
quoted limit provides less than 100 events of staus that are stopped inside a LHC detector for the 14 TeV,
300 fb~! LHC run. Proposals to study stopped staus at the LHC are discussed in [19, 20, 21, 22, 23, 24].

2000 3500t pp (14 TeV) (
3000 /£ =300fb7"1
— 1500 —. 2500
2 2
3 G 2000
g 100 & 1500
S S
1000
500
500
1200 1400 1600 1800 2000 2200 2400 1500 2000 2500 3000 3500 4000 4500
mg = mg [GeV ] mg = mg [GeV ]

Figure 1: Expected number of events that contain staus that are stopped inside an LHC detector. The
results are expressed in a simplified model framework considering direct stau production as well as the
production via the decay of strongly produced sparticles. A common squark and gluino mass, mg = mg, has
been chosen. The three different line styles refer to three different mass patterns of intermediate sparticles
in the decay chain. Taken from [18].

2In the long-lived stau scenario there are very little regions in parameter space that are not accessible with the long-term
14 TeV LHC run but with a mid-term 3 TeV CLIC run.
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4 Prospects at the ILC/CLIC

The challenge in the study of stau decays is to trap as many staus as possible in a well defined volume
that is sensitive to the observables of the produced SM particles in the decay. An e*e™-collider provides an
appropriate environment for this task. On the one hand the direct production of staus provides a velocity
distribution that can be tuned through the center-of-mass energy in order to maximize the number of stopped
staus in a given volume. On the other hand it provides a well defined angular distribution. Together with
the option of adding extra stopping material in appropriate regions [23] it provides an ideal framework to
obtain a large number of observed stau decays.

The stau may be produced directly or in a decay chain following the production of other sparticles.
The cross sections for different production processes have different velocity dependencies near threshold.
For slepton production via s-channel v/Z the cross section increases as 32. For polarized ete™ beams the
production cross section for selectron pairs via t-channel Y° exchange (efe; — ¢fep or efer — éfeg)
increases linear in 8 and thus provides an enhanced number of selectrons close to threshold [25, 26].> Hence,
if the spectrum features a selectron which is close in mass to the stau, one could greatly benefit from the
use of polarized electron beams to increase the number of produced selectrons near threshold and therefore
increase the number of stopped staus. For small mass gaps between the selectron and the stau this advantage
overcompensates the boost that staus achieve from the decay of the selectron (which would lead to higher
stau velocities).

Once a stau pair is produced it will be identified via highly ionizing tracks. Their passage through the
detector can be accurately followed. If the stau stops inside the detector the location of the stopped stau
is expected to be determinable within a volume of a few cm?® [29]. The location and time of the stopped
stau may be recorded. In general the stau will decay out-of-time with the beam collisions. Hence, the
decay can then be triggered by an isolated, out-of-time hadronic or electromagnetic cluster in the hadronic
calorimeter (HCAL), a hadronic shower in the iron yoke or by a muon originating in the HCAL or yoke above
an appropriate energy threshold (E > 10 GeV) [29]. Background from cosmic rays may be rejected by a veto
against vertices in the outermost detector layers. Background from atmospheric neutrinos is expected to be
sufficiently rejected by the required energy threshold and furthermore by the requirement of a matching of
the recorded stopping positions [23]. A precise measurement of the stau mass which is required in order to
estimate the gravitino mass can be obtained from the reconstruction of the complete event kinematics.

The potential to measure mz,, mg and 75 at the ILC/CLIC equipped with a general purpose detector
[30, 31] has been studied for several benchmark points in [29, 32]. Both studies contain the mSUGRA points
GDM ¢ (mz = 346 GeV, mg = 100GeV) and GDM 7 (mz = 327GeV, mg = 20GeV) [24]. Provided a
fixed center-of-mass energy of 800 GeV and a luminosity of 1000fb~!, mz and 77 have been found to be
measurable at the level of one per mille and a few per cent, respectively, for both scenarios. The gravitino
mass mg has been found to be measurable at a ten per cent level for GDM ¢ and with an uncertainty
comparable to its actual value for GDM 7 [29]. These numbers have been obtained with unpolarized beams.
Polarization is expected to enhance the number of stopped staus by a factor of almost three [29] and thus
improve these results. The optimization of the beam energy for given stau masses and production processes
has been discussed in [32].

Further optimizations can be achieved by placing additional active stopper material [23] around the
general purpose detector. Another approach is the installation of water tanks [22] that accumulate stopped
staus. The water can then be transported to a quiet environment in order to study the decays. It has
also been proposed to collect staus in a storage ring [14]. This could most easily been done if staus where
produced preferably in the forward region, i.e., via selectron pair production (see figure 11 in [32]).

The feasibility of studying 3-body decays and distinguishing gravitinos from axinos has been discussed
in [13]. The distribution of stau decay events in the two variables 6, the opening angle between the photon
and the tau, and x, = 2E,/mz, is shown in figure 2. For the gravitino the events are peaked only in the
region of soft and collinear photon emission whereas for the axino a second peak shows up characterized by a
back-to-back tau-photo emission and large photon energies. For a total number of 10* analyzed stau decays
in the scenario considered in [13] it has been found that 110 £ 10 (stat.) and 165+ 13 (stat.) 3-body decays
will be observerd in the gravitno and axino LSP scenario, respectively, 1% and 28% of which are expected

3In [27, 28] the possibility of an e~ e -collider to obtain a o -behavior near threshold has been discussed.
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Figure 2: The normalized differential distributions of the visible decay products in the decays 7 — 7'76’
for the gravitino LSP scenario (left) and 7 — 7va for the axino LSP scenario (right) for mz = 100 GeV,
mg = 110GeV, m%/m%1 < 1, and mz = 10 MeV. The contour lines represent the values 0.2, 0.4, 0.6, 0.8,
and 1.0, where the darker shading implies a higher number of events. Taken from [13].

to be selected by imposing appropriate cuts in the x,-cos 6-plane. These numbers illustrate that O(10%) of
analyzed stau decays could be sufficient for a significant distinction of those scenarios.

