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What is dark matter?
• We are completely ignorant about its properties

– mass, spin, lifetime, gauge quantum numbers
– there could even be several DM species

• No single experiment will provide all this information
• In general, DM may couple to any of the following:
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CF4 Subgroup and activities
• Who are we?

– Conveners: D. Hooper, M. Kaplinghat, K. Matchev
– Members: TBD... (please volunteer)

• What do we do?
– Deliver deliverables

• Short complementarity document in draft form (done!)
– to be discussed tonight in EV1:CF4 session

• Long Snowmass write-up to be completed in August

– Talk to the other CF subgroups
• joint sessions with CF1, CF2, CF3 at this meeting

– Have the other CF subgroups talk to each other 
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How to illustrate complementarity?

• Qualitatively: the presence of a signal in:

5

Colliders Direct
detection

Indirect
detection

The point being this:

CPM Meeting, Fermilab 2012



How to illustrate complementarity?
• Quantitatively: compare rates for the three probes
• Problem: different things are being plotted 
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CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Leff parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1σ/2σ) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Figure 1: Comparison of current (solid lines) and projected (dashed lines) limits on the DM annihila-
tion cross section from different gamma-ray searches as a function of WIMP mass. Limits for Fermi
(magenta lines) and H.E.S.S. (solid black line) are calculated for a 100% branching ratio to bb. Pro-
jected limits for CTA are shown for WIMP annihilation to bb and a 500 hour observation of Sculptor
(red dashed line) and for WIMP annihilation to bb (black dashed line), WW (green dashed line),
and ττ (cyan dashed line) and a 500 hour observation of the GC. Filled circles represent pMSSM
models satisfying WMAP7 constraints on the relic DM density and experimental constraints from
ATLAS and CMS SUSY searches and XENON100 limits on the spin-independent WIMP-nucleon
cross section (Cahill-Rowley et al., 2012; Conley et al., 2011). Models indicated in red would be
excluded by the CTA 95% C.L. upper limit from a 500 hour observation of the Galactic Center.

ration with 61 MSTs corresponding to the baseline MST array with an additional US contribution of
36 MSTs. This configuration has comparable point-source sensitivity to previously studied CTA con-
figurations below 100 GeV but 2–3 times better point-source sensitivity between 100 GeV
and 1 TeV.

Figure 1 shows the projected sensitivity of our candidate CTA configuration to a WIMP particle
annihilating through the bb channel. For the Sculptor dSph, one of the best dSph candidates in the
south, CTA could reach∼ 10−24 cm2 s−1 at 1 TeV which is comparable to current limits from H.E.S.S.
observations of the GC halo. For an observation of the GC utilizing the same 0.3◦–1.0◦ annular search
region as the H.E.S.S. analysis CTA could rule out models with cross sections significantly below the
thermal relic cross section down to ∼ 3 × 10−27 cm2 s−1. Overlaid in the figure are WIMP models
generated in the pMSSM framework that satisfy all current experimental constraints from collider
and direct detection searches (Cahill-Rowley et al., 2012; Conley et al., 2011). Approximately half
of the models in this set could be excluded at the 95% C.L. in a 500 hour observation
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• How can we uniquely correlate those results?
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I. Specific theory models
• Choose a complete new physics model with a 

dark matter candidate
– See tomorrow afternoon’s CF4 sessions for talks on 

• MSSM (Baer)
• MSUGRA (Sanford)
• NMSSM (McCaskey)
• UED (Kong)
• Hidden charged DM (Yu)

• Compute the three types of signals as a function 
of the model parameters. Impose constraints.

• Problem: too many free input parameters
– fewer parameters come at the cost of introducing 

model dependent assumtions 7



II. Model-independent approaches 
• Alternatively, be agnostic about the underlying 

theory model
• Parameterize our ignorance about

– the origin of SUSY breaking
•  pMSSM talks (Ismail, Cotta, Cahill-Rowley, Drlica-Wagner) 

– the type of DM-SM interactions and their mediators
• effective operators (Shepherd)

• Effective Lagrangian considered in the 
complementarity document:
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if dark matter annihilation is insignificant now, for example, as in the case of asymmetric
dark matter.

• Particle Colliders provide the opportunity to study dark matter in a highly-controlled labo-
ratory environment, may be used to precisely constrain many dark matter particle properties,
and are sensitive to the broad range of masses favored for WIMPs. Hadron colliders are rel-
atively insensitive to dark matter that interacts only with leptons, and colliders are unable
to distinguish missing momentum signals produced by a particle with lifetime ∼ 10−7 s from
one with lifetime >∼ 1017 s, as required for dark matter.

• Astrophysical Probes are unique probes of the “warmth” of dark matter and hidden dark
matter properties, such as its self-interaction strength, and they directly measure the effects
of dark matter properties on large-scale structure in the Universe. Astrophysical probes are
typically unable to distinguish various forms of CDM from each other or make other precision
measurements of the particle properties of dark matter.

B. Model-Independent Examples

The qualitative features outlined above may be illustrated in a simple and fairly model-
independent setting by considering dark matter that interacts with standard model particles
through four-particle contact interactions, which represent the exchange of very heavy particles.

