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Missing Energy Signals
• Missing energy signals are a big part 

of the new physics menu at colliders, 
largely because of the potential 
connection to dark matter.

• We still don’t know what dark matter 
is, but we know it is at most weakly 
interacting.

• We know it should look like 
“nothing” to a collider detector.

• We have reason to think it should 
have reasonably large couplings to at 
least some of the Standard Model, in 
order to explain its abundance in the 
Universe.

“Cold Dark Matter: An Exploded View” by Cornelia Parker
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A Cartoon WIMP Theory
• A typical WIMP theory has a whole 

“layer” of new particles.

• E.g. SUSY, UED, Little Higgs, ...

• The WIMP is the lightest of these 
new states, and must be neutral and 
~stable to be viable dark matter.

• Most of the heavier “WIMP siblings” 
usually are coloured and/or charged, 
and thus interact much more 
strongly with the Standard Model 
particles than the WIMP does.

• They decay into the WIMP itself plus 
Standard Model particles.

G. Bertone



LHC WIMP Production
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LHC can’t produce WIMPs.}
}
} LHC can produce WIMP siblings,

which decay into WIMPs and 
other SM particles.

LHC can directly produce WIMP pairs.
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“KK Sgluquarkino Pair Production 
Followed by Decay into WIMPs”



Relic Density
• If dark matter is a thermal relic, 

annihilation into the SM control its 
abundance in the Universe.

• The observed relic abundance is 
suggestive of a cross section:

• Without a detailed model, it isn’t 
clear how to translate it into an  
LHC or direct detection rate.

• The dark matter could also be 
produced non-thermally, or the 
history of the Universe could be 
non-standard.

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)

h�vi ⇠ 3⇥ 10�26cm3/s

Available in Blue Raspberry, Fruit 
Punch, and Grape flavors....

53,40 Euro for 20 servings
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Squarks and Gluinos

• Searches for missing energy plus various numbers of jets put bounds on 
squark and/or gluino (“coloured sibling”) production.

• Gluinos decay to two jets + WIMP

• Squarks into one jet + WIMP

• For equal masses, searches require them to be larger than about 1.8 TeV and 
are > 1 TeV when one or the other is very heavy.
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14



3rd Generation Squarks

• Naturalness requires SUSY to have light(ish) stops.  This should be balanced 
by the fact that in the MSSM, the Higgs mass is calculable, suggesting the 
stops aren’t too light.

• Searches for stops are starting to reach 600-700 GeV, and carving out the 
natural regions of supersymmetry!



Hiding SUSY?
• Maybe SUSY dark matter is a red 

herring.  We can get all of the 
naturalness properties we like from 
SUSY without asking it to explain dark 
matter as well.

• Turning on R-parity violating interactions 
quickly runs into strong constraints.  
There should be some organizing 
principle such as minimal flavour 
violation.

• The baryon-number-violating interaction 
can lead coloured superpartners to 
decay entirely into jets, e.g. g > qqq.

• This is very challenging, but searches 
show amazing progress!

Csaki, Grossman, Heidenreich, 1111.1239
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asymptotic calculator implemented in the ROOSTATS [33, 34] package. The full CLs calcula-
tions give similar limits within a few percent, and closure tests where a fixed signal is injected,
yield consistent coverage. The observed and expected 95% confidence level (CL) upper limits
on the gluino pair-production cross section times branching fraction as a function of gluino
mass are presented in Fig. 7. The solid red lines in the figure show the next-to-leading-order
(NLO) plus next-to-leading-logarithm (NLL) cross sections for gluino pair production [35–39],
and the dashed red lines indicate the corresponding one-standard-deviation (s) uncertainties,
which range between 15% and 43%. To quote final results, we use the points where the �1s-
uncertainty curve for the NLO+NLL cross section crosses the expected- and observed-limit
curves. We additionally quote the result where the central theoretical curve intersects the limit
curves.

The production of gluinos undergoing RPV decays into light-flavour jets is excluded at 95%
CL for gluino masses below 650 GeV, with a less conservative exclusion of 670 GeV based upon
the theory value at the central scale. The respective expected limits are 755 and 795 GeV. These
results extend the limit of 460 GeV [10] obtained with the 7 TeV CMS dataset. Gluinos whose
decay includes a heavy-flavour jet are excluded for masses between 200 and 835 GeV, which
is the most stringent mass limit to date for this model of RPV gluino decay, with the less con-
servative exclusion up to 855 GeV from the central theoretical value. The respective expected
limits are 825 and 860 GeV. While a smaller phase space is probed in the heavy-flavour search,
the limits extend to higher masses because of the reduction of the background.
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Figure 7: Observed and expected 95% CL cross section limits as a function of mass for the
inclusive (left) and heavy-flavour searches (right). The limits for the heavy-flavour search cover
two mass ranges, one for low-mass gluinos ranging from 200 to 600 GeV, and one for high-mass
gluinos covering the remainder of the mass range up to 1500 GeV. The solid red lines show the
NLO+NLL predictions [35–39], and the dashed red lines give the corresponding one-standard-
deviation uncertainty bands [40].