5 Conclusions

Supersymmetric scenarios with a very weakly interacting LSP are well motivated from cosmology. The very
weak coupling naturally gives rise to a long-lived NLSP which is considered to be the lighter stau here.
These particles usually pass the detector and can be directly detected. If these particles will be discovered
at the LHC, the ILC/CLIC provides the unique environment to study the decays of the stau in detail.
Reconstructed 2-body decays will allow for a measurement of the scale of supersymmetry breaking (F') (in
the case of a gravitino LSP) or the Peccei-Quinn scale (in the case of an axino LSP). From 3-body decays it
is even possible to measure the spin of the LSP. For a gravitino LSP this leads to the attractive possibility to
test the supergravity paradigm. Additionally, the measurement of the life-time from 2-body decays provides
direct access to the gravitational coupling. Hence, two independent unequivocal predictions of supergravity
can be probed.
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Numerous non-standard dynamics are described by contact-like effective interactions that can mani-
fest themselves in electron-positron collisions only through deviations of the observables (cross sections,
asymmetries) from the Standard Model predictions. If such a deviation were observed, it would be
important to identify the actual source among the possible non-standard interactions as many different
new physics scenarios may lead to very similar experimental signatures. We study the possibility of
uniquely identifying the indirect effects of s-channel sneutrino exchange, as predicted by supersymmetric
theories with R-parity violation, against other new physics scenarios in high-energy e™e™ annihilation
into lepton pairs at the International Linear Collider. These competitive models are interactions based
on gravity in large and in TeV-scale extra dimensions, anomalous gauge couplings, Z’ vector bosons and
compositeness-inspired four-fermion contact interactions. To evaluate the identification reach on sneu-
trino exchange, we use as basic observable a double polarization asymmetry, that is particularly suitable
to directly test for such s-channel sneutrino exchange effects in the data analysis. The availability of
both beams being polarized plays a crucial réle in identifying the new physics scenario.

1 Introduction

Numerous new physics (NP) scenarios, candidates as solutions of Standard Model (SM) conceptual prob-
lems, are characterized by novel interactions mediated by exchanges of very heavy states with mass scales
significantly greater than the electroweak scale. In many cases, theoretical considerations as well as current
experimental constraints indicate that the new objects may be too heavy to be directly produced even at
the highest energies of the CERN Large Hadron Collider (LHC) and at foreseen future colliders, such as the
ete™ International Linear Collider (ILC). In this situation the new, non-standard, interactions would only
be revealed by indirect, virtual, effects manifesting themselves as deviations from the predictions of the SM.
In the case of indirect discovery the effects may be subtle since many different NP scenarios may lead to
very similar experimental signatures and they may easily be confused in certain regions of the parameter
space for each class of models.

At the available energies provided by the accelerators, where we study reactions among the familiar
SM particles, effective contact interaction Lagrangians represent a convenient theoretical tool to physically
parameterize the effects of the above-mentioned non-standard interactions and, in particular, to test the
corresponding virtual high-mass exchanges. There are many very different NP scenarios that predict new
particle exchanges which can lead to contact interactions (CI) which may show up below direct production
thresholds. These are compositeness [1], a Z’ boson from models with an extended gauge sector [2-5], scalar
or vector leptoquarks [6], R-parity violating sneutrino () exchange [7, 8], bi-lepton boson exchanges [9],
anomalous gauge boson couplings (AGC) [10], virtual Kaluza—Klein (KK) graviton exchange in the context
of gravity propagating in large extra dimensions, exchange of KK gauge boson towers or string excitations
[11-16], etc. Of course, this list is not exhaustive, because other kinds of contact interactions may be at

play.
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If R-parity is violated it is possible that the exchange of sparticles can contribute significantly to SM
processes and may even produce peaks or bumps [7,8] in cross sections if they are kinematically accessible.
Below threshold, these new spin-0 exchanges may make their manifestation known via indirect effects on
observables (cross sections and asymmetries), including spectacular decays [17]. Here we will address the
question of whether the effects of the exchange of scalar (spin-0) sparticles can be differentiated at linear
colliders from those associated with the wide class of other contact interactions mentioned above.

For a sneutrino in an R-parity-violating theory, we take the basic couplings to leptons and quarks to be
given by

)\ijkLiLjEk + )\;jkLinDk- (1)
Here, L (Q) are the left-handed lepton (quark) doublet superfields, and E (D) are the corresponding left-
handed singlet fields. If just the R-parity violating ALLE terms of the superpotential are present it is clear
that observables associated with leptonic processes

et +e” —wut+p (or7 +711), (2)

will be affected by the exchange of 7’s in the t- or s-channels [7,8]. For instance, in the case only one nonzero
Yukawa coupling is present, #’s may contribute to, e.g. ete™ — uTpu~ via t-channel exchange. In particular,
if 121, A122, A132, or Aa3q are nonzero, the ™+~ pair production proceeds via additional ¢-channel sneutrino
exchange mechanism. However, if only the product of Yukawa, e.g. A131A232, is nonzero the s-channel 7,
exchange would contribute to the pu+ ™~ pair final state. Below we denote by A the relevant Yukawa coupling
from the superpotential (1) omitting the subscripts.

In this note, we discuss the deviations induced by the s-channel sneutrino exchange and contact inter-
actions in electron—positron annihilation into lepton pairs (2) at the planned ILC. In particular, we use as
a basic observable a double polarization asymmetry that will unambiguously identify s-channel sneutrino
exchange effects in the data, relying on its spin-0 character and by filtering out contributions of other NP
interactions.! The availability of both beams being polarized plays a crucial role in identifying that new
physics scenario [18]. On the other hand, we note that if only single (electron) beam polarization is avail-
able, the left-right asymmetry does not help to unambiguously identify an s-channel sneutrino exchange
signature.?

The R-parity violating s-channel sneutrino exchange in the process (2) requires a non-zero coupling Aj3;
(A121). This would necessarily induce non-standard contributions to Bhabha scattering,

ef+e et +e, (3)

which we also study, in order to compare the sensitivities in these channels.

We also compare the capability of the ILC to distinguish effects of s-channel sneutrino exchange in the
lepton pair production process from other NP interactions with the corresponding potential of the Drell-Yan
process (I = e, u) [19]

prp— 1T+ +X (4)
at the LHC.

For completeness, we will in Sec. 2 recall a minimum of relevant formulae defining the basic observables
used in our analysis. In Sec. 3 we perform the numerical analysis, evaluating discovery and identification
reaches on sneutrinos. Finally, Sec. 4 contains some concluding remarks.

2 Observables and NP parametrization

We concentrate on the process e™+e~ — pu™+p~. With P~ and P denoting the longitudinal polarizations
of the electrons and positrons, respectively, and 6 the angle between the incoming electron and the outgoing
muon in the c.m. frame, the differential cross section in the presence of contact interactions can be expressed
as (z = cos @) [20,21]:

de® 3

=5 (1208 +(1-2)% . 5)

IThis approach was earlier exploited for the discrimination against Z’ exchange [8].
2For the case of single beam polarization, AR is an analogue of Agouple defined by Eq. (16).
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Model | Aup

. . s 1
composite fermions [1] —
Qom Aaﬁ
extra gauge boson Z’ [2-5] g.° g/Bf Xz
f 2f, A Af
AGC (f = ¢) [10] ALL:s<‘£D2W f§B>, RR _ Apr = App = s f2DB
Sty iy 2 iy
7
TeV-scale extra dim. [15, 16] —(QuQf + o° 9;];) 371'1\;2
c
ADD model [11,13] AL = Agr = f (1 —22), Arg = ApL = —fe (1 +22)
R-parity violating SUSY [7,8] B B B 1
(7 exchange in t-channel) AL = Arr = 0, ALr = Arr = B} C5 X

Table 1: Parametrization of the A, functions in different NP models («, 5 = L, R). For the explanation of
notation see text.

