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Summary: WMAP -> ILC



Dark Matter Puzzle:
About 25% of the energy in the universe is dark, 
non-relativistic matter

Non-particle explanations unlikely

χ has to be stable (or at least τ≥10 bln. years)

χ cannot have strong interactions (otherwise pχ 
exotic nuclei) or electric charge (dark)

χ cannot be a Standard Model neutrino (free 
streaming)

Have to invent (at least one) new particle 



WIMP: a Perfect Fit
χ’s interact with the SM matter via weak forces (or a 
new interaction of similar strength/range)    

χ is massive (mass >> 1 MeV)         χ’s are in 
thermal equilibrium with the SM matter as long as 
T>M(χ):       

When T<M(χ),                                    (Boltzmann 

suppression) and χ’s decouple           

Energy density of χ’s today:  
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Assumptions: 
Assume generic mass spectrum (no resonances, no 
coannihilations)

At the time of χ decoupling, the only important 

reactions are                   , where     is SM

For non-relativistic WIMPs, can be expanded as:

Dominated by either s-wave or p-wave 

Define 
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       Ωdm determines σan

2σ constraint using Ωdmh =0.112±0.009 (WMAP)2



From Cosmology to Colliders
Cosmology provides a precise, model-independent 
measurement of 

Idea: use this information to predict χ production 
rate at a collider!

Step 1: Detailed Balancing (DB)

Define annihilation fraction: 
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Obtain a prediction:

This is unobservable (like                      )

Consider instead 

Step 2: Use soft/collinear factorization:

Tagging and Factorization
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Potential Problems:
DB+CF results in a model-independent prediction 
for an observable quantity

Rates are                   no lower bound

However many models predict 

Only works for NR        WIMPs close to threshold

Collinear photons are unobservable: cuts on      and         
are necessary to eliminate backgrounds (e.g. 
Bhabha)

Compare the rates (integrated with realistic cuts) 
obtained by an exact calculation in a chosen model 
(MSSM) to the DB+CF results with matching 
parameters (                    )
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DB+CF vs. Exact: Photon 
Spectra, e e →χ χ γ + -

1 1

p!
T > 7.5 GeV, sin ! > 0.1
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+ -
1 1

DB+CF vs. Exact: Photon 
Spectra, e e →χ χ γ 

p!
T > 7.5 GeV, sin ! > 0.1



Lessons of the Comparison

Collinear approximation works pretty well, even 
without an extra cut to suppress central photons!

A lower cut on     is necessary to select events 
with non-relativistic WIMPs

E!



Look for photon+missing energy events

Impose               cut to eliminate fakes (mainly 
Bhabha)

Impose          cut to ensure non-relativistic WIMPs

Compute and subtract the irreducible background 
(mainly                        )

Look for deviations from zero!

Experimental Strategy for a 
Model-Independent WIMP 

Search at the ILC
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The Reach of a 500 GeV LC 

Dash - stat. only (                     ), Solid - stat. + 0.3% syst.L = 500 fb
!1

sin ! > 0.1, p!
T > 7.5 GeV, x! ! [1 " 8M2

"/s, 1 " 4M2

"/s]Cuts:



Beam polarization reduces the background:

Example: “P-symmetric WIMPs” 

Sig/Back improved by a factor of 5 for                  
and a factor of 18.5 for 

The approach can be applied to pp collisions as well, 
but backgrounds are much more severe (see Feng, 
Su, Takayama, hep-ph/0503117)
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Conclusions
Cosmology provides precise, model-independent 
information on the NR limit of WIMP total 
annihilation cross section (with mild assumptions - 
generic mass spectrum)

Using detailed balancing and collinear factorization, 
this leads to a 1-parameter prediction of photon
+missing E rates due to WIMP pair-production 

This prediction is independent of microscopic 
physics (SUSY, UED, LH, ...)

Predicted rates are challenging but may be 
observable at the ILC



• Reason for small rates: Tight lower cut on photon 
energy

• Hard photon brings WIMP pair close to threshold, 
non-relativistic relative motion - “just like in the 
early universe”

• The sole reason for this cut is desire for model-
independence; in a specific model, sigma(v) is 
predicted for all v! 

• What is the reach (in specific models) without the 
photon cut?

