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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 colored 
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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Squarks and Gluinos

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

• Gluinos decay to two jets + WIMP

• Squarks into one jet + WIMP

• For equal masses, searches require 
them to be larger than about 1.5 TeV

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

• These limits hold assuming the WIMP 
mass is less than 200 GeV.
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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More from Matt about the status of SUSY shortly!



3rd Generation Squarks
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• Naturalness requires SUSY to have 
light(ish) stops, but is more agnostic 
about the ``light squarks”.

• 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.  
Already, the results are coming in.

• The next year is likely to be very 
enlightening!



Simplified Models
• One can step away from specific 

MSSM assumptions by working 
with simplified models.

• These are phenomenological 
sketches of theories.

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

• It also reveals more about the 
WIMP mass dependence of the 
results -- larger LSP masses 
severely erode the gluino limits!

Results as Simplified Models  

Are these result representations useful/used?  

O. Buchmueller, darkattack2012, 18.07.2012

SUSY on life support?

The answer to this question is NO!

32

See 2012 Experimental SUSY PDG review [OB & Paul De Jong]:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf 



Direct WIMP 
Production



Maverick WIMP Production
• Producing WIMPs directly requires there to be 

some kind of initial radiation from the incoming 
quarks or gluons.

• In some limits of theories, we’re not very 
sensitive to the details of how the WIMP 
couples to quarks and gluons: we can use 
effective field theories containing contact 
interactions to parameterize all leading 
contributions.

• Initial studies recycled existing ADD searches.  
Now the collaborations are doing their own, 
optimized searches.

• 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

As Daniel will tell us next...



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-

�

�

q

q
eq

�

�

q

q
g2

M2
q̃

$ 1
M2

⇤



Dirac WIMPs

• We can repeat this exercise for 
other choices of WIMP spin.

• For a Dirac WIMP, we have a few 
more Lorentz structures, such as 
the vector and tensor combinations.

• On top of the operators we had for 
the Majorana WIMP, magnetic and 
electric dipole moment operators 
are possible as well.

• For a Dirac WIMP, in some mappings 
we need to decide whether the halo 
is made of just WIMPs.  I’ll opt for 
an equal mixture. “Asymmetric” dark matter would 

also be interesting!

Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ⇥⌅q̄⇤µ⇥q 1/M2
�

D10 ⌅̄⇤µ⇥⇥5⌅q̄⇤µ⇥q i/M2
�

D11 ⌅̄⌅Gµ⇥Gµ⇥ �s/4M3
�

D12 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/4M3
�

D13 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/4M3
�

D14 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/4M3
�

D15 ⌅̄⇤µ⇥⌅Fµ⇥ M

D16 ⌅̄⇤µ⇥⇥5⌅Fµ⇥ D

M1 ⌅̄⌅q̄q mq/2M3
�

M2 ⌅̄⇥5⌅q̄q imq/2M3
�

Name Operator Coe�cient

M3 ⌅̄⌅q̄⇥5q imq/2M3
�

M4 ⌅̄⇥5⌅q̄⇥5q mq/2M3
�

M5 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/2M2
�

M6 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/2M2
�

M7 ⌅̄⌅Gµ⇥Gµ⇥ �s/8M3
�

M8 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/8M3
�

M9 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/8M3
�

M10 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/8M3
�

C1 ⌅†⌅q̄q mq/M2
�

C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⌃µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⌃µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ⇥Gµ⇥ �s/4M2
�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to

7



Mono-jets
• In terms of the WIMP 

mass and for a given 
choice of 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.

• We can put bounds on the 
coefficients M* that 
parameterize the 
interaction strength.

Beltran, Hooper, Kolb, Krusberg, 
TMPT, JHEP 1009:037 (2010)
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Rajaraman, Shepherd, TMPT, Wijanco [1108.1196]

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



Colliders - Direct Detection
Tevatron quarks Goodman, Ibe, Rajaraman, Shepherd, 

TMPT, Yu 1005.1286

Similar Results: Bai, Fox, Harnik 1005.3797
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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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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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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.