In terms of the helicity cross sections ag’é (with «, 8 = L, R), directly related to the individual CI couplings
Aqp (see Eq. (10)):

o = 1 [0-P)A+PY)o+ (14 PO)(1~ PY)ofh]

= g[(1—Peﬁ)aE£+(1+Peg)ag§], (6)
o = L[ PO P ek (L4 PO P o]

= D0 Pa)ofh+(+ Ra)ofl]. ™

where the first (second) subscript refers to the chirality of the electron (muon) current. Furthermore,

P~ — Pt

Pg—=— "
=1 _p-p+

(8)

is the effective polarization, |Peg| < 1, and D = 1 — P~ P*. For unpolarized positrons Peg — P~ and
D — 1, but with Pt # 0, |Pog| can be larger than |P~|. Moreover, in Eqgs. (6) and (7):

o5s = op| MG, (9)

where op = o(ete™ = v* — ptp™) = (4ma2,,)/(3s). The helicity amplitudes ./\/lgé can be written as

MGh = MEY + Aup = QeQp + 95 95 Xz + Dag, (10)

where s
X2 = STMZ v MLy (11)
represents the Z propagator, gt = (IL;, — Qis%,)/swew and gk = —Qs¥,/swew are the SM left- and

right-handed lepton (I = e, u) couplings of the Z with s%, =1 —c¥, = sin? Ay and Q; the leptonic electric

charge. The A,p functions represent the contact interaction contributions coming from TeV-scale physics.
The structure of the differential cross section (5) is particularly interesting in that it is equally valid for
a wide variety of NP models listed in Table 1. Note that only graviton and t-channel sneutrino exchanges
induce a modified angular dependence to the differential cross section via the z-dependence of A,g.
In Table 1 A,p denote compositeness scales; xz and x! parametrize the Z’ and sneutrino propagators
defined analogously to Eq. (11), with superscript ¢ referring to the t-channel, e.g., x5 = s/(t — ME), where
M is the sneutrino mass. For the t-channel 7 sneutrino exchange C’}, =\? /AT em with A being the relevant
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Yukawa coupling. g(’lf parametrizes the Z’ couplings to the f current of chirality «. Furthermore, fDW
and fpp are related to fpw and fpg of ref. [10] by f= f/m? (fpw and fpp parametrize new-physics
effects associated with the SU(2) and hypercharge currents, respectively); M¢ is the compactification scale;
fa = £5%/(4maem M};) parametrizes the strength associated with massive graviton exchange with My the
cut-off scale in the KK graviton tower sum.

The doubly polarized total cross section can be obtained from Eq. (5) after integration over z within the
interval —1 < z < 1. In the limit of s, ¢ small compared to the CI mass scales, the result takes the form

CI

oM =040 = [1-P )1 +P")(off +ofk) + (1 +P)1—P")(ofk + kL)) - (12)

] =

It is clear that the formula in the SM has the same form where one should replace the superscript CI — SM
in Eq. (12).

Since the v exchanged in the s-channel does not interfere with the s-channel SM ~ and Z exchanges, the
differential cross section with both electron and positron beams polarized can be written as [8,22]

do” 3 1+pP7 Pt s
o == |0+ 2)20™M 4 (1 - 2)20™M 42 — (R +oLR)| - (13)

Here, o} (= olr) = opt IMGL|%, MY, = MUp = $C5xg, and Cf and x§ denote the product of the R-
parity violating couplings and the propagator of the exchanged sneutrino. For the s-channel 7. sneutrino
exchange they read

Ior XS o A131A232 S
X5

= 14
U 47T'Oéern s — Ml%r —+ iM,;TF,;T ( )

Below we will use the abbreviation A2 = A\131 Aas3a.
As seen from Eq. (13) the polarized differential cross section picks up a z-independent term in addition
to the SM part. The corresponding total cross section can be written as

5 1 - 1 -
o = (=P +P") (o +oix) + 7 (1+P7)(1 = P¥) (okk + oRL)
31+P Pt D
+ §f(URL+ULR)' (15)

It is possible to uniquely identify the effect of the s-channel sneutrino exchange exploiting the double
beam polarization asymmetry defined as [8,22]

(T(Pl, 7P2) -+ U(*Pl,PQ) — O'(Pl,PQ) — O'(*Pl, 7P2)

A ouble — ’ 16

Wbl = (P, —Py) + o(=P1, Py) + o(Py, Pa) + o(— Py, —Py) (16)

where Py = |P~|, P, = |PT|. Tt can easily be checked for the whole set of contact interactions listed in
Table 1, with the exception of the s-channel sneutrino exchange, that from (12) and (16) one finds

Acsig/tllble = A((:ljc{uble = PP, =048, (17)

where the numerical value corresponds to electron and positron degrees of polarization: P, = 0.8, P> = 0.6.
This is because these contact interactions contribute to the same amplitudes as shown in (10). Eq. (17)
demonstrates that A(Sig/flble and Ac%uble are indistinguishable for any values of the contact interaction param-
eters, Ayg, i.e. AAdgouble = Adguble — Adg/lllble =0.

On the contrary, the r exchange in the s-channel will force this observable to a smaller value, A Aqouble =
Agouble — A(Sig/flble x —P1 Py |C5x%)? < 0. The value of Agouple below PP, can provide a signature of scalar
exchange in the s-channel. All those features in the Agouple behavior are shown in Fig. 1.

The non-zero value of the A\i3; coupling implies that the Bhabha scattering process will receive v,
contributions from both the s- and t-channel exchanges. The differential cross section can be written in this
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Figure 1: Double beam polarization asymmetry A4, ., as a function of sneutrino mass M; for different
choices of A (dashed lines) at the ILC with /s = 0.5 TeV (left panel) and /s = 1.0 TeV (right panel),
Line = 0.5 ab~'. From left to right, A varies from 0.2 to 1.0 in steps of 0.2. The solid horizontal line
corresponds to A(Sig/lﬂble = A(%uble' The yellow bands indicate the expected uncertainty in the SM case.

case as
do? Ta?
7= TS (1 o1 PO PR g+ S (1 PO = PY) | fi + fhal)
+(1=2{(A =P+ PO [fipl+ (1 +P7)A - P |f2ul?}
+4(1+ P~ PHO{|fLRl? + | fRel?}] (18)
where?
sz =1+ (QE)QXZa f}%’,R =1+ (916%)2XZ>

1 1
fir=1+9798xz + §Caxé, fhr =1+g595x2 + §Caxé,

S S
fio=75+ (95)*x%, frr =7+ (9%)*X%
t 7§ e e t 10"8 t 7§ e e t 10"8 19
for =7 +9090X7z + 500G, frr =7 +9R9ixz + 5C0X5, (19)

where x! = s/(t — M?) Note that we use the same notation as in Eq. (14) for the reduced sneutrino coupling
Cy. However, since now the same lepton generation is present in the initial and final states, consequently in
Eq. (19) we have
)\2
131

4T lem

(20)

U

for both s- and t-channel sneutrino exchanges.

