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We present the first detailed, large-scale study of the minimal supersymmetric standard model (MSSM)

at the
ffiffiffi
s

p ¼ 500 GeV International Linear Collider (ILC), including full standard model backgrounds and

detector simulation. This is the first realistic study of the capabilities of the ILC examining the physics of

many distinct points in MSSM parameter space which are not linked to a particular supersymmetry

(SUSY) breaking mechanism. Specifically, we investigate 242 points in the MSSM parameter space,

which we term models, that correspond to the 162 pairs of models that were found by Arkani-Hamed et al.

to give indistinguishable signatures at the LHC. We first determine whether the production of the various

SUSY particles is visible above the standard model background for each of these parameter space points,

and then make a detailed comparison of their various signatures. Assuming an integrated luminosity of

500 fb�1 with 80% electron beam polarization, we find that only 82 out of 242 models lead to visible

signatures of some kind with a significance � 5 and that only 57 (63) out of the 162 model pairs are

distinguishable at 5 ð3Þ�. Our analysis includes PYTHIA and COMPHEP SUSY signal generation, full matrix

element SM backgrounds for all 2 ! 2, 2 ! 4 and 2 ! 6 processes, ILC-specific initial state radiation

and beamstrahlung generated via WHIZARD/GUINEAPIG, and employs the fast SiD detector simulation

ORG.LCSIM. If SUSY is light, the ILC will do a good job at examining its details.

DOI: 10.1103/PhysRevD.80.095018 PACS numbers: 14.80.Ly, 12.60.Jv

I. INTRODUCTION

The LHC is scheduled to begin operations within a year
and is expected to change the landscape of particle physics.
While the standard model (SM) does an excellent job
describing all strong interaction and electroweak data to
date [1,2], there are many reasons to be dissatisfied with the
SM. Chief among them are issues related to electroweak
symmetry breaking. As is by now well-known, the SM
with a single Higgs doublet that is responsible for generat-
ing the masses of both the electroweak gauge bosons and
fermions encounters difficulties associated with stability,
fine-tuning, and naturalness. Addressing these issues ne-
cessitates the existence of new physics at the Terascale. To
this end, numerous creative candidate theories that go
beyond the SM have been proposed, and many yield char-
acteristic signatures at the LHC. When the ATLAS and
CMS detectors start taking data at the LHC, they will
explore this new territory. They will then begin the process
of identifying the nature of physics at the Terascale and
determining how it fits into a broader theoretical structure.

Of the several proposed extensions of the SM that re-
solve the issues mentioned above, the most celebrated is
supersymmetry (SUSY) [3]. Our working hypothesis in

this paper is that SUSY has been discovered at the LHC,
i.e., that new particles have been observed and it has been
determined that they arise from supersymmetry.
Identifying new physics as supersymmetry is in itself a
daunting task, and we would be lucky to be in such a
situation. However, even in this optimistic scenario,
much work would be left to be done as SUSY is a very
broad framework. We would want to know which version
of SUSY nature has realized and for this we would need to
determine the particle properties precisely and then to map
the LHC observables to the fundamental parameters in the
weak scale SUSY Lagrangian. One of the many questions
that would arise is whether this Lagrangian can be uniquely
reconstructed given the full set of LHC measurements.
This issue was recently quantified in some detail by the
important work of Arkani-Hamed, Kane, Thaler and Wang
(AKTW) [4], which demonstrates what has come to be
known as the LHC inverse problem. AKTW found that
even in the simplest realization of supersymmetry, the
minimal supersymmetric standard model (MSSM), such
a unique mapping is not likely to take place given the LHC
observables alone, and that many points in the MSSM
parameter space cannot be distinguished from each other.
Here, we extend their study and examine whether data
from the proposed International Linear Collider (ILC)
can uniquely perform this inverse mapping and resolve
the model degeneracies found by AKTW. Our purpose in
doing this is not really to resolve the inverse problem,
which will likely be significantly ameliorated by more
sophisticated studies at the LHC, but to use this an oppor-
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tunity to examine the physics capability of the ILC to study
the details of MSSM physics. The AKTW set is found to be
large enough to display a wide range of distinctive features
while not being so large that a detailed analysis such as
ours becomes too unwieldy.

In brief, AKTW considered a restricted Lagrangian
parameter subspace of the MSSM. They forced all SUSY
partner masses to lie below 1 TeV (in order to obtain a large
statistical sample at the LHC), fixed the third generation A
terms to 800 GeV, and set the pseudoscalar Higgs mass to
be 850 GeV. Points in the MSSM parameter space, here-
after referred to as models for brevity, were generated at
random assuming flat priors with the conditions that tan�
lies in the range 2–50, squark and gluino Lagrangian mass
terms lie above 600 GeV, and Lagrangian mass terms for
the nonstrongly interacting particles be greater than
100 GeV. 43 026 models were generated in this 15-
dimensional parameter space under the assumption that
all parameter ranges were uniformly distributed, i.e., flat
priors were employed. No further constraints, such as the
LEP lower bound on the Higgs mass [1] or consistency
with the relic density of the universe, were applied. For
each model, PYTHIA [5] was used to calculate the resulting
physical SUSY spectrum and to generate 10 fb�1 of SUSY
‘‘data’’ at the LHC, including all decays and hadron show-
ering effects. This data was then piped through the PGS fast
detector simulation [6] to mimic the effects of the ATLAS
or CMS detectors. From this data, AKTW constructed a
very large number of observables associated with the pro-
duction and decay of the SUSY partners. No SM back-
grounds were included in their data sample. AKTW then
observed that a given set of values for these observables
along with their associated errors, i.e., a fixed region in
LHC signature space, corresponded to several distinct
regions in the 15-dimensional MSSM parameter space.
This implies that the mapping from data to the underlying
theory is far from unique and produces an inverse problem
at the LHC. This problem is so named because this proce-
dure is the inverse of most phenomenological studies;
normally a point in model parameter space is chosen and
the values of the relevant experimental observables are
calculated. Here, AKTW performed the reverse procedure
(which mirrors the experimental reality) and worked from
a given set of observables to determine the relevant under-
lying model parameters, but in doing so foundmany SUSY
models whose signatures at the LHC are essentially iden-
tical. Clearly, if one incorporates the existing SM back-
grounds as well as systematic effects into this kind of study,
the number of possible models that share indistinguishable
signatures will only increase, potentially significantly. The
LHC inverse problem may thus be a very serious one.

However, the fact that an LHC inverse problem exists is
not overly surprising, and the real issue we face is how to
resolve it. Since the time of the AKTW analysis, several
new approaches have been suggested that may greatly

assist in sparticle mass reconstruction at the LHC [7].
These may go some way toward reducing the scope of
the inverse problem at the LHC and wewould expect future
analyses to be able to go even further, especially once real
data becomes available. Actually, for our considerations, it
does not really matter how well the LHC eventually does at
resolving these AKTW degeneracies since our goal is to
explore what the ILC itself can do for regions of MSSM
parameter space not previously examined. For this analysis
we chose to study the AKTW set of models since they were
previously examined in the LHC context and because they
provide us with a good sampling of random MSSM pa-
rameter space points.
One may worry, given the lack of detailed experimental

constraints by AKTW, that the 242 AKTW models we
examine in detail below are not very representative of
generic MSSM parameter space points and may in some
ways be special. In order to address this and other issues,
we [8] have independently generated a very large set,
�70 k, of MSSM model points which satisfy all known
experimental constraints. In that work it was explicitly
shown that the set of AKTW models that we consider in
the present analysis have similar characteristics to the
models in this large set.
Given the cleanliness of the eþe� environment we

might expect that the ILC will perform quite well in
arbitrary regions of MSSM parameter space. Traditional
ILC lore indicates this is the case, as studies have shown
[9,10], e.g., the mass and couplings of any kinematically
accessible weakly interacting state should be measured at
the 1% level or better at the ILC. Such precise determi-
nations imply that decay signatures and distributions pro-
duced by new particles such as the SUSY partners will be
observed with relative cleanliness and be well measured.
The LHC inverse problem provides us with a unique
opportunity to test this lore over a very wide range of the
MSSM parameter space by comparing the signatures of
hundreds of models. We will show that, as believed, the
ILC can generally distinguish models, at least in the case of
this restricted scenario of the MSSM, and we will explore
the reasons why it fails when it does. Wewill find that some
SUSY measurements are more difficult to obtain than
previously thought, and we will identify some problematic
areas of the MSSM parameter space which require further
study.
On our way to addressing the inverse problem at the

ILC, we face the more immediate issue of the visibility of
the various SUSY particles in the AKTW models. We find
that this is surprisingly nontrivial and is perhaps a more
important task as one cannot differentiate between models
which have no visible SUSY signatures. In our analysis
below, we will perform a detailed study of the visibility of
the various SUSY particles in all of the models. We will
employ an extensive menu of search techniques and exam-
ine when they succeed and how they fail. Our philosophy
will be to apply a general search strategy that performs
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uniformly well over the full MSSM parameter region,
rather than make use of targeted searches for particular
parameter points. We believe this mirrors the reality of an
experimental search for new physics and reflects the fact
that not all of the SUSY particles in these models will have
been observed at the LHC (recall that the models we have
inherited from AKTW are difficult cases at the LHC).

The possibility of measuring specific SUSY particle
properties at the ILC for particular special points in the
MSSM parameter space has a long history [9]. Our ap-
proach here, however, provides several aspects which have
not been simultaneously featured in any of the earlier
analyses: (i) We examine several hundred, essentially ran-
dom, points in MSSM parameter space, providing a far
wider than usual sampling of models to explore and com-
pare. This gives a much better indication of how an arbi-
trary MSSM parameter point behaves and what
experimental techniques are necessary to adequately cover
the full parameter space. (ii) We include all effects arising
from initial state radiation (ISR), i.e., bremsstrahlung, as
well as the specific ILC beamstrahlung spectrum for the
superconducting rf design, including finite beam energy
spread corrections. The beam spectrum is generated by
GUINEAPIG [11,12]. (iii) We incorporate all 2 ! 2, 2 ! 4
and 2 ! 6 SM background processes, including those
resulting from initial state photons (i.e., from the corre-
sponding �� and �e� interactions). These are generated
with full matrix elements via WHIZARD/O’MEGA [13] for
arbitrary beam polarization configurations and are frag-
mented using PYTHIA. There are well over 1000 of these
processes [12]. (iv) We include ILC detector effects by
making use of the JAVA-based SiD [14] detector fast simu-
lation package ORG.LCSIM [15,16]. All in all, we believe
that we have performed our analysis in as realistic a
manner as possible.

The purpose of this paper is to provide a detailed de-
scription of our analysis. A short summary can be found in
Ref. [17].

The outline of this paper is as follows: Sec. II contains a
discussion of the various kinematical features of the
AKTW models under consideration, while Sec. III pro-
vides an overview of our analysis procedure as well as a
general discussion of the SM backgrounds. In the next
sections we separately consider the individual SUSY par-
ticle analyses for sleptons (Sec. IV), charginos (Sec. V) and
neutralinos (Sec. VI). This leads to an overall set of model
comparisons in Sec. VII where we discuss the ability of the
ILC to distinguish the AKTWmodels and resolve the LHC
inverse problem. This is followed by a discussion of our
results and conclusions.

II. SPECTRUM AND KINEMATICAL FEATURES
OF THE MODELS

Before beginning our analysis, we first examine the
kinematical traits and features of the SUSY models that

AKTW found to be indistinguishable at the LHC [18]. This
consists of a set of 383 models (i.e., 383 points in a 15-
dimensional MSSM parameter space; we hereafter refer to
distinct points in theMSSM parameter space as models). In
their study, AKTW compared models pairwise, so that
these 383 models correspond to 283 pairs of models which
gave indistinguishable signatures at the LHC. In some
cases, models were found to give degenerate signatures
multiple times. While this may naively seem to be a
relatively small number of inseparable models, one needs
to recall that AKTW performed a small sampling of a large
parameter space (due to computational limitations). Based
on the number of models AKTW generated, the number of
degeneracies they found led AKTW to estimate that a more
complete statistical sampling of the available parameter
space volumewould yield a degeneracy of each model with
Oð10–100Þ other points.
One may wonder if there are any common features of

these models that give rise to their indistinguishability at
the LHC. AKTW demonstrated that these degeneracies are
essentially the result of three possible characteristics that
involve the relative composition of the physical electro-
weak gaugino sector in terms of the Higgsino, wino, and
bino weak eigenstates. These mechanisms are referred to
as ‘‘Flippers’’, ‘‘Sliders’’ and ‘‘Squeezers’’ and are sche-
matically shown in Figs. 1–3. The ambiguities that arise
from these model characteristics originate directly from
the manner in which SUSY is produced and observed at the
LHC; several of these mechanisms can be simultaneously
present. As is well-known, the (by far) dominant produc-
tion mechanism for R-parity conserving SUSYat the LHC
is via the strong interactions, i.e., the production of squarks
and gluinos. These particles then decay through a long
cascade chain via the generally lighter electroweak gau-
gino/Higgsino partner states. This eventually leaves only
the SM fields in the final state together with the stable
lightest SUSY particle (LSP), which is commonly the
lightest neutralino, appearing as additional missing energy.
The decays of the SM fields produce additional jets, lep-
tons, and missing transverse energy from neutrinos.
Unfortunately sleptons do not always play a major role in
these cascades (due to phase space considerations in the
sparticle spectrum, see, e.g., the models in Fig. 1) so that
much valuable information associated with their properties
is generally lost. When comparing the possible decay
chains which result from the produced squarks and gluinos,
similar final states can occur if the identities of the
Higgsino, wino and bino weak states in the spectrum are
interchanged while their masses are held approximately
fixed. This is an example of the so-called ‘‘Flipper’’ am-
biguity (Fig. 1) where two spectra with interchanged elec-
troweak quantum numbers can produce very similar final
state signatures. A second possible source of degeneracy
can arise from the fact that absolute masses, and in par-
ticular the mass of the LSP, are not well measured at the
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LHC in contrast to the mass differences between states
[10,19]. Thus models can have similar spectra but be
somewhat offset from each other in their absolute mass
scale and hence be difficult to distinguish; this represents
the ‘‘Slider’’ degeneracy (Fig. 2). Lastly, pairs of states in
the spectra with relatively small mass differences com-
pared to the overall SUSY scale lead to relatively soft
decay products in the cascade chain. Such a possibility
can cause significant loss of information as well as general
confusion in parameter extractions and are termed
‘‘Squeezers’’ (Fig. 3). Of course in all these cases some
shifts are needed in the strongly interacting part of the
SUSY spectrum to keep the various production rates and

decay distributions comparable between potentially indis-
tinguishable models. It goes without saying that some
degeneracies can also arise when more than one of these
mechanisms are active simultaneously.
We now examine the physical particle spectra in the 383

models found by AKTW to be indistinguishable at the
LHC. First, we note that since AKTW have required
squarks and gluinos to have Lagrangian masses greater
than 600 GeV in their parameter scans, the only states
potentially accessible to the ILC will be the sleptons and
the sparticles associated with the electroweak gaugino/
Higgsino sector. Of particular phenomenological interest
is the mass splitting between the next-to-LSP (NLSP) and
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FIG. 1 (color online). Illustration of the Flipper ambiguity in the MSSM spectrum. The left panel displays a typical mass value for
the bino, wino, and Higgsino mixing parameter in the weak eigenstate basis for two models A and B. The right panel shows the
corresponding sparticle spectrum in two of the AKTW models, with the red arrows indicating the Flipper effect.
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LSP (see Fig. 4). Here, this is usually that between the
lightest chargino, ~��

1 , and lightest neutralino state, ~�0
1.

Generally this distribution for our set of AKTW models
appears rather flat except for a huge and puzzling feature
near �270 MeV. It would seem that almost 40%, i.e., 141
of these models, experience this exact mass splitting be-
tween these two states.

An investigation shows that this result is an artifact of
the manner in which PYTHIA6.324 generates the physical
SUSY particle spectrum at tree level from the Lagrangian
parameters. Recall that AKTW randomly generated points
in a 15-dimensional weak scale MSSM parameter space,
described in the previous section, from which the physical
SUSY particle masses are then calculated at tree level via
PYTHIA6.324. With this procedure, it is possible that some-

times the mass of the lightest chargino ~��
1 turns out to be

less than that of the ~�0
1 once the mass eigenstates are

computed; this is usually considered to be ‘‘unphysical’’
as it would imply charged dark matter in the standard
cosmological picture. PYTHIA6.324 handles this situation
by artificially resetting the chargino mass to be greater than
that of the LSP by m~��

1
¼ m~�0

1
þ 2m� without an associ-

ated warning message. This apparently happens frequently
and causes the large peak in the distribution shown in
Fig. 4. This feature is mentioned in the PYTHIA manual
(where it is noted that the tree-level SUSY spectrum cal-
culator is not for publication quality), and has been further
clarified in later versions of PYTHIA [20]. However, here we
need to follow the analysis of AKTWas closely as possible
to reproduce their sparticle spectra and specific model
characteristics. Because of this and additional reasons dis-
cussed below in the text, in our analysis we use a slightly
modified version of PYTHIA6.324. In the strictest sense,
these models are only ‘‘unphysical’’ at the tree level since
loop corrections restore the correct mass hierarchy. We

have checked that all 383 of the AKTW models have an
appropriate mass spectrum when the SUSPECT2.34 routine
[21], which includes the higher order electroweak and
QCD radiative corrections, is employed to generate the
physical spectrum. However, in the present work, the 141
models cannot be artificially saved simply by employing
this mass reassignment or by using SUSPECT as their col-
lider production and signature properties would be modi-
fied as compared to the AKTW study. We thus drop them
completely from further consideration. This leaves us with
a sample of 242 models which consist of 162 degenerate
model pairs to examine [22].
Given these 242 models, we next address the question of

what fraction of their SUSY spectra are kinematically
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accessible at a 500 or 1000 GeV ILC. The results are
shown in Figs. 5–7, which display the individual mass
spectra for the weakly interacting sectors of the various
SUSY models under consideration. The full accessible
sparticle count for

ffiffiffi
s

p ¼ 500 and 1000 GeV is presented
in Fig. 8. There are many things to observe by examining
these figures. First, we recall from the discussion above
that in all cases the squarks are too massive to be pair
produced at the ILC so that we are restricted to the slepton
and electroweak gaugino sectors. Here in Table I and in
Figs. 5–7 we see that for a 500 (1000) GeV collider, there
are only 22 (137) models with kinematically accessible
(which here means via pair production) selectrons and
smuons at

ffiffiffi
s

p ¼ 500 ð1000Þ GeV; note that these two
sparticles are degenerate in the MSSM. Similarly,
28 (145) of the models have accessible light staus, 6 (55)
of which also have kinematically accessible selectrons/
smuons. 53 (92) models have kinematically accessible
light charginos, 4 (12) of which also have accessible selec-
trons/smuons and 6 (12) of which also have accessible
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staus. At
ffiffiffi
s

p ¼ 1 TeV, 19 of these 92 models with acces-
sible light charginos also have the second chargino acces-
sible by pair production. Very importantly, atffiffiffi
s

p ¼ 500 GeV, in 96 models the only kinematically ac-

cessible sparticles are neutral, e.g., ~�0
1 or ~�, while 61 other

models have no SUSY particles accessible whatsoever. Atffiffiffi
s

p ¼ 1 TeV, these numbers drop to only 0 and 3 in each of
these latter categories, respectively. Recalling that we are
looking at essentially random points in the MSSM parame-
ter space, we see from this simple counting exercise that
�60% of the models will have no ‘‘traditional’’ SUSY
signatures at a 500 GeV ILC, whereas a 1 TeV machine
essentially covers almost all the cases. In the analysis that
follows we will consider only the case of a 500 GeV ILC
with the 1 TeV case to be considered separately in the
future. Table I summarizes the kinematic accessibility of
all the relevant MSSM final states for

ffiffiffi
s

p ¼ 500 GeV in
our study as well as the corresponding results for 1 TeV.
Given that so many models have such a sparse SUSY

spectrum at
ffiffiffi
s

p ¼ 500 GeV, it is not uncommon for one of
the two models in the pair we are comparing to have no
kinematically accessible sparticles. In such a case, break-
ing the model degeneracy at the LHC might seem to be
rather straightforward, as for one model we might observe
SUSY signals above the SM background but not for the
other in the pair. Of course, at the other end of the spectrum
of difficulty, one can imagine cases where both models
being compared are Squeezers, in which case model dif-
ferentiation will be far more difficult and having an ex-
cellent ILC detector will play a much more important role.