Model-Specific Studies
[Konar, Kong, Matchev, MP, 0902.2000]



• Consider                    with soft/collinear photon:

• Close to 2-WIMP production threshold:

model-dependent, a measurement of this spectrum can be readily used to distinguish between

di!erent models of WIMPs and their interactions. The results from such an analysis will be

presented in Section 4.

2 Direct WIMP Production at the ILC

In this section, we will define the framework to describe a simple observable signature of the

direct WIMP production in electron-positron collisions, and estimate the expected reach of

the ILC in this framework.

2.1 The Signature

We consider the direct WIMP pair-production process

e+e! ! !!. (1)

Here, the WIMP ! is an electrically neutral, color-singlet particle, with a mass in the 1

GeV-few hundred GeV range. At this point, we do not need to specify any other quantum

numbers of ! (such as its spin), or the fundamental theory of which ! is a part. On its own,

the process (1) does not leave an observable signature in the detector. To get an observable

signature, we consider the closely related process

e+e! ! !!", (2)

in which the WIMP pair can be observed as missing momentum recoiling against the detected

photon. The cross section is dominated by the photons that are soft or collinear with the

beam line:
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Of course, very soft or collinear photons remain undetected in a realistic detector; however, it

was shown in Ref. [3] that the factorization (4) works rather well under realistic experimental

conditions.

In general, the function !2(s) depends on the microscopic model of the WIMP and its

interactions with electrons. However, in the region close to production threshold, s!4M2
! "

s, this function can be approximated as

!2(s) # !0

!

1 !
4M2

!

s

"p+1/2

, (6)

where p is the angular momentum of the lowest partial wave contributing to this process. (In

particular, p = 0 for s-wave scattering and p = 1 for p-wave.) This is the approximation that

was used in Ref. [3]. Its advantages are the independence from the underlying microscopic

model, and the fact that the quantity !0 can be easily related to the relic abundance of the

" particle. The key relation is [3]

!0 = 22(p!2) (2S! + 1)2 #e !an , (7)

where S! is the spin of the " particle, !an is the coe!cient of the leading term in the small-

velocity expansion of the total " pair-annihilation cross section, and #e is the fraction of

" pair-annihilation events at low velocity which result in electron-positron pairs. At this

point we also assume that " = "̄, i.e. that the WIMP " is identical to its antiparticle. This

assumption will be true in our two examples discussed explicitly below, but is not really

necessary in general – in the cases where " $= "̄, there is simply an additional factor of 2 in

the right-hand side of (7).

The quantity !an is directly related to the present relic abundance of the " particle.

Assuming that " makes up all of the observed dark matter, and using the observed value for

the dark matter density "dmh2 = 0.1143±0.0034 [47], yields the determination of !an shown

in Fig. 1. The quantity #e cannot be obtained from cosmology, and needs to be calculated

once the model of particle physics is specified. Note however that in any model #e % 1, so

that eq. (7) provides a model-independent upper bound on !0:

!0 % 22(p!2) (2S! + 1)2 !an , (8)

which is valid as long as " is the dominant dark matter component. If the value of !0

measured in collider experiments turns out to violate the bound (8), there can be only

two, equally exciting, explanations: that in addition to the " particle, there must exist

yet another independent WIMP candidate, or that there was some sort of non-standard

cosmological evolution in the early universe.
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connection to cosmology!



• Parametrization away from the threshold:

Figure 1: Values of the quantity !an allowed at the 3! level as a function of the WIMP mass

M!, and for di!erent values of the WIMP spin S!. The lower (upper) band is for models

where s-wave (p-wave) annihilation dominates. We use the constraint !dmh2 = 0.1143 ±
0.0034, which results from the combination of data from WMAP-5, Type Ia supernovae and

baryon acoustic oscillations [47].

The main disadvantage of the approximation (6) is its limited range of validity: if one

wishes to use it to analyze data, one needs to impose a lower bound on the photon energy to

restrict the analysis to the near-threshold region, thus cutting out most of the signal. In this

paper, we will pursue a di"erent approach: we will calculate !2(s), for all values of s, in two

benchmark models, and describe the ILC sensitivity for these models. As we will see, this

gives a substantially better sensitivity than the model-independent search of [3]. To preserve

the simple connection to relic abundance, we choose to parametrize the cross section as

!2(s) = !0 f(s)

!