Fox, Harnik, Primulando, Yu 1203.1662



Mono-Whatever
• We’ve already heard a lot about 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 thus are complementary.

• And even for quarks, if we do see 
something, they can dissect the couplings 
to different quark flavors, etc.
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Annihilation into γ-Rays
• We can also map interactions into 

predictions for WIMPs annihilating.

• For example, into continuum photons 
from a given tree level final state 
involving quarks or gluons.

• ATLAS has already presented their 
results in terms of a corresponding 
annihilation cross section.

• With assumptions, this maps onto a 
relic density.

• For operators which lead to p-wave 
annihilations, the colliders can lead to 
more stringent bounds than Fermi 
LAT.

David Šálek: Searches for Monojet and Monophoton Events with the ATLAS DetectorICHEP2012
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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 !1!theory 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 m" " 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 e!ective field theory for WIMPs coupling to SM particles is that only two535

parameters, M# and m", 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 di!erent experimental approaches538

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

WIMPs must interact with SM quarks or gluons exclusively via only one of the operators of the e!ective540

field theory (since a mix of operators with potential interference e!ects 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 e!ective-operator approach would allow for important543

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

Relic abundance of WIMPs
• 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).
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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 di!er radically from those of WIMPs.

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

"X $
1

%!v&
!

m2
X

g4
X

, (1)

where %!v& 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,
"X ' 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 "X . 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 "X . 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.



• 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 co-
annihilators.

• Colliders: Q2 ~ pT2

• Bounds are generically too 
conservative for colored mediators.

• Too stringent for light neutral 
mediators.

?

How Effective a Theory?



?

“s-channel” 
mediators are not 
protected by the 

WIMP stabilization 
symmetry.  They can 

couple to SM 
particles directly, 

and their masses can 
be larger or smaller 
than the WIMP mass 

itself.

“t-channel” mediators are protected by the WIMP 
stabilization symmetry.  They must couple at least one 
WIMP as well as some number of  SM particles.  Their 

masses are greater than the WIMP mass.

How Effective a Theory?

0.5 1.0 5.0 10.0 50.0 100.0
10!39

10!37

10!35

10!33

10!31

10!29

m" !GeV"

#
SD
!
p
!c
m
2 "

d$5d "$5"

u$5u "$5"

s$5s "$5"

MDDM

KIM
S PICASSO

MDDM

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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FIG. 4: Bounds on e!ective interaction strength M! = M!/g for the operator DT1. Note that the

perturbativity constraint of g < 4! replaces bounds weaker than that constraint. The left figures

show bounds resulting from the VeryHighPt analysis, and the right figures show those resulting

from the LowPt analysis.

figures 4 and 5 a horizontal line is seen, with its position dependent on the hardness of cuts

on !ET and jet Pt. This is due to the presence or absence of enough mass splitting between

the mediator and the dark matter candidate to generate kinematics beyond the cuts without

significant initial boost. When the splitting is large compared to the cut values, the limits

are largely insensitive to changes in mediator mass.

Though we have only presented limits here for Dirac dark matter, the key di!erences be-

tween contact interaction models as presented in [26–28, 36, 48], are not strongly dependent

on the Lorentz representation of the dark matter, as it is largely an issue of phase space and

kinematics. These bounds apply to all models of dark matter without regard to the relic

density generation mechanism [49].
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Resolving Mediators
• The EFT is only a particular limit of a 

space of simplified models which can 
describe WIMPs.

• For example, the mediating particles 
can be included explicitly.

• In this way contact interactions can be 
resolved into simplified models.

• For example, a Z’  UV completion.

• For a given collider energy and, we 
can see the different regimes of Z’ 
mass and coupling.

• t-channel completions map easily onto 
existing simplified models.

Frandsen, Kahlhoefer, Preston,
Sarkar, Schmidt-Hoberg 1204.3839
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Higgs, Higgs, Higgs
• In a 6d UED model, the WIMP 

primarily interacts with the SM 
through Higgs exchange.