III. ANALYSIS PROCEDURE AND GENERAL
DISCUSSION OF BACKGROUND

To determine whether or not the ILC resolves the LHC
inverse problem, we compare the ILC experimental signa-
tures for the pairs of SUSYmodels that AKTW found to be
degenerate, and see whether these signatures can be dis-
tinguished. We examine numerous production channels
and signatures for supersymmetric particle production in
eþe� collisions. Before the model comparisons can be
carried out, we must first ascertain if the production of
the kinematically accessible SUSY particles is visible
above the SM background. Our analysis procedure is de-
scribed in this section.

A. Event generation of signal and background

We generate 250 fb�1 of SUSY events at
ffiffiffi
s

p ¼
500 GeV for each of the AKTW models for both 80%
left- (LH) and 80% right-handed (RH) electron beam
polarization with unpolarized positron beams, providing
a total of 500 fb�1 of integrated luminosity. To generate
the signal events, we use PYTHIA6.324 [5] in order to retain
consistency with the AKTW analysis. However, as will be
described in detail below, we find that PYTHIA underesti-
mates the production cross section in two of our analysis
channels, and in these two cases we employ COMPHEP [23].
We also analyze two statistically independent 250 fb�1

sets of standard model background events for each of the
two electron beam polarizations. We then study numerous
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FIG. 8 (color online). Number of models with various kine-
matically accessible MSSM states at a 500 (lower, red) or 1000
(upper, blue) GeV eþe� collider via pair production.

TABLE I. Number of models at
ffiffiffi
s

p ¼ 500 GeV and 1 TeV
which have a given final state kinematically accessible. Note that
for the 500 GeV case, 96 models have only LSP or neutral pairs
accessible while 61 models have no SUSY particles accessible.

Final state 500 GeV 1 TeV

~eþL ~e�L 9 82

~eþR ~e�R 15 86

~e�L ~e�R 2 61

~�þ
L ~��

L 9 82

~�þ
R ~��

R 15 86

Any selectron or smuon 22 137

~�þ1 ~��1 28 145

~�þ2 ~��2 1 23

~��1 ~��2 4 61

~�e�~�
�
e� 11 83

~��~�
�
� 18 83

~�þ
1 ~��

1 53 92

Any charged sparticle 85 224

~��
1 ~��

2 7 33

~�0
1 ~�

0
1 180 236

~�0
1 ~�

0
1 only 91 0

~�0
1 þ ~� only 5 0

~�0
1 ~�

0
2 46 178

~�0
1 ~�

0
3 10 83

~�0
2 ~�

0
2 38 91

~�0
2 ~�

0
3 4 41

~�0
3 ~�

0
3 2 23

Nothing 61 3
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different analysis channels. When we determine if a signal
is observable over the SM background in a particular
channel, we statistically compare the combined distribu-
tion for the signal plus the background from our first
background sample with the distribution from our second,
independent background sample. When we perform the
model comparisons, we add each set of SUSY events to a
distinct standard model background sample generated for
the same beam polarization. We then compare observables
for the many different analysis channels for these two
samples of signal and background (i.e., model Aþ
background sample 1 is compared to model Bþ
background sample 2). It is important to note that we
take into account the full standard model background in
all analysis channels rather than only considering the pro-
cesses that are thought to be the dominant background to a
particular channel; surprisingly, sometimes many small
contributions can add up to a significant background.

Our background contains all SM 2 ! 2, 2 ! 4, and 2 !
6 processes with the initial states eþe�, e��, or ��; in
total there are 1016 different background channels. These
events were generated by Barklow [12] with O’MEGA as
implemented in WHIZARD [13], which uses full tree-level
matrix elements and incorporates a realistic beam treat-
ment via the program GUINEAPIG [11]. The use of full
matrix elements leads to qualitatively different background
characteristics in terms of both total cross section and
kinematic distributions compared to those from a simula-
tion that uses only the production and decay of on-shell
resonances, e.g., the procedure generally employed in

PYTHIA. WHIZARD models the flux of photons in e�� and

�� initiated processes via the equivalent photon approxi-
mation. However, in the standard code, the electrons and
positrons which emit the photon(s) that undergo hard
scattering do not receive a corresponding kick in pT , in
contrast to the electrons or positrons that undergo initial
state radiation. The version of WHIZARD used here to gen-
erate the background events was thus amended to correct
this slight inconsistency in the treatment of transverse
momenta. An illustration of the resulting effects from
employing exact matrix elements and modeling the trans-
verse momentum distributions in a realistic fashion is
presented in Fig. 9. This figure compares the transverse
momentum distribution for the process eþe� !
eþe��e ��e in the SM after our selectron selection cuts
(see Sec. IVA) have been applied, as generated with
PYTHIA versus the modified version of WHIZARD, using

the same beam spectrum in both codes. We see that in
this case, the pT distribution generated by PYTHIA is
smaller and has a shorter tail.
We now discuss our treatment of the beam spectrum in

further detail. The backgrounds were generated using a
realistic beam treatment, employing the program
GUINEAPIG [11] to model beam-beam interactions. Finite

beam energy spread was taken into account and combined
with a beamstrahlung spectrum specific to a cold technol-
ogy linear collider, i.e., the ILC. The effect of beamstrah-
lung is displayed in Fig. 10, which shows the invariant
mass of muon pairs formed by eþe� collisions with the
beam spectrum we employ. The resulting spectrum is

FIG. 9 (color online). Transverse momentum distribution in eþe� ! eþe��e ��e as generated via PYTHIA and WHIZARD, for 250 fb�1

of integrated luminosity with 80% left-handed electron beam polarization at
ffiffiffi
s

p ¼ 500 GeV. Our selectron selection cuts (discussed in
the text) have been applied.
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somewhat different qualitatively from a commonly used
purely analytic approximate approach [24–26].

While our backgrounds contain 500 fb�1 of total inte-
grated luminosity for processes with initial eþe� or e��
states, some �� initiated processes yield very high cross
sections, and thus a smaller number of events had to be
generated and then rescaled due to limited storage space. In
total, our background sample uses approximately 1.7 TB of
disk space. This rescaling of some �� processes introduces
artificially large fluctuations in the corresponding analysis
distributions. In order to remedy this, we employ the
following procedure: we combine the two independent
background samples for the affected reactions, and then
randomly reallocate each entry on a bin by bin basis to one
of the two background sets. Thus, on average, each histo-
gram contains an equal amount of entries bin per bin, while
remaining statistically independent. Of course, this proce-
dure does not completely eliminate the fluctuations.
However, due to the random reallocation of entries, the
contribution of these fluctuations to the statistical analyses
in our comparison of models performed in Sec. VII is
greatly reduced.

B. Analysis procedure

For each SUSY production process, we perform a cuts-
based analysis, and histogram the distributions of various
kinematic observables that we will describe in detail in the
following sections. We apply a general analysis strategy
that performs uniformly well over the full MSSM parame-
ter region. Each analysis is thus applied to every model in
exactly the same fashion; there are no free parameters, and
we do not make use of any potential information from the
LHC; in particular we assume that the LSP mass is not
known. Recall that the AKTW models that we have in-
herited are difficult cases at the LHC, and thus in general
we cannot make any assumptions about what measure-

ments, if any, will have been performed by the LHC
detectors. We also note that AKTW did not impose any
additional constraints from flavor physics, cosmological
observations, etc. Such a global analysis is clearly desir-
able but is beyond the scope of the present study and is
postponed to a future publication.
Our background and signal events described above are

piped through a fast detector simulation using the
ORG.LCSIM detector analysis package [15], which is cur-

rently specific to the SiD detector design [14]. ORG.LCSIM
is part of the JAVA Analysis Studio (JAS3) [27], a general
purpose JAVA-based data analysis tool. The ORG.LCSIM fast
detector simulation incorporates the specific SiD detector
geometry, finite energy resolution, acceptances, as well as
other detector specific processes and effects. Unfortun-
ately, the identification of displaced vertices and a mea-
surement of dE=dx are not yet implemented in the stan-
dard, fully tested version of the simulation package
employed here, although preliminary versions of these
functions are under development. The present study repre-
sents the first large end user application of the LCSIM

software package and hence we prefer to use the standard,
tested, version of the software without these additional
features. The output of our LCSIM-based analysis code is
given in terms of AIDA histograms, where AIDA refers to
Abstract Interfaces for Data Analysis [28], a standard set of
JAVA and C++ interfaces for creating and manipulating

histograms, which is incorporated into the JAS3 framework.
ORG.LCSIM allows for the study of various different

detectors, whereby an XML description of the specific
detector is loaded into the software in a modular fashion.
Currently,XML descriptions for various slightly different
versions of the SiD detector geometry are publicly
available. We use the SiD detector version studied
extensively at Snowmass 2005 (SIDAUG05) [29]. In addi-
tion, two files, called ClusterParameters.properties and
TrackingParameters.properties allow the user to adjust
various tracking and energy resolution parameters. We
set the parameters such that we closely follow the SiD
detector outline document (DOD) [16]. In particular, we
employ the following configuration in our study:
(i) The minimum transverse momentum of registered

tracks is given by pT > 0:2 GeV.
(ii) There is no tracking capability below 142 mrad,

which corresponds to j cos	j< 0:99.
(iii) Between 142 and 5 mrad, electromagnetically

charged particles appear as neutral clusters.
(iv) There is no detector coverage below 5 mrad.
(v) The jet energy resolution is set to 30%=

ffiffiffiffi
E

p
.

(vi) The electromagnetic energy resolution is set to

18%=
ffiffiffiffi
E

p
.

(vii) The hadronic energy resolution is set to 50%=
ffiffiffiffi
E

p
.

(viii) The hadronic degradation fraction is r ¼ 1:0.
(ix) The electromagnetic jet energy fraction is w� ¼

0:28.
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FIG. 10. Invariant mass of the muon pairs in eþe� ! �þ��
at

ffiffiffi
s

p ¼ 500 GeV, using the beam spectrum described in the
text.
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(x) The hadronic jet energy fraction is wh ¼ 0:1.
For a detailed explanation of these parameters we refer to
the SiD DOD, specifically Sec. IVB regarding the energy
resolution parameters.

However, we note that the lack of tracking capability
below 142 mrad causes highly energetic forward muons to
not be reconstructed. They are too energetic to deposit
energy into clusters and are thus undetected and appear
as missing energy. This effect produces a substantial stan-
dard model background to, e.g., our stau analysis, where
we allow one tau to decay hadronically and the other
leptonically. In this case, we keep events with one electron
and one muon of opposite charge, which can be mimicked
by �� ! �þ�� events where one of the beam electrons is
kicked out sufficiently to be detected, but one of the final
state muons is too energetic and too close to the beam axis
to be reconstructed. We find that this background is sub-
stantial and, given these detector parameters, can only be
eliminated by discarding all tau events with electrons/
positrons in the final state.

The default jet finding algorithm of ORG.LCSIM is the
JADE jet algorithm [30] in the E scheme with ycut ¼ 0:005
employed as the default setting. The JADE jet algorithm in
the E scheme is defined as follows:

minðpi þpjÞ2 ¼min2EiEjð1� cos	ijÞ>ycuts

pij ¼ pi þpj for the recombination scheme:

(1)

The default ycut, however, is too small, and causes soft
gluons to produce far too many jets. We therefore set the
value of ycut to ycut ¼ 0:05within the JADE jet algorithm. In
addition, one must take care when using the default
ORG.LCSIM jet finder, as every parton, including leptons

and photons, is in principle identified as a jet. More so-
phisticated jet finders are in the development stage. We
thus use the default jet finder, but with additional checks on
the jet particle content to discard nonhadronic ‘‘jets.’’

We perform searches for slepton, chargino, and neutra-
lino production and in many cases design analyses for
several different decay channels of these sparticles. Each
of our analyses is designed to optimize a particular signa-
ture, and we apply each analysis to every AKTWmodel. A
particular model may or may not produce a visible signa-
ture in a specific channel. We will describe our cuts in
detail for each analysis channel in the sections below.

As a starting point, we incorporate sets of kinematic cuts
that were developed in various previous supersymmetric
studies in the literature (the specific references are given in
the following sections). However, in many cases we find
that some of these cuts are optimized for specific super-
symmetry benchmark points, e.g., the Snowmass Points
and Slopes (SPS) [19], and are too stringent for the general
class of models we study here. In other cases, we find that
the cuts employed in the literature are not stringent enough

to sufficiently reduce the standard model background in
order to obtain a good signal to background ratio. Through
a seemingly endless series of iterations, we have thus
designed sets of cuts (which are described in the following
sections) that optimize the signal to background ratio for an
arbitrary point in MSSM parameter space. This scenario
corresponds to a first sweep of ILC data in search of a
SUSY signal, and is therefore a reasonable course of
action. We also remind the reader that these AKTW mod-
els are difficult at the LHC and hence the slepton, chargino,
and neutralino states will not necessarily be observable at
the LHC.
The signatures that we have developed analyses for are

summarized in Table II, which lists the signature, dominant
background source, and the observable kinematic dis-
tribution for each SUSY production process. We note
that in some cases, the same signature can arise from
different sources of sparticle production, e.g., �þ�� þ
missing energy can occur from both smuon and chargino
production. Indeed, it is well known that sometimes SUSY
is its own background and wewill note this in the following
sections. Our cuts, however, are chosen such to minimize
this effect.
As discussed in the Introduction, the first step in our

analysis is to determine whether or not a given SUSY
particle is visible above the SM background. Specifically,
for a kinematic distribution resulting from our analysis of a
given observable, we ask whether or not there is sufficient
evidence to claim a ‘‘discovery’’ for a SUSY particle
within a particular model. There are many ways to do
this, but we follow the likelihood ratio method, which we
base on Poisson statistics. (See, e.g., Ref. [31].) In this
method, we introduce the general likelihood distribution:

Lðn;�Þ ¼ Ybins
i

�ni
i e

�i

ni!
; (2)

where nið�iÞ are the number of observed (expected) events
in each bin i and we take the product over all the relevant
bins in the histogram. As discussed above, we have gen-
erated two complete and statistically independent back-
ground samples, which we will refer to as B1 and B2.
Combining the pure signal events, S, which we generate
for any given model with one of these backgrounds, we
form the likelihood ratio

R ¼ LðSþ B1; B2Þ=LðB1; B2Þ: (3)

The criterion for a signal to be observed above background
is that the significance, S, satisfy

S ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 logR

p
> 5: (4)

This corresponds to the one-sided Gaussian probability
that a fluctuation in the background mimics a signal of
’ 2:9� 10�7, which is the usual 5� discovery criterion.
When employing this method, we sometimes encounter
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bins within a given histogram for which there is no back-
ground due to low statistics but where a signal is observed.
In this case, the function L is not well-defined. When this
occurs we enter a single event into the empty background
histogram in that bin.

Given that our full SM background samples are only
available at fixed energies, our toolbox does not include the
ability to do threshold scans. As is well known, this is a
very powerful technique that can be used to obtain preci-
sion mass determinations for charged SUSY (or any other
new) particles that are kinematically accessible. Such mea-
surements would certainly aid in the discrimination be-
tween models, especially in difficult cases where the
measurements we employ do not suffice. In addition, es-
pecially for sparticles which decay inside the detector
volume, input from the excellent SiD vertex detector could
prove extremely useful. In the analysis presented below,
the vertex detector is used only for track matching and not
as a search tool for long-lived states.

IV. SLEPTON PRODUCTION

A. Charged slepton pair production

For detecting the production of charged sleptons, we
focus on the decay channel

~lþ~l� ! lþl� ~�0
1 ~�

0
1; (5)

that is, the signature is a lepton pair plus missing energy. In
the cases of selectrons and smuons these signatures are
fairly straightforward to study; the stau case is slightly
more complicated due to the more involved tau
identification.

As is well known, the main standard model background
for all of these cases arises from the production of W pairs
followed by their subsequent decay into lepton-neutrino
pairs and from Z-boson pair production, where one Z
decays into a charged lepton pair and the other into a
neutrino pair. A significant background also arises from
gamma-induced processes through beamstrahlung and
bremsstrahlung.
The W pair background produces leptons that are pre-

dominantly along the beam axis towards jcos	j�1, where
	 takes on the conventional definition. This is because the
decaying W bosons are produced either through s-channel
Z- or �-exchange, for which the differential cross section is
proportional to (1þ cos2	), or through t-channel neutrino-
exchange, which behaves as 1=sin4ð	=2Þ. The photon-
induced background also yields electrons that are peaked
along the beam axis because they are mainly produced at
low pT from beamstrahlung and bremsstrahlung, although
our more realistic beam spectrum has a larger pT tail than
the PYTHIA-generated backgrounds studied conventionally
(cf. the discussion in the previous section). As we will
illustrate below in Sec. IVA3, having the best possible
forward detector coverage in terms of tracking and particle
identification (ID) is therefore of utmost importance to
reduce the standard model background.
To reduce the SM background, we employ a series of

cuts that have been adapted and expanded from previous
studies [32–34]. Our cuts are fairly similar for all slepton
analyses. We will discuss them in detail in our selectron
analysis presented below, and then will list the cuts with
only brief comments in our discussion of smuon and stau
production.

TABLE II. Summary of signatures and observables in all analysis channels that we study and sources of the main standard model
background. l ¼ e;�; �.

