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In this note the ILC’s capabilities for detecting WIMPs and measuring their properties
are studied. The expected signal cross section is derived in a model-independent way
from the observed relic density of Dark Matter. Signal events are detected by means
of initial state radiation (ISR). The study is performed with a full simulation of the
ILD detector (model ILD 00) with a magnetic field of 3.5 T and at a center of mass
energy of

!
s = 500 GeV. An integrated luminosity of

R

Ldt = 500.0 fb!1 is assumed
throughout. The results show that WIMPs are observable at the ILC if their coupling
to electrons is not too small (O(0.1)). The accessible phase space can be increased
significantly using polarised beams, especially if the positrons are polarised as well.

1 Introduction

The International Linear Collider (ILC) will be the next large scale high energy physics
experiment. It will collide electrons and positrons at a center of mass energy of

!
s = 500

GeV, and as such it is complementary to the Large Hadron Collider (LHC) at CERN, from
which first experimental results are expected in 2010. Due to its clean experimental envi-
ronment the ILC is a precision experiment to both probe the Standard Model of particle
physics (SM) and to measure with high accuracy the properties of Beyond Standard Model
physics (BSM) discoverd with the LHC.
The validity of physics results acquired with the ILC depends strongly on the performance
of the envisioned detector concept. It has become a consensus that Particle Flow (PFlow)
calorimetry is key to achieve the precision aimed for. However, this technique strongly de-
pends on a high granularity of the detectors, resulting in demanding requirements on data
acquisition and event reconstruction. On the road to a detector fullfilling these demands
several concepts have been worked out. The International Large Detector (ILD) as a merger
of the mostly european Large Detector Concept (LDC) and the predominantly asian Global
Large Detector (GLD) is designed to combine the advantages of these two concepts. The
analysis presented here is part of the optimisation e!ort of the ILD.

2 Model-independent WIMP production cross section

The Dark Matter (DM) component of the cosmological energy density is estimated to be
"DM = 22%, especially from the analysis of WMAP data of the Cosmic Microwave Back-
ground. Weakly Interacting Massive Particles (WIMPs) are currently the favoured candi-
dates to amount for the observed DM. Natural WIMP candidates are found in most exten-
sions of the SM, e. g. the Lightest Stable Particle (LSP) in suspersymmetry (SUSY) with
conserved R-Parity. The LSP is often the lightest neutralino !̃0

1 or the gravitino g̃. Other
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Figure 1: (a) Feynman diagram for radiative WIMP pair production. (b) Cosmological
constraints on the annihilation cross section #an at 2# level. The lower band is for dominant
s-wave annihilation, the upper band corresponds to p-wave annihilations

models proposing WIMPs are Kaluza-Klein excitations (KK), or Universal Extra Dimen-
sions (UED). In fact a more general requirement is that a new conserved quantum number
makes the lightest of the new particles stable.

The ILC o!ers the possibility to look for WIMPs in a model-independent way [1, 2].
It is assumed that the cosmic Dark Matter (DM) component is only due to one new type
of particle !, and that the relic density is determined by pair annihilation of WIMPs into
SM particles. These annihilations may produce an e+e! pair (!! " e+e!) with an un-
known branching fraction $e, where $e # 0.3 is strongly motivated by recent PAMELA
results [3, 4]. The total annihilation cross section #(!! " XiX̄i) is then determined by
the observed DM density "DM. The annihilation cross section #an required to match the
observed relic density is in the order of a few pb [2]. Figure 1(b) shows the cosmological

constraints on the quantity #an =
!

i #
(J0)
i , where #(J0)

i are given by the expansion of the

annihilation cross section #iv =
!"

J=0 #
(J)
i v2J of the processes !!" XiX̄i (Xi = l, q, g, ...).

