
Chapter 4 Supersymmetry Studies at the Linear Collider

1 Introduction

The Standard Model (SM) has been tested by a spectacularly large and diverse
set of experiments. The resulting body of data is consistent with the matter content
and gauge interactions of the SM with a Higgs boson of mass mh <∼ 250 GeV [1]. If
a fundamental Higgs boson exists, it fits much more naturally into supersymmetric
extensions of the SM than into the SM itself [2–5]. Thus, the study of supersymmetry
(SUSY) is among the highest priorities for future accelerators.

If SUSY exists, many of its most important motivations suggest that at least
some superpartners have masses below about 1TeV. These motivations, ranging
from gauge coupling unification [6–10] to the existence of an excellent dark matter
candidate [11], are discussed in previous chapters and also below. While none of these
is a guarantee of SUSY, they all provide motivation for the presence of SUSY at the
weak-interaction scale.

In the supersymmetric extension of the SM with minimal field content, hundreds
of additional parameters enter the Lagrangian. If SUSY is discovered, this discovery
will open new questions—to understand the pattern of the SUSY parameters, to
determine from them the mechanism of SUSY breaking, and to infer from them
the nature of physics at the very highest energy scales. Such grand goals may be
contemplated only if precise and model-independent measurements of superpartner
properties are possible.

In this chapter, we describe the prospects for such measurements at a 0.5–1.0 TeV
e+e− linear collider (LC) with longitudinally polarized electron beams. The potential
of linear colliders for detailed studies of supersymmetry has been discussed previously
in numerous reports [12–18]. In this chapter, many well-established results are re-
viewed, including the potential for model-independent measurements of superpartner
masses. In addition, several less well-appreciated topics are discussed. These include
loop-level effects in supersymmetry, CP violation, and supersymmetric flavor viola-
tion. This discussion serves both to illustrate the rich program of supersymmetric
studies available at linear colliders, and to highlight areas that merit further study.
This chapter concludes with a review of the important complementarity of the LC
and the Large Hadron Collider (LHC) with respect to supersymmetry studies.

The signatures of supersymmetry are many, ranging from the well-known missing
energy in supergravity with R-parity conservation [19,20] to exotic signatures appear-
ing in models with gauge-mediated [21] and anomaly-mediated [22,23] supersymmetry
breaking. Space constraints prevent a complete review of the considerable work done
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in each of these, and other, frameworks. Instead, this review focuses on supergravity
frameworks leading to the conventional signature of missing energy. R-parity viola-
tion and alternative supersymmetry-breaking mechanisms are treated as variations,
and are discussed where they are especially pertinent.

2 The scale of supersymmetry

The cleanliness of the linear collider environment implies that precise, model-
independent measurements in supersymmetry are possible, but only if supersym-
metric final states are kinematically accessible. The mass scale of supersymmetric
particles is therefore of paramount importance. In this section we review bounds on
superpartner masses from naturalness criteria, dark matter constraints, Higgs boson
searches, and precision electroweak data. We also consider the potential of exper-
imental evidence for new physics to constrain the supersymmetric mass scale; we
discuss the muon anomalous magnetic moment as an example.

2.1 Naturalness

In supersymmetric extensions of the SM, quadratically divergent quantum correc-
tions to the masses of fundamental scalars are of the order of the superpartner mass
scale. Given a mechanism for producing sufficiently light superpartners, the observed
weak scale is obtained without unnaturally large cancellations in the electroweak
potential. While no analysis of naturalness can claim quantitative rigor, the impor-
tance of naturalness as a fundamental motivation for supersymmetry has prompted
many studies [24–46], with important qualitative implications for the superparticle
spectrum.

To study naturalness one must first assume a certain supersymmetric framework.
Models in this framework are specified by a set of input parameters, typically defined
at some high energy scale. Together with experimental constraints and renormaliza-
tion group equations, these parameters determine the entire weak-scale Langrangian,
including the Z boson mass, which at tree level is

1

2
m2
Z =

m2
Hd

−m2
Hu

tan2 β

tan2 β − 1
− µ2 , (4.1)

where m2
Hd

, m2
Hu

are the mass parameters of the two Higgs doublets of the model
and tan β = 〈Hu〉 / 〈Hd〉. Naturalness is then often imposed by demanding that
the weak scale be insensitive to variations in some set of parameters ai, which are
assumed to be continuously variable, independent, and fundamental. The ai may be
scalar masses, gaugino masses, and other parameters, but are not necessarily input
parameters. The sensitivity is typically quantified by defining coefficients [24,25]
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ci ≡ |(ai/mZ)(∂mZ/∂ai)| for each parameter ai and taking some simple combination
of the ci, often c = max{ci}, as an overall measure of naturalness. A naturalness
criterion c < cmax then implies upper bounds on supersymmetry parameters and
superpartner masses.

Following the early studies [24,25], the authors of [27] stressed the importance
of including one-loop corrections to Eq. (4.1). They also noted that it is possible
in principle for a given ci to be large for all possible choices of ai. In the latter
case, the authors of [28–30] argued that, to avoid misleading results, only unusu-
ally large sensitivity should be considered unnatural and proposed replacing c by
γ̃ ≡ max{ci/ci}, with ci an average sensitivity. More recently, another alternative
prescription has been proposed [34–38] in which the sensitivity coefficients are re-
placed by |(∆ai/mZ)(∂mZ/∂ai)|, where ∆ai is the experimentally allowed range of
ai. This definition implies that arbitrarily large but well-measured supersymmetry
parameters are natural, and has been argued to differ sharply from conventional no-
tions of naturalness [46].

The results of naturalness studies are strongly dependent on the choice of frame-
work, the choice of fundamental parameters ai, and, of course, the choice of cmax

(or the equivalent γ̃ parameter). The dependence on framework assumptions is in-
escapable. In other studies of supersymmetry there exists, at least in principle, the
possibility of a model-independent study, where no correlations among parameters
are assumed. In studies of naturalness, however, the correlations determine the re-
sults, and there is no possibility, even in principle, of an all-inclusive framework.
We describe here only some of the qualitatively distinct possibilities. For alternative
analyses, readers are referred to the original literature [24–46].

In minimal supergravity, one assumes both scalar and gaugino universality at a
high scale. If one requires insensitivity of the weak scale with respect to both super-
symmetry breaking and Standard Model parameters, none of the superpartner masses
can naturally be far above the weak scale. Examples of the resulting naturalness
bounds are given in Fig. 4.1. The bounds for non-strongly interacting superpartners
are typically more stringent than those for colored superpartners. Similar results are
found in other frameworks where all scalar and gaugino masses are comparable at
some high scale.

Naturalness bounds may be very different in other frameworks, however, especially
for scalars. For squark and slepton masses, if no correlations are assumed, the bounds
are highly generation-dependent. At one-loop, the weak scale is sensitive to sfermion
masses only through renormalization group terms proportional to Yukawa couplings.
Thus, while the scalar masses of the third generation are still usefully constrained
by naturalness criteria, first- and second-generation scalars may have masses above
10 TeV without requiring large fine-tuning [31,32], putting them far beyond the
kinematic reaches of both the LHC and future linear colliders. ‘Superheavy’ first and
second generation scalars ameliorate the supersymmetric flavor and CP problems and
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Figure 4.1: Natural ranges of superpartner masses in minimal supergravity. The upper
limits are set by the requirement γ̃ < 10 and the diamonds indicate upper bounds corre-
sponding to γ̃ < 5. The lower limits are roughly those from current collider constraints.
Updated from [29].

are found in many models [47–63].

Alternatively, given the possibility that SM couplings are fixed in sectors separate
from supersymmetry breaking, one may reasonably require only that the weak scale
be insensitive to variations in parameters related to supersymmetry breaking [44–
46]. With this less stringent criterion, in many simple models, including minimal
supergravity, all scalar partners may be naturally in the 2–3 TeV range, as a result
of focusing behavior in renormalization group trajectories [44–46,64–68]. Such “focus
point supersymmetry” models also have significant virtues with respect to low-energy
constraints, and predict that even third-generation scalars may have masses well above
1 TeV and be beyond the reach of linear colliders.

