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Question #1:

Does it even make sense to 
ask how searches for DM 
complement each other?



Yes!

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.
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No?
• Studies of the MSSM (like 

the pMSSM study here) 
show that often DM 
properties are not very 
strongly correlated with 
LHC signals.

• In this case, both Ice 
Cube and LHC searches 
detect some model 
points, but LHC 
accessible models do not 
show strong correlations 
with DD cross sections.

• Instead, the total density 
of points decreases 
roughly uniformly...

Neutrinos from Ice Cube
Cotta, Howe, Hewett, Rizzo arXiv:1105.1199

Figure 17: Comparison of IC/DC and the ATLAS 4j0l (
�
s = 7TeV, 1 fb�1 and 50% sys-

tematic uncertainty assumed) searches. Here “PASS” and “FAIL” denote discovered or not
discovered, respectively. We display all points in the flat-prior model set in grey, models that
are estimated to be discoverable by both the IC/DC solar WIMP search and the ATLAS
search are displayed in pink, those expected to be seen by IC/DC but missed in the ATLAS
search in green, those expected to be missed by IC/DC but seen in the ATLAS search in
purple and those which are estimated to be unobservable by either search are displayed in
black.
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The SM interactions are always the 
key; some searches are better 

suited for some SM messengers.
(Already itself a message of 

complementarity)

The pMSSM is a case where many 
of them are important at once...

Yes...



How about Simpler Theories?
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Sketches Can Be Useful...



Contact Interactions
• Most of the work so far on the “less 

complete” end of the spectrum has been in 
the language of contact interactions 
describing ultra-heavy mediators.

• This is a natural place to start, since 
effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
that it can’t answer every question.

• E.g. Quark interactions are disconnected 
from lepton interactions.

• Outside of its domain of validity (at high 
enough energy), it just breaks down.
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Majorana WIMP
• As an example, we can write down 

the operators of interest for a 
Majorana WIMP interacting with 
quarks and/or gluons.

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

• Gluon operators are normalized by 
αS, consistent with their having been 
induced by loops of some heavy 
colored state.

• 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 Gχ Γχ Γq

M1 qq mq/2M3
∗ 1 1

M2 qq imq/2M3
∗ γ5 1

M3 qq imq/2M3
∗ 1 γ5

M4 qq mq/2M3
∗ γ5 γ5

M5 qq 1/2M2
∗ γ5γµ γµ

M6 qq 1/2M2
∗ γ5γµ γ5γ

µ

M7 GG αs/8M3
∗ 1 -

M8 GG iαs/8M3
∗ γ5 -

M9 GG̃ αs/8M3
∗ 1 -

M10 GG̃ iαs/8M3
∗ γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) 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 coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (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 G̃µν = εµνρσGρσ/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
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients 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 effective 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.



Dirac WIMP
• 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.

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
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From Mono-jets into Direct 
Detection

Original Theory mappings:  

Beltran, Hooper, Kolb, Krusberg, TMPT    JHEP [1002.4137]
Goodman, Ibe, Rajaraman, Shepherd, TMPT,  Yu     PLB [1005.1286] and PRD [1008.1783]

Rajaraman, Shepherd, TMPT,  Wijangco    PRD [1108.1196]
Bai, Fox, Harnik    JHEP [1005.3797]

Fox, Harnik, Kopp, Tsai   PRD [1109.4398]
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

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

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

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

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

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

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

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

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

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

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

experiments.

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

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

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

– 26 –
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Figure 6. Inferred 90% CL ATLAS limits on spin-dependent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed limits
excluding theoretical uncertainties, the observed limits corresponding to the WIMP-parton cross
section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter
limits are conservative because they also include theoretical uncertainties. The ATLAS limits are
for the four light flavours assuming equal coupling strengths for all quark flavours to the WIMPs.
For comparison, 90% CL limits from the SIMPLE [73], Picasso [74], CDF [19], and CMS [21]
experiments are shown.