• Annihilation typically goes through 
an s-channel SM Higgs boson.

• Generally, the relic density favors 
LKP masses between 50 to about 
500 GeV, provided the Higgs mass is 
chosen to match.

• For a Higgs mass around 125 GeV, 
we would expect a host of colored 
KK modes with masses around 60 
GeV which would decay to jets plus 
missing energy.

Figure 5: The region (shaded) of the mh vs. MB plane in which the BH thermal relic abundance is
within the range measured by WMAP (0.096 < !BH

h2 < 0.122).

denominator, in comparison with the a-term. Even near the resonance, however, the e"ect of

the b-term contribution on the relic abundance is suppressed by the velocity (v2
r ! 0.1) and

impacts the dark matter density at about the 10% level or less.

As shown in the left frame of Fig. 4, there are two regions consistent with WMAP around

the Higgs resonance, MB ! 180 GeV and MB ! 350 GeV. Note that in contrast to the 5D

case [3, 6] a light range of dark matter masses is preferred by data. This di"erence is to a

large extent due to the spin of the dark matter candidate. The dominant annihilation channel

of the spin-1 dark matter candidate in 5D is to fermion pairs, whereas annihilation of spinless

photons to pairs of light fermions is helicity suppressed. The multiplicity of light fermion

final states allows the former to annihilate more e#ciently, leading to an increase in its mass

in order to remain consistent with data.

The relative contributions to the total annihilation cross section from di"erent final states

are plotted for a large Higgs mass in the right frame of Fig. 4. We see that annihilation

to boson final states is dominant for a spinless photon mass above the boson production

threshold. As expected from the Goldstone boson equivalence theorem, the a-term for the

W+W! final state is twice that for the ZZ and hh final states in the limit of large MB. The

top quark final state is only significant for a small range of parameters; it is below threshold

for MB ! 170 GeV and helicity suppressed for large values of MB .

Note that the results in this figure are not reliable in the region of MB " 250 GeV

as this corresponds to a spinless photon mass that is exactly half the Higgs mass and the

– 11 –

Dobresu, Hooper, 
Kong, 

Mahbubani, ’07

W+

W!

BH

BH

h

Figure 1: The only tree-level contribution to BHBH annihilation into W+W!. The same diagram
with the W bosons replaced by Z bosons describes annihilation into Z pairs.

As we will see in this section, the only other (1,0) particles that a!ect the annihilation

cross section of BH are the KK modes of the top quark: T (1,0)
! , which is an SU(2)W -singlet

vectorlike quark, and T (1,0)
+ , which together with B(1,0)

+ forms an SU(2)W -doublet vectorlike

quark. The masses of other (1,0) quarks are necessary for computing the elastic scattering

cross section of BH with nucleons (see Section 4). The masses of the (1,0) leptons and vector

bosons are largely irrelevant for our present study. Nevertheless, we show in Table 1 the full

(1,0) spectrum from Ref. [21], which turns out to include su"ciently large mass splittings so

that coannihilation e!ects may be neglected. We loosely refer to all (1,0) particles as ‘level-1’

modes in what follows, and we label them using the superscript (1, 0).

2.1 Annihilation into boson pairs

The interaction of the BH with the Standard Model Higgs boson, h, is given by

Lh = !
g2
Y

8
BHBHh (h + 2v) , (2.1)

where gY is the hypercharge gauge coupling and v " 246 GeV is the electroweak scale. There

are no tree-level interactions of the type BHH(1,0)h, !µBHH(1,0)0Zµ, or !µBHH(1,0)"W µ±.

The annihilation cross section into a W+W! pair (see Fig. 1) is given by

"(BHBH # W+W!) =
g4
Y (s2 ! 4m2

W s + 12m4
W )

64#s
!

s ! m2
h

"2

#

s ! 4m2
W

s ! 4M2
B

$1/2

, (2.2)

and the same expression with the W boson mass replaced by the Z boson mass yields the

cross section for BHBH annihilation into a ZZ pair

"(BHBH # ZZ) =
1

2
"(BHBH # W+W!)

