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WIMPs at Colliders
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DM at Colliders
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• Properties of DM ~10 GeV

- Pair produced (stable)

- Mediating particle (M*) not directly observed  →pair production at colliders was proposed to yield detectable Emiss
T

signals 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, and 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 be interacting via the weak force. They may also couple to the SM via a new

force. Throughout this work we are using the terms WIMP and DM particle (candidate) synonymously.

Name Initial state Type Operator

D1 qq scalar
mq

M3
!

χ̄χq̄q

D5 qq vector 1
M2
!

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2
!

χ̄γµγ5χq̄γµγ
5q

D9 qq tensor 1
M2
!

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3
!

χ̄χαs(G
a
µν)
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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.1 Five interactions are considered (cf.

table 1), namely D1, D5, D8, D9, D11, following the naming scheme of ref. [32]. D1, D5, D8, and D9

describe different bilinear quark couplings to WIMPs, qq→ χχ, and D11 describes the process gg→ χχ.
The 14 operators for Dirac fermions in ref. [32] fall into four categories with characteristic Emiss

T
spectral

shapes. D1, D5, D9, and D11 are a representative set of these four categories, D8 falls into the same

category as D5 but is listed explicitly in table 1 because it is often used to convert LHC limits into limits

on DM pair production. In the operator definitions in table 1, M∗ is the suppression scale of the heavy

mediator particles that are integrated out. The use of a contact interaction to produce WIMP pairs via

heavy mediators is considered conservative because it rarely overestimates cross sections when applied

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in refs. [15, 33].

The effective theory provides a useful framework for comparing LHC results to direct or indirect dark

matter searches. Within this framework, interactions of SM and DM particles are described by only two

parameters, the suppression scale M∗ and the DM particle mass mχ.

2 Data and simulated samples

The ATLAS detector [34,35] at the LHC covers nearly the entire solid angle around the collision point. It

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and

hadronic calorimeters, and an external muon spectrometer incorporating large superconducting toroidal

magnets. A three-level trigger system is used to select interesting events for recording and subsequent

offline analysis. Only data for which all subsystems described above are operational are used. Applying

1The only difference for Majorana fermions would be that certain interaction types are not allowed and that cross sections

are larger by a factor of four.
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• Collider signature: mono-’X’  (sort of a misnomer)

• Sensitive to spin-dependent and independent
dark matter and for low masses

Effective Field
Theory (EFT)
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scenarios under which events with a W boson would provide particular sensitivity. The current suite of67

dark matter operators assume equivalent couplings of the dark matter particles to up-type and down-type68

quarks. If however, the couplings have di↵erent values, the relative rates of gluon/photon/W emission69

can change dramatically. Specifically, if the coupling to up and down quarks have the same magnitude70

but opposite signs, the rate of W emission benefits from constructive interference (see Figure 1.2), such71

that a mono-W search would be more sensitive than mono-jet searches [14].
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χ
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χ

χ

Figure 1.2: Mono-W production with an interference.
72

Various operators characterizing the interaction of the two incoming Standard Model quarks q and73

the two outgoing dark matter candidates � in the process f f̄ ! ��̄ are considered, as shown in Table 1.1.74

D5 and D8 operators have two modes, destructive and constructive. The others do not distinguish these75

two inteference modes.

Table 1.1: Operators coupling dark matter to SM particles. The operator names begining with D and C
apply to dark matter candidates that are Dirac fermions and complex scalars respectively.

Name Operator Coe�cient
D1 �̄�q̄q mq/M⇤3
D2 �̄�5�q̄q imq/M⇤3
D3 �̄�q̄�5q imq/M⇤3
D4 �̄�5�q̄�5q mq/M⇤3
D5 �̄�µ�q̄�µq 1/M⇤2
D6 �̄�µ�5�q̄�µq 1/M⇤2
D7 �̄�µ�q̄�µ�5q 1/M⇤2
D8 �̄�µ�5�q̄�µ�5q 1/M⇤2
D9 �̄�µ⌫�q̄�µ⌫q 1/M⇤2
D10 �̄�µ⌫�5�q̄�µ⌫q i/M⇤2
C1 �+�q̄q mq/M⇤2
C2 �+�q̄�5q imq/M⇤2
C3 �+@µ�q̄�µq 1/M⇤2
C4 �+@µ�q̄�µ�5q 1/M⇤2