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

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

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

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

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

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

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

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

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

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

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

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

the complementarity between the two approaches. The Fermi-LAT experiment is equally

– 27 –

(See also: CMS for D5 and D8 from mono-jets/photons)



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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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/gluons.

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

• With assumptions, this maps onto  
a thermal relic density.

• Colliders do better for lighter 
WIMPs or p-wave annihilations.  

• Indirect detection is more sensitive 
to heavy WIMPs.  [ GeV ]χWIMP mass m
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates 〈σ v〉 versus mass mχ.
〈σ v〉 is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are 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 value required for WIMPs to make up the relic abundance set by the WMAP measurement.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

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

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.

– 28 –



All Together
• One can also close the quark line into a loop prediction for gamma ray 

lines: a striking feature which may stand out from astrophysical 
backgrounds.
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10

210

310

D1
D2
D3
D4

 (GeV)χm
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)
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M

D1 Direct Detection

Tevatron

LHC

Fermi

Relic Density

Relic Density

Fermi

FIG. 5: The lower limits from current Fermi line searches [45] (long dashed lines with data points

shown) and an estimate of the reach of future searches at lower energies (short dashed curve) on

the suppression scale of new physics M∗ leading to interactions with the SM for the Dirac WIMP

operators D1-D4. Note that the constraints on D1 and D3 are significantly weaker than the others,

because these operators lead to cross sections which are velocity-suppressed. For comparison we

also show the current bounds from Tevatron and future reach of LHC [19] (solid and short dashed

curves, respectively), as well as the value of M∗ leading to the correct thermal relic abundance in

the absence of other interactions (dash-dotted curves).
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Goodman, Ibe, Rajaraman, 
Shepherd, TT,  Yu [1009.0008] & NPB

Scalar and pseudo-
scalar interactions 

with quarks.

(Sorry: All of these limits are 
already out of date today, 

except for LHC which are 14 
TeV, 100 fb-1 projections)

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
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• How well does the contact interaction 
treatment work as an approximation to 
the complete theory?

• 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 many theories, problematic for 
light Z’ type models, quirky WIMPs or 
co-annihilators.

• Colliders: Q2 ~ pT2

• Mono-jet 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 (or 
else the WIMP would just decay 

into them).

How Effective a Theory?

More details for vector mediators in:
Frandsen, Kahlhoefer, Preston,

Sarkar, Schmidt-Hoberg 1204.3839



• 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.

“Bounds” from Unitarity
3
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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].

Shoemaker, Vecchi 1112.5457
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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

Fox, Harnik, 
Primulando, Yu 1203.1662



From Contact Interactions to 
Simplified Models

• Since LHC energies can call into question the 
contact interaction approximation, we can 
expand our level of detail toward simplified 
models.

• For example, a singlet fermion WIMP 
interacting with quarks can be resolved into a 
model with the WIMP and a color triplet 
scalar.

• SU(2)xU(1) charges of the scalar are dictated 
by EW gauge invariance (subsets of squarks of 
the MSSM): ``uR”, ``dR”, ``QL”.

• Minimal Flavor Violation suggests we consider 
triplets in family space with equal masses and 
couplings.

q

q~

χ~
~ ~ ~

Of course, we can also consider a 
wider variety of WIMP properties 

and get away from MSSM-like 
theories.



Simple-fied Model
• This is a simplified model we already use 

to interpret MSSM searches at the LHC.

• The current version has 3 parameters: mχ, 
mq, and the LHC production cross section.

• To make this useful to connect to (in)direct 
searches we should trade these for: mχ, 
mq, and g.

• Collider P\production can be computed in 
terms of these quantities.  There are 
interesting differences between, e.g. 
Majorana and Dirac WIMPs.

• We can map them into the direct/indirect 
parameter spaces.

