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Abstract. We present the machine parameters and physics capabilities of the CLIC Higgs Experiment
(CLICHE), a low-energy γγ collider based on CLIC 1, the demonstration project for the higher-energy
two-beam accelerator CLIC. CLICHE is conceived as a factory capable of producing around 20,000 light
Higgs bosons per year. We discuss the requirements for the CLIC 1 beams and a laser backscattering system
capable of producing a γγ total (peak) luminosity of 2.0 (0.36)×1034 cm−2s−1 with ECM (γγ) ∼ 115 GeV.
We show how CLICHE could be used to measure accurately the mass, b̄b, WW and γγ decays of a
light Higgs boson. We illustrate how these measurements may distinguish between the Standard Model
Higgs boson and those in supersymmetric and more general two-Higgs-doublet models, complementing the
measurements to be made with other accelerators. We also comment on other prospects in γγ and e−γ
physics with CLICHE.

1 Introduction

CLIC [1] is a project for a multi-TeV linear e+e− collider
using an innovative two-beam acceleration technique to
achieve a high accelerating gradient, and CLIC 1 [2] is an
essential step proposed at CERN in the R&D program
toward CLIC. CLIC 1 would be based on one module
of the eventual full CLIC accelerator, capable of deliv-
ering an intense, low-emittance e− beam with an energy
∼ 70 GeV. CLIC 1 is required to provide proof-of-principle
for the two-beam acceleration mechanism of CLIC on a
large scale, and would represent a major investment in
engineering and other resources. It is natural to seek to
maximize the physics return on this investment.

Several possible uses of an intense e− beam are readily
apparent. One could in principle use it for fixed-target ex-
periments, for example. One could envision colliding
CLIC 1 with the LHC proton beam, but the orientation
and depth of CLIC 1 that would be required are not com-
patible with the possibility of extending CLIC 1 subse-
quently to become the full CLIC machine. If one had
two CLIC 1 machines, a positron source and damping
rings, one could make e+e− collisions. There has recently
been a resurgence of physics interest in a new round of
high-statistics experiments at the Z0 peak, GigaZ [3–5],
aimed at higher-precision electroweak measurements. The
centre-of-mass energy range ∼ mZ would certainly be
within range of a pair of CLIC 1 machines, but effective-
ness of the GigaZ program would require the positrons
to be polarized, as well as the electrons, which is a tech-

nical challenge. There is also interest in returning to the
e+e− → W+W− threshold, in order to measure mW more
precisely. The W+W− threshold would be within reach of
a modest upgrade of the nominal CLIC 1 energy.

Alternatively, with two CLIC 1 machines, or even just
one feeding two arcs à la SLC, and a laser backscatter-
ing facility to produce high-energy photons by the Comp-
ton process e−γlaser → e−γ. One could make e−γ and/or
γγ collisions at centre-of-mass energies up to ∼ 0.9 or
∼ 0.8 × ECM (e−e−), respectively. A polarized positron
source would not be needed for such experiments. The
principles of photon colliders [6] and the physics interest
of γγ collisions, in particular, have been documented ex-
tensively [7,8].

Precision electroweak fits suggest [9] that the most
likely mass for the Standard Model Higgs boson is just
above the limit of 114 GeV provided by direct searches at
LEP [10]. Moreover, the mass range mH

<∼ 130 GeV [11] is
suggested independently by supersymmetry. We also recall
that the last days of LEP even provided a direct hint for
a Standard Model-like Higgs boson with mass ∼ 115 GeV
[10], and that LEP could not exclude a supersymmet-
ric Higgs boson as light as ∼ 90 GeV. The possibility
of such a light Higgs boson may be confirmed or refuted
by the Tevatron collider within a few years, and the LHC
would certainly measure the value of mH . With the injec-
tion energy of 9 GeV, the nominal energy of CLIC 1 is
77 GeV. Therefore, the effective ECM (γγ) could be tuned
to a value up to ∼ 0.8 × 154 GeV ∼ 120 GeV.
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Thus there exists an opportunity for turning CLIC 1
into a Higgs factory, a proposal we term the CLIC Higgs
Experiment, or CLICHE. As discussed in [12], the option
of colliding the beams from two CLIC 1 machines looks
promising, and the geometric e−e− luminosity may attain
around 4.8×1034 cm−2s−1. Combined with a suitable laser
backscattering system, such a luminosity would enable ac-
curate measurements of the properties of the Higgs boson.
For example, the laser system described below could yield
a total γγ luminosity of up to 200 fb−1 per ‘Snowmass
year’ of 107s, which could produce around 22,000 light
Standard Model (SM) Higgs particles.

In subsequent sections of this paper, we first assem-
ble some initial considerations of accelerator aspects of
CLICHE, including the requirements for the CLIC 1 beam
parameters and the laser system if one is to attain a lu-
minosity sufficient to study Higgs physics. Then we re-
view briefly some of the most interesting physics measure-
ments possible with CLICHE, which could include accu-
rate measurements of mH , Γ (H → γγ) × Br(H → b̄b),
Γ (H → γγ)×Br(H → WW ), Γ (H → γγ)×Br(H → γγ),
and the CP properties of the H → γγ coupling. We study
the capability of CLICHE to distinguish a Standard Model
Higgs from the lightest Higgs boson in the minimal super-
symmetric extension of the Standard Model (MSSM), and
also discuss a more general two-Higgs-doublet model.

As we also mention, there are other physics processes
that might be interesting at CLICHE, e.g., QCD reactions
in γγ collisions and the reaction e−γ → νW− in e−γ
collisions, which would provide an opportunity to measure
mW and ΓW . We also advertise the physics opportunities
for Higgs physics offered by higher-energy γγ colliders, for
which CLICHE might serve as an engineering prototype.
For example, the study of higher-mass Higgs bosons may
best be done at high-energy γγ colliders, due to the fact
that they are produced in the s channel (so that all of the
phase space is available for producing the Higgs mass) [13,
14], and the fact that the photon beams can be produced
in a state of definite CP.

2 Accelerator considerations

This section describes two important components of
CLICHE, namely the CLIC 1 electron accelerator and the
laser backscattering system.

At CERN, a high energy, high luminosity electron-
positron linear collider (CLIC for Compact LInear Col-
lider) is being studied as a possible post-LHC facility [1].
It is based on a novel two-beam scheme and uses high-
frequency, high-gradient normal-conducting structures to
accelerate the beam. The power to accelerate this main
beam is obtained by decelerating drive beams in a dedi-
cated beam line passing parallel to the main linac. CLIC
requires two drive-beam complexes, each of which gener-
ate the 22 drive-beam pulses necessary to power 22 drive-
beam decelerators for one of the two main linacs, for e+e−
collisions at 3 TeV centre-of-mass energy. The two-beam
acceleration has been demonstrated successfully in two
test facilities (CTF1 and CTF2). A test of the drive-beam
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Fig. 1. Schematic sketch of a layout for a γγ collider based on
CLIC 1

generation will take place at a new test facility (CTF3)
[15], presently under construction. Its operation will en-
ables one to judge whether the technology works, and it is
expected that a conceptual design report for CLIC could
be completed by the end of 2006. CTF3 should be followed
by CLIC 1, which is conceived to provide a full scale test
of beam dynamics and power handling.

