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Collider

How are dark matter 
signals correlated?
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Indirect Detection

Direct
Detection



Effective DM 
see e.g. Beltran e.t.al., Goodman et.al., Bai et.al.

Consider only dark 
matter state w/ one

effective operators to SM
at a time

Pros:  Simple 2-d parameter space, allows comparison
between monojets and direct detection

Cons:  WIMP miracle put in by hand, potentially
new signals in UV completion, multiple operators may 

be important  
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A Complete Model: PMSSM Study 
Cahill-Rowley et.al. 1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded
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Pros:   Theoretically Motivated, All Effects (e.g. NLO,
coannihilation)

Cons:  Multi-dimensional parameter space, signal 
correlations harder to see, sensitive to theory priors
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Approaches

Effective Operators, aka “Effective Dark 
Matter”

A complete WIMP theory, e.g. 
Supersymmetric Dark Matter

We are proposing a useful compromise: 
“Effective WIMPs”
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Effective WIMP

Lint = ��(SM)(gSM)⇤

For a UV complete model, typically have to add new 
particles (however see Minimal DM, Higgs Portal)

If we assume DM is gauge singlet, have to introduce
partners to SM particles

3 parameters: masses of DM, partner and interaction 
strength.  However, can fix one by relic abundance

Natural Z2 symmetry for DM stability
6



Discrete Choices
We considered DM of spin 0, 1/2, 1 

with renormalizable
couplings to left-handed quarks

From flavor assume quark partners are
degenerate and DM couples to

all, first two or just third generation

DM can be “real or complex”
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Effective Interaction

χ

χ

q

q

Q

Relic Abundance, Indirect

Collider

Direct
Detection

|M |2 / �4

Caveat:  QCD
production of Q

Impose relic
abundance to get

rates
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Direct Detection vs Relic 
Abundance

For complex dark matter (e.g. Dirac or complex scalar)
no symmetry to forbid vector-vector coupling to quarks

Due to large matrix element of quark vector operator
in nucleons, one finds

�
nucleon

=
�4m2

nucleon

4⇡m4
Q

⇠ m2
nucleon

m2
�

�
ann

⇠ m2
nucleon

m2
�

10�36cm2

XENON100 limit requires multi-TeV DM
which is uninteresting for colliders
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Real Dark Matter Models
Due to suppressed matrix elements, not ruled 

out by direct detection unless mDM ≈ mQ

due to s-channel resonance 

χ

χ

q

q

Q Direct
Detection



Collider Probe - Squark Searches
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Fig. 2. Feynman diagrams contributing to monojet signals at a hadron collider.
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Fig. 3. Feynman Diagrams contributing to jets plus missing energy signals at

a hadron collider. For scalar quark partners Q, there is an additional diagram

involving the gluon-Q quartic interaction that is not shown.

that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined

set of physical assumptions. From all of these points of view, we believe these models

can provide insight into the complementarity between these di�erent approaches to

testing the WIMP hypothesis.

Our main conclusion is that collider and direct detection experiments are remark-

5

Dijets
+MET

For real DM, t-channel process allows to produce
same sign quark partners, using valence quark pdfs

Its xsec goes as λ4, which for relic abundance grows
as mQ

4, thus compensating for pdf drop
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Dijets
+MET

New t-channel Process

For real DM, t-channel process allows to produce
same sign quark partners, using valence quark pdfs

Its xsec goes as λ4, which for relic abundance grows
as mQ

4, thus compensating for pdf drop
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Example:  Majorana DM Coupled 
To All Quarks

tion has enhanced sensitivity, because the energy denominator suppressing the direct

detection cross section is mQ � m�. In fact, the current XENON100 limit already

rules out the entire region near the degenerate limit. In this region, co-annihilation

becomes important, and this was not included in our relic abundance calculations,

so these limits are not fully reliable. However, as can be seen in the XENON1T and

LUX projections, the improvements in future years in spin-independent direct detec-

tion limits will push the sensitivity into a region where the coannihilation e�ects are

negligible. The collider limits on the degenerate region are also expected to improve,

so in future years we may expect direct detection and collider searches to fully probe

this region.