%

%

%

%

mW #mZ

, (2.3)

where the factor of 1/2 results from having two identical particles in the final state. Here

s is the center-of-mass energy of the collision, while mW , mZ and mh are the the Standard

Model masses.

Expanding the cross section in powers of the relative speed between the BH bosons, vr,

gives

vr "
!

BHBH # W+W!
"

= aW + v2
rbW + O

!

v4
r

"

. (2.4)

– 4 –

Knowing mh has 
essentially excluded this 
model as a thermal relic!



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, gluinos, and electroweak gauginos which should cover a lot 
of 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 colored 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.

• We can design simplified models to deal with theories which are not in 
the contact interaction limit, by including mediators in the effective field 
theory.
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EFTs for Lines
8
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Fig. 10.— Left panel: Spectral energy distributions of the templates listed in the figure legend. In the left panel, we use CLEAN events with
|b| > 1! and all longitudes. Besides the disk-correlated emission (green), uniform emission (brown), and the Fermi bubble template (blue),
the cusp component modeled as a FWHM = 4! Gaussian in the GC (red) has been included. Vertical bars show the marginalized 68%
confidence range derived from the parameter covariance matrix for the template coe!cients in each energy bin. Arrows indicate 1! upper
limits. For reference, we overplot lines centered at 111 GeV and 129 GeV (dotted cyan) convolved with a three-Gaussian approximation of
the LAT instrumental response (Edmonds 2011), and their sum (dotted black). The line centers and amplitudes are determined from a fit
to the spectrum in the right panel (see text). Right panel: the same as the left panel but using data masking out |b| < 5! and |l| > 6!.
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Fig. 11.— Same as right panel of Figure 10 but splitting the
bubble template into two regions one with |b| > 30! and the other
with |b| < 30!.

of the Fermi-LAT at E ! 100 GeV, the spectral excess
at 110 " E " 140 GeV is consistent with emission from
one or two lines after considering the line-spread func-
tion (LSF) (Edmonds 2011), which strongly suggests the
novel nature of the gamma-ray cusp as no known astro-
physical process can produce this feature. Except for
unexpected instrumental systematics or an increasingly

unlikely statistical fluke, a dark matter annihilation sig-
nal from the inner Galaxy is the most likely explanation.
In another variant of the fit, we split the bubble template
into two independent components in the fitting, high lat-
itude (|b| > 30!) and low latitude (|b| < 30!). The pur-
pose is to demonstrate that the low latitude bubble is
also independent from the gamma-ray cusp. Again, we
find no sign of a bump in the spectra of other di!use
gamma-ray components, but the cusp has a spectrum
with an excess at 110! 140 GeV and is consistent with
zero in the other bins (Figure 11). Instead of using CLEAN
class, we have tried using SOURCE class for the likelihood
analysis, and obtained similar results (Figure 12).
The energy spectrum of the cusp is consistent with

a single spectral line (at energy 127.0 ± 2.0 GeV with
!2 = 4.48 for 4 d.o.f.). But a pair of lines at 110.8± 4.4
GeV and 128.8±2.7 GeV provides a marginally better fit
(with !2 = 1.25 for 2 d.o.f.). We have compared the best
fit one line and two line profile with the measured en-
ergy spectrum in Figure 13. The observation is compat-
ible with a 140.8± 2.8 GeV WIMP annihilating through
"Z and "h assuming mh = 125 GeV (with !2 = 3.33
for 3 d.o.f.) or a 127.3 ± 2.7 GeV WIMP annihilating
through "" and "Z (with !2 = 1.67 for 3 d.o.f.) (e.g.,
Weiner & Yavin 2012).
The gamma-ray cusp appears to possess a symmetric

distribution around the Galactic center. To investigate
whether there is any more extended cusp component con-
tributing the excess at 120 ! 140 GeV, we include an
extra “outer ring” template as shown in Figure 8. The
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• We can play the same games with 
effective interactions leading directly 
to gamma ray lines.