Bounds on the masses of fermionic superpartners are less framework-dependent. If
the gaugino masses are uncorrelated, the gluino mass is typically stringently bounded
by its indirect influence on the weak scale through the top squarks. In this general
context, the electroweak gaugino masses may be significantly larger [42,43]. However,
in most well-motivated models, the gluino is much heavier than the electroweak gaug-
inos, and so naturalness implies stringent limits on Bino and Wino masses. While
the scale of the µ parameter may be determined [69], a quantitative theory for the µ
term is lacking. The µ parameter is therefore usually determined through Eq. (4.1)
and is otherwise assumed to be uncorrelated with other parameters. Large µ then
necessarily leads to large fine-tuning, and so heavy Higgsinos are disfavored. As a
result, given our present understanding, naturalness criteria typically imply relatively
stringent bounds on the masses of all six chargino and neutralino states, and they
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encourage the expectation that all of these particles will be available for study at
linear colliders.

2.2 Neutralino relic abundance

An important virtue of many supersymmetric theories is the existence of a non-
baryonic dark matter candidate. The most straightforward possibility is the lightest
neutralino χ [11,70], which is often the lightest supersymmetric particle (LSP) and
so is stable in models with conserved R-parity. Current cosmological and astrophys-
ical measurements prefer 0.1 <∼ Ωmh

2 <∼ 0.3 [71], where Ωm is the ratio of dark
matter density to critical density, and h ≈ 0.65 is the Hubble parameter in units of
100 km s−1 Mpc−1. The superpartner spectrum is then constrained by the requirement
that the thermal relic density of the lightest neutralino satisfy Ωχh

2 <∼ 0.3.

The neutralino relic density is determined by the neutralino pair annihilation cross
section and has been the subject of many analyses [72–100]. These include refined
treatments of poles [72–74], annihilation thresholds [72,73], and co-annihilation among
Higgsinos [75] and with staus [76,77]. The S- and P-wave contributions to all tree-level
processes with two-body final states are given in [78].

In general, neutralinos may annihilate through t-channel sfermions to ff , through
s-channel Z and Higgs bosons to ff , and through t-channel charginos and neutralinos
to WW and ZZ. For Bino dark matter, only the sfermion-mediated amplitudes are
non-vanishing. An upper bound on Ωχh

2 then leads to an upper bound on at least
one sfermion mass. This, together with the requirement that χ be the LSP, implies
an upper bound on mχ. Such reasoning has led to claims of cosmological upper
bounds on superpartner masses with optimistic implications for supersymmetry at
linear colliders [79–89].

These claims must be viewed cautiously, however, as they are true only in the
χ ≈ B̃ limit and are violated even in the simplest scenarios. In minimal super-
gravity, for example, multi-TeV LSPs are possible for large m0 [94], where the LSP
has a significant Higgsino admixture, leading to large annihilation cross sections to
gauge bosons. Useful upper bounds are also absent in minimal supergravity at large
tan β [94–97], where the importance of a small Higgsino admixture in χ is amplified
and leads to large Higgs boson-mediated annihilation. More generally, no guarantee
of light superpartners is possible for Wino- [98–100] and Higgsino-like [75,90] LSPs,
which annihilate very efficiently to negligible relic densities. Finally, it is worth re-
calling that these upper bounds are also inapplicable in theories with low-energy
supersymmetry breaking or R-parity violation, where the lightest neutralino is no
longer stable.
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2.3 Higgs mass and precision electroweak constraints

As is well known, supersymmetry places severe constraints on the mass of the
lightest Higgs boson. In the Minimal Supersymmetric Standard Model (MSSM),
one-loop calculations [101–110] have now been supplemented with leading two-loop
corrections in the Feynman diagrammatic [111–115], renormalization group [116–
119], and effective potential [120–122] approaches, leading to an upper bound of
mh <∼ 135 GeV [113]. The consistency of this bound with precision electroweak fits is
a considerable success of supersymmetry. At the same time, though, one might expect
that the current lower bound mh > 113.5 GeV from direct Higgs searches [123–126]
and the success of precision electroweak fits to the SM disfavors the possibility of
light superpartners.

However, closer analysis shows that light superpartners are consistent with the
current Higgs mass bound. For example, in general scenarios, the current Higgs mass
limit may be satisfied with large masses only for the top and bottom squarks. Even
for these, the constraints are not severe. Charginos, neutralinos, and sleptons may
be light and within the reach of linear colliders. In simpler frameworks, the Higgs
limit is more constraining. Even in minimal supergravity, however, the current Higgs
mass bound, along with the requirement of a suitable dark matter candidate, may
be satisfied either for chargino masses above 200 GeV [127] or for large m0 [46,128].
In the latter case, charginos may be as light as their current LEP bound. The Higgs
mass bound can also be made consistent with light superpartners if there are large
CP-violating phases, which must necessarily cancel to high accuracy in electric dipole
moments, or new singlets [129]. Thus, the current Higgs mass constraint, although
already rather stringent, does not exclude the possibility of light superpartners.

The supersymmetric spectrum is also constrained by precision electroweak mea-
surements. The effects of supersymmetry have been studied in numerous recent works
(see, e.g., [130–135]). While there are at present no strong indications for supersym-
metry from these considerations, light superparticles cannot be excluded either. This
issue is discussed further in Chapter 8, Section 3.2.

2.4 Evidence for new physics

Finally, weak-scale supersymmetry has implications for a broad range of exper-
iments in particle physics and astrophysics. If deviations from SM predictions are
found, these deviations may also constrain the scale of superpartner masses.

As an example, we consider the recently reported 2.6σ deviation in the anomalous
magnetic moment of the muon [136]: aexp

µ − aSM
µ = (43 ± 16) × 10−10. Supersym-

metric contributions to aµ are well known [137–141], and the measured deviation is
naturally explained by supersymmetry [142–153]. If a supersymmetric interpretation
is adopted, the result restricts the masses of some superpartners. Highly model-
independent upper bounds on the mass of the lightest observable supersymmetric
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Figure 4.2: Possible values of the mass of the lightest observable supersymmetric particle,
MLOSP, and the supersymmetric contribution to the muon’s anomalous magnetic moment,
aSUSY
µ , assuming a stable LSP (left) and a visibly decaying LSP (right). Crosses (circles)

have smuon (chargino/neutralino) LOSPs and satisfy the parameter constraints M2 = 2M1,
Aµ = 0, and tan β = 50. Relaxing the gaugino unification assumption leads to the solid
envelope curve, and further allowing arbitrary Aµ leads to the dashed curve. The envelope
contours scale linearly with tanβ. The shaded regions are the 1σ and 2σ experimentally
preferred regions. From [144].

particle are given in Fig. 4.2. If theory and experiment are required to agree within
1σ, at least one observable superpartner must be lighter than 490 GeV if the LSP
is stable, and lighter than 410 GeV if the LSP decays visibly in the detector. If
agreement only within 2σ is required, these limits weaken to 800 GeV and 640 GeV,
respectively. The bounds are for the case tanβ ≤ 50 and scale linearly with tanβ.

These results illustrate the power of evidence for new physics to constrain the scale
of supersymmetry. Of course, many other experiments may also see supersymmetric
effects. Among the areas in which great experimental progress is expected in the
next few years are searches for new physics at the Tevatron, B physics (CP violation,
rare decays), lepton flavor violation (µ-e conversion, µ → eγ, etc.), electric dipole
moments, searches for dark matter (both direct and indirect), and cosmic ray physics.
Pre-LHC evidence for supersymmetry is not guaranteed, but, in simple frameworks
like minimal supergravity where systematic and comprehensive analyses are possible,
it is very likely [95]. Strong evidence for new physics, even if indirect, will provide
important additional constraints on the mass scale of supersymmetric particles.
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3 Determination of masses and couplings

The usefulness of a linear collider in the study of SUSY particles lies both in
the simplicity of the production process and in the fact that the electron can have
a large longitudinal polarization. These features allow one to carry out accurate
measurements of the masses and the quantum numbers of the particles being pro-
duced, and also to determine their gauge coupling constants in a model-independent
manner [154,155]. Such measurements are crucial in understanding the nature of the
processes being uncovered.

3.1 Measurement of superpartner masses

We begin our review of mass measurements by considering one particular process
that illustrates the essential simplicity of the analyses. The process we will consider
is selectron production,

e+e− → ẽ+L,Rẽ
−
L,R , (4.2)

where ẽ−R, ẽ
−
L are the supersymmetry partners of the right- and left-handed electron.

We assume that both selectrons decay by ẽL,R → eχ̃0
1. The process has a number

of interesting features. The masses of the ẽR and ẽL can differ substantially. The
combinations ẽ+Rẽ

−
R and ẽ+L ẽ

−
L are produced by s-channel photon and Z0 exchange,

but all four possible selectron combinations are produced by t-channel neutralino
exchange. Thus, the study of this process can give information on SUSY masses,
quantum numbers, and coupling constants.