Note that the direct detection bounds are very weak for m� ⇥ mQ. This is due

to the fact that the spin-dependent cross section goes as m�4
Q , as shown in Table 2.

This feature is not present in the other models considered below, so in these cases

direct detection is more sensitive for m� ⇥ mQ.

Fig. 4. Limits on Majorana dark matter coupling to all generations. The limits

from the CMS dijet searches are shown with lines (black dot dashed, green dot

dashed, brown solid) taking into account the production modes (all, QCD only,

bottom quark) and the CMS monojet is shown in red dotted. The direct detection

limits (XENON100 in blue solid, projected LUX and XENON1T in dashed) have an

edge at m� ⌅ mt due to the e�ects of the top quark on the relic abundance. There

are two regions where the results have large uncertainties. In the grey region mQ <

1.1m�, coannihilation e�ects can strongly suppress �, weakening the bounds. In

the black region mQ ⇤ m�, � > 3 is required to obtain the correct relic abundance.
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FIG. 5: Bounds on gDM from neutron-WIMP
spin-dependent XENON100 Limits on Majorana Dark

Matter.
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FIG. 6: The combined lowest bounds on gDM from CMS,
XENON100, and XENON10 for Dirac Dark Matter.
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Note that the direct detection bounds are very weak for m� ⇥ mQ. This is due

to the fact that the spin-dependent cross section goes as m�4
Q , as shown in Table 2.

This feature is not present in the other models considered below, so in these cases

direct detection is more sensitive for m� ⇥ mQ.

Fig. 4. Limits on Majorana dark matter coupling to all generations. The limits

from the CMS dijet searches are shown with lines (black dot dashed, green dot

dashed, brown solid) taking into account the production modes (all, QCD only,

bottom quark) and the CMS monojet is shown in red dotted. The direct detection

limits (XENON100 in blue solid, projected LUX and XENON1T in dashed) have an

edge at m� ⌅ mt due to the e�ects of the top quark on the relic abundance. There

are two regions where the results have large uncertainties. In the grey region mQ <

1.1m�, coannihilation e�ects can strongly suppress �, weakening the bounds. In

the black region mQ ⇤ m�, � > 3 is required to obtain the correct relic abundance.
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Majorana 3rd Gen Only
Fig. 5. Limits on Majorana dark matter coupling to the lightest two generations.

Labeling as in Fig. 4.

Fig. 6. Limits on Majorana dark matter coupling to third generation only. Labeling

as in Fig. 4.

3.2 Real scalar dark matter

For this model, both the s- and p-wave annihilation cross sections are chirally sup-

pressed. Therefore, if the dark matter couples only to the lightest two generations,

its interaction strength is required to be non-perturbatively strong to get the right

relic abundance unless mQ � 400 GeV. However, this region is excluded by the

XENON100 and CMS monojet limits. Thus, we present results only for the cases of

19
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Vector DM All Quarks

Fig. 8. Limits on real scalar dark matter coupling to third generation only. Label-

ing as in Fig. 4.

receives an enhancement of � m2
Q/m

2
⇤ due to the qµq⇥/m2

⇤ part of the dark matter

propagator. This enhancement will be cut o� by the Higgs sector responsible for

giving a mass to the dark matter vector particle, and so the t-channel bound given

here is too strong. In a complete model, the collider limit will be somewhere between

the bounds with and without the t-channel contribution. The monojet bounds are

not a�ected by this theoretical uncertainty, and these extend to large values of mQ.

Fig. 9. Limits on real vector dark matter coupling to all generations. Labeling as

in Fig. 4.
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Vector DM 3rd Generation Quarks
Fig. 10. Limits on real vector dark matter coupling to the lightest two generations.

Labeling as in Fig. 4.

Fig. 11. Limits on real vector dark matter coupling to third generation only.

Labeling as in Fig. 4.

