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1  Executive Summary

The 4™ of July 2012 was a historical moment for highergy physics (HEP). On
that day, CERN announced that both the ATLAS and CMS experiments had discovered
a new Higgdike boson.In this report, we shall assume that this newly found particle
will turn out to be a Higgs bosothe key signature of the Standard Model. At the ICFA
meeting on July 8 in Mel bour nAccelemtarsforCF A

a Higgs Factory: Lineaws. Circulao ( HF2012) was approved.

place from November 14 to 16, 2012 at Fermilab, USAnferences.fnal.gov/hf20).2
Seventyone people from 31 institutions in Asia, Europe and NortreAra attended.
The workshop agendain Appendix 1

The next Abigdo collider after the LHC
community planning for more than a decade. For example, at the 2001 Snowmass
meeting, a number of options were conside@edineare’e collider, a circulare’e
collider, a Very Large Hadron Collider (VLHC) and a muon collider. Since then,
however, under the direction of ICFA, a series of decisions have been made:

f It should be ag’e collider;
f It should be a lineag'e calider;
It should be a cold (i.e., Superconducting RF) liréar collider.

These major decisions have been followed by a number of significant steps. An
international collaboration for the IL@lefined asa Superconducting RF lineafe
collider of acenterof-mass energy (&) 500 GeV was formed under the leadership of
the Global Design Effort (GDE). Substantial progresses in design, prototyping and
R&D have been made. A Technical Design Report (TDR) wilpbblished in mid
2013, completevith a costestimate The Japanese HEP community has proposed to
build a lowenergy linear collider (& = 250 GeV) as the first step of the ILC.

The discovery of the Higgike bosonat the LHC has placed the focus on the need
to study the properties of this ngvarticle with high precisionThanksto nature, the
light mass of the Higgs (~126 GeV) puts a Higgs factory closer to ré&uious
proposalsare claimed to be able to reach the energy and luminosity of interest for a
Higgs factory: a lineae’e collider, either cold or warm (e.qg.-and), acirculare’e
collider; a muon collider anda photon collider. They were put on the table at the
HF2012 workshop as possible candidates:

(a) Lineare’e colliders:

1 ILC

1 CLIC

1 X-band klystrorbased
(b) Circulare’e colliders

1 Fermilab sitefiller
LEP3
TLEP
SuperTRISTAN40 and SuperTRISTANO
CHF1 and CHF2

1 VLLC
(c) Muon collider

T
T
T
1
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(d) Photon colliders:
1 ILC-based
1 CLIC-based
1 Recirculating linacbased (SAPPHIRE)
1 SLCtype

The purpose of the workshop was to compare the pros and coresefdéndidates
mainly from the accelerator point of view buit to recommend argpecificmachine,
whichis only possible with further input from the physics siélkso it is not excluded
that multiple facilities may be required to complement one anathaddressing the
entire breadth of Higgs physics. The comparison includes:

U physics reach

U performance (energy and luminosity)

U upgrade potential

U technology maturity and readiness

U technical challenges requiring further R&D
Cost was not included becausewiais too early for such a cgarison at this stage.
Parameter comparison tablese in Appendix 2. These tablesvere provided by the
workshop presenters excdptr someobviouscorrections and itemderivedfrom the
dataprovided.

The LHC will keep collecting valuable data and it is expected that more data from
the LHC will further clarifywhat kind of Higgs factory (or factories) will be needed.

For the candidates above (except the muon collider operating at the Higgs
resonance) dieered luminosities are in units of ¥cm?s'*. Assuming 310’ seconds
a year for effective machine operation, this leads to an integrated luminosity of 100 fb
per year. Since the cressction for Higgs production (the ZH channel fée eand s
chanrel for gg) i's about 200 f b, the figuant umo
collider operatingat theresonance has a lower luminosity {00°? cmi %s'%). But the
crosssection ofe*e” Y H is much larger (~41 pbwhich could compensate for the
lower luminosity and give a comparable Higgs production rate.

Before we compare linear and circuldieeHiggs factories, it will be useful to
review two ée Z-factories operating atdm around 91 GeVi the circular LEP
(2810 cm?Y), and the linear SLC #30* cm %Y. Both were successfully
designed, constructed and operated, and both achieved important physics results: 0.5
million Z decays at the SLC over 11 years and 4 million in each of four experiments at
the LEP over 7 years. The exquisite energy calibration at the LEP by resonant
depolarization led to 2 MeV priston on the Z mass and width. The single most precise

determination of the electroweak mixing angléQ&- at the SLC was due to 80%

longitudinal electron polarization.

The SLC was the first (and only) linear collider ever built. Since then, extensive
studies on linear colliders have been carried out ait impressive level of detailhe
ILC and CLIC are two flagship programs. Thenf@r is based on Superconducting RF
technology while the latter on twlmeam acceleration. Hundreds of millions of US
dollars (or eqivalent) have been invested these programs. Linear colliders are
extremely challenging and complex machines, but thetéeynologies are claimed to
be in hand. There exist walrganized international collaborations. The linear collider



community will soon be reorganized by combining the ILC, CLIC and detectors
together in a single organizatiorthe Linear Collider Collabm@ation.

In terms of readiness, the lineglie’ Higgs factory is clearlghe front runner. The
main difficulty comes from the high cost of the project. Recently the Japan HEP
community issued a report advocating building a 250 Ge\ X Enear collider in Japan
as the first stage of the ILC serving as a Higgs factory.

An x-band klystrorbased linear collider was previously studied in great detail in
both the US and Japan. But the work was stopped after the ICFA selected SRF
technologyfor the ILC in 2004. However, the interest in aband linear collider was
renewed at CERN, KEK and SLAC during the discussion of a Higgs factory because its
cost would be lower than a CLIC agr= 250 GeV, and one could add a CLIC section
later for an gtension to higher energy.

In addition to these linear e+eolliders, another approach not discussed at the
workshop isthe use ofplasma lpeam or laserdriven) or dielectric wakefields to
provide the acceleration field. &ke technologes are not maturgoday and face
important technical challenges that require vigorous R&Dhbue darge potential for
Higgs factories and beyond. A plasma scheme has been published at PAC 2009 (p.
2688). An update will be presented at IPAC 2013. A comparison of tthsidaogy
with other technologies for linear collider Higgs factaya subject to be considered in
the future.

Contrary to the three different technologies (SRF;beam and sband) for a linear
e'e collider, all circular & collider are similar. Thenly difference is their size. From
the Fermilab sitdiller (16 km) to LEP3 (27 km) to TLEP/SuperTRISTAN/CHF {80
km) to the VLLC (233 km), they share a number of common features.