1 !
4M2

!

s

"p+1/2

, (9)

where f(s) is a model-dependent dimensionless shape function obeying the normalization

condition

f(4M2
!) = 1 . (10)

This form reduces to eq. (6) in the near-threshold region, so the coe#cient !0 is related to

the relic abundance as described above.

Note that e"ects such as beamstrahlung [48] and the possibility of multiple ISR emission

are not included in our approximation scheme. In the future, it would be interesting to

incorporate these e"ects in the analysis.
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Benchmark (Simplified) Model 1: “SUSY”
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Figure 2: Feynman diagrams for the WIMP pair-production in the SUSY benchmark model

(a,b) and the UED benchmark model (c,d).

2.2 Benchmark Models

Our first benchmark model is supersymmetric [49], with a pure Bino LSP pair-produced in

electron-positron collisions via t-channel exchange of the right-handed selectron ẽR, see the

diagrams in Fig. 2 (a,b). This simple toy model approximates the constrained MSSM in the

“bulk” dark matter region, up to subleading contributions due to non-bino admixtures in the

neutralino and the heavier ẽL exchange. In this model, p = 1, since s-wave annihilation at

threshold is forbidden by CP invariance (up to terms suppressed by m2
e/M

2
! ! 10!10, which

we ignore). We obtain
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Note that 0 < y, z % 1, and that limy#1 f(y, z) = 1, as required by eq. (10). This is the

cross section for unpolarized beams; since only right-handed electrons couple to ẽR, the

corresponding cross section for polarized beams can be found by simply multiplying by an

overall factor of

(1 + Pe!) (1 + Pe+) , (13)
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ẽR

(b)

e+

e!

!

!

ER

(c)

e+

e!

!

!

ER

(d)

Figure 2: Feynman diagrams for the WIMP pair-production in the SUSY benchmark model

(a,b) and the UED benchmark model (c,d).

2.2 Benchmark Models

Our first benchmark model is supersymmetric [49], with a pure Bino LSP pair-produced in

electron-positron collisions via t-channel exchange of the right-handed selectron ẽR, see the
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Benchmark (Simplified) Model 1: “UED”
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Pe! =
n(e!R) " n(e!L )

n(e!R) + n(e!L )
, Pe+ =

n(e+
L) " n(e+

R)

n(e+
L) + n(e+

R)
. (14)
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are the electron and positron beam polarizations, respectively.

The second benchmark model is a spin-1 WIMP, pair-produced in electron-positron col-

lisions via t-channel exchange of the spin-1/2 “heavy electron” ER, see the diagrams in

Fig. 2(c,d). The heavy electron is a Dirac fermion, and is assumed to be the partner of

the right-handed electron eR; this assumption fixes the helicity structure of the vertices

in Fig. 2(c,d). This toy model reproduces the leading contribution to this process in the

minimal UED model [29, 50, 51].2 In this case, s annihilation is allowed, and p = 0. We

obtain

!0 =
g!4Y 4

ER

128"M2
ER

z

(1 + z)2
,

f(y, z) =
y(1 + z)2

128z5
!

1 " y
!

y(1 " z) + 2z
"!

y(1 " z)2 + 4z
"

#

4z
$

1 " y
!

y(1 " z) + 2z
"!

y(1 " z)2(8z2 + 3) + 4z(8z2 " 4z + 3)
"

"
!

y2(1 " z)2(8z2 + 3) + 4yz(8z2 " 6z + 3) + 8z2(4z2 + 1)
"

!

y(1 " z)2 + 4z
"

log
y(1 " z) + 2z(1 "

!
1 " y)

y(1 " z) + 2z(1 +
!

1 " y)

%

, (15)

where

y #
4M2

!

s
, z #

M2
!

M2
ER

. (16)

Note that we will continue to use the “generic” WIMP notation, #, in the UED case; the #

in this case is actually the spin-1 massive partner of the hypercharge gauge boson, commonly

known as B1 [53].

Of course, it is straightforward to apply our formalism to other models, and we expect

qualitatively similar results, as long as WIMPs do have an unsuppressed coupling to electrons.