8 Summary

A search for hadronic resonance production in pp collisions at a centre-of-mass energy of 8 TeV
has been conducted by the CMS experiment at the LHC with a data sample corresponding to
an integrated luminosity of 19.4 fb�1. The approach is model independent, with event selection
criteria optimised using the RPV supersymmetric model for gluino pair production in a six-jet
final state. Two different scenarios for this RPV decay have been considered: gluinos decaying
exclusively to light-flavour jets, and gluinos decaying to one b-quark jet and two light-flavour
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Figure 12: Expected and observed cross-section limits for the 6-quark gluino models for (a) the case
where no gluinos decay into heavy-flavour quarks, and (b) the case where every gluino decays into a
b-quark in the final state.
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Figure 13: As for Fig. 12, but also requiring each gluino to decay into a top-quark.
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(a) 6-quark model (b) 10-quark model

Figure 1: Feynman diagrams for the gluino decays used as benchmarks for this search. Diagrams for (a)
the 6-quark model and (b) the 10-quark model are shown.

Section 6.

2 Detector, data acquisition, and object definitions

The ATLAS detector [20,21] provides nearly full solid angle coverage around the collision point with an
inner tracking system covering |!| < 2.51, electromagnetic and hadronic calorimeters covering |!| < 4.9,
and a muon spectrometer covering |!| < 2.7.

The ATLAS tracking system is comprised of a silicon pixel tracker closest to the beamline, a mi-
crostrip silicon tracker, and a straw-tube transition radiation tracker at radii up to 108 cm. These systems
are layered radially around each other in the central region. A thin solenoid surrounding the tracker
provides an axial 2 T field enabling measurement of charged particle momenta. The track reconstruction
e!ciency ranges from 78% at ptrack

T = 500 MeV to more than 85% above 10 GeV, with a transverse
impact parameter resolution of 10 µm for high momentum particles in the central region. The overall
acceptance of the inner detector (ID) spans the full range in ", and the pseudorapidity range |!| < 2.5 for
particles originating near the nominal LHC interaction region.

The calorimeter comprises multiple subdetectors with several di"erent designs, spanning the pseu-
dorapidity range up to |!| = 4.9. The measurements presented here use data from the central calorimeters
that consist of the Liquid Argon (LAr) barrel electromagnetic calorimeter (|!| < 1.475) and the Tile
hadronic calorimeter (|!| < 1.7), as well as two additional calorimeter subsystems that are located in the
forward regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < |!| < 3.2), and
the LAr hadronic end-cap calorimeter (1.5 < |!| < 3.2). As described below, jets are required to have
|!| < 2.8 such that they are fully contained within the barrel and end-cap calorimeter systems.

The jets used for this analysis are found and reconstructed using the anti-kt algorithm [22, 23] with
a radius parameter R = 0.4. The energy of the jet is corrected for inhomogeneities and for the non-
compensating nature of the calorimeter by weighting the energy deposits in the electromagnetic and the
hadronic calorimeters separately by factors derived from the simulation and validated with the data [24].

1The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin.
The anticlockwise beam direction defines the positive z-axis, while the positive x-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positive y-axis points upwards. The azimuthal angle " is measured around the beam
axis, and the polar angle # is measured with respect to the z-axis. Pseudorapidity is defined as ! = ln[tan( #2 )], rapidity is defined
as y = 0.5 ln[(E + pz)/(Epz)], where E is the energy and pz is the z-component of the momentum, and transverse energy is
defined as ET = E sin #.

2



Simplified Models
• One can step away from 

specific MSSM assumptions by 
working with simplified models.

• These are phenomenological 
sketches of theories with 
some basic particles and 
decays built into them.

• The experimental 
collaborations have been willing 
to explore casting their SUSY 
searches into this framework, 
allowing for a much more 
flexible interpretation of limits.

Results as Simplified Models  

Are these result representations useful/used?  