The main limitation of a circular*e collider is that its energy is lited by
synchrotron radiation @&~ E?) and thus has no potential for an energy upgrade. (The
linear colliders, on the other hand, have advocated an energy up to 3 TeV.) However, a
circular €e collider could be converted topp collider in the future as the next energy
frontier. This was discussed for instance in a plan presented by IHEP, Chives It
proposed to begin by constructing a circula780km circumference tunnel. In Phase 1,
the tunnel would host the China Higgsckay (CHF), a 240 GeV'e collider. Then in
Phase Il (2680 years in the future), when the high field superconducting magnet
technology has further matured, a 100 Tggollider could be built in the same tunnel.

A noticeable feature of this plan is thia completely bypasses the ILC option and
focuses the physics on either low energy (Z, W and Higgs boson studies) or very high
energy (new frontier).

A main advantage of a circulaiee collider of sufficiently large size is to offer
ahigher luminositythan a linear one at 240 GeV and bel@dso, a circular collider
can accommodate more than one interaction p@mf, LEP had 4 IPs). Dozens of
circular €e colliders have been built and operated in the past five decades. The
technology is mature ante experience rich.

However, to meet the required energy (240 GeV) and luminosity (a few tinies 10
cmi’sh) of a Higgs factory, several new major technical challenges need to be met.
Following the model of the actories and synchrotron light sources,calcular €€
colliders adopted an additional circular acceleratos 8l energy continuous injector
(top-up injection) Due to high beam intensity and small beam size, beamstrahlung
(synchrotron radiation of i nsdieldy wildfurther par t i c
limit the beam lifetime. Managing this effect requires both the RF system and the
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machine optics (in both the arcs and the interaction region) to have large momentum
acceptancerénging from 2% to 6% depending on specific propgsasis is a
nontrivial design challenge, especially in view of the equally important requirement on
the optics for small emittance.

High synchrotron radiation power is another major challenge. The energy loss per
turn in these machines @ the order of 1@eV, and the beam curreoh the order of
10 mA. These translate to ~100 MW radiation power and must be replenished by the RF
system. The major concerns are the RF power coupkmiation shielding,
radioactivationand the required wall power. Even with a 50% wall plug efficiency
(whi ch i s sever al ti mes hi gher t han t oda
cyclotron), one would need ~200 MW to compensate for synchrotron radiation. This is
higher than the currentover consumption at CERN (183 MW) and almost four times
as large as that at Fermilab (58 MWhe total site power, including cryogenics,
magnetswater coolingandinjectorswould be even higheAt a given energy, this and
many other problems are easiethe machines of larger circumference.

Compared to a circular'@ collider, the muon collider has the advantage of no
synchrotron radiation or beamstrahlung problem due to the muon mass 207 times more
than an electron. This means a muon Higgs factoryldvdoe much smaller (a
circumference of 0.3 km). Even a Te¢ale collider could be accommodated in an
existing campus (e.g., Fermilab). Moreover, the cross section ofctensel resonance
e'e” Y His about 40,000 times larger than thaet ( &= 41 pb), which provides a
unique way for detailed measurement of the Higgs line shape should it be an
unconventional resonance. This requires a relative beam energy spread commensurate
to the expected Higgs boson width of 4 Mé\a few times 10! The technabgical
challenges are enormous, in particular the required 4D and 6D ionization cooling of
muon beams. Simulations of the cooling processe® made substantial progrebat
experimental verifications are lacking. Some critical issues (e.g., RF breakdaoavn
strong magnetic field) are being addresaad progress has been made towairdble
solutions. The MICE international collaboration in the UK and the MAP program in the
US are tackling these issues.

Photon colliders were first suggested as possktensios of two proposed linear
colliders (SLC and VLEPP). Photon colliders are based on Inverse Compton Scattering
(ICS) by shooting a low energy (~1 eV) laser beam into a high energy (10s ¢f GeV
electron beam to generate a bachttered high energy (10s of GeM)otonbeam for
collisions. The advantage is that the cross sectioggfr H is large and comparable to
e'e€ Y ZH (~200 fb) but the required energy is much lower (63 GeV for a photon
beam, corresponding to 80 GeV for an electron beam, compared to 120 GeV per
electron beam in ag'e collider). This makes a photon collider an attractive option for
either a low energy linear collider (80 GeV per electron beam) or a low energy circular
collider (80 GeV per beam). Furthermore, for a photon collider there is no need for
positrons and only one damping ring is needed. However, the physics of a photon
collider is not as comprehensive as a 240 @& collider. There are also machine
design issas (e.g., IR optics and removal of the spent electrons) that need to be
addressed.

Several photon collider proposals were presented at the workshop. One example is
ILC-based, another example Cl-t&sed. Their bunch structures are very different. The
formerhas | ong bunch trains (727 €s) and | ar i
latter has short bunch trains (177 ns) and small bunch spacing (0.5 ns). This leads to
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drastically different requirements for the lasafith large spacing an optical cavitan

be usedwhereasa short train makes the use of a single laser shot possible. Thanks to
the newly formed ICFACUIL collaboration, the study of the required lasers received
strong participation from the laser community. For example, the Lawrenceriduer

Lab is working on a fusion project LIFE, which will use 384 laser beams for fusion
ignition. Just one of these 384 lasers would be sufficient for a warmbassed (CLIC

or x-band) photon collidetHowever, further R&D is required faither bunch sacing
scenario

Based on the LHeC studyt CERN it was proposed to use an 80 GeV recirculating
linac for a photon collider (SAPPHIRE). SLAC, on the other hand, proposed an SLC
type photon collider that uses a single linac (room temperature or supercogdtect
accelerate both beams to 80 GeV.

One issue considered to be essential for inclusion in this workshop report is to give
a timeline for these proposals. This is a particularly delicate exercise thdF#td2
program committee is undertaking witiegt hesitation. Not allproposalsare at the
same level of technical readiness and ihieflectedin the uncertainty in the tintiae.
Although the workshop has addresseddepth the technical readiness of various
proposals, many more issues in additie.g. cost, available manpower, funding profile,
and international settingyill all have great impact on the timelinélsing the best
information availablethe committeegeneratedhe timeline of various proposed Higgs
factories These are idppendix3.

The study on Higgs factories will continue. The ILC has finished the TDR. The
CLIC has completed the CDR and is proceeding to the TDR stageleBigin reports
for other proposals (circula’e colliders, muon collider and photon colliders) have not
yet been producedrhe proponentare encouraged to move from the parameter design
to conceptual design with the goal of publishing a report.

This workshop provided a useful and convenient platform for the international
community tomeet and discusssues © mutual interest dated to a future Higgs
factory. Thusjt will be continued. The next workshop is expected to take place in late
2013. The exact dates and venue are yet to be decided.

