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Direct detection: basics
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Direct detection: basics
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Aim: Measure the energy deposited by the recoiling nucleus

Ionisation

Scintillation

heat/phonons



• Two-phase experiment (liquid and gas)
• Scattered particles create two pulses: S1 and S2

Xenon experiments
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• Measurement consistent with background: No dark matter here

LUX results
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LUX arXiv:1310.8214

backgrounds
mostly here

Dark matter
(should be)
mostly here



Monojet signature
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• ‘Classic’ pair production search 
➡ Simple and striking signature: hard jet and MET

• Dark matter recoils against a QCD jet from initial state 
radiation (ISR)

Sarah Alam Malik

Simple and striking signature

25

Monojet Signature

- Simplest collider signature

- visible energy from jet, recoiling 
against particle(s) that do not interact 
with detector

Jet

Met

CMS: 1408.3583 
ATLAS: 1502.01518



Monojet: a real event
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Monojet results
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• Signal is a slight increase 
in the tail of the distribution

• Difficult to observe

• So far, no excess
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The error bars in the lower panel represent the
statistical uncertainty. Overflow events are included in the last bin.

ple; differences in muon acceptance and efficiency with respect to neutrinos; and the ratio of
branching fractions for the Z decay to a pair of neutrinos, and to a pair of muons (RBF). The
acceptance estimate is taken from the fraction of simulated events that pass all signal selection
requirements (except muon veto), having two generated muons with pT > 20 GeV and |h| < 2.4
and an invariant mass within the Z-boson mass window of 60–120 GeV. The efficiency of the
selection, which has the additional requirement that there be at least one isolated muon in the
event, is also estimated from simulation. It is corrected to account for differences in the mea-
sured muon reconstruction efficiencies in data and simulation. The uncertainty in the Z(nn)
prediction includes both statistical and systematic components. The sources of uncertainty are:
(1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2) uncertainty due
to backgrounds contributing to the control sample, (3) uncertainties in the acceptance due to
the size of the simulation samples and from PDFs evaluated based on the PDF4LHC [50, 51]
recommendations, (4) the uncertainty in the selection efficiency as determined from the differ-
ence in measured efficiencies in data and simulation and the size of the simulation samples,
and (5) the theoretical uncertainty on the ratio of branching fractions [52]. The backgrounds
to the Z(µµ) control sample contribute at the level of 3–5% across the Emiss

T signal regions and
are predominantly from diboson and tt processes. These are taken from simulation and a 50%
uncertainty is assigned to them. The dominant source of uncertainty in the high Emiss

T regions
is the statistical uncertainty in the number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV.
Table 1 summarizes the statistical and systematic uncertainties.

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
pT > 20 GeV and |h| < 2.4, and the transverse mass MT to be between 50 and 100 GeV. Here

MT =
q

2pµ
TEmiss

T (1 � cos Df), where pµ
T is the transverse momentum of the muon and Df is
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The error bars in the lower panel represent the
statistical uncertainty. Overflow events are included in the last bin.

ple; differences in muon acceptance and efficiency with respect to neutrinos; and the ratio of
branching fractions for the Z decay to a pair of neutrinos, and to a pair of muons (RBF). The
acceptance estimate is taken from the fraction of simulated events that pass all signal selection
requirements (except muon veto), having two generated muons with pT > 20 GeV and |h| < 2.4
and an invariant mass within the Z-boson mass window of 60–120 GeV. The efficiency of the
selection, which has the additional requirement that there be at least one isolated muon in the
event, is also estimated from simulation. It is corrected to account for differences in the mea-
sured muon reconstruction efficiencies in data and simulation. The uncertainty in the Z(nn)
prediction includes both statistical and systematic components. The sources of uncertainty are:
(1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2) uncertainty due
to backgrounds contributing to the control sample, (3) uncertainties in the acceptance due to
the size of the simulation samples and from PDFs evaluated based on the PDF4LHC [50, 51]
recommendations, (4) the uncertainty in the selection efficiency as determined from the differ-
ence in measured efficiencies in data and simulation and the size of the simulation samples,
and (5) the theoretical uncertainty on the ratio of branching fractions [52]. The backgrounds
to the Z(µµ) control sample contribute at the level of 3–5% across the Emiss

T signal regions and
are predominantly from diboson and tt processes. These are taken from simulation and a 50%
uncertainty is assigned to them. The dominant source of uncertainty in the high Emiss

T regions
is the statistical uncertainty in the number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV.
Table 1 summarizes the statistical and systematic uncertainties.