• The operators consistent with 
gauge and Lorentz invariance reveal 
an interesting feature -- every likely 
operator leads to at least two 
lines, γγ+γZ or γZ+γh.

• This is not shocking, but it does 
suggest a new feature to look for in 
line searches: two lines at 
correlated energies!
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FIG. 5: Top, local statistical significance of the signal versus
WIMP mass and ratio of yields in the !! and !Z lines in
the Reg4 region of interest defined in Ref. [6]. Bottom, the
contribution from !! at each point in the plane.

annihilation. In addition, if a large multiplicity of species
contribute to the line annihilation, the amplitude will
grow with the number. For a rather extreme multiplicity
of ! 500, a v2-suppressed annihilation would be consis-
tent with the LEP bound for !! ! 1.

OUTLOOK

Annihilation of dark matter into a two body final state
containing a photon provides a striking signature, and is
one of the most promising prospects for an indirect de-
tection of dark matter. In this article, we have explored
some generic features of gamma ray lines using an e!ec-
tive theory framework.

The e!ective theory illustrates a fascinating feature –
the operators which give rise to one gamma ray line, typ-
ically also give rise to two. For a scalar or Majorana
WIMP, every operator considered produces either "" and
"Z, or "Z and "h, and the intensities of each line are cor-
related for a given operator. Multiple lines are a generic

feature, and one that can be used to improve searches
in data from gamma ray observatories, or help match to
specific UV complete theories once a discovery is made.
For a Dirac WIMP, one class of operators provides an
exception to the multiple-line rule, producing a single "h
line. Nonetheless, observation of a single line provides
very specific information about the nature of the theory
of dark matter.
Using the recent observation of a feature at 130 GeV

in the Fermi-LAT data, we analyze the data in a multi-
line context, and find that there is a very mild prefer-
ence for contribution from two lines, though uncertainties
are large. Should this feature persist and not ultimately
prove to be instrumental or astrophysical in nature, more
data should help sharpen this analysis and make more
concrete statements.
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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).

• ATLAS has also studied continuum 
annihilation signals in the EFT 
framework.10 210
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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
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• Even if we don’t want to worry about a UV 
theory and whether the EFT is a good 
approximation to it or not, we can still 
sometimes tell the EFT description is sick.

• There are regimes where the effective 
theory admits no perturbative UV 
completion.

• Non-renormalizable theories are 
intrinsically sick at high energies, leading to 
a break-down of perturbative unitarity.  If 
this happens at energies we are interested 
in, our description at those energies is 
highly suspect.

• Where this occurs at the LHC is not 
trivial to define.
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FIG. 2: Here we compare the direct detection upper bounds
obtained from ATLAS monojets [23, 24, 26] (solid blue) and
the unitarity constraint (4) with E = 7 TeV (solid red line).
We have also included the optimistic 5� LHC reach at 14
TeV [23] (dashed blue) along with the unitarity bound, at
E = 14 TeV (dashed red). All bounds are derived under the
assumption that the quark-DM interaction O remains contact
at LHC energies and with universal quark coupling. For ref-
erence we include the DAMA 3� [1, 32], CoGeNT 90% CL [2],
and CRESST-II 1� and 2� preferred regions [3] as well as the
90% CL XENON-100 bound [33].

and will be studied in detail in Section III. The second
class of models are “t-channel” completions in which the
mediator �̃ is a color-triplet and has interactions of the
form q�̃X. In both cases, as soon as Eq. (4) is violated
the mediator becomes accessible at the LHC, and MET
processes will tend to be dominated by resonance pro-
duction (either qq ! �g ! XXg or qg ! X�̃ ! qXX
depending on the particular completion), and the signal
will typically be larger than that obtained from a contact
interaction description. The resonance enhancement can
be suppressed by pushing the theory towards the strong
coupling limit g2 ⇠ 4⇡/

p
3, but in so doing the theory

becomes increasingly unpredictive.