4 Conclusions

We have proposed and studied a new phenomenological approach to interpreting dark

matter searches, based on a minimal particle content required to explain WIMP dark

matter. The models consist of a singlet dark matter particle coupling to quarks and

‘quark partners.’ We consider dark matter with spin 0, 1
2 , and 1 that is or is not its

own antiparticle. In each case, imposing the constraint that the dark matter have

22
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Real Scalar DM

Fig. 7. Limits on real scalar dark matter coupling to all generations. Labeling as

in Fig. 4.

coupling to all generations and the third generation only. The results are shown in

Figs. 7 and 8. If m� < mt, the coupling � cannot account for the relic abundance

unless mQ <� 700 GeV.

Note that the CMS dijet limits are enhanced with respect to the Majorana models

because fermion quark partners have a larger production cross section than scalar

quark partners. The constraints using just the QCD production mechanism would

already rule out quark partners up to about 1 TeV for light dark matter. Including

the t-channel, again extends the limit to higher masses.

In the models where dark matter couples to all generations, the XENON100 limit

is comparable to the CMS monojet limit. This is a result of the relic abundance

constraint: the value of � required to get the right relic abundance drops sharply

once m� > mt.

3.3 Real vector dark matter:

For the real vector dark matter model, the interaction strength is small, since neither

the s and p-wave cross sections are chirally suppressed. The results are in Figs. 9, 10,

and 11. These smaller couplings lead to weaker direct detection constraints than the

real scalar dark matter case. Note the behavior of an asymptotic limit as mQ ⇥ m� is

explained by the fact that in this limit, ⇥SI only depends on m� (see Table 2). On the

other hand, the collider constraints are still strong due to the large cross section for

fermion quark partners and the t-channel mechanism. The t-channel matrix element

20

Fig. 8. Limits on real scalar dark matter coupling to third generation only. Label-

ing as in Fig. 4.

receives an enhancement of � m2
Q/m

2
⇤ due to the qµq⇥/m2

⇤ part of the dark matter

propagator. This enhancement will be cut o� by the Higgs sector responsible for

giving a mass to the dark matter vector particle, and so the t-channel bound given

here is too strong. In a complete model, the collider limit will be somewhere between

the bounds with and without the t-channel contribution. The monojet bounds are

not a�ected by this theoretical uncertainty, and these extend to large values of mQ.

Fig. 9. Limits on real vector dark matter coupling to all generations. Labeling as

in Fig. 4.
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Monojet features
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Fig. 2. Feynman diagrams contributing to monojet signals at a hadron collider.

� g2s � g2s � |�|2

Q
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q
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⇥

Fig. 3. Feynman Diagrams contributing to jets plus missing energy signals at

a hadron collider. For scalar quark partners Q, there is an additional diagram

involving the gluon-Q quartic interaction that is not shown.

that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined

set of physical assumptions. From all of these points of view, we believe these models

can provide insight into the complementarity between these di�erent approaches to

testing the WIMP hypothesis.

Our main conclusion is that collider and direct detection experiments are remark-

5
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2mQ
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production
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ISR Modeling
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Fig. 3. Feynman Diagrams contributing to jets plus missing energy signals at

a hadron collider. For scalar quark partners Q, there is an additional diagram

involving the gluon-Q quartic interaction that is not shown.

that they should be taken seriously as phenomenologically-motivated models of dark

matter under the assumption that a small number of states is relevant. Another point

of view comes from the fact that these models are also the minimal ones that can

explain an excess in collider searches for jets plus missing energy, perhaps the most

promising channel for the discovery of SUSY. If a signal is seen in jets+MET, it would

immediately raise the question of whether WIMP dark matter is being produced in

these events. In the context of the models we are considering, the rate and kinematics

of such a signal would point to a specific region of the parameter space, which can

be additionally probed by both monojet searches and direct detection experiments.

A confirmation of the model predictions is clearly interesting, while ruling out the

model tells us that additional states are required if the missing energy is due to

WIMP dark matter. Finally, these models can be viewed as ‘simplified models’ [23]

that parameterize the constraints of experiments in terms of a model with only the

ingredients relevant for the signal. In this case, they provide a well-defined mapping

between collider and astrophysical constraints on dark matter based on a well-defined

set of physical assumptions. From all of these points of view, we believe these models

can provide insight into the complementarity between these di�erent approaches to

testing the WIMP hypothesis.