2  Higgs Physics

Is the new particle discovered at the LHC the Higgson of the Standard Model?
Or does it carry evidence for physics beyorti@h precision measurements of the
properties of this new particle are the next stdy sessiomn Higgs physics [1] began
with a presentation of theHC achievementsn the discovery of the Higgs boson
candidate[2-3] and the present status ofeasurements of its properties. This was
followed by an estimate of what measurements canmeasonably expect to come from
LHC after thefi n o mirumafl300 fi" at a cergr-of-massenergyof 14 TeV, or, after
the high luminosity upgrade, to 3000 fHL-LHC) [4-5]. The theoretical introduction
described the role of the Higgs bosonaaslear instrument and signal of symmetry
breaking of the Standard Model and its minimal bumeahatfi aldo maiure, as well
as the variety of scenarios that have been advocated to introduce it perhaps more
naturally. This calls for a variety of measuremeotdHiggs properties and of other
electroweak quantitiesA number of scenarios for New Pigs Beyond the Standard

-7-



Model have been given in the literatuj@8], but a clear ansatz dhe precision
required to achieve tiredetectionis still work in progress The fAHi ggs facto
acceleratorsletector facilities that can do precisely thahd the following were
addressed

1 the LHC itself bothfinominal modé and HL-LHC

1 thee'e colliders, either linear collider projects (ILC, CLIC) or the more recent

proposals of circular machineperating in the range /s Ecy ¢ 350 GeV

f theni m collider operating at &y = my

1 aggcollideroperating just abovedy = my.
2.1 PhysicsCase

The Higgs boson candidate is such a special particle that it should be studied in all
possible ways. However, there is still much work to do to understand quaaeljtdkie
physics case fobuilding a Higgs Factory given that the theorists are @t@rtingto
answer t h éow prea@ssly should Hifjgs properties be meastobed Wi t h
available information effects of New Physics at the TeV scale could be of the order of a
few percent, maybe up to O(5%) on Higgs couplings. A discovery §.ebServation
of a discrepancy with the Standard Model prediction) would then requinsiprewell
below a percent. How to compare or combine the information given by the EHC,
colliders at ZH threshold’e colliders at high energy andndni or gg collider is still
in its infancy.

A caveat to the physics discussion is in orddre main purpose of the workshop
was to initiate ann-depthaccelerator discussion. Nevertheless a number of important
new results on the precision achievable for Higgs couplings were presented. At the
same time, significant differences of views were hgitiedi the most important ones
are described in the followirggections It is clear that the physics discussion was only a
beginning and will need to be continued in a dedicated, broader framewihk
participation ofexperts from all proposals.

2.2 The LHC as a Higgs Factory

It was certainly one of the highlights of the meeting that projections showed
potential of HL-LHC to reach percent precisiorifhe crosssections for Higgs
production, shown irFigure 2.1are very large (20 pb at 8 TeV, amtreaseby
substantial factors when going up in energyiimbers would be even better for the
high energy option HEHC in the LHC tunnel with new magnetdlowing 33 TeV
Ecwm, or for thesuperhigh energy option SHEHC in a new, 8&km tunnel,allowing to
reach 100TeV, especially for the determination of the Higgs smltiplingsas the
double Higgs production increases by a factor 9 when going from 14 to 33 TeV.
Assumptions on available luminosity and scaling of systematic errors were discussed
extensively LHC expeiments so fahave actually performed significantly better than
expected
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Figure 2.1: Higgs production crossection at the LHC operating at 8 TeV cexiEmass
energy. On the right are indicated the five main productienhanisms, which upon tagging
can provide coupling measurementshe gjluon, W, Z and top

LHC measurements address the mass, the@Rirproperties and couplings to
bosons {gamma, gluon, W, Z} and fermions (top, b, tau, muon) to a few percent. The
acessible channels representsB98% of the SM Higgs decays. The s{@® question
is expected to be settled with data availdijfehe end of 2012. The LHC observables
are crosssections times branching ratios and can be expressed in termaw @hysics
assuch

HT] LI TIIHT]

0 $36°Y P QU0 "QQ /AP Qe—— GG' 10 kki :
where:k, , ki, ky represent the ratio between theetrvalueand the Standard Model
value for initial and final state coupling to the Higgs and for the total Higgs width; and
J NP "Qds the flux factor representing the probability of finding the initial state
within a pp collision of the given energy. For aestéd final state, the initial state can
be identified by kinematic selection. The systematic errors originate from i) various
detector efficiencies and performance which tend to improve with increasing statistics,
and ii) uncertainties in the flux factor

In addition, the LHC experiments have come to the preliminary conclusion that, by
identification of final states with two Higgs boson decays, an indicative measurement of
the effect of the Higgs setfoupling could be obtainedith HL-LHC with a precision
of the order of 30% or better

The LHC measurements provide mady observables with i= gluefusion,
VectorBosonFusion, or radiation from top, W or Z, for 7 different final states.
Phenomenological predictions should cmmpareddirectly o these observables. For
the sake of comparison with other facilities, projections were made in terrks of

factors, seelable 2.1, with Y& k Y to match thee'e notations. In effect what
LHC is able to determine very precisely are ratb®ranching fractions. What cannot
be determined is the common fackyy that would affect the total width, and could be

changedin a global way by new undetected Higgs boson decays. For instance an
increase of the total width stemming from a global fattoreasing all couplings would
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result in an increase of the observed cismdions, while a similar increase due to a
significant invisible width would decrease thénconceptually a conspiracy could take
place. The power of the variety of initial statvailable at the LHC is illustrated by the
precisions with which the ttH coupling or glugiuon Higgs couplings can be
determined at the LHC

2.3 Higgs Physics oElectron-Positron Colliders

The most studied Higgs Factory is #ie collider. Most studies have been made
linear colliderg9-12], but the Higgs physics iele depend®nly marginally on the fact
that the collider is linear or circulgf3-14]. It then boils down to the availability of
high luminosity at the desired emies.

The specific featuras presentedy the’Q Q - @"Oreaction,shown inFigure 2.2.

The events can be detected inclusively, independently of the Higgs decay mode, by
tagging e.g. a leptonic Z decay with a recoil mass equal to the Higgs masstoBlkis
section is proportional t6Q , while the crossection forQ Q - OO & Qis
proportional to'Q TG, thus allowing the Higgs total width to be determined (this
assumes a single resonance). In addition, the investigation of tagged ZH events can
reveal invisible or exotic decays that would have escaped detection at the LHC, thus
removingthe ambiguity beveen new physics in couplings or in new decay modes. The
bestplaceto study this reaction is just below the crgestion maximum of 200 fb at

Ecm ~ 240 10) GeV; the chosen value depends on the energy dependence of th
luminosity in a given machine. Thun circular machineshe lower end of the bracket is
preferred, ifinear collides the upper end. This reaction can also be investigated at any
energy where enough statistics can be collected, sothibaCLIC studies [1112]
concentrate on the highemergiesfrom 350 Ge\Vup.