Here, v is the relative velocity of the WIMPs, and J0 is the angular momentum of the dom-
inant partial wave contributing to the annihilation. WIMP candidates will be referenced
to as s-annihilators for J0 = 0 and p-annihilators for J0 = 1 respectively. There is only
a weak dependence on the mass and the spin of the WIMP candidate. Thus the present
cosmological abundance is mainly determined by J0 and the value of #an. Using crossing
relations one obtains a cross section for the inverse process, i. e. e+e! " !!, which could
lead to the production of WIMPs at the ILC. Due to the weak interactions of WIMPs such
a process would not be detected as long as there are no other detectable particles in the
event. However, photons from ISR would provide the means to tag a WIMP production
event. Figure 1(a) shows a feynman diagram of this process. A cross section for radiative
WIMP production e+e! " !!" is given in [2]:

d#

dx d cos#
$
%$e#an

16&

1 + (1 % x)2

x sin#2
22J0(2S! + 1)2

"

1 %
4M2

!

(1 % x)s

#1/2+J0

, (1)

where x = 2E"/
!

s and # are w. r. t. the emitted photon. The cross section depends on a
set of free parameters:
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Figure 2: Di!erential cross section d#/dMrecoil for (a) 200 GeV WIMPs with J0 = 0, 1 and
(b) WIMPs with J0 = 1 but di!erent masses.

• the mass of the WIMP M!

• the spin of the WIMP S!

• The dominant partial wave in the annihilation process J0 (s- or p-wave annihilation)

• the coupling strength to electrons
!
$e, or equivalently the annihilation ratio $e to

e+e!.

• The value of #an, which is constrained by the DM density "DM.

Depending on the value of J0 the exchange particle in the production process is either a
scalar or a vector boson which can be determined from the shape of the signal distribution,
see Fig. 2(a). The picture shows the di!erential cross section d#/dMrecoil for two WIMP
candidates with the same mass M! = 200 GeV but di!erent value of J0 = 0, 1. The recoil
mass is given by

M2
recoil = s % 2

!
sE"

where E" is the energy of the emitted ISR photon. The cut-o! energy in the recoil mass
spectrum can be used to determine the mass of the WIMP with e. g. a template method.
In Fig. 2(b) the cross section d#/dMrecoil versus the recoil mass is shown for three di!erent
WIMP masses. Each WIMP mass results in a di!erent cut-o! value.
The helicity structure of the WIMP couplings is not constrained in this approach. For
polarised beams the spin averaged annihilation fraction $e has to be replaced with four
independent parameters $(e!Re+

L),$(e!Le+
R),$(e!Le+

L) and $(e!Re+
R) with

!

i,j=R,L $(e!i e+
j ) =

4$e. For example one could choose:

• Only $(e!Le+
R) is non-zero. In this case the WIMP couplings have the same helicity

structure as electron positron annihilation via t-channel W exchange.

• For $(e!Re+
L) = $(e!Le+

R) the couplings conserve helicity and parity.

• If only $(e!Re+
L) is non-zero the WIMP couplings have the opposite helicity dependency

as the SM weak interaction.

In the latter two cases beam polarisation as it is forseen for the ILC would strongly improve
the S/B ratio.
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Figure 3: Tree level diagrams for radiative neutrino production (''"), which constitutes the
main SM background for the chosen signal process.

3 SM background

The dominant SM background to the signal process is neutrino pair production e+e! " ''".
At center of mass energies significantly above the Z0 pole this reaction is dominated by
t-channel W -exchange (Fig. 3). Therefore it is strongly reducible depending on the polarisa-
tion state of the initial electrons and positrons. The ''" background is considered signal-like
and is reweighted to generate the signal events, see Section 5.
Other SM model backgrounds are higher order e+e! " ''"(N") processes, with N = 1, 2,
as well as e+e! " "" events and radiative bhabha scattering e+e! " e+e!", which haven’t
been considered so far.