In the reaction (4.2), the selectrons are produced at a fixed energy. Since they
are scalars, they decay isotropically in their own frames. These distributions of the
decay electrons and positrons boost to distributions in the lab that are flat in energy
between the kinematic endpoints. The electrons and positrons then show box-like
distributions. The maximum and minimum energies which form the edges of the box
determine the masses of the ẽ and the χ̃0

1 through the relations

M2
ẽ = E2

cm

{
Ee,maxEe,min

(Ee,max + Ee,min)2

}

M2
χ̃0

1
= M2

ẽ

{
1− 2

Ee,max + Ee,min

Ecm

}
.

If several different combinations of selectrons are produced, the electron and positron
energy spectra will show a superposition of several box-like distributions. Each set of
endpoints gives the associated selectron masses and an independent determination of
the χ̃0

1 mass.
Figure 4.3 shows the electron and positron spectra for a particular set of MSUGRA

parameters constructed for the Snowmass ‘96 summer study [156], assuming 50 fb−1 of
data at

√
s = 500 GeV [157]. The simulations use the event generator ISAJET [158].
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Figure 4.3: Electron and positron energy distributions for selectron pair production, with
the indicated beam polarizations and integrated luminosity 50 fb−1 [157].

The expected box-like spectra appear clearly, with sharp endpoints. Both the electron
and positron spectra have a strong dependence on polarization, and this allows us to
recognize which components are associated with ẽL and which with ẽR. The electron
and positron spectra also differ from each other, reflecting the different production of
ẽ−R ẽ

+
L versus ẽ−L ẽ

+
R from polarized beams.

Figure 4.4 compares the generated electron and positron distributions to those
reconstructed using energy measurements from the electromagnetic calorimeter of the
L detector described in Chapter 15. The study uses full GEANT simulation of the
calorimeter [159]. The effect of resolution is clearly observed in the upper edge of the
energy distribution. This analysis does not include beamstrahlung and initial state
radiation, but these effects are not expected to affect significantly the determination
of the edges in the energy spectra [156].

Many similar analyses of the determination of slepton masses have been carried
out using fast Monte Carlo techniques [160–163]. Some of the results are summarized
in Table 4.1. One can see from the table that we expect to be able to measure these
masses with an accuracy of a few percent or less in most cases. The determination of
the mass of the lighter chargino χ̃±

1 has been studied by many groups. Measurements
based on an analysis using background cuts [154,163,164] indicate that this mass can
be measured with accuracies of 1% or less by this method. An interesting signal
thast may be background-free is the case where one χ̃±

1 decays into a lepton and a
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Figure 4.4: Input and calorimeter-reconstructed e± energy distributions from selectron pair
production for 80% left-polarized (left) and 80% right-polarized (right) electron beams [159].
The effect of calorimeter resolution is evident at high cluster energies.

Reference Particle Input Measured Particle Input Measured
[157] ẽ±L 238.2 239.4 χ̃0

1 128.7 129.0
[157] ẽ±R 157.0 158.0 χ̃0

1 128.7 129.0
[173] µ̃±R 157.1 143.2 χ̃0

1 128.7 117.3
[162] ν̃e 206.6 199.4 χ̃±

1 96.4 96.5
[154] χ̃±

1 219.0 212.0 χ̃0
1 118.0 116.5

[165] χ̃±
1 238.0 239.8 ν̃� 220.0 221.2

[163] χ̃±
2 175.2 176.5 χ̃±

1 85.9 86.1
[166] χ̃±

2 290.4 282.7 χ̃±
1 96.0 97.9

Table 4.1: Comparison of the input and measured masses (in GeV) for a few supersymmetric
particles as determined from the end-point spectrum of the observed particles smeared via
fast MC techniques. Most of the results are based on a 50 fb−1 data sample. The pair of
masses in each row are determined from the end-point measurement in pair-production of
the first particle listed.

ν̃�, with the ν̃� decaying to a νχ̃0
1, while the other χ̃±

1 decays into qqχ̃0
1. In this case,

it should be possible to remove the WW background completely without affecting
the signal [165]. The mass measurement for the heavier chargino χ̃±

2 has also been
studied, assuming a CM energy of 750 GeV. By using the decay of the χ̃±

2 into χ̃±
1 Z

0,
where the Z decays into leptons and the χ̃±

1 decays into hadrons, one is able to get

150



Supersymmetry Studies at the Linear Collider

Figure 4.5: Input and tracker-reconstructed muon energy spectra from smuon pair produc-
tion with an 80% left-polarized electron beam [173].

quite accurate results [166]. The conclusions of all these analyses are also shown in
Table 4.1.

It is worth reviewing some of the experimental issues that arise in these measure-
ments. We have already given an example in which the calorimeter resolution affects
the mass measurements for selectrons decaying to e− and e+. For the case of smuons
decaying to µ±, the corresponding issue is tracking resolution. In Fig. 4.5, we show
a comparison of generator-level and reconstructed muon energy in µ̃ pair production.
It is clear that the tracking reconstruction does not significantly affect the energy
edge resolution, and hence it does not affect our ability to determine supersymmet-
ric masses accurately. For chargino decays, both calorimeter and tracking resolution
enter the determination of kinematic endpoints [154].

To examine the supersymmetry signals, it is necessary to remove backgrounds
events efficiently. The major sources of SM backgrounds are the two-photon (γ�γ�)
process, which gives rise to lepton and quark pairs in the detector, e+e− annihilation
to the W+W−, Z0Z0, and Z0h0, and single-W production (eγ∗ → νW ). Methods for
removing the annihilation and singleW backgrounds from the supersymmetry sample
are explained in [154,167,168]. The two-photon background is a problem in reactions
whose signatures involve missing energy, but it can be controlled by also requiring
missing transverse momentum. Methods for measuring the two-photon background
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have been studied in [169,168,170–172]. There may also be backgrounds from the
decays of other supersymmetric particles but, in most cases, these are either small or
have distinctive signals that allow one to identify them.
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Figure 4.6: Kinematic distributions of muons from µ̃R pair production (solid), µ̃L pair pro-
duction (dotted), and W+W− background (crossed) [173]. An electron beam polarization
of 80% is assumed.

One case in which W pair production is a serious background is the study of the
muon energy spectrum µ̃±R,L. The cross section for µ̃ pair production is small, and the
W pair production process leads to muon pairs with missing transverse momentum
from neutrinos. Figure 4.6 shows the effect of the W pair background after appropri-
ate cuts [173]. The figure also shows that electron polarization can be used to remove
this background. The µ̃R signal is most clearly seen with a right-handed polarized
electron beam, since the W+W− production is strongly reduced in this case. Observ-
ing the signal for µ̃L is difficult with either polarization. If the model parameters are
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such that the �̃R,L is heavier than the χ̃0
2, this problem can be avoided by studying the

decay �̃±R,L→ �± + χ̃0
2, with the χ̃0

2 decaying to a lepton pair and χ̃0
1. Then, because

of the large lepton multiplicity, there are no important SM backgrounds [174].

Another kinematic method for determining the masses of supersymmetric particles
is to exploit the correlations between the products of the two decaying sparticles
in a given event [175]. This technique is especially useful in cases where low-pT
backgrounds tend to overwhelm the signal. Some experimental analyses have been
carried out using this method [176,177], and it should receive more attention.

One can also carry out mass measurements using threshold scans [174,164], though
in some cases this requires 100 fb−1 of luminosity per threshold. The method has the
potential to measure masses with accuracies of 0.1%. The effect of backgrounds
from SM processes and other SUSY signals and the effects of beamstrahlung and
bremsstrahlung need to be understood to determine the systematics limits of this
method [178].

A special case of spectrum parameters for which SUSY detection and mass mea-
surement are especially difficult is that of an almost-degenerate chargino and neu-
tralino. This situation can occur in the Higgsino limit of gaugino-Higgsino mixing, and
in anomaly-mediated supersymmetry breaking (AMSB). A recent analysis [179] shows
how to extract the chargino signal in this limit using the reaction e+e− → γχ̃+

1 χ̃
−
1 . In

some cases, in particular, those from AMSB, the χ̃±
1 has a long enough lifetime that,

at the linear collider, one can see the chargino’s track in the vertex detector before
it decays. One then observes a stiff track turning into a very soft track, which would
be a dramatic signal.