For the study of HZ, beam polarization is not esserdidligh level of longitudinal
electron polarization combined with 30% positron polarization can be arranged to
provide a 30% increase of the rate; this was taken into accothe ILC estimates. At
240 GeV theunpolarizedcrosssection is 200fb, so that collection of a million ZH
events requires an integrated luminosity ofls'. In moste'e Higgs studies the
precision is limited by the available statistidst the linearcollider, the studies of
the bb and cc decays benefit from the very small beam spot size at the IP and from the
specific time structure of thecceleratothat allows operation of the vertex detectors in
a pulsed mode. Whether this quality can be preseorea circular machine with a
collision rate between 10 kHz and 1 MHz andhie presence of synchrotron radiation
needs further study.
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Figure 2.2: Unpolarized Higgs boson production creestions at low energye colliders.
The regions of interest for the direct study of the Higgs boson are: 1) the threshold region,
between 210 GeV and 240 GeV; 2) the region of esestion maximum around 2450 GeV
and the regieon up to the threshold (34850 GeV).
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Figure 2.3: High energyttH and HH crossections ire’e colliders. Note the two to three
orders of magnitude lower cresections compared to the ZH process.

Thee'e colliders can also collect high statistidsHiggs decays at higher center
of-mass energies, where the most abundant production mechanism is-Bsdar
FusionQQ - nw n w ho « - 'O, Figure 2.3.This reaction in combination
with the ZH measurements can improve significantly the determination of the Higgs
width. At high energies, the reactiofsQ - 6O (above 475 GeV) and
QQ - nn'OQinthe TeV range) can give a handle on the Higgs coupling to the top
guark and on the Higgs salbupling. Here the longitudinal beam polarization is useful
(although not esential) as a meartf controling the backgroundand enhancing the
signal

There are different views on the neéat ane’e Higgs factory to run at energies
higher than the ZH maximum. Everyone agrees that reaching 350 &g¥ & definite
bonus, allowing the study of the reactionQ - » n"Oand of direct top quark pair
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production. This is possible for the ILC, CLIC and, although close to their limit, for the
larger circular machines such as CHF and TLBRe relative mets of running above

350 GeVfor Higgs physics alondepend on the machine consideréhile the linear
collider proponents emphasize that the study of the Higg<oupling and the triple
Higgs coupling require ag'eé machine at least up to 1 TeV, theponents of circular
machines argue that these measurements will in all likelihood be performed, earlier, at
the HL-LHC with a precision similar to what is advertised for, e.g., the 1 TeVilLC

this was rather new information at the time of the workskaymning only above 350

GeV as advocated by CLIC proponents is another possible strategy that remains to be
fully evaluated. The Higgs setioupling is an extremely difficult measurement, the best
reported sensitivity (very preliminary, 11%puld befrom CLIC running at 3 TeV for

2 ab’. A further physics caskeyond H(126¥or a Linear Collider at an energy above
350 GeV may come frorthe discovery of one omorenew particles at the LHC in the
coming years.

In additione’e colliders are unique for the precision measurements of quantities
sensitive to new particles through electroweak radiative corrections (EWRiGse
provide important tests of theompletenes®f the Standard Model and of the Higgs
mechanism.This can bebest done by revisiting the Z peak with a high luminosity
machine. TLEP claims $6cm s * (Teraz). The main question there is home could
take advantage of these potentially huge statistics to improve on the LEP measyrements
some of whicharealreadyat the limit of systematics.

In this context, the availability of longitudinal beam polarization is extremely
valuable for the measurement of the inclusive and exclusive beam polarization
asymmetrie® ando . This is straightforward im linear collider and has been
advocatedfor obtaininga measurement of the weak mixing angle’sfit' with a
precision of a few 10. If longitudinal polarization could be achieved with colliding
beams in a circular machinethe Z peaka small fraction of the advertised luminosity
would allowthesemeasurements t@achan extremely interesting level of accuracy.

The availability of very precise energy calibration, as available from the transverse
polarization in a circular machine agi resonant depolarization, would allow a new
measurement of the Z mass and width with-ftdd precision improvement, or better,
over the present errors of about 2 MeV. The W pair threshold would offer a
measurement of the W massth better tharl MeV precision if a measureable level of
transverse polarization can be achieved at ~80 GeV per. beam

2.4 Physics ofmim - Higgs

A muon collider[15-18] can do everything thatne'e collider of the same energy
can do, with some advantages in terms of prekrsmvledge of the cent@f-mass
energy distribution, which can be extracted exquisitely fror2)(gpin precession
detected from the decay electrons. Howewarini collider has the additional feature
that the coupling of muons to the Higgs igfm, timeslarger than for electrons, leading
to a useable crossection of 4Qpb for the schannel productionmimi - H(126). The
study of the resonance requires a machine of precisglyEmu/2 with a precision of
better tharG; = 4.2 MeV. The demand on botaproducibility and beam energy spread
is thus very stringent. The energy spread can in principle be reduced to By10
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emittance exchange but this is done at the expense of transverse emittance and the
luminosity is expected to be around*i€m s *.
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Figure 2.4: Direct measurement ¢tie Higgs decay widtfs by using muon beams of high
energy resolution.

About 2300 Higgs decays would be observed for one year of running (10 pb
Then the Higgs boson mass can be obtained with a precision of 0.1 MeV, the line shape
width directly with a precision of 0.2 MeV (5%), the peak cresstion with a precision
of 2-3%, from which the Higgs width can be extracted with a relative precidi8fo
and the muon coupling to 1.5%.

In conclusionthe muon collider Higg$actoryis unique in its ability to check that
the Higgs boson is a single resonance of the expected line shape; the Higgamizess
determinedwith a precision of a 0.1 MeVnd the muon coupling to theercentlevel.

Unless a significantly higher luminosity can be achieved, all other measurements seem
to be better done with a hadron &g collider. Studies are goingn to increasethe
luminosity at thenimi - H(126) resonance to £6 cm?s®. At higher energies, the
muon collider retains its potential as a unique tool to studytheis-channel resonance,

the line shapef possible heavier neutral Higgs bosons, or to investigate very high
energy lepton collisions.

2.5 Physics ofgg- Higgs

The photon collider can be seen as an am to a linear collidef19] or as a
dedicated maching0]. The reaction of interest is the direetlsannelgg- H which
has a crossection of 200fb. The Higgs crossection is enhanced for photons of
circular polarization irthe J=0 state, so the use @polarized laser allows a significant
enhancement of signal over the background. The use of linearly polarized photons
allows selection of specifiCP states.

The unique attributeof the photon collider is the initial coupling to a pair of
photons. Higgs can be observed in elye ggor bb final state, following which, using
the bb partial width masured at another machine, tHe- gg partial widh can be
extracted in absolute terms to a precision of 1%. This quantity is of particular interest
because this decay proceeds through an inclusive loop that can potentially reveal
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heavier particles o which the Higgs cannot decay directly. Experimentatwould
have to be developed to control the luminosity spectrum at the appropriate level of
precision.