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
pT > 20 GeV and |h| < 2.4, and the transverse mass MT to be between 50 and 100 GeV. Here

MT =
q

2pµ
TEmiss

T (1 � cos Df), where pµ
T is the transverse momentum of the muon and Df is

LUX?
Interpretation

How should we interpret these results so that 
we learn more about dark matter



?
Interpretation
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One approach (unnamed experimentalist):
“Who cares!” 

“We should only care about positive detections;
why worry about interpreting no signal.”

How should we interpret these results so that 
we learn more about dark matter

Still useful to know what 
dark matter candidates 

we are excluding

Complementarity: Null searches still 
help us to understand positive 
detections (eg Fermi excess)



?
Interpretation
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Problem: In which framework should we interpret the search?
➡ There is no canonical dark matter model (outside SUSY…)

Different approaches taken:

1. Contact interaction/Effective field theory
2. Simplified models

How should we interpret these results so that 
we learn more about dark matter



• Treat the interaction as a contact (point-like) interaction

• Parameter of interest is the contact interaction scale

• Related to parameters in the full theory: 

1. Effective field theory (EFT)
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• Fermi could describe   -decay without knowing the 
microscopic details:

                                                where

This is not a new idea
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�
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• It is a very useful idea  
- we don’t need to know 

all details of the full theory

• Can (in principle) constrain
many different theories:

Goodman et al 
arXiv:1008.1783 



EFT in action: direct detection
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Billard et al 
arXiv:1307.5458
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One limit valid for multiple operators



• Directly constrain     (or       ) for various operators
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

M?

EFT in action: monojet

Separate limit for each operator



• Comparison with other dark matter searches is straightforward

Advantage of EFT approach
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arXiv:1210.4491 

CMS-PAS-EXO-12-048 

with indirect 
detection limits

with direct 
detection limits



• A contact interaction at direct detection:

• Contact interaction if

• Lots of theories satisfy this

A useful way to parameterise results 

EFT at direct detection: is it valid?
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d�

dER
/ (q2min +m2

A)
�2

qmin ⇡ 70� 100 MeV

Full propagator:

contact interaction:
d�

dER
/ m�4

A

EFT at direct detection: is it valid?
A useful way to parameterise results… but should still be careful:
• Proposal: Explain DAMA modulation and obtain relic density by 

exchanging a pseudoscalar (Arina, Del Nobile, Panci; arXiv:1406.5542)

10-2 10-1 10010-4

10-3

10-2

10-1

mA @GeVD

g q

DAMA HIL
LUX excluded

Excluded by
flavour constraints

Thermal cross section

mc = 36 GeV
Quark universal

gDM =
p
4⇡

Dolan, Kahlhoefer, CM, Schmidt-Hoberg; arXiv:1412.5174

Breakdown of contact interaction completely changes conclusions



• A contact interaction at the LHC:

EFT in monojet: is it valid?

Christopher McCabe    GRAPPA - University of Amsterdam

Good approximation if

MZ0 � Q

Busoni et al.: 1307.2253 

MZ0 & TeV



• Better estimate: Compare a simple model with EFT result

• Assumptions:
1. s-channel axial-vector mediator
2. Equal couplings to all quarks
3. No coupling to leptons or SM gauge bosons

• Said in Lagrangians:

                                        vs

Christopher McCabe    GRAPPA - University of Amsterdam

L � g�Z
0

µ�̄�µ�5� + gqZ
0

µq̄�µ�5q L � 1
⇤2

�̄�µ�5� �̄�µ�5�

Buchmueller, Dolan, CM 
arXiv:1308.6799

EFT in monojet: is it valid?



• Consider limit on

• Region I: EFT limit is valid
• Region II: EFT limit is too weak
• Region III: EFT limit is too strong

Christopher McCabe    GRAPPA - University of Amsterdam

⇤ =
mmedp
gqg�

mmed & 3 TeV

mmed . 500 GeV

EFT in monojet: is it valid?