Table 4.1 makes clear that it is possible to measure the first-generation slepton
masses with a precision of about 1%. This would allow experiments at linear colliders
to probe the underlying GUT-scale universality of intra-generation slepton masses,
with enough sensitivity to discriminate the MSUGRA framework from other models
(e.g., gaugino-mediation) where small GUT-scale splittings of sleptons are expected
[180]. Another important observation from Table 4.1 is that the linear collider mea-
surements of SUSY particles will provide multiple high-accuracy measurements of the
mass of the lightest neutralino χ̃0

1. As we will discuss in Section 7, this information
will directly complement supersymmetry measurements at the LHC, since this key
parameter will not be well determined there.

3.2 Measurement of supersymmetry parameters

Once superpartners are identified and their masses are measured, it is important to
convert the mass and cross section information into determinations of the parameters
of the SUSY theory. For the example of the MSSM with R-parity conservation, studies
have been done to determine how well one can measure the fundamental parameters.
By studying the production and subsequent decays of χ̃±

1 and χ̃±
2 , the masses and
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the gaugino-higgsino mixing angles of these states can be measured and hence the
values of the MSSM parameters M2, µ, and tanβ can be determined to about 1%
accuracy [155,181,182]. This is illustrated in Fig. 4.7, where it is shown that the
value of the chargino production cross section from a right-handed polarized beam
allows one to map out whether the lighter chargino is mainly gaugino or Higgsino.
A measurement of both the cross section and the angular distribution allows one to
measure all of the terms in the chargino mass matrix. It should be noted that the
figure shows the tree-level cross section. A true determination of parameters to 1%
accuracy should take account of electroweak and SUSY radiative corrections.
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Figure 4.7: The dependence of the chargino production cross section σ(e−Re+ → χ̃+
1 χ̃−

1 ), in
fb, on M2 and µ [155]. The value tan β = 4 is used for this plot, but the result is only
weakly dependent on this parameter.

Another method for determining whether the lightest neutralinos and chargino
are mostly gaugino or Higgsino is to study slepton pair production with left-handed
and right-handed beam polarization. This is done by measuring the magnitude of the
cross section and the shape of the production angular distribution [154]. Similarly,
measuring the cross sections of t̃1, t̃2, τ̃

±
1 and τ̃±2 and ντ with polarized beams allows

one to determine their mixing angles [183–185]. Additional measurements associated
with polarization in τ̃ reactions are discussed in [154,186].

By looking at the angular distributions of supersymmetric particles that have
a t-channel exchange involving another supersymmetric particle, the mass of the
exchanged particle can be determined. Similarly, if the decays of the charginos have
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three-body decays because the two-body decay to Wχ̃0
1 is not allowed kinematically,

decays via W ∗ can interfere with decays involving a virtual slepton or squark. This
could give useful indirect signals for these particles in the cases where they cannot be
produced because they are too heavy [187].

We should recall that the parameter tanβ can be determined not only from su-
persymmetry reactions but also by direct experimental studies of the extended Higgs
sector. For tanβ < 30, one can obtain an accurate value of this parameter by measur-
ing the branching ratios for the various possible decays of the SUSY Higgs particles:
H− into τν, bt, and W−h, and A0 and H0 into τ+τ−, bb, tt, and Zh [188,189]. If the
Higgs sector is heavy enough, one can include decays into lighter supersymmetric par-
ticles. These can provide quite sensitive measurements in the high-tanβ region [189].

Finally, it is important to verify the spin of each supersymmetric partner ex-
perimentally. This can be done at a linear collider, because the simplicity of the
production reactions often makes the spin obvious from the angular distributions.
For example, the µ̃R signal in Fig. 4.6 exhibits a sin2 θ distribution that is a clear
indication that the spin of the µ̃R is 0. The spin of supersymmetric particles can also
be determined by measuring the pair-production cross section near threshold, which
rises as β and β3, where β is the particle velocity, for spin-1

2
and spin-0 particles,

respectively.

4 Tests of supersymmetry

If new particles are discovered with quantum numbers expected in supersymmetry,
it is desirable to determine whether they are in fact superparticles. Linear colliders
can verify supersymmetry through highly model-indepedent tests accurate at the
percent level. In addition, since these tests are sensitive to loop-level effects, they
may yield a wealth of additional information.

Supersymmetry may be tested in many ways. For example, confirmation that
some of the newly discovered particles are scalars, as discussed at the end of Section
3, constitutes an important, if weak, test of supersymmetry. More quantitatively,
verification of the consistency of direct discoveries with the expected indirect super-
symmetric effects in SM processes, as discussed in Chapter 8, Section 3, also provides
a test of supersymmetric interpretations of new physics. Measurements of the mass
differences between scalar partners in the same SU(2) doublet may also provide quan-
titative and rather model-independent checks.

In this section we focus on investigations of supersymmetric coupling relations,
which are among the most incisive and model-independent tests. In addition to pro-
viding precise quantitative confirmation of supersymmetry, such tests may also shed
light on otherwise inaccessible superpartners, much as current precision electroweak
measurements bound the Higgs boson mass and constrain new physics.
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4.1 Confirming supersymmetry

If supersymmetry were an exact symmetry of nature, the properties of supersym-
metric particles would be completely determined by the properties of their SM part-
ners. Of course, relations between masses are broken by soft supersymmetry breaking
parameters. However, supersymmetry also predicts the equivalence of dimensionless
couplings. For example, supersymmetry implies

gi = hi , (4.3)

where gi are the SM gauge couplings, hi are their supersymmetric analogues, the
gaugino-fermion-sfermion couplings, and the subscript i = 1, 2, 3 refers to the U(1),
SU(2), and SU(3) gauge groups, respectively. These identities are not broken by soft
supersymmetry-breaking parameters at tree level and are therefore known as “hard
supersymmetry relations” [190]. They are valid in all supersymmetric theories, in
contrast to other predictions such as the universality of scalar or gaugino masses.
Hard supersymmetry relations therefore provide, in principle, a model-independent
method of quantitatively confirming that newly-discovered particles are indeed su-
perpartners [155,183].

4.2 Super-oblique corrections

At the loop-level, however, even hard supersymmetry relations receive corrections
that would vanish in the supersymmetric limit [191]. These corrections are anal-
ogous to the oblique corrections [192] of the Standard Model. In the SM, SU(2)
multiplets with custodial SU(2)-breaking masses, such as the (t, b) multiplet, induce
splittings in the couplings of the (W,Z) vector multiplet at the quantum level. Sim-
ilarly, in supersymmetric models, supermultiplets with soft supersymmetry-breaking
masses, such as the (f̃ , f) supermultiplets, induce splittings in the couplings of the
(gauge boson, gaugino) vector supermultiplet at the quantum level. This analogy can
be made very precise [193–196]. Corrections to hard supersymmetry relations are
therefore called ‘super-oblique corrections’, and the splittings are typically written in
terms of ‘super-oblique parameters.’

If some scalar superpartners f̃ have masses at a high scale M , and all others are
light with mass m ∼Mweak, the super-oblique parameters are given by

Ũi ≡ hi(m)

gi(m)
− 1 ≈ g2

i (m)

16π2
∆bi ln

M

m
, (4.4)

where ∆bi is the one-loop β-function coefficient contribution from all light particles
whose superpartners are heavy. Equation (4.4) is the leading logarithm contribution
to Ũi. The super-oblique parameters for some representative models are given in
Table 4.2. The super-oblique parameters may also receive contributions from split
exotic supermultiplets, such as the messengers of gauge-mediation [193,196].
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Ũ1 Ũ2 Ũ3

2–1 Models 0.35%× ln(M/m) 0.71%× ln(M/m) 2.5%× ln(M/m)
Heavy QCD Models 0.29%× ln(M/m) 0.80%× ln(M/m) —

Table 4.2: The super-oblique parameters Ũi in two representative models: ‘2–1 Models,’
with all first and second generation sfermions at the heavy scale M , and ‘Heavy QCD
Models,’ with all squarks and gluinos at the heavy scale.

From Eq. (4.4) we see that, although super-oblique parameters are one-loop effects,
they may be greatly enhanced if many states are heavy (large ∆bi). They also grow
logarithmically with M/m: super-oblique parameters are non-decoupling, and so are
sensitive to particles with arbitrarily high mass. As noted in Section 2, the squarks
and sleptons of the first and second generations are only loosely bounded by fine-
tuning arguments. They may have masses far beyond the reach of the LHC, and in
fact, such massive squarks and sleptons considerably ameliorate many supersymmetric
flavor and CP problems. In these cases, the super-oblique parameters are large and
provide a rare window on these heavy scalars.