3 Numerical analysis

In the numerical analysis, cross sections are evaluated including initial- and final-state radiation by means of
the program ZFITTER [23], together with ZEFIT [24], with mop, = 175 GeV and mpy = 125 GeV. One-loop
SM electroweak corrections are accounted for by improved Born amplitudes [25], such that the forms of the

3Note that Ref. [7], for example, uses a different convention for the chirality of the final state current.
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previous formulae remain the same. Concerning initial-state radiation, a cut on the energy of the emitted
photon A = E,/Epcam = 0.9 is applied in order to avoid the radiative return to the Z peak and enhance
the signal originating from the nonstandard physics contribution [21].

As numerical inputs, we shall assume the identification efficiencies of ¢ = 95% for pu*u~ final states,
integrated luminosity of Liy, = 0.5 ab~! with uncertainty 0Lint/Lint = 0.5%, and a fiducial experimental
angular range | cosf| < 0.99. Also, regarding electron and positron degrees of polarization, we shall consider
the following values: P~ = £0.8; PT = 40.6, with 6P~ /P~ = §P* /Pt = 0.5%.

Discovery and identification reaches on the sneutrino mass My (95% C.L.) plotted in Fig. 2 are obtained
from conventional x? analysis. The discovery limit (Disc) is obtained from a combined analysis of the
polarized differential cross sections, do/dz, in 10 equal-size z-bins in the range [—0.99,0.99], with beam
polarizations of the same sign, (P~, P*) = (+0.8,+0.6); (—0.8,—0.6). This procedure provides the best
sensitivity to sneutrino parameters, whereas the identification reach (ID) is derived from Agouble. In the
latter case the y? function is constructed as follows: x? = (AAdouble/0Adouble)?> Where §Agouple is the
expected experimental uncertainty accounting for both statistical and systematic components.

For comparison, current limits from low-energy data are also shown [26,27]. From Fig. 2 one can see that
identification of sneutrino exchange effects in the s-channel with Agouple is feasible in the region of parameter
and mass space far beyond the current limits.

ILC (05TeV), Liny=05ab™" ILC (1 TeV), Liny=05ab™".
10 . r . r 10 . r r .
8r . sl .
4
7/
e
//
~ 6. - < .
?-’ ?-’ 6} % Qs ;
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4F O . ~ - d //
0 aF /s -
"\ ’
- /
- / //
- ‘
2F /’ C\_“L\\—ﬂl_ P // -
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Figure 2: Discovery and identification reaches on sneutrino mass My (95% C.L.) as a function of A for
the process ee™ — putp~ at the ILC with /s = 0.5 TeV (left panel) and /s = 1.0 TeV (right panel),
Lint = 0.5 ab™'. For comparison, current limits from low energy data are also displayed.

As was demonstrated in Ref. [19] the resonant s-channel production of sneutrino  with their subsequent
decay into purely leptonic final states via R-parity violating couplings can be observed over a wide range
of parameters (couplings and masses) in hadronic collisions (4). This process provides a clean and powerful
probe of R-parity violating supersymmetric parameter space and the corresponding LHC search reaches in
the parameter plane spanned by the sneutrino mass and the R-parity-violating coupling were obtained there.
Specifically, in the dilepton process (4) of interest here, a spin-0 sneutrino can be exchanged through the
subprocess dd — 7 — 171~ and manifest itself as a peak in the dilepton invariant mass distribution and
also with a flat angular distribution. The cross section is proportional to the R-parity violating product
X = (N)2B; where B is the sneutrino leptonic branching ratio and )\’ the relevant sneutrino coupling to
the dd quarks. The experimental 95% CL lower limits on M; range from 397 GeV (for X = 10~%) to 866
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GeV (for X =1072) [28].

If this signature is observed, the leptonic center-edge integrated asymmetry [29] can be successfully used
to distinguish slepton resonances from those associated with new spin-1 Z’ gauge bosons and the Randall-
Sundrum graviton resonance (spin-2). Once large integrated luminosities of order ~ 100 fb=! are obtained
at the LHC, these new scalar resonances should be visible for masses as large as ~ 1.5 — 5.5 TeV depending
on the specific details of the model (couplings and leptonic branching ratios). Accordingly, the analysis
performed in [19] indicates that the identification of the sneutrino against the RS graviton and Z’ bosons by
center-edge asymmetry is possible at the LHC for M; < 4.5 TeV for X in the range of 107° < X < 10~%.

As mentioned above, future eTe™ colliders operating in the TeV energy range can indirectly probe for
new physics effects by exploring contact-interaction-like deviations from the cross sections and asymmetries
predicted by the SM. For luminosity expected at ILC, ~ 0.5 ab™!, and with both electron and positron
beams polarized, from Fig. 2 we see that this implies that the parameter space region \/My > 0.17 (0.10)
(M3 in TeV unit) would certainly be probed at /s = 0.5 (1) TeV by such measurements while identification
parameter space populates the region 0.21 (0.13) < A/M; <0.5.

For Bhabha scattering, the angular range | cos | < 0.90 is divided into nine equal-size bins. We combine
the cross sections with the following initial electron and positron longitudinal polarizations: (P~, PT) =
(|P~],=|P*]); (=|P~|,|PT|; (|P~|,|P*]); (—=|P~|,—|PT"|). The assumed reconstruction efficiencies, that
determine the expected statistical uncertainties, are 100% for e™e™ final pairs. Concerning the O(em)
QED corrections, the (numerically dominant) effects from initial-state radiation for Bhabha scattering are
again accounted for by a structure function approach including both hard and soft photon emission [30], and
by a flux factor method [31], respectively.

One can parametrize the bounds depicted in Fig. 2 (in the plane (M, A)) approximately as a straight
line, My = kA (My is taken in TeV units), A = /Ai31 - Adas2 and k, is the slope of the these lines for
the process ete™ — ptpu~. For instance, for the discovery reach we have k, =~ 5.9 (10) for /s = 0.5 (1)
TeV. In order to convert the bounds shown in Fig. 2 into limits on M vs A137 one should fix Aa32. For
that purpose one can take the (mass dependent) current limit on that Yukawa coupling Aege represented as
X232 /My = 0.5. From these formulae one finds: My < (kﬁ/Q) A131. These areas which can be explored in the
muon pair production process are shown in Fig. 3. In contrast to the limits shown in Fig. 2 as curves, limits
on My vs A131 for both the discovery and the identification are represented in Fig. 3 as areas constrained by
the line for the current limit, M; = 2\131, and the lines for the upper bounds, M; = (k:i/Q) A31-

In contrast to muon pair production, identification of the sneutrino exchange effects by means of Bhabha
scattering is impossible because CI and sneutrino give rise to the same helicity amplitudes as clearly seen
from (18) and (19) [32]. Therefore only the discovery reach for the Bhaba process is shown in the figure.