Sparticles produced Signature Main background Observable

~eþ~e� eþe� þmissing E eþe� ! e� ��l�le
þ, Energy of eþ, e�

~�þ ~�� �þ�� þmissing E eþe� ! �� ��l�l�
þ, Energy of �þ, ��

~�þ~�� �þ�� þmissing E e�� ! e�� �� Energy of tau-jets

e�� ! e�lþl�
~�~�� jjjjlþl� þmissing E �� ! c �c, b �b Missing energy

~�~�� jjjjjjþmissing E none Missing energy

~�þ
1 ~��

1 �þ�� þmissing E eþe� ! l� ��l�l0 l
0þ Energy of �þ, ��

~�þ
1 ~��

1 jj�� þmissing E eþe� ! q �q0l ��l Energy and invariant

�� ! �þ�� Mass of dijet pair

�� ! q �q
~�þ
1 ~��

1 jjjjþmissing E �� ! q �q Energy and invariant

Mass of dijet pairs,

Missing energy

~�þ
1 ~��

1 �þ charged tracks eþe� ! l� ��l�l0 l
0þ Recoil mass

e�� ! e�lþl�
~�þ
1 ~��

1 or ~�þ~�� 2 stable charged tracks eþe� ! eþe� þ ISR, BS p=E
~�0
2 ~�

0
1 lþl� þmissing E �� ! lþl� Invariant mass of lepton-pair

~�0
2 ~�

0
1 jjþmissing E e�� ! �eq �q Invariant mass of jet-pair

~�0
1 ~�

0
1 �þ nothing eþe� ! �� �� Photon energy
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1. Selectrons

As discussed above, in the case of selectron production
we study the clean decay channel

~eþ~e� ! eþe� ~�0
1 ~�

0
1; (6)

that is, the signature is an electron pair plus missing energy.
The main backgrounds arising from the SM originate inW
and Z pair production, followed by their leptonic decays,
along with several processes originating from both �� and
�e interactions. To reduce these backgrounds we employ
the following cuts, which are expanded from those in [32]:

(1) We require exactly two leptons, identified as an
electron and a positron, in the event and that there
be no other charged particles. This removes SM
backgrounds where, for example, both Z bosons
decay into charged leptons.

(2) Evis < 1 GeV for j cos	j � 0:9, where Evis corre-
sponds to the visible energy in the event. This helps
to reduce large SM background from forward W
production, as well as beamstrahlung/bremsstrah-
lung reactions that yield leptons predominantly
along the direction of the beam axis.

(3) Evis < 0:4
ffiffiffi
s

p
in the forward hemisphere. Here, the

forward hemisphere is defined as the hemisphere
around the thrust axis which has the greatest visible
energy. Since we only have 2 visible particles in the
final state, this amounts to defining the forward
hemisphere about the particle with the highest en-
ergy. The SUSY signal has missing energy in both
hemispheres, whereas the SM reaction eþe� !
ZZ ! eþe�� �� has missing energy in only one of

the hemispheres since the decay Z ! � �� occurs in

the hemisphere opposite of the Z decay to charged
leptons.

(4) The angle between the reconstructed electron-
positron pair is restricted to have cos	 >�0:96.

Since SUSY has a large amount of missing energy,
the selectron pair will not be back-to-back, in con-
trast to the SM background events.

(5) We demand that the visible transverse momentum,
or equivalently, the transverse momentum of the

electron-positron pair, pTvis ¼ peþe�
T > 0:04

ffiffiffi
s

p
.

This cut significantly reduces both the �� and
e�� backgrounds which are mostly at low pT .

(6) The acoplanarity angle must satisfy �
eþe� >
40 deg . Since we demand only an electron and

positron pair, the acoplanarity angle is equivalent
to � minus the angle between the transverse mo-

mentum of the electron and positron, �
eþe� ¼
�� 	T . This requirement translates to a restriction
on the transverse angle of cos	T > 0:94. This cut

further reduces contributions from both the W-pair
and �� backgrounds where the eþe� pair tends to
be more back-to-back.

(7) Meþe� <MZ � 5 GeV or Meþe� >MZ þ 5 GeV,

where Meþe� is the invariant mass of the lepton
pair. This cut is to further remove events from Z
boson pair production with subsequent decays into
eþe� pairs.

As already mentioned above, we note that below
142 mrad (j cos	j> 0:99), the SiD detector does not
have particle tracking information according to the current
detector design [16], and any charged particle in this region
appears only as a neutral electromagnetic cluster. However
the first cut listed above, where we demand exactly an
eþe� pair in the final state, substitutes for potentially
more detailed cuts that assume tracking capabilities down
to much smaller angles.
The standard selectron search analysis is based on the

energy distribution of the final state electron or positron.
Since the selectron decays into a clean 2-body final state,
the e�=eþ energy distribution has a box-shaped ‘‘shelf’’ in
a high statistics, background-free, perfect detector environ-
ment in the absence of radiative effects. Kinematics deter-
mines the minimum and maximum electron energies which
are related to the two unknown masses of the selectron and
LSP by

Emax ¼
ffiffiffi
s

p
4

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

~e

s

s ��
1�

m2
~�0
1

m2
~e

�
; (7)

Emin ¼
ffiffiffi
s

p
4

�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

~e

s

s ��
1�

m2
~�0
1

m2
~e

�
: (8)

The sharp edges of this box-shaped energy distribution
allow for a precise determination of the selectron and
LSP masses. However, due to beamstrahlung, the effectiveffiffiffi
s

p
above will vary, and once detector effects are also

included the edges of this distribution will tend to be
slightly washed out. Since our goal here is to simply detect
superpartners and then distinguish models with different
sets of underlying parameters, we do not need to perform a
precise mass determination in the present analysis. We also
consider additional kinematic observables, such as the
distribution of pvis

T and the eþe� invariant mass Mee, as
they will be useful at separating different SUSY signal
sources.
The successive effect of each of the above cuts on the

SM background is illustrated in Fig. 11. Here, we show the
electron and positron energy distribution for 250 fb�1 of
simulated standard model background for RH electron
beam polarization at

ffiffiffi
s

p ¼ 500 GeV. The y axis corre-
sponds to the number of events per 2 GeV bin. We note
that cuts number 1–5 essentially eliminate any potential
background arising from the large Bhabha scattering and
�� ! eþe� cross sections. The main contribution to the
background remaining after these cuts arises from pro-
cesses involving W and Z pair production from electron
positron initial states, i.e., eþe� ! ‘� ��‘�‘0‘

0þ, with

C. F. BERGER et al. PHYSICAL REVIEW D 80, 095018 (2009)

095018-12



‘ð0Þ ¼ e; �, as shown in Fig. 12. We find that most of the
photon initiated background has been removed by our cuts.

Note that applying these cuts in a different order would
necessarily show a different level of effectiveness.

FIG. 12 (color online). Remaining SM background after the full set of selectron selection cuts listed in the text are imposed. This is
generated from 250 fb�1 of SM events with 80% right-handed (lower solid blue line) and 80% left-handed (upper solid red line)
electron beam polarization, and unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV. The dotted lines show the main process contributing to
the background, eþe� ! ‘� ��‘�‘0‘

0þ, with ‘ð0Þ ¼ e, �, for 80% right-handed (lower dotted pink line) and 80% left-handed (upper
dotted green line) electron polarization. Note that here and in other Figures below the spikes in the full background and the main
contributions are because of rescaling issues and the thus necessary mixing of the two independent background samples (cf. the
discussion in Sec. III A). This mixing is a random procedure which explains why the spikes are not all in the same bins.

FIG. 11 (color online). Standard model background after each of the cuts listed in the text is successively imposed for an incoming
right-handed electron beam with 80% polarization and 250 fb�1 of integrated luminosity.
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A further comment on cut number 5 is in order. One

finds that increasing this cut from peþe�
T > 20 GeV to

peþe�
T > 30 GeV at

ffiffiffi
s

p ¼ 500 GeV to further reduce the
photon initiated background, introduces a dip in the center
of the ‘‘shelves’’ for MSSM models that have edges near
Ee ’ 30–40 GeV. This apparently occurs when both vis-
ible leptons have approximately the same amount of en-
ergy, so that their transverse momenta partially cancel,
leaving insufficient visible transverse momentum to pass
the cut. When one of the leptons is more energetic than the
other, the visible pT is generally above the cut. Thus
increasing the cut on visible pT in order to reduce the
background further also affects the signal in a perhaps
somewhat unexpected way. The same observation also
applies in the smuon analysis below.

Figure 13 shows how a typical signal from a model with
kinematically accessible selectrons responds to the same
cuts that were applied to the backgrounds above. Note that
while the cuts reduce the backgrounds by many orders of
magnitude, the signal is reduced only by a factor of 2–3.

We now examine selectron pair production for the
AKTW models. In this case, there are 22 models with
kinematically accessible selectrons at

ffiffiffi
s

p ¼ 500 GeV.
The ~eLðRÞ is accessible in 9 (15) of these 22 models; for 2

models we find that both states are potentially visible. Note
that fewer than 10% of our models have this relatively
clean channel accessible. Selectrons are pair produced via
s-channel � and Z exchange as well as t-channel neutralino
exchange. For the case of the well-studied ~e ! e~�0

1 decay

mode, which we examine here, selectrons are usually
searched for by examining the detailed structure of the

resulting individual e� energy spectra and looking for
any excesses above the expected SM background. As is
by now well-known and briefly discussed above, in the
absence of such backgrounds, with high statistics and
neglecting any radiative effects, the 2-body decay of the
selectrons lead to flat, horizontal shelves in this distribu-
tion. In a more realistic situation where all such effects are
included and only finite statistics are available, the general
form of the shelf structure remains but they are now jagged,
tilted downwards (towards higher e� energies), and have
somewhat smeared edges. These effects are illustrated in
Fig. 14 which shows examples of the e� spectra (adding
signal and background) for some representative AKTW
models containing kinematically accessible selectrons
with either beam polarization configuration [35]. There
are several important features to note in these figures.
The detailed nature of the ~e signal in the e� energy
spectrum shows significant variation over a wide range of
both magnitude and width depending upon the ~eL;R and ~�0

1

masses and the resulting production cross sections. Recall
that t-channel sneutrino exchange can be important here
and dramatically affects the size of this cross section. The
ratio of signal to background is not always as large as in
most cases discussed in the literature. In addition, we note
that the range of possible signal shapes relative to the SM
background can be varied; not all of our signals appear to
be truly shelflike. In some models, the background over-
whelms the signal. Note that RH polarization leads to far
smaller backgrounds than does LH polarization as would
be expected, this being due to the diminished contribution
from W-pairs which prefer LH coupling.

FIG. 13 (color online). The electron energy distribution for selectron production after successively imposing each of the cuts listed in
the text for the case of a right-handed incoming electron beam with 80% polarization and 250 fb�1 of integrated luminosity.
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FIG. 14 (color online). Electron energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for several representative models. RH (LH) beam polarization is employed in the top (bottom) panel, assuming 80% electron
beam polarization an integrated luminosity of 250 fb�1 for either polarization. The SM background is shown as the black histogram.
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Of the 22 kinematically accessible models, 18 (15) lead
to signals with a visibility significance over background of
S > 5 at these integrated luminosities assuming RH (LH)
beam polarization. Combining the LH and RH polariza-
tions channels we find that 18=22 models with selectrons
lead to signals with significance >5. Furthermore, 8=9
models with kinematically accessible ~eL are observable
while 12=15models with ~eR are visible. Note that 4 models
have selectrons with masses that are in excess of 241 GeV.
This leads to a strong kinematic suppression in their cross
sections and, hence, very small signal rates, so they are
missed by the present analysis. Some of the models in both
the RH and LH polarization channels have a rather small
S=B and are not easily visible at this level of integrated
luminosity; typical examples of ‘‘difficult’’ models are
presented in Figs. 15 and 16.

It is interesting to compare these results to what we
obtain in the case of the well-studied SPS1a’ benchmark
model [19]; Fig. 17 shows the electron energy distribution
for this model for both beam polarization choices in an
analogous manner to that shown in the previous figures for
the AKTW models. Because of the large production cross
section, detecting the signal in this case is rather trivial as
we would expect from the detailed studies made in the
literature. The most important thing to notice from this
figure is that SPS1a’ leads to substantially larger signal
rates than in any of the models we are investigating in the
present analysis. In fact, the SPS1a’ signal rates can be
almost 2 orders of magnitude larger than some of the
models we are examining here. We also observe the ob-
vious presence of two shelves, especially in the case of LH

beam polarization, clearly indicating that both the ~eL and
~eR states are kinematically accessible and are being simul-
taneously produced.
Interestingly, one finds that there are a number of mod-

els, particularly in the case of RH polarization, which do
not have kinematically accessible selectrons but which
have visible signatures in the ~e-pair analysis. This is an
example of SUSY being a background to SUSY. There are,
of course, other SUSY particles which can decay into e�
and missing energy, e.g., chargino pair production fol-
lowed by the decay ~�þ

1 ! W� ~�0
1 with W� ! e�, or asso-

ciated ~�0
2 ~�

0
1 production followed by the decay

~�0
2 ! eþe� ~�0

1. Both of these processes result in the same
observable final state. Figure 18 shows some of these
‘‘fake’’ models that appear in our selectron analysis in
the case of RH polarization. Fake models, by which we
mean models where other SUSY particle production leads
to a visible signature in the selectron analysis, also appear
for LH polarization and, in fact, we find 14 counterfeit
models for either polarization. Note that the shapes of these
fake model signatures are somewhat different than those in
a typical model with actual selectrons present; there are no
truly shelflike structures and the e� energies are all peaked
at relatively low values. This occurs because in these
examples the final state electrons are the result of a 3- (or
more) body decay channel when the W boson is off shell
and because the ~��

1 � ~�0
1 mass splitting is relatively small.

Both of these conditions are present in most of our models.
If further differentiation from the fake signatures is

required, we need to examine a different kinematic distri-
bution, e.g., the invariant mass of the eþe� pair, Mee. One
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FIG. 15 (color online). Same as the previous figure but now for three models which are difficult to observe due to small cross
sections in the RH polarization channel.
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FIG. 16 (color online). Same as the previous figure but now for the LH polarization channel for two sets of models which are a bit
more difficult to observe due to small cross sections.
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would expect the counterfeit signals to populate small
values of Mee while the models with actual selectrons
will have a higher number of events with larger values of
Mee. This is indeed the case as can be clearly seen in
Fig. 19. As we will see below, fake signals occur quite
commonly in almost all of our analyses. Though specific
analyses are designed to search for a particular SUSY
partner it is quite easy for other SUSY states to also
contribute to a given final state and be observed instead,
e.g., a similar signature can be generated using the visible
pT of the electron.

It would be interesting to return to this issue with a wider
set of models that lead to larger mass splittings in the
electroweak gaugino sector to see how well selectrons
and charginos can be differentiated under those
circumstances.

2. Smuons

For ~� pair production the standard search/analysis chan-
nel is

~�þ ~�� ! �þ�� ~�0
1 ~�

0
1; (9)

FIG. 17 (color online). The electron energy distribution after imposing the full set of cuts discussed in the text for the benchmark
model SPS1a’. RH (LH) beam polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for
either polarization. The SM background is shown as the black histograms.
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i.e., the signature is a muon pair plus missing energy.
Smuon production occurs via s-channel � and Z exchange;
there is no corresponding t-channel contribution as in the
case of selectrons. As in the selectron analysis, the domi-
nant background arises from leptonic decays ofW-pair and
Z-pair production, as well as the ubiquitous (though some-
what less important in this case) �� background. Since the
background and signal are similar to those for selectron
production, our choice of cuts here will follow those em-
ployed in the selectron analysis above and are adapted
from those proposed by Martyn [33] (see also [34]):

(1) No electromagnetic energy (or clusters)>0:01
ffiffiffi
s

p
in

the region j cos	j> 0:995.
(2) Exactly two muons are in the event with no other

charged particles and they are weighted by their
charge within the polar angle �0:9<Q� cos	� <

0:75 with no other visible particles. This removes a
substantial part of the W-pair background.

(3) The acoplanarity angle satisfy �
�� > 40 deg .
This reduces both the W-pair and �� backgrounds.

(4) j cos	pmissing
j< 0:9.

(5) The muon energy is constrained to be E� >

0:004
ffiffiffi
s

p
.

(6) The transverse momentum of the dimuon system, or
equivalently, visible transverse momentum (since
only the muon pair is visible), satisfy pTvis ¼
p
��
T > 0:04

ffiffiffi
s

p
. This removes a significant portion

of the remaining �� and e�� backgrounds.
The remaining SM background after these cuts have

been imposed are displayed in Fig. 20 for both polarization

configurations. The main background to ~�-pair produc-
tion, eþe� ! l� ��l�l0l

0þ, l ¼ �; �, is also shown in the
figure, and we see that it essentially comprises the full
background sample. The background is somewhat smaller
here than in the case for selectron production, as beam
remnants from �-induced reactions are not confused with
the signal for smuon production.
As in the case of selectron production, there are 22

models which have kinematically accessible smuons atffiffiffi
s

p ¼ 500 GeV. The ~�LðRÞ is found to be kinematically

accessible in 9 (15) of these cases, there again being 2
models where both smuon states can be simultaneously
produced. In the ~� ! ��0

1 decay channel, smuons are

observed by detecting a structure above the SM back-
ground in the muon energy distribution, similar to the
search for selectrons. Here too, as is well-known, in the
absence of such backgrounds, with high statistics and
neglecting radiative effects, the 2-body decay of the ~�’s
leads to horizontal shelflike structures. In the more realistic
situation where all such effects are included, the shelves
remain but are now tilted downward (towards higher muon
energies), as in the selectron case and have somewhat
rounded edges. Examples of the muon energy spectra for
some representative AKTW models displaying these ef-
fects are shown in Fig. 21 for either beam polarization
configuration. Several things are to be noted in these
figures. The ~� signals in the muon energy distribution
vary over a wide range of both height and width depending
upon the values of the ~� and �0

1 masses and the production

cross sections. The range of possible signal shapes relative
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FIG. 18 (color online). The electron energy distribution after imposing the full set of cuts discussed in the text for a subset of fake
selectron models in the RH polarization channel. The SM background is shown as the black histogram as usual.
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FIG. 19 (color online). The dielectron invariant mass spectrum in the RH polarization channel for true selectron models (top) and
those caused by other SUSY particles (bottom).
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to the background is varied, but generally the signal is
separable from the background in most models. We note
again that the background is somewhat reduced compared
to selectron production since there are fewer issues with
beam remnants here. Again, we see that RH electron beam
polarization leads to far smaller backgrounds than does LH
beam polarization, as expected due to the diminished con-
tribution from W-pair production.

Of the 22 kinematically accessible models, 19 (17) lead
to signals with significance >5 at these integrated lumi-
nosities with RH (LH) electron beam polarization.
Combining the LH and RH polarization channels, we
find that 19=22 models with accessible smuons lead to
signals that meet our visibility criteria. We display a rep-
resentative set of these models in Fig. 21 for both beam
polarizations. The three models that do not pass our dis-
covery criteria have smuons with masses in excess of
241 GeV; this leads to a strong kinematic suppression in
their cross sections, and hence, very small signal rates. The
S=B ratio is somewhat small for some of the models in the
LH polarization channel, as can be seen in Fig. 22, and are
not so easily visible at this integrated luminosity. However,
they nonetheless pass our significance tests for discovery.

