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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 
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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 (1 GeV - 10 TeV range)         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:  

nχσv > H

nχ ∝ exp(−M/T )

ρχ ≈

T 3
0

Mplσ
∼ ρc
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WIMPs at Colliders
• Much of the reasonable mass range for WIMPs is within reach of the LHC 

and ILC/CLIC

• Two basic ways to produce WIMPs at colliders:

• In decay of heavier exotic particles: for example

• Direct production: for example

• Production in decay can dominate (e.g. if decaying particle is colored       
high rate) but is more model-dependent (assumptions beyond WIMP!) 

• Strong LHC bounds on colored exotic states decaying to MET+SM    
shrinking parameter space for observing WIMPs in decays...

• Direct production is less model-dependent, and is not yet strongly 
constrained. Will be my focus in this talk.
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e− collisions, in the
operator formalism.

where Λ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [5]:

OV = (χ̄γµχ)(#̄γµ#) , (vector)

OS = (χ̄χ)(#̄#) , (scalar, s− channel)

OA = (χ̄γµγ5χ)(#̄γµγ5#) , (axial− vector)

Ot = (χ̄#)(#̄χ) , (scalar, t−channel). (2.2)

The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
√

s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 → 2 process e+e− → χ̄χ is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e− → χ̄χγ, mediated by Feynman diagrams in

Fig. 1, and leading to the observable γ + E/ final state. We have computed the double-

differential cross sections, d2σ
dEγd cos θ , analytically for each of the four interactions listed

in (2.2) and for all possible combinations of electron and positron beam polarizations.

The formulas are presented in Appendix A.

The main irreducible background to the search for the γ + E/ signature is the

SM process e+e− → νν̄γ. We have evaluated the cross section for this process using

MadGraph/MadEvent v5.0 [8]. We ignore instrumental backgrounds, and assume a

systematic error on the background prediction of 0.3%. We combine the statistical and

systematic errors in quadrutures and require the number of signal events to be 3 (5)

– 4 –
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Predicting WIMP Signatures: 
“Model-Independent” Approach

• Many particle physics models contain WIMPs: SUSY, Extra Dimensions, Little 
Higgs, etc.

• Direct (radiative) WIMP production can be described within a model-
independent formalism [Birkedal, Matchev, MP, hep-ph/0403004]
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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 

χχ ↔ XiX̄j Xi

σiv = σ
(0)
i

+ σ
(1)
i

v
2

+ . . .

σan =

∑

i

σ
J0

i
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       Ωdm determines σan

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

σ(χχ → e+e−)

σ(e+e− → χχ)
= 2

v2
e(2Se + 1)2

v2
χ(2Sχ + 1)2

σan

κe = σJ0

e+e−
/σan
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Obtain a prediction:

This is unobservable (like                      )

Consider instead 

Step 2: Use soft/collinear factorization:

Tagging and Factorization

e
+
e
−

→ νν̄

dσ(e+e− → 2χ + γ)

dx d cos θ
≈ F(x, cos θ)σ̂(e+e− → 2χ)

σ(e+e− → χχ) =
22(J0+1)

(2Sχ + 1)2
κiσan

(

1 −

4M2
χ

s

)1/2+J0

F(x, cos θ) =
α

π

1 + (1 − x)2

x

1

sin2 θ
, x = 2Eγ/

√
s

e
+
e
−

→ χχ + γ
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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

E
min

γ

p
min

T (γ)

e
+
e
−

→ νν̄γ
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The Reach of a 500 GeV LC 

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

sin θ > 0.1, pγ
T > 7.5 GeV, xγ ∈ [1 − 8M2

χ/s, 1 − 4M2

χ/s]Cuts:
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Observation reach

For each combination of these parameters, the reach of the ILC with an integrated luminosity
of 500 fb−1 at