4.3 Measurements at linear colliders

With respect to super-oblique parameters, the program at a linear collider consists
of two parts: First, one would like to verify as many hard supersymmetry relations
as possible to determine that newly-discovered particles are in fact superparticles.
Second, if new particles are determined to be supersymmetric, small violations of
hard supersymmetry relations may provide the first evidence for as-yet-undiscovered
superparticles. Precise measurements of the super-oblique parameters may constrain
the mass scales of these superparticles.

The experimental observables that are dependent on super-oblique parameters
have been exhaustively categorized in [194] for both lepton and hadron colliders. The
most promising observables at colliders are cross sections and branching ratios involv-
ing gauginos, and several of these possibilities have been examined in detailed studies.
The potential of linear colliders is, of course, highly dependent on the supersymmetry
scenario realized in nature, but we present a brief synopsis below.

To date, all studies have used tree-level formulae in which the gaugino couplings
are allowed to vary. Constraints on these gaugino couplings are then interpreted
as measurements of super-oblique parameters. At the level of precision required,
however, it will ultimately be necessary to make a detailed comparison of cross sections
and other observables with full one-loop predictions. In chargino pair production, for
example, studies of triangle [197–199] and box [200] contributions have been shown
to be important. In addition, beam polarization may enhance the effect of quantum
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corrections [198]. To extract the non-decoupling effects of very heavy superpartners,
one must therefore control many other effects, including all other virtual effects,
either by including data from direct detection, or by verifying that such effects are
sufficiently suppressed to be negligible. The study of super-oblique parameters should
be viewed as the first step in the complete program of one-loop SUSY studies that
will be possible at a linear collider.

Potential super-oblique parameter measurements at a linear collider should in-
clude:

• Measurements of Ũ1. Selectron pair production at electron colliders includes
a contribution from t-channel gaugino exchange. In particular, in the reaction
e+e− → ẽ+R ẽ

−
R, its dependence upon the B̃eẽ coupling h1 has been studied

in [183]. Under the assumption that the selectrons decay through ẽ→ eB̃, the
selectron and gaugino masses may be measured through kinematic endpoints.
Combining this information with measurements of the differential cross section,
Ũ1 may be determined to ∼ 1% with 20 fb−1 of data at

√
s = 500 GeV.

This high-precision measurement may be further improved by considering the
process e−e− → ẽ−Rẽ

−
R. This process is made possible by the Majorana nature

of gauginos. Relative to the e+e− process, this reaction benefits from large
statistics for typical supersymmetry parameters and extremely low backgrounds,
especially if the electron beams are right-polarized. Depending on experimental
systematic errors, determinations of Ũ1 at the level of 0.3% may be possible
with integrated luminosities of 50 fb−1 [194].

• Measurements of Ũ2. Chargino pair production has a dependence on Ũ2 at
lepton colliders through the ν̃ exchange amplitude. This process was first stud-
ied as a way to verify hard supersymmetry relations [155]. In [194], estimates
of 2–3% uncertainties for Ũ2 were obtained from pair production of 172 GeV
charginos with

√
s = 400–500 GeV. These results are conservative, and are im-

proved in most other regions of parameter space [197]. Dramatic improvements
may also be possible if both charginos are within kinematic reach and large
luminosities with polarized beams are available, a scenario studied in [201].

The process e+e− → ν̃eν̃e also depends on Ũ2 through the t-channel chargino
exchange amplitude. With a data sample of 100 fb−1, Ũ2 may be determined
to ∼ 0.6% [195].

• Measurements of Ũ3. The strong super-oblique parameter may be measured
through processes involving squarks. The squark pair-production cross sec-
tions at lepton colliders are independent of super-oblique corrections, but the
three-body production processes, such as t̃tg̃ and b̃bg̃, have been suggested as a
probe [194,196].
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Squark branching ratios are also sensitive to super-oblique corrections if there
are two or more competing modes [190]. In [194], parameters were studied
in which the two decays b̃L → bg̃ and b̃L → bW̃ were open. For parameters
where the gluino decay is suppressed by phase space, these modes may be
competitive, and measurements of the branching ratios yield constraints on Ũ3.
For example, for mb̃L

= 300 GeV, b̃L pair production at a
√
s = 1 TeV collider

with integrated luminosity 200 fb−1 yields measurements of Ũ3 at or below
the 5% level for 10 GeV <∼ mb̃L

− mg̃ <∼ 100 GeV. These measurements are
typically numerically less stringent than those discussed above, but the SU(3)
super-oblique correction is also larger by a factor αs/αw.

• Measurements of Wino-Higgsino mixing. The presence of the W boson mass
in the tree-level chargino mixing matrix is also a consequence of supersymme-
try (relating the WWh and W̃ h̃h couplings). Wino-Higgsino mixing receives
non-decoupling corrections, and may be constrained through chargino pair pro-
duction [155,197].

• Measurements of trilinear gaugino/gauge boson couplings. Finally, the super-
symmetric equivalence of triple gauge boson and gaugino couplings may also
be broken. In [202], splittings of the WWγ and WW̃γ̃ couplings were calcu-
lated and found to be present at the few-percent level. Such splittings could be
probed in W̃ →Wγ̃ decays.

These studies demonstrate the promise of linear colliders for loop-level studies of
supersymmetry. If charginos or sleptons are produced at linear colliders, precision
tests will be able to verify that their couplings are as predicted by supersymmetry
to the percent level. In addition, small corrections to these relations are sensitive to
arbitrarily heavy superpartners, and, if some superpartners are kinematically inac-
cessible, precise determination of the super-oblique parameters may provide a target
mass range for future searches.

5 Symmetry violating phenomena

5.1 R-parity violation

Up to this point we have considered only R-parity (Rp)-conserving supersymmetric
theories. Rp is a multiplicative discrete symmetry [203–206] defined for each particle
to be

Rp = (−1)3B+L+2S (4.5)

where B is baryon number, L is lepton number, and S is the particle’s spin. This
symmetry is not automatic in the MSSM as it is in the SM. We now consider the
possibility that the symmetry is not respected [207].
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Without Rp conservation, the most general gauge-invariant and Lorentz-invariant
superpotential is

W = µHuHd + y
e
ijHdLje

c
k + y

d
jkHdQjd

c
k + y

u
jkHuQju

c
k

+λijkLiLje
c
k + λ

′
ijkLiQjd

c
k + λ

′′
ijku

c
id
c
jd
c
k + µiHuLi. (4.6)

The λ- and λ′- terms do not respect lepton number and the λ′′-terms do not respect
baryon number. Proton decay is unacceptably rapid if all terms are allowed without
extreme suppressions; this requires λ′λ′′ <∼ 10−36. But, since proton decay requires
both lepton and baryon number violation, it is possible to escape this constraint by
forbidding one or the other of lepton number violation or baryon number violation.
That is, the constraint on λ′λ′′ can be accomodated by setting λ′ = 0 (lepton number
conservation) or λ′′ = 0 (baryon number conservation). The µi terms also violate
lepton number conservation, although these terms can be defined away at tree level.

In the next few paragraphs, we will describe the signals expected at a 500 GeV
linear collider for a theory with non-zero λ as the only Rp-violating couplings. We
will then reanalyze the same theory but this time with only non-zero λ′ couplings,
and finally with only non-zero λ′′ couplings. We further assume that the Rp-violating
couplings are too weak to participate in observables in any way except to allow the
lightest neutralino to decay promptly in the detector. Making the couplings stronger
usually implies even more phenomena by which to discover supersymmetry (additional
production modes via Rp violation). Making the couplings very weak will cause the
phenomenology to asymptotically approach that of the MSSM with Rp conservation.

When applicable, we will illustrate phenomena with model E of [208], which
is the heaviest superpartner model considered in this paper. This model assumes
M2 = 2M1 = 200 GeV, µ = −250 GeV, tanβ = 20, and mẽL = mẽR = 200 GeV.
The chargino masses are then 173.4 and 292.1 GeV, and the neutralino masses are
97.7, 173.6, 260.8, and 290.1 GeV.