It is again interesting to compare the AKTWmodels that
have visible smuons at the ILC with the well-studied case
of SPS1a’. Figure 23 shows the muon energy spectrum we
obtain after imposing our kinematic cuts in the case of
SPS1a’ for both beam polarizations. As in our selectron
analysis, we observe that the event yield for SPS1a’ is far
larger than all the AKTW models we study here, in some
cases by as much as a factor of order 50. Also, as in the

previous analysis, two distinct shelves are observed since
both ~�L;R are being simultaneously produced. The muon

energy distribution is slightly different from that obtained
for electrons in this model, not only because of the small
differences in our cuts, but also due to the fact that the
mixed final state ~�L ~�R is not produced due to the absence
of the t-channel contribution. Clearly, in comparison to the
bulk of our models, it is rather trivial to discover and make
precise determinations of the smuon properties in SPS1a’.
Note that 4 of the models with kinematically accessible

smuons also have kinematically accessible lightest char-
gino states. However, since all of these charginos are rather
close in mass to the LSP, i.e., within 5 GeV, the existence of
the charginos does not constitute a large additional source
of background and does not significantly affect the quali-
tative structure of the muon energy spectra. They could,
however, modify the extracted values of the particle masses
obtained from an analysis of the end points of the muon
energy spectra and this possibility should be studied
further.
Interestingly, as in the selectron case above, a number of

models which do not have kinematically accessible
smuons give rise to visible signals in the ~�-pair analysis.
This is just another example of the well-known phenome-
non where SUSY is a background to itself. We find that
there are 20 (15) models which yield fake signals in the
case of RH (LH) polarization. As in the previous analysis,
decays of other SUSY particles into muons, e.g., ~�þ

1 !
W��0

1 with W� ! ��, can lead to the same observable

final state in both polarization channels. We present ex-
amples of such misleading signals in Fig. 24. Note that in

FIG. 20 (color online). The muon energy distribution of the SM background after the smuon selection cuts described in the text have
been imposed. The red, upper (blue, lower) solid curves correspond to the full background sample with 80% LH (RH) electron beam
polarization, and the green, upper (pink, lower) dotted lines represent the contribution from the process eþe� ! l� ��l�l0 l

0þ, l ¼ �; �,
with LH (RH) beam polarization, respectively. 250 fb�1 of integrated luminosity for each beam polarization has been assumed.
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FIG. 21 (color online). Muon energy distribution: the number of events=2 GeV bin (combined signal and background) after
imposing the cuts described in the text for several representative models, with RH (LH) beam polarization in the top (bottom) panel,
assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is represented by the black histogram.
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the case of RH beam polarization, the fake signature looks
quite different than in a typical model which really has
smuons present; there are no shelflike structures and the
muon energies are relatively low. This is to be expected
when the final state muons are the result of a 3- (or more)
body decay channel, and when chargino-neutralino mass
splittings are small. However, for LH polarization, two
representative fake models (labeled 8324 and 39 331 in
the figures) appear to mimic the smuon shelflike feature.
This is due to the fact that in these particular models, as
will be discussed further below in Sec. VA, theW boson in
the ~��

1 decay process is on shell so that the final state
muons are the result of true 2-body decays.

In order to assist in the differentiation of models with
real smuons from ones that do not, it is necessary to
examine other kinematic distributions. Figures 25 and 26
show the pvis

T distributions for the real smuon and fake
models, respectively. Here we see that the models with real
smuons generally lead to harder muons in the final state
than do the counterfeit cases; this holds to some extent in
the fake models where the charginos decay to on-shell W
bosons.

3. Staus

This analysis is similar to the other charged slepton
analyses discussed above. We analyze the channel

~�þ~�� ! �þ�� ~�0
1 ~�

0
1; (10)

that is, the signature is a tau pair plus missing energy. Staus
are pair produced via s-channel � and Z exchange and
receive no t-channel contribution. The left- and right-
handed staus mix to form two mass eigenstates, which
have mixing-dependent couplings to the Z boson. In con-
trast to the other charged slepton analyses above, the
identification of the final state tau leptons is nontrivial,
because the tau decays in the detector, predominantly into
hadrons.
We focus on the hadronic decays of taus into pions, � !

���; � ! ��� ! ���0��; � ! 3���, the latter being a
3-prong jet, but also include the leptonic decays of the �. In
the hadronic decay channel, taus are identified as jets with
a charged multiplicity of 1 or 3, and with invariant mass
less than some maximum value. Our tau selection criteria
are as follows [33,36] (note that we employ the notation
tau-jet to describe the visible � decay products):

FIG. 22 (color online). Same as the previous figure but now showing AKTW models that result in a small S=B ratio in the LH
polarization channel in the ~�-pair analysis.
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(1) We require 2 jets in the event, each with charged
multiplicity of 1 (where the tau decays into a lepton,
�, �, or 3�-decay with 2�0’s) or 3 (where the tau
decays into 3 charged pions).

(2) The invariant mass of tau-jet, i.e., the visible tau
decay products, must be <1:8 GeV.

(3) If the tau-jet is 3-prong (charged multiplicity of 3),
then none of the charged particles should be an
electron or muon.

(4) If both tau-jets in the event are 1-prong, then we
reject events where both jets are same flavor leptons,
that is, an electron-positron or a muon pair. However
we keep pairs of tau-jets that are, for example, an
electron and a muon, or an electron and a pion,
whereby a pion is defined as a charged track that
is not identified as an electron or a muon.

As an alternative analysis, we follow the above criteria
and allow leptonic tau decays into muons, but reject taus

FIG. 23 (color online). Muon energy distribution: the number of events=2 GeV bin (combined signal and background) after
imposing the cuts described in the text for the benchmark model SPS1a’, with RH (LH) beam polarization in the top (bottom)
panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is represented by the black
histogram.
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FIG. 24 (color online). Muon energy distribution: the number of events=2 GeV bin (combined signal and background) after
imposing the cuts described in the text for representative models which lead to fake smuon signatures from chargino and neutralino
decays. Here, we show RH (LH) beam polarization in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either
polarization. The SM background is represented by the black histogram.
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FIG. 25 (color online). The pvis
T distribution for the same models shown in Fig. 21 with real smuons. Here, we show RH (LH) beam

polarization in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is
represented by the black histogram.
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FIG. 26 (color online). The pvis
T distribution for the same models shown in Fig. 24 with fake smuons. Here, we show RH (LH) beam

polarization in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is
represented by the black histogram.
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that decay into electrons. This reduces contamination from
photon-induced backgrounds.

As mentioned above in our description of the SiD de-
tector, the current detector design does not allow for track-
ing, and hence does not have the capability for particle ID,
below 142 mrad. Thus muons at low angles are completely
missed if they are too energetic to deposit energy into
clusters. As we will see, certain �-induced processes con-
stitute a significant background to stau production, particu-
larly in the case where such energetic muons are produced
but not reconstructed and the beam electron (or positron)
receives a sufficient transverse kick to be detected. In this
case, the final visible state is an electron and a muon, which
would pass the standard tau ID preselection described
above. The alternative tau preselection criteria, which
rejects the electron decay channel, eliminates this back-
ground at the price of reducing the signal correspondingly
by roughly 30%.

After these tau identification criteria are imposed, we
employ cuts to reduce the SM background. Following [33],
we demand:

(1) No electromagnetic energy (or clusters) in the re-
gion j cos	j> 0:995.

(2) Two tau candidates as identified above, are weighted
by their charge within the polar angle �0:75<
Q� cos	� < 0:75. This reduces the W-pair
background.

(3) The acoplanarity angle must satisfy �
�� >
40 deg . Here, since we demand two tau candidates,
the acoplanarity angle is equivalent to � minus the
angle between the pT of the taus, �
�� ¼ �� 	T .
The above requirement then translates to cos	T >
0:94. This cut reduces the W-pair and ��-induced
background.

(4) j cos	pmissing
j< 0:8.

(5) The transverse momentum of the ditau system be in
the range 0:008

ffiffiffi
s

p
< p��

T < 0:05
ffiffiffi
s

p
. This decreases

the ��-induced background.
(6) The transverse momentum of each of the tau candi-

dates be pT > 0:001
ffiffiffi
s

p
. This cut is crucial to reduce

the �� and e� background.
(7) The combined cut on

P
p�
?; ~T

and �
��,

X
p�
?; ~T

< 0:001 25
ffiffiffi
s

p ð1þ 5 sin�
��Þ

¼ 0:001 25
ffiffiffi
s

p ð1þ 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2	��T

q
Þ (11)

is imposed. Here,
P

p�
?; ~T

is the sum of the tau

momenta projected onto the transverse thrust axis
~T?, where the transverse thrust axis is given by the
xy components of the thrust axis. This last cut is
necessary in the tau decay channel to further de-
crease the �� background.

As in the other slepton analyses, we histogram the
resulting �� energy spectrum as well as pTvis in this

case. We show the remaining SM backgrounds after these
cuts are imposed in Fig. 27; the dominant background left
after the cuts stems from �-induced lepton-pair production
processes.
In Fig. 27, we also display the effect of the alternative

tau ID criteria discussed above. This alternative technique
nearly completely eliminates the background since events
where a beam electron/positron is falsely identified as a tau
decay product are rejected. Of course, as mentioned above
this technique also reduces the signal by approximately
30%. Augmenting the detector with muon ID capabilities
at lower angles could reduce the �-induced background
without having to pay the price of introducing a restricted
tau identification. As we will see below, a significant
portion of the AKTW models have very low stau signal
rates, and an improved tracking capability could be crucial
if in fact this portion of the SUSY parameter space is
realized in nature.
In 28 of the AKTW models, the lightest stau is kine-

matically accessible for pair production at the 500 GeV
ILC, and in one of these models the heavier stau partner
can also be produced. The signal for stau production is
somewhat different than in the case for selectrons and
smuons as the final state tau decays in the detector. In
this case, we no longer have the distinctive shelflike feature
in the resulting energy spectrum of the reconstructed tau.
The shape of these spectra is highly dependent on the mass
difference between the stau and the LSP as shown in
Fig. 28, which displays the pure signal in 3 models before
our selection cuts have been imposed. Here we see that
small mass differences result in a sharply peaked distribu-
tion at low tau energies, while a larger mass difference
yields a flatter distribution, albeit at a lower event rate. In
principle, the search strategy, and hence the set of selection
cuts, could be tailored to maximize the signal to back-
ground ratio once the stau� LSP mass difference is
known. However, until the stau is discovered a general
search strategy, such as that presented here, that applies
for all mass regions must be employed.
Of these 28 models, we find that 18 lead to signals which

can be observed at the significance level S > 5. We also
find that the heavier stau with m~�2 ¼ 240 GeV is not

produced with large enough event rates to be visible above
the SM background. In addition, in 3 of these 28 models
the mass difference between the lightest stau and the LSP is
small enough such that the stau decays outside the detector,
and it can be observed in our stable charged particle search
(described below in Sec. VC). Of the 18 detectable stau
models, 9 (10) are visible via our standard search criteria in
the LH (RH) beam polarization configuration. The total
(combining signal and background) �� energy distribution
is shown for a representative set of these models for both
beam polarizations in Fig. 29. Here, we see that some of
these models cleanly rise above the SM background, while
others are just barely visible. The number of detectable
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stau signals is greatly increased when we apply our alter-
native set of preselection criteria discussed above. One
finds that 17 (12) models are observable with LH (RH)
electron beam polarization; the tau energy spectrum for a
sampling of these models is displayed in Fig. 30. In this
case, we see that the signal is cleanly visible above the
background for all models.

In all of the 18 models with observable staus, we find
that the number of stau events that pass our cuts is dra-
matically reduced compared to the event rate in Fig. 28
before the cuts were applied. In addition, due to our cuts,

the tau energy distribution is always peaked at low values,
regardless of the stau-LSP mass difference, which ranges
from 7–94 GeV in these 18 models. In the 7 models where
the signal is not observable, 2 are phase-space suppressed
with m~�1 > 240 GeV. The remaining 5 models all have

reasonable ~�1 masses and the ~�1 � ~�0
1 mass difference

ranges from 42–108 GeV, but nonetheless have a small
production cross section due to stau mixing.
Unlike many of the AKTW models we are examining,

stau production at the ILC is straightforwardly observable
in the case of the benchmark model SPS1a’. This holds in
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FIG. 28 (color online). Tau energy distribution stemming from stau pair production before our set of kinematic cuts have been
imposed in three AKTW models. The red (left), blue (bottom), magenta (right) histograms correspond to a stau-~�0

1 mass difference of

order 25, 100, and 0.5 GeV, respectively.

FIG. 27 (color online). The �� energy spectrum of the SM background after the tau identification and stau selection cuts have been
imposed. The solid blue and red lines are the full SM background for 80% right- (blue) and left-handed (red) electron polarization, the
dashed lines (pink, right-handed, green left-handed) represent the dominant background source, e�� ! e�� ��, e�lþl�, l ¼ e;�; �.
Furthermore, the effect of eliminating the misidentification of beam electrons as tau decay products via the alternative tau ID described
in the text is represented by the solid cyan line (80% right-handed beam polarization) and solid black line (80% left-handed
polarization).
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either of the analysis channels as can be observed in
Figs. 31 and 32. Here we see that the stau signal is quite
substantial and can be cleanly observed over the SM
background for both choices of the electron beam
polarization.

We find that many AKTW models which do not contain
kinematically accessible stau states nonetheless give rise to
visible signatures with significance >5 in this analysis,
providing yet another example of SUSY being a back-

ground to itself. The tau energy distribution for a repre-
sentative sampling of these SUSY background models is
presented in Fig. 33, using the alternative set of kinematic
cuts. We find that there are 29 (28) models which yield fake
signals with LH (RH) electron beam polarization in our
standard set of kinematic cuts. For our alternative analysis
which rejects electrons in the final state, there are 30 (28)
models with false signatures for the LH (RH) polarization
configuration. This analysis clearly has a very large num-
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FIG. 29 (color online). Tau energy distribution: the number of events=2 GeV bin after imposing the standard set of tau ID and ~�
selection criteria described in the text for several representative AKTW models (signal and background combined). RH (LH) beam
polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for each polarization configuration.
The SM background corresponds to the black histogram.
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ber of false signals. We note that in every one of these
‘‘fake’’ models, ~��

1 ~��
1 , ~�0

2 ~�
0
1, and ~�0

2 ~�
0
2 production is

kinematically possible, and in one case selectron and
smuon production is also viable. There are thus several
sources of SUSY background which can lead to the same
final state as that for stau pair production.

In order to distinguish between stau production and
these SUSY background sources, we investigate the vari-

able [37]

Meff ¼ Emiss
T þ X

i¼1;2

jE�i
T j: (12)

This variable is presented in Fig. 34 for both real and fake
stau production. Here, we see that the false signals are
slightly more peaked at lower values of Meff than does
actual stau production. However, the distinction is not as
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FIG. 30 (color online). Tau energy distribution: the number of events=2 GeV bin after imposing the alternative set of tau ID and ~�
selection criteria described in the text for several representative AKTW models (signal and background combined). RH (LH) beam
polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for each polarization configuration.
The SM background corresponds to the black histogram.
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clear as in the identification of selectron and smuon fake
signatures discussed above, which makes use of the ob-
servable pvis

T . This is because the full � energy is not carried
by its visible decay products. We note that the pvis

T observ-

able is not effective in distinguishing stau states from
SUSY background sources, as in this case both the staus
and the background sparticles have multibody decays.

B. Sneutrino pair production

We now examine the neutral slepton sector, i.e., sneu-
trinos, which provides another potential handle for distin-
guishing between models. For all three sneutrino families

there is the usual Z boson exchange contribution to the
production amplitude in the s-channel, while for electron
sneutrinos there is an additional t-channel graph due to ~��

1;2

exchange. If the charginos are heavy, then the Z-exchange
graph dominates for all three generations and the resulting
production cross section is determined solely by the
amount of available phase space. Eleven of our AKTW
models have electron or muon sneutrino pairs which are
kinematically accessible at

ffiffiffi
s

p ¼ 500 GeV, while 18 mod-
els contain accessible tau sneutrinos. In one of the models
the sneutrino is the LSP.
Sneutrinos, being neutral and weakly interacting, are

essentially only visible through their decay modes, of

FIG. 31 (color online). Same as in Fig. 29 except now for SPS1a’.
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which there are several possible channels to consider:
(i) ~�‘ ! �‘ ~�

0
1 largely dominates in most cases, but leads

to an invisible final state which, by itself, is clearly useless

for either discovery or model comparison. (ii) ~�‘ ! W ~‘ is
kinematically forbidden as an on-shell mode when ‘ ¼
e; � in all of our AKTW models and thus the correspond-
ing 3-body branching fraction mediated by off-shell W
bosons is very small. However, due to large ~� mixing,
this 2-body mode is allowed for 6 of our models in the
case of ‘ ¼ �. When both theW and � decay hadronically,
we can search for final states with multiple jets plus miss-
ing energy in this case. (iii) ~�‘ ! �‘ ~�

0
2 can also occur, with

the subsequent decay ~�0
2 ! ~�0

1jj via a Z or Higgs boson.

This occurs in 1 (3) models in our sample when ‘ ¼
e=�ð�Þ. However, in this case the resulting jets are likely
to be relatively soft, due to a smaller ~�0

2 � ~�0
1 mass differ-

ence, making this mode difficult to observe above back-
ground. (iv) ~�‘ ! ~�þ

1 ‘
� is accessible in 1 (6) of these

models when ‘ ¼ e=�ð�Þ, and leads to a final state of
multiple jets plus two charged leptons plus missing energy.
As before, it is probable that these jets will be soft due to a
smaller mass splitting between the chargino and the LSP
and will most likely be difficult to observe depending upon
the details of the rest of the spectrum.
We first study the final state jjjjlþl� þmissing energy.

This final state results from the decays

FIG. 32 (color online). Same as in Fig. 30 except now for SPS1a’.
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FIG. 33 (color online). Tau energy distribution: the number of events=2 GeV bin after imposing the alternative set of tau ID and ~�
selection criteria described in the text for several representative AKTW models that give a fake signal in this channel. RH (LH) beam
polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for each polarization configuration.
The SM background corresponds to the black histogram.
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~� ! W~l ! jjl~�0
1; ~� ! l~��

1 ! ljj~�0
1: (13)

For our signal selection, we require:
(1) Precisely one opposite sign lepton pair and two jet-

pairs and no other charged particles in the event.
(2) No particles/clusters below the angular region of

100 mrad.
(3) Missing energy to be>2m~�0

1
;min. We take m~�0

1
;min ¼

46 GeV, which is the current (weak, yet model-
dependent) bound on the mass of the lightest neu-
tralino [2]. This bound arises from the invisible
decay width of the Z boson and holds unless the
~�0
1 is very fine-tuned to be a pure bino state and thus

has no couplings to the Z [38]. However, in order to
estimate the effect on the background if this bound
is increased, we perform a second analysis with
m~�0

1
;min ¼ 100 GeV.

(4) In order to eliminate background that originates
from very soft leptons or jets, we demand Ejet;l >

0:01
ffiffiffi
s

p
.