2.1 Parameters of CLIC 1

CLIC 1 is proposed to consist of one drive-beam gener-
ation complex and one drive-beam decelerator, with the
corresponding length of main linac sufficient to accelerate
a main beam by about 68 GeV.

Recently, an exploratory study has been carried out to
determine how this facility could be turned into a collider
with a high geometric e−e− luminosity, which could be
used as the basis for a γγ collider [12]. This would require
the addition of a small-emittance main-beam source and
a final-focus system able to achieve small spot sizes at the
interaction point (IP). In addition, it would be necessary
to achieve a high beam current in the main linac. The main
linac of CLIC 1 could in principle be turned into a collider
by adding arcs as in SLC [16]. To limit the energy loss and
emittance growth from synchrotron radiation, this would
require very large arcs with many magnetic cells, resulting
in increased complication and challenges for performance
and cost. The other solution considered was to add a sec-
ond CLIC 1 linac pointing at the first. Only this solution
will be studied here, as it promises higher luminosities at
similar or even reduced cost, if the long term investment
is taken into account. The preliminary parameters of a
potential e−e− collider are given in Table 1. A more de-
tailed investigation is required in order to establish the
feasibility of the approach and to identity possible further
improvements.

In the proposed CLIC 1 collider scheme, the CLIC
drive-beam complex can power both linacs. Alternate
pulses are sent into the first and second linac, as seen in
Fig. 1. The two pulses accelerate the main beams at the
same time if the drive-beam complex is properly placed.
The third pulse can be used to power again the first linac
and the fourth to power the second, and so on, using all
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Table 1. Example parameters for a CLIC 1 collider

variable symbol value

total power consumption for RF P 150 MW
beam energy E 75 GeV
beam polarization Pe 0.80
bunch population N 4 × 109

number of bunches per train nb 154
number of trains per rf pulse nt 11
repetition rate frep 100 Hz
rms bunch length σz 30 µm
crossing angle θc ≥ 20 mrad
normalised horizontal emittance εx 1.4 µm
normalised vertical emittance εy 0.05 µm
nominal horizontal beta function
at the IP β∗

x 2 mm
nominal vertical beta function
at the IP β∗

y 20 µm
e−e− geometric luminosity L 4.8 × 1034 cm−2s−1

drive-beam pulses. This effectively increases the repetition
frequency from 100 Hz to 1.1 kHz. A repetition frequency
of 200 Hz is foreseen for CLIC at a centre-of-mass energy
of 500 GeV and further research and development is re-
quired to design structures that could tolerate the heat
load of an increased repetition rate of up to 1.1 kHz as
proposed here.

In the preferred two-beam scheme, the main beams
would be generated by a conventional electron source,
which could provide a polarization of about 80%. The
injector could likely use the slightly modified SPS as a
damping ring [17,18]. The beams would be accelerated to
9 GeV before injection into the main linac, increasing the
maximum beam energy to ∼ 77 GeV. After the linac, a
collimation system would scrape off the beam tails, and a
final-focus system would focus the beams down to about
2.9 nm vertically and 154 nm horizontally.

The geometric e−e− luminosity at the full repetition
frequency is L � (4 × 109 × 4 × 109/154 × 10−7/2.9 ×
10−7)(100 × 11 × 154/4/3.1415) = 4.8 × 1034cm−2s−1 (or
L � 0.9 × 1034 cm−2s−1 if the repetition frequency would
remain at the design value for the 500 GeV CLIC of
200 Hz). On the other hand there may still be possibilities
to increase the luminosity by other means like larger bunch
charge or decreased vertical emittance. We therefore think
it it is reasonable to base the estimates presented here on
the luminosity obtained for the full repetition frequency.

2.2 Laser backscattering system

The photon beams required by CLICHE would be pro-
duced via the Compton backscattering of laser light off
the high-energy electron beam from CLIC 1. The bunch-
to-bunch distance and pulse length of CLICHE are of the
same order of magnitude as those for NLC. The laser re-
quirements for CLIC and NLC are therefore comparable,

since they both use the Mercury technologies1 - pump
diodes, Yb-SFAP crystals, cooling, chirp pulse, etc. [7], the
only differences being at the front end. On the other hand,
the TESLA option [8] requires a high-speed lower-power
optical switch (Pockels cell) which is under development
at LLNL.

In the laser-beam collision at the conversion point, the
maximum energy of the scattered photons is:

ωm =
x

x+ 1
E0; x ≈ 4E0ω0

m2c4
� 15.3

[
E0

TeV

] [ ω0

eV

]
, (1)

where E0 is the electron beam energy and ω0 the energy
of the laser photon. In connection with NLC studies [7],
the case E0 = 250 GeV, ω0 = 1.17 eV, i.e., λ = 1.0 µm,
has been considered. This would correspond to x = 4.5
and ωm = 0.82E0. In the case of CLICHE, the centre-of-
mass energy of the accelerator would be ECM (e−e−) �
150 GeV. In order for ECM (γγ) to be close to the mass
of a 115 GeV Higgs boson, the energy of the laser photon
is chosen to be 3.53 eV instead of 1.17 eV, resulting in a
maximum photon energy of roughly 60 GeV.

We need to add frequency multipliers to reduce the
wavelength. The increase in the laser frequency is achieved
by adding a tripler to the laser system. In this case it can
be assumed that the 1.054 µm laser can be turned into
one with 0.351 µm. As a consequence, the power provided
by the photons is reduced by a factor 1/3. However the
area of the focal spot is also reduced by 1/3, so the overall
effect cancels out in the power in the peak. A 70% tripling
efficiency is expected. It should be kept in mind that, the
achievable spot size is determined by the size of the fi-
nal focusing optic and the wavefront variation. When the
light is tripled the wavefront tolerances become a factor of
three tighter in order to achieve a diffraction limited spot.
Parameters of the electron and laser beams are shown in
Table 1 and 2. We find that CLICHE requires between
154 × 2 × 100 = 30800 and 154 × 11 × 100 = 169400
pulses/second. As a consequence, the use of more elabo-
rate multi-pass optics than the two-pass system designed
for NLC [7] would be important for reducing the required
number of laser pulses.

The optimum polarization combination that we antic-
ipate for the electron beam Pe and the laser beam PL

is PePL = −0.8. In this case the generated photon spec-
trum peaks at its maximum energy, ωm. In addition, the
high-energy photon beam is almost completely polarized
around the peak energy. In order to enhance the Higgs
production and to suppress the background events, from
γγ → b̄b+ng in particular, the polarizations of the collid-
ing photon beams should be arranged so that Jz = 0 colli-
sions dominate. With the CLIC 1 beam energy, the Higgs
particle of 115 GeV is produced almost at rest, while the
low-energy background events are strongly boosted. Hence
the backgrounds will in general have topologies that are
different from the desired signal events, as discussed later.