4 Data samples and software

The data samples used in this analysis are a subset of the DESY mass production REC01-06 ppr004

of the SLAC SM samples, using the MOKKA version 06-07-p01 of the ILD 00 detector
model. The magnetic field is set to B = 3.5 Tesla. The full ''"(N") background is
used. The center of mass energy is

!
s = 500 GeV and the simulated integrated luminosity

is
$

Ldt = 500.0 fb!1. For the actual simulation and reconstruction the ''"(N") events
where preselected requiring at least one photon with an Energy of E" > 8 GeV and a polar
angle of | cos#" | < 0.9955 (5.4# < #" < 174.6#). These preselection cuts ensure that at
least one photon is in the acceptance region of the ECAL. Also the amount of events to be
simulated is reduced significantly by a factor of & 1/3. Table 1 gives the total number of
events before and after the preselection requirements. For reconstruction the MARLIN frame-
work version 00-10-04 of ILCSOFT version 01-06 was used, while the calorimetric particle
flow reconstruction is done using the PANDORA PARTICLE FLOW algorithm version v03-01.

5 Selection

From the reconstructed DST files ROOT trees are filled with the information of the recon-
structed particles, reconstructed tracks and the generated particles. Because of the cluster
splitting, neighbouring photon candidates identified by the PANDORA algorithm where merged
(see Sec. 6). The resulting data set is the basis for the analysis.
Some additional requirements are imposed on the events:
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Process Nevents before preselection Nevents after preselection
$

L dt[fb!1]

e!Le+
R " 'e'e" 8790678 3832650 255.68

e!Re+
L " 'e'e" 632157 198643 500.0
'µ'µ" 809831 508179 500.0
'('(" 809555 506843 500.0
'e'e"" 1554287 1027744 500.0
'µ'µ"" 125559 99384 500.0
'('("" 125335 99362 500.0
'e'e""" 90375 71867 500.0
'µ'µ""" 11705 10285 500.0
'('(""" 11735 10301 500.0

Table 1: Generated events before and after preselection. If not specified otherwise Nevents

is the sum of events for both polarisation states e!Le+
R and e!Re+

L and
$

L dt is the same for
both configurations.

• No tracks in the event Ntracks = 0

• At least one identified photon candidate N" # 1

• Energy and polar angle of the photon candidate required to E" > 10 GeV and
| cos#" | < 0.99 (8.1# < #" < 171.9#)

The last constraints (E" ,#") ensure that no data deficit occurs due to the preselection
cuts in connection with the finite energy and angular resolution of the detector.

Process Nevents before cuts Nevents after cuts
$

L dt[fb!1]

e!Le+
R " 'e'e" 3832650 1609162 255.68

e!Re+
L " 'e'e" 1027744 84860 500.0
'µ'µ" 508179 198909 500.0
'('(" 506843 102049 500.0
'e'e"" 1027744 498464 500.0
'µ'µ"" 99384 26958 500.0
'('("" 99362 24772 500.0
'e'e""" 71867 35930 500.0
'µ'µ""" 10285 3140 500.0
'('(""" 10301 3775 500.0

Table 2: Simulated events before and after cuts. If not specified otherwise Nevents is the
sum of events for both polarisation states e!Le+

R and e!Re+
L and

$

L dt is the same for both
configurations.

6 Event reconstruction and cluster splitting

The event simulation and reconstruction process introduces a smearing of the reconstructed
photon candidate energies due to the intrinsic energy resolution of the detector and the
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Figure 4: Energy spectrum of the most energetic photon of the ''" background (a) after
reconstruction using Pandora PFlow and (b) on generator level.
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Figure 5: (a) Average ratio of reconstructed photon energy to generated photon energy
before and after merging. (b) Energy spectra at the radiative return to the Z0 before
(black) and after (grey) merging procedure.

performance of the Particle Flow algorithm. Figure 4(a) shows the energy distribution of
the most energetic photon candidate identified by the Pandora algorithm. The radiative
return to the Z0 at $ 240 GeV is significantly broadened compared to the spectrum on
generator level (Fig. 4(b)). As can be seen in Figure 4(a) the full reconstruction yields less
photons at high energies resulting in a shift of the Z0 return from the expected central value
of 241 GeV to $ 230.0 GeV. This behaviour is quantified in Figure 5(a) showing the average
ratio Erec/Egen of the reconstructed photon candidate’s energy to the photon energy on
generator level. The Pandora PFlow algorithm tends to split photon clusters stemming
from one generated photon into several photon candidates. This lowers the ratio Erec/Egen