2.6 Higgs PhysicsSummary

The main purpose of the workshopas to initiate an extendedtcelerator
discussionlt is clear thathe physics discussion waslg a start, and will need to be
continued in adedicated, broader frameworndowever a number of important results
on the Higgs couplingaere already presented.

The relative precisions on Higgs couplings to various particles that
were presentedof the variousproposalsare listed in Tabl€.1. The table is not yet
fully complete but a few conclusions can already be drawn.

1 HL-LHC will already be a Higgs factory, able performprecisemeasurements
on the relative values of thgg, gluongluon, tt, W and Z couplings.

1 Ane'e Higgs factory operating at ZH maximum with theticipated luminosity
for the ILC or LEP3will access the Higgs boson physics observables that will
not be accessible at the LHC (total widthvisible width, and ccbar decaygrd
allow some improvements over the precision available at théHHL for a few
of the other couplings (see Tal@d), in particular thebb coupling.

1 To attainthe subpercent precision measurements sensitive to new phaisibe
TeV scaleit is of interest to pursue investigation atceleratorshat could give
significantly higher luminosities at ZH threshold and beldwese are the
proposedargecircular colliders such aSHF orTLEP.

1 Unfortunately, none of the proposed facilities is able to makerya significant
measurement of the Higgs sebupling; investigation of this important
guestion may have to wait for a higher energgllider beyond the
LHC/ILC/CLIC.

It should also be emphasized that testing the closure of the Stavidael by
precision measurements at the Z peak or the W threshold is one of the important tasks
for anext generation lepton collider

! The most significant prospects come from the CLIC studies. Recent and preliminary indications
are that a precision of 22% at 1.4 TeV or 11% at 3 TeV could be attained with*{rBsb2 ab)
integrated luminosity [12].

-14-



Table 2.1: Expected performance on the Higgs boson couplings tinettHC ande’e colliders, as compiled from the Higgs Factory 2012 workshop.

Many studies are quite recent and still ongoing.

AcceleratorA LHC HL-LHC ILC Full ILC oL LEP3, 4 IP TLEP, 4 IP
300 fd ! /expt | 3000 fB'/expt | 250 GeV 250+350+ : 240 GeV 240 GeV
Physical Quantity 250 fg ! 1000 GeV 3152 $§\\// é550 gt}?;) 2aB'(* 10 ab' 5 yrs (*)
® : :
5yrs 5yrs each 5yrs 350 GeV
Y ’ 5yrs each Y 1.4 ab* 5yrs (¥)
. 10° ZH 7.53 10" ZH 23 10°ZH
Nu 1.r° 10 L7° 10 62 10°ZH | 4 45 16 Hw 4.73 10° Hw 42107H | 352 10" Hinn
my (MeV) 100 50 35 35 100 26 7
DG, / Gy -- -- 10% 3% ongoing 4% 1.3%
v / G égg{;f,ft) Hgif/f?,t) 1.5% 1.0% ongoing 0.35% 0.15%
P8/ Gng 6.51 5.1% 5.41 1.5% -- 5% ongoing 3.4% 1.4%
P Gag/ Ghag 117 5.7% 7.51 2.7% 4.5% 2.5% < 3% 2.2% 0.7%
P G / Do 5.71 2.7% 4.57 1.0% 4.3% 1% ~1% 1.5% 0.25%
/ __ < 30% B _30% ~22% B B
P8t ! G (2 expts) 0 (~11% at 3 TeV)
P Grmn/ Ghiom < 30% < 10% - - 10% 14% 7%
P Gt / Gt 8.51 5.1% 5.41 2.0% 3.5% 2.5% ¢ 3% 1.5% 0.4%
P Gee/ Grice -- -- 3.7% 2% 2% 2.0% 0.65%
P @b/ Grios 157 6.9% 110 2.7% 1.4% 1% 1% 0.7% 0.22%
P/ G 147 8.7% 8.07 3.9% - 5% 3% - 30%

(*) The total luminosity is the sum of the integrated luminosity at four IPs.
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Comments on Tabl2.1:

1 For the LHC:
Measurementat the LHC are extracted from final state Higgs decay €ross
sections. Since there is no tagged Higgs channel at the LHC there is an unknown
overall scaling factor that can be taken as either an unkrtoteh width
normalization or an uncertainty in invisible channels. Except for invisible width
limits, the precisions given in the table were obtained under the assumption that
there is no invisible decay mode of the Higgs boson so that the total witléh is
sum of the observed partial ones. One can alternatively, and without model
dependence, interpret these numbers as precision of the relative couplings. The
first set of numbers corresponds to the hypothesis in which the systematic errors
remain the samea s i n todayos LHC results; t he
corresponds to the assumption that experimental systematic errors scale down
with statistics, while the systematic errors of theoretical nature (flux factors)
could be reduced by a further factor of twothis second assumption is
considered the most realistic at the moment, but does not take into account
possible improvement in the detectdescept for ginn, the estimated precisions
arefor one single LHC experiment.

f For thethe €€ facilitiesi The quoted integrated luminosities and the expected
sensitivities are based on the following assumptions:

(a) All luminosity numbers were taken at face value from the proponents of
the various facilities (Tables 8.1 and 8.2). Some are optimsthers
conservative. The integrated luminosities correspond to thalt
delivered by each facility. It is theum of two experiments sharing one
IP at ILC, or the sum over four experiments for LEP3 and TLEP.
Operating time of 10seconds per year was asgd.

(b) The integrated luminosities for the ILC and CLIC were basearandel
with slow initial buildup for machine operation.

(c) The numbes of Higgs for the CLIC danot include the effects of beam
polarizationexcept for the HHH coupling studies

3 Linear '€ Colliders

3.1 Introduction

ILC R&D has been based on a truly global international collaboration. RO&®
and TDR phaseshe Global DesignEffort (GDE) has been the global working foroa
ILC  accelerator R&D  with about 130 participating institutions
(http://www.linearcollider.oryy The core technologyfor ILC of 2x10 km linacs is
SuperconductindRF (SRF) technology.lt featuresseventeerthousandl.3 GHz RF
cavities with accelerating field of 31.5 MV/m 1,700cryomodulesand isbased on
over20 years worldwide R&D effortd'he TDR was completed at the end of 2012e
volume covering acceleratorsonsists of two partsPart I: R&D, Part II: Baseline
Reference ReporBased orthe TDR, staging scenarios to start with a Higgs factory of
250 GeV extendable to 1 Teare proposed.
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http://www.linearcollider.org/