These cuts effectively remove most of the SM back-
ground as can be seen in Fig. 35, which displays the
missing energy distribution for the background sample.
Here, we see that at large values of missing energy, the
dominant background remaining after the cuts arises from
the process �� ! c �c; b �b. Unfortunately, the sneutrino sig-
nal rates are also small. Figure 36 presents the results of our
analysis: none of the sneutrino models rise above the
background, but several of the ‘‘fake’’ models, where the

signals arise from other SUSY particles, do appear. Four
(3) fake models yield visible signals in the case of RH (LH)
beam polarization. The counterfeit signals here are due to
chargino and neutralino production and decay. We find that
increasing the minimum LSP mass to 100 GeV does not
improve these results.
We also study a second channel, with 6 jets and missing

energy in the final state. This is produced from the decay
~� ! W~� ! jjj~�0

1. The cuts and observables are similar to

those of the 4j2‘þmissing energy analysis, with the
obvious substitution that we demand precisely 6 jets and
no other charged particles to appear in the event. We find
that there is little to no SM background in this channel.
However, we also find that none of our models are observ-
able in this channel.
An additional possible way to observe sneutrinos is via

the radiative process eþe� ! ~�‘~�‘ þ �. This may be par-
ticularly useful in the case where the decay channel ~�‘ !
�‘ þ ~�0

1 dominates. This reaction leads to a final state with

a photon and missing energy and is thus similar to radiative
LSP pair production, which we will discuss in detail below
in Sec. VIB. We find that radiative sneutrino production
generally occurs with a smaller cross section than its LSP
counterpart. As we will see below, the SM background
from eþe� ! � ��� are generally too large to see this
radiative process.
In the case of the SPS1a’ benchmark model, the sneu-

trino pair production mode is invisible as the sneutrinos
dominantly decay into the ��0

1 final state, as in most of our

models here.

FIG. 35 (color online). Missing energy distribution in 2 GeV bins for the SM background after the sneutrino selection cuts for the
4jetþ 2‘ channel have been imposed. The blue, lower (red, upper) histogram corresponds to 80% RH (LH) electron beam
polarization. The green dotted curve corresponds to the dominant background source, �� ! c �c; b �b. 250 fb�1 of integrated luminosity
was assumed for each polarization channel at 500 GeV.

C. F. BERGER et al. PHYSICAL REVIEW D 80, 095018 (2009)

095018-36



200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

mixR1.aida

R39331.aida

R8324.aida

R1822.aida

R1822.aida
  Entries : 3653 
  Mean : 340.39 
  Rms : 149.14 

R8324.aida
  Entries : 3822 
  Mean : 337.84 
  Rms : 146.37 

R39331.aida
  Entries : 3828 
  Mean : 338.19 
  Rms : 146.08 

mixR1.aida
  Entries : 3548 
  Mean : 341.72 
  Rms : 150.99 

missing E (4jll) − sneutrinos

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

175

180

mixL1.aida

L39331.aida

L8324.aida

L1822.aida

L1822.aida
  Entries : 5602 
  Mean : 271.09 
  Rms : 151.67 

L8324.aida
  Entries : 6041 
  Mean : 273.75 
  Rms : 146.55 

L39331.aida
  Entries : 6030 
  Mean : 274.12 
  Rms : 146.77 

mixL1.aida
  Entries : 5473 
  Mean : 270.62 
  Rms : 153.31 

missing E (4jll) − sneutrinos

FIG. 36 (color online). Missing energy distribution for the sneutrino 4jþ lepton pair analysis: the number of events=2 GeV bin for
several the fake models, with RH (LH) beam polarization in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for
either polarization. The SM background is shown as the black histogram.
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Taking these results together for these various sneutrino
analyses, we conclude that the direct observation of ~�‘

production is very difficult, if not essentially hopeless for
the set of AKTW models.

V. CHARGINO PRODUCTION

The chargino sector is simpler than that of the neutrali-
nos as in the CP-conserving MSSM; it depends on only
three real Lagrangian parameters at tree level: M2, �, and
tan�. The resulting mass eigenstates, ~��

1;2, are thus general

admixtures of the charged wino and Higgsino weak states.
Figure 37 displays the wino/Higgsino content of the light-
est chargino, ~��

1 , in the 53 AKTW models that contain
kinematically accessible charginos at

ffiffiffi
s

p ¼ 500 GeV. We
see that the lightest chargino tends to be an almost pure
wino or Higgsino state in most of our models. In eþe�
collisions, such particles can be produced via two mecha-
nisms; s-channel �, Z exchange produces either pure wino
or Higgsino pairs but no mixed wino-Higgsino final states
as the analogousWZH� coupling is absent. In addition, the
t-channel sneutrino exchange amplitude produces pairs of
charged winos only. Clearly, the cross section for chargino
pair production not only depends on the eigenstate masses
but also on the various mixing angles present in the char-
gino sector. At

ffiffiffi
s

p ¼ 500 GeV, ~��
2 pairs are typically too

heavy to pair produce, so we will consider only ~��
1 pair

production in our analysis below [39].
Once produced, the detailed nature of the ~��

1 decays
critically depends upon the mass difference �m~� ¼
m~��

1
�m~�0

1
, with the latter being the LSP. In all cases,

��
1 decay can proceed via either a W, ~��

1 ! W ~�0
1, or

through an intermediate slepton, e.g., ~��
1 ! ‘~�, ~� !

�~�0
1. As seen above in Fig. 4, and in Figs. 38 and 39, the

mass spectrum of the models that have chargino states
kinematically accessible at

ffiffiffi
s

p ¼ 500 GeV is such that
the distribution of values for �m~� are concentrated in the

region <5 GeV. The variation in �m~� yields several dis-

tinct signatures for ~��
1 production and thus all possible

values of �m~� must be considered when performing our

analysis. For example, if �m~� >MW then on-shell W

bosons can be produced and may be identified either
through their leptonic or hadronic decay modes. We thus
consider channels such as ~��

1 ! jjEmiss, with the dijets
reconstructing to the W mass, or ~��

1 ! �Emiss, with the
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FIG. 37 (color online). Wino/Higgsino content of the ~��
1 for

the 53 models that have kinematically accessible charginos atffiffiffi
s

p ¼ 500 GeV. U (V) is the left (right) diagonalizing matrix. In
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latter mode also covering decays through the slepton chan-
nels: ~��

1 ! ~���, ��~� ! �Emiss. Hence, in this region,

we search for the final states ~�þ
1 ~��

1 ! 4jEmiss, 2j�
�Emiss

or �þ��Emiss. For smaller values of �m, but still greater
than a few GeV, we search for the same final states
although the dijets will no longer reconstruct to MW . A
more difficult region is reached when �m~� is only a few

GeV or less, as then the visible part of the ~��
1 decays are

very �-like. Figure 4 shows this region of chargino-LSP
mass splitting for the range �m~� < 6 GeV as a function of

the chargino mass; we see that this region comprises the
bulk of our models with accessible ~��

1 states at
ffiffiffi
s

p ¼
500 GeV.

At the other end of the spectrum, we must consider the
case of small values of �m~� & 1 GeV. The branching

fractions for the ~��
1 decay channels in this case are pre-

sented in Fig. 40. If �m~� is very small, & 100 MeV, then

the chargino is long-lived, and will travel many meters
before decaying into an electron and missing energy. In
such a case, we perform a massive stable charged particle
search, determining the velocity of the ~��

1 via momentum

and energy measurements. As �m~� increases from this

tiny value and the thresholds for ~��
1 decay into the � and

pion(s) are passed, the chargino lifetime decreases sub-
stantially and the chargino now decays to soft charged
particles. In this mass range there are two possible search
techniques: one can either look for decays in the detector
from (semi-)long-lived ~��

1 states, or tag these soft decays

via photon emission off of the initial and final state parti-
cles. The latter corresponds to the radiative process
eþe� ! ~�þ

1 ~��
1 � [40,41], and is the approach we will

pursue below.
At

ffiffiffi
s

p ¼ 500 GeV, we find that 53 of the AKTWmodels
have kinematically accessible charginos. Figure 38 shows
that in all but two cases (which we label here as models
8324 and 39 331) the models populate the region �m~� 	

5:5 GeV; for the two exceptions we see that �m~� >

100 GeV. Interestingly, we note that models with small
�m 	 1 GeV tend to have a large wino content, while
those in the range �m~� ’ 4–5 GeV are found to have a

large Higgsino content as can be seen in Fig. 37.
We now discuss our analyses for each region of �m~�.

A. Non-close mass case

We first examine the case where

�m~� 
 m~�� �m~�0
1
> 1 GeV: (14)

As already mentioned above, there are several possible
final states that can be studied in this mass region.
Analysis techniques have been developed for the cases
where the chargino decay proceeds through on- or off-shell
W bosons (with W ! jj or W ! l ��l) or via sleptons (e.g.,
~� ! �~�0

1). We discuss each of these in turn.

1. Chargino decays via on-shell W bosons

This analysis applies to the case �m~� >MW . Here, we

examine four-jet final states, stemming from the decays of
the chargino pair into W bosons with subsequent decays
into quark pairs,

~�þ
1 ~��

1 ! WþW� ~�0
1 ~�

0
1; (15)

with

W� ! q �q: (16)

Taking the hadronic decay mode of both W bosons yields
the final state with the largest statistical sample.
As always, the SM background is significant. In order to

reduce the background, we demand, as expanded and
adapted from [42,43]:
(1) There be precisely 4 jets in the final state and no

other charged particles. As mentioned in Sec. III B,
we employ the JADE jet algorithm in the E scheme,
with ycut ¼ 0:05. This choice of ycut avoids the
situation where soft gluons produce too many jets.

(2) Evis > 0 in the backward direction. Here, the back-
ward direction is defined with respect to the thrust
axis, and corresponds to the hemisphere with the
lesser amount of energy. This cut is designed to
reduce SM background from Z pair production,
where one Z boson decays into neutrinos, and the
other Z decays into quarks, which then radiate hard
gluons.

(3) In the forward direction, the visible energy is con-
strained to be Evis <

1
2

ffiffiffi
s

p �m~�0
1
;min. As in the case

of stau production, we take m~�0
1
;min ¼ 46 GeV,

which is the current bound on the mass of the light-
est neutralino [2] in the case where the ~�0

1 is not a
pure bino eigenstate.
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FIG. 40 (color online). Branching fraction of ~��
1 as a function

of �m~�.
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FIG. 41 (color online). Jet-pair energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for chargino production and on-shell decays to aW boson for the three models which are visible in this channel. RH (LH) beam
polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM
background is shown as the black histogram.
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(4) The visible energy is constrained to be Evis <
1 GeV in the region 0:9 	 j cos	j 	 0:99. This is
to decrease theW pair background which is strongly
peaked in the forward direction.

(5) The acoplanarity angle satisfy �
jetpair jetpair >
30 deg . Since we demand that two jet-pairs recom-
bine into W bosons, the acoplanarity angle is
equivalent to � minus the angle between the pT of
the W bosons, i.e., �
jetpair jetpair ¼ �� 	T . This
significantly reduces the W pair and �� back-
ground, since the W bosons from the chargino de-
cays are accompanied by missing energy from the
LSP.

The standard search analysis for this final state is based
on the energy distribution of the jet-pairs which reconstruct
into aW boson. As in the case of the selectron analysis, this
distribution should have a boxlike shape with a shelf and
sharp end points in the presence of a high statistics,
background-free, perfect detector environment with the
absence of radiative effects. Here, the 2-body decay is
taken to be ~��

1 ! W þ ~�0
1 and the expressions in

Eqs. (7) and (8) need to be adapted to include the massive
W boson. In this case, one can solve the equations for the
chargino and LSP masses and finds

m2
~��
1
¼ ðm2

W þ EmaxEminÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

W � E2
maxÞðm2

W � E2
minÞ

q
2ðEmax þ EminÞ2=s

;

(17)

m2
~�0
1

¼ m2
~��
1

þm2
W

�
1� 2

ðEmax þ EminÞffiffiffi
s

p
�
; (18)

where Emax, Emin are determined experimentally.
We refrain from presenting the remaining SM back-

ground after these cuts are imposed, as only a handful of
events pass the cuts. As mentioned above, only 2 models in
our sample lie in the kinematic region �m~� >MW . The

jet-pair energy distribution for these two cases is displayed
in Fig. 41 for left- and right-handed electron beam polar-
ization. Here, we see that the overall event rate that sur-
vives the kinematic cuts is not large, but the signal cleanly
towers above the even smaller background. We can see the
effects of the cuts and the detector environment in these
cases, as the shape of the spectrum does not display the
shelflike behavior discussed above. Note that an additional
model (labeled 1822), which has �m~� � 1 GeV, also

passes the kinematic cuts for this analysis. This model
yields a smaller event rate than the cases with on-shell W
bosons, but populates a different region of the spectrum.
However, this model contains a light ~��

1;2; ~�
0
1;2;3 sector and

the signal that passes our cuts here is due to the production
of these heavier gaugino states and not from the ~�þ

1 and is
thus a fake. Three out of 53 AKTWmodels with accessible
charginos are thus visible with a significance S > 5 in this
channel. We note that fake signals from the production of

other SUSY particles do not satisfy our visibility criteria in
this channel, except for model 1822. It would thus seem
that this analysis is relatively free from supersymmetric
backgrounds, at least in the case of the AKTW models.
In summary, if �m~� is large enough to produce on-shell

W bosons, this is clearly a very clean channel.

2. Chargino decays via off-shell W’s and/or sleptons

We search for three final states in the kinematic region
MW > �m~� > 1 GeV where the W boson is produced off

shell in the ~��
1 decay: four jet events plus missing energy,

two jets and a lepton plus missing energy or two leptons
plus missing energy. In order to avoid the large SM back-
ground from the beam remnants in �e�, �� reactions, we
require that the final state leptons be muons.
In the fully leptonic decay channel, the kinematic cuts

we employ [44] to distinguish signal from background are
very similar to the slepton searches described in Sec. IV
above. As in the case of smuon production, one searches
for a structure above the SM background in the final state
muon energy distribution. Here, however, the signal distri-
bution is not expected to display the by-now familiar shelf-
like behavior, due to the 3-body nature of the chargino
decay. Examples of the muon energy spectra for some
representative AKTW models are shown in Fig. 42 for
both beam polarization states. Here, we see that the E�

spectrum for the signal varies greatly in size and shape
between the various models depending on the value of
�m~� and the production cross section, but is nonetheless

clearly separable from the SM background for these cases.
Comparing with Fig. 21 we note that the SM background
has a similar shape, but is slightly larger throughout the
spectrum in this analysis. As usual, RH electron beam
polarization leads to a smaller SM background since the
t-channel contribution to W pair production is suppressed
in this case.
Of the 53 models with kinematically accessible ~��

1

states, we find that 12 (11) lead to visible signals over
the background at a significance of S > 5 for RH (LH)
electron beam polarization. Combining the two polariza-
tion channels, a total of 14=53 models meet our visibility
criteria. From Fig. 42 we note, however, that S=B can be
small enough in some cases to render a detailed study of
the chargino properties difficult.
SUSY can be a substantial background to itself in this

channel, with smuon production being a particularly large
background source. We find that 14 (12) models yield fake
signals that pass our visibility criteria for a RH (LH)
polarization configuration. We note that in all cases, the
counterfeit signal indeed arises from the production of
smuons. The muon energy distribution for some represen-
tative examples of such misleading signals are presented in
Fig. 43. From the figure, we see that the signal tends to
have a shelflike behavior, as would be expected for smuon
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FIG. 42 (color online). Muon energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for chargino production for representative models which are visible in this channel. RH (LH) beam polarization is employed in
the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is shown as the
black histogram.
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FIG. 43 (color online). Muon energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for representative models which fake a chargino signal in this channel. RH (LH) beam polarization is employed in the top
(bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM background is shown as the black
histogram.
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FIG. 44 (color online). Missing energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for the fully hadronic chargino decay channel for representative models which are visible in this channel. RH (LH) beam
polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM
background is shown as the black histogram.

C. F. BERGER et al. PHYSICAL REVIEW D 80, 095018 (2009)

095018-44



production, and thus looks quite different than the case of
chargino production.

We now turn to the fully hadronic channel, where the
final state is 4 jets plus missing energy. We employ the
following kinematic cuts (based on, e.g., [43]):

(1) There be precisely 4 jets in the final state and no
other charged particles.

(2) No tracks (or clusters) be present below an angle of
100 mrad. This reduces photon-initiated
backgrounds.

(3) Missing energy is constrained to be >0:5
ffiffiffi
s

p
. This

favors the signal, which contains a large amount of
missing energy compared to many background
sources.

(4) In the forward direction, the visible energy is con-
strained to be Evis <

1
2

ffiffiffi
s

p �m~�0
1
;min. We, again, take

m~�0
1
;min ¼ 46 GeV. However, in order to estimate

the effect on the background if this bound is in-
creased, for example by future studies at the LHC,
we perform a second analysis with m~�0

1
;min ¼

100 GeV.
(5) We require precisely two jets in each hemisphere as

determined by the thrust axis. This cut eliminates
jets stemming from � decays arising from tau pair
production, where one � has a one-prong decay, and
the other is 3-prong.

(6) We reconstruct the off-shellW bosons by coalescing
the 4 jets into 2, one for eachW boson. We force this
by adjusting the ycut parameter of the JADE jet find-
ing algorithm until two jets are found (see Sec. III

for details of the algorithm), and then require the
resulting dijet invariant masses to be >2 GeV.

The first observable we consider for this channel is the
missing energy distribution, where we expect a peak from
the signal at large values of Emiss. This spectrum is pre-
sented in Fig. 44 where the black histogram corresponds to
the SM background, as usual. We find that a particularly
troublesome background arises from the process �� ! q �q.
It is clear from the figure that this background reaction
stubbornly yields a significant event rate even after the
above cuts are imposed. The missing energy spectra for
representative AKTW models are also shown in the figure
for both polarization states and by eye seem barely visible
above the background. However, the statistical sample is
large, and nonetheless, chargino production in several
AKTW models are observable in this channel. We find
that 9 (31) models are observable with significance >5 in
the RH (LH) polarization state. All models that are visible
with RH beam polarization are also observed with LH
beam polarization. If we increase the minimal value of
the bound on the LSP mass to 100 GeVas mentioned in the
kinematic cuts above, we find that 4 additional models
satisfy our visibility criteria. We note that the production
of other supersymmetric particles do not pass our cuts in
this channel and hence there are no ‘‘fake’’ signals.
We next examine the distribution of the two dijet invari-

ant masses to see if the photon-induced background is less
problematic for this observable. Figure 45 displays the SM
background for this case for both electron beam polar-
izations. Here, we see that the background from two-
photon initiated processes is still significant, with the

FIG. 45 (color online). Distribution of dijet invariant masses from the remaining SM background after the chargino 4-jet selection
cuts listed in the text have been imposed. This is generated for 250 fb�1 of SM events with 80% right-handed (solid blue line) and 80%
left-handed (solid red line) electron beam polarization, and unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV. The dashed green line shows
the main processes contributing to the background, �� ! q �q, which is independent of the beam polarization.
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FIG. 46 (color online). Jet-pair invariant mass distribution: the number of events=2 GeV bin after imposing the full set of cuts
discussed in the text for the fully hadronic decays of the chargino for representative models which are visible in this channel. RH (LH)
beam polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The
SM background is shown as the black histogram.
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dominant channel passing the cuts being �� ! q �q. The
results for the AKTW models are presented in Fig. 46 for
both electron beam polarizations. We find that with RH
polarization none of the AKTW models with chargino
decays into off-shell W bosons are visible over the back-

ground in this observable. In the case of LH electron beam
polarization, we find that 2 such models (labeled as 12 843
and 14 343) are detectable with a significance >5. These
models yield an excess of events in the first two bins of the
distribution; this excess is not visible by eye, but is statis-

FIG. 47 (color online). Transverse momentum distribution of remaining SM background after the chargino 4-jet selection cuts listed
in the text have been imposed. This is generated from 250 fb�1 of SM events with 80% left-handed electron beam polarization, and
unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV (solid blue line). The dashed purple and red lines show signal events produced in two
AKTW models that are representative for the class of models with �m~� of the order of a few GeV.