• We can also find the bounds from direct/
indirect searches and map them back!

q

q~

χ~
g

~



Dark Siblings
• We can also expand the dark sector to 

include theories like, say, iDM.

• We can explore a wider parameter 
space, collider signals, etc...

• For example, spin-dependent interactions 
can lead to the excited WIMP dominantly 
decaying into a single π0 and a WIMP.

• LHC can produce χχ*

• Depending on the mass splitting Δ and 
the size of the interaction, the excited 
WIMP may decay inside or outside of an 
LHC detector.

• Monojet signals can be dressed up with 
displaced π0’s or mini-jets!
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FIG. 1: Decay lengths of the excited dark matter state at
rest as a function of mass splitting for different operators with
Λi = 1 TeV and a dark matter mass of 5 GeV.

spin violating terms, whereas for O2,3 arise from iso-spin
conserving pieces.
Decay of the χ∗. We concentrate on the regions of

parameter space with ∆ ≥ mπ0 (for O1,2) or ∆ ≥ 2mπ+

(for O3,4), for which decays lead to real pions and re-
sult in hard enough decay products so as to register in
LHC detectors. We deal with the regimes ∆ <∼ 1 GeV
(described by the chiral Lagangrian) and ∆ >∼ 1.5 GeV
(described by interactions with quarks) separately.
For ∆ <∼ 1 GeV, O1 and O2, lead to two-body decays

χ∗ → χ+ π0 with decay widths Γi (i=1,2)

α2
i

(∆2 −m2
π0)

√

(∆2 −m2
π0)(4m2 −m2

π0)

16 πm3
∗

, (3)

where m ≡ (m∗ + m)/2, α1 = Fπ m/Λ2
1, and α2 =

|〈ūu〉|/(FπΛ2
2). In the limit m ( ∆ > mπ0 , Γ1 is roughly

independent of the DM mass, and Γ2 ∝ ∆3/m2. Opera-
tors O3,4 result in three-body decays of χ∗ to χ plus two
pions. Neglecting pion masses and in the limit m ( ∆,

Γ3(χ∗ → χπ+π−) = 2Γ3(χ∗ → χπ0π0) =
〈ūu〉2∆3

48π3 F 4
πΛ

4
3

,

Γ4(χ∗ → χπ+π−) =
∆5

240π3Λ4
4

. (4)

For ∆ >∼ 1.5 GeV, the chiral Lagrangian is no longer a
suitable description, and we compute χ∗ → χqq̄,

Γ(χ∗ → χuū) =
ai
π3

∆5

Λ4
i

, (5)

where a1 = 1/20, a2 = ∆2/(560m2), and a3 =
a4 = 1/60. The decay produces soft jets of hadrons
(mostly pions with a small fraction of kaons) described
by the parton shower of QCD. The intermediate region of
1 GeV <∼ ∆ <∼ 1.5 GeV is complicated, and receives con-
tributions from resonances as well as multi-pion states.
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FIG. 2: Production cross section of pp → χe χ̄g j at the 7 TeV
LHC.

We have approximated the behavior in this region by re-
quiring the decay length smoothly interpolate between
the leading decay for small ∆ and the soft jet regime of
large ∆.
Decay lengths cτ0 as a function of ∆, for Λi = 1 TeV

and m = 5 GeV are shown in Fig. 1. Different values
of Λi rescale the presented lifetime by (Λnew/1 TeV)4.
For the chosen parameters, they vary from 1 cm to 10 m,
depending on ∆ and the operator mediating the decay.
As we shall see below, the most useful production regime
at a hadron collider results in relativistic χ∗ whose life-
times in the detector frame are given by cτ = γcτ0, where
γ = Eχ∗

/m∗. In our detailed LHC calculations below, we
include this dilation factor on an event-by-event basis.
Production of iDM particles at the LHC. At the

LHC, the interactions with quarks will result in events
containing one χ and one χ∗ in the final state. The
hadrons from the χ∗ decays are generally too soft to
be used as triggers. However, a “monojet” process,
p p → χ