CLIC is an internationalcollaboration of 44 institiwmns from 22 countries. CLIC
has a staged desigim reacha cenérof-mass energy o8 TeV. Different from
conventional klystron powered linac, CLIC adoptsirivebeam schem® produce the
main linac RF(distributed Kklystron schemeyyith a drive beam current ~100 times
greaterthanthe accelerated bearkurrent In 2012,CLIC haspublished e&CDR in three
volumes: Vol. I: The CLIC accelerator and site facilities, Vol. 1l: Physics and detectors
at CLIC, Vol. lll: CLIC study summary. The feasibility of the CLIC scheme has been
establishedThe CLIC staging scenarios include a first stage at 500GeV that can be
usedas a Higgs factory. Higher energy stages will still contribute to the Higgs studies,
e.g. to the measurement of the Higgs-seliipling and the coupling to WW

The main advantage of the linear collider is that the cost grows a3BRwBthus
i o n lingady with energy; the main drawback is that both A and B are very large. The
challenge is to achieve reliably very high bunch intensities and very small beam sizes
for the two beams simultaneously and to collide them. There are specific proposals (ILC
and CLIC) which have been designed to the point that the main technologies are in
hand, although the level of readiness are somewhat different. International
collaborations have been agi and organized. The luminosity grows linearly with
energy with a vime of 210 cmi’s® at Ecy = 500 GeV.The luminosity can be
doubled by increasing the RF power by a factor of about 1.5 at a capital cost increase of
several percenThe machine delivers beam to one IP. High level (80%) of any type of
beam polarizations readily available for electrons, whereasower level (30%) is
achievabldor positrons. Beam energy calibration relies on accurate beam spectrometers
with a relative precision of a few 10 Beamstrahlung induces a broadening and some
uncertainty in he centewf-mass energy, but this is not of great importance for Higgs
physics. The collision environment features electromagnetic residues which have been
carefully studied. The beam comprisedénch trains per second which allows the use
of very thin cktectors operating in a pulsed mode. There exists a proposal to establish a
linear collider in Japan starting with a certéimass energy of 250 GeV.

Compared with other types of Higgs factory, line& Higgs factories have the
following features

1 Advantages:
U Extensive design and prototyping work have been done
U Key technologies are in haadter large investment for R&D
U There exist welbrganized international collaborations led respectively
by the ILC GDE and CLIC Collaboratiosdonto be comhnedin the
Linear Collider Collaboration
U Itis an mportant step towards high energy ee@llisions
U Polarized beams( 80%,e" 30%)can be created.
0 Itis thefront runner (in terms of readiness)
1 Challenges:
U High cost
1 Specific issues
a ILC
O Final FocusingSystem (FFS)
O Positron source foa Higgs factoryneed 10 Hz operation of the
electron linador e+ production, othe useof anunpolarized e+
beam as a backup scheme
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i CLIC
O Accelerating structure
O Industrialization of major components
O From CDR to TIR

The KEK x-bande’e / gg Higgs Factoryis based on CLI@ype cavities and the
existingconventionaRF technologyAn optical FELcan alsdbe used to produce high
energy photorbeams for ayg collider. In the first stage of operatio@’€ Y Z, WW
andgg Y H) the proposed facility could be buitin the KEK site If the initial
operational mode is with photon beams, then there is no need for an e+ @oarce
positrondampingring. The total length of the two linacs would be shafiout 3.6 km
atEcu(ed ~ 250 GeV.

The machinedetector interface (RI) for ILC 500 GeV and CLIC JeV has been
studied The requirements for MDI are to provide reliable collisions of tdtrall
beams (~few nanometers), wahacceptable level of background.

3.2 ILC -based HiggsFactory

Figure 3.1: Layout of the ILC.

ILC is in the advancedlesign stage(Figure 3.1)The Technical Design Report
(TDR) was completedat the end of 2012. The official printed version will appear in
June in 2013 after a few review stedhe TDR concentrate on the design ofa
machine of centeof-mass energ¥cy = 500 GeV anddoesnot describe in detail the
design as a Higgs Factory. However, the technologyi®Higgs Factory is obvious.

Up to the centeof-mass energy 50GeV ILC can adapt t@ny staging scenarios
required by physics. The difference is only the lengths of the linac and the tunnel. The
estimated cost dhe 250GeV Higgs Factory is &8 of the cost othe500GeV collider

and is 75% if the tunnel for 508eV is constructed. Theequired total site power is
about120 MW and 125MW, respectively. (The power for 50BeV operationis 160

MW.) In the present scope of ILC, when going beydig = 500 GeV, an R&D is
planned for higher accelerating gradgefur cost savingsEven withow higher gradient

the cost increasier the 1 TeV machine around 10%f the 500 GeV machine

In the caseof Ecy < 300 GeV, 10Hz operation (%z for collision and SHz for
positron production) is planned in the baseline design because the positron production
in the undulator scheme is somewhat inefficient when the electron eBevygi2 is
lower than 150GeV. (Figure 3.2)This does not cause any problem technicaliy, ib
not very elegant. The 16z operation requires an extra length of electron linac
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corresponding to 150 250/2= 25 GeV and extra electric power ~25W. Thus, if 10
Hz operation is avoided, the construction cost ~3% and the operation powkhW25
canbe savedompared with the values quoted in the T[2Rpossible way to avoid 10
Hz operation is to adopt the electrdriven, conventional method. iEhis a proven
design. The only change in physics is that the positron is unpolarized.

In all cases the minosity presented iffable8.1 assumes 1312 bunches per pulse.
This can be upgraded by a factor of 2 by adding about 50% more RF system.
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Figure 3.2 Positron yield (blue) and polarizati¢red) as a function othe drive electron beam
energy.

There are a fewemsthatrequire final steps of R&D.

First, the target for the positron production still nesdgeraimonths or 12 yearsof
further study However, the design of the backup scheme, which uses conventional
electrondriven system, has ba completed. If ILC has to start construction in 2013,
this backup scheme can be adopted. The only disadvantage is that positron polarization
would not be available.

Second the test of the final focusg system is still going on at KERTF2. There
have been delays, including that due to tB@11 earthquake, buho fundamental
problem is expectedhe latest operation in Deceml#012 achieved vertical beam
size ~70nm (Figure 3.3)which differs fromthe desigr(37 nm)by only afactor of two.
Furtherstudy is being planned in 20121]
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Figure 3.3 Vertical beam size from the ATF2 experiment.
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3.3 CLIC -based Higgs~actory
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Figure 3.4 shows the layout of the CLIChe CLIC baseline desigproposes

building in stages of increasing energy. The choice of these stages will have to be fixed
taking into account future LH@sults Currently two example scenarios exist, named

A and B, in order to illustrate the staging strategy. Scenario A has stages@eB00
1.4 TeV and 3TeV, while scenario B has stages of 588V, 1.5TeV and 3TeV.

Scenario A provides higher luminosity at 5@&V, while scenario B has a lower

integrated cost for the three stages. Each of the energy stages contributes to the Higgs
studies. Tabl&.1 lists the parameters of the 5@@V and 3TeV stages of scenario A.