EFT limit applies to a small class of theories

• Large mediator mass:

• Large couplings:

• Large mediator width:

Region I: EFT valid

Christopher McCabe    GRAPPA - University of Amsterdam

mmed & 3 TeV

p
gqg� =

mmed

⇤

� > mmed



EFT does not account for s-channel resonant enhancement

• Enhanced when

• The width plays a crucial role

• Peak height scales as

Region II: EFT too weak

Christopher McCabe    GRAPPA - University of Amsterdam

m2
med ⇠ 4m2

DM + /E
2
T

��1/4



EFT does not account for off-shell production

• Light mediator masses

• Events with a light mediator 
are much softer

• EFT overestimates number
of DM events produced
➡ limit on     is too strong

Region III: EFT too strong

Christopher McCabe    GRAPPA - University of Amsterdam

CMS cut 

mmed < 500 GeV

⇤



Other problems
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• Comparison with direct detection:

• Naive application of EFT limit gives the impression that the 
LHC limit is stronger for mDM . 1 TeV



Other problems
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• Comparison with direct detection:
• Translate monojet limit to scattering cross section:

- Remember dependence on            !

• As           decreases, direct detection limit is stronger

mmed

�n / ⇤�4

mmed



• EFT/contact interaction works well for direct detection
➡ valid for most models (mediator > 100 MeV)

• EFT/contact interaction has problems with monojet search
➡ EFT doesn’t capture kinematics of monojet search 
➡ no resonance, no off-shell mediator production
➡ Naive comparison with direct searches can be misleading

Is there a another approach for the monojet search…?

EFT interpretation: mini-summary

Christopher McCabe    GRAPPA - University of Amsterdam



Beyond EFT…
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More
 complete

Complete 
Dark Matter

Models

Dark Matter 
Effective Field Theories

Minimal 
Supersymmetric 
Standard Model

Universal 
Extra

Dimensions
Little
Higgs

Contact
Interactions

“Sketches of models”

Z′ boson
Simplified

Dark Matter
Models

Higgs
Portal “Squarks”

Dark
Photon

Dipole
Interactions

Less complete

FIG. 1. Artistic view of the DM theory space. See text for detailed explanations.

us to describe the DM-SM interactions mediated by all kinematically inaccessible

particles in an universal way. The DM-EFT approach [3–9] has proven to be very

useful in the analysis of LHC Run I data, because it allows to derive stringent bounds

on the “new-physics” scale ⇤ that suppresses the higher-dimensional operators. Since

for each operator a single parameter encodes the information on all the heavy states

of the dark sector, comparing LHC bounds to the limits following from direct and

indirect DM searches is straightforward in the context of DM-EFTs.

(II) The large energies accessible at the LHC call into question the momentum expansion

underlying the EFT approximation [6, 9–16], and we can expand our level of detail

toward simplified DM models (for early proposals see for example [17–22]). Such

models are characterized by the most important state mediating the DM particle

interactions with the SM, as well as the DM particle itself. Unlike the DM-EFTs,

simplified models are able to describe correctly the full kinematics of DM production

at the LHC, because they resolve the EFT contact interactions into single-particle s-

channel or t-channel exchanges. This comes with the price that they typically involve

not just one, but a handful of parameters that characterize the dark sector and its

6

Complexity/number of free parameters

Abdallah et al 
arXiv:1506.03116



• Characterise collider dark matter production with a small 
number of variables

2. Simplified models

Christopher McCabe    GRAPPA - University of Amsterdam

Buchmueller, Dolan, 
 Malik, CM 

arXiv:1407.8257
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• Same parameters also characterise direct searches

2. Simplified models
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Buchmueller, Dolan, 
 Malik, CM 

arXiv:1407.8257
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• Same parameters also characterise direct searches

2. Simplified models
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Buchmueller, Dolan, 
 Malik, CM 

arXiv:1407.8257
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• We need to fix two parameters to show results:

• Limits valid for all dark matter and mediator masses
• Includes resonant enhancement/off-shell suppression effects

Slicing through parameter space

Christopher McCabe    GRAPPA - University of Amsterdam
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• We need to fix two parameters to show results:

• Better elucidation of the complementarity between collider and 
direct searches 

Slicing through parameter space
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• We need to fix two parameters to show results:

• Better elucidation of the complementarity between collider and 
direct searches 

Slicing through parameter space
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Figure 11. Comparisons between the 90% CL mono-jet limit in our MSDM models (blue solid
line) and the EFT framework (green dashed) in the two-dimensional planes considered previously.
The red dot-dashed line shows the LUX limit. The left and right panels are for axial-vector and
vector mediators respectively. The MSDM and EFT limits should agree in the domain where
the EFT framework is valid. The EFT limits both underestimate the MSDM limit (by missing
the resonant enhancement) or overestimate it (by missing o↵-shell production of the mediator).
This may lead to a misleading conclusion regarding the relative sensitivity of mono-jet and direct
detection searches. A simple criterion for the validity of the EFT approach is that Mmed > 2mDM.
The line Mmed = 2mDM is shown in the upper left panel. Even in the valid region, the EFT limit
fails to accurately reproduce the MSDM limit for these parameters.

