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Introduction

A relatively clean environment and well-understood initial state parton content
render e+ e− colliding beams experiments ideal for both the qualitative conﬁrmation
and quantitative testing of Quantum Chromodynamics. Through the years, a number
of seminal discoveries and measurements performed at e+ e− colliding beam facilities
have served to establish the color-charge-based SU(3) gauge theory hypothesis of
QCD as the accepted dynamical model of the strong nuclear interaction. Highlights
unique to the e+ e− QCD program include the discovery of the gluon gauge quantum
at PETRA in 1979, the conﬁrmation of the SU(3) gauge structure of quark-gluon and
gluon-gluon vertices at LEP in the early 1990’s, and the precise measurement of the
strong coupling constant αS via hadronic observables and τ lepton decay.
The study of QCD, and the dynamics of the strong force in general, is expected
to provide a signiﬁcant contribution to the physics program at a high energy e+ e−
colliding beam facility. The highlights of this program include
• the precise determination of the strong coupling αS ;
• the search for anomalous strong couplings of the top quark;
• the study of photon structure; and
√
• The study of strong-interaction dynamics at high s and ﬁxed t.
Together, these topics constitute a program of study of strong force dynamics which
is quite complementary to that of hadron colliders.
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2.1

QCD from Annihilation Processes
The Precise Determination of αS

As the single free parameter of the SU(3) gauge theory of the strong interaction,
the strong coupling constant αS should be measured to the highest available precision. Renormalization-group extrapolations of the U(1), SU(2) and SU(3) coupling
strengths act to constrain physics scenarios at the GUT scale; current constraints
are limited by few-percent relative precision [1] of the value of αs (MZ2 ) . The value
of αS should also be measured with compatible accuracy over as large a range of
scales as possible in order to reveal potential anomalous running in the strength of
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the strong interaction. Note that, as a matter of convention, measurements of αS
performed at other scales are evolved, according to Standard Model renormalization
group equations, to the scale Q2 = MZ2 , and quoted in terms of their implied value of
αs (MZ2 ) .
2.1.1 s-channel Event Observables
The determination of αs (MZ2 ) from the process e+ e− → Z/γ → qq(g), using ‘shape’
observables which are sensitive to the underlying parton content, has been pursued for
two decades and is generally well understood [2]. In this method one usually forms a
diﬀerential distribution, makes corrections for detector and hadronization eﬀects, and
ﬁts a perturbative QCD prediction to the data, allowing αs (MZ2 ) to vary. Examples
of such observables are thrust, jet masses and jet rates.
The latest generation of such αs (MZ2 ) measurements, from SLC and LEP, has
shown that statistical errors below the 1% level can be obtained with samples of a
few tens of thousands of hadronic√
events. With the current Linear Collider design luminosity of 2.2×1034 cm−2 s−1 , at s = 500 GeV, hundreds of thousands of e+ e− → qq
events would be produced each year, and a statistical error on αs (MZ2 ) below 0.5%
would be achieved.
At energies far above the Z 0 pole, the electron-positron collision cross section is
dominated by t-channel processes such as Z 0 Z 0 and W + W − production. In addition,
due to the substantial mass of the t quark, the inclusive characteristics of e+ e− → tt
events tend to mimic those of lighter quark events with hard gluon radiation. A prescription for the elimination of these backgrounds developed for the 1996 Snowmass
workshop [3,4] makes use of electron beam polarization and precise tracking to reduce the eﬀects of these backgrounds on the measured three-jet rate to less than 5%,
with the corresponding systematic uncertainty on the extraction of αs (MZ2 ) expected
to be substantially less than 1%. In addition, the sizable initial state and beamstrahlung radiation associated with Linear Collider energies will act to smear the cms
energy of the e+ e− annihilation process, as well as to boost the particle ﬂow into the
forward regions of the detector. A PYTHIA study [5], including the full eﬀects of
ISR, has shown that these considerations can be accurately taken into account in the
measurement of αs (MZ2 ) .
Hadronization eﬀects, which lead to corrections
of order 10% at the Z 0 pole,
√
are expected to fall at least as fast as 1/ s, leading to corrections of order 1% at
√
s ≥ 500GeV [6]. The corresponding systematic error on the extraction of αs (MZ2 ) is
thus expected to be substantially below 1%. Detector systematics, due primarily to
limited acceptance and resolution smearing, and which are observable-dependent,
are found to contribute at the level of δαs (MZ2 ) = ±1 − 4% at LEP-II [7]. The
greater hermeticity and cos θ coverage anticipated for Linear Collider detectors is
again expected to reduce this substantially.
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Currently perturbative calculations of event shapes are available complete only
up to O(αs2 ), although resummed calculations are available for some observables [8].
One must therefore estimate the possible bias inherent in measuring αs (MZ2 ) using the
truncated QCD series. Though not universally accepted, it is customary to estimate
this from the dependence of the ﬁtted αs (MZ2 ) value on the QCD renormalization
scale, yielding a large and dominant uncertainty of about Δαs (MZ2 )  ±6% [2].
Therefore, although a ±1%-level αs (MZ2 ) measurement is possible experimentally, it
will not be realized unless O(αs3) contributions are calculated. There is reasonable
expectation that this will be achieved within the next 5 years [9].
2.1.2 The tt(g) System
The dependence of the e+ e− → tt cross section on mt and αs (MZ2 ) is presented in the
chapter on the physics of the top quark. As discussed in that chapter, next-to-nextto-leading order calculations of the tt cross section in the resonance region show that,
while the peak of the 1S resonance is stable with respect to cms energy, the normalization of the tt cross section exhibits a substantial renormalization scale dependence.
While good news for the extraction of mt , this suggests that a simultaneous ﬁt for
the strong coupling constant will not yield a systematically precise value of αs (MZ2 ) .
2.1.3 A High-luminosity Run at the Z 0 Resonance
A sample of 109 Z 0 decays oﬀers two additional options for αs (MZ2 ) determination
lept
had
lept
via measurements of the inclusive ratios Γhad
Z /ΓZ and Γτ /Γτ . Both are indirectly
proportional to αS , and hence require a very large event sample for a precise measurement. For example, the current LEP data sample of 16M Z 0 decays yields an error
lept
of ±2.5% on αs (MZ2 ) from Γhad
Z /ΓZ , with an experimental systematic of ∼ ±1%.
With a Giga-Z 0 sample, the statistical error would be pushed to below Δαs (MZ2 ) =
0.4%. Even with no improvement in experimental systematics, this would be a precise
lept
and reliable measurement. In the case of Γhad
the experimental precision from
τ /Γτ
LEP and CLEO is already at the 1% level on αs (MZ2 ) . However, there has been
considerable debate about the size of the theoretical uncertainties, with estimates as
large as 5% [10]. If this situation is clariﬁed, and the theoretical uncertainty is small,
lept
Γhad
may oﬀer a further 1%-level αs (MZ2 ) measurement.
τ /Γτ
2.2