FIG. 48 (color online). Distribution of dijet invariant masses from the remaining SM background after the chargino 4-jet selection
cuts listed in the text have been imposed with the additional cut on transverse momentum. This is generated from 250 fb�1 of SM
events with 80% right-handed (dashed pink line) and 80% left-handed (dashed green line) electron beam polarization, and unpolarized
positron beam at

ffiffiffi
s

p ¼ 500 GeV. The solid lines are as in Fig. 45.
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FIG. 49 (color online). Missing energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for the fully hadronic chargino decay channel, including an additional cut on transverse momentum, for representative models
which are visible in this channel. RH (LH) beam polarization is employed in the top (bottom) panel, assuming an integrated luminosity
of 250 fb�1 for either polarization. The SM background is shown as the black histogram.
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FIG. 50 (color online). Jet-pair invariant mass distribution: the number of events=2 GeV bin after imposing the full set of cuts
discussed in the text for the fully hadronic chargino decay channel, including an additional cut on transverse momentum, for
representative models which are visible in this channel. RH (LH) beam polarization is employed in the top (bottom) panel, assuming an
integrated luminosity of 250 fb�1 for either polarization. The SM background is shown as the black histogram.
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tically significant due to the large sample size. The two
models with chargino decays into on-shell W bosons
(labeled as 8324 and 39 331) display a clear signal for
both beam polarizations as shown in the Figure. We see
that the invariant Mjj spectrum is broader for these two

models and yields a high event rate at large invariant
masses. If the minimum value of the LSP mass is raised
to 100 GeV in our kinematic cuts, we find that only the on-
shell W boson decays are visible above the background.
One additional model (labeled as 1822) is also distinguish-
able from the background. In this case, however, it is due to
the pair production of ~�0

2 states, with their subsequent

decays into Zþ ~�0
1 ! 2jetsþ ~�0

1, that passes our cuts

and provides a fake signal.
Further attempts to decrease the SM background in the

4-jet channel prove to be difficult and tend to remove the
signal as well as the background. This is because the
characteristics of the signal and remaining background
are similar for variables such as the missing energy spec-
trum, acoplanarity, and pTvis (see Fig. 47). In particular,
both signal and background distributions peak at low val-
ues of pTvis and acoplanarity and at high values of missing
energy as discussed above. Previous searches for charginos
in the literature (e.g., [43]) have employed additional cuts
on pTvis and/or acoplanarity. In particular, we find that an
additional restriction on the transverse momentum,

(7) pTvis > 0:06
ffiffiffi
s

p
effectively reduces the background as shown in Fig. 48, but

also removes the signal for all of the AKTW models with
chargino decays into off-shell W bosons. We show the
effect of this additional cut on transverse momentum in
the missing energy and jet-pair invariant mass distributions
in Figs. 49 and 50 for both electron beam polarizations.
Here, we display all of the AKTW models which yield a
visible signal with significance >5. We see that the signal
for the models where the chargino decays into on-shell W
bosons (labeled as 8324 and 39 331) towers above the
background for both observables with both beam polar-
izations. As we saw above, the visible signal for model
1822 is due to the production of ~�0

2 states and is thus fake.

We emphasize that none of the AKTW models with char-
gino decays into off-shell W bosons are observable once
this additional pT cut is applied.
Lastly, we examine the mixed decay channel,

~�þ
1 ~��

1 ! q �q~�0
1 þ� ��� ~�

0
1; (19)

which can proceed via (if kinematics allow)

~�þ
1 ~��

1 ! W�� ~�0
1 þ��~��;W

�� ~�0
1 þ ~���� (20)

with

W�� ! q �q; (21)

or via

~�þ
1 ~��

1 ! W�þW��; (22)

FIG. 51 (color online). Distribution of dijet invariant mass from the remaining SM background after the chargino 2-jet plus muon
selection cuts listed in the text have been imposed. This is generated from 250 fb�1 of SM events with 80% right-handed (solid blue
line) and 80% left-handed (solid red line) electron beam polarization, and unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV. The other
dashed and solid lines show the main processes contributing to the background, �� ! q �q (dashed green line), �� ! �þ�� (dashed
pink line), which are independent of beam polarization, and eþe� ! q �q0l ��l, for 80% right-handed (solid cyan line) and 80% left-
handed (solid black line) electron polarization.
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FIG. 52 (color online). Jet-pair invariant mass distribution: the number of events=2 GeV bin after imposing the full set of cuts
discussed in the text for the 2-jetþ� channel with �m~� <MW for representative models which are visible in this channel. RH (LH)

beam polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The
SM background is shown as the black histogram.
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FIG. 53 (color online). Jet-pair invariant mass distribution: the number of events=2 GeV bin after imposing the full set of cuts
discussed in the text for the 2-jetþ� channel with �m~� >MW for representative models which are visible in this channel. RH (LH)

beam polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The
SM background is shown as the black histogram.
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FIG. 54 (color online). Jet-pair energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for the 2-jetþ� channel with �m~� <MW for representative models which are visible in this channel. RH (LH) beam

polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM
background is shown as the black histogram.
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FIG. 55 (color online). Jet-pair energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for the 2-jetþ� channel with �m~� <MW for representative models which are visible in this channel. RH (LH) beam

polarization is employed in the top (bottom) panel, assuming an integrated luminosity of 250 fb�1 for either polarization. The SM
background is shown as the black histogram.

C. F. BERGER et al. PHYSICAL REVIEW D 80, 095018 (2009)

095018-54



where one of the virtual W bosons decays hadronically
while the other decays leptonically into a muon.

For this channel, we employ the cuts
(1) There be 2 jets (with no muonic component) plus

one muon with no other visible particles in the final
state.

(2) There be no tracks or clusters of energy within
100 mrad of the beam pipe as the signal is peaked
at wide angles.

(3) The visible energy satisfy Evis <
1
2

ffiffiffi
s

p �m~�0
1
;min in

the forward direction. As above, we take m~�0
1
;min ¼

46 GeV [2]. However, in order to estimate the effect
on the background if this bound is increased, we
perform a second analysis withm~�0

1
;min ¼ 100 GeV.

(4) The invariant mass of the jet-pair be larger than
2.4 GeV. This cut is used to eliminate jets stemming
from � decays.

Here, we examine the energy and invariant mass of the
jet-pair. We find that the same issues discussed above in the
4-jet channel regarding potential additional cuts based on
acoplanarity and transverse momentum are also relevant in
this case and thus these cuts are not employed in our

FIG. 56 (color online). Jet-pair invariant mass distribution: the number of events=2 GeV bin after imposing the full set of cuts
discussed in the text for the benchmark model SPS1a’. RH (LH) beam polarization is employed in the top (bottom) panel, assuming an
integrated luminosity of 250 fb�1 for either polarization. The SM background is shown as the black histogram.
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analysis. The background remaining after our cuts are
imposed is presented in Fig. 51 for the invariant mass

distribution, where the dominant remaining SM back-
ground processes are �� ! q �q, �� ! �þ�� and eþe� !
q �q0l ��l. We see that the background distribution is roughly
the same for both beam polarizations as is to be expected
for �� induced processes.

The invariant mass spectrum for the case where the
charginos decay to off-shell W bosons is displayed in
Fig. 52 for both beam polarizations. In both cases, the
signal rises above the background in the region of smaller

(< 60 GeV) invariant masses of the jet-pair, as is expected
due to the off-shell nature of the W bosons. The model
labeled as 1822 also shows a visible signature, with a peak
located atMjj � 80–90 GeV. As we saw above, this is due

to ~�0
2 production in this model with the subsequent decay

~�0
2 ! Zþ ~�0

1 with the Z decaying hadronically and is a

false signal. The Mjj distribution for the 2 AKTW models

where the charginos decay to on-shell W bosons is shown
in Fig. 53. Here, we would expect to see a peak above the
SM background in the distribution aroundMW , and indeed,
that is the case. In summary, we find that 23 (35) of the

FIG. 57 (color online). Jet-pair energy distribution: the number of events=2 GeV bin after imposing the full set of cuts discussed in
the text for the benchmark model SPS1a’. RH (LH) beam polarization is employed in the top (bottom) panel, assuming an integrated
luminosity of 250 fb�1 for either polarization. The SM background is shown as the black histogram.
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AKTW models with kinematically accessible charginos
lead to signals in this observable with a visibility signifi-
cance S > 5 for RH (LH) electron beam polarization at
these integrated luminosities. We note that none of the
AKTW models are visible over the background in the
case where the minimum value of the LSP mass is in-
creased to 100 GeV as described in our cuts.

The second observable we examine in this analysis is the
energy of the jet-pair which is displayed in Fig. 54 for
several AKTW models where the chargino decays to an
off-shellW boson. Again, we see that the signal rises above
the background for lower values of Ejj ( & MW), except

for the case of model 1822 which is a fake as described
above. For comparison, the results for the two models
which have decays to on-shell W bosons are shown in
Fig. 55, where we see that the Mjj spectrum is peaked at

larger values in this case. For this observable, we find that
26 (35) of the AKTW models meet our visibility criterion.
We note that two more models are visible with RH polar-
ization in this observable compared to the Mjj distribution

discussed above. Again, none of the models are visible
when the minimum value of the LSP mass is increased in
the analysis.

Except for model 1822, we note that there are no fake
signals from the production of other SUSY particles for
either observable in this channel.

We now compare these results to those for the case of the
well-studied benchmark point SPS1a’. Figures 56 and 57
display the jet-pair invariant mass spectrum and energy
distribution, respectively, for both polarization choices.
The chargino in this model decays to an on-shell W boson
and has a large production cross section; both of these
features are observable in the figures. The signal for this
model is clearly visible above the SM background and
there is a peak at Mjj ’ MW in the invariant mass

distribution.

B. Radiative chargino production

As was pointed out by Gunion and collaborators
[40,45,46] (see also Riles et al. [41]), in the case where
�m~� is in the approximate range 0:1 & �m & 2 GeV, the

dominant decay mode of the charginos is into soft pions
plus the LSP (which appears as missing energy), as shown
in Fig. 40. The dominant SM background to this final state
is from �� interactions and has an enormous event rate. If
�m~� < m�, however, the dominant chargino decay is lep-

tonic, ~��
1 ! e��e ~�

0
1, and does not pose a problem for

detection as this essentially results in a charged stable-
particle search. In this subsection, we discuss the radiative
chargino search where the hard photon emitted in the
process eþe� ! ~�þ

1 ~��
1 � is tagged. Unlike the other char-

gino signatures we consider, the strength of this signal is
not very dependent on the mass splitting between the
lightest chargino and the LSP neutralino.

1. Event generation

An immediate issue in performing the search for radia-
tive chargino production is that we find PYTHIA under-
estimates the rate and energy distribution of hard photon
emission from the final state charginos. Thus we use
COMPHEP [23], which employs full matrix elements, to

generate the eþe� ! ~�þ
1 ~��

1 � (as well as eþe� !
~�þ
1 ~��

1 ) events from the explicit (tree-level) matrix

elements.
In particular, we find that PYTHIA with default ISR and

FSR options yields a lower cross section for chargino
production with an associated photon than does
COMPHEP. This is illustrated in Fig. 58 where we display

the cross section for eþe� ! ~�þ ~��� in one of the AKTW
models (labeled as model 13 348) as a function of photon
transverse momentum. For this model (where the ~�þ

1 has a

mass of ’ 124 GeV) the cross section computed by PYTHIA

is about 20% smaller than the COMPHEP cross section for all
values of pT . In examining the MSSM parameter space
further, we find points where the PYTHIA-generated cross
section can be as low as 50% of that calculated via
COMPHEP; for the models considered in this paper, the

PYTHIA cross section is generally 80%–90% of that from

COMPHEP. As COMPHEP uses an exact (tree-level) matrix

element calculation, it is presumably more accurate.
Therefore we use COMPHEP when calculating the cross
sections for radiative chargino production in each of our
models and to generate the events for this process.

COMPHEP does not allow one to set an arbitrary beam

polarization. However, one may set the electron beam
polarization to be, for example, purely left-handed, by
effectively inserting the relevant projection operator into
the expression for the matrix element. Thus we can calcu-
late the desired cross sections and generate events for each
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FIG. 58 (color online). Comparison of the cross section for the
pair production of the lightest chargino with an associated
photon as a function of the photon transverse momentum as
calculated by PYTHIA (red, bottom curve) and by COMPHEP (blue,
top curve) in one of the AKTW models where m~�þ ¼ 124 GeV.
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of the two initial helicity states that we consider here. For
each pure initial helicity state we generate two large event
files and find the relevant cross sections. We then choose
the correct number of events for each of our two partial
electron beam polarizations (80% left-handed and 80%
right-handed) and pipe this through our analysis as de-
scribed above.

COMPHEP includes the option of using a beamstrahlung

spectrum calculated from the beam dimensions and the
number of particles per bunch. However, for consistency
with the rest of our signal and background, we must use the
same beam spectrum as described above. To implement
this spectrum in COMPHEP, we read in the beam spectrum as
generated by GUINEAPIG [11,47]. We checked that the
normalization was correct by comparing the cross sections
for eþe� ! t�t as generated by our modified COMPHEP code
and by PYTHIA.

In calculating the cross section and generating events for
the ~�þ

1 ~��
1 � final state, we demand that the transverse

momentum of the photon be greater than 5 GeV. This cut
is much softer than that we apply in our analysis with the
detector simulation; we do not wish to eliminate the pos-
sibility of low pT signal events passing the final pT cut due
to mismeasurement. We do, however, need to apply a cut at
this stage for the purpose of regularization.

2. Analysis

In our analysis, we tag on a high-pT photon, produced by
the signal either off the initial state electron-positron pair,
or radiated off of one of the charginos. We apply the
following kinematical cuts as suggested in [40,48]:

(1) There be exactly one photon in the event with pT >
0:035

ffiffiffi
s

p
and no other charged tracks within 25 deg.

This isolation cut removes most of the two-�
background.

(2) There be no identified (i.e., above 142 mrad) elec-
trons or muons in the event. Although this cut
slightly reduces the signal, we find it dramatically
decreases the background from �� and e�� events.
For the signal, we see from Fig. 40 that the branch-
ing fraction of charginos to electrons or muons is
less than 30%–40% in the relevant �m~� range.

(3) We demand that the number of charged tracks be in
the range 1 to 11. Note that below 142 mrad the
detector only observes clusters of energy, however,
we nonetheless treat clusters on the same footing as
tracks. This cut removes high-multiplicity events. In
particular, the removal of high-multiplicity events
restricts this analysis to the range of �m~� that we

are targeting in this analysis. Models with larger
values of �m~� generate harder partons in the char-

gino decay that radiate more gluons and hence result
in more tracks.

(4) We demand that the photon energy and the energy
of the remaining visible particles satisfy

Evis;other particles � E� < 0:35
ffiffiffi
s

p
. This cut further re-

duces the two-� background. It also serves to re-
strict this analysis to the relevant range of �m~�, as

the amount of visible energy increases with �m~�.

(5) We demand that the ratio of total visible transverse
momentum to transverse energy satisfy pT vis

ET vis
> 0:4

and that the ratio of total visible transverse momen-
tum to total momentum be pT vis

ptot vis
> 0:2. This removes

most of the hadronic two-� and eþe� initiated
processes.

(6) We require that the recoil mass be Mrecoil ¼ffiffiffi
s

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2E�=

ffiffiffi
s

p Þ
q

> 160 GeV. This is the recoil

mass of the tagged photon, which should be at least
twice the current lower bound on the chargino mass,
which we take to be 160 GeV from the approximate
80 GeV lower limit on the chargino mass from
LEP II [2].

After applying these cuts we examine the recoil mass of
the tagged photon,

Mrecoil ¼
ffiffiffi
s

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2E�=

ffiffiffi
s

p Þ
q

: (23)

The dominant remaining SM background again arises from
the reaction eþe� ! l� ��l�l0l

0þ as illustrated in Fig. 59.
This analysis is designed to only catch charginos in a

relatively narrow mass and �m~� range. If �m~� is, e.g.,

greater than�3–4 GeV, then the kinematical properties of
the average chargino decay may have difficulty satisfying
our energy, momentum and multiplicity cuts. If the mass
splitting is too small (less than �0:15 GeV), then the

FIG. 59 (color online). Recoil mass of the tagged photon for
the SM background to radiative chargino production after the
cuts listed in the text have been applied. This is generated from
250 fb�1 of SM events with 80% right-handed (solid blue line)
and 80% left-handed (solid red line) electron beam polarization
and unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV. The dotted
lines show the main processes contributing to the background,
eþe� ! l� ��l�l0 l

0þ, for 80% right-handed (dotted pink line) and
80% left-handed electron polarization (dotted green line).
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chargino will have a long lifetime, as shown in Fig. 60, and
will decay to at most 2 charged tracks and will not pass the
above cuts. Furthermore, if the mass of the chargino is too
close to the beam energy ( * 225 GeV), then not only will
the cross section be phase-space suppressed, but it will be
almost impossible for the signal to pass the required photon
pT cut. Depending on exactly how these kinematic
boundaries are chosen, we find that only �26 of the 53
AKTW models with kinematically accessible charginos atffiffiffi
s

p ¼ 500 GeV have these necessary properties. From this
analysis we find that there are only 14 models which are
observable in the radiative channel (for either beam polar-
ization) over the SM background with a significance S >
5. Note that although the backgrounds are larger in the LH
sample than with RH beams, as is usual, the chargino
signal in this case is far larger (by approximately a factor
of 9) in the LH sample. This is because for small �m~� the

charginos in these models are mostly wino in content. This
is illustrated in Fig. 61 which shows our analysis results for
a number of sample representative models with either
beam polarization. Model 38 239, which is shown in this
figure, provides a nice example of a case that is missed by
this analysis; this model has �m~� ¼ 0:45 GeV while

m~�þ
1
¼ 239:75 GeV and thus has little remaining phase

space to allow for the emission of a hard photon with pT �
17:5 GeV.

The benchmark model SPS1a’ also leads to a reasonable
signal excess in this channel as shown in Fig. 62. However,
in this case, this is not the result of a small ~��

1 � ~�0
1 mass

difference, which is 86 GeV in this model, but rather the
signal in this channel for is a ‘‘fake’’ induced by ~�0

2

production. As discussed above for some of the AKTW
models, the observed signal in this case is actually a feed
down from the production of other, perhaps more massive,
states in the SUSY spectrum as well as from radiative
associated ~�0

1 ~�
0
2 production. However, the ~��

1 in SPS1a’

is already clearly observable in the other channels dis-
cussed above. We generally find that the fake contamina-

tion in the radiative channel is less than 30% and is quite a
bit smaller in many cases.