In all such cases the starting point of the analysis would still be the parametrization (9),

from where the current discussion can be generalized in two di!erent ways. First, one may

consider a di!erent region of parameter space of the same model (SUSY or UED), where

there can be additional relevant diagrams beyond those shown in Fig. 2. For example, the

addition of a t-channel ẽL exchange would simply modify the functional form of (11) and

introduce an extra parameter (the mass of ẽL). Alternatively, one may consider a di!erent

model altogether, by deriving the corresponding function f(s) relevant for that case. From

2The unpolarized cross section is identical in the minimal Littlest Higgs model with T parity [52, 36],

but the helicity of the vertices is the opposite, since only the left-handed electron has a partner in that

model. Note also that the value of !e in the LHT model is small, of order 10!4, due to a group theory factor

suppression of the vertices in Fig. 2(c,d).
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ILC Reach

Figure 3: The reach of a 500 GeV electron-positron collider with an integrated luminosity of

Lint = 500 fb!1 for discovery of our two benchmark models: (a) SUSY and (b) UED. Blue

(red) lines correspond to unpolarized (polarized with Pe! = 0.8, Pe+ = 0.6) beams. Solid

(dashed) lines indicate 5! (3!) significance. Also shown are "e contours in the (a) (M!, MẽR
)

or (b) (M!, MER
) parameter plane.

the signal in both of our benchmark models, where only the right-handed electrons couple to

WIMPs. The reach is presented in terms of the WIMP mass and the mass of the t-channel

particle which dominates the production process. One should keep in mind that the t-channel

particle can also be directly produced at the ILC, provided its mass is within the kinematic

reach of the collider. In this sense, one should note that the 5! reach with unpolarized beams

in the SUSY case of Fig. 3(a) only includes regions where the right-handed slepton ẽR would

be directly produced as well. Consequently, in order to access the remaining parameter space

where the radiative neutralino production is the only available signal, one must rely on beam

polarization. In Fig. 3 we also show contours of constant "e, defined in eq. (7). For low

WIMP masses, the reach of the ILC is impressive: with polarized beams, the WIMPs below

100 GeV can be discovered even if the e+e! channel only contributes 0.1% to the total WIMP

pair-annihilation cross section in the early universe. For larger WIMP masses, the sensitivity

decreases due to the kinematic suppression in WIMP production. This suppression can of

course be compensated by a higher center-of-mass energy.
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that point on, the analysis would still follow the steps outlined below for our two model

examples (SUSY and UED).

2.3 ILC Reach

The above formalism provides a prediction for the di!erential rate of !+missing energy

events at an e+e! collider in terms of two continuous parameters, M! and "0, once a specific

model is chosen to fix the function f(s). Experiments at an e+e! collider can search for this

signature as an excess over the SM background. We analyzed the reach of a 500 GeV ILC,

assuming the following kinematic acceptance cuts:

sin # ! 0.1, pT," " E" sin # > 3 GeV. (17)

The pT," cut is imposed to reject backgrounds such as e+e! # e+e!! in the region where the

e+ and e! are too forward to be detected. This cut corresponds to the improved BeamCal

acceptance of 6.67 mrad for 500 GeV linear collider [54]. With these cuts, the SM background

is strongly dominated by the process e+e! # $$̄!, and we ignore all other backgrounds in

this study. We simulated this background using CalcHEP [55] and CompHEP [56]. To quantify

the reach, we compare the di!erential cross sections d"/dE" for signal+BG and pure BG. To

account for finite detector resolution, we smear the energy of the photon spectrum for both

signal and background according to %E/E = 14.4%/
$

EGeV % 0.5% [41]. We bin the events

in 5 GeV bins in the photon energy, and compute the event numbers in each bin, {N i
sig+BG}

and {N i
BG}, for a given integrated luminosity Lint. We then use the standard &2 technique

to quantify the probability of measuring the event numbers predicted by the BG-only model

if the true model is signal+BG. We define

&2 =
Nbin
!

i=1

(N i
sig+BG & N i

BG)2

N i
BG + (%sysN i

BG)2
, (18)

where %sys is the fractional systematic uncertainty in the background prediction. Note that

we conservatively assume that this systematic error is uncorrelated between bins.

The reach of the search in the benchmark models defined above is presented in Fig. 3.