(black triangles). This e!ect can be compensated by applying a simple merging procedure.
Neighbouring photon candidates are combined to form a new set of photon candidates, with
which an average ratio of Erec/Egen $ 1 is recovered (red squares). The ratio is however
slightly below unity. The reason is unknown and has to be investigated. With the merging
procedure the Z0 return is also shifted back to 236.7 GeV, closer to its expected value (see
Figure 5(b)).
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7 Signal generation

The signal is not generated explicitly, but created by reweighting the 'i'i" SM background
on event by event basis (i = e, µ, (). The signal weight wsig for each event is given by the
ratio of signal to background cross sections

wsig =
#!!"

###"
(E" , cos#"),

depending on the energy and polar angle of the emitted photons. These parameters are taken
from
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Figure 6: Angular distribution of the addi-
tional ISR photons emitted from the incoming
electron beam.

the MC information stored in the ROOT

tree. The model independent cross sec-
tion applies for WIMP pair production with
a single photon radiated from the initial
state. The generated ''" background how-
ever contains up two two additional pho-
tons. Although these photons are in gen-
eral very soft and collinear they have to
be taken into account when applying the
weights. Figure 6 shows the angular distri-
bution of these photons, emitted from the
incoming electron beam. The spectrum is
sharply peaked in forward direction. The
additional photons are treated in the follow-
ing way: They are identified by their posi-
tion in the list of MC particles and their four-vectors are subtracted from the incoming
electrons and positrons. Afterwards the whole ’intermediate’ system is boosted into the
center of mass system, where the weights are evaluated for the remaining ’hard’ photon.
The most energetic photon identified by the PFlow algorithm is taken to be signal-like
and gets reweighted. This photon candidate will in general, but not always, be the one
reconstructed from the MC photon the weights where calculated with.

8 Preliminary analysis results

8.1 Observational reach

An estimate of the sensitivity of an experiment to an observable can be given with the
expected confidence level < CLs >b for a given coverage %. The WIMP cross section
scales with the annihilation fraction $e. If for a given value of $e the confidence level is at
< CLs >b= 0.05 a signal can be excluded with 95% confidence if there is background only.
For an estimate of the obsevational reach of the ILC on the branching fraction $e, its value
at 1% < CLs >b= 0.95 has been obtained statistically using fractional event counting as
implemented in the ROOT class TLimit. Figure 7 shows the 95% exclusion limits on $e as a
function of the WIMP mass. The area above the curves is accessible. For each mass hypoth-
esis tested, two WIMP mass dependent requirements have been imposed on the signal-like

photon candidate. Its energy is required to be
$
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Figure 7: Observational reach on $e spin 1, p-annihilator WIMPs. Couplings conserve parity
and helicity. (a) Pe! = 0.0, Pe+ = 0.0, (b) Pe! = 0.8, Pe+ = 0.0

The lower cut ensures that the produced WIMPs are non-realtivistic, so that the model-
independent cross section is valid, while the upper cut is simply the kinematic limit of the
photon spectrum from WIMP pair production. This cut improves the S/B ratio.

The WIMP candidates have been chosen as spin 1 p-annihilators (J0 = 1) and #an =
0.6 fb!1. The couplings conserve parity and helicity, corresponding to $(e!Re+

L) = $(e!Le+
R).

In Figure 7 (a) unpolarised beams are assumed, while in Figure 7 (b) the electrons are 80%
righthanded polarised. In the unpolarised case $e < 0.3 can be excluded over a large region
of possible WIMP masses, with a minimum at $ 175 GeV. With the electron polarisation
switched on, the sensitivity is improved by a factor of more than two.

9 Conclusions and outlook

The results presented here show that with the ILC it is possible to search for WIMPs
in a model independent way. The WIMP pair production cross section has been derived
from cosmological observations. Depending on the structure of the WIMP couplings the
sensitivity can be increased by a factor of two using appropriate beam polarisation.
A study on the achivable mnass resolution may be included in the final note. Furthermore
radiative bhabha scattering is supposed to be included as SM background.
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