4 Concluding remarks

In this note we have studied how uniquely identify the indirect (propagator) effects of spin-0 sneutrino
predicted by supersymmetric theories with R-parity violation, against other new physics scenarios in high
energy ete” annihilation into lepton-pairs at the ILC. The competitive models are the interactions based
on gravity in large and in TeV-scale extra dimensions, anomalous gauge couplings, extra Z’ bosons, and
the compositeness-inspired four-fermion contact interactions. All those kinds of new physics can lead to
qualitatively similar modifications of SM cross sections, angular distributions and various asymmetries, but
they differ in detail. To evaluate the identification reach on the sneutrino exchange signature, we develop a
technique based on a double polarization asymmetry formed by polarizing both beams in the initial state,
that is particularly suitable to directly test for such s-channel sneutrino exchange effects in the data analysis.
We show that the availability of both beams being polarized, plays a crucial role in identifying that new
physics scenario, as the commonly considered asymmetry, Ay r, formed when only a single beam is polarized,
was shown not to be useful for the purpose of sneutrino identification.
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ILC (0.5TeV), Liny =0.5ab~t. ILC (1TeV), Liy =05ab™.

M (TeV)

Algl AlSl

Figure 3: Discovery reach on sneutrino mass (95% C.L.) in Bhabha scattering as a function of Ay31 at
V3= 0.5 TeV (left panel) and 1 TeV (right panel), for Liy = 0.5 ab™'. For comparison, discovery reach on
My in muon pair production is also depicted for Aazo = 0.5 x My /TeV.
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Abstract

At a future linear collider very precise measurements, typically with errors
of < 1%, are expected to be achievable. Such an accuracy gives sensitivity
to the quantum corrections, which therefore must be incorporated in theo-
retical calculations in order to determine the underlying new physics param-
eters from prospective linear collider measurements. In the context of the
chargino—neutralino sector of the minimal supersymmetric standard model,
this involves fitting one-loop predictions to prospective measurements of the
cross sections, forward-backward asymmetries and of the accessible chargino
and neutralino masses. Taking recent results from LHC SUSY and Higgs
searches into account we consider three phenomenological scenarios, each
with characteristic features. Our analysis shows how an accurate determina-
tion of the desired parameters is possible, providing in addition access to the
stop masses and mixing angle.
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1 Introduction

A linear collider (LC) [1-5] will be an ideal environment for high preci-
sion studies of physics beyond the standard model (BSM). A particularly
well-motivated BSM theory is the minimal supersymmetric standard model
(MSSM). This provides the lightest neutralino as a candidate to explain the
evidence for dark matter in the universe [6,7]. Further, naturalness argu-
ments (see e.g. ref. [8]) support light higgsino-like charginos and neutralinos,
as also predicted by GUT motivated SUSY models [9]. Due to the challenges
involved in detecting electroweakinos at the LHC, current bounds coming
from the ATLAS and CMS exclude only small regions of parameter space,
see e.g. refs. [10,11]. The charginos and neutralinos could therefore be within
reach of a first stage linear collider.

One approach to determine the fundamental MSSM parameters is to con-
sider constrained models such as the constrained minimal supersymmetric
standard model (CMSSM), and perform a global fit of this reduced set of
parameters to all relevant experimental results available, see e.g. ref. [12].
Here on the other hand, in order to precisely determine the nature of the
underlying SUSY model, we wish to determine the fundamental parameters
in the most model-independent way possible. The determination of the U(1)
parameter M, the SU(2) parameter M,, the higgsino parameter p and tan 3,
the ratio of the vacuum expectation values of the two neutral Higgs doublet
fields, at the percent level via chargino and neutralino pair-production has
been shown to be possible at LO (see ref. [13] and references therein). Due
to the expected high precision of mass and coupling measurements at the
LC, as well as the fact that one-loop effects in the MSSM may be sizeable,
higher order effects have to be considered. Taking these corrections into ac-
count additional MSSM parameters become relevant, such as the masses of
the stops and sleptons, which are also so far weakly constrained by the LHC.

In this paper we show how it would be possible to determine the funda-
mental parameters of the chargino and neutralino sector at the LC, including
the complications arising due to higher order effects. Specifically, we calcu-
late the next-to-leading order (NLO) corrections to the cross-section (o) and
forward-backward asymmetry (Agpg) for chargino production, and also to the
chargino and neutralino masses. A number of next-to-leading order (NLO)
calculations of chargino and neutralino pair production at the LC can be
found in the literature [14-18]. We perform our calculations in the on-shell
(OS) scheme such that, as far as possible, the mass parameters can be in-
terpreted as the physical masses. Recent work on the OS renormalization of
the chargino-neutralino sector can be found in refs. [18-24].

By fitting loop corrected predictions to these experimental results we show
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that it is possible to extract the fundamental parameters of the MSSM La-
gangian. However due to the greater number of parameters, performing the
fit is more involved than for the LO analysis. Choosing three potential MSSM
scenarios, we assess the impact of the loop corrections and the feasibility of
such an extraction in each. We further investigate the impact of obtaining
masses of the charginos and neutralinos from threshold scans rather than the
continuum (see ref. [1]) on the resulting accuracy of the parameters obtained
from the fit.

The paper is organised as follows. In sec. 2 we introduce the process
studied and define necessary notation. We then provide details of the calcu-
lation of the loop corrections in sec. 3, including details of the renormalization
scheme used. In sec. 4 we further discuss the method employed in order to
fit to the MSSM parameters, define the scenarios considered, and present our
results. Finally in sec. 5 we discuss the implications of the results of the fits.

2 Process studied and tree-level relations

In this paper we study the determination of the fundamental parameters
in the chargino—neutralino sector of the MSSM, via chargino production at
a LC. The charginos, Y=, and neutralinos, X", are the mass eigenstates of
the gauginos and higgsinos, as seen from the relevant part of the MSSM
Lagrangian [25],

Ly =xX; W0 — PL(U*XVT)y; — PR(VXTUT))%;
1— " -
+ 5)(?(1/%‘ — PL(N*YNT);; — Pr(NYTNT);;)xY, (1)

where Pr/p = 1/2(1 F 75). The mass matrix for the charginos is given by

X — ( M2 \/§MW55 > :

V2Myycs H @)

where sg/cg = sin 5/ cos 5, and My is the mass of the W boson. This matrix
is diagonalised via the bi-unitary transformation Mg+ = U*X V1, where U
and V are complex unitary matrices. The mass matrix for the neutralinos in
the (B, W, Hy, H) basis is given by

Ml 0 —Mzcﬁsw MzsﬁSW
y — 0 M2 MZcQCW —MZsBCW (3)
—MzCBSW M205CW 0 — K ’
Mysgsyw — —Mysgew —u 0
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Figure 1: Tree-level diagrams for the production of charginos y; and y; at
the LC.

where sy (¢ ) is the sin(cos) of the weak mixing angle fy,. Since Y is complex
symmetric, its diagonalisation requires only one unitary matrix IV, via Myo =
N*Y NT.