Q2 Evolution of αS

In the preceding sections we discussed the expected precision on the measurement
of the benchmark parameter αs (MZ2 ) . Translation of the measurements of αS (Q2 )
(Q2 = MZ2 ) to αs (MZ2 ) requires the assumption that the ‘running’ of the coupling
is determined by the QCD β-function. However, since the logarithmic decrease of
3

αS with Q2 is a telling prediction of QCD, reﬂecting the underlying non-Abelian
dynamics, it is essential to explicitly test this Q2 -dependence. In particular, such a
test would be sensitive to new colored degrees of freedom with mass below the limit
for pair-production at the highest explored scale. For this measurement of the Q2
dependence of αS , rather than its overall magnitude, many common systematic eﬀects
would be be expected to cancel. Hence it would be desirable to measure αS in the
same detector, with the same technique, and by applying the same treatment to the
data at a series of diﬀerent Q2 scales, so as to maximize the lever-arm for constraining
the running.

Figure 1: Linear Collider measurements of αs (MZ2 ) , in comparison to existing measurements
from e+ e− and pp collisions, as a function of interaction scale.

√
Simulated measurements of αS (Q2 ) at s = 91, 500 and 1000 GeV are√shown in
Fig. 1, together with existing measurements
which span the range 20 ≤ s ≤ 200
√
lept
GeV. The Linear Collider point at s = 91 GeV is based on the Γhad
Z /ΓZ technique,
while those at 500 and 1000 GeV are based on event shapes. A theoretical uncertainty
of ±1% is assumed for all LC points.
The Linear Collider data would add signiﬁcantly to the lever-arm in Q2 , and
would allow a substantially improved extrapolation to the GUT scale. For example,
a simultaneous ﬁt for αs (MZ2 ) and β0 (the leading term in the expansion of the
QCD β-function which establishes the rate at which the strong coupling constant
runs; expected to be about 0.61 in the SM) leads to a precision of ±0.0018 and
±0.034, respectively, for the LC data alone. Including accurate measurements at
low Q2 (particularly from e and μ DIS), the existing constraints are ±0.0030 and
±0.042, respectively. Combining existing data with that available from the LC would
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yield constraints of ±0.0009 and ±0.016, providing a substantial improvement on the
measurement of the running of αs (MZ2 ) , as well as the extrapolation to the GUT
scale (see Fig. 2). Note that, unlike the determination of β0 , the accuracy of the
GUT-scale extrapolation is not dependent upon future running at the Z 0 .

