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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



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.

2 mχ

2 msibling

(partonic)

“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.
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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



WIMP Sibling 
Production



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 TeV

Limits are still several hundred GeV 
when one or the other is very heavy.

These limits assume the WIMP mass is 
less than 200 GeV.
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3rd Generation Squarks

As Guido mentioned yesterday, 
naturalness requires SUSY to have 
light(ish) stops.

The left-handed stop comes along with 
a sbottom with a roughly similar mass.

The squark masses are also rather 
tightly coupled to the gluino mass 
through the renormalization group.

Searches for single flavors of squarks 
are becoming very interesting.  The next 
year is likely to be very enlightening!
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Example: direct sbottom production

Analysis: 2 b-tagged jets and Etmiss (0 leptons)

Exclude sbottom lighter than

~350-390 GeV if chi01 lighter

than  ~120 GeV 

Pioneering direct production analysis.

Illustrate characteristic issue: need enough mass gap with chi01 to 

ensure triggerable and detectable hadronic system

29

1 lepton analysis
Analysis: 1 lepton + 4 jets + ET

miss

1 jet tagged as b

Exclude gluino mass below 520 GeV 

m(gluino)>560 GeV



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?  

Results as Simplified Models  

Are these result representations useful/used?  



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.

Csaki, Grossman, Heidenreich, 1111.1239
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Figure 3: Observed and expected 95% CL upper limits on the cross section for gluino pair
production through RPV decays, where the branching ratio of the gluino to three jets is 100%.
Also shown are the ±1s and ±2s bands on the expected limit, as well as the theoretical NLO
cross section for gluino production.

CMS Search for gluinos 
decaying into qqq.



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.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

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.
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Rajaraman, Shepherd, TMPT, Wijanco [1108.1196]

See also:  Fox, Harnik, Kopp, Tsai [1109.4398]

The LHC collaborations are now working on doing these analyses themselves...



Colliders - Direct Detection
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From WIMPs to SIMPs...
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Iso-spin Violating

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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Rajaraman, Shepherd, TT 
Wijanco 1108.1196



SD Bounds from ATLAS
Equal u- and d- couplings
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FIG. 7: Spin dependent nucleon coupling cross section assuming equal down and up type couplings.

The red and blue lines are the constraints from the Tevatron search and 7 TeV LHC search. The

green line is the 14 TeV LHC discovery reach. The dashed black line is the XENON10 constraint

on the neutron cross section [53], the solid black line is the SIMPLE constraint on the proton cross

section.[54]

for dark matter-SM interactions or have more complicated flavor structure in its couplings.

In particular, theories which only couple the dark matter to up and down quarks, and

not members of the other generations, are much more di⇥cult to probe at colliders if they

interact through mass-suppressed operators.
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Gamma-Ray Lines
FIG. 1: Representative Feynman diagram for the loop level annihilation of two DM particles �

to a photon and a second vector boson, either another photon or a Z boson, through an operator

coupling the DM to SM quarks (represented as the shaded circle).

quark vector bilinears (D5-8, M5-6, and C3-4) and quark tensor bilinears (D9-10) and the

largest numbers to coupling to gluons (D11-14, M7-10, C5-6, and R3-4). The WIMP electric

and magnetic dipole moment operators are labelled D15 and D16.

III. GAMMA RAY LINE SEARCH CONSTRAINTS

We compute the rate for the processes ⇥⇥� �� and ⇥⇥� �Z for each of the operators

considered above. Generally, stronger bounds arise from the �� process because it produces

two photons per annihilation (compensating for the Z coupling to quarks being typically a

little stronger than the photon). Consequently, we consider the �Z final state only in the case

where annihilation into �� vanishes. For the cases with a Dirac fermion or complex scalar, we

assume that the dark matter in our galactic halo is composed of equal numbers of particles

and anti-particles. It should be borne in mind that one could evade the constraints from

any annihilation process if the interactions preserve the U(1)⇥ symmetry and the galactic

halo is made entirely of WIMPs or anti-WIMPs.

For the operators D15 and D16 mediating a direct interaction between the WIMPs and

the photon, this process occurs at tree level. Generally, the quark operators mediate an-

nihilations into �� or �Z at the one loop level as shown in Figure 1. For the operators of

the form ⇥̄�µ⇥q̄�µq, a final state containing two photons is forbidden by the Landau-Yang

theorem [40]. For these operators, we rely on ⇥⇥ � �Z to determine the implications of

searches for gamma ray lines. For operators coupling the WIMPs directly to gluons and for

the tensor operators D9 and D10, the leading contribution to �� and �Z final states occurs

at two loops, and as a result the rate is expected to be small enough that these operators

8

q
χ

χ

The effective theory language can also 
be effectively mapped into indirect 
searches for dark matter.

For example, interactions with quarks 
can be closed into loops and turned 
into annihilation into gamma ray lines.

The Fermi limits are actually the best 
ones for some operators (such as for 
spin-dependent interactions).

One could also study continuum 
annihilation signals in the EFT 
framework.
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Razoring Monojets

A recent study applies the CMS 
razor analysis to the dark matter 
production signal.