14 6 Summary
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Figure 7: The observed and expected 95% CL upper limits on the (a) eqeq and (b-d) egeg production
cross sections in either the meq-mec0

1
or the meg-mec0

1
plane obtained with the simplified models.

For the eqeq production the upper set of curves corresponds to the scenario when the first two
generations of squarks are degenerate and light, while the lower set corresponds to only one
light accessible squark.



uR Model

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679

~

• What do these results tell us about 
dark matter?

• For example, we can look at a model 
where a Dirac DM particle couples to 
right-handed up-type quarks.

• For simplicity, we set the couplings 
equal for all three generations.

• This is motivated to avoid generating 
large flavor-violation at one loop.

• In the parameter plane of the mass of 
the dark matter and mass of the 
mediators, we can determine a limit on 
the coupling strength in the plane of the 
masses of the dark matter and the 
mediators.

3

(a)

(b)

(c)

FIG. 1: Bounds on the the coupling gDM for each of the
three simplified models with Dirac Dark Matter, from
the CMS collider bounds. (a) is the uR model, (b) the

dR model, and (c) is the qL model.

mation [12] yields,

M =
ig2
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where (as discussed in, e.g. [13]) we have dropped terms
suppressed by the dark matter velocity. The two remain-
ing terms result in spin-independent and spin-dependent
scattering, respectively. In the uR model, this results in
cross sections for SI and SD scattering with a nucleon:
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where Z, A, and N = p, n specifies the nucleon of interest
and the structure functions �uN can be found, for exam-
ple, in Refs. [13, 14]. Note that this theory has di↵erent
SI cross sections for protons and neutrons.
A similar calculation for the dR and qL Dirac models

yields:
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And likewise the cross sections for Majorana DM are also
computed for each model:
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Note that since a Majorana fermion has a vanishing vec-
tor bilinear, there are only spin-dependent cross-sections
for the Majorana DM cases1.

1
It would be interesting to compute the induced SI cross section

at one-loop for this class of simplified model.

QCD production saturates 
the CMS limits, resulting in 

no allowed value of g.

Mono-jet searches will help 
fill in the mass-degenerate 

region.
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(a)

(b)

(c)

FIG. 5: Bounds on gDM from neutron-WIMP
spin-dependent XENON100 Limits on Majorana Dark

Matter.

(a)

(b)

(c)

FIG. 6: The combined lowest bounds on gDM from CMS,
XENON100, and XENON10 for Dirac Dark Matter.

uR Model
DiFranzo, Nagao, Rajaraman, TMPT

arXiv:1308.2679

~

• A Dirac WIMP also has spin-
independent scattering with nucleons.  
For most of the parameter space, there 
are bounds from the Xenon-100 
experiment.  (And recently LUX has 
said something as well...).

• Elastic scattering does not rule out any 
parameter space, but it does impose 
stricter constraints on the coupling in 
the regions CMS left as allowed.

Traditional direct detection 
searches peter out for 

masses below about 10 GeV.
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Dirac:  dominated by 
Xenon100 SI bounds

But LHC can exclude some 
parameter space

Majorana: 
dominated by 
LHC bounds!

Majorana DM

Majorana versus Dirac
Dirac DM

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679

There are interesting differences that arise even 
from very simple changes, like considering a 
Majorana compared to a Dirac DM particle.

Majorana WIMPs have no tree-level spin-
independent scattering in this model.

At colliders, t-channel exchange of a Majorana 
WIMP can produce two mediators, leading to a 

PDF-friendly qq initial state.

Collider bounds tend to 
dominate for Majorana DM.



uR Model: Forecasts~

• Now that we understand the current 
bounds, we can forecast what this 
implies for future searches.

• For example, we can plot the largest 
spin-dependent cross sections that are 
consistent with CMS and Xenon in this 
simplified model.

• Again, Dirac versus Majorana dark 
matter look very different from one 
another!
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(a)

(b)
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FIG. 7: The combined lowest limit on gDM from CMS
and XENON100 for Majorana Dark Matter.

(a)

(b)

(c)

FIG. 8: The predicted maximum spin-dependent
neutron-DM cross section from the combined Collider
and Direct Detection bounds for Dirac Dark Matter.
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(a)

(b)

(c)

FIG. 9: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider
and Direct Detection bounds for Dirac Dark Matter

(a)

(b)

(c)

FIG. 10: The predicted maximum spin-dependent
neutron-DM cross section from the combined Collider

and Direct Detection bounds for Majorana Dark Matter

Dirac

Majorana

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679
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(a)

(b)

(c)

FIG. 13: The predicted maximum annihilation cross
section from the combined Collider and Direct
Detection bounds for Majorana Dark Matter
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(a)

(b)

(c)

FIG. 11: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider

and Direct Detection bounds for Majorana Dark Matter

(a)

(b)

(c)

FIG. 12: The predicted maximum annihilation cross
section from the combined Collider and Direct

Detection bounds for Dirac Dark Matter

uR Model: Forecasts~

• Similarly, we can forecast for the 
annihilation cross section.