Figure 2: Improvement in the GUT scale constraint, assuming a ±1% measurement of
αs (MZ2 ) at the Linear Collider. RG trajectories assume the MSSM with tan β = 0.4 and
= 160 GeV/c2 [11].
mpole
t

2.3

Top Quark Strong Moments

The very large mass of the recently discovered top quark suggests the possibility
that top plays a central role in physics beyond the Standard Model. If this is the
case, it is likely that this new physics will manifest itself via anomalous top-quark moments, which represent the low-energy manifestation of eﬀective higher-dimensional
couplings.
In the case of the strong interactions of top, the lowest-dimensional gauge-invariant
and CP-conserving extension to SM top quark couplings is the anomalous chromomagnetic moment, which we can parameterize via a dimensionless quantity κ. The
corresponding chromoelectric moment, parameterized by κ̃, violates CP and arises
from an operator of the same dimension. The resulting generalized three-point ttg
vertex takes the form
L = gs tTa (γμ +

i
σμν (κ − iκ̃γ5 )q ν )tGμa ,
2mt
5

(1)

here gs is the SU(3) gauge coupling parameter, mt is the top quark mass, Ta are the
SU(3) color generators, Gμa are the vector gluon ﬁelds, and q is the outgoing gluon
four-momentum.
This interaction leads to a substantially diﬀerent spectrum of gluon radiation for
+ −
e e → tt events above threshold than for the pure vector interaction case corresponding to κ = κ̃ = 0. Fits to this spectrum thus provide limits on the values of κ
and κ̃. Fig. 3, from Ref. [12], shows the limits in the κ-κ̃
√ plane that can be achieved
with an integrated luminosity of 100 and 200 f b−1 at s = 1 TeV. Similar studies
for the Tevatron and LHC [14] indicate that the corresponding sensitivities at hadron
colliders will be substantially weaker, in particular for the case of κ, for which sensitivities of |κ| < 0.1 will be diﬃcult to achieve. In [13], the authors oﬀer a technicolor
model for which the unique capability of the LC to precisely measure strong moments
of top would be a critical asset.

Figure 3: Constraints on anomalous strong moments of the top quark derived from a LC
√
sample of 100 fb−1 (solid) and 200 fb−1 (dotted) for s = 1 TeV.
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Two-Photon Physics

At a future e+ e− linear collider, the basic interaction process involving two photons, e+ e− → e+ e− + γ (∗) γ (∗) → e+ e− + hadrons, where the photons involved are various combinations of real (γ) and virtual (γ ∗ ) photons, tests QCD in photon structure
measurements and in the dynamics of parton distribution function evolution. Direct measurement of the photon structure function F2γ (x, Q2 ) in γγ ∗ collisions pushes
6

into presently unattainable lower x and higher Q2 regimes, testing scaling behavior and√Q2 evolution. Extending the measurement of the total γγ cross section to
higher s tests whether QCD-based models of parton emission describe photon interactions. By colliding two virtual photons, QCD dynamics can be studied in a
relatively background-free environment. No other presently planned or anticipated
future collider will be able to compete with an e+ e− linear collider in these areas.
A comprehensive plan for the study of photon structure through eγ deep inelastic
scattering (DIS) and γγ scattering and the study of QCD dynamics through γ ∗ γ ∗
scattering is presented here. The relative merits of employing photons produced
by bremsstrahlung, laser backscattering, and with well-deﬁned polarization are discussed.
3.1

Experimental Requirements

Experimental issues related to two-photon physics are mainly concerned with instrumentation of the forward parts of the interaction region (IR), particularly inside
the conical shielding masks. In the baseline program for the 500 GeV linear collider,
a single IR is envisioned (HEIR), with infrastructure for the inclusion of an additional
IR (LEIR) as an upgrade to the baseline. The LEIR would be used for lower energy
e+ e− interactions and γγ collisions by including a laser system for production of high
energy photons. Both IRs require small angle tagging electromagnetic calorimeters
in the forward regions used to tag virtual photons from the bremsstrahlung process
and, if there is no laser system, hadronic calorimetry from beampipe-to-beampipe for
some physics topics.
Virtual photons are produced when, in the bremsstrahlung process, an e+ or e−
transfers a signiﬁcant amount of 4-momentum to the radiated photon. The virtuality,
Q2 , of the “tagged” photon is determined by measuring the energy and angle of the
scattered lepton in an electromagnetic calorimeter via the relation
Q2 = 2Ee Ee (1 − cosθ)