1 This laser technology is capable of delivering the 10 kW of
average power in short pulses of 1 TW peak power. The total
energy of a pulse is 1 J
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Table 2. Example of laser parameters for a γγ collider based on CLIC 1 for
Lee = 4.8 × 1034cm−2s−1

variable symbol value

Laser beam parameters

Wavelength λL 0.351 µm
Photon energy �ωL 3.53 eV = 5.65×10−19 J
Number of laser pulses per second NL 169400 s−1

Laser peak power WL 2.96×1022 W/m2

Laser peak photon density 5.24×1040 photons/m2/s

Photon beam

Number of photons per electron bunch Nγ 9.6 × 109

γγ luminosity Lγγ 2.0 × 1034 cm−2s−1

γγ luminosity for Eγγ ≥ 0.6ECM = 90 GeV Lpeak1
γγ 3.6 × 1033 cm−2s−1

γγ luminosity for Eγγ ≥ 0.7ECM = 105 GeV Lpeak2
γγ 2.1 × 1033 cm−2s−1

The expected total energy spectra and polarization are
shown in Fig. 2. The luminosity calculation assumes im-
provements over what was originally proposed in [12]:

– use of the most recent NLC Final-Focus System (FFS)
for operation of the center-of-mass of 0.5-1 TeV [19],

– and increasing the strength of the bending magnets by
a factor of 4.35, with corresponding decreases in the
sextupole, octupole and decapole strengths by 4.35,
4.352 and 4.353. This allows the beta functions to be
reduced from the NLC values: βx=2 mm (previously
8 mm) and βy=20µm (previously 100µm).

Tracking simulations of the FFS that take into account
the synchrotron radiation in the dipoles and quadrupoles
and the initial beam energy distribution from the linac as
simulated with DIMAD [20] and PLACET [21] predict a geo-
metric luminosity of 5.0×1034 cm−2s−1 for 11 trains per
rf pulse. The energy spread was assumed to be ∆E/E ∼
0.23%. The horizontal and vertical normalized emittances
were taken to be 1.4×10−6 m and 5×10−8 m, respec-
tively, and the RMS at the IP is 138.1 nm (2.6 nm) in
the horizontal (vertical) plane. However, DIMAD predicts
that the effective beam spot is larger, (154 × 2.9) nm2.
This is due to effects such as synchrotron radiation and
the combination of chromaticity of the FFS and the elec-
tron beam energy spread. As a consequence, the lumi-
nosity is simulated to be 15% lower than the ‘ideal’ sce-
nario. These effects are taken into account in the lumi-
nosity results shown in Fig. 2. Using the laser parameters
described above, the γγ luminosity with a centre-of-mass
energy above 0.6 × 150 GeV is about 3.6 × 1033cm−2s−1,
and the polarization < λλ′ > at the peak is 0.94.

We have chosen the distance between the conversion
point and the interaction point to be 1mm. Detailed stud-
ies indicate that the optimal value is 1.4 mm, which would
yield a somewhat higher luminosity. On the other hand,
there would be a reduction in luminosity if a more conser-
vative beam spot size were assumed, so we consider the
figures presented here quite representative.
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Fig. 2. Luminosity spectra and beam polarization as func-
tions of ECM (γγ) for the CLIC 1 parameters for 75 GeV
electrons obtained with DIMAD [20] and CAIN [26] for
Lee = 4.8 × 1034cm−2s−1

The laser-beam collision at the conversion point and
the beam-beam collision at the interaction point have been
simulated using CAIN [26] and using GUINEA-PIG [22]. The
results of the two programs agree quite well. The luminos-
ity spectra and the effective beam polarization as func-
tions of ECM (γγ) obtained using CAIN are shown in Fig. 2.
Both of these need to be monitored and controlled accu-
rately. At the ECM under consideration, the spectra and
luminosity can be measured using the reaction γγ → e+e−
[23]. The reaction γγ → e+e−γ may also be useful for this
purpose, but this requires further study. The polarization
cannot be measured using the reaction γγ → µ+µ−µ+µ−
as originally suggested [23]. A promising way of measuring
the photon polarization uses the reactions eγ → eγ and
eγ → Wν. A detailed study of the second process in which
the full photon energy spectrum is taken into account is
in progress. Figure 3 displays the variation of the cross
section with the photon polarization, together with the
attainable statistical error. The latter would correspond
to a determination of the photon polarization with a pre-
cision of ±1%.
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2.3 CLICHE for ECM(γγ) > 115 GeV

So far, we have only discussed parameters for ECM (γγ)peak

∼ 115 GeV. However, the ECM (e−e−) could be increased
to provide ECM (γγ)peak in CLICHE of up to 2×68 GeV,
if required by physics, such as a Higgs boson weighing
135 GeV. If the energy needs to be increased only slightly,
one can think of using a single drive-beam decelerator per
side, which is slightly longer than in the nominal CLIC
scheme. The drive beam energy can be increased by in-
stalling more RF cavities, which allows the beam to power
the longer decelerator. A straightforward way to increase
further the energy would be to install one additional de-
celerator on each side. In this case, one could split the first
RF pulse into two shorter ones feeding the first decelerator
on each side. The second RF pulse would also be split to
feed the second decelerator, and the following pulses would
be used in a similar fashion. With this scheme the energy
of the accelerator can be doubled while reducing the lumi-
nosity by a factor of 1.5. In contrast, simply running the
accelerator at a slightly higher energy without changing
the pulsing scheme would cost a factor 3 in luminosity.

3 Physics opportunities

Our primary thrust in this paper is to emphasize the Higgs
physics accessible with CLICHE. However, there are other
interesting physics opportunities, as we discuss in the last
two subsections.

3.1 A Higgs factory

There have been many investigations of the physics pos-
sibilities of γγ colliders, including discussions of γγ op-
tions at JLC [24], NLC [7] and TESLA [8]. Here we de-
scribe results from exploratory studies of a γγ collider
optimized for a light Higgs factory scenario at CLIC 1. As
discussed in some detail below, several important mea-
surements of Higgs properties can be made at a Higgs
factory. In fact, for many of the analyses, running close to
the Higgs threshold has important advantages.

We begin with a discussion of the Higgs production
cross section. The excitation curve for a Higgs boson with
mass around 115 GeV as a function of ECM (e−e−) for
unpolarised electrons is shown in Fig. 4a. We see that the
cross section rises rapidly for ECM (e−e−) between 140
and 160 GeV, providing a physics opportunity for CLIC 1
with a beam energy of 77 GeV, if indeed mH ∼ 115 GeV.
Figure 4b shows the cross section as a function of Higgs
mass for three choices of ECM (e−e−). We note that the
excitation curve increases by a factor of three if the elec-
tron beams are 80% longitudinally polarized. The CLIC 1
energy could be somewhat lower if the lower limit of about
90 GeV on the lightest MSSM Higgs mass is saturated,
whereas an energy upgrade would be required if the MSSM
upper bound of about 130 GeV were to be saturated.

The most important decay modes of a Standard Model
Higgs boson in the range between 100 and 200 GeV are
shown in Fig. 5. We see that the H → γγ coupling used
to produce the Higgs boson at CLICHE yields a relatively
minor decay mode, whereas the dominant decay mode for
a Standard Model Higgs boson weighing ∼ 115 GeV is
H → b̄b. Indeed, the most promising reaction at such a
Higgs factory is γγ → H → b̄b, as we discuss below. Other
decay channels accessible at CLICHE include H → WW
and H → γγ. In the Standard Model, the branching ra-
tios for Br(H → bb̄), Br(H → WW ) and Br(H → γγ) for
a Higgs mass of 115 GeV are: 73.7%, 8.8% and 0.2%, re-
spectively. One of the objectives of CLICHE would be to
test these predictions, and use measurements of them to
distinguish between the Standard Model and its possible
extensions, such as the minimal supersymmetric exten-
sion of the Standard Model (MSSM) or a more general
two-Higgs-doublet model (2HDM), as we discuss later.

