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Abstract

In this lecture, the physics potential for tleée™ linear collider ex-
periments ILC and CLIC is reviewed. The experimental coodg are
compared to those at hadron colliders and their intrinslae/éor pre-
cision experiments, complementary to the hadron colliderdiscussed.
The detector concepts for ILC and CLIC are outlined in thedstimpor-
tant aspects related to the precision physics. Highligiats the physics
program and from the benchmark studies are given. It is shbatdinear
colliders are a promising tool, complementing the LHC ireesisl ways
to test the Standard Model and to search for new physics.

1 Introduction

In the European strategy for particle physics, linear ebecpositron colliders
represent an important component of the future High-Enphyssics program.
They are designed for precision measurements, complemeéntéhe present
Large Hadron Collider (LHC), as well as to its possible upgsand successors
at CERN [1]. At present, two international projects are deddo the design of
the future linear colliders - the International Linear @igr (ILC) [2] and the
Compact Linear Collider (CLIC) [3].
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One of the main goals of the linear collider experiments itesh the Stan-
dard Model (SM), in particular regarding the mechanism ef Eiectroweak
Symmetry Breaking (EWSB). The recent discovery of a newasdabson at
LHC [4], with properties consistent with those of the SM Hsglgoson, has
given a very strong impetus to this area of research. Poegciseasurements of
the Higgs sector can testffirent existing theories describing EWSB. Another
important area is the search for new physics. This areavenliyy the quest
to resolve open questions in particle physics, as well ahbéyetidence from
cosmology of phenomena that cannot be explained withinrdredwork of the
SM.

The crucial motivation and potential of the linear collislés that of funda-
mental advance in knowledge. This lecture will underinee knowledge that
can be gained through precision measurements [2, 6].

1.1 The experimental environment at hadron versus lepton
colliders

The diference in nature of the colliding particles lies at the origf all of the
major diterences between the hadron and lepton collider experiments

Since hadrons are compound objects, the initial state ofichehl partons is
not uniquely defined. In the general case, initial stateseakzed as quantum
superposition of states distributed according to the pratoucture functions.
In the analysis, distributions of initial parton states eaéculated using QCD
models tuned to data from deep inelastic scattering exgertis{7].

At lepton colliders the colliding particles are elementangrefore the inital
state is well defined at the fundamental level. This allowd$uth reconstruction
of the final state from conservation principles, up to therttistion of initial
center-of-mass (CM) energies. The distribution of inipalticle energies due
to beam-beamfiects can be precisely measured in the course of the expdrimen
[8,19,[10/ 11/ 1P].

Each collision at a hadron collider creates a large numbealehentary
processes. Most of these processes represent backgrauhd fihysics analy-
sis, and deposit high doses of radiation energy in the detegComplex trigger
schemes, with the retention rate of orlyl event in 16, have to be employed
during the data taking in order to select events that aretefest for the physics
analysis. Moreover, due to high radiation levels, an imgdrissue for the de-
tector design is the radiation hardness of detectors ahgléa.

By contrast, the total cross section at lepton colliderselatively small.



The total radiation levels are moderate, and the radiatose dloes not repre-
sent an issue for the detector design except in the very fdrwegion. The

pulsed beam structure allows for the readout of all deteddta. The readout
is thus triggerless, and the experiment is cleaner withrosgt the physics
background. In terms of cross sections, lepton collideve Inggh sensitivity to

electroweak processes, allowing very precise measursnmethie Higgs sector,
as well as in the search for new physics.

2 The accelerator concepts

2.1 ILC accelerator

The electrons for the ILC beam are produced by a polarizetbpghthode DC
gun electron source. The electrons are first acceleratel @eY in the bunch
compressor, and then in the main linac to the nominal enditgg positrons are
generated by pair conversion of high-energy photons pedlby passing the
high-energy electron beam through an undulator. The beasiexation in the
ILC main linac is provided by niobium superconducting noedlcavities. The
beam delivery systems then bring the two beams into cafligith a crossing
angle of 14 mrad.

The ILC beam is structured in bunch trains arriving at a r&t® bHz. The
length of the bunch trains is 1 ms. The bunch spacing withertrin is 370 ns,
allowing full separation of events from féierent bunches by detector timing
techniques. At 500 GeV in CM, each bunch contains 20'° electrons in a
quasi-Gaussian spatial distribution witty = 470 nm,oy = 5.9 nm andr, =
300um, resulting in instantaneous luminosity ok20**cm2s1 [13].