√
s = 500 GeV for a 3σ observation of WIMPs has been determined as a

function of the WIMP mass. Due to the high irreducible background from Standard Model
neutrino production, the sensitivity has been obtained statistically by using fractional event
counting [7] as implemented in the RooT class TLimit.
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Figure 3: 3σ observation reach of the ILC for a Spin-1 WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

Figure 3 shows the expected ILC sensitivity for Spin-1 WIMPs in terms of the mini-
mal observable branching fraction to electrons κe as a function of the WIMP mass. The
leftmost plot shows the case where the WIMPs couple only to lefthanded electrons and
righthanded positrons (κ(e−Le+

R)), the middle plot shows the parity and helicity conserving
case (κ(e−Le+

R) = κ(e−Re+
L), while the right plot is dedicated to the case that the WIMPs

couple to righthanded electrons and lefthanded positrons (κ(e−Re+
L). The regions above the

curves are accessible, where the full line gives the result for unpolarised beams, the dotted
line for Pe− = 0.8 and the dashed line for Pe− = 0.8 and Pe+ = 0.6. In the latter two
coupling scenarios polarised beams increase the reach significantly, especially the additional
positron polarisation increases the accessible range in κe by about a factor of 2. Figure 4
shows the same for a Spin-1

2
WIMP. Here the sensitivity is somewhat worse, but again beam

polarisation extends the observable part of the parameter space significantly.

 [GeV]!M
100 120 140 160 180 200 220 240

e
"

-3
10

-2
10

-1
10

1

 [GeV]!M
100 120 140 160 180 200 220 240

e
"

-3
10

-2
10

-1
10

1

 [GeV]!M
100 120 140 160 180 200 220 240

e
"

-3
10

-2
10

-1
10

1

Figure 4: 3σ observation reach of the ILC for a Spin-1
2

WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

LCWS/ILC2007

Detector-Level Studies 
[Bartels, List, 
0709.2629]
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Figure 11: Relative uncertainty on the reconstructed WIMP mass as a function of the
true WIMP mass for the three different coupling scenarios and two different values of the
positron polarisation. The blue area shows the systematic uncertainty and the red bands
the additional statistical contribution.

17

[Bartels, Berggren, 
List, 1206.6639]

Reach down 
to                !

Percent-level mass 
measurement!
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Alternative: Effective Operator 
Approach

• The formalism I just reviewed makes no reference to a Lagrangian

• Alternative: Model DM-SM couplings with effective operators in a Lagrangian 
[Beltran et. al. 1002.4137; Goodman et. al. 1005.1286; Bai, Fox, Harnik, 
1005.3797; Fox et. al. 1109.4398]

• Example: Spin-1/2 Dirac WIMP, some of the possible electron-DM couplings 
are

• Parameterizes the effect of heavy particles mediating WIMP-DM interactions 
(e.g. t-channel selectrons in the MSSM), in a model-independent way

• Works if the scale      is above the energy scale of the experiment

• Does not require NR WIMPs - broader kinematic validity

• Applicable to more processes - e.g.       elastic scattering (direct detection!)        
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e− collisions, in the
operator formalism.

where Λ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [5]:

OV = (χ̄γµχ)(#̄γµ#) , (vector)

OS = (χ̄χ)(#̄#) , (scalar, s− channel)

OA = (χ̄γµγ5χ)(#̄γµγ5#) , (axial− vector)

Ot = (χ̄#)(#̄χ) , (scalar, t−channel). (2.2)

The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
√

s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 → 2 process e+e− → χ̄χ is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e− → χ̄χγ, mediated by Feynman diagrams in

Fig. 1, and leading to the observable γ + E/ final state. We have computed the double-

differential cross sections, d2σ
dEγd cos θ , analytically for each of the four interactions listed

in (2.2) and for all possible combinations of electron and positron beam polarizations.

The formulas are presented in Appendix A.