A quantitative measure of the impact of the resonance
enhancement is shown in Fig. 1, where we compare the
monojet cross section of a contact description and an s-
channel UV completion with the same value of ⇤. From
this we see that ⇤ above a few TeV is needed for an
s-channel completion to produce a monojet signal com-
patible with that of a contact interaction. Similar results
can be found in [24, 26].

We therefore conclude that when ⇤ is smaller than a
few TeV the observable predictions of a generic, tractable
UV-completion and a contact operator will typically dif-
fer greatly. A model-independent and conservative esti-

mate of the bound is ⇤ <⇠ 2.6 TeV. 2

The consistency constraint Eq. (4) is much more strin-
gent than the bounds obtained so far from missing energy
searches [20, 21, 23, 24, 26].3 This continues to be true at
14 TeV, where unitarity requires ⇤ >⇠ 5.2 TeV, which is
more stringent than the optimistic monojet bound with
100 fb�1 of data at the 14 TeV LHC [23, 26].
While in the above we chose to focus on the operatorO,

it is easy to see that one would obtain similar results for
operators with di↵erent Lorentz structure, as well as for
dark matter with di↵erent spin. Analogous constraints
also apply to dark matter interactions with gluons.
The consistency bound found above has important im-

plications for direct searches of DM. In Fig. 2 we find that
both the DAMA and uncontaminated CoGeNT regions
are inconsistent with a contact operator description at
the 7 TeV LHC, though the inclusion of surface events
for CoGeNT may alter this conclusion [15, 34]. The di-
rect detection implications of unitarity are even stronger
in the case of velocity-dependent elastic scattering. In
that case the bounds on the DM-nucleon scattering cross
section in Fig. 2 scale down parametrically by powers of
the DM halo velocity (v2 ⇠ 10�5).
Thus, if DM is indeed the source of the DAMA and Co-

GeNT anomalies then the mediator responsible for DM-
quark interactions is already kinematically accessible at
the LHC.

III. DARK MATTER AND LIGHT Z’S AT
HADRON COLLIDERS

Once the contact interaction hypothesis is abandoned,
matters become inevitably more model-dependent. Yet,
irrespective of the details of the model, missing energy
signals remain a characteristic signature of dark matter
production at colliders.
Jets and/or photons plus MET signals have been used

before to bound dark matter [20, 21, 23, 24] and neutrino
interactions [26]. Most of these e↵orts assume that the
dark matter interacts with the SM via contact interac-
tions. A first qualitative look at the e↵ect of relaxing this
assumption was presented in [21] (see also [26, 35]), while
a detailed analysis of the Tevatron monojet bounds for a
specific model can be found in [36].
It would be useful to have a systematic and compre-

hensive study of the light mediator limit that can easily

2
In a previous version of the paper we attempted a di↵erent and

more conservative estimate. We now believe that any such esti-

mate would necessarily have limited applicability and we there-

fore decided to take a more model- and process-independent ap-

proach.

3
Monojets currently provide a direct constraint on contact DM-

quark interactions of order ⇤

>⇠ 500 GeV [20, 21, 23, 24, 26].

Consistently with Fig. 1, such low values of ⇤ cannot be ac-

counted for by tractable UV-completions; see also Fig.7 of [24]

and Fig.7 of [26].
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FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The

fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.

We can now ask the following question. Assuming a contact interaction of quarks with

DM with a cuto↵ scale ⇤ right at where we have set our limits, what fraction of the signal

events violate Eq. 14 ? In Fig. 8 we show the invariant mass distribution of events passing

our analysis cuts for a few DM masses. We show the unitarity limit of ⇤/0.4 as a dashed

vertical line. Events that violate the bound are guaranteed to be sensitive to the physics

that mediates the interaction of quarks and DM, and thus are not reliably described by the

e↵ective theory. Events that are to the left of the vertical line may be described by the

e↵ective theory, (unless the mediator is light, see below). For DM masses of 1 and 100 GeV,

the fraction of events that violate the unitarity limit is 8% and 11% respectively. Thus, the
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