We assumed an integrated luminosity of Lint = 500 fb!1, and a systematic error on the

background prediction %sys = 0.3%. The 3" evidence and 5" discovery contours correspond

to "&2 = 9 and 25, respectively. The contours labeled “polarized” correspond to electron and

positron beam polarizations of Pe! = 0.8 and Pe+ = 0.6, correspondingly. Note that these

polarizations strongly suppress the dominant contribution to the background from t-channel

W exchange, which only appears for left-handed electrons, while at the same time enhancing
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Mass/Cross Section Measurement

Figure 4: Expected precision of the model parameter measurement in the two benchmark

scenarios: (a) SUSY and (b) UED. The notation and labelling are the same as in Fig. 3.

becomes possible. The corresponding 2-sigma determination of !e is now 0.2 ! !e ! 1.3

(0.46 ! !e ! 0.6) with unpolarized (polarized) beams.

Note that the capability of the ILC to measure the WIMP mass in this process has also

been recently analyzed by Bartels and List [44]. Their results for the spin-1 case (the only

one analyzed in their study) are qualitatively in agreement with ours. Precise agreement is

not expected, since the two studies used a di!erent choice of the benchmark point, as well as

a slightly di!erent statistical analysis procedure - for example, Ref. [44] fits the WIMP mass

M! assuming that !e is already known, whereas we perform a 2-parameter fit. Our results are

also in qualitative agreement with those of Refs. [42, 43], which used the model-independent

framework of [3] to perform a 2-parameter fit for (M!, !e).

4 Model Discrimination

Since the shape of the photon spectrum in the events with WIMP production is model-

dependent (as characterized by the function f(s)), measuring this shape can provide inter-

esting information about the underlying model. While not an unambiguous spin determina-

tion, this measurement can nevertheless distinguish scenarios in which WIMPs have di!erent

spins, as long as the WIMP interactions are specified in each model. As always, it is impor-

tant to keep in mind that each of the models has free parameters, and a model can be “ruled

out” only if the point in its full parameter space providing the best fit to data still does not

provide an acceptable fit. (This point has been recently emphasized in Refs. [57, 2, 58].)
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3 Parameter Measurement

Once the presence of non-SM contribution in the !+missing energy channel is established,

one can attempt to fit this contribution with BSM model predictions. In each model, the

prediction depends on a number of unknown parameters; the fit to data can be used to

constrain these parameters. In this section, we will discuss the accuracy of this procedure,

using our benchmark models as examples. (Of course, it is possible that in a given model

a good fit cannot be obtained for any sensible parameter values; in this case, the model

would be ruled out as the interpretation of the data. We will discuss examples of such model

discrimination in the next section.)

In the first example, we assumed that the data is given by the prediction of the SUSY

benchmark model (plus SM background), with

M! = 100 GeV, MẽR
= 300 GeV. (19)

For reference, these values correspond to "e = 0.023. We then performed a scan of the

model parameter space, varying M! between 50 and 250 GeV, and MẽR
between 100 and

1000 GeV. (We imposed MẽR
> M!.) For each point in the scan, we computed the probability

of observing the data given the model parameters at that point. To quantify this probability,

we used the same #2 technique as in the reach analysis above. The results are presented

in Fig. 4(a). With unpolarized beams, only a very crude mass determination is possible:

for example, any WIMP mass up to 220 GeV is allowed at a 2-sigma level. With polarized

beams, however, a rather impressive accuracy of about ±20 GeV in both M! and MẽR
, at a

2-sigma level, can be achieved.

In Fig. 4(a) we also show contours of the quantity "e, which is uniquely fixed by eq. (7),

once the values of M! and MẽR
are specified. Therefore, a measurement of the parame-

ters (M!, MẽR
) can be immediately reinterpreted as a "e measurement. In particular, from

Fig. 4(a) we see that with unpolarized beams, the ILC will only set an upper bound on "e

of about 0.22 at the 3$ level, while using the polarized beam option, the "e determination

is much more precise: 0.01 ! "e ! 0.04 at 3$.

In the second example, we repeated the same exercise for the UED benchmark model.

The results, presented in Fig. 4(b), are qualitatively similar. The main di!erence in this case

is quantitatively better sensitivity, mainly due to a higher signal cross section for the chosen

model point (M! = 100 GeV, MER
= 300 GeV, which in this case corresponds to "e = 0.53).