The main irreducible background to the search for the γ + E/ signature is the

SM process e+e− → νν̄γ. We have evaluated the cross section for this process using

MadGraph/MadEvent v5.0 [8]. We ignore instrumental backgrounds, and assume a

systematic error on the background prediction of 0.3%. We combine the statistical and

systematic errors in quadrutures and require the number of signal events to be 3 (5)
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Direct Detection Status
5
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DAMA/I

DAMA/Na

CoGeNT

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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LHC Limits
[ATLAS, 1210.4491; see also CMS, 1206.5663]

particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T ), the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on cos-

mological time scales and hence a DM candidate. In some supersymmetric models, WIMPs

are expected to be dominantly produced in cascade decays of heavier unstable supersym-

metric particles along with high-pT SM particles. In a more model-independent approach,

WIMP pair production at colliders is proposed to yield detectable Emiss
T if the WIMP pair

is tagged by a jet or photon from initial- or final-state radiation (ISR/FSR) [13, 31]. Even

though this approach does not rely on a specific BSM scenario, it does have assumptions:

WIMPs are pair-produced at the LHC and all new particles mediating the interaction

between WIMPs and the SM are too heavy to be produced directly; they can thus be

integrated out in an effective field theory approach. The resulting interaction is hence a

contact interaction between the dark sector and the SM. It is worth noting that the DM

particles are not explicitly assumed to interact via the weak force. They may also couple

to the SM via a new force. Throughout this work, the terms WIMP and DM particle

(candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
!
χ̄χq̄q

D5 qq vector 1
M2

!
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

!
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

!
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

!
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

It is assumed here that the DM particle is a Dirac fermion χ, where the only difference

for Majorana fermions would be that certain interaction types are not allowed and that