approach. This quantitatively demonstrates that a naive application of the EFT limits can

lead to incorrect conclusions about the sensitivity of mono-jet searches and is an example

of a well-defined model for which the model-independent EFT limits poorly approximate

the underlying limits in a more-complete theory.
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• We need to fix two parameters to show results:

• Better elucidation of the complementarity between collider and 
direct searches 

g�

gq

mDM

Mmed

Slicing through parameter space

Christopher McCabe    GRAPPA - University of Amsterdam
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• EFT limit overestimates at high mass/underestimates at low 
mass

Comparison with direct detection

Christopher McCabe    GRAPPA - University of Amsterdam
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Figure 1. A comparison of the current 90% CL LUX and SuperCDMS limits (red and orange
lines, respectively), the mono-jet limits in the MSDM models (blue lines) and the limits in the EFT
framework (green line) in the cross section vs mDM plane used by the direct detection community.
The left and right panels show the limits on the SD and SI cross sections appropriate for axial-
vector and vector mediators respectively. For the MSDM models we show scenarios with couplings
gq =gDM = 0.25, 0.5, 1.0, 1.45.

interaction problematic. For gq = g
DM

. 0.25 the 8 TeV CMS mono-jet search no longer

has su�cient sensitivity to place a significant limit on the parameter space.

Figure 1 also shows the limit obtained from an interpretation of the mono-jet search in

the framework of the EFT (green line). The EFT limits should agree with the MSDM limit

in the domain where the EFT framework is valid. We see that it is only for the extreme

coupling scenario gq = g
DM

= 1.45 that the EFT limit approximates the MSDM limit,

and only for DM masses below around 300 GeV. For larger m
DM

the EFT fails to describe

any of the coupling scenarios. For weaker couplings, the MSDM limits get stronger for

DM masses below around 50 to 300 GeV, due to the resonant enhancement of the cross

section for a s-channel mediator that was explained above. This e↵ect is absent within

the EFT framework. The reach in DM mass of the MSDM limits increases with larger

couplings. Overall, this comparison of the EFT and MSDM limits demonstrates again

that the EFT framework is unable to capture all of the relevant kinematic properties of

the collider searches, which is demonstrated by the large disparity between the EFT and

MSDM limits. Comparing EFT collider limits with those of DD searches gives a misleading

representation of the relative sensitivity of the two search strategies, especially for weaker

coupling scenarios and m
DM

& 300 GeV.

Finally Figure 1 also shows the LUX limits for both interactions (red lines) and the

spin-independent SuperCDMS limit (orange lines). Whilst the comparison of the DD

search result with the EFT collider limit is biased, a comparison with the MSDM limits

from the LHC mono-jet analysis, which properly describes the kinematic properties of

the collider search, represents a comparison of collider and DD experiments on an equal

– 5 –

Malik, CM et al 
arXiv:1409.4075



• Map results into cross-section plane

Future projections

Christopher McCabe    GRAPPA - University of Amsterdam

Possible to search below the neutrino floor

Malik, CM et al 
arXiv:1409.4075



• Extendable to other mediators

• Path from contact interaction to simplified model is more 
complex: resolving both the top-loop and scalar mediator

Scalar/Pseudoscalar

Christopher McCabe    GRAPPA - University of Amsterdam

Buckley, Feld, 
 Goncalves 

arXiv:1410.6497



Scalar/Pseudoscalar

Christopher McCabe    GRAPPA - University of Amsterdam
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Figure 6. Present mono-jet exclusion regions at 95% CL for pseudo-scalar mediators. The latest
Fermi-LAT 95% CL bound on the total velocity-averaged DM annihilation cross section h�v�i is
indicated by the solid blue curves. Apart from this the same colour coding and choice of parameters
as in Figure 5 is adopted.