As described in detail in sec. 4, the parameter determination relies on the
measurement of the masses of the charginos and neutralinos, the polarised
cross-section for the pair production of charginos, X7,

o(eTe” = XiX), (4)
and the forward-backward asymmetry defined by,
o(cosf > 0) — o(cosh < 0)

Arp = o(cos® > 0)+ o(cosh < 0)’ (5)

for the unpolarised cross-section, where 6 is the angle of the momentum of
the chargino y; with respect to the momentum of the incoming electron e™.
Neglecting the electron-Higgs couplings, this process occurs at leading
order via three diagrams, as seen in fig. 1.
The transition matrix element can be written as [26],

Mag(ete™ = XFT7) = “Qus [o(et yuPass(e )] [a(5; )7 P (3] (6)

where (), denotes the bilinear charges, a = L, R refers to the chirality of the
ete” current and 5 = L, R to that of the )fo(; current. The summation over
« and [ is implied. The bilinear charges are comprised of the propagators
and couplings

QLL = C)%j)zj—,y - DZGLcél )2]727
L L

QRL = C)zj-x]—,y - Z)ZG(RC}<Z X;z?

Qun=Cfi -+ DsGy (cgmz) +-D, (CR ) CF

Qrr = C)?jf(?’y + D;Gp <C§+5{Z> , (7)

i g
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for which the required MSSM couplings for the ;- X; 7 )Z;L)ZJ-_Z and e, X;
vertices are given by

L/R .
C~7L ¢y :zeéij,
i Xj
cL __ e §2 8. — *U'—l *U.
X:rX;Z— Cw St wij j1vi 2 52 2 )
R L *
Cs -z =Cy >~<J‘,Z(U - V),
ie
£e+>~<__ - s Vit (8)
¢ w

and G, Ggr, Dz and D are defined via

2 1
Sty — = S
w 2 w
GL: ) GR:_a
Swew Cw
S S
Dy = D; = . 9
s— M2’ Yt —m2 )

In the equations above, e denotes the electric charge, m, and M, are the
masses of the electron and Z boson. Dz and D; refer to the propagators
of the Z boson and sneutrino (of mass m;), in terms of the Mandelstam
variables s and ¢.

One can therefore express the transition matrix element in terms of Ms, u
and tan 3, in addition to the known SM parameters. However, the expected
accuracy of the measurements at the linear collider is such that one-loop
corrections become relevant, and we shall see in the following section how
the higher order expressions depend on many additional MSSM parameters.

3 NLO contributions and renormalization

We have calculated the full one-loop corrections to the forward-backward
asymmetry for process ete™ — X{ X, within the complex MSSM; the corre-
sponding corrections to the cross section were calculated in ref. [18]. Exam-
ples for the contributing self-energy, vertex and box diagrams are shown
in fig. 2. As in ref. [18], for the calculation we have used the program
FeynArts [27-31], which allowed an automated generation of the Feynman
diagrams and amplitudes. Together with the packages FormCalc [32-34]
and LoopTools [32] we derived the final matrix elements and loop integrals.
We assume a unit CKM matrix. We regularise using dimensional reduc-
tion [35-37], which ensures that SUSY is preserved, via the implementation
described in refs. [32,38].
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Figure 2: Examples of one-loop self-energy (upper), vertex (middle) and box
(lower) diagrams for the production of charginos ¥ and x; at the LC.

A number of one-loop calculations in the gaugino-higgsino sector can be
found in the literature, mainly in the CP-conserving MSSM [14, 39-46], but
some of which apply a renormalization scheme that is also applicable for
complex parameters [14,45]. CP-odd observables have also been calculated
at the one-loop level, for instance in refs. [47-49], but no dedicated renormal-
ization scheme was required in these cases as the observables studied were
UV-finite. Since we intend to extend the current study to the case of complex
parameters, here we follow the approach of refs. [18,20] closely, where a dedi-
cated on-shell renormalization scheme for the chargino and neutralino sector
of the MSSM with complex parameters was developed. In the following we
will therefore only discuss the parameter renormalization of the chargino and
neutralino sector, relevant for the definitions of the parameters at loop level,
briefly and for further details about the chargino field renormalization and
the renormalization of other sectors we refer the reader to refs. [18,20,21,24].

The mass matrix in the chargino sector, eq. (2), is renormalized via

X = X +0X, (10)
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where 0 X is defined by

5X — ( M, V26(Myysg) ) 7

containing the renormalization constants 6 Ms and dp, as well as renormaliza-
tion constants (RCs) from other sectors, dcg, dsz (which can be expressed in
terms of d tan ), and d My, defined in ref. [18]. The neutralino mass matrix,
eq. (3), is similarly renormalized via

Y =Y +6Y, (12)

where Y is defined analogously to § X in eq. (11) and contains the additional
RC §M;, cf. eq. (3).

Following e.g. ref. [20], 6M;, 0M, and ou are determined by choosing
three out of the total six physical masses of the charginos and neutralinos
to be on-shell, i.e. the tree-level masses, my,, coincide with the one-loop
renormalized masses, My, = myg, + Amy,,

My, A ~ 1 ~ ~
Amg, = ——XRe[Sfi(m2,) + Sfi(m3, )] = JRe[EZH () + 55 (m3,)
= 0. (13)

We define the coefficients ZiLj/ R(pQ) and Eij/ SR(pZ) of the self energy via
Sii(p*) = ¥ PLS5(0°) + Y PRIG () + PLSSE () + PrEG(0Y),  (14)

and define the left and right handed vector and scalar coefficients of the renor-
malized self-energy analogously via EAJZ/ R(p2) and f]ij/ S (p?) respectively.
As stated earlier, we consider the parameter renormalization as for the
complex MSSM, such that our setup is easily adaptable for future extensions.
In ref. [18,21], it was shown that in the CP violating case, the 1-loop correc-
tions to the phases of M; and p, i.e. ¢p, and ¢, respectively! are UV finite.
Therefore we take the approach that these phases can be left unrenormalized.
We can then determine the necessary conditions to obtain the absolute values
| M|, |M5| and ||, depending on which three physical masses are chosen to
be on-shell. As we have two external charginos, and in order to easily extend
our setup to the case of Y{ X, production, we assume the NCC scheme with
0, X and Y3 on-shell [18,20-22], such that i’ = 1 and i = 1 and 2. Note
that in choosing the scheme, it is desirable that the on-shell particles should
contain significant bino, wino and higgsino components, in order that the

"'We adopt the convention that M is real.
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M, M,y and p parameters are accessible [18,20-22]. For the above choice,
these conditions are satisfied for all the scenarios defined in sec. 4, in which
the lightest neutralino always has a sizeable bino-like component. The pa-
rameters in question of the chargino mass matrix can then be renormalized
via expressions given in refs. [18,21,24], which we list here for completeness,

1
Re (e7"m N2)F
((2Re (7 NigNia)Re (U1 Vi) + Re N3Re (e U,V32))
+ (Re (Uj1Vj1)Re (e " UpaVia) — Re (e7"#UjpVia)Re (Upt Vi ) ) Ni
— (Re N3Re (¢ UpyVio) + 2Re (¢~ Niy Niy) Re (Uklvkl))0j>, (15)

O| M| = —

51My| = — (Re< “URVia)Cr — Re (€7 UVia)C ), (16)

Slul = — F(Re (UjVi1)Cr — Re (Uklvkl)cj). (17)
F, C; and N; are defined by
F= 2(Re (Ulekl)Re ( 7i¢“Uj2‘/j2) — Re (Ujl‘/jl) Re( 7i¢uUk2Vk2>)7 (18)
Ci =Re [m)zj' [Zi,n( ) + Zi zz(mx+>] + Eiﬁz<mx ) Ei};( XJF)]

— ) 20X;iRe (Uijvik), (19)

N; = Re[mo[Zéu(moHEo”( 20)] + 55 (m3) + B (m%)]
— ) " 46YjRe (Nj;Nig), (20)

j=1,2
k=3,4

and the subscripts + and 0 identify the coefficients of the chargino and neu-
tralino self-energy respectively.?