(2)

here Ee is the incoming lepton beam energy, and Ee and θ are the scattered lepton
energy and angle respectively. Since some physics analyses require that the measurement of Q2 be as small as possible, the electromagnetic tagging calorimeters must
be positioned as closely as possible to the outgoing beampipes on both sides of the
interaction region and inside the shielding cone in order make the minimum measurable scattered lepton angle as small as possible, leading to the requirement of a
compact design. Also, since Q2  Ee Ee θ2 at small angles, radial position resolution
is an important consideration in Q2 reconstruction, requiring ﬁne-grained readout in
the radial direction [16]. Fine-grained sampling calorimeters with these properties
have been successfully used in photon-tagging experiments at LEP [17].
In the following subsections, the diﬀerent methods for producing real and/or al
most real photons are discussed.
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3.1.1 High Energy Interaction Region (HEIR)
In the HEIR, almost real photons (Q2  0) are produced solely by the bremsstrahlung
process, and are deﬁned by anti-tags in the forward electromagnetic tagging calorimeters. For example, a single tag on one side of the IR, combined with an anti-tag on
the other side with hadronic activity in the main detector, signals a γ ∗ γ interaction
(eγ DIS). Double anti-tags signal γγ interactions in which both interacting photons
are almost real. It is important to note that the energy spectrum of bremsstrahlungproduced photons is dominated by low energy photons. Furthermore, since the untagged photon energy is not known, it is important to have hadronic energy and angle
measurement in the forward IR, to as small an angle as possible, in order to determine
the kinematics of the interaction.
3.1.2 Low Energy Interaction Region (LEIR)
In the LEIR, it is desirable to include a high-power, high repetition-rate laser system
which can produce, through the laser backscattering Compton process, high energy
real photons [18]. In the Compton scattering process, ∼ 1 eV laser photons backscatter from the incoming 250 GeV e+ or e− beam, producing a beam of photons with
a high fraction (∼ 80%) of the lepton beam energy and with an energy spread of
5 − 10%. Since the resulting photon beam spread is small, the kinematics of the highenergy photon interactions can be determined from the known photon energy. Also,
since these are high-energy photons at nearly the incoming lepton beam energy, Wγ∗γ
is much larger than that obtained from bremsstrahlung-produced photons, leading to
the possibility of reaching very low x in eγ DIS.
In addition, the polarization state of the interacting photons and/or leptons can
have a big eﬀect on the physics impact of a measurement. For example, by combining
the transverse polarization of the incoming leptons and the circular polarization of
the laser photons in an optimal way, the energy spread of the resulting backscattered
photon beam can be reduced by a factor of ∼ 2.
3.2

Photon Structure

A real photon can interact both as a point-like particle, or as a collection of quarks
and gluons, i.e., like a hadron. The structure of the photon is determined not by the
traditional valence quark distributions as in a proton, but by ﬂuctuations of the pointlike photon into a collection of partons. As such, the scaling behavior of the photon
structure function, dF2γ /d ln Q2 , is always positive. Single tag and double anti-tag
events can be used to measure F2γ directly and to constrain the relative quark/gluon
fractions in the photon, testing predictions for this content and its behavior.
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3.2.1 γ ∗ γ Scattering - eγ DIS

Wvis (GeV)

Direct measurement of the photon structure function F2γ (x, Q2 ) in eγ DIS is accomplished by tagging a single virtual photon probe, anti-tagging an almost real or real
target photon, and requiring hadronic activity anywhere in the detector.
If the anti-tagged target photon is produced by bremsstrahlung from an incoming
lepton, it has very small virtuality, < Q2 > 10−4 GeV 2 , and low energy, neither of
which is known. In order to determine the longitudinal momentum fraction, x, the
mass Wγ ∗ γ of the γ ∗ γ system must be measured, which requires hadronic calorimetry
to measure the energy and angle of all hadrons. The best measurements of F2γ using
bremsstrahlung photons as the target are done at relatively low Wγ ∗ γ where it is
well-measured away from the forward IR, which in kinematic space is at the high end
of the x, Q2 range. Physics topics which can best be addressed in this region are the
scaling behavior of F2γ as x → 1 and its evolution with Q2 .
As Wγ ∗ γ increases (towards low x), increasingly more of the hadronic mass escapes
undetected in the beam direction and the actual measurement of the mass, usually
referred to as Wvis , begins to diﬀer substantially from the true hadronic mass. Figure 4
illustrates this eﬀect by comparing the measured hadronic mass, Wvis with the true
mass, Wγ ∗ γ . Monte Carlo simulations of the fragmentation of the γ ∗ γ system are used
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Figure 4: Comparison of Wvis with Wγ ∗ γ from PYTHIA [19] for a typical LC detector,
including the average value (profile plot).