3.1.1 Higgs measurements with CLICHE

In all the studies shown below, realistic beam spectra and
luminosities were used. The calculations were based on
the CAIN program [26] which includes the non-linear ef-
fects that can cause distortions in the photon beam en-
ergy spectra, as well as the latest description of the in-
teraction region. The photon helicities were taken into
account in the signal and background estimations. The
events were generated using PANDORA-PYTHIA [27,28], and
LCDROOT FASTMC [29] was used for the detector simula-
tions, including calorimeter energy smearing.
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We give only a brief overview of exploratory results
pertaining to the Standard Model Higgs boson with a mass
in the range 110–125 GeV.

Mass

A special feature of the γγ collider is the sharp edge of
the γγ luminosity function, as depicted in Fig. 2. The po-
sition of this edge can be controlled by changing the elec-
tron beam energy. As it sweeps across the threshold for
Higgs production, the number of, e.g., b̄b events will in-
crease dramatically. This phenomenon is already reflected
in the sharpness of the excitation curves of Fig. 4. Since
the position of this turn-on depends on the Higgs mass, a
threshold scan offers the possibility to measure the Higgs
mass kinematically, as developed in [30].

To study the sensitivity to the Higgs mass, we de-
fine a simple figure of merit to quantify the difference in
yields for two different assumed Higgs masses at a given
e−e− centre-of-mass energy: F = |N1 −N2|/

√
σ2

N1
+ σ2

N2
.

As shown in Fig. 4, there is a point of optimum sensitiv-
ity to the Higgs mass a few GeV below the peak of the
cross section. The raw number of events at a single energy
cannot be used to measure the mass, however, because
the γγ partial width cannot be assumed known a priori.
There is another point, though, close to the maximum of
the cross section, at which there is no sensitivity to the
Higgs mass, and with maximum sensitivity to Γγγ , allow-
ing the separation of these two quantities. These points
are illustrated in Fig. 6. Furthermore, the background can
be estimated using data obtained by running below the
threshold. To estimate the sensitivity of the yields to mH ,
we work with a simple observable based on the ratio of
background-subtracted yields at peak and at threshold:

Y =
Npeak −Nbelow · rp

Nthreshold −Nbelow · rt
where N is the number of events in a mass window logged
at the peak, on the threshold, and below threshold, and
rp and rt are scale factors to relate the background data
taken below threshold to the expectation at peak and
at threshold. We have propagated statistical uncertain-
ties, and, assuming one year of data on peak, half a year
on threshold and another half below threshold, we find
σY /Y = 0.088. This translates into an error on the in-
ferred Higgs mass of 100 MeV. A more refined treatment
should improve this estimate somewhat. This estimate is
obtained using the laser and beam energies proposed for
CLIC 1 and the analysis results shown in Fig. 7. It is still
necessary to investigate how sensitive the luminosity func-
tion is to the shape of the luminosity curve. It is not sen-
sitive to the electron polarization precision.

H → b̄b

Due to the large branching ratio for H → b̄b decay for
a Higgs mass ∼ 115 GeV, this is the main channel for
Higgs studies at CLICHE. This channel has received the
most attention and the studies are already quite detailed
[14,32,33]. Our analysis includes perturbative QCD back-
grounds, including γγ → b̄b(g) and γγ → c̄c(g). The q̄q
backgrounds are suppressed by choosing like polarizations
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Fig. 7. Observability of the H → b̄b decay mode for mH =
115 GeV, with CLICHE running so that the peak ECM (γγ) =
115 GeV. The background shown includes the correction for
the deficiancy in the NLC approximation of PYTHIA [27]

for the colliding photons, but this suppression is not so
strong when the final states contain additional gluons.

In this analysis we used the Durham jet algorithm and
imposed a cut at y = 0.02 to define the two jets. The
main cuts are: (1) only two-jet events are accepted, (we
do not find any improvement if we include three-jet events
as well), (2) | cos θJ | < 0.5, which is 50% efficient, and (3)
the two jets are required to be back-to-back, specifically,
we require |px1 +px2|, |py1 +py2|, |pz1 +pz2| < 12 GeV for
the two jet momenta. The last cut is very important for
the background suppression, but at a significant cost in
the signal. The efficiency of this cut is 85-90% for the 33%

of events that do not contain neutrinos, but there is signif-
icant reduction in efficiency for the rest of the events. We
assume here that there will be a 3.5% cc̄ contamination
and that the b tagging is 70% efficient for double tag-
ging [4]. One-third of the two-jet events have no neutrinos
from semileptonic b or c decays, and 85% of these pass the
‘back-to-back’ requirement. The other two-jet events pass
with a 55% efficiency. Given acceptances of 50% for the
cos θJ requirement, and 90% for the two-jet requirement,
the overall efficiency is 20%.

The signal and background distributions after all cuts
are shown in Fig. 7. The spin-2 contribution dominates
the surviving background. Initial studies indicate that the
NLO approximation employed by PYTHIA [27] underesti-
mates the spin-2 background by 10%, the spin-0 back-
ground by a factor of 10 and the combined sample by
30% relative to the calculation in [33]. The background
shown in Fig. 7 includes the correction for the deficiency
in the NLO approximation of PYTHIA.

Recent photoproduction measurements of the b cross
section at the highest energies at LEP are larger than
predictions from NLO perturbative QCD calculations. L3
[34] and OPAL [35] report values for the cross section
of ee → eebbX at ECM (e+e−) = 194 GeV which are,
respectively, 3σ and 2.5σ larger than predicted. Hadronic
final states containing b quarks are identified by detecting
leptons from their semi-leptonic decays. The effective γγ
center of mass energy at which these measurements are
made is considerably lower than the one at CLICHE, and
it is therefore not clear that this will affect the signal-
to-background ratio, in particular after all selection cuts
made. This background can be controlled by measuring
off the Higgs mass peak.

The mass resolution is around 6 GeV with a jet en-
ergy resolution of σE = 0.3 × √

E. The distribution in
the di-jet invariant mass, mjets, for a mH = 115 GeV
Higgs found in this study with an integrated luminosity
of 200 fb−1 is shown in Fig. 7. A clear signal peak can
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be seen above sharply falling backgrounds. Including the
bins above mjets = 100 (110) GeV, we obtain 3280 (2310)
signal events and 2430 (875) background events. Thus, the
signal-to-background ratio is expected to be 3/2 (3/1) af-
ter all cuts.