It is possible to operate each energy stdgeldC at a

This can be achieved by operating the main linac at a reduced gradient, i.e. by reducing

lower than nominal energy.

the drive beam current. The main bunch charge also needs to be reduced in this mode in

order to preserve the same beam qualilycertain reductions of the gradient it is
possible to increase the length of the drive and main beam pulses. The resulting

increased number of bunches per beam pulse aldowacreasein luminosity. The
main and drive beam complex is fully preparedtfos type of operation. The power
consumption at lower than nominal collision energy is somewhat lower than at 500

GeV, the exact value depends on the collision energy.

The CLIC physics study grougnvisagegerformingthe Higgs measurements at a

cener-of-mass energy of 50GeV or 350GeV, rather than at 25GeV. The total

number of Higgs that can be expected at differentec@itmass energies is shown in
t he

Figure3.5 for thee'e Y ZH ande’e Y 3 3 H;
GeV are given imTable3.1.
If large importancewas attributed to the operation

par @Gevard&50s

at 2%BeV, one could also

consider adding an extraction line in the main linac, to extract the beam &e\25
This would result in somewhat increased luminosity. The same luminosity would be
obtained if CLIC were built for this collision energy only.w@ver this is currently not

foreseersince it delays thprogramat higher energies.
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The feasibility of the CLIC concept has been established with studies
documented in the CDRn particulr the drive beam concept has been proven at a test
facility (CTF3) and very high gradients have been achieved experimentally. Specific
challenges asthe unprecedented alignment and stability tolerances have been
successfully addressed experimentally. Tren remaining challenges are to develop a
technical design, based on the conceptual design. This includes an optimization of the
accelerator components and systems and preparttiomdustrial procurement. In
particular small series production of acecateng structures is important.
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Figure 3.5: The rate of Higgs bosons produced in the 6@¥ stage of CLIC scenario A
operated at different caartof-mass energie3he design is slightly modified with respect to the
CDR: the same number of wigglers Haeen installed in the damping ring as for tHEe¥
case. The quality of the luminosity spectrum is in all cases similar or better than@e\800

Table 3.1: The luminosity at diffeent energies for scenaria Ahe effective cross section for
Higgs prodiction and the number of Higgs per’ $8cis also given. It has been calculated
based on a parameterization of the cross section derived with Wiz28tdihd adding the
beambeam and initial state radiation with GUINEHAG. Polarisation has been neglected,

which increases thmte forée Y 33 H by 80 %.
DesignEcy [GeV] 500 3000
Operating at Ecy [GeV] 250 350 500 3000
L [10**cmi®sT] 1.37 2.13 2.3 5.9
Lo.o1[10** cm?s™] 1.04 1.30 1.4 2.0
O ‘¢¥s33H) [fl 204 32.4 67.6 415
0 "€ ¥ ZH)) [fo] 208.2 141.3 70.1 4.6
e€eY 33 H pseor 1( 2,795 6,901 15,548 244,850
e'e Y ZH perl0sec 28,551 30,097 16,123 2,714
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3.4 X-bandKlystron-based HiggsFactory

An X-bande'e / ggHiggs factorystudiedat KEK is a conventinal klystron-based
facility. Linear accelerators arbased on CLIG@ype cavities and the existing RF
technology(XL4 klystrons, ScandiNova modulators, SLED Il syste#)two-beam
scheme could be implemented at a later stesge test facility for CLICANn optical FEL
canbeused to produce higanergy photoreams for ay collider. In the first stage of
operation €€ Y Z, WW andgg Y H), the proposed facilitganbe builton the KEK
site If the initial operational mode is with photon beams, then there is no need for an e+
sourceor a positrondampingring. With a crossing angle of ~25 mrad for befle and
og beams, only a singleet ofbeam dump linewould be requiredFor some processes,
the requirectenterof-massenergy is considerablpwer at the proposed facility than at
ane'e collider. The rich set of final states &e andgg collisions isinstrumentaffor
measuring the properties of the Higgs boson

3.5 Machine-Detector I nterface

The Machine Detector Interfad®DI) for lineare’e colliders such as ILC and
CLIC, dlows for essentially full solid angle acceptanBeam parametaneasurements
(energy, polarization, luminosity) allow control of bearheam effectson physics
analy®s. MDI magnet technolags arewell into developmentsuch asa compact SC
magnetfor the ILC, anda hybrid permanent magnet fire CLIC. The isksto machine
performance due to single pass collisions ofsire bunchesvill be controlled vialP
luminosity feedback especially advantageous IP feedbackfor the ILC bunch
structure

4  Circular €€ Colliders

4.1 Introduction

A number of proposals exist for Higgs factories based on a cirelgarcollider
with a centeiof-mass energyf240 GeV and in some cases extending to 350 GeV or
500 GeV. Circular colliders have been successfully used for lower energy machines in
the past and the concept and technology are well developed. The highest anétgy f
was LEP2, which reached a maxim centerof-mass energy of 209 GeV. Circular
colliders allow for more than one interaction point and potentially could provide more
luminosity than Inear colliders of equal energowever their energy reach is limited
and a number of issues may compreentheir performance as will be detailed below.
The proposals are in a very early stage with no design sepdrich makes it difficult
to evaluate them. A brief summary of the advantages and challenges of aifeular
colliders in general are given belp

1 Advantages:

0 At 240 GeVand below a higher luminositythan a linear collidewhen
the ring is sufficiently large
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i

Based on mature technology and rich experience

Some designs can use existing tunnel and site

More than one IP

Tunnel of a large ring can be reused ap aollider in the future

1 Challenges:

u

[ et enHEN entEN et e

Beamstrahlung limiting beam lifiene and requiring lattice with large
momentum acceptance

RF and vacuum problems from synchrotron radiation

A lattice with low emittance

Efficiency of converting wall power to synchrotron radiation power
Limited energy reach

No comprehensive study; design study report needed.

4.2 Circular €€ Colliders Considered

The main parameters for the different proposals considered at the Workshop are

listed in Table8.2.

The driving parameter of a circular collider accelerator design is its circumference,

which is in some cases determined by external constraints and in some cases by a cost
optimization. Otherwise the design strategy is fairly similar fopadposals. Based on
the choice for the ring circumference, the colliders can be grouped as follows:

1 LEP3 has a circumference of 26.7 km in order to be installed in the existing
LHC tunnel, leading to a serious cost reductidowever,installation of LEP3
for concurrent operation witthe LHC is complicated and unlikely

4 Lake Geneva

potential shaft location A _'w’.v('" .