– 3 –

6 Results and interpretation

 [GeV]miss
TE

200 400 600 800 1000 1200

E
ve

n
ts

/G
e
V

-210

-110

1

10

210

310

410

510
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR1

Data 2011
=680GeV

*
M=100GeV MD5 

=3.5TeVD=2 MδADD 
Sum of backgrounds

)+jetsνν→Z(
)+jetsν l→W(

 ll)+jets→Z(

 + single toptt
Multijet
Di-bosons
Non collision

 [GeV]miss
TE

500 600 700 800 900 1000 1100 1200

E
ve

n
ts

/G
e
V

-310

-210

-110

1

10

210

310
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR4

Data 2011

=680GeV
*

M=100GeV MD5 

=3.5TeVD=2 MδADD 

Sum of backgrounds

)+jetsνν→Z(

)+jetsν l→W(

 ll)+jets→Z(

 + single toptt

Di-bosons

 [GeV]
T

Leading jet p
200 400 600 800 1000 1200

E
ve

n
ts

/G
e
V

-210

-110

1

10

210

310

410
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR1

Data 2011
=680GeV

*
M=100GeV MD5 

=3.5TeVD=2 MδADD 
Sum of backgrounds

)+jetsνν→Z(
)+jetsν l→W(

 ll)+jets→Z(

 + single toptt
Multijet
Di-bosons
Non collision

 [GeV]
T

Leading jet p
500 600 700 800 900 1000 1100 1200

E
ve

n
ts

/G
e
V

-310

-210

-110

1

10

210

310
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR4

Data 2011

=680GeV
*

M=100GeV MD5 

=3.5TeVD=2 MδADD 

Sum of backgrounds

)+jetsνν→Z(

)+jetsν l→W(

 ll)+jets→Z(

 + single toptt

Di-bosons

 [GeV]
T

Second leading jet p
0 200 400 600 800 1000 1200

E
ve

n
ts

/G
e
V

-310

-210

-110

1

10

210

310

410
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR1

Data 2011
=680GeV

*
M=100GeV MD5 

=3.5TeVD=2 MδADD 
Sum of backgrounds

)+jetsνν→Z(
)+jetsν l→W(

 ll)+jets→Z(

 + single toptt
Multijet
Di-bosons
Non collision

 [GeV]
T

Second leading jet p
0 100 200 300 400 500 600 700

E
ve

n
ts

/G
e
V

-310

-210

-110

1

10

210
 ATLAS

= 7 TeVs

-1
 Ldt = 4.7 fb∫

SR4

Data 2011

=680GeV
*

M=100GeV MD5 

=3.5TeVD=2 MδADD 

Sum of backgrounds

)+jetsνν→Z(

)+jetsν l→W(

 ll)+jets→Z(

 + single toptt

Di-bosons

Figure 2. Kinematic distributions for signal regions SR1 on the left and SR4 on the right. Signal
distributions for ADD and WIMP samples for cross sections equal to the excluded values are drawn
as dashed lines on top of the predicted background distributions. The electroweak backgrounds
(see equation 5.1) are determined in bins of the variable that is plotted.

The SM predictions are found to be consistent with the number of observed events

in data for all signal regions considered. Comparisons of the SM predictions to the mea-

sured Emiss
T and leading and sub-leading jet pT distributions are shown for SR1 and SR4

in figure 2. For illustration, the figures also contain simulated signal distributions for ADD
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Figure 4. ATLAS lower limits at 90% CL on M∗ for different masses of χ—the region below
the limit lines is excluded. The 90% instead of the 95% CL lower limits are plotted because the
former are used in the following figures 5 and 6. Observed and expected limits including all but
the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively. The
grey ±1σ band around the expected limit is the variation expected from statistical fluctuations and
experimental systematic uncertainties on SM and signal processes. The impact of the theoretical
uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The M∗

values at which WIMPs of a given mass would result in the required relic abundance are shown as
rising green lines (taken from [32]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where
the effective field theory approach breaks down [32]. The plots for D1, D5, D8 are based on SR3,
those for D9 and D11 on SR4.
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LHC vs. Direct Detection
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.

– 26 –

 [ GeV ]!WIMP mass m

1 10
210

3
10

 ]
2

W
IM

P
-n

u
c
le

o
n

 c
ro

s
s
 s

e
c
ti
o

n
 [

 c
m

-4110

-4010

-3910

-3810

-3710

-3610

-3510

ATLAS , 90%CL-1 = 7 TeV, 4.7 fbs

Spin-dependent

SIMPLE 2011

Picasso 2012

Dirac
)!! j("qD8: CDF q

Dirac
)!! j("qD8: CMS q

Dirac
)!! j("qD8: q

Dirac
)!! j("qD9: q

theory
#-1 

Figure 6. Inferred 90% CL ATLAS limits on spin-dependent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed limits
excluding theoretical uncertainties, the observed limits corresponding to the WIMP-parton cross
section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter
limits are conservative because they also include theoretical uncertainties. The ATLAS limits are
for the four light flavours assuming equal coupling strengths for all quark flavours to the WIMPs.
For comparison, 90% CL limits from the SIMPLE [73], Picasso [74], CDF [19], and CMS [21]
experiments are shown.

of WIMPs [13, 15]. This is shown in figure 7 where the limits on vector and axial-vector

interactions are translated into upper limits on the annihilation rate of WIMPs to the four

light quark flavours. The annihilation rate is defined as the product of cross section σ and

relative velocity v, averaged over the dark matter velocity distribution (〈σ v〉). Equations
(10) and (11) of ref. [15] are used to calculate the annihilation rates shown in figure 7. For

comparison, limits on annihilation to bb̄ from Galactic high-energy gamma-ray observations

by the Fermi-LAT experiment [75] are also shown. The Fermi-LAT values are for Majorana

fermions and are therefore scaled up by a factor of two for comparison with the ATLAS

limits for Dirac fermions (see for example the description of equation (34) of ref. [76] for an

explanation of the factor of two). Gamma-ray spectra and yields from WIMPs annihilating

to bb̄, where photons are produced in the hadronisation of the quarks, are expected to be

very similar to those from WIMPs annihilating to lighter quarks [77, 78]. In this sense the