Our studies have not yet incorporated backgrounds
that might arise as the result of the resolved photon pro-
cesses in which a quark or gluon constituent of one of the
back-scattered photons is responsible for initiating a back-
ground process that creates a pair of high-pT b or c jets.
Such additional scattering primarily yield additional low-
pT jets that would underlie the bb̄ jets arising from Higgs
production. They would thus make it less efficient to iso-
late the true 2-b-jet signal using cuts that require exactly
two reconstructed jets which are rather precisely back-to-
back. Mass resolution could also deteriorate, as might the
efficiency for b-tagging. The level of this background is,
of course, determined by the number of bunch crossings
over which the detector integrates. The bunch structure of
CLIC leads to a bunch crossing every 0.67 nanoseconds.
The detector components will generally not have the ca-
pability to time-stamp hits with this resolution and will
provide information integrated over several bunch cross-
ings. Hence an R&D program on the development of fast
detectors will need to be pursued in the coming years (this
is also the case for detectors at the NLC, where the sep-
arations between bunches are only a few nanoseconds).
The components most likely to determine the total num-
ber of bunch crossings that will be integrated over, for the
studies of interest here, will be the silicon pixel detectors,
for which a time-stamping capability of 25 nsecs has been
demonstrated for LHC experiments. It can be expected
that this resolution will improve perhaps to 10 nsec or
even 5 nsec within the next 10 years, based on present
ideas that still need to be tested. Nevertheless, this means
that of order 10 bunch crossings will contribute to mea-
sured events at CLICHE, which will affect the background
shape of Fig. 7. Initial studies have shown that the Higgs
signal deteriorates only slightly.

H → WW

Observation of this decay mode is extremely difficult at
high-energy γγ colliders, because of the large cross sec-
tion for W pair production. If the γγ centre-of-mass en-
ergy is below the W+W− threshold, however, the contin-
uum production of W pairs is greatly reduced, allowing
the observation of resonant production through a Higgs
boson. The sharp peak in the γγ luminosity function seen
in Fig. 2 plays a key role here. Figure 8a compares the
cross sections for the continuum W pair production with
the Higgs resonance curve. As shown, the cross sections
for σ(γγ → W+W−) and Br(h → W+W−) × σ(γγ → h)
are comparable, if ECM (e−e−) = 150 GeV for a mH =
115 GeV. One significant difference between the two type
of events is the energy distribution of the W+W− pairs,
as illustrated in Fig. 8b.

Our study is concentrated on the hadronic decays of
the W pairs. Jets are reconstructed using the Durham

Fig. 8. a Cross sections for γγ → h, γγ → h × Br(h → WW )
for mH = 115 GeV and γγ → WW production. The electrons
are assumed to be 80% polarized and the laser to be circularly
polarized. b Comparison of the ideal invariant mass of the WW
pairs from signal and background events. c Selection of the
WW decay mode of the Higgs boson for mH = 115 GeV,
running at ECM (γγ) = 115 GeV at CLICHE

algorithm with y = 0.003. Four or more jets are required,
each with | cos θJ | < 0.9 to ensure a good measurement
of the energy and direction of the jet. (These basic jet
requirements differ from those of the h → bb̄ analysis.)
The sum of the longitudinal momentum components of
the jets must be less than 10% of the maximum γγ energy
Emax

γγ . We first find the pair of jets with an invariant mass
closest to mW , which we call m12, and we call the mass
of all the remaining jets mother. The jet masses from h →
WW ∗ saturate the phase space more than those from the
continuum, so we require −10 GeV < Emax

γγ − (m12 +
mother) < 20 GeV. This cut is useful against QCD multijet
production (γγ → qq̄g).

In contrast to the LHC, a γγ collide produces mainly
W pairs of the same polarization, ı.e., WLWL and WT WT

but not WLWT . Also, the J = 2 contribution is much
smaller than the J = 0 contribution. Consequently, the
angular distributions of jets from continuum W pair pro-
duction are very similar to those from h → WW , and
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no simple cut is helpful for enhancing the signal over the
background.

After these selection criteria, 29% of the signal re-
mains, and the signal-to-background ratio is 1.3. Figure 8
shows the invariant mass of all jets after these cuts, for
signal and background. The shapes are very similar, so
this signal measurement consists of event counting and
subtracting the contribution from backgrounds. After one
year, the expected statistical precision would be 5%. The
other event topologies (two leptons and missing energy, or
one lepton, missing energy and jets) remain to be studied.
Techniques similar to those described in [36] may be used.
We also believe that the channels h → ZZ,Zγ will be
interesting, despite their relatively small branching ratios.

H → γγ

In almost any phenomenological context, the decay H →
γγ is a rare one. However, the number of Higgs events is
large at a γγ collider, so an interesting number of H → γγ
events would be produced. Furthermore, the background
from continuum γγ → γγ is small, since it is mediated by
a fermion box. This background is sharply peaked in the
forward direction, and it falls rapidly with Mγγ .

A study of this channel has been completed [31]. Good
calorimetry such as that planned for the CMS experiment
allows for a very narrow mass peak fromH → γγ. A cut on
the angle of the photons with respect to the beam reduces
the background significantly: | cos θγ | < 0.85 is optimal.
Within a window of ±2 GeV around the Higgs mass, a
signal-to-background ratio of 1.3 is obtained. If CLICHE
were run for one year at optimal conditions for the signal,
40 signal and 32 background events would be expected.
Allowing for a 10% uncertainty on the background level,
the signal would be measured to approximately 22%. After
three years, the error would be as small as 12%.

The cleanliness of these events and good energy resolu-
tion in the electromagnetic calorimeter allow for an inde-
pendent measurement of the Higgs mass. For a calorime-
ter of the CMS type, an accuracy of 60–90 MeV would be
expected, depending on the total running time.

Other channels

A preliminary assessment of the H → c̄c channel at a γγ
collider is not very encouraging: relative to the b̄b mode,
the c̄c signal is suppressed by factor of (mc/mb)2 ∼ 1/10,
and the background is enhanced by a factor (Qc/Qb)4 =
16. There is similar pessimism concerning the observabil-
ity of H → gg and H → τ+τ−.

Combining channels

A good measurement of the two-photon partial width,
Γγγ , is very important as it receives direct contributions
from all charged massive particles, and there is no tree-
level contribution. Since the Higgs production cross sec-
tion is proportional to Γγγ , the measurement of any yield

Table 3. The statistical errors on selected decay modes of a
115 GeV Higgs boson in the Standard Model. The γγ → h cross
section for the full (peak) Lγγ given in Table 2 is 112 (624) fb.
The expected yield for 200 (36) fb−1 is 22,400 Higgs particles

decay mode raw events/year S/B εsel Br ∆ΓγγBr/ΓγγBr

b̄b 16509 2.0 0.20 73.7% 2%
W+W − 1971 1.2 0.32 8.8% 5%
γγ 47 1.3 0.85 0.23% 22%

provides information, in principle, on Γγγ . Similarly, the
total Higgs width might be used to distinguish a light
Higgs in the Standard Model and in the MSSM. Infor-
mation from the H → b̄b and H → γγ channels can be
combined from measurements from an e+e− collider to
obtain Γγγ and Γtotal.

From the study of the channel H → b̄b we estimate
a precision of 2.0% on the quantity Γγγ × Br(H → b̄b).
There are methods for measuring the branching ratio
Br(H → b̄b) to about 1.5% at an e+e− linear collider [7,
3]. By combining the information from both colliders, Γγγ

can be inferred to a precision of 2.2%, to be contrasted
with a 19% measurement from 500 fb−1 at TESLA (with-
out the γγ option), for example.

Independent information on Γγγ comes from the H →
γγ channel. The number of events produced in this chan-
nel is proportional to Γ 2

γγ/Γtotal. The quadratic depen-
dence on the H → γγ partial width is interesting, because
if Γtotal could be measured elsewhere or if a value from the-
ory were assumed, a small error on Γ 2

γγ would be obtained,
perhaps on the order of 6–7% if CLICHE is operated for
three or more years.