C. Very close mass case

As mentioned above, when �m~� < m� the decay length

of the chargino is long compared with the detector size, as
is shown in Fig. 60. In this case, chargino production may
be detected by searching for two massive, essentially sta-
ble, charged particles that traverse the full detector. Seven
of the 53 AKTW models with kinematically accessible
charginos at the 500 GeV ILC fall into this category. To
perform this search we demand:
(1) There be only 2 massive charged tracks in the event.
(2) There be no tracks, or energy clusters, within

100 mrad of the beam.
(3) � ¼ p

E < 0:93 for both charged tracks. (This value is

based on constraints from LEP II [2].)
(4) The energy of the two tracks satisfy

P
2
i¼1 Ei >

0:75
ffiffiffi
s

p
.

The last two cuts remove most of the background from the
production of muons. After these cuts are imposed, the
remaining background should be small, aside from detec-
tor fakes and possible tails from muon production due to
detector smearing. We then study the � ¼ p

E spectrum for

both charged tracks and look for excesses in the region of
low �.
In this analysis we search for stable charged tracks in the

final state whose energy can be reconstructed via a dE=dx
measurement.� ¼ p=E should be significantly less than 1,
which would allow us to easily distinguish such tracks
from those produced by standard model particles.
However, in the current public version of ORG.LCSIM

[15], dE=dx is not yet implemented [49]. We therefore
employ a cheat algorithm, and smear, by a random amount,
the energy of all final state tracks which we take from the
PYTHIA input before detector simulation. The width of a

random Gaussian fluctuation should mimic the resolution
obtainable from a more realistic time of flight (TOF) or
dE=dx measurement. There is not yet full agreement
among the ILC detector experts as to the attainable preci-
sion which may be possible in the determination of � [50],
so we perform two analyses, one with a 5% and one with a
10% assumed resolution on �. [Note that an energy smear-
ing of 5% (10%) translates into a resolution on � of
roughly 5% (10%).] We note that both the ATLAS and
CMS detectors have excellent � resolutions of 5% (3%)
[51], respectively, and we anticipate that any ILC detector
should have a comparable precision as demonstrated in
Ref. [52].
As shown in Fig. 63, the background is indeed negligible

for an energy smearing of 5%. However, some SM back-
ground from Bhabha scattering with missing energy due to
initial state radiation and beamstrahlung where the forward
photon is not detected, leaks into the analysis when an
energy smearing of 10% is assumed. The background

FIG. 60 (color online). Chargino lifetime as a function of the
chargino-neutralino mass splitting, �m.
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FIG. 61 (color online). Recoil mass distribution for chargino pair production in the AKTW models from the photon tag analysis:
number of events=2 GeV bin assuming an integrated luminosity of 250 fb�1 for both LH (top panel) and RH (bottom panel) electron
beam polarization.
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displayed in Fig. 63 is almost entirely due to this process.
Nevertheless, we expect the ILC to have an energy reso-
lution better than 10%, so this background source should
not be a problem.

Out of the 53 AKTW models with kinematically acces-
sible chargino pairs, only 7 have values of �m~� < m� and

have effectively stable charginos as far as collider detector
measurements are concerned. As in the previous analysis
for radiative chargino production, the backgrounds are
similar for both polarizations, however the chargino pro-

duction cross sections for these models are about a factor
of 9 larger in the case of LH polarization than in the RH
case. This is because charginos with small values of �m~�

are mostly wino in the AKTW models, corresponding to
large values of the � parameter. Figure 64 shows these 7
models for both values of the assumed � resolution and we
see that in either case all of these models are clearly visible
above background.
Of course this search will not just find charginos, but will

also detect any sufficiently long-lived charged particles in

FIG. 62 (color online). Recoil mass distribution for chargino pair production in SPS1a’ from the photon tag analysis:
number of events=2 GeV bin assuming an integrated luminosity of 250 fb�1 for both LH (top panel) and RH (bottom panel) electron
beam polarization.
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the kinematically accessible mass range. In fact, out of the
28 AKTW models with kinematically accessible ~�’s, we
find 3 models (labeled as 207, 27 285 and 29 334) which
have staus with very long lifetimes; in one of these cases
(27 285) the ~� is the NLSP. Such a situation can occur, e.g.,
in gauge mediation, where the ~�will decay with a very long
lifetime by emitting a gravitino [53]. Of course in such a
model ~�0

1 is not the actual LSP; thus the cosmology is

nonstandard, but viable. With the above analysis, these
models should also lead to observable signals in this
channel.

These two possible candidate for stable charged parti-
cles are easily distinguished by their angular distributions,
i.e., spin-0 vs spin-1=2, as well as by their response to the
various electron beam polarizations as we will see below.

A similar search can be performed in the case of the
three models with long-lived staus; the results are seen in
Fig. 65. Recall that in the case of stau pair production the
cross section is not only controlled by the ~� mass but also
by the ~�L;R mixing angle which governs the stau coupling

to the Z boson. Note that the event rates shown here are
significantly lower than those of the long-lived charginos
and so the SM background is potentially more serious. It is
clear, however, that in the case of a 5% resolution on � the
staus in these 3 models will be observable; the situation is
more difficult to assess by eye in the case of only a 10%
resolution. A detailed statistical study, however, shows that
these 3 stau models will lead to signals at the level of
significance >5 for both choices of the electron beam
polarization and for either assumed value of the � resolu-
tion. We observe that stau production in these 3 special

models with both LH and RH beam polarization lead to
comparable cross sections.
We note that there are no long-lived charged particles in

the case of SPS1a’.

D. Summary of chargino analyses

Here, we collect and summarize the results of the vari-
ous chargino analyses presented in this section. We remind
the reader that the set of AKTWmodels contain 53 models
with kinematically accessible charginos at the 500 GeV
ILC. The critical parameter that determines the open decay
channels for the chargino, and hence governs the appro-
priate search analysis, is �m~�, the mass difference be-

tween the lightest chargino and the ~�0
1 LSP. Of the 53

models, 7 have values of �m~� small enough to render

the lightest chargino essentially stable and it traverses the
full detector before it decays. These models are visible in
our stable charged particle search. An additional 7 models
have chargino-LSP mass differences in the range �m~� <

1 GeV, and result in final states with large values of miss-
ing energy plus several soft pions. These models are tar-
geted by our radiative chargino analysis. Thirty-seven of
the models have mass differences in the range 1<�m~� <

6 GeV and the charginos decay into off-shell W bosons.
For this region, we designed a multipronged search strat-
egy using 11 observables in 3 decay channels
(missing energyþ��, 2 jets �, 4 jets). Lastly, 2 of the
models have �m~� >MW and in this case the charginos

decay into on-shell W bosons. We developed only one
search analysis here, utilizing the 4-jet mode, and found

FIG. 63 (color online). � ¼ p=E distribution of the SM background after the kinematic cuts listed in the text have been imposed.
This is generated from 250 fb�1 of SM events generated with 80% right-handed (solid blue line) and 80% left-handed (solid red line)
electron beam polarization and unpolarized positron beam at

ffiffiffi
s

p ¼ 500 GeV. In the figure in the left panel, we assume an energy
resolution of 5%, the figure on the right is for an energy resolution of 10%.
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FIG. 64 (color online). Velocity ( ¼ � ¼ p=E) distribution for long-lived charginos assuming an integrated luminosity of 250 fb�1

and LH electron beam polarization. The top (bottom) panel corresponds to a resolution of 5% (10)% on �.
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FIG. 65 (color online). Velocity ( ¼ � ¼ p=E) distribution for long-lived staus assuming an integrated luminosity of 250 fb�1 and
for both electron beam polarizations as labeled. The top (bottom) panel corresponds to a resolution of 5% (10)% on �.
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this to be a very clean channel for detecting chargino
production.

A summary of how many models are visible above the
SM background for each observable in our chargino search
analyses is presented in Table III. Here, we employ, as
always, our visibility criteria that the signal significance
S > 5. We see that the channel with the mixed final state of
2-jetsþmuonþmissing energy and the missing energy
observable in the 4-jetþmissing channel yield the highest
number of observable models and thus are the best chan-
nels for detecting chargino production in the randomly
generated AKTW models.

Figure 66 displays the location of each AKTW model
with �m~� <MW in the �m~�-chargino mass plane. The

color coding of the model marker indicates whether it is
observable in any of our analyses for either beam polar-
ization as labeled in the figure caption. The location of the
various model points in this plane reveals the kinematic
properties targeted by each search technique. For example,
the radiative production analysis captures the models with
low �m~� as it was designed to do, and also detects chargi-

nos that are light enough to be produced with a hard
photon. Here, we see that all 7 of the essentially stable
charginos are captured by our stable charged particle
search, 3 models are only observable via radiative chargino
production, 11 models are visible in both the radiative
production channel and at least one of the off-shell W
analyses, while 26 models are detectable in at least one
of the off-shell W analyses but not in radiative production.
Four out of the 53 AKTWmodels are not observable in any
of our analysis channels. However, each of these 4 models
have a lower cross section due to phase-space suppression.

VI. NEUTRALINO PRODUCTION

The neutralino sector of the MSSM is the most complex
as the mass eigenstates are admixtures between the bino,
neutral wino, and two neutral Higgsino weak states.
Neutralinos, ~�0

i , can be pair produced in eþe� collisions
via two distinct mechanisms: s-channel Z boson exchange
can make a neutral wino plus a Higgsino, while
t; u-channel selectron exchange can produce binos and
neutral winos in all combinations. These mechanisms en-
sure that all of the ten possible processes eþe� ! ~�0

i ~�
0
j are

potentially accessible with rates depending upon the spar-
ticle masses and the various mixing angle factors. At affiffiffi
s

p ¼ 500 GeV machine, it is likely that only the first one
or two of these states will be kinematically accessible and
this is indeed the case for the wide selection of AKTW
models analyzed here as shown in Fig. 8 and Table I. If the
mass separation between ~�0

1 and ~�0
2 is sufficiently large,

then the decay channel ~�0
2 ! Z~�0

1 may lead to a clear
signal if the Z boson is not too far off shell.
Unfortunately, in the models examined here, if ~�0

2 is suffi-

ciently light to be produced it is very close in mass to ~�0
1

and we find that such decays are almost impossible to
observe. That being the case, we only consider ~�0

1 pair

production with a radiated photon, as well as ~�0
1 ~�

0
2 asso-

ciated production in the discussion below. Recall that ~�0
1 is

the only accessible MSSM particle in many of the AKTW
models.

TABLE III. Number of models that are visible above the SM
background with a significance S > 5 in each observable atffiffiffi
s

p ¼ 500 GeV with 250 fb�1 of integrated luminosity for
each electron beam polarization.

Observable Visible

with RH

Visible

with LH

Eon-shell
jj 2 2

E�� 12 10

Ejet-pair �� 26 35

Ejet-pair ��, m~�0
1
;min ¼ 100 GeV 0 0

Mjet-pair �� 23 35

Mjet-pair ��, m~�0
1
;min ¼ 100 GeV 0 0

ME(4jets) 9 30

ME(4jets), m~�0
1
;min ¼ 100 GeV 4 34

ME(4jets), additional pT cut 3 2

Mjet-pairs 2 4

Mjet-pairs, m~�0
1
;min ¼ 100 GeV 2 2

Mjet-pairs, additional pT cut 3 2

Radiative production 14 14

FIG. 66 (color online). Distribution of the chargino-LSP mass
difference versus the chargino mass for the AKTW models with
�m~� < 6 GeV for the ~��

1 states that are accessible at
ffiffiffi
s

p ¼
500 GeV. The blue crosses represent models that are observable
in our suite of analysis channels based on the ~��

1 decay via off-

shell W bosons. The green crosses correspond to models that are
only visible in the radiative chargino production analysis chan-
nel, while the magenta ones represent models that yield observ-
able signals in both the radiative and off-shell W channels. The
black crosses are models that are visible in the stable chargino
analysis. The red points are the 4 models where the ~��

1 state is

not observable in any of our analysis channels, essentially due to
phase-space restrictions.
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It is important to consider the weak eigenstate mixture of
the ~�0

1 in our set of models; this is shown in Fig. 67, where
it is interesting to observe that the lightest neutralino is
mostly a pure weak eigenstate.

A. ~�0
2 ~�

0
1 associated production

In order to get a handle on the neutralino sector, it is
important to consider the associated production of neutra-
linos, i.e., eþe� ! ~�0

2 ~�
0
1, which proceeds by Z boson

exchange in the s-channel via the wino and Higgsino
content of the ~�0

1;2 and by selectron exchange in the

t; u-channels via their corresponding wino and bino con-
tent. The cross section for this process is thus sensitive to
the mixing in the neutralino sector as well as to the masses
of the exchanged ~eL;R. Note that if the selectrons are heavy,
as is the case in many of the AKTW models, then the
s-channel transition dominates; in this situation the asso-
ciated production process will be suppressed if either or
both of the ~�0

2 or ~�
0
1 have a large bino content, which as we

saw above, is a relatively common occurrence in the mod-
els considered here.
At

ffiffiffi
s

p ¼ 500 GeV, 46 of the AKTW models have the
final state ~�0

2 ~�
0
1 kinematically accessible. The state ~�0

2 can

decay in several ways depending on the mass spectrum
details in the gaugino sector. A mode which is always
present and yields a relatively clean signature is ~�0

2 !
~�0
1Z=H, with the Z=H being on or off shell depending on

the ~�0
2 � ~�0

1 mass difference. Certainly, this channel will

be easier to observe in the on-shell case since the invariant
mass distribution of the visible particles in the final state
will be peaked at the Z=H mass. In either case, we consider
the decay modes Z;H ! jj, with the jets not flavor tagged,
as well as the leptonic modes Z ! �þ��, eþe�. In order
to access the viability of this channel, we examine in
Fig. 68 the mass splitting between the first two neutralino
states for the 46 models where this production mechanism
is kinematically accessible. Here, we see that for most
models the mass splitting is rather small; only 8 of these
models have neutralino mass splittings larger than MZ and
13 have mass differences larger than 20 GeV. It is unlikely
that any of the other remaining models will produce hard
enough jets and/or leptons to pass the analysis cuts or be
visible above background. For the models with the larger
mass differences, we stress again that their signal rates will
be controlled by both the selectron masses and the bino
content of the two neutralinos. The dominant background
we contend with arise from, e.g., eþe� ! ZZ !
jj=‘þ‘� þ � ��, �e ! �W with W ! jj, as well as �� !
‘þ‘�.
To reduce the SM background for associated neutralino

production, we demand:
(1) There be precisely one lepton pair (electrons or

muons) or one jet-pair in the event and no other
visible particles.
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FIG. 67 (color online). The composition of the lightest neu-
tralino in the 242 AKTW models.
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(2) The missing energy satisfy Emiss > 300 GeV. This
removes the majority of the background arising
from Z and W boson production.

(3) The transverse momentum for each lepton or jet
satisfy pT > 0:14

ffiffiffi
s

p
. This cut removes most of the

ubiquitous �� and e� initiated backgrounds.
(4) The angle between the lepton or the jet-pair be

<95 deg . This further reduces the background
from W boson production.

We then examine the invariant mass spectrum of the
electron-, muon-, or jet-pair. The remaining background
after these kinematic cuts are imposed is displayed for the
��; jjþmissing energy channels in Figs. 69 and 70; we
find that the background for the eþe� final state is quali-
tatively similar to those for muons.

The signal should have a clear peak in the invariant mass
spectrum that reconstructs to the Z boson although ex-
cesses may also appear elsewhere in the distribution.
Note that jet energy resolution is crucial here as some
background sources, for example, e�� ! �ed �u and
e�� ! �es �c, have an invariant mass peak at the W boson
mass. Thus the W and Z boson mass peaks must be
separable in the 2-jet channel. As is common in many of
our analyses, the SM background is far lower with RH
electron beam polarization as this suppresses W boson
production. Note that we may also have to deal with back-
grounds arising from other SUSY production processes
that can fake the signals from associated production.

Typical results for these analyses are shown in Fig. 71
for representative AKTW models. In the case of the dijet
analysis, three peaks are observable at the masses of the
W;Z and 120 GeV Higgs boson. Some models lead to
small excesses on the W peak while some have excesses

at the Z; others have excesses at both locations. Five
models are found to show a signal with a significance >5
in the dijet channel; all these models have small excesses at
the Z peak, corresponding to the associated production
channel under consideration. Similarly, some models also
show some excess at theW peak arising from a different ~�0

2

decay channel: ~�0
2 ! W� ~��

1 with W ! jj; ~��
1 !

~�0
1 þ very soft jets. This can happen in models with light

charginos which have a small mass splitting with the LSP.
Unfortunately, the rest of the AKTWmodels are unobserv-
able, being buried in the dijet case by the enormous W !
jj peak. There are two ways to reduce this background:
either decrease the jet-pair mass resolution to a value

below 30%=
ffiffiffiffi
E

p
and/or employ positron polarization to

reduce the SM rate for �e ! W�.
In the dimuon channel, the signal region is seen to have

very little background, however there are also very few
signal events. A total of ten AKTW models are found to
show an excess over background with a significance >5.
However, only a few of these excesses can be seen in the Z
mass region. Unfortunately, all but 2 of these models are
fakes in the sense that they do not have the ~�0

2 ~�
0
1 channel

kinematically accessible; they do, however, all have visible
smuons. Some of the signal for models which populate the
lower invariant mass region originate from additional
sources, such as ~�þ

1 ~��
1 , or even ~�0

3 ~�
0
1, production. It would

appear from these results that perhaps the cuts employed in
this analysis are too strong even though the signal region is
essentially background-free. However, we find that relax-
ing the cuts, even just slightly, overwhelms the signal
region by background. We have not found a set of cuts
that allows more of the signal to be visible over back-
ground in this channel. A similar situation happens for
LH electron beam polarization. While some models lead

FIG. 70 (color online). SM background to associated neutra-
lino production for the MinvðjjÞ distribution. This is generated
for a 250 fb�1 sample of SM events with 80% RH (solid blue) or
LH (solid red) electron beam polarization at

ffiffiffi
s

p ¼ 500 GeV.
The dominant contribution after the cuts are imposed arise from
�e ! �eq �q and are shown by the green (pink) dotted line for LH
(RH) beam polarization.

FIG. 69 (color online). SM background to associated neutra-
lino production for the Minvð��Þ distribution. This is generated
for a 250 fb�1 sample of SM events with 80% RH (solid blue) or
LH (solid red) electron beam polarization at

ffiffiffi
s

p ¼ 500 GeV.
The dotted green line represents the dominant contribution after
the cuts are imposed, �� ! ‘þ‘�, which is independent of the
beam polarization.
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FIG. 71 (color online). Invariant mass distribution in the dijet (dimuon) channel in the top (bottom) panel from the analysis for
associated neutralino production for representative AKTW models: events=2 GeV bin assuming RH polarization and 250 fb�1 of
integrated luminosity. As usual the SM background corresponds to the black histogram.
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FIG. 72 (color online). Invariant mass distribution for the dielectron channel in the top (bottom) panel for RH (LH) polarization from
the analysis for associated neutralino production for representative AKTWmodels: events=2 GeV bin assuming 250 fb�1 of integrated
luminosity. As usual the SM background corresponds to the black histogram.
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to observable signals in the dimuon channel, they are all
fakes in the case of either polarization and the apparent
signal is due to feed down from other SUSY sources. In the
eþe� channel, 7 models are observable with a significance
>5, however only one of them is not a fake as illustrated in
Fig. 72. We note that there are fewer fake signals in the
dijet channel.