5.1.1 λLLec �= 0

In these theories the LSP always decays into two charged leptons and a neutrino
(missing energy):

χ̃0
1 → �+ + �− + /E. (4.7)

When superpartners are produced in pairs, they will cascade-decay down to two LSPs
(plus SM jets or leptons), and the LSPs will then decay into two leptons plus missing
energy. Therefore, the signal always includes at least four leptons plus missing energy,
and quite often contains more leptons and additional jets from the cascades. This
is a spectacular signature that will not go unnoticed. For example, the cross section
for the 4l + /ET signature for our considered example model is approximately 274 fb,
much higher than the expected 0.4 fb background rate [208].
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5.1.2 λ′LQdc �= 0

In these theories the LSP always decays into two jets with an accompanying charged
lepton or neutrino:

χ̃0
1 → l±qq′ or νqq. (4.8)

All supersymmetry signals must pass through χ̃0
1χ̃

0
1 + XSM, where XSM represents

SM states (jets, leptons, or neutrinos) arising from the cascade decays of the pro-
duced parent superpartners. In this case the final-state signatures of all superpartner
production processes will be

(0, 1, or 2 leptons) + 4 jets +XSM . (4.9)

Furthermore, all events that do not have 2 leptons will have some missing energy in
them from escaping neutrinos.

Many of the signal events of this type of Rp violation will be swamped by back-
grounds. The two most promising modes to search are 3l and 4l final states, where
at least one additional lepton comes from the cascade products in XSM. Another
intriguing possibility is to search for like-sign dilepton events. This signature is made
possible by each independent χ̃0

1 decaying into a lepton of either positive or negative
charge. Approximately one-eighth of the χ̃0

1χ̃
0
1 decays end in like-sign dileptons. The

background in this case is very small whether XSM contains leptons or not. Further-
more, it appears that the LSP mass may be obtainable by analyzing the invariant
mass distribution of the hardest lepton combined with all hadronic jets in the same
hemisphere [208].

5.1.3 λ′′ucdcdc �= 0

In these theories the LSP always decays into three jets:

χ̃0
1 → q′qq. (4.10)

All supersymmetry events will then have at least six jets from LSP decays in the final
state plus the cascade decay products of the parent sparticles. Although jet recon-
struction algorithms will generally not resolve all six jets, they will usually register
at least three in the event [209].

Perhaps the most important signature for discovery in these theories comes from
chargino pair production, where each chargino decays as χ̃±

1 → l±νχ̃0
1. The final state

will then be 2 leptons plus many jets. Unfortunately the lepton often finds itself inside
one of the many hadronic jets and fails the isolation requirements. Nevertheless, the
rate is sufficiently large that it is a viable signal for our example model. According
to [208], the signal in this mode—including also the smaller contribution from χ̃0

i χ̃
0
j
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production—is approximately 40 fb compared to a background of 243 fb. A moderate
luminosity of 10 fb−1 would produce a S/

√
B significance greater than 8.

To determine the LSP mass, one can use strategies similar to ALEPH’s four-jet
analysis [210] to combine jets within same hemispheres to look for matching invariant
mass peaks. Careful comparisons with background have not yet been performed to
see how accurately the LSP mass can be extracted with this technique.

5.1.4 µi �= 0

The parameter space with just µi �= 0 is often called Bilinear R-Parity Violation
(BRpV). It has special theoretical motivations in supersymmetry [211–214]. One
interesting phenomenological feature of the model is its ability to predict the three
neutrino masses and the three mixing angles by adding to the MSSM only one or
two extra parameters. This is done in a SUGRA context with radiative electroweak
symmetry breaking and universality of soft parameters at the GUT scale [215]. At tree
level, one neutrino acquires a mass from neutrino-neutralino mixing. The masslessness
and degeneracy of the other two neutrinos is lifted at one loop, giving masses and
mixings that account for the solar and atmospheric neutrino anomalies [216–219].
The parameters of the model can be measured from the leptonic branching fractions
of the lightest neutralino [219,220]. Thus, in this model, crucial information needed
to understand neutrino physics comes from experiments at the linear collider.

5.2 Lepton flavor violation

A linear collider enables the careful study of flavor physics in supersymmetry.
With the apparent confirmation of neutrino masses, non-trivial lepton-slepton flavor
angles are assumed to exist. There are constraints on the magnitude of these angles
from B(µ → eγ) bounds, for example. However, the constraints are weaker if the
sleptons are nearly degenerate in mass. We will make this assumption here, thereby
invoking a super-GIM suppression to suppress the radiative flavor-violating lepton
decays.

Direct production of sleptons and close scrutiny of their decays allow probing of
these flavor angles at more sensitive levels [221–226]. The nearly degenerate sleptons
will undergo flavor oscillation after being produced and then decay quickly. Analogous
to neutrino oscillations, the detectability of slepton oscillations is best characterized
in the (sin 2θ, ∆m2) plane, where θ is the angle between the weak eigenstates |ẽ〉, |µ̃〉
and the mass eigenstates |1〉, |2〉:

|ẽ〉 = +cos θ|1〉+ sin θ|2〉 (4.11)

|µ̃〉 = − sin θ|1〉+ cos θ|2〉.
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Figure 4.8: Contours of constant σ(e+e− → e±µ∓χ̃0
1χ̃

0
1) in fb at a

√
s = 500 GeV e+e−R

collider. The signal arises from right-slepton production and subsequent decay to lepton plus
lightest neutralino. The �̃R masses are approximately 200 GeV and the lightest neutralino
is a Bino with mass 100 GeV. The thick gray contour represents optimal experimental
reach with 50 fb−1 integrated luminosity. The straight lines (dotted and dashed) represent
contours of constant B(µ → eγ). These depend on additional parameters such as the �̃L
mass and the off-diagonal entries of the slepton mass matrix. See [221] for more details.

Figure 4.8 shows contours of constant σ(e+e− → e±µ∓χ̃0
1χ̃

0
1), in fb, at a

√
s = 500

GeV collider with e+e−R collisions. The signal arises from �̃R production and subse-
quent decay to a lepton plus the lightest neutralino. The �̃R masses are approximately
200 GeV, and the lightest neutralino is a Bino with mass 100 GeV. From this figure
we can see that careful measurement of the cross section enables probing of flavor-
violating couplings to very small mass splitting and mixing angle.

5.3 CP violation

The new mass parameters associated with supersymmetry may not all be real,
and could lead to CP violation effects [227] at high-energy colliders. The parameters
µ, M1 and M2 can in general be complex. By rotating the phases of the gauginos we
are free to choose M2 real, leaving us with

µ = |µ|eiφµ and M1 → |M1|eiφ1 . (4.12)
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In addition to these phases, each of the tri-scalar A terms connecting the Higgs bosons
with left and right scalar superpartners of the fermions can in principle have its own
independent phase.

Generic O(1) phases associated with superpartner masses near the weak scale are
ruled out by the electric dipole moments (EDMs) of the neutron and electron if su-
perpartners are light enough to be accessible at a 1 TeV linear collider. Therefore,
we assume here that the phases must be small, O(0.1). We remark that tuned can-
cellations [228,229] may allow O(1) phases for light superpartners, thereby leading to
effects much larger than the estimates given below.

Supersymmetric CP-violating phases have two important effects: they disrupt
the relations among CP-conserving observables, and they give birth to non-zero CP-
violating observables. Much work has gone into both types of analyses. For example,
CP-violating observables in e+e− → tt may be the most promising way to find ac-
tual CP violation effects at the linear collider. We refer the reader to [230–232] for
a comprehensive review of this subject, and a description of the challenges facing
experiment to confirm CP-violating effects. Here, we briefly focus on the effects that
small phases have on CP-conserving observables.

Recently several groups have shown how CP-violating phases affect almost all
interesting MSSM observables at a linear collider [233–235,181,236]. For example,
the chargino mass eigenstates depend non-trivially on the phase of µ:

m2
χ̃±

1,2
=

1

2

[
M2

2 + |µ|2 + 2m2
W ∓∆C

]
, (4.13)

where

∆C =
[
(M2

2 − |µ|2)2 + 4m4
W cos2 2β + 4m2

W (M2
2 + |µ|2)

+ 8m2
WM2|µ| sin 2β cosΦµ

]1/2
. (4.14)

The effects of phases on observables have been illustrated in [236] with a reference
model corresponding to an mSUGRA point with m1/2 = 200 GeV, m0 = 100 GeV,
A0 = 0, tanβ = 4, and µ > 0. This parameter choice corresponds to the mass values
|M1| = 83 GeV, M2 = 165 GeV, µ = 310 GeV, mẽL = 180 GeV, mν̃ = 166 GeV,
and mẽR = 132 GeV. In Fig. 4.9, the effects of varying the phases φ1 and φµ are
demonstrated for several observables.