The present state of the art of the superconducting RF téotmes a result
of several decades of development|/[14]. The field gradiestiperconductors
is limited by the field emission, as well as by the quench-causurface de-
fects. The FLASH FEL facility at DESY, Hamburg, has been iem@ion since
2004 with an average gradient of 20 V¥ in the main accelerator [15]. For
the European XFEL program, gradients up to 35 iVhave been realised in
TESLA prototype cryomodules using surface electropatighiL€]. Many of
the beam-tuning techniques required by the ILC have also Hemonstrated
at the FLASH FEL. R&D on creation of small emittance beamsyel$as their
focusing and alignment, is done at the Accelerator TestiBapATF) at KEK,
Japan. Suppression of the electron cloud formation in thenebe is studied
within the CesrTA program at the Cornell University [13].
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2.2 CLIC accelerator

The main objective of the CLIC project is to build a linear lctgr for the

multi-TeV range at reasonable cost and size. This requegshigh accelera-
tion gradients, which cannot be reached with the superadirdutechnology.
Therefore, CLIC is based on the novel two-beam acceleraéonnology, in
which a low-energy high-current drive beam provides the BWey for the ac-
celeration of the physics beam. The acceleration cavibeshe main beam
operate at room temperature, and can sustain field gradieats 00 M\VVm .

In order to maintain a low breakdown rate, the length of thé@hunch
train has to be limited to about 150 ns. At the same time, ireotd achieve
high luminosity, the bunch focusing has to be very strongilnch population
high, and the bunch spacing very short. In the standard beaameter set at
3 TeV, RMS bunch dimensions avg = 40 nm,oy = 1 nm ando, = 44 um,
bunch population is.3 x 10° and bunch spacing is only 0.5 ns, which results in
a luminosity value of ® x 10*cm2s! 3]

The two-beam acceleration scheme is the subject of studpeolITF3
project at CERN. Some of the most important milestones aedieintil now
include the generation of an acceleration field well abov@NIY/m, as well as
excellent performance of the accelerating structureseabgiminal field of 100
MV /m without beam load |3].

3 The detectors for a linear collider

Two detector concepts are foreseen for the future linedideo| the Interna-
tional Large Detector (ILD) and the Silicon Detector (SiY[18]. The basic
layout of both detectors is very similar (Fig] 1). The maiacker of ILD is
based on a Time-Projection Chamber (TPC) for quasi-coatiatrack recon-
struction, supplemented by inner and outer barrel sili¢op Ryers for precise
track reference, and a forward silicon strip tracker. Silaisompact cost-
effective detector with a 5 Tesla magnetic field and all-silib@cking with 5
layers in the barrel and 7 layers in the endcap region. Bd#ttta's are planned
to be implemented using a push-pull configuration whichvedlinstalling one
detector in the beam line while the other is in the hangar faintenance.

Vertex detector consists of a number of thin pixelized semiconductor layers
with extremely light support structure. Its purpose is fowalreconstruc-
tion of the secondary vertices by precise tracking, avgdmultiple scat-
tering in the material. The innermost barrel layer has ausadf 16 mm.
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Figure 1: Schematic view of the International Large Detectmmcept for the
linear collider.

Depending on the angle and energy of the detected parttblesnpact
parameter resolution is between a fem and several tepm [2].

Main tracker performs precise 3D reconstruction of particle tracks @rttag-
netic field. Both the ILD and the SiD tracker systems satisiy te-
sign goal for the transverse momentum resolution of chapgeticles of
A(1/pr) < 2x 10°5GeV™ [17,[18].

Electromagnetic calorimeter (ECAL) reconstructs electromagnetic (EM) show-

ers and provides distinction of EM showers from the hadronies. The
ECAL is designed with tungsten absorber layers, intergoensth scin-
tillator tiles or silicon pads with high granularity. Besmuof the large
difference between EM radiation length and nuclear intera&iogth in
tungsten, hadronic showers develop slower, and start geratepth of
material than the EM showers.

Hadronic calorimeter (HCAL) is designed with steel absorbers and either

scintillator tiles or gas detectors, withf&gient thickness for full con-
tainment of hadronic showers. The main aim of HCAL is to measie
energy of neutral hadrons, identified by the absence of ¢racthe main
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tracker. The long EM radiation length in steel allows finedibadinal
sampling with a reasonable number of layers.