Thus at this level of statistics, these jj, �þ��, and
eþe� analyses have captured very few of the AKTW
models where ~�0

2 ~�
0
1 is kinematically accessible.

For the conventional benchmark point SPS1a’, associ-
ated neutralino production at

ffiffiffi
s

p ¼ 500 GeV can easily
proceed as the mass of ~�0

2 is only 184 GeV. In this case, the
~�0
2 � ~�0

1 mass splitting is ’ 86 GeV, i.e., <MZ, and thus

the signal is not observable in the dijet channel due to the
very large SM W boson background. However, a reason-
able nonresonant signal excess is observable over back-
ground in the substantially cleaner dimuon mode. This is
true for either electron beam polarization, however the
signal is more strongly observable for the case of LH

FIG. 73 (color online). Invariant mass distribution in the dijet (dimuon) channel in the top (bottom) panel from the analysis for
associated neutralino production for model SPS1a’: events=2 GeV bin assuming RH polarization and 250 fb�1 of integrated
luminosity. As usual the SM background corresponds to the black histogram.
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FIG. 74 (color online). Photon energy spectra for several representative AKTW models from the photon-tagged ~�0
1 pair production

process. Shown is the event rate=2 GeV bin assuming RH electron beam polarization and an integrated luminosity of 250 fb�1. The
black histogram is the SM background. The top panel shows signal plus background for models with larger event rates whereas the
bottom panel displays more typical cases with signal and the background now being shown separately.
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polarization, as can be seen in Fig. 73. Feed down to this
final states from the production of heavier chargino and
neutralino states is also present in this model.

B. Radiative neutralino production

In 91 of the AKTW models the neutralino LSP ~�0
1 is the

only kinematically accessible SUSY particle at
ffiffiffi
s

p ¼
500 GeV. The process eþe� ! 2~�0

1 is, by itself, impos-

sible to observe as the final state particles are stable, neutral
and weakly interacting. The only way to render ~�0

1 pro-

duction observable is to tag it by the emission of a photon
off the initial state electrons or off the intermediate
t-channel selectron; one then looks for an excess of events
of the form eþe� ! �þ Emiss. The SM background to
such a signature can be quite large and arises mainly from
the reaction eþe� ! � ��� which occurs through inter-
mediate W and Z boson exchanges. As will be discussed
below, beam polarization can play an important role in
reducing this dominant component of the SM background,
as W bosons couple to electrons in a purely left-handed
manner.

As noted above, we employ PYTHIA for the generation of
the signal events However, PYTHIA does not take into
account photon emission from the virtual t-channel selec-
tron in neutralino pair production. Without this contribu-
tion to the cross section for eþe� ! ~�0

1 ~�
0
1�, the signal

would always be invisible beneath the background pro-
vided by eþe� ! � ���. Thus an accurate modeling of the
radiative LSP signal at the ILC requires a more sophisti-
cated approach. We therefore use COMPHEP to generate the
full matrix element for this process, in a manner analogous

to that described above in Sec. VB 1 for the radiative
chargino analysis. The COMPHEP evaluation of the cross
section for radiative LSP production uses the complete
matrix element and can be up to a factor of 2 larger than
that given by PYTHIA and also generally yields harder
photons.
We tag on a high-pT photon, which is the sole visible

final state particle in the process eþe� ! �~�0
1 ~�

0
1. Clearly,

right-handed electron beam polarization should be effec-
tive in reducing the background contributions from W
boson exchange in � ��� production. In fact, after the cuts
described below are employed, we find that the RH SM
background event rate is about a factor of 7–8 less than that
with LH beam polarization. (We note that in the case of
100% electron beam polarization, the LH cross section is
almost 50 times larger than that for the RH case.) In
contrast, we find that the signal cross sections for the
AKTW models follow either one of two patterns: (i) the
LH and RH polarized cross sections are comparable in
magnitude or (ii) the RH polarized cross section is far
larger than that of the LH case. Thus, for either of these
possibilities, RH electron beam polarization is highly fa-
vored in order to increase the signal and reduce the back-
ground. We will thus limit ourselves to this polarization
configuration in our analysis below.
We employ the cuts of Ref. [54], and require:
(1) There be exactly one photon and no other visible

particle in the event.
(2) The photon transverse energy satisfy E�

T ¼
E� sin	� > 0:03

ffiffiffi
s

p
. Here, 	� is the angle of the

photon with the electron beam axis.

FIG. 75 (color online). Photon energy spectra for the benchmark model SPS1a’ from the photon-tagged ~�0
1 pair production process.

Shown is the event rate=2 GeV bin assuming RH electron beam polarization and an integrated luminosity of 250 fb�1. The black
histogram is the SM background.
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(3) The photon be present in the angular region cos	� <

0:9.
(4) The total photon energy satisfy the constraint E� <

0:5
ffiffiffi
s

p � 90 GeV. This removes radiative return to
the Z pole.

We then examine the photon energy distribution and
look for a signal in excess of the SM background; some
typical results are presented in Fig. 74. Unfortunately, as
can be seen from this figure, S=B is at best �8%–9% for
the models shown here. This remains true for all 180
AKTW models that have kinematically accessible ~�0

1

states. In many cases S=B is far below the 1% level.
However, we find that 17 of the models lead to a signal
significance S greater than 5. We note that in 4 of these 17
models, the ~�0

1 is the only kinematically accessible SUSY

particle at
ffiffiffi
s

p ¼ 500 GeV. Of course, a priori, one cannot
be certain that the neutralino LSP has been produced and
discovered, as this final state may receive sizable signal
contributions from other SUSY sources such as eþe� !
~�~���, with ~� ! �~�0

1. In fact, model 36 022, shown in the
figure, is an example of one such case. This renders it
difficult to uniquely identify the signal as arising from
only the lightest neutralino without further analysis.

Of course, increased luminosity or an adjustment of the
cuts may make the signal in this channel slightly more
visible, but what would be more useful, independently of
the choice of cuts, would be to include positron polariza-
tion [55]. Having such polarization at the 30% (45%,
60%)% level would reduce the background by roughly
’ 44% (60%, 73%) in comparison to that with the canoni-
cal 80% electron beam polarization assumed in our analy-
sis. The corresponding increase in the signal in the most
conservative AKTWmodel would be 24% (36%, 48%) and
thus significant boosts in S=B would result; these increases
can be somewhat larger depending upon the parameter
values in a particular model.

The observation of radiative neutralino LSP pair pro-
duction is rather straightforward in the case of the familiar
benchmark model SPS1a’, where the LSP is rather light
with a mass of only 97.7 GeV. Figure 75 shows that the
signal is much larger in this case than in any of the AKTW
models. In fact, an excess in the number of events over
background can be observed for almost the entire range of
the photon energy spectrum. However, some of this excess
may be attributed to radiative sneutrino pair production
which is reasonably significant in this model [56].

VII. MODEL VISIBILITYAND COMPARISONS

As discussed in the Introduction, before addressing the
issue of model differentiation we first need to determine
which SUSY particles are visible above the SM back-
ground in each of the models under study. In particular
we would like to know how many models contain a given
SUSY particle that is clearly observable with a signifi-
cance, S, greater than 5 from our likelihood analysis dis-

cussed in Sec. III. This information can be obtained by
combining the individual results found in Secs. IV, V, and
VI; the summary of these analyses in terms of SUSY
particle discovery is displayed in Table IV. This table
shows the number of models with a given SUSY particle
that we found to yield a visible signal above background in
our analysis relevant for that particular SUSY state, as
compared to the number of models where the same particle
is kinematically accessible. Thus, e.g., the ~eR is observable
in 12 of the 15 models in which it is kinematically acces-
sible. We declare a particle to be visible for a given model
if it is kinematically accessible and a signal with S > 5 is
observed in the relevant search channel. We note that it is
possible that some of these observable signatures may be
due to fakes, i.e., the production of other SUSY states; this
is certainly true in, e.g., the case of radiative ~�0

1 production.

From this table we see that for the set of AKTWmodels the
ILC does an excellent job at detecting selectrons and
smuons as well as charginos, however, staus are somewhat
more problematic, and the neutralino sector appears to be
difficult.
We can now combine the results represented in the table

and ask for the total number of models which contain
visible sparticles with a signal significance greater than 5.
Out of the 85 models which have at least one charged
SUSY partner kinematically accessible, we find that 78
have visible sparticle signatures at the ILC. The SUSY
particles in the other 7 models are not detectable mainly
due to phase-space suppression of the SUSY cross sections
as discussed in the previous sections. Of the 96 models
which have only stable neutral SUSY partners accessible
(~�0

1 or ~�), 4 of them are observable via the photon tag recoil

analysis. Thus, out of all the models with at least one
accessible SUSY partner we find that 82=181 lead to
detectable signals at the ILC. This corresponds to 82
visible models out of the full set of 242 AKTW models
(recall 61 of the models have no SUSY partners accessible
at 500 GeV). Surveying all of the models, there is a total of

TABLE IV. Number of models, at
ffiffiffi
s

p ¼ 500 GeV, which have
a given final state particle visible above the SM background with
a significance S > 5 as defined in the text, divided by the number
of models where the same particle is kinematically accessible.

Particle Number visible

~eL 8=9
~eR 12=15
~�L 9=9
~�R 12=15
~�1;2 21=28
~�e;� 0=11
~�� 0=18
~��
1 49=53

~�0
1 17=180

~�0
2 5=46
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129 charged sparticles which are kinematically accessible
and we find that 111 are visible in our analyses; several
more may appear as ‘‘fakes.’’

Using our ILC analyses, we now pairwise compare the
models that were found to be indistinguishable at the LHC
by AKTW. We recall that out of the original 283 model
pairs, 121 were removed from our sample due to the
PYTHIA feature which shifted the LSP mass, leaving us

with 162 pairs of models to examine. Interestingly, out of
these 162 model pairs, 90 have only neutral sparticles
kinematically accessible in both models.

In order to compare signals that originate from different
models for the observables described in the previous sec-
tions, we perform a �2 analysis of the generated histogram
distributions for the model pairs. To begin, recall that we
have generated two complete and statistically independent
background sets, B1 and B2, for all of the individual
analyses. Taking the set of pure signal distributions for
the two models we wish to compare, M1 and M2, we add
each signal distribution to one of the corresponding back-
ground distributions. This forms the combinations R ¼
M1þ B1 and S ¼ M2þ B2 for each observable. We
then perform a �2 analysis of the two distributions for
each model pair, accounting for the fact that the number
of events in each sample can be different:

�2 ¼ X
i

ð
ffiffiffi
S
R

q
Ri �

ffiffiffi
R
S

q
SiÞ2

Ri þ Si
; (24)

with

R ¼ X
i

Ri S ¼ X
i

Si: (25)

Ri and Si denote the number of events in bin i produced by
the two models (plus background) in each observable that
we compare. Note that such a �2 test is somewhat sensitive
to the binning of the data, especially since we compare two
sets of generated ‘‘data’’ instead of comparing a signal to a
theoretical prediction. Note further that the above �2 pre-
scription relatively normalizes the two distributions so that
we only compare shapes at this point. We then add an
additional term to the �2 which accounts for the total
number of events in both histograms and allows for a 1%
systematic error in the relative normalizations due to lu-
minosity and cross section normalization uncertainties.

We then compute the �2 distributions for each of the
model pairs, for each the following observables, taken one
at a time, which were obtained after applying the analysis
cuts described in the sections above:

(i) Selectron analysis: Eeþ or e� and pTvis.
(ii) Smuon analysis: E�þ or �� and pTvis.
(iii) Stau analysis: E� and pTvis. We employ the � iden-

tification procedure as described above, with and
without the inclusion of electrons in the final state
in order to remove the background from beam
remnants.

(iv) Sneutrino analysis: missing energy for two channels,
4-jet plus lepton-pair and 6-jets. Each channel is
analyzed with two different assumed minimum val-
ues of the LSP mass.

(v) Chargino non-close mass case: For the case of on-
shell W boson production in chargino decays, we
examine the Ejetpair spectrum. For the case where the

charginos decay into off-shell W bosons, we exam-
ined three decay channels. Our observable for the
fully leptonic channel is E�þ or �� . In the fully had-

ronic channel we analyze the missing energy distri-
bution for the 4-jet final state and the invariant mass
spectrum of the two jet-pairs. For these two distri-
butions we perform analyses with two different as-
sumed values of the ~�0

1 mass and also with an

additional cut on pTvis. In the semileptonic channel
with the jet-pairþ�þmissing energy final state,
we examine Ejj as well as the invariant mass of the

jet-pair. In this case, we again employ analyses with
two different assumed values of the LSP mass.

(vi) Chargino radiative production: the recoil mass
Mrecoil of the tagged hard photon.

(vii) Chargino very close mass case: � ¼ p
E of the two

massive tracks in the event, assuming an energy
smearing=� resolution of 5% and 10%.

(viii) ~�0
2 ~�

0
1 associated production analysis: the invariant

mass of electron, muon and jet-pairs.
(ix) Radiative ~�0

1 analysis: E�.

Before examining the results of our �2 model compari-
son, we first check our procedure by comparing the two
pure background samples to verify that, though indepen-
dent, they are not statistically distinguishable. We do in-
deed find this to be the case for every observable in each
analysis. Next, we examine each observable listed above
and determine whether the comparison probability (as
given by the value of the �2 and number of degrees of
freedom) shows a difference at the 5� ðor 3�Þ level for that
specific distribution. Note that we perform this comparison
separately for each electron beam polarization since we
have distributions for each polarization configuration. If
there is a 5� ðor 3�Þ level difference in at least one
distribution then we claim that the two models are distin-
guishable at that level of confidence. In fact, a number of
observables are distinguishable at this level in many mod-
els. We can improve this procedure by summing over the
various observables in the �2 computation, taking only one
distribution from the different analyses to ensure that we
do not introduce any effects from correlations. Note that in
the case where we employ only a single observable in this
comparison there are no issues of statistical independence
in contrast to when several distributions are combined.
When performing these comparisons, we find that many

model pairs are not distinguishable. This happens, e.g., in
all of the 90 cases where we compare models which have
only neutral particles kinematically accessible. The few
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models where we observe excess photons in radiative ~�0
1

production are already differentiated by other analyses
involving charged sparticle production, and thus these
cases do not help with distinguishing pairs of models
containing only kinematically accessible neutral sparticles.
This implies that we should concentrate on the 72 poten-
tially distinguishable model pairs where at least one mem-
ber of the pair has at least one kinematically accessible
charged sparticle. In this case, we find that a large number
of model pairs are distinguishable at the 5� level in several
different analyses.

Based on the criteria above, using our results from the
single observable comparison procedure described above,
we find that 55 ð63Þ=72 model pairs where at least one
model has kinematically accessible charged sparticles are
distinguishable at the 5� ð3�Þ level. These results are
based solely on single final state comparisons between
models. Making use of the combined observable compari-
son procedure described above, we find instead that
57 ð63Þ=72 pair of models are distinguishable, which is
only a slight improvement.

The model pairs that are found to be indistinguishable
fall into two broad classes: (i) those where one model in the
pair has only a kinematically accessible neutral sparticle,
e.g., the LSP, which is not visible above background and
the other model contains a sole accessible charged sparticle
which is also difficult to observe. There are 7 model pairs
in this category that cannot be differentiated at the 5�
level. Examples are models with a heavy selectron and
smuon which have kinematically suppressed cross sections
and models which only contain ~� states that are also
difficult to observe due to small production cross sections.
(ii) The second class consists of 8 model pairs where each
model in the pair contains a single kinematically accessible
charged sparticle. In 7 of the 8 model pairs, it is the lightest
chargino state that is produced and found to lead to an
indistinguishable signature.

VIII. CONCLUSIONS

In this paper, we have performed a systematic and de-
tailed analysis of the capabilities of the 500 GeV ILC (with
an integrated luminosity of 500 fb�1 with 80% electron
beam polarization) to explore the nature of a large number,
242, of scenarios within the MSSM. The goal of this
project was to determine how well the ILC could study
arbitrary MSSM parameter space points and to determine
whether or not the ILC could differentiate between 162
pairs of these models, i.e., MSSM parameter space points,
which were found to be impossible to distinguish at the
LHC. To do this we first had to address the issues of
kinematic accessibility of the SUSY states, as well as the
experimental observability of the corresponding sparticle
production over the SM background.

In order to accomplish this task, we employed a com-
plete set of full matrix element SM backgrounds for all

2 ! 2, 4 and 6 parton final states initiated by eþe�, �e�
and �� as calculated by Barklow using WHIZARD/O’MEGA.
We made use of both PYTHIA and COMPHEP for generating
the SUSY model signal events and employed a realistic
beam spectrum generated with WHIZARD/GUINEAPIG.
Additionally, we included the effects of the SiD detector
by implementing a version of the ORG.LCSIM fast simula-
tion. In this analysis we assumed that the integrated lumi-
nosity was equally split between two distinct samples with
80% LH or RH electron beam polarization. Analyses were
performed on many different SUSY channels simulta-
neously in order to probe the charged slepton, sneutrino,
lightest chargino, LSP and ~�0

2 � ~�0
1 sectors. A universal set

of cuts for all models was developed.
Out of the original 242 models 85 led to the existence of

a kinematically accessible charged SUSY partner at
500 GeV. The remaining models either had no SUSY
particles kinematically accessible (61) or only the lightest
neutralino and/or sneutrino accessible (96). Using log like-
lihood techniques, we found that 78=85 models with a
charged SUSY partner as well as 4 additional models
which only had neutral particle states accessible were
visible above SM background in our analyses. Thus, a total
of 82=161 models with accessible particles were found to
be observable at the 500 GeV ILC. In performing our
analysis, beam polarization was essential in reducing the
SM background and allowed for distinguishing sparticle
states in many cases. Some models contained charged
states that were found not to be visible generally as a result
of suppressed cross sections due to phase-space availabil-
ity. Of the 72 pairs of models where at least one member of
the pair contains one or more accessible charged SUSY
partner, our analysis found that 57 (63) of the pairs could
be distinguished at the level of 5� ð3�Þ.
From this analysis it is clear that the ILC with the SiD

detector does a reasonably good job at observing charged
sparticles which are kinematically accessible and distin-
guishing models containing such particles. The major
weakness, beyond the restricted kinematic reach, is in the
neutral sparticle sector. This problem may be resolved by
employing positron beam polarization as well as more
sophisticated analyses such as energy scans.
For the future we plan to extend this analysis to the case

of 1 TeV center-of-mass energy, and include a study of the
influence of positron polarization as well as a number of
detector issues.
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