The resolution on Γγγ from these two methods is plot-
ted in Fig. 9 as a function of the integrated luminosity. The
result is much better than what can be obtained from an
e+e− collider alone.

As shown in Fig. 10, the Γγγ partial width in the MSSM
can deviate a lot from the SM value; even for a fixed Higgs
mass of 115 GeV, for example, a factor of two variation
is possible. Note that this impacts the cross section and
hence precision on the inferred value for Γγγ . Nonethe-
less, it is clear that a precision of 2–6% would be very
discriminating in the context of an unconstrained MSSM.

For some choices of MSSM parameters, the Higgs to-
tal width can be increased significantly over the Stan-
dard Model expectation. It is possible to extract a model-
independent value for Γtotal by taking the measurement of
the yield in the b̄b channel at a γγ collider and combining
it with measurements of the Higgs branching ratios to b̄b
and γγ from an e+e− collider:

Γtotal =
{Γγγ × Br(H → b̄b)}

{Br(H → γγ)} × {Br(H → b̄b)} . (2)

According to [7,3,37], the anticipated precision on Br
(H → b̄b) and Br(H → γγ) are 1.5% and 19%, respec-
tively. Combined with a precision of 2% on the numerator,
this leads to a precision of about 20% for Γtotal.
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An independent value for Γtotal can be obtained on
the basis of the yield for H → γγ. As discussed above,
the partial width Γγγ could be known to 2.2% accuracy
by combining the yield for γγ → H → bb̄ with a measure-
ment of Br(H → bb̄) from an e+e− collider. In this case,
the signal measurement in the H → γγ channel trans-
lates directly into a measurement of the total width, at
an accuracy in the range 12–22%, depending on running
time.

CP

A measurement that might be unique for γγ collider ex-
periments like CLICHE could be that of the CP properties
of the H → γγ vertex [38], which can be measured by col-
liding photons with orthogonal linear polarizations, which
define initial states of definite CP. In the Standard Model,
the H → γγ vertex has only a CP-even part, but in ex-
tended models, such as supersymmetry, there may also be
a CP-odd part, which could provide an interesting window
on the mystery of CP violation. The CP properties of the
H → γγ vertex are in principle distinct from those of other
Higgs vertices, and hence have independent interest. This
measurement would require higher-energy electrons and
producing the photons using lasers of longer wavelength
in order to reduce the interference and obtain a state with
CP better defined [39,14].

Another window on the CP nature of the Higgs boson
is provided by angular distributions in the H → W+W−
channel [40]. This channel is useful because information
can be obtained even in the absence of linearly-polarized
photon beams. The accuracy on the asymmetry in the
case of no background will be

√
(1 −A2)/N , where A is

the measured asymmetry and N are the number of events.
However in our case after two years of data taking, we
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estimate δA/A ∼ 5% instead of 1-3% because the expected
the signal to background ratio is 1.3.

Summary

We have briefly discussed measurement possibilities in the
b̄b, W+W− and γγ channels. The observability and statis-
tical errors of the products σ(γγ → H) × Br(H → X) for
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each of these decay modes are summarized in Table 3. Pre-
liminary studies indicate that the systematic errors, e.g.,
those due to the luminosity and polarization uncertainties,
could be controlled to the same level. Thus it seems pos-
sible to measure σ(γγ → H → b̄b,WW, γγ) with overall
precisions of 2, 5, 11%, respectively (see Fig. 9).

In addition, the Higgs mass can be measured three
ways (fitting the peaks in the b̄b and γγ mass distribu-
tions, and by the threshold method), and the partial width
Γγγ can be extracted on the basis of a measurement of
Br(H → b̄b) from an e+e− collider to very good accu-
racy, not matched by any other method. Finally, possible
CP asymmetries could be measured with a precision of
about 5%.

3.1.2 Complementarity with other machines

Each of the combinations Γ (H → γγ)×Br(H → b̄b,WW,
γγ) measurable at CLICHE is distinct from the quantities
observable previously at the Tevatron: Γ (H → W+W−)×
Br(H → b̄b), and the LHC: Γ (H → gg) × Br(H → γγ)
and Γ (H → t̄t) × Br(H → b̄b). It is estimated that the
Tevatron observable could be measured with a precision
of 20% and the LHC observables with precisions ∼ 7, 10%,
respectively. The CLICHE measurement of Γ (H → γγ)×
Br(H → b̄b) would therefore be complementary to, and
of higher accuracy than, these previous measurements,
whilst the other CLICHE measurements would also be
competitive.

At an e+e− collider like TESLA, the raw number of
Higgs particles to be produced for mH = 120 GeV, if we
take into account the contribution from Higgsstrahlung
and WW-fusion, is is 46,750 (50,320) per year at 350
(500) GeV. This is assuming that the TESLA design lu-
minosity is 2.5 (3.4) × 1034cm−2s−1 at 350 (500) GeV. An
e+e− collider would be able to measure with high precision
Γ (H → ZZ) and all the dominant decay branching ratios
H → b̄b, c̄c, gg, τ+τ− shown in Fig. 5. Moreover, such an
e+e− collider could also be configured as a γγ collider,
if it is equipped with a laser backscattering facility. This
possibility is envisaged in the current designs of the JLC
[24], NLC [7] and TESLA [8], but may not be scheduled
for the initial phases of these machines.

At CLICHE, one could have 150 fb−1 in a year with
ECM (e−e−) = 150 GeV and a γγ centre-of-mass energy
peaked at 115 GeV. We recall that a 115 GeV Higgs would
be produced as an s-channel resonance, and that the event
yield is estimated to be around 22,000 per year. Similar
yields could be expected for mH ≤ 125 GeV (see Fig. 4b),
if the extra energy was made available.

3.1.3 Discriminating between Higgs models
using CLICHE measurements

Since the H → γγ vertex is due to loop diagrams, it is
sensitive to physics beyond the direct physics reach of
CLICHE. For example, a 3% measurement of Γ (H → γγ)
would provide indirectly a 6% measurement of Γ (H → t̄t),

in the absence of new physics [41]. However, supersymme-
try is a prime example of possible new physics that could
influence the H → γγ vertex, as seen in Fig. 10.

As an example how the precision achievable with
CLICHE could help distinguish between models of Higgs
bosons, in the following we compare Higgs production in
γγ collisions in the Standard Model and its minimal su-
persymmetric extension, the MSSM. We do this by cal-
culating the product of the production cross section and
branching ratio for the lightest MSSM Higgs boson, h, nor-
malized to the corresponding Standard Model value, with
MH set to the mass of the lightest MSSM Higgs, mh:

Rb,W,γ :=

[
Γ (γγ → h) × Br(h → bb̄,WW ∗, γγ)

]
MSSM[

Γ (γγ → H) × Br(H → bb̄,WW ∗, γγ)
]
SM

.

(3)
Regions of the MSSM parameter space with strong devi-
ations from the Standard Model are identified in the fol-
lowing. Strong suppression of these ratios could occur in
problematic corners of the MSSM parameter space, where
a specific decay channel or even MSSM Higgs production
itself is inaccessible. The evaluation of the Higgs boson
sector has been performed with the codes FeynHiggs [42],
based on [43], and Hdecay [25].