Our main conclusion is that collider and direct detection experiments are remark-
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5

ity from CMS collaboration [34] 1. To use their limit,
we generate signal events using MadGraph5/MadEvent
[31]. We use CTEQ6L1 parton distribution function
(PDF) [32] with 5 flavor quarks in initial state. The par-
ton level events are showered using PYTHIA6.4 [36] and
the detector simulation is done using PGS4 with anti-
kT jet algorithm with a distance parameter of 0.5. We
require the signal events passing the cuts as following:

• Only one central jet which satisfies pT > 110 GeV,
|�| < 2.4.

• At most two jets which satisfy pT > 30 GeV, |�| <
4.5.

• No isolated electron whose pT > 10 GeV, |�| < 1.44
or 1.56 < |�| < 2.5.

• No isolated muon whose pT > 10 GeV, |�| < 2.1.

• ⇧ ET > 120 GeV.

• For events with a second jet, �⇥j1j2 < 2.5.

Events which pass those cuts are separated in seven sig-
nal regions according to the ⇧ ET in the event; ⇧ ET >
200, 300, 350, 400, 450, 500, 550 GeV. The observed upper
limit is 4695, 2035, 882, 434, 157, 135 and 131 events for
each region [34]. In this work, the ⇧ ET > 450 GeV chan-
nel is used since it gives the most stringent constraint.
The leading order parton level Feynman diagrams are

shown in Fig. 2, where for the qq̄ ⌅ g⇤⇤(⇤̄) process, a
gluon can be emitted from both the initial quarks as well
as the intermediate ⇥. In the small M� region where the
mediator can be produced on shell, the qg ⌅ q⇤⇤(⇤̄)
process shown in Fig. 2(d1-d4) becomes a two-body pro-
cess. Apart from the enhancement from the phase space,
this process also benefits from larger parton distribution
function of the gluon compared to the anti-quark in the
qq̄ ⌅ g⇤⇤(⇤̄) process. Therefore, this process dominates
if ⇥ can be produced on shell. However, in the larger M�

region where ⇥ cannot be produced on shell, the scat-
tering matrix element contributed from (c) and (d1,d2)
is suppressed by M�2

� , which is therefore subdominant.
We note that diagrams (d3) and (d4) give the dominant
contribution even in the heavy mediator case, especially
a large jet pT cut is added. This is easy to understand.
The jet which comes from the initial state radiation has
a collinear singularity and tends to follow the initial state
parton moving direction, while the jet coming from the
e⇥ective operator does not. The cross section from the
dimension 8 operator does depend on the jet pT cut due
to the phase space integral. But such a polynomial de-
pendence drops much slower than the double logarithm
dependence in initial state radiation process from QCD

1 ATLAS collaboration also publish their result in this chan-
nel with 8 TeV pp collision, with lower luminosity which is
10fb�1 [35]

when the pT,cut increases. Thus, the validity of using a
contact operator depends not only on whether the medi-
ator is light to be produced at the LHC, but also on the
jet pT cut. Considering the e⇥ect from the PDF, in the
heavy mediator case, the most important contribution
will come from the diagrams (d3) and the contribution
from (c) could be negligible generally.
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FIG. 4: The constraints to the t-channel mediator model from
both monojet+ � ET and di-jet+ � ET searches at the 8 TeV LHC
with 19.5 fb�1 integral luminosity. Both mono-jet and di-jet
constraints are shown.

In the region that ⇥ can be produced, the momentum
of the jet produced by the decay of ⇥ is about (M2

� �
M2

⇥)/2M� in the rest frame of ⇥. Therefore, in the case
that M⇥ ⇤ M�, the pT distribution of the jet is flat
around M�/2. Therefore, the limit benefits from a large
pT cut of the jet, or equivalently a large ⇧ ET cut. We
find ⇧ ET > 500 GeV gives the most stringent constraint
on this model.
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Real Scalar DM coupled to light quarks
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