to correct Wvis for this loss until the uncertainty in the correction begins to dominate
the measurement. Eventually, this limits the low x range of the F2γ measurement.
However, if the target photon is produced by laser backscattering, two advantages
are realized: 1) the high Wγ ∗ γ (low x) region is enhanced since the real photon energy
is high; and 2) the energy spread of the real photons is small enough such that the
error on x caused by assuming a monochromatic photon is not the dominant source
of systematic errors.
Figure 5 shows F2γ versus Q2 for various x bins from possible measurements at
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a future e+ e− Linear Collider [20]. The various points are diﬀerentiated according
to the measurement method. The open squares represent the very low x region accessible only with photons produced by laser backscattering; open circles represent
measurements with target photons from bremsstrahlung and with hadronic calorimetry built into a shielding mask down to 30 mrad; solid dots represent measurements
with bremsstrahlung photons and with hadronic calorimetry only outside the mask.
Note that there is substantial overlap between the methods to provide cross-checks
F2(gamma)/alpha(QED)
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Brems Photon, no Hadr Mask
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Figure 5: F2γ /α versus Q2 in x bins. Open squares : real photon target from laser backscattering; open circles : almost-real photon target from bremsstrahlung with small angle
hadronic calorimetry; solid dots : almost-real photon target from bremsstrahlung with
hadronic calorimetry outside mask.

on the various measurements and experimental conditions.
With known polarization of both the target photon and tagged virtual photon,
polarized photon structure functions can be measured for the ﬁrst time. In addition,
ln 1/x (BFKL) terms enter in polarized scattering as ln2 1/x, thereby enhancing these
eﬀects at low x over unpolarized scattering. Therefore, in polarized eγ DIS, forward
particle and jet measurements, as previously performed at HERA [21], can be done
at a future e+ e− linear collider with increased sensitivity to any BFKL eﬀects (see
section 3.4).
In addition to the F2γ structure function, eγ DIS can be used to test QCD in
other ways. For example, dijet production in DIS can be used to extract the strong
coupling parameter, αs , as is done at HERA [22]. At a future e+ e− linear collider,
αs can be compared from e+ e− event shapes and from dijets in DIS using the same
detector.
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3.3

γγ Scattering – Total Cross Section

Various models have been developed to describe the rise with energy of the total
γγ cross section – either a fast rise driven by QCD eﬀects
√ such as minijets, or a slower
rise based on reggeon exchange. To get to the highest s and Wγγ , real photons from
the laser backscattering process are required. Studies show that a precision of ∼ 20%
on the total cross section will enable adequate discrimination of model types for
energies up to 1 TeV [23]. Figure 6 shows possible σtot measurements at a√500 GeV
linear collider (large stars) compared to existing measurements at lower s and to
various models.

Figure 6: σtot versus

√

s at a LC (large stars) compared to existing data and various models.

Using dijets from γγ scattering, the relative quark/gluon structure of the photon can be determined. Interactions between the almost-real photons produced by
bremsstrahlung are determined primarily by interacting gluons in the ratio of approximately 70% gluons and 30% quarks. If real photons from laser backscattering are
used, an almost pure gluon constituted photon can be investigated (90%g/10%q) [24].
3.4