76

These operators generate dark matter pair with various production rates. However, there are only five77

typical kinematic distributions, from (C1, C2), (D1, D2, D3, D4), (C3, C4, D5, D6, D7, D8) destructive,78

(C3, C4, D5, D6, D7, D8) constructive and (D9, D10), see Figure 1.3.79

NP
boost from mediator causes 

large MET/pT  almost 
independent of 

DM mass

Tuesday, July 2, 13



Björn Penning, EF Snowmass Seattle, July 2nd, 2013

Björn Penning, Astroparticle Forum, May 21st, 2013

Heavy Quark DM Couplings
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• E.g. scalar coupling to 
benchmark heavy quarks

• Access new processes:

• Signal processes:

• DM + b (‘mono-b’)

• DM + ttbar

http://arxiv.org/abs/1303.6638

pair production at colliders was proposed to yield detectable Emiss
T

signals 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, and 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
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Name Initial state Type Operator

D1 qq scalar
mq

M3
!

χ̄χq̄q

D5 qq vector 1
M2
!

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2
!

χ̄γµγ5χq̄γµγ
5q

D9 qq tensor 1
M2
!

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3
!

χ̄χαs(G
a
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.1 Five interactions are considered (cf.

table 1), namely D1, D5, D8, D9, D11, following the naming scheme of ref. [32]. D1, D5, D8, and D9

describe different bilinear quark couplings to WIMPs, qq→ χχ, and D11 describes the process gg→ χχ.
The 14 operators for Dirac fermions in ref. [32] fall into four categories with characteristic Emiss
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shapes. D1, D5, D9, and D11 are a representative set of these four categories, D8 falls into the same

category as D5 but is listed explicitly in table 1 because it is often used to convert LHC limits into limits

on DM pair production. In the operator definitions in table 1, M∗ is the suppression scale of the heavy

mediator particles that are integrated out. The use of a contact interaction to produce WIMP pairs via

heavy mediators is considered conservative because it rarely overestimates cross sections when applied

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in refs. [15, 33].

The effective theory provides a useful framework for comparing LHC results to direct or indirect dark

matter searches. Within this framework, interactions of SM and DM particles are described by only two

parameters, the suppression scale M∗ and the DM particle mass mχ.

2 Data and simulated samples

The ATLAS detector [34,35] at the LHC covers nearly the entire solid angle around the collision point. It

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and

hadronic calorimeters, and an external muon spectrometer incorporating large superconducting toroidal

magnets. A three-level trigger system is used to select interesting events for recording and subsequent

offline analysis. Only data for which all subsystems described above are operational are used. Applying

1The only difference for Majorana fermions would be that certain interaction types are not allowed and that cross sections

are larger by a factor of four.
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bg ! ��̄+ b

gg ! ��̄+ bb̄

gg ! ��̄+ tt̄
New!
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b
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b
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X
X

LO

NLO

DM+b potential

• Extended mono-X approach to complex topology with focus on interesting region

• New signal processes and higher order calculations 
(arxiv:1303.6638, arxiv:1211.6390)

• DM + b very powerful for quark mass dependent operators

• Focus here of items of general interest for collider DM analysis

3

Monojet and Mono-b jet constraints

7 TeV

inclusive

with b
with b + top

= approx CDMS signal region

bg ! ��̄+ b

gg ! ��̄+ bb̄

gg ! ��̄+ tt̄

New processes:
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The Model

4

• Generated two signal models: 

- Common selection: 0 lepton + jets + MET

- ‘mono-b’: Requesting b-quark in final state, otherwise consistent with existing 
mono-jet signals (jet mult. ≤ 2)

- ‘ttbar+χχ’: Quite different topology to mono-’X’ but great sensitivity 

• Model signal regions differ in jet multiplicity

• Particularly interested in quark mass dependent operators

• Signal samples according to Snowmass recommendations:

- LHC 14 TeV, 300/fb , spacing: 25 ns, pileup: 50 events/crossing

- LHC 14 TeV, 3000/fb (HL-LHC) , spacing: 25 ns, pileup: 140 events/crossing

- HELHC 33 TeV, 3000/fb samples, pileup: 250 events/crossing
Coupling Group Operator Operator Structure Coe�cient