ATLAS and Fermi-LAT limits can be compared to each other. Thefigure also demonstrates

the complementarity between the two approaches. The Fermi-LAT experiment is equally
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[ATLAS, 1210.4491; see also CMS, 1206.5663]

Collider Searches are more sensitive in two regimes:
Low WIMP mass (<10 GeV)

Coupling via Spin-Dep. operators
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LEP-2 Limits
[Fox, Harnik, Kopp, Tsai, 1103.0240]
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement
between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light
gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue
shaded histogram shows what a hypothetical Dark Matter signal from e+e− → γχ̄χ would look like. We
have assumed vector-type contact interactions between electrons and dark matter, mχ = 10 GeV, and
Λ = 300 GeV, see eq. (1). The peak at xγ ∼ 0.8 corresponds to the process e+e− → γZ0 → γνν̄, with an
on-shell Z0.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale
Λ from mono-photon searches at LEP. While all four LEP-detectors have studied single photon
events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were
best able to simulate the detector response. The data was taken at center of mass energies between
180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative
photon energy xγ = Eγ/Ebeam, we can make the simplifying assumption that all data was taken at
an energy of 100 GeV per beam. We have checked that the error introduced by this approximation
is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include
the effect of initial state radiation (ISR) which we find to be non-negligible. For example, we are
only able to reproduce the height and width of the on-shell Z0 peak in the xγ distribution for the
background process e+e− → γνν̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-
sis [22], in which we have implemented the analysis cuts and efficiencies of the DELPHI analysis as
well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.
In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle θ (with respect to the beam axis) in the range
45◦ < θ < 135◦ are detected in the High Density Projection Chamber (HPC) with a threshold
of xγ > 0.06. We assume the trigger efficiency for photons in the HPC to increase linearly from
52% at Eγ = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger efficiency is
multiplied by the efficiency of the subsequent analysis, which we assume to increase linearly from
41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12◦ < θ < 32◦, detected in the Forward Electromagnetic Calorimeter (FEMC),
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Figure 2: DELPHI lower limits on the cutoff scale Λ of the dark matter effective theory for the four operators
eqs. (1)–(4) as a function of the dark matter mass. The wiggles in the plot are due to limited Monte Carlo
statistics.

section on the final state velocities becomes important.

4. LIMITS ON THE DARK MATTER–NUCLEON SCATTERING CROSS SECTION

The next step is to translate the limits on Λ into constraints on the dark matter-nucleon
scattering cross sections probed in direct detection experiments. Since LEP can only probe dark
matter-electron couplings, while direct detection experiments are most sensitive to dark matter-
quark couplings, this translation cannot be done in a completely model-independent way. We thus
consider two extreme possibilities, one in which the dark matter couples with equal strength to
quarks as it does to leptons, and another in which dark matter couples only to leptons without
coupling to quarks at tree level. Limits on other models, in which the ratio of lepton and quark
couplings is different (e.g. coupling proportional to B − L), may be easily derived from these two
cases, as we shall see below.

In order to compute the dark matter scattering cross section off a nucleon, N = p, n, through
one of the operators in (1)–(4), we need knowledge of the nucleon matrix elements 〈N |O|N〉. We
use the values of these matrix elements presented in [1], with the exception of 〈N |q̄q|N〉 in which
we follow [24] but use an updated [25] value of the pion-nucleon sigma term ΣπN = 55 MeV. 3

As mentioned earlier Ot can be converted from a “t-channel” operator to a sum of “s-channel”
operators by use of Fierz identities. Due to the relative size of the nucleon matrix elements it is
sufficient to keep only the scalar s-channel contribution, which has a coefficient 1/4. Thus, for
equal cutoff scale Λ, the direct detection rate expected from the operator Ot is the same as that
expected from OS/4.