γ ∗ γ ∗ Scattering - QCD Dynamics

Double tagged virtual photon scattering completes the study of the photon at the
linear collider by allowing the evolution of photon structure to be studied in an almost
background-free environment. The Q2 of each the scattered leptons (denoted Q21 and
Q22 ) is measured in the forward electromagnetic tagging calorimeters. By requiring
the ratio Q21 /Q22 ∼ 1, production of hadrons in the region between the two virtual
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photons through traditional DGLAP evolution is suppressed. This suppression grows
stronger as the rapidity separation, Y , between the two virtual photons increases. At
large values of Y , any signal above the small DGLAP background points to alternative
forms of structure function evolution, e.g. to the ln(1/x) evolution of BFKL. Virtual
photon scattering at a linear collider provides perhaps the cleanest environment in
which to study BFKL physics [25,26].
With total center-of-mass energy s and photon virtuality −Q2 , BFKL eﬀects are
expected in the kinematic region where the square of the photon-photon invariant
mass (or, equivalently, the hadronic ﬁnal-state system) is large, and
s >> Q2 >> Λ2QCD .
At ﬁxed order in QCD, the dominant process is four-quark production with t-channel
gluon exchange (each photon couples to a quark box; the quark boxes are connected
via the gluon). The corresponding BFKL contribution arises from diagrams with a
gluon ladder attached to the t-channel gluon. At lepton-hadron or hadron-hadron
colliders, the presence of hadrons in the initial state can complicate or even mask
BFKL eﬀects.
The largest values of Y are obtained at low Q21,2 , again emphasizing the need for
the electromagnetic tagging calorimeters to be positioned as close to the beampipe
as possible. Figure 7 shows the substantially greater reach in Y available to the 500
GeV LC relative to that of LEP2 running at 189 GeV.
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Figure 7: Q2 versus Y for a 500 GeV LC compared to LEP2.

Experiments at LEP have looked for BFKL eﬀects in virtual photon scattering [27].
The data tend to lie between the predictions of ﬁxed-order QCD and analytic solutions to the BFKL equation (asymptotic full-order QCD). However, the data were
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compared to the asymptotic QCD prediction in a non-asymptotic regime [28], so
the disagreement with QCD is not surprising. In contrast, a linear collider will be
expected to better reach the asymptotic regime, providing a more deﬁnitive test of
BFKL. Improved predictions are also on the way with the development of BFKL
Monte Carlo programs that incorporate kinematic constraints, such as [29]. On the
more theoretical front, next-to-leading log corrections have been calculated and found
to be large, but the source of the large corrections is understood and they are being
brought under control; see [30] for a review and references.
3.5

Summary of Two-photon Physics

Two-photon physics from e+ e− collisions has grown tremendously in the past
several years of higher energy LEP2 running and will continue to provide a wealth of
precision measurements at a future e+ e− linear collider. Using combinations of tagged
and untagged bremsstrahlung photons, aspects of real and virtual photon structure
will be addressed, especially F2γ at high Q2 , the relative quark/gluon content of the
photon from dijets, and possible BFKL eﬀects in the QCD evolution.
With laser-backscattered real photons, the highest energies available at the linear
collider can be fully exploited. F2γ can be measured at very low x, which in combination with high Q2 measurements from bremsstrahlung photons, will map out a
kinematic region in photon structure as extensive as that known
for the proton. The
√
total γγ cross section will also be measured at the highest s available at the linear
collider, leading to understanding of the dominant mechanisms responsible for this
interaction.
Finally, with combinations of lepton and photon polarization, BFKL eﬀects can be
enhanced and the ﬁrst measurements of polarized structure functions of the photon
can be made.

4

Overall Summary and Conclusions

The High Energy Linear Collider oﬀers a unique program of QCD and related
two-photon studies. The strong coupling constant αS can be measured at high Q2
to a precision approaching ±1%, free of the initial-state ambiguities which make
the corresponding determination at a hadron collider substantially less precise, and
allowing for substantial improvements in the determination of the running of the
QCD coupling strength, as well as its extrapolation to the GUT scale. Constraints
on the strong coupling properties of the top, providing sensitivity to a number of new
physics scenarios inspired by the large mass of the top quark, can be made as much
as an order of magnitude more stringent at an e+ e− collider than at a proton collider
of equivalent reach.
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On the two-photon front, the precisely deﬁned state of the incoming electron and
positron beams permits the kinematic properties of the interacting virtual and nearly
on-shell photons to be inferred from the properties of the recoiling electrons. This in
turn allows for a unique program of photon structure and strong-force dynamics which
can not be emulated by any other proposed facility. In addition, the possibility of
precisely controlled real photons beams from the compton backscattering of polarized
laser light opens up further vistas in the exploration of photon structure, and may
allow the resolution of long-standing questions regarding the energy evolution of the
photon-photon total cross section. Again, these studies are only possible within the
larger context of an e+ e− Linear Collider program.
Together, these physics topics present a unique and compelling program of stronginteraction studies at a High Energy Linear Collider, and one which adds substantial
weight to the promise of the proposed Linear Collider physics program.
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