Motivated by the EDM constraints on the phases of supersymmetric mass para-
meters, the authors of [236] set φµ = 0 and simulated how evidence for a small but
non-zero φ1 phase would be extracted at a linear collider. They generated 10000
data sets, smeared with respect to the true values by experimental resolution. The
input data included three cross sections (χ̃0

1χ̃
0
2, χ̃

0
2χ̃

0
2, and χ̃

±
1 χ̃

∓
1 ) and three masses

(mχ̃0
1
, mχ̃0

2
, and mχ̃±

1
). Figure 4.10 demonstrates the extraction of several different

parameters, and their interdependence. For example, the bottom figures show the
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and φµ in the example model discussed in the text [236].
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systematic error one would encounter by having a wrong input for |µ| given a known
tan β. Perhaps the most interesting conclusion one can draw from this exercise is
that φ1 = 0 is strongly disfavored, incicating that the linear collider measurements of
CP-conserving observables can give a strong signal for nonzero CP-violating phases
if they are present.

6 Supersymmetry and e−e−, e−γ, and γγ colliders

6.1 Supersymmetry and e−e− colliders

The features of e−e− colliders are reviewed in Chapter 14. The unique quantum
numbers of the e−e− initial state forbid the production of most superpartners. How-
ever, slepton pair production through t-channel neutralino exchange is always possi-
ble [237]. The opportunities at e−e− colliders for measurements of slepton masses,
mixings, and couplings are unparalleled, and exploit many of the unique properties
of e−e− colliders.

6.1.1 Masses

As reviewed in Section 2, masses at linear colliders are most accurately determined
through kinematic endpoints and threshold scans. In e+e− mode, the threshold cross
section for pair production of identical scalars rises as β3, where β is the velocity of
the produced particles. Threshold studies for identical scalars are therefore far less
effective than for fermions, and consequently require large investments of integrated
luminosity [174].

At e−e− colliders, however, the same-helicity selectron pair production cross sec-
tion has a β dependence at threshold [238]. This is easily understood: the initial
state in e−Re

−
R → ẽ−R ẽ

−
R has angular momentum J = 0, and so the selectrons may be

produced in the S wave state. Cross sections for ẽR pair production in e−e− and e+e−

modes are compared in Fig. 4.11. For round beams, the increased beamstrahlung
and decreased luminosity of the e−e− mode compromise this advantage. However,
beamstrahlung is reduced for flat beams [239], and mass measurements of order 100
MeV can be achieved with two orders of magnitude less luminosity than required
in e+e− collisions [240,241]. Incidentally, the full arsenal of linear collider modes al-
lows one to extend this mass measurement to the rest of the first-generation sleptons
through a series of β threshold scans: e−e− → ẽ−R ẽ

−
R yields mẽR ; e

+e− → ẽ±Rẽ
∓
L yields

mẽL ; e
+e− → χ̃+

1 χ̃
−
1 yields mχ̃±

1
; and e−γ → ν̃eχ̃

−
1 yields mν̃e [242]. The process

e−e− → ẽ−R ẽ
−
R may also be used to determine the Bino mass M1 with high accuracy

even for very large M1 [238,241].
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Figure 4.11: Threshold behavior for σ(e−e− → ẽ−R ẽ−R) (upper two contours) and σ(e+e− →
ẽ+
R ẽ−R) (lower two contours) for mẽR = 150 GeV and M1 = 100 GeV [240]. In each pair,
the dotted curve neglects all beam effects, and the solid curve includes the initial state
radiation, beamstrahlung, and beam energy spread for flat beams. Results for e−e− round
beams (dashed) are also shown. The selectron width is included, and beam polarizations
Pe− = 0.8 and Pe+ = 0 are assumed.

6.1.2 Mixings

Now that neutrinos are known to mix, lepton flavor is no longer a perfect symmetry.
Sleptons may also have inter-generational mixings. Such mixing leads to decays ẽ→
µχ̃0

1, τ χ̃
0
1 and may be searched for at either e+e− or e−e− colliders.

At e+e− colliders, the signal is e+e− → e±µ∓χ̃0
1χ̃

0
1, e

±τ∓χ̃0
1χ̃

0
1. The backgrounds

are e+e− → W+W−, e+e− → ννW+W−, e+e− → e±νW∓, and γγ → W+W−. The
first two backgrounds may be reduced by e−R beam polarization; however, the last two
are irreducible.

In the e−e− case, the signal is e−e− → e−µ−χ̃0
1χ̃

0
1, e

−τ−χ̃0
1χ̃

0
1. Among potential

backgrounds, e−e− → W−W− is forbidden by total lepton number conservation,
e−e− → ννW−W− and e−e− → e−νW− may be suppressed by right-polarizing both
e− beams, and γγ → W+W− does not yield two like-sign leptons. As a result,
the sensitivity of e−e− colliders to slepton flavor violation is much greater than at
e+e− colliders, and probes regions of parameter space beyond current and near-future
low-energy experiments searching for µ-e and τ -e transitions [221,222].
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6.1.3 Couplings

The excellent properties of e−e− colliders are also ideal for exploring selectron gauge
couplings. As noted in Section 4, precise comparisons of the eẽB̃ and eeB cou-
plings provide a model-independent test of supersymmetry. The eẽB̃ coupling is a
non-decoupling observable sensitive to arbitrarily heavy superpartners. The nearly
background-free environment of e−e− colliders makes possible extremely precise mea-
surements of selectron couplings, surpassing those available at e+e− colliders [194],
and may help set the scale for far-future colliders in scenarios where some superpart-
ners are extremely heavy.

6.2 Supersymmetry and e−γ colliders

Even if several neutralinos and charginos have light masses such that they can be
produced in pairs at the LC, the sleptons might be above threshold for pair production
in e+e− collisions. In this case, the sleptons may be accessible in the e−γ colliding
option in the single-slepton plus lighter-neutralino final state χ̃0

i ẽL,R.
This reaction was studied in [243,244,242]. For example, the parameters chosen

in [242] lead to the masses: mχ̃0
1
= 65 GeV, mχ̃±

1
= 136 GeV, mẽL = 320 GeV,

mẽR = 307 GeV, and mν̃e = 315 GeV. With these values, pair production of charginos
is accessible at a 500 GeV linear collider but slepton pair production is not.

Figure 4.12 shows the cross sections for slepton-neutralino production as a function
of the e−γ center-of-mass energy for the four different helicity combinations of the
incoming electron and photon. The cross section for ẽRχ̃

0
1 in the (+,+) helicity

combination is sharply peaked at center-of-mass energies not far from the threshold.
The signal for this process is e− plus missing energy. The background [243,242]
has a cross section of a few picobarns and mainly arises from W−ν → e−νν. This
background can be reduced dramatically by using a polarized e−R beam. With the
above parameters, using polarization and a few judicious kinematic cuts on the final
state particles, the slepton can be discovered and studied. It has been estimated that
both the slepton and sneutrino masses can be measured to about 1% accuracy.

6.3 Supersymmetry at γγ colliders

One of the main motivations for the γγ collider option is to study direct single
Higgs production through the γγh coupling. This motivation is especially power-
ful in supersymmetry since most versions of the theory predict a Higgs boson below
about 135 GeV. The motivation is further strengthened by the realization that addi-
tional Higgs states exist in supersymmetry that may not be accessible at the LHC or
e+e− annihilation but may be visible in single production from γγ. These issues are
discussed in more detail in Chapters 3 and 13.

For direct superpartner pair production, γγ collisions also have an important
advantage: the unambiguous production mode for superpartners through photons
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Figure 4.12: Cross sections for e−γ → ẽχ̃0 processes, from [242]. The upper two curves
show the total cross section (in fb) for e−γ → ẽχ̃0 versus √seγ (in GeV) for the SUSY and
machine parameters given in the text: (a) ẽLχ̃0

1; (b) ẽLχ̃0
2; (c) ẽRχ̃0

1; (d) ẽRχ̃0
2. The solid

curves represent e, γ helicities (−,−) for (a), (b) and (+,+) for (c), (d). The dashed curves
represent helicities (−,+) for (a), (b) and (+,−) for (c), (d). The lower two curves are
corresponding results, convoluted with the backscattered photon spectrum, versus

√
see.

coupled to charge. Knowing exactly how a particle is produced reaps great benefits
when analyzing the actual data recorded by the detectors. Production cross sec-
tions of superpartners have been calculated most recently by [245,246]. It has been
argued [246] that some observables derived from γγ → χ±

1 χ
∓
1 production are very

useful in extracting fundamental parameters of the supersymmetric Lagrangian. The
special advantages γγ collisions offer supersymmetry deserve additional careful study.