First we assume that the coupling of dark matter to all SM fermions, and in particular to all
flavors of quarks, is identical to its couplings to electrons. In this case, the LEP bound on Λ can be
immediately converted into an upper bound on the rate expected at direct detection experiments.
We show these bounds in Figure 3 and we see that the limits on spin-independent WIMP-nucleon

3 Note however that recent lattice determinations [26–29] of the strange quark content of the nucleus are considerably
lower. The effect on our bounds, assuming equal coupling to all fermions, is small.
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Figure 6: LEP upper limits on the dark matter annihilation cross section 〈σv〉, assuming that dark matter
production at LEP and dark matter annihilation as probed by astrophysical and cosmological observations
can be described by contact operators. In the upper left panel, we show limits on the process χ̄χ → e+e−

(the only one that can be constrained model-independently by LEP), while in the other panels we have
made the assumption that dark matter couples equally to all charged leptons. For the average dark matter
velocity

〈
v2
〉
we have assumed the value at freeze-out in the top panels, while the bottom left panel is for

the Draco dwarf galaxy which has very small
〈
v2
〉
. In the bottom right panel we compare the LEP limit on

the v-independent interactions, OV and Ot, to limits from a variety of astrophysical observations [39–41].

In order to translate the LEP constraints on the coupling strength Λ−1 into limits on dark matter
annihilation, we need to calculate the annihilation cross sections corresponding to the operators in
equations (1)–(4). For annihilation into a single single lepton flavor of mass m!, they read

σSvrel =
1

8πΛ4

√

1−
m2

!

m2
χ
(m2

χ −m2
! ) v

2
rel , (7)

Leptophilic, thermal relic 
WIMP ruled out below 

10-50 GeV dep. on 
assumptions
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Expected ILC Limits
[Yoonseok Chae, MP, to appear]
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Direct Detection/Tuning in (N)MSSM

XENON100(2011) 

XENON100(2012) 

XENON1T 

XENON100(2011) 

XENON100(2012) 

XENON1T 

Figure 2. Left panel: Direct detection cross section vs. the LSP mass, for MSSM points
with purity above 0.2 (red), between 0.1 and 0.2 (orange), 0.01 and 0.1 (green), and 10−3

and 0.01 (cyan). Right panel: Direct detection cross section vs. the LSP mass, for MSSM
points with gaugino-like LSP. Red, green and cyan points correspond to EWSB fine-tuning
in the intervals (0, 10); [10, 100); [100, 1000), respectively. The black/solid and blue/dotted
lines correspond to the XENON100 100 days/2011 [1] and 225 days/2012 [2] exclusion limits,
respectively. The red/dashed line shows the projected sensitivity of XENON1T [15]. Real
values of the scanned MSSM parameters are assumed, and points with strong accidental
cancellations have been discarded.

All above statements apply without assuming that the relic density of neutralinos is

set by thermal decoupling, and so are remarkably insensitive to cosmological evolution

assumptions. In the Higgsino region, there is no correlation between direct detection

cross section and fine-tuning. However, if one further assumes standard cosmology

and thermal decoupling, the correct relic density for Higgsinos requires µ ∼ 1 TeV,

corresponding to EWSB fine-tuning of about 1/500, independent of the direct detection

bounds.

3 The NMSSM and λ-SUSY

The NMSSM is obtained by adding to the MSSM a gauge-singlet superfield Ŝ, with a

superpotential containing

λŜĤu · Ĥd +
κ

3
Ŝ3 . (3.1)

This is the most general superpotential consistent with a Z3 symmetry under which

Ŝ, Ĥu and Ĥd fields have charge 1/3. The µĤuĤd term present in the MSSM is not

allowed by this symmetry. The soft SUSY-breaking Lagrangian contains the following

– 5 –

“Purity”: fraction of the
subdominant (gaugino or Higgsino) 

component in the LSP
Fine-tuning in EWSB

(tree-level)

Tension is already developing in (N)MSSM from null 
result of direct detection searches!

[Shakya, MP, 1107.5048; 1208.0833]
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