In Figs. 11–13, the unconstrained MSSM is analyzed in
three benchmark scenarios [44], originally proposed in con-
nection with Higgs searches at LEP. The ‘mmax

h ’ scenario
maximizes themh value for a givenMA, tanβ combination
at fixed MSUSY and mt. The ‘no-mixing’ scenario has the
same parameters as the mmax

h scenario, but no scalar top
mixing. Contrary to [44], we have set MSUSY = 1500 GeV
and mgl = 1000 GeV so as to increase the mh values. In
the last scenario, the value of µ is chosen to be large:
µ = 1 TeV. Contrary to [44], we have again set MSUSY =
1000 GeV so as to increase the mh values. The limits of
LEP Higgs searches have been applied in these figures,
using an updated version of the results as presented in
[45]. However, the ‘no-mixing’ and ‘large µ’ scenarios have
mh � 120 GeV for the shown parameter space, whereas
the mmax

h scenario results in mh � 125 GeV for large parts
of the parameter space, which is at the limit of the reach of
CLICHE. An analysis of similar scenarios for a TeV-class
e+e− linear collider can be found in [46].

In Fig. 11, Rb is shown in the MA, tanβ plane. As ex-
pected, due to the enhanced hbb̄ coupling, Rb is enhanced
in most part of the parameter space in all three benchmark
scenarios. Suppression only occurs for very small values of
MA: MA � 130 GeV or small tanβ, tanβ � 5. Deviations
from the Standard Model at the 3-5σ level can be observed
up to MA � 300 − 500 GeV, depending on the scenario.
We note deviations from the Standard Model at the 1σ
level in nearly the whole plane in the mmax

h scenario and
up to MA � 500 − 600 GeV in the other scenarios. These
sensitivities are in the same ballpark as for a linear e+e−
collider [46]. Thus, a γγ collider could offer a complemen-
tary method of distinguishing the MSSM from the SM in
the Higgs sector.

Figures 12 and 13 show RW and Rγ , respectively, for
the three benchmark scenarios. As one would expect from
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the enhancement in Rb, these two channels are usually
suppressed. There are cases in which RW and Rγ are
strongly enhanced (by a factor three or four), though these
cases are not typical. Extremely strong suppressions can
occur in all scenarios for MA � 300 GeV, rendering these
channels more difficult to observe. Deviations from the
Standard Model at the 1σ level or better can be found up
to MA � 600−1000 GeV. Thus, these channels could also
offer interesting opportunities to find deviations from the
Standard Model over a wide range of MSSM parameter
space.

Contrary to the unconstrained MSSM, where analy-
ses have to be restricted to certain benchmark scenarios,
the full parameter space can be explored in the CMSSM,
where the soft supersymmetry-breaking scalar masses m0
and fermion masses m1/2 are assumed to be universal at
some input unification scale. Here we restrict ourselves to

A0 = 0 and positive µ. An exhaustive study can be found
in [47], and a similar study for the Tevatron and the LHC
is given in [48].

The ratios Rb,W,γ are shown in Figs. 14-16 in the m1/2,
m0 plane for tanβ = 10, 50, µ > 0 and A0 = 0. Only
the parameter space that gives acceptable values for a
CMSSM explanation of cold dark matter, 0.1 ≤ ΩCDMh2

≤ 0.3, is analyzed: see [?] for details. Correspondingly, the
regions with a τ̃ LSP are marked as excluded. In addition,
the regions disfavored by measurements of Br(b → sγ) [49]
are indicated, as are the regions preferred by the recent
gµ − 2 measurement [50].

As in the unconstrained MSSM, Rb is enhanced in the
CMSSM, whereas RW and Rγ are suppressed. Larger de-
viations are observed for lower values of m1/2 and m0,
which are also preferred by the gµ − 2 measurement. For
tanβ = 10, up to 3σ could be observable, whereas for
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tanβ = 50 the maximal deviation of the MSSM from the
SM could be 2σ. Similar values would be obtainable at a
linear e+e− collider [47]. Therefore, since it uses a different
production process, a γγ collider could provide additional
complementary information to the results obtainable at a
linear e+e− collider.

Generally, it is expected that supersymmetry, if it ex-
ists, will be discovered at the LHC via the production and
observation of sparticles. However one can construct also
so-called Standard-Model-like scenarios where only one

light Higgs boson will be within the reach of the LHC and
future linear e+e− colliders, and its measured couplings
to quarks, leptons and gauge bosons will be in agreement
with their SM expectation within experimental errors.

Such scenarios can be constructed in MSSM and in
more general two-Higgs-Doublet Models (2HDM), as
demonstrated in [51]. In the latter study, the authors took
the CP-conserving 2HDM in its model II implementation,
where one doublet of fundamental scalar fields couples to
the u quarks and the other to the d quarks and charged
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leptons. The experimental accuracies with which couplings
are expected be measured at a 500 GeV e+e− linear col-
lider are taken into account in the definition of a parame-
ter space in the 2HDM where it would be indistinguishable
from the Standard Model. Hence, the Higgs mimics all the
Standard Model properties one can expect to be measured
using LHC and linear collider data.

Measuring the partial width of the Higgs to photons
can distinguish between such scenarios. Due to the contri-
bution to theHγγ coupling of all charged particles, includ-
ing the very heavy ones, the ratio of the Higgs boson width
in the 2HDM to the one in the Standard Model can differ
significantly from unity. An example is shown in Fig. 17 for
a 2HDM solution which satisfies all the Standard-Model-
like criteria. The possible deviation from the Standard
Model for mH ∼ 120 GeV is considerably larger than the
error in the γγ → H → b̄b signal expected from CLICHE.
This stresses the importance of accurate measurements of
the two photon width of the Higgs, and the correspond-
ingly unique role of a precision photon collider in disen-
tangling physics beyond the Standard Model.

3.2 QCD physics in γγ collisions

QCD aspects of γγ physics have been studied at e+e− col-
liders over the last 20 years. At LEP, γγ collisions with
ECM (γγ) up to 140 GeV have been studied. Up to now,
the photons have been produced via bremsstrahlung [52]
from the electron and positron beams, leading to soft en-
ergy spectra with only limited statistics at high ECM (γγ),
whereas CLICHE will produce γγ collisions in the high-
energy part of the spectrum. A plethora of QCD physics
topics in two-photon interactions can be addressed with a
γγ collider, as recently discussed in [8]. Furthermore, good
knowledge and understanding of two-photon processes will
be essential for controlling physics background contribu-
tions to other processes and machine backgrounds at TeV
and multi-TeV linear e+e− colliders.

A key issue is the total γγ cross section, which is not
yet understood from first principles. Present data show a
rise in γγ collisions that may be faster than that in pp,
but the experimental errors are still large. At a γγ collider
such as CLICHE, the photon beam energy can be tuned
with a spread of less than 10%, so that measurements
of σtotal(γγ) can be made at a number of ‘fixed’ energy
values. The absolute precision with which these cross-sec-
tions can be measured ranges from 5% to 10%, according
to studies made for the γγ option of TESLA [8].