Forward calorimeters Inthe very forward region of the detector, two calorime-
ters are installed, LumiCal for precise luminosity measast by count-
ing Bhabha-scattering events and BeamCal for fast lumiynesitimate
and for monitoring of the beam parameter by measurement anbe
induced processes at low angles. Both calorimeters areresharound
the outgoing beam axis. BeamCal covers angles from befoto 2°,
and LumiCal from about2to 6°. LumiCal is designed for precise re-
construction of EM showers, while the main challenge forB€al is
radiation hardness because of the relatively high radiatmse at small
angles|[19].

Both detector concepts have also been adapted for the CiMi@ament
[6]. Main differences include calorimeter thickness, and the use of temgb-
sorber, in order to contain higher-energy showers, high@iconductor granu-
larity to cope with the occupancy and a larger diameter ofrihermost barrel
layer of the vertex detector because of higher radiation.

3.1 Particle flow calorimetry

About 10% of energy of a typical jet is carried by long-liveglutral hadrons,
62% by charged particles, mostly hadrons, another 27% btopk@and 1.5%
by neutrinos([20]. If visible jet energy is entirely reconstted from calorimet-
ric information, the precision is limited by the relativghpor energy resolu-
tion of HCAL. To improve the jet energy resolution, the RadiFlow concept
aims at full identification of all constituent particles imetdetector system, so
that charged particle energies can be reconstructed frack turvatures. To
this aim, finely granulated calorimeters are required t@ssp and reconstruct
showers. This allows for precise reconstruction of invarrmasses of jets and
accurate identification of physics events.

Figurel2 shows a typical reconstructed jet in a simulatiotinefCLIC_ILD.
Electrons are identified by a curved track in the main tracked a fast-developing
shower in the ECAL. Showers induced by photons develop mstvell, but
there is no associated track in the tracker, due to the logvastion cross sec-
tion in the low-density material of the tracker. Hadronselep showers slower
and deposit a large fraction of their energy in the HCAL. Malitadrons have
no associated track in the tracker. It has been shown by atranlthat a jet
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Figure 2. Particle tracks from a simulated jet in CLIKD (from Ref. [20]).

energy resolution between 3 and 3.7% is achievable in theeaariergy range
from O to 1.5 TeV in the barrel region of the CLICD [20].

4 Physics program

Both in the ILC and the CLIC projects, the accelerator is p&hto be built
in stages defined with the physics potential in view. At edelges, each of the
accelerators can be tuned to lower energy, at some cost indsity.

At 250 GeV, the Higgs boson production by Higgsstrahlung YH&s its
maximum (see Figl13). This point gives access to first pratisasurements
of the Higgs couplings and mass. At an accelerator built fab@ GeV CM
energy, high-precisiolV mass study can be also performed by tuning the ac-
celerator down to 160 GeV in CM. The "Giga-Z” program [21] is@within
reach at 91 GeV in CM, provided that luminosity can be meabwiéh the re-
quired precision. The 250 GeV CM energy is the first stage®fltl program.

At 350 GeV, the Higgsstrahlung and théW fusion Hveve) processes of
Higgs production have comparable cross sections. Thigwalior the measure-
ment of absolute Higgs couplings, as well as a model-indégetmeasurement
of the total Higgs width. The top quark mass can be precisedgsured in a
production threshold scan. In the CLIC project, 350 GeV issidered as the
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Figure 3: Higgs production cross section as a function ofiNkenergy.

first energy stage. In the ILC program, the top-pair threglsobn is performed
at the 500 GeV stage with the accelerator tuned down to 350 GeV

Above 350 GeV, Higgs production is accessed predominantlhe WW
fusion, allowing higher precision of Higgs couplings. Rsecmeasurement of
most couplings of the gauge bosons is best performed at 500N&ev physics
Is best accessed at higher energies. Production threslooldgpersymmetric
particles are expected to start just below 1 TeV, and the neash for searches
such as the search for tf2 boson in thee'fe- — ff channel is higher for
higher CM energies.

The ILC program is thus planned in three building stages. %@ GeV
stage for the first precise measurements of the Higgs sémtonominal design
energy of 500 GeV, and the ultimate CM energy of 1 TeV, aclikvhy exten-
sion of the main linac and the use of cavities with higher gnaitl so that the
total length of the facility reaches 50 km.