∗
χ j (plus the conjugate χχ∗ j process) contain-

ing an additional unflavored jet j radiated from the initial
partons can provide a suitable trigger. After the χ∗ de-
cay, the final state consists of 2χ+ j+π’s, where because
of the long χ∗ lifetime, the π’s are produced far from the
primary interaction vertex, leading to a signature of a
monojet plus displaced pions.
Current LHC monojet searches [12, 13] rely on a miss-

ing energy trigger and apply a missing energy cut of
*ET > 150 GeV (at CMS). For the iDM signature, one
may use the same triggers and missing energy cut. We
simulate the expected production rate after the missing
energy cut at the 7 TeV LHC using Madgraph 5 [14] with
the CTEQ 6L1 [15] parton distribution functions (PDFs).
The results for the various operators are shown in Fig. 2.
For DM masses below around 50 GeV, the rates become
independent of the value of the mass itself, because the
/ET cut becomes the limiting factor for production.
In Fig. 3, we show the distribution of the γ factor for

the excited WIMP (after cuts) resulting from production

Y. Bai, TMPT  PLB & 1109.4144

M* = 1 TeV



From Sketch to Life



This Plot is Not the Point

(But it is interesting, and a good way to compare how to different categories of searches are doing with 
respect to a certain class of interaction types.)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

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

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

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

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

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

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

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

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

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

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

experiments.

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

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

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Outlook 
• The three pillars of dark searches have a lot of interplay and probe 

complementary parts of theory space.

• We can already see signs of that fact in wide angle views of very 
specific, UV-complete models, such as the MSSM.

• Before we have a full-fledged theory of dark matter, we may find it useful to 
start with a sketch.

• A sketch can be minimal and simple like the theory of contact interactions, 
or it may contain more states in the dark sector with richer 
phenomenology.

• Whatever the search or the signal of interest, we can construct our 
sketches and explore where they lead us.

• Ultimately, the goal is to flesh out the sketches into a full theory of dark 
matter.

• So who brought the crayons...?



Sketches of .... ...... 

...submit your dark papers here!
(Open Access Journal, NO AUTHOR FEES)
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EFTs for Lines
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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 coefficients in each energy bin. Arrows indicate 1σ 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 diffuse
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
χ2 = 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 χ2 = 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
γZ and γh assuming mh = 125 GeV (with χ2 = 3.33
for 3 d.o.f.) or a 127.3 ± 2.7 GeV WIMP annihilating
through γγ and γZ (with χ2 = 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

Finkbeiner, Su 1206.1616 

• 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!

Rajaraman, TMPT, Whiteson 1205.4723
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FIG. 5: Top, local statistical significance of the signal versus
WIMP mass and ratio of yields in the γγ and γZ lines in
the Reg4 region of interest defined in Ref. [6]. Bottom, the
contribution from γγ 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 αχ ∼ 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 effec-
tive theory framework.

The effective 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 γγ and
γZ, or γZ and γh, 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 γh
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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MiDM

• We can consider an inelastically 
scattering WIMP whose main 
interaction is through the photon 
portal.

• These models were proposed to 
reconcile DAMA with null results 
from other experiments.

• Amazingly enough, they also seem 
to work for similar parameters to 
explain the ~130 GeV feature in 
the Fermi gamma rays.
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Filling in Some Details

Const. acceptance
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• We can consider a wider range of 
simplified models with the mediating 
particles included explicitly.

• There is already some work in this 
direction on the case of a  Z’-
mediator completion.

• For a given collider energy, we can see 
the different regimes of Z’ mass and 
coupling.
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EFT Cartoon
• Here are some cartoons for how a SUSY-like Majorana WIMP can pick up 

couplings to quarks and/or gluons.

• Quarks:

• Gluons:

• Each requires new states with masses heavier than the WIMP.
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Bounds from Lines
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