Figure 4.1: Sketch ofLEP3 (white circle) and@LEP (yellow circle)

1 As its mme suggests, the Fermilab ditler would fit on the Fermilab site. It
therefore is limited to a smalleircumference than the other designs of about 16
km. It is conceivable to later reuse this machine as an injector for a very large
hadron or lepton collider with a very large circumference in excess of 200 km.
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CON Ay 5

1 TLEP, the different versions of SuperTRISTAN and the IHEP Higgs Factory as
well as VLLC use larger circumferences the order of 40 to 233 km with the
aim to optimize the machine performance and to be able to reach 350 GeV and
in the case of VLLC with 233 km circumference also 500 GeV. In these cases
one can conceivef instaling a hadron collider in the same tunragla later
stage This collider could have proton energies a facdbr few higher than
LHC, the exact value dependingn the size of the ring and the magnet
technology usedOne could even contemplate leptoadron collisions.

4.3 Technical Challenges

The main challenges of the various proposals are fairly similar. Basically, the
storage ring collider technology is well ddtahed, so the technical issues have been
based on welestablished accelerator physics and technologies of thenphgting the
LEP2, the Bfactories and the circular synchrotron light souréepossibility that some
unforeseen technical issues aratimg around the corner, althouginesent, is relatively
small. Some ofhe issues below, however, aogitical because they requirearious
degrees oextrapolations from past experience, and because at this time tkdrecha
very little conceptual degn or R&D work devoted to these circular colliders

4.3.1 Energy reachand upgradability

The proposed centa@f-mass energy is 240 GeV for all machines. For the larger
rings TLEP and SuperTRISTAN also 350 GeV is proposed. It is considered that
reaching higher esrgies further would lead to a strong increasdhia cost of the
projects and is therefore not practical or even forbidding. In particular the potential to
increase the energy of an existing circular collider will be very lim{Dgzeration at the
Z peak and W pair threshold can be envisaged with luminositi€s @&ders of
magnitude higher than the LEP.

The energy that can be reached waitbirculare’e collider is determined by the size
of the ring and the installed RF voltage, which are botportant cost factors. The
circulating beams emit synchrotron radiation. The average energy |@ssfEeach
particle per turn is given by, &= 88 keV (E/GeVf/ ( } / m) , for a beam e
bendng radius . For exampl|RLHCtannelviblOlde®ié V el ec
about 7 GeV per turn. This loss needs to be compensated with accelerating RF with a
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total voltage exceeding the loss. In order to reach a higher energy, either the RF voltage
or the radius, or both, has to be increased. A simple rooslel can be applied to
conclude that the RF voltage and the cost of accelerator are expected to scale as E
Circular collicers are therefore basicallyachines operating between the Z peak and the
240 GeV ZH crosssection maximum, possibly up to theptthreshold at 350 GeV.

They becomehighly unpractical approaching the level of 500 GeV, and impossible
substantially above 500 GeVhe cecision on whetheor notto goin the direction of
circular colliders depends critically on what required ceafenass energy is needed to
explore the Higgs coupling constants. Without this critical input, no useful decision can
be made.

For the larger rings, one can however reuse the tunnel to install a hadron machine
later, in a similar fashioasthe LHC has been stalled in the LEP tunnel. This would
provide a path to futurgrojects. For the Fermilab sifdler one can conceivasingit as
an injector for a larger ring. LEP3 does not provide an upgrade path but rather exploits
existing infrastructure.

4.3.2 Synchrotron radiation

The luminosity of a circular collideincreases witlthe circulating beam current,
which in all proposals is several mA. The current is limited in all proposals by the total
power of the emitted synchrotron radiation, which is typically set to about 100 MW
(LEP2 went up to 20 MW)The main challenges areltmit the power consumption by
obtaining good efficiency for the transfer from wall plug power into beam power and to
deal with the impact of the intense radiation on the vacuum and the RF. In addition,
power requirements other thammpensatiorfor synchrotron radiation, such as for
cryogenicsmagnetswater cooling, injectors etc., need to be taken into consideration
and optimized.

Compared to LEP2 the synchrotron radiation is more intense and in some designs
also the critical energy is higher, whighight cause a significant radiatidvazardand
this issue needs to be evaluated and solved

A larger ring circumference obviously allows both inchegsghe beam current
linearly with the radius for the same radiation power and iedube installed RF
voltage inversely with the radius. As a result the luminosity will increase linearly with
the bending radius. W beam lifetime included (see section 8.Beamstrahlung), the
luminosity gains with the bending radius even more rapidly than linearly.

4.3.3 RF system

The RF system must provide the high accelerating voltage to overcome the
synchrotron radiation lossith sufficient overvoltage to provide an acceptable quantum
lifetime. It must also provide the high power to be transferred with high efficiency to
the bem.The RF system must shielded against the strong synchrotron radiation.

Distribution of the RF stations requires a conceptual design to minimize the orbital
sawtooth effects, especiallin the cases whee” ande beams occupy the same
vacuumchamber.

An optimal choice othe RF frequencyeeds to be made. An efficient RF power
coupler for the needed system also needs to be worked out in a conceptual design of the
collider. Note that the ILC cavitiefl.3 GHz) have not been designed for thigtni
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average power and that the coupler R&D would need to be redone. At 700 MHz
howeverthe work done for the high power proton machines can be readily applied.
When a large ring is operated at a relatively low beam energy E at a fixed
synchrotron radiatio power, the required beam current can become kmgencrease
as 1/E. (For example in the case when the TLEP is operated at-ffweZ the beam
current exceeds 1 Ampere.) Since the RF section is very long compared with existing
rings, possible collente instabilities should be studied. The RF section length can be
made shorter at low energies in view of the total voltageired but the demand to the
power coupler would be even more severe when the total synchrotron radiation power is
fixed.

4.3.4 Vacuum system

The raw synchrotron radiation power per metglt be much higher than LEP2
although lower or comparable to that of thefaBtories. Although some other
parameters will requirenuch extrapolation from existing colliders, most of the vacuum
system isues such as the highamder mode cooling are expected to be within our
engineering capacity. The one most significexception might be the radictivation
by the highcritical energy(~1.5 MeV) and high power synchrotron radiation. It is
possible thathis consideration may drive the entire vacuum chamber design.

4.3.5 Beambeam effects

Much of the past experiencan operating the LEPral the Bfactories ha been
incorporated into the proposals of the circular Higgs factories. The achieveebbaam
parameter of 0.083 per [[Figure 4.3with 4 simulaneously operating IPs at LEPZ3]
provided a solid bass for the design of the new colliderslowever, not b past
experiences have been consistent and there remains a need to continue the study and
identify and understand the underlying beam dynanke®ping in mind the critical
impact of bearbeam effects on the luminosity, the new operating regime of
beamstahlung and collision point optics, it is still critical to fully understand the beam
beam effects in order to optimize the design. On the other hand, one possibility on the
optimistic side could be that the bedmam parameter value might babstantially
increased due to the much enhanced synchrotron radiation damping.

With high RF voltage, it is expected that the synchrotron tune of the electron beam
will be high. Together with the small, at the interaction gint, which leads to large
hourglass effectit may generate potentially harmful beam dynamics effects.

Figure 4.3: Vertical beambeam parameter measured at LEP2
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