• The Fermi LAT does not put very 
interesting constraints at the 
moment, but it is very close to doing 
so, and limits from dwarf satellite 
galaxies are likely to be relevant in 
the near future for Majorana DM.

• We can also ask where in parameter 
space this simple module would lead 
to a thermal relic with the correct 
relic density (σv ~ 10-26 cm3/s).

Dirac

Majorana

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679



Direct WIMP 
Production



Maverick WIMP Production

• Producing WIMPs directly requires there to be 
some initial radiation from the incoming quarks 
or gluons:  a “monojet” event.

• We’re not very sensitive to the details of how 
the WIMP couples to quarks and gluons: we can 
use effective field theories to parameterize all 
leading contributions.

• We can recycle existing ADD graviton searches 
(though they are not perfectly optimized).

• This kind of process works best for very light 
WIMPs, because they can be produced easily 
with a lot of kinetic energy, leading to large 
missing energy.

χ

χ

Beltran, Hooper, Kolb, Krusberg, 
TMPT,  JHEP 1009:037



Example EFT: Majorana WIMP
• As an example, we can write down 

operators of interest for a Majorana 
WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
!

1 !5

M4 qq mq/2M3
!

!5 !5

M5 qq 1/2M2
!

!5!µ !µ

M6 qq 1/2M2
!

!5!µ !5!
µ

M7 GG "s/8M3
!

1 -
M8 GG i"s/8M3

!
!5 -

M9 GG̃ "s/8M3
!

1 -
M10 GG̃ i"s/8M3

!
!5 -

TABLE I: The list of the e"ective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (!) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-
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Monojets
• In terms of the WIMP mass 

and its interaction with quarks 
and/or gluons, we can predict 
the rate of monojet 
production.

• There are SM backgrounds 
from producing a Z which 
decays into neutrinos plus a 
jet of hadrons as well as fakes.

• The EFT also allows a more 
model-independent mapping 
from collider signals into 
direct and indirect searches.

• Other analyses such as e.g. 
razor can help with sensitivity.
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From Colliders 
to Direct Detection



Iso-spin Violating Couplings

• For up- and down-quark couplings adjusted such that fn ~ -0.7 fp, 
constraints from Xenon are much weaker than the CoGeNT signal.

• Naive MFV implementations are ruled out by colliders, but specific non-MFV 
constructions survive. Feng, Kumar, Marfatia, Sanford 1102.4331 (see also: Chang, Pierce, Weiner 1004.0697)
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FIG. 11: Spin independent coupling assuming both down and up type coupling such that the

neutron to proton coupling ratio is -0.7. The red line is the constraint from the Tevatron search.

The blue lines are the LHC 7 TeV constraint and LHC 14 discovery reach, which are dashed and

solid respectively. The green line is the XENON100 constraint.[24] The black lines (both solid and

dashed) are the CDMS constraints.[26, 27] The orange region is CoGeNT favored results.[19]

[19] C. E. Aalseth et al. [CoGeNT collaboration], arXiv:1002.4703 [astro-ph.CO].

[20] C. E. Aalseth, P. S. Barbeau, J. Colaresi, J. I. Collar, J. D. Leon, J. E. Fast, N. Fields,

T. W. Hossbach et al., [arXiv:1106.0650 [astro-ph.CO]].

[21] R. Bernabei et al., arXiv:1002.1028 [astro-ph.GA].

[22] F. Petriello and K. M. Zurek, JHEP 0809, 047 (2008) [arXiv:0806.3989 [hep-ph]].

[23] J. L. Feng, J. Kumar and L. E. Strigari, Phys. Lett. B 670, 37 (2008) [arXiv:0806.3746

[hep-ph]].

[24] E. Aprile et al. [XENON100 Collaboration], arXiv:1005.0380 [astro-ph.CO].

[25] J. Filippini, “WIMP Hunting with the Cryogenic Dark Matter Search”, Les Rencontres de

Physique de la Val le dAosta (2009).
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Mono-Whatever
• We can go beyond mono-jets and mono-

photons.