Though it requires more than 
one jet, these processes often 
contain extra radiation, so the 
loss of acceptance is modest.

They find modest improvements 
on the bounds extracted from 
the monojet analysis alone!
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FIG. 6: Razor limits on spin-independent (LH plot) and spin-dependent (RH plot) DM-nucleon

scattering compared to limits from the direct detection experiments. We also include the mono-

jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA

quenching factors: q
Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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As in the case of direct detection, we assume universal DM couplings in quark flavor. In

Fig. 7, we show h�v
rel

i as functions of the DM mass, taking hv2reli = 0.24, which corresponds

to the average DM velocity during the freeze-out epoch. A much smaller average hv2reli,
e.g. in the galactic environment, would lead to stronger bounds. If the DM has additional

annihilation modes, the bounds weaken by a factor of 1/BR(�̄� ! q̄q). Assuming that

the e↵ective operator description is still valid during the freeze-out epoch, the thermal relic

density cross-section is ruled out at 90 % C.L. for m�
<⇠ 20 GeV for OV , and m�

<⇠ 100 GeV

for OA.
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jet limits and the combined razor/monojet limits. We show the constraints on spin-independent

scattering from CDMS [2], CoGeNT [36], CRESST [37], DAMA [38], and XENON-100 [3], and

the constraints on spin-dependent scattering from COUPP [39], DAMA [38], PICASSO [40], SIM-

PLE [41], and XENON-10 [42]. We have assumed large systematic uncertainties on the DAMA
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Na

= 0.3 ± 0.1 for sodium and qI = 0.09 ± 0.03 for iodine [43], which gives

rise to an enlargement of the DAMA allowed regions. All limits are shown at the 90% confidence

level. For DAMA and CoGeNT, we show the 90% and 3� contours based on the fits of [44], and

for CRESST, we show the 1� and 2� contours.
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As in the case of direct detection, we assume universal DM couplings in quark flavor. In

Fig. 7, we show h�v
rel

i as functions of the DM mass, taking hv2reli = 0.24, which corresponds

to the average DM velocity during the freeze-out epoch. A much smaller average hv2reli,
e.g. in the galactic environment, would lead to stronger bounds. If the DM has additional

annihilation modes, the bounds weaken by a factor of 1/BR(�̄� ! q̄q). Assuming that

the e↵ective operator description is still valid during the freeze-out epoch, the thermal relic

density cross-section is ruled out at 90 % C.L. for m�
<⇠ 20 GeV for OV , and m�

<⇠ 100 GeV

for OA.

Fox, Harnik, Primulando, Yu 1203.1662



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 year 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



How Effective a Theory?

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.

Too stringent for light neutral 
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 lost).

The “QCD” background from jet 
mismeasurements creating fake missing 
energy is subdominant, as determined by 
CDF itself.  

(And we don’t try to simulate it).
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jet
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Beltran, Hooper, Kolb, Krusberg, TMPT,
  JHEP 1009:037 (2010)



CMSSM Limits

A lot of searches are done in the 
framework of mSUGRA (closely 
related to cMSSM), which assumes 
a set of 4+1 parameters determine 
the super-particle spectrum:

M0:  Universal scalar mass

M1/2:  Universal gaugino mass

A0:  Universal A-term

Tan β:  Ratio of Higgs VEVs

Sgn(μ):  Phase of the 
supersymmetric Higgs mass 
parameter.

Isabell Melzer-Pellmann         SUSY11, Fermilab/Chicago 

Inclusive All-Hadronic Search:  
Exclusion Plot 

! Observed and expected 95% CL exclusion limit in the CMSSM m0-m1/2 plane 
using the signal cross sections calculated at NLO 

! Contours are the combination of the different selections, such that the 
shown contours are the envelope with respect to best sensitivity 
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CMS PAS SUS-11-004 Melzer-Pellmann, SUSY 2011

Impact of CMS EPS Results on SUSY 

Including CMS @EPS  

68% CL 

95% CL 
P(�2) > 5% 

CMSSM 
Before EPS 

�2 probability: P(�2) for CMSSM 
Before EPS: 16%        Including CMS@EPS: 11% 

CMS searches significantly constrain allowed  SUSY parameter space. 
The air is getting very thin for constrained SUSY models but it needs more data to be 
fully conclusive. More in the backup (incl. ATLAS) 
We will know more after summer, but have to start preparing…   

De Roeck, DMUH11



Gamma ray Lines and MiDM

Gamma ray line bounds also have 
something interesting to say about 
the Magnetic inelastic DM models.

In this case, WIMPs can annihilate 
into a two photons at tree level 
through their magnetic moment 
interactions.

The Fermi line constraints are 
particularly relevant for lower mass 
WIMPs.
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Magnetic inelastic DM
Chang et al [1007.4200]

Goodman, Ibe, Shepherd, 
Rajaraman, TMPT, Yu 1009.0008
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Relic Density

If dark matter is a thermal relic, 
annihilation into the SM control its 
abundance in the Universe.

In equilibrium with the SM plasma.

As the temperature falls, the 
number of  WIMPs does too.
We track the equilibrium density 
until freeze-out:

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)
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