The CLIC machine is designed for searches for new physicait-freV
energies, with the goal to reach 3 TeV in the CM frame. Culyemtowest
energy stage of 350 GeV is considered, followed by an upgaie! TeV, and
the final stage of 3 TeV, for which the accelerator facilityiwe 48 km long.

Benchmark studies of physics performance of the ILC and Géx@eri-
ments have been performed using dedicated tool-chainsstiogsof process
generation with realistic beam- and Beamstrahlung spectlavant physics-
and beam-induced background, complete and realistic atioalof the inter-
action of the final particles with the detector, as well asnéveconstruction
using Particle Flow algorithms developed for the lineatiders.
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Figure 4: Left: Higgsstrahlung Feynmann diagram; rightoremass distribu-
tion of muon pairs from th& decay at 250 GeV ILC (figure taken from Ref.
[17], see alsa[22]).

4.1 Highlights from the Standard Model
4.1.1 The Higgs boson

The program of precise measurements in the Higgs sectorazagilent illus-
tration of the capacity of the linear collider to advance aoderstanding of
particle physics. The entry point into this field is the Higgahlung process,
in which aZ boson is created in the annihilation of the initial electpmsitron
pair and emits a Higgs boson in the final state (Hig). 4, leftxpdgimental
identification of the Higgsstrahlung is achieved by setegtepton pairs with
invariant mass consistent with t@emass. The distribution of the recoil mass,
calculated under the assumption that all events occur ahdgh@nal CM en-
ergy, features a clear peak at the Higgs mass, and a highyetagrdue to the
luminosity spectrum (Figl14, right). In the analysis of the—» u*u~ decay,
the absolute value @, is determined from the number of events in the peak
with a precision of 2.5% at ILC [2] and 4.2% at CLIC [23]. Thegds mass is
determined from the position of the peak with a statisticatfsion of 40 MeV
at the 250 GeV ILC[[2] and 120 MeV at the 350 GeV CLIC][23]. If trealysis
of theZ — e*e™ decay is combined, the precision reaches 32 MeV at IL.C [2].
At CM energies of 350 GeV and higher, Higgs productionvidyW fusion
allows for the measurement of Higgs couplings via the bramgchatios (BR)
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Figure 5: Feynmann diagram for Higgs productionwyV fusion, and subse-
quent decay to a particle-antiparticle pair.

for the Higgs decay to a pair of fermions or gauge bosons @hig.

Using the value ofj3,, obtained in the Higgsstrahlung measurement, the

Higgs coupling toV is obtained from the relationship,

o(e'e - ZH) x BRH = x0) ( Ohizz )2’ 0

o(ere — veveH) X BR(H — xX) OHww

where the best statistical precision is reached in the chsaxstands for thé
quark. Higgs total decay widtly, can be obtained from either the— WW*
or theH — ZZ* decay,

4
(€6 — veveH) x BR(H — WW*) o g'liww. )
H
Finally, I'y can be used to determine the absolute value of all other mezhsu

couplings.

At 1 TeV or above, the cross section for thé/N* fusion process is suf-
ficiently high to allow for the measurement of rare Higgs gmscsuch as the
decay to a pair of muons, for which the BR is calculated to Het & 104
[24]. In such measurements, after subtraction of backgtdoynselection cuts
or multivariate analysis (MVA), the shape of the dimuon m&at mass distri-
bution of the signal on top of the remaining background isdito the data (Fig.
[6). The statistical precision of BR(— uu) is 32% at the 1 TeV ILC]2], 29%
at the 1.4 TeV CLICI[]28], and 16% at the 3 TeV CLIC [23] 25]. Areoview
of achievable uncertainties in various Higgs measurentamse found in the
ILC Technical Design Report[2], as well as in the CLIC Snowspaper [23].
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Figure 6: Fit of the model of the dimuon invariant mass dusttion of the signal
on top of the background remaining after an MVA selection.atTeV CLIC.

4.1.2 Top pair threshold scan

The top pair threshold scan is a very precise method of exeerial determi-
nation of the top quark mass. Thifextive cross section for top pair production
is measured in several energy points near the threshold ~nit0fb* of ded-
icated beam time per point. The position of the rising edgéhefmeasured
cross-section curve is sensitive to the top-quark mass piidmse value of the
mass is extracted by fitting the theoretical calculatiorhefdross-section curve
to the data. The luminosity spectrum, as well as the ingiate radiation (ISR)
distribution have to be taken into account in the calcufgtas can be seen in
Fig.[@. The statistical uncertainty of the top mass obtaingHis way at either
ILC or CLIC is 34 MeV. The overall uncertainty is, howevemited by the
uncertainties of the theoretical calculation to about 1GO/NRE].