7 Comparison with LHC

If SUSY is relevant to electroweak symmetry breaking, then the arguments sum-
marized in Section 2 suggest that in many models the gluino and some squark masses
are less than O(1 TeV). This is also true in most models with SUSY particles visible
at a 500 GeV LC. Gluinos and squarks then dominate the LHC SUSY cross section,
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Figure 4.13: Plot of 5σ reach with multiple jets plus /ET plus leptons in minimal SUGRA
model at LHC for 10 fb−1 (left) and 100 fb−1 (right) [248]. Also shown are contours of the
squark and gluino masses and of the cold dark matter density Ωh2.

which is of order 10 pb. Since they are strongly produced, it is easy to separate SUSY
from SM backgrounds provided only that the SUSY decays are distinctive. In the
MSUGRA model, these decays produce multiple jets and /ET plus varying numbers
of leptons [247]. Figure 4.13 shows the 5σ reach in this model at the LHC for an
integrated luminosity of 10 fb−1 and 100 fb−1 [248]. The reach is comfortably more
than the expected mass range.

While the reach in Fig. 4.13 has been calculated for a specific SUSY model, the
multiple jet plus /ET signature is generic in most R-parity-conserving models. GMSB
models can give additional photons or leptons or long-lived sleptons with high pT but
β < 1, making the search easier [249,250]. R-parity-violating models with leptonic
χ̃0

1 decays also give extra leptons and very likely violate e-µ universality. R-parity-
violating models with χ̃0

1 → qqq give signals at the LHC with very large jet multi-
plicity, for which the SM background is not well known. For such models, it may be
necessary to rely on leptons produced in the cascade decay of the gluinos and squarks.
In AMSB models, cascade decays of gluinos and squarks again lead to a substantial
reach for SUSY by the LHC [251]. In all cases, it seems likely that SUSY can be
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discovered at the LHC if the masses are in the expected range [252–254].
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Figure 4.14: Plot of the e+e− + µ+µ− − e±µ∓ mass distribution for LHC SUGRA Point 4
with direct χ̃0

2 → χ̃0
1�� decay (left) and for LHC SUGRA Point 5 with χ̃0

2 → �̃±�∓ → χ̃0
1�

+�−

(right) [252]. The event generator ISAJET is used. The shape of the peak on the left plot
below 70 GeV should be compared to the shape of the peak in the right plot. The left plot
also contains a Z → �+�− signal that comes from heavier gauginos.

The main problem at the LHC is not to observe a signal that deviates from the SM
but to separate the many different channels produced by all the SUSY cascade decays
from the produced squarks [255] and gluinos. One promising approach is to try to
identify particular decay chains and to measure kinematic endpoints for combinations
of the visible particles in these [256]. For example, the �+�− mass distribution from
χ̃0

2 → χ̃0
1�

+�− has an endpoint that measures Mχ̃0
2
−Mχ̃0

1
[257], while the distribution

from χ̃0
2 → �̃±�∓ → χ̃0

1�
+�− has a different shape and measures

Mmax
�� =

√√√√√(M2
χ̃0

2
−M2

�̃
)(M2

�̃
−M2

χ̃0
1
)

M2
�̃

.

The flavor-subtraction combination e+e− + µ+µ− − e±µ∓ removes backgrounds from
two independent decays. Dilepton mass distributions [252] after cuts for an example
of each decay are shown in Fig. 4.14.

If a longer decay chain can be identified, then more combinations of masses can
be measured. Consider, for example, the decay chain

q̃L → χ̃0
2q → �̃±R�

∓q → χ̃0
1�

+�−q .
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For this decay chain, kinematics gives �+�−, �+�q, and two �q endpoints in terms
of the masses. If a lower limit is imposed on the �+�− mass, there is also a �+�−q
lower edge. With suitable cuts all of these can be measured [252,258] for the cases
considered. The statistical errors on the measured endpoints are typically comparable
to the systematic limits, O(0.1%) for leptons and O(1%) for jets. Figure 4.15 shows
a scatter plot of the resulting �̃R and χ̃0

1 masses for LHC SUGRA Point 5 and for
a similar point in another SUSY model with this decay chain [259]. The relations
between masses are determined with good precision, so these two models are easily
distinguished. However, the LSP mass is only measured to O(10%).
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Figure 4.15: Left: Scatter plot of reconstructed values of the �̃R and χ̃0
1 masses for LHC

Point 5 (S5) and for a different model (O1) using the decay chain q̃L → χ̃0
2q → �̃R�q → χ̃0

1��q.
Right: Projection of Mχ̃0

1
for LHC Point 5 [259].

Analyses such as these have proved useful for a number of SUSY points in a variety
of SUSY models [252]. The method seems fairly general: there is usually at least one
distinctive mode — typically χ̃0

2 → χ̃0
1�

+�−, χ̃0
2 → �̃±R�

∓, or χ̃0
2 → χ̃0

1h→ χ̃0
1bb — from

which to start. But some points are much more difficult than others. For example,
in MSUGRA with tan β � 1 it is possible to choose parameters such that the only
allowed 2-body decays of χ̃0

2 and χ̃±
1 are τ̃±1 τ

∓ and τ̃±1 ντ [260] respectively.1 These
modes then have branching ratios in excess of 99%. While it is possible to identify
and to measure hadronic τ decays [252], the measurements are much less precise than
those involving leptons. Even if τ decays are not dominant, they may be important,
since they can provide information on τ̃L − τ̃R and gaugino-Higgsino mixing.

1The simple class of such models considered in [252], however, gives an excessively large contri-
bution to gµ − 2 [136].
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If SUSY is found at the LHC, the SUSY events will contain much more infor-
mation than just endpoints like those described above. For example, while it is not
possible to reconstruct χ̃±

1 decays in the same way because of the missing neutrino,
one can get information about the chargino mass by studying M�q and other distribu-
tions for 1-lepton events. Cross sections and branching ratios can also be measured;
interpretation of these will be limited by the theoretical errors on the calculation
of cross sections and acceptances. Without real experimental data, it is difficult to
assess such theoretical systematic errors.

SUSY signatures at the LHC typically come from a combination of many SUSY
particles, so the analysis is considerably more complicated than that at a LC. However,
the initial steps at the LHC are fairly clear. First, one will look for a deviation from
the SM in inclusive distributions such as multiple jets plus /ET , perhaps accompanied
by leptons and/or photons. If a signal consistent with SUSY is found, it should
determine both the mass scale [252,261] and the qualitative nature of the signal. (As
a simple example, in a GMSB model with a long-lived slepton NLSP, SUSY events
would contain two high-pT particles with β < 1.) Next, one will look for various
kinematic endpoints like those described above and use them further to constrain the
SUSY masses. After this, one will look at more model-dependent quantities such as
kinematic distributions, cross sections, and branching ratios. These seem difficult to
assess without real data.

This program is likely to provide considerable information about gluinos, squarks,
and their primary decay products, including χ̃0

1, χ̃
0
2, χ̃

±, and any sleptons that occur
in their decays. It is more dangerous to predict what cannot be done, but there are
measurements that appear difficult at the LHC and that could be done at a 500 GeV
LC. For example:

• While it is possible to measure the χ̃0
1 mass at the LHC in favorable cases, it

seems difficult to reduce the error below O(10%). If any visible SUSY particle
is produced at a LC, the error on Mχ̃0

1
should be O(1%).

• Sleptons that are not produced in χ̃0
2 or χ̃±

1 decays are difficult to study at the
LHC: both the Drell-Yan process and decays of heavier gauginos typically give
very small rates [262]. They can be precisely measured at a LC.

• Distinguishing �̃L from �̃R appears very difficult at the LHC except perhaps for
τ̃ ’s, but this is straightforward at a LC using the polarized beam.

• Hadronic τ decays are easier to identify and to measure at a LC because there
is no underlying hadronic event.

• Branching ratios currently seem difficult to measure with high precision at the
LHC: both the production cross sections and the acceptance have theoretical
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uncertainties of O(10%). In particular, it seems difficult to make precise tests
of SUSY relations among couplings.

More generally, while the LHC seems sure to discover SUSY at the TeV scale if it
exists, the measurements of SUSY that can be made there depend on the SUSYmodel.
A LC can provide precise, detailed measurements of any kinematically accessible
SUSY particles. Ultimately, one will want such measurements for the entire SUSY
spectrum.
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