Scalar quark D1 ��qq mq/M
3
⇤

Vector quark D5 ��µ�q�µq 1/M2
⇤

Tensor quark D9 ��µ⌫�q�µ⌫q 1/M2
⇤

Gluon D11 ��Gµ⌫G
µ⌫ ↵s/4M

3
⇤

Coupling Group Operator Operator Structure Coe�cient

Scalar quark C1 �†�qq mq/M
2
⇤

Vector quark C3 �†@µ�q�µq 1/M2
⇤

Gluon C5 �†�Gµ⌫G
µ⌫ ↵s/4M

2
⇤

Fermion DM Complex scalar DM
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Signal Discrimination

• Kinematic dependencies for various dark matter 
masses
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Signal Discrimination

• Possibility to apply significantly looser kinematic cuts 
than in monojet final state
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Signal Discrimination

• Limited set of discriminating variables, still 
looking into improvements

• NLO signal calculations:

- stronger and more accurate/robust analysis

• Predictive in terms of kinematic information

• Thanks to Paddy Fox and Ciaran Williams 
(FNAL) for providing MCFMdark
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M! = 1 TeV/c2

missingET & jetpT: NLO/LO 

12 

DM mass=1GeV DM mass=300GeV 

Vector 
Axial 
Scalar 
Pseudo-Scalar 
Gluon 

Tuesday, July 2, 13



Björn Penning, EF Snowmass Seattle, July 2nd, 2013

Effect of Pileup and Systematic

• Pile up seems not to be a major 
effect

• Delphes b-tagging flat in pT

- probably realistic what we will 
be able to do 
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June 30th, 2013. Snowmass Energy Frontier Workshop, Seattle 8                                                                                           Sanjay Padhi

Overall b-tag efficiency: ~65% (barrel and endcap) after pileup subtraction:

      - PU = 50, Mistag = 1%,  btag rate = 65%, c-fake ~ 10%

Efficiency in barrel = 70%, Mistag = 1%,  c-fake ~ 15%

Efficiency in endcap = 56%,   Mistag = 1%,  c-fake ~ 15%

More details: 

https://indico.bnl.gov/getFile.py/access?contribId=51&sessionId=2&resId=0&materialId=slides&confId=571
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• Sensitivity projections (not yet fully optimized) for 
various scenarios

• Great sensitivity for selected operators
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PRELIMINARY PRELIMINARY
CDMS
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Discovery Scenario

• As requested: Discovery Scenario

• Suppose we observe an excess, what to do next?

10

Λ

mχ

Tuesday, July 2, 13



Björn Penning, EF Snowmass Seattle, July 2nd, 2013

Discovery Scenario

• As requested: Discovery Scenario

• Suppose we observe an excess, what to do next?

11

Λ

mχ

Allowed region 
from collider

Tuesday, July 2, 13



Björn Penning, EF Snowmass Seattle, July 2nd, 2013

Discovery Scenario

12

Λ

mχ

• Improve measurements and additional channels

• Identify potentially responsible operators

Allowed region 
from collider
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Discovery Scenario

13

Λ

mχ

• Infer order of mass/rate by fits to kinematic variables, e.g:

- Study operators by comparing rates of mono-b plus tops+MET final stat

- Information about couplings to up and down type quarks

Allowed region 
from collider
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Discovery Scenario
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• Correlate with other measurements and experiments  
(LEP/LHC/direct detection/relic density etc), e.g:

• Different sensitivities between direct and collider detection
  Dirav vs. Majorana DM
  Scalar vs Fermion  DM

• Does ‘discovery region’ agree with relic density calculations?