4.2 Searches for new physics

Open questions in particle physics itself, as well as olagEms in other fields,
such as cosmology, indicate that the SM does not cover aWRimhenomena.
Such questions include the gauge hierarchy problem of thetB#nature of
elementary constituents of Dark Matter in the universe,her gource of CP
violation in the evolution of the universe. Existing thetical extensions of the
SM that seek to address these questions drive the prograeaafres for new
physics at future collider experiments.
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Figure 7: Influence of the luminosity spectrum on the measuaress-section
curve in the top-pair threshold scan (taken from Refl| [26]).

4.2.1 New gauge boson

A common consequence of many extensions of the SM, in whlBM gauge
group is embedded into a larger mathematical structure adtfitional U(1)
symmetry groups, is the existence of one or more new, heasekattrically
neutral gauge bosons, denotd If the mass ofZ’ is within the kinematical
reach of the collider, it is observable as a resonance ie'the— f f channel.
However, even if th&Z’ mass is higher than the CM energy of the collider,
its existence can be observed via loop corrections ofetee — ff cross
section. The mass scale at whighis detectable by suchffects depends on
the precision of the&te — ff measurement. Depending on the model, the
sensitivity of the 500 GeV ILC to th&’ boson reaches between 4 and 10 TeV
in terms of the 95% CL for exclusioh![2]. The reach of the 1 T&XZ s alImost
twice as high. At 3 TeV CLIC, depending on the couplingZb6to fermions,
50 discovery of theZ’” boson will be possible fom; between 8 and 50 TeV,
using the measured cross sections and forward-backwanthastries([23].

4.2.2 Supersymmetry

Supersymmetric theories postulate symmetry between k@sahfermions at a
TeV scale. Theyfier a natural candidate for dark matter, as well as a podgibili
of unification of forces at high energies. The potential facdvery of the
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New particle LHC (14 TeV) HL-LHC CLIC3

squarks [TeV] 2.5 3 <l1.5
sleptons [TeV] 0.3 - <1.5
Z' (SM couplings) [TeV] 5 7 20
2 extra dims Mp [TeV] 9 12 20-30
TGC (95%) (Ay coupling) 0.001 0.0006  0.0001
u contact scale [TeV] 15 - 60
Higgs composite scale [TeV] 5-7 9-12 70

Table 1: Discovery reach in various theory models fdéfedtent colliders. LHC
at 14 TeV refers to integrated luminosity of 166, HL-LHC 1 ab™?, and the
3 TeV CLIC up to 2abt. Taken from Ref.[[23].

supersymmetric partners of the SM leptons is higher at Ch#@ &t the 14 TeV
LHC (Tab.[1, [23]). Depending on the supersymmetric modwed,groduction
threshold for the lightest sparticles, which have not yetrbexcluded by the
LHC, lies just below 1 TeV, requiring linear colliders of 1\Mer more for
their discovery. If supersymmetric particles are discedelinear colliders fier
unigue opportunity to measure their masses and couplimgstraus test the
existing theories.

4.2.3 Discovery reach

A brief overview of the discovery reach of the 3 TeV CLIC in goamison with
the LHC and the HL-LHC is given in Tabl] 1 from Ref[_[23]. Besitle
discovery potential for the supersymmetric particles, tne’ boson, energy
scale for theories with extra spatial dimensions is listiee sensitivity level for
anomalous triple coupling of the gauge bosons (TGC)utbentact interaction
scale, as well as the composite Higgs boson mass $cale [6].

5 Conclusions

In this lecture, basic motivation for building a next-geaten linear collider
was given, together with the accelerator and detector giaceThe physics
program was outlined in its main aspects, including the Siliss and the
search for new physics, and several higlights from the baack studies were
given. In these benchmark studies, based on detailed alsticesimulations,
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the precision capabilities of linear colliders were conéthand significant dis-
covery potential has been demonstrated for the searchesvigphysics. Linear
collider is a promising tool, complementing the LHC in essdrways to test
the SM and to search for new physics.

The linear collider study is a broad field for R&D in acceleratechnology
and in detector hardware, as well as for physics analysi&.wonce built, the
physics program of the linear collider unfolds in energygsta and spans over
20 years of research work with potentially ground-brealghgsics opportuni-
ties at each stage.
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