(gSDM . 2). This feature is easy to understand by noticing that for our choice of parameters
one has MS < 2mt, which implies that �S ' �(S ! �̄�) / �

gSDM

�2. The width of the
scalar mediator thus grows quadratically with gSDM and for gSDM & 6 one ends up in the
unphysical situation where �S > MS (brown contour). For a broad (narrow) resonance it is
however known (see for instance [3, 9, 53] for the case of vector and axial-vector mediators)
that EFT cross sections tend to overestimate (underestimate) the exact results. This is a
general shortcoming of the EFT framework that can only be overcome by calculating /ET

signals in a simplified model such as (2.1).
For comparison we also show in the gSSM–gSDM plane the restriction on �S

SI provided by
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Figure 5. Present mono-jet exclusion regions at 95% CL (red contours) for scalar mediators. In
the gS

SM–gS
DM plane (upper left panel) the values m� = 100 GeV and MS = 300 GeV have been

employed, while in the gS –m� plane (upper right panel) we have identified gS = gS
SM = gS

DM and
fixed the scalar mediator mass to MS = 300GeV. The results in the gS –MS plane (lower left panel)
use the same identification and a DM mass of m� = 100GeV, whereas in the MS –m� plane (lower
right panel) the couplings have been set to gS

SM = gS
DM = 4. For comparison the regions with

�S > MS (brown contours), the current LUX 90% CL constraint on �N
SI (solid blue curves), the

parameter spaces with ⌦�h2 < 0.11 (dot-dashed purple curves), the EFT limits (dashed red curves)
and the regions with MS > 2m� (dotted black lines) have been indicated.

to scenarios with couplings gSSM of order of a few is hence robust against variations of the
remaining parameters.

The exact 95% CL exclusion region should be contrasted with the limits that follow
from an EFT interpretation (dashed red curve) of the /ET + j searches. We observe that for
the considered values of m� and MS , the EFT bounds are too strong (weak) for gSDM & 2

– 15 –

Scalar

simplified model excluded region

Exclusion limit if you naively used the EFT limit

Haisch, Re 
arXiv:1503.00691



• ATLAS and CMS formed a working group to reach a 
consensus on which approach to take going forward

arXiv:1507.00966

Use simplified models when possible - will also still see some 
EFT results for certain benchmark models

CMS have shown first 
results in the simplified
model framework
CMS-EXO-12-055-PAS
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Figure 9: 90% CL Exclusion contours in the mmed � mDM plane assuming a vector (a), axial-
vector (b), scalar (c), or pseudoscalar (d) mediator. The blue scale shows the 90% CL upper
limit on the signal strength assuming the mediator only couples to fermions. In all of the
mediator models, a minimum width is assumed.

Future recommendations

Christopher McCabe    GRAPPA - University of Amsterdam



Summary

Christopher McCabe    GRAPPA - University of Amsterdam    

• Exciting time for dark matter searches!
➡ WIMPs under assault from many experimental searches

• Crucial to interpret dark matter searches in the right framework

• Comparing LHC monojet searches with other dark matter
searches is not straightforward
➡ EFT approach constrains few theories and naïve comparison

with direct detection can lead to incorrect conclusions 

• Need to go beyond EFT 
➡ ‘Simplified models’ capture more physics but at the expense

of extra parameters



Thank you

Christopher McCabe    GRAPPA - University of Amsterdam



Backup
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A slice through CMS

Christopher McCabe    GRAPPA - University of Amsterdam
Sarah Alam Malik 12

Muon

Electron

Charged 
hadron

Neutral 
hadron

Photon

Neutrino

Neutrinos traverse the detector without any interaction
DM particles, being neutral and weakly interacting will look much like neutrinos in our 
detectors

Passage of particles through the CMS detector



A dark matter event

Christopher McCabe    GRAPPA - University of Amsterdam



The Large Hadron Collider

2011 2012 2015-18

Energy
(     ) 7 TeV 8 TeV 13 TeV

Integrated 
luminosity 5 fb-1 20 fb-1 150 fb-1

p
s



Warning

Christopher McCabe    GRAPPA - University of Amsterdam

• Things to remember:
- Colliders cannot prove stability beyond the apparatus
- The dark matter mass reconstruction will be poor
- Colliders cannot distinguish single and multiple invisible particles
- May give little information on the nature of interaction, spin of the 

dark matter, its quantum numbers…

Interpreting any signal will be challenging



• At the heart of all collider searches for dark matter

• MET search used to discover W-boson with UA1 
➡ has been a major tool for hadron colliders ever since

Missing transverse energy (MET or      )

Sarah Alam Malik 13

Missing Transverse Energy
At the heart of all DM searches at colliders : Missing transverse energy (MET)

➡ DM neutral and weakly interacting
➡ only infer its presence in detector from 

imbalance in transverse momentum of all 

visible particles

➡MET = negative of the vector sum of the transverse 

momenta of all particles reconstructed in the event

Christopher McCabe    GRAPPA - University of Amsterdam

ET

MET = negative of the vector sum 
of the transverse momenta of  all 
visible particles in the event