Λ

mχ

Excluded by 
direct detection

Allowed region 
from collider

Direct detection
limit
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Discovery Scenario
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Λ

mχ

Excluded by 
direct detection

Allowed region 
from collider

• Correlate with other measurements and experiments  
(LEP/LHC/direct detection/relic density etc), e.g:

• Different sensitivities between direct and collider detection
  Dirav vs. Majorana DM
  Scalar vs Fermion  DM

• Does ‘discovery region’ agree with relic density calculations?
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Discovery Scenario

• Frontier crossing effort could lead to significant information for a 
Dark Matter candidate

• Thanks to Paddy Fox and Dan Hooper for help guiding my thoughts
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Λ

mχ

Excluded by 
direct detection

Allowed region 
from collider
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Summary

17

We are
 here

• Tantalizing excesses for low mass 
DM

• ‘Mono-jet’ and more complex EFT 
signatures have great physics 
reach

• Truly ‘first’ analysis and more 
channels not yet explored: 
(leptonic, VBF, mono-top, etc)

• Affecting several frontiers 
simultaneously

• Complementary to direct searches

• Pile up no primary issue

• Still evaluating high-pT effects, 
selections and systematics

• http://kicp-
workshops.uchicago.edu/DM-
LHC2013/

Tuesday, July 2, 13
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Summary
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Backup
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Higher Order Corrections

• NLO signal calculations:

- stronger and more accurate/robust 
analysis

- derive ‘theory safe’ selections

• Predictive in terms of kinematic information

• Thanks to Paddy Fox and Ciaran Williams 
for providing MCFM_dark

20

missingET & jetpT: NLO/LO 

12 

DM mass=1GeV DM mass=300GeV 

Vector 
Axial 
Scalar 
Pseudo-Scalar 
Gluon 

• Optimized selections (shape?)

• New discriminating variables 

• May reduce systematic effects

• Not yet used in current limits!

k-Fac for various coupling
vs. DM mass

shape corrections

arxiv:1211.6390
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WIMP-Nucleon limits

• Comparison with direct detection experiments
(see arXiv:1109.4398v1, Fox et al.)

- Spin-Dependent (SIMPLE, Picasso)
 Atlas limits stronger for axial vector (D8) and tensor (D9) couplings

- Spin-Independent (XENON100, CDMSII, CoGent)
Atlas limits stronger for scalar (D1) and vector (D5) at low mχ

21
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David !álek: Searches for Monojet and Monophoton Events with the ATLAS DetectorICHEP2012

WIMP-nucleon scattering cross section limits

• Bounds on M* can be converted to bounds on WIMP-nucleon scattering in the 
effective operator approach.

! comparison with direct dark matter detection experiments

• spin-dependent (SIMPLE, Picasso)
• ATLAS provides stronger limits for D8 (axial-vector) and D9.

• spin-independent (XENON100, CDMSII, CoGeNT)

• ATLAS provides stronger limits for D1 and D5 at low mχ region.
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Figure 6: ATLAS limits on WIMP-nucleon scattering. In all cases the thick solid lines are the observed

limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in

figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For

comparison, 90% CL limits from the XENON100 [64], CDMSII [65], CoGeNT [66], and CDF [19]

experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [67],

Picasso [68], and CDF [19] experiments are shown.

are particularly relevant in the low mχ region (< 10 GeV) where the XENON100 [64], CDMSII [65] or509

CoGeNT [66] limits suffer from a kinematic suppression. Should DM particles couple exclusively to510

gluons via D11, the collider limits would be competitive over almost the full mχ range covered. The511

spin-dependent limits are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5512

acceptances (as they are identical) together with D8 production cross sections. Both the D8 and D9 limits513

are stronger than those from direct-detection experiments.514

As in figure 5, the collider limits can be interpreted in terms of the relic abundance of WIMPs [13, 15].515

This is shown in figure 7 where the limits on vector and axial-vector interactions are translated into516

cross-section upper limits of WIMP annihilations to the four light quark flavors (using equations (10)517

and (11) of [15]). For comparison, limits on annihilations to bb̄ from Galactic high-energy gamma-518

ray observations by the FERMI LAT experiment [69] are also shown. The FERMI LAT values are519

for Majorana fermions and are therefore scaled up by a factor of two for comparison with the ATLAS520

limits for Dirac fermions (see for example the description of equation (34) of ref. [70] for an explanation521

of the factor of two). Gamma-ray spectra and yields from WIMPs annihilating to bb̄, where photons522

are produced in the hadronization of the quarks, are expected to be very similar to those from WIMPs523

annihilating to lighter quarks [71, 72]. In this sense the ATLAS and FERMI LAT limits are comparable.524