Quantum fluctuations of the photon into quarks or
bound states lead to the so-called hadronic structure of the
photon. The absolute magnitude of the photon hadronic
structure function is asymptotically determined by the
strong coupling constant [53]. The classical way to study
the structure of the photon is via deep inelastic electron-
photon scattering, i.e., two-photon interactions with one
quasi-real (virtuality Q2 ∼ 0) and one virtual (Q2 >
few GeV2) photon, which can be achieved by switching off
one of the laser beams. Making the reasonable assump-
tion that the scattered electron can be detected down
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Fig. 17. Ratios of the Higgs boson γγ-decay width in the
2HDM and the Standard Model as functions of Mh,H , assuming
that all basic couplings are indistinguishable from those in the
Standard Model [51]. Mh,H is the mass of either of the two
CP-even h or H scalar Higgs particles

to 25 mrad, measurements can be made in the region
5.6 · 10−4 < x < 0.56, where x is the fraction of the
photon momentum carried by a constituent parton, and
10 < Q2 < 8 · 103 GeV2.

Although eγ scattering allows one to measure the quark
distributions inside the photon, it constrains only weakly
the gluon distribution, via the QCD evolution of the struc-
ture functions. Direct information on the gluon in the pho-
ton can, however, be obtained from measurements of jets
[54], open charm [55] and J/ψ [56] production in γγ in-
teractions at an eγ and γγ collider. Values of x down to
a few ×10−3 can be reached with charm and di-jet mea-
surements [54,55], a region where predicted gluon distri-
butions typically differ by a factor of two or more.

We also recall the deviation [34,35] from the NLO
QCD predictions of the bb cross section in γγ collisions
measured at LEP, which was mentioned earlier. It is un-
likely that this matter will be settled by further analysis
of the LEP data, and CLICHE could revisit the study of
the bb cross section. It will allow accurate of the effective
γγ center of mass energy measurements as functions of
Wγγ and other kinematical variables to identify the origin
of the putative anomaly.

A linear collider also provides circularly-polarized pho-
ton beams, which offer a unique opportunity to study the
polarized parton distributions of the photon, for which no
experimental data are available so far. Information on the
spin structure of the photon can be obtained from inclu-
sive polarized deep-inelastic eγ measurements and from
jet and charm measurements [57,58] in polarized γγ scat-
tering. Measurements of g1, particularly at low x, are very
important for studies of the high-energy QCD limit, where
signs of the BFKL regime [59] may appear.

Other dedicated measurements have been proposed for
detecting and studying the large ln 1/x logarithm resum-
mation effects in QCD. One example is vector meson pro-
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duction, e.g., γγ → J/ψJ/ψ or (at large t) γγ → ρρ,
where the hard scale in the process is given by the J/ψ
mass or the momentum transfer t. The γγ → J/ψJ/ψ
cross section is around 30 pb for ECM (γγ) ∼ 120 GeV.
The J/ψ can be detected via its decay into leptons, and
separated from the background via its peak in the �+�−
invariant mass. Other processes that are strongly sensitive
to BFKL effects include eγ scattering with associated jet
production [60], and e+e− → e+e−γX and γγ → γX [61].

3.3 e−γ physics

The option of e−γ collisions is available along with γγ
and e−e− collisions, because the e− conversion efficiency
is, by design, less than 100%. The expected luminosity
spectra for different spin states provided by the CLICHE
design described previously are shown in Fig. 18. More-
over, if one wanted 50% higher e−γ luminosity at the
peak, one could switch off one of the laser backscatter-
ing systems at cost of a factor of two in the total e−γ
luminosity. Among the reactions of potential interest, we
mention e−γ → νW−. As seen in Fig. 19, the cross sec-
tion for this process rises rapidly with ECM (e−e−) in the
range accessible to CLICHE. This reaction could in prin-
ciple be used to measure mW and/or ΓW . The result of
one exploratory study is shown in Fig. 20. It shows the ac-
curacy attainable in a measurement of ΓW as a function
of the available integrated e−γ luminosity. We see that
a CLICHE measurement could become competitive for a
luminosity of 50 fb−1 or more.

4 Outlook

The technology to build a machine like CLIC is under ac-
tive development, but is not available today. Important
progress in establishing the two-beam acceleration tech-
nique, as a novel method to obtain large gradients, has
been made over the last 5 years with the CLIC Test Facili-
ties 1 and 2. Presently, a new test facility is being prepared
to demonstrate the principle of all ingredients needed to
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build up the required drive beam. The final results of this
test facility are expected by the end of 2006, and, if suc-
cessful, this could initiate the preparation of a Technical
Design Report for a machine based on CLIC technology.
As mentioned in the Introduction to this paper, the next
technological step toward a multi-TeV collider could be
the construction and operation of one (or, as we suggest,
two) full CLIC module(s), providing acceleration by about
70 GeV. By the time one would have to define the physics
objectives of such a CLIC 1 stage, it will be clear from the
Tevatron and LHC if the Higgs exists and is within the
mass reach of CLICHE.

In this scenario, CLICHE could be contemporary with
the operation of a TeV-class e+e− linear collider such as
TESLA, NLC or JLC. The complementary information
on the Higgs boson provided by CLICHE could be very
valuable and help to distinguish among models.

All the above linear collider proposals consider a γγ
collider as an option that could be added to their base-
line programs. The physics program of a higher-ECM γγ
collider has been amply documented [7,8]. Here we just
recall that such a machine could provide a unique win-
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dow on the heavier neutral Higgs bosons H,A expected in
the MSSM and 2HDM [13,14,51], and would offer bright
prospects for unraveling their CP properties. The high-
energy physics program for an e+e− collider is by itself
so rich that one can expect any photon collider option to
start only several years of the start-up of the facility. The
experience on photon colliders that could be gained earlier
at a dedicated facility such as CLICHE could be exploited
at the higher energies attainable at a TeV-scale linear col-
lider, and eventually also at a multi-TeV collider such as
CLIC [62].

Clearly the exploratory studies on machine and physics
presented here need to be pursued with more detailed
analyses. Ideas exist on the machine side that may lead to
an increased luminosity for CLICHE. Also, it is possible
that the number of lasers needed could be reduced by us-
ing recirculating laser pulses in the interaction region. If
the Higgs proves to be heavier than about 125 GeV, one
could also think of upgrading the input beam energy to
CLIC 1.

We recall that CLICHE is just one of several possible
options for doing physics with CLIC 1, many of which are
more conventional and deserving serious study. However,
we consider CLICHE to be a very attractive option for
a project that could simultaneously validate and test all
components of the CLIC technology for accelerating high-
energy beams and can give important scientific output,
covering a unique facet of the study of the Higgs boson,
whose study will be central to physics at the high-energy
physics frontier over the next decade or two.
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019 (2001)

57. M. Stratmann, Nucl. Phys. Proc. Suppl. 82, 400 (2000),
http://arXiv.org/abs/hep-ph/9907467

58. J. Kwiecinski, B. Ziaja, Phys. Rev. D 63, 054022 (2001)
59. E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP

45, 199 (1972); Y.Y. Balitsky, L.N. Lipatov, Sov. J. Nucl.
Phys. 28, 822 (1978)

60. G. Contreras, A. De Roeck, LC-TH-2001-031 (2001)
61. N. Evanson, J. Forshaw, LC-TH-2000-010,

http://arXiv.org/abs/hep-ph/9912487
62. H. Burkhardt, Nucl. Instrum. Meth. A 472, 67 (2001)