Finite results for the process of interest at one-loop are obtained by adding
the counterterm diagrams shown in fig. 3. Although FeynArts generates
these diagrams, expressions for the counterterms which renormalize the cou-
plings defined at tree-level in eq. (6), calculated in ref. [18], are required as
input, and therefore, again for completeness, we provide expressions for these
explicitly. For the vf(jf(j_, A X; and ev.X; vertices, these can be expressed
as follows,

sCL. = CE (52 + 52””) + Ok 027y

ie I — 1
Xi X5 X X5 2 X709 + 9 (5Zi,ij + 5Zi,ij) ’

2Here N; should not be confused with the neutralino mass matrix Ni;.
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Figure 3: Counterterm diagrams in the MSSM for the production of charginos
Xi and y; at the LC.

SCL. = CL (52& _dew dsw N 5ZZZ> Lot 52,2

X x5 Z Xi X 2 CW Sw 2 X2
OSw L L L 7L
— 226 (57,] + = 5 Z <CSCV)~<Z )Z;ZZi’nj + O)Zn)zj_Z(SZi’in> ’ (21)
n=1,2

where the analogous right-handed parts are obtained by the replacement
L — R, and

s

R _ (R w L~

0C e = Crorgr <5Z o 13 (6Z,,6+6Z ))
<Cfe+x,5zf 1i CR€+~75Zfzz) : (22)

Note that the renormalization constants of the SM fields, i.e. Zyy (V =7, 2)
and 0Z% for the vector bosons and electron, and parameters, i.e. §Z, and
dew (sw) for the electric charge and cos(sin) of the weak mixing angle re-
spectively, can be found in ref. [18]. The renormalization for the chargino
fields is performed in the most general manner, making use of separate RCs
for the incoming and outgoing fields, i.e. coefficients (5Zi{£ and (52&? re
spectively for left and right-handed charginos as given in ref. [18]. Finally,
the counterterm for the sneutrino self energy takes the form

: 1 £Y,2 ) My, x

505“73, = 251']‘ (5(52171 + 5251)]? — 5mﬁl_ — 71(5251 + 5Z91)) s (23)
for v; = ve, Uy, U7, where the sneutrino field and mass RCs, 677, and dmg,,
are also defined following ref. [18].
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Inital and final state soft radiation must also be included to obtain an
infra-red finite result as the incoming and outgoing particles are charged,
and this is done as described in detail in ref. [18], using the phase-space
slicing method to define the singular soft and collinear contributions in the
regions £ < AFE and 6 < A# respectively. In the soft and collinear limit,
the results are regularised using electron and photon masses, respectively,
and factorised into analytically integrable expressions proportional to the
tree-level cross-section o™*¢(ete™ — y{x;). However the result is cut-off
dependent (i.e. on AE and Af), and removing this dependence requires a
calculation of the cross section for the three body final state, excluding the
soft and collinear regions, which we perform using FeynArts and FormCalc.
We further require that soft photon radiation is included in the cross-section
obtained from FormCalc. Finally we obtain a complete IR finite and cut-off
independent result by adding the collinear contribution, which is calculated
following the procedure outlined in ref. [14].

4 Fit strategy and numerical results

4.1 Obtaining MSSM parameters from the fit

With the loop corrections calculated as in section 3, we can determine the
fundamental parameters of the MSSM at NLO. From now on, we will restrict
our study to the case of real parameters. In the chargino and neutralino
sectors there are four real parameters, see sec. 2, which we fit to,

M17 MQ? 12 tanﬁ' (24)

We additionally fit to the sneutrino mass, as this enters at tree level and
will therefore significantly affect cross sections and forward-backward asym-
metries. However in those scenarios where the sneutrino would already have
been observed at the LC, its mass is assumed to be known. At the loop
level, a large number of MSSM parameters will contribute. Depending on
the scenario, only limited knowledge about some of these may be available.
In particular LHC data may only provide limited information about the pa-
rameters of the stop sector, and direct production at the LC might not be
possible. However, our analysis also offers good sensitivity to these parame-
ters at the LC, as stops could significantly contribute to chargino/neutralino
observables at NLO.

At the LC, masses are expected to be measured with high precision using
different methods [1]. In the following we adopt the experimental precision
which could be achieved using the threshold scan method, however we also
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investigate how the fit precision would change if the masses were obtained
from the continuum. In case of the cross sections, the experimental uncer-
tainty is dominated by the statistical uncertainty [50],

&_\/S—I—B

o S 7 (25)

where S and B are the signal and background contributions, respectively.
In addition, we assume that the statistical uncertainties for the cross sec-
tions correspond to an integrated luminosity of £ = 200 fb™* per polarisa-
tion assuming the efficiency of € = 15%, which includes branching ratios for
semileptonic final states and a selection efficiency of 50% [50]. Similarly, for
the forward-backward asymmetry we have

[1— A2

and the total number of events N = N, + N_ [50].

In order to estimate the theoretical uncertainty on the masses, cross-
sections and forward backward asymmetries, we consider the size of possible
effects due to neglected higher order corrections as well as unknown MSSM
parameters not included in the fit. NNLO corrections are an important source
of theoretical uncertainty, however, at present, corrections of this kind are
only known for chargino and neutralino masses, for which the leading SUSY-
QCD NNLO corrections were calculated in ref. [46]. Based on these results
we estimate the uncertainty on the masses due to NNLO corrections to be
of the order of 0.5 GeV, i.e. comparable to the expected experimental un-
certainty. Note that the masses chosen on-shell are assigned no theoretical
uncertainty. We further neglect the currently unknown uncertainties aris-
ing due to NNLO corrections to the cross-sections and forward backward
asymmetries, assuming that in the future NNLO results for these could be
incorporated. However, we do include the additional uncertainty arising due
to any unknown MSSM parameters which are not included in the fit, dom-
inated by the contribution from the heavy pseudoscalar Higgs boson mass
m 0. We perform a multi-dimensional x? fit using Minuit [51,52]