The figure also demonstrates the complementarity between the two approaches. The FERMI LAT is525

equally sensitive to annihilations to light and heavy quarks, whereas ATLAS at the LHC probes mostly526

WIMP couplings to lighter quarks, and sets cross-section limits that are superior at WIMP masses below527

20 GeV for vector couplings and below about 150 GeV for axial-vector couplings. At these low WIMP528

masses, the ATLAS limits are below the value needed for WIMPs to make up the cold dark matter529

abundance, assuming WIMPs have annihilated exclusively via the particular operator to SM quarks while530

they were in thermal equilibrium in the early universe. In this case WIMPs would result in relic densities531
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limits excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in

figure 5 are shown as thin dotted lines. The ATLAS limits involving quarks are for the four light flavors

assuming equal coupling strengths for all quark flavors to the WIMPs. Left: ATLAS 90% CL observed

limits are shown on spin-independent WIMP-nucleon scattering cross sections versus WIMP mass. For

comparison, 90% CL limits from the XENON100 [64], CDMSII [65], CoGeNT [66], and CDF [19]

experiments are shown. Right: ATLAS 90% CL limits are shown on spin-dependent WIMP-nucleon

scattering cross sections versus WIMP mass. For comparison, 90% CL limits from the SIMPLE [67],

Picasso [68], and CDF [19] experiments are shown.
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Relic abundance of WIMPS

• Limits on vector and axial-vector interactions as cross section upper limits on 
WIMP annihilations into light quarks, interactions flavor neutral

• Comparing to annihilations to bb from Galactic high energy gamma ray 
observations by FERMI LAT
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Figure 7: ATLAS 95% CL limits on velocity-averaged WIMP annihilation cross sections versus WIMP

mass. The thick solid lines are the observed limits excluding theoretical uncertainties, the observed limits

corresponding to the −1σtheory lines in figure 5 are shown as thin dotted lines. The ATLAS limits are for

the four light quark flavors assuming equal coupling strengths for all quark flavors to the WIMPs. For

comparison, high-energy gamma-ray limits from the FERMI LAT [69] for Majorana WIMPs are shown,

scaled up by a factor of two to make them comparable to the ATLAS Dirac WIMP limits. All limits

shown here assume 100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed

line indicates the annihilation cross section set by the WMAP measurement of the relic abundance.

that are too large and hence incompatible with the WMAP measurements. For masses of mχ ≥ 200 GeV532

the ATLAS sensitivity worsens substantially compared to the FERMI LAT one. This will improve when533

the LHC starts operations at higher center-of-mass energies in future.534

The value of using an effective field theory for WIMPs coupling to SM particles is that only two535

parameters, M∗ and mχ, can describe WIMP pair production at the LHC, WIMP-nucleon scattering mea-536

sured by direct-detection experiments, and WIMP annihilation measured by indirect-detection experi-537

ments. The complementarity (rather than competition) between the different experimental approaches538

can hence be explored under a number of important assumptions: the effective field theory must be valid,539

WIMPs must interact with SM quarks or gluons exclusively via only one of the operators of the effective540

field theory (since a mix of operators with potential interference effects is not considered here), and the541

interactions must be flavor-universal for the four light quarks. In the future, should there be a WIMP sig-542

nal in at least one of the experimental fields, the effective-operator approach would allow for important543

tests of the underlying physics by probing all the available experimental data.544

• The limits on vector and axial-vector interactions can be translated into cross 
section upper limits on WIMP annihilations into the four light quark flavors, 
assuming the interactions are flavor universal.

• The results are compared to the annihilations to bb from Galactic high energy 
gamma ray observations by FERMI LAT.                                                      

! The results are comparable                                                                        
and complementary.

! Below 10 GeV for D5 and                                                                           
70 GeV for D8, the ATLAS limits                                                                   
are below the values needed for                                                            
WIMPs to make up the cold                                                                       
dark matter abundance in the early                                                                               
universe (provided WIMPs                                                                     
annihilate exclusively via                                                                                 
a particular operator).

! Above the thermal relic line,                                                                       
the abundance is too large and other operators are needed.

Relic abundance of WIMPs
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The WIMPless Miracle: Dark Matter Particles

without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.
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