To do this, we may choose representative couplings of a spin-1/2 dark matter particle χ with
quarks q, gluons g, and leptons � given by

1
M2

q
χ̄γµγ5χ

�

q

q̄γµγ5q +
αS

M3
g

χ̄χGaµνGa
µν +

1
M2

�

χ̄γµχ
�

�

�̄γµ� . (1)

The interactions with quarks mediate spin-dependent direct signals, whereas those with gluons
mediate spin-independent direct signals. The coefficients Mq, Mg, and M� characterize the strength
of the interaction with the respective SM particle, and in this representative example should be
chosen such that the annihilation cross section into all three channels provides the correct relic
density of dark matter. The values of the three interaction strengths together with the mass of the
dark matter particle mχ completely defines this theory and allows one to predict the rate of both
spin-dependent and spin-independent direct scattering, the annihilation cross section into quarks,
gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, where the left
(right) vertical axis shows the annihilation cross-section normalized to σth (the relic density Ωχ

normalized to ΩDM ). If the discovery potential for an experiment with respect to one of the
interaction types maps on to one times the observed dark matter density (the horizontal dashed
lines in Fig. 2), that experiment will be able to discover dark matter which interacts only with that
SM particle. If an experiment were to observe an interaction consistent with a DM fraction larger
than one (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would
infer that there were still important annihilation channels still waiting to be observed. Finally, if
an experiment were to observe an interaction consistent with a fraction less than one (green-shaded
regions in Fig. 2), it would have discovered one species of dark matter, which, however, could not
account for all of the dark matter, and there are still important other DM species still waiting to
be discovered.
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Comparing different DM signals
• Within this simplified model description, all DM signals 

can be parameterized in 4 equivalent ways
– Production rate at colliders 
– Direct detection cross-section
– Annihilation cross-section 
– New physics scale Mq

• Good news for CF2:
– We chose annihilation xsec
– but measured in funny units

• Relic density connection

10

Ωχ

ΩDM
∼ σthermal

σ(χχ̄ → qq) + σ(χχ̄ → other)



Summary
• What CF4 needs from CF2 - more plots like this one:

– both current and projected experimental limits
– extended to other channels: neutrinos, antimatter
– adding other final states (WW,ZZ,hh)

• What does CF2 need from CF4?
11

Figure 1: Comparison of current (solid lines) and projected (dashed lines) limits on the DM annihila-
tion cross section from different gamma-ray searches as a function of WIMP mass. Limits for Fermi
(magenta lines) and H.E.S.S. (solid black line) are calculated for a 100% branching ratio to bb. Pro-
jected limits for CTA are shown for WIMP annihilation to bb and a 500 hour observation of Sculptor
(red dashed line) and for WIMP annihilation to bb (black dashed line), WW (green dashed line),
and ττ (cyan dashed line) and a 500 hour observation of the GC. Filled circles represent pMSSM
models satisfying WMAP7 constraints on the relic DM density and experimental constraints from
ATLAS and CMS SUSY searches and XENON100 limits on the spin-independent WIMP-nucleon
cross section (Cahill-Rowley et al., 2012; Conley et al., 2011). Models indicated in red would be
excluded by the CTA 95% C.L. upper limit from a 500 hour observation of the Galactic Center.

ration with 61 MSTs corresponding to the baseline MST array with an additional US contribution of
36 MSTs. This configuration has comparable point-source sensitivity to previously studied CTA con-
figurations below 100 GeV but 2–3 times better point-source sensitivity between 100 GeV
and 1 TeV.

Figure 1 shows the projected sensitivity of our candidate CTA configuration to a WIMP particle
annihilating through the bb channel. For the Sculptor dSph, one of the best dSph candidates in the
south, CTA could reach∼ 10−24 cm2 s−1 at 1 TeV which is comparable to current limits from H.E.S.S.
observations of the GC halo. For an observation of the GC utilizing the same 0.3◦–1.0◦ annular search
region as the H.E.S.S. analysis CTA could rule out models with cross sections significantly below the
thermal relic cross section down to ∼ 3 × 10−27 cm2 s−1. Overlaid in the figure are WIMP models
generated in the pMSSM framework that satisfy all current experimental constraints from collider
and direct detection searches (Cahill-Rowley et al., 2012; Conley et al., 2011). Approximately half
of the models in this set could be excluded at the 95% C.L. in a 500 hour observation
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The importance of complementarity

• Observation of several signals will be needed to 
confirm a DM discovery 

• All four probes are needed to get the full picture
• The limitations of one probe might be overcome by 

the strengths of the other probes
• A negative result from a given search also brings 

important complementary information
– we need to find out not only what DM couples to, but also 

what it does not couple to. 
13

com·ple·men·ta·ry  (kmpl-mnt-r, -tr)
adj.
1. Forming or serving as a complement; completing.
2. Supplying mutual needs or offsetting mutual lacks.



Different levels of complementarity
• Between different types of probes

–  direct, indirect, colliders, astro
• Between different approaches within each probe

– hadron colliders versus lepton colliders
– indirect detection: neutrinos vs. gammas vs e+ 
– direct detection: techniques, targets, scale...

• Between different designs within each approach
– e.g. D0 vs CDF, ATLAS vs CMS.

• Plots will be labelled simply as: “colliders”, 
“indirect detection”, direct detection”. The limit 
comes from the best experiment at that point.
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