7 (27)

where the sum runs over the input observables O;, depending on the scenario,
with their corresponding experimental uncertainties 6Q0;.
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4.2 Scenarios studied and motivation

We carry out the fit for three scenarios, S1, S2 and S3, shown in tab. 1,
chosen in order to realistically assess the sensitivity to the desired parameters
in a number of possible situations. Due to the current status of direct LHC
searches [53,54], in all scenarios we require heavy first and second generation
squarks and gluinos, while the stop sector is assumed to be relatively light.?
In S1 and S2 we take the masses of the stops, m;, and m;,, to be 400 GeV and
800 GeV respectively, and the mixing angle to be cosf; = 0. The sbottom
sector can then be obtained by defining m; = 400 GeV and cosf, = 0. On
the other hand in S3, in order to obtain m; = 125 GeV, calculated using
FeynHiggs 2.9.1 [55-58], such that it is compatible with the recent Higgs
results from the LHC [59, 60], the stop sector parameters are chosen to be
My, = 450 GeV, m,, = 1500 GeV and A, = —1850 GeV, ensuring large
mixing between the stops, such that cosf; = 0.148. The sbottom sector is
then obtained by defining mj = 450 GeV and cosf, = 0. In fig. 4, for each
of these scenarios, the mass corrections for neutralinos x5 and Y9 are seen to
be sensitive to the stop mixing angle.

As a result of indirect limits (checked using micrOmegas 2.4.1 [61,62]),
we have chosen mixed gaugino higgsino scenarios favoured by the relic density
measurements [63] and relatively high pseudoscalar Higgs masses in light of
flavour physics constraints, e.g. the branching ratio of B(Bs; — p*u™) [64].
We also check that our scenarios agree with the experimental results for
branching ratio B(b — sv) and the anomalous magnetic moment of the
muon A(g, —2)/2. Further, in S2 we study the sensitivity of the fit to large
values of Ms, such that the wino-like chargino and neutralino are heavy and
decoupled from the bino and higgsino-like particles. Finally, in S1/52 we
consider the case that the sleptons (with the exception of the light stau) and
pseudoscalar Higgs bosons are at the TeV scale, and in S3 the case that they
are relatively light. Therefore, while S1/S2 are not in keeping with the 125
GeV Higgs boson, they provide illustrative examples of the potential of the
LC in scenarios complementary to S3.*

3Note that in light of current LHC limits, the value M3=700 GeV in S1 and S2 means
that the gluino mass is rather low, however our results are largely independent of this
choice as M3 only enters our calculations via two loop corrections to my,.

4Note that in S1(S2) a Higgs mass of m; = 125 GeV can also be achieved by adopting
cosfy = —0.4(—0.5).
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Scenario 1/2

M, 125 M, 250,/2000
L 180 Mo 1000
Ms 700 tanp 10
My, , 1500  Ag, 650
Myje,, 1500 Ay 650
M, 800 M. 400
3 3
Scenario 3

M, 106 M, 212
L 180 M40 500
M5 1500 tanp 12
My, , 1500 A, , -1850
M, 180 A, -1850
M 125 M, 106

€3

Table 1: Parameters for scenarios 1/2 and 3 (S1/S2 and S3), in GeV with the
exception of tan 5. Here M;/q), (M(c/u/a),) represents the left (right) handed

mass parameter for a slepton/squark of generation i respectively (jointly
referred to as My,), and Ay is the trilinear coupling for a sfermion f. See

text for stop and sbottom parameter definitions.

4.3 Results for scenario 1

In this scenario, only the charginos and three neutralinos will be accessible
at the LC. As input for the fit we therefore use:

e the masses of the charginos (Y, ¥3) and three lightest neutralinos
(X1, X2, X3)

e the light chargino production cross section o(y{x;) with polarised
beams at /s = 350 and 500 GeV

e the forward-backward asymmetry App at /s = 350 and 500 GeV

e the branching ratio B(b — s7) calculated using micrOmegas 2.4.1 [61,
62].

The input variables, together with errors, namely the assumed experimen-
tal precision of the prospective LC measurements as well as the theoretical
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Figure 4: One-loop corrections to the masses of neutralinos X3 (upper) and
X3 (lower) as a function of the stop mixing angle cos#f;, for scenarios S1

(blue), S2 (red, dashed) and S3 (green, dotted).

uncertainties, are listed in tab. 4.3. It is interesting to observe the large
NLO corrections to App, which even result in a change of sign. Note that
B(b — s7) is included in order to increase sensitivity to the third generation
squark sector, and the estimated experimental precision of 0.3 - 107%, taken
from ref. [65], is adopted. We found that the impact of the muon anoma-
lous magnetic moment is negligible in this scenario, mainly due to the heavy
smuon sector. It should be possible to probe the supersymmetric QCD sec-
tor, with sqark masses of ~1.5 TeV and the gluino mass of ~ 700 GeV, at the
LHC, such that the theoretical uncertainty arising due to these parameters is
small in comparison to that due to the unknown M 40. We therefore include
the small dependence on the A° mass as an additional source of error, having
explicitly checked that the impact of all other parameters is negligible. Note
that there are no theoretical errors for masses chosen to be on-shell. Even
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Observable Tree value Loop corr. Error exp. Error th.

m s 149.6 - 0.1 (0.2) -
Mz 292.3 - 0.5 (2.0) —
Mgy 106.9 — 0.2 -
mgy 164.0 2.0 0.5 (1.0) 0.5
mgy 188.6 ~1.5 0.5 (1.0) 0.5
o X )P0 s0e 23475 —291.3 8.7 2.0
o X ok —0s 2244 7.6 2.7 0.5
o(XIXT )% s0 — 1450.6 —24.4 8.7 2.0
o(XF X)) 0% —0s 1548 12.7 2.0 0.5
AR (%) —2.2 6.8 0.8 0.1
A3B(%) —2.6 5.3 1.0 0.1

Table 2: Observables (masses in GeV, cross sections in fb) used as input for
the fit in S1, tree-level values and loop corrections are specified. Here the
superscript on o and App denotes v/s in GeV, and the subscript on o denotes
the beam polarisation (P(e”),P(e™)). The central value of the theoretical
prediction, B(b — sv) = 3.3-107* GeV, calculated using state-of-the-art
tools, is also included in the fit. Errors in brackets are for masses obtained
from the continuum. See text for details of error estimation.

at one loop, these masses are related to the fundamental parameters via the
tree level relations, and are included in the fit.

In S1 we fit 8 MSSM parameters: My, Mo, p, tan 3, my, cos 0, m;,, and
my,. The results of the fit are given in tab. 3. We find that the gaugino
and higgsino mass parameters are determined with an accuracy better than
1%, while tan 8 is determined with an accuracy of 5%. Excellent precision
of 2-3% is obtained for the mass of the otherwise unobservable sneutrino.
Including NLO effects even allows us to constrain the parameters of the stop
sector. Although the precision shown in tab. 3 is rather limited, this could
lead to an important hint concerning the masses of the stops, which, if not
already seen, m