LHC search categorisation

Christopher McCabe    GRAPPA - University of Amsterdam

DM

DM

DM

DM

2 mDM

2 Mpartner

Energy
(of partons)

Dark matter produced in cascade 
decays from heavier new states

eg SUSY cascade searches

LHC directly produces dark 
matter pairs

eg Mono-X searches

LHC cannot produce dark matter



• Event selection: 

- Large missing transverse energy: 
- One energetic jet: 
- One additional jet if                        and 

• Main backgrounds:

CMS search search (ATLAS similar)

Christopher McCabe    GRAPPA - University of Amsterdam

Irreducible background;
looks like signal

        not detected
    decays hadronically

e/µ
⌧

/ET > 500 GeV

pT > 100 GeV

pT > 30 GeV ��(j1, j2) < 2.5

Sarah Alam Malik

Z

ν

ν
W

e/μ/τ

ν
jet

Mis-measured jet

QCD, jet is mismeasured, 
producing Met.

jet

jet jet

Met 

29

Measurement Strategy

- ‘cut and count’ : apply event selection and count number of events in signal region
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

Backgrounds

Signal

Z→νν +jet, irreducible background, 
looks just like signal

W+jets, e/u is not detected, tau 
decays hadronically 

W±(! l±⌫) + jet

Sarah Alam Malik
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W
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ν
jet

Mis-measured jet

QCD, jet is mismeasured, 
producing Met.

jet

jet jet

Met 

29

Measurement Strategy

- ‘cut and count’ : apply event selection and count number of events in signal region
- look for excess of events above those expected from SM backgrounds
- understanding of backgrounds is crucial

Backgrounds

Signal

Z→νν +jet, irreducible background, 
looks just like signal

W+jets, e/u is not detected, tau 
decays hadronically 

Z(! ⌫⌫) + jet

CMS: 1408.3583 
ATLAS: 1502.01518



True model independent limit

Christopher McCabe    GRAPPA - University of Amsterdam

• What the experiments constrain:
cross-section x acceptance x efficiency

8 7 Interpretation
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Figure 4: The model-independent observed and expected 95% CL upper limits on the visible
cross section times acceptance times efficiency (s ⇥ A ⇥ #) for non-SM production of events.
Shaded areas show the ±1s and ±2s bands on the expected limits.

renormalization/factorization scales, evaluated by varying simultaneously the renormaliza-
tion/factorization scale up and down by a factor of 2; modeling of the ISR; simulation of event
pileup; and the integrated luminosity measurement. The PDF uncertainty is also evaluated
using the LO PDFs (MSTW2008LO [60] and NNPDF21LO [61]) and found to be consistent with
the results from the NLO PDFs. The ISR uncertainty is estimated by varying parton shower
parameters within PYTHIA for all signal models. In addition, for the dark matter models, a
further uncertainty in ISR is obtained by considering the difference in acceptance and cross
section from the nominal generated samples to those where a pT threshold of 15 GeV is applied
on the generated partons and the MLM matching prescription is used to match the matrix el-
ement calculation to the parton shower in PYTHIA, with the matching pT scale of 20 GeV. The
dominant uncertainties are from the modeling of the ISR, which contributes at the level of 5%
for the dark matter models and 12% for ADD/unparticle models, and the choice of renormal-
ization/factorization scale, which leads to an uncertainty of around 10% for ADD/unparticle
models and 15% for the dark matter models. In addition, the uncertainty on the scalar dark
matter model is dominated by the PDF uncertainty, which ranges from 7% for low DM mass
and up to 30% for high DM mass.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for Emiss

T > 500 GeV, whereas for unparticles the optimal selection varies from Emiss
T > 300 GeV

for LU = 1 TeV to Emiss
T > 500 GeV for larger values of LU.

7 Interpretation

The observed limit on the cross section depends on the mass of the dark matter particle and
the nature of its interaction with the SM particles. The limits on the effective contact interaction
scale L as a function of Mc can be translated into a limit on the dark matter-nucleon scattering
cross section using the reduced mass of the c-nucleon system [9].

Within the framework of the effective field theory, we extract limits on the contact interaction



• We need to fix two parameters to show results:

• Better elucidation of the complementarity between collider and 
direct searches 

g�

gq

mDM

Mmed

Slicing through parameter space
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• We need to fix two parameters to show results:

• Better elucidation of the complementarity between collider and 
direct searches 

g�

gq

mDM

Mmed

Slicing through parameter space
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