• One can imagine similar searches 
involving other SM particles, such as 
mono-Ws (leptons), mono-Zs 
(dileptons), or even mono-Higgs.

• If we’re just interested in the interactions 
of WIMPs with quarks and gluons, these 
processes are not going to add much.

• But they are also sensitive to 
interactions directly involving the 
bosons.

• And even for quarks, if we do see 
something, they can dissect the couplings 
to different quark flavors, etc.
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Jet Substructure!

• Since the events of interest 
have boosted Ws, one can use 
substructure techniques to 
try to capture hadronically 
decaying Ws.

• This helps increase statistics, 
and ultimately gives a better 
limit than the lepton channel.

• A recent ATLAS study puts 
this idea into practice!
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Outlook

• LHC Searches for new phenomena are going strong!

• Already big statements are being made about missing energy, dark 
matter, and supersymmetric theories with R-parity conservation.

• The next years will get into very interesting territory, with sensitivity to 
scalar stops and gluinos which should cover the most well-motivated 
regions of SUSY parameter space.

• (And to say nothing about the Higgs mass and the MSSM...)

• More direct maverick production of dark matter is less effective than 
traditional SUSY searches if we can produce coloured mediator 
particles directly.  If they are too heavy, maverick production will be 
how we fall back to quantify limits on dark matter interactions, and 
make contact between accelerator data and (in)direct searches.



Bonus Material



From WIMPs to SIMPs...
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• How good is the EFT approximation?

• It depends on the momentum transfer of 
the process.

• Direct Detection: Q2 ~ (50 MeV)2.

• EFT should work well unless you have 
ultralight mediators.

• Annihilation: Q2 ~ M2.

• Fine in SUSY-like theories, problematic 
for quirky WIMPs or maybe 
coannihilators.

• Colliders: Q2 ~ pT2

• Bounds are generically too 
conservative for colored mediators.

?
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Figure 6: The constraints on the momentum and spin dependent model from mono-jet searches. The
solid lines are for a mediator withM = 10 GeV, while the dashed lines are a mediator withM = 1 GeV.
The DAMA allowed region is shown in the green contours and is taken from Ref. [15].

The di!erential cross section for DM scattering o! a nucleon is given by

d!Nq
4

d cos "
=

1

32#"4

q4

(m! +mN )2
(CN

q )2 , (14)

where q is the exchanging momentum of the DM scattering o! the nucleon.

Following Ref. [15], we use a reference momentum, qref = 100 MeV, and compare the Tevatron

constraints to the region of parameter space that best fits the DAMA result, taken from Figure 3(b)

in [15]). The results are shown in Figure 6; we consider the cases of M = 1, 10 GeV.

We see that the dilution of the Tevatron constraints by the light mediator means that momentum

dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,

if instead the mediator is 10 GeV and has O(1) couplings, then the lack of a mono-jet excess places

strong constraints on the model and rules out the DAMA preferred region2, note that unlike previous

cases, the constraints coming from the strange quarks are the most stringent. This is due to a small

matrix element for the strange quark in equation (13).

5 Discussions and conclusions

It is worthwhile to consider possible improvements to the dark matter search at the Tevatron, and in

the future at the LHC. Here we placed bounds on dark matter using only the total rate of mono-jet

signal events above a certain pT cut. An analysis that takes the spectrum shape into account may yield

2This option may well be ruled out by other limits.
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Backgrounds

• To calibrate our simulations, we 
reproduce the CDF background 
using MadEvent with PYTHIA and 
PGS [CDF detector Model].

• Including NLO k-factors, we 
succeeded at the % level.

• The dominant physics backgrounds 
are: 

• Z + jets (with Z-> νν).

• W + jets (W->eν with the e 
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q

jet
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l+

W+

q̄

q

jet
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Beltran, Hooper, Kolb, Krusberg, TMPT,
  JHEP 1009:037 (2010)



Example: Majorana WIMP

• The various types of interactions 
are accessible to different kinds of 
experiments.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production

UCI-HEP-TR-2010-09
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
!

1 !5

M4 qq mq/2M3
!

!5 !5

M5 qq 1/2M2
!

!5!µ !µ

M6 qq 1/2M2
!

!5!µ !5!
µ

M7 GG "s/8M3
!

1 -
M8 GG i"s/8M3

!
!5 -

M9 GG̃ "s/8M3
!

1 -
M10 GG̃ i"s/8M3

!
!5 -

TABLE I: The list of the e"ective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (!) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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