As a result, a fairly accurate measurement of the masses is possible even with unpolarized

beams: the accuracy on the WIMP mass is of order ±10 GeV (±20 GeV) at the 2-sigma

(3-sigma) level. With polarized beams, a WIMP mass determination at the level of ±2 GeV
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Model Discrimination

Figure 5: Plots illustrating the ability of the ILC to discriminate between the two benchmark

scenarios using the radiative WIMP production process.

To illustrate the power of the ILC !+missing energy measurements to distinguish between

the two benchmark models, we performed two sample studies. In the first one, we assume

that the data is given by the prediction of the SUSY benchmark model (plus SM background),

with the same parameters as in eq. (19). We then attempt to fit the data with the predictions

of the UED model, varying the parameters M! and MER
. For each parameter point, we

determine the "2 value, and then compute the conditional probability p that the UED

model with these parameters is true, given the data. The results are shown in Fig. 5(a).

With unpolarized beams, the model-discriminating power of this measurement is rather poor:

any UED model with parameters above the upper blue (dashed) contour could be true with

probability above 40%. The UED model needs to be in the high-mass region to match the

observed overall event rate, but since this rate is rather low and the background is high, there

is not much sensitivity in this case. The model-discriminating power is greatly enhanced by

beam polarization, which strongly suppresses the background and (in both of our benchmark

models) enhances the signal. With polarized beams, the UED interpretation can be safely

ruled out: even the best-fit point in the UED space (which happens to be at M! = 140 GeV,

MER
= 621 GeV) has only a 0.5% probability of describing the data. The photon spectra for

the data (with polarized beams) and the best-fit UED point are shown in Fig. 6(a); it is clear

from this figure that the quality of the UED fit to data is rather poor. One can conclude

that the UED benchmark model as a whole is ruled out at a 99.5% CL by this data.

We repeated this analysis assuming that the true model is UED, with

M! = 140 GeV, MER
= 621 GeV, (20)
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Figure 6: Signal photon spectra in the two benchmark models. (a) Black histogram: SUSY

model with the parameters in eq. (19); red histogram: UED model with parameters giving

the best fit to the SUSY model. (b) Black histogram: UED model with the parameters in

eq. (20); blue and red histograms: SUSY models with parameters as indicated by the two

crosses in Fig. 5(a). In both cases, polarized electron and positron beams are assumed. The

error bars on these “signal” histograms are derived from the full signal+BG distributions,

with the statistical (Lint = 500 fb!1) and systematic (0.3%) errors, added in quadrature.

and attempting to fit it with the SUSY predictions. The results are shown in Fig. 5(b).

In this case, the model-discriminating power of the measurement is significantly weaker,

primarily due to the low signal cross section. In the unpolarized case, most of the SUSY

parameter space is allowed; only the points with low M! and MẽR
are constrained. The

situation is improved with the polarized beams, where most of the SUSY parameters space

is ruled out at a confidence level of 99.9% or better. However, a significant part of the

parameter space survives. This is clear from the photon spectra shown in Fig. 6: the “data”

spectrum is well fit, within the error bars, by the predictions of sample SUSY points. The

best-fit SUSY point, at M! = 170 GeV, MER
= 200 GeV, gives a photon spectrum which is

essentially identical to the input UED “data”. Thus, convincing discrimination between the

two models appears impossible in this case. However, this rather pessimistic conclusion is

largely due to our choice of a relatively heavy UED study point. When we repeat the same

analysis for the UED study point used in Fig. 4(b), namely M! = 100 GeV and MER
= 300

GeV, we find that the SUSY interpretation is now completely ruled out.

The two models selected for our study di!ered in the behavior of the cross sections in the

non-relativistic limit (s-wave for UED vs. p-wave for SUSY). This leads to a large di!erence
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Probability of the best-fit UED point is 0.5%



Conclusions and Comments

• Without hard-photon cut, ILC has significant reach 
for radiative WIMP production

• With polarized beams, reach extends to nearly the 
beam energy in both benchmark models studied

• Precise WIMP mass and annihilation cross section 
measurements may be available

• Model discrimination may be possible

• ILC potential in this channel depends mainly on 
WIMP mass (from LHC?) and kappa. Reach in 
kappa is as low as 0.1% for the “best-case” mass


