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3 Pillars of Dark Matter Searches
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COLLIDER

INDIRECT DETECTION
(in LHC we trust...)

DIRECT DETECTION
DM Nucleus → DM Nucleus

p p → DM+X

DM DM → e+e− , . . .



• Dark Matter searches @ LHC: 
          mono-jets, effective operators and all that...

    
• dead ends? way out?

• outlook for the next LHC Run

Outline
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•  Dark Matter in a collider is like a neutrino (missing ET)

•  if stabilized by a Z2 symmetry             DM produced in pairs

• Difficult search, unless correlating missing ET with other handles 

  [ - jets/photons from initial state radiation? 
    - displaced vertices?
    - accompanying particles? ]

• NEED NEW IDEAS!

Collider Searches
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Some trivial considerations:

DMp

p DM
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Mono-jet/Mono-Photon

PRODUCTION OF DARK MATTER AT CMS
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels

for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess

of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists

mainly of (Z → νν)+ j and (W → �invν)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been

performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-

jets in 1 fb−1 of data, although we will also compare to the earlier CMS analysis [23], which used

36 pb−1 of integrated luminosity. The ATLAS search contains three separate analyses based on

successively harder pT cuts, the major selection criteria from each analysis that we apply in our

analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |η(j1)| < 2, and events

are vetoed if they contain a second jet with pT (j2) > 30 GeV and |η(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |η(j1)| < 2, and events

are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV or

∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |η(j1)| < 2, and

events are vetoed if there is a second jet with |η(j2)| < 4.5 and with either pT (j2) > 60 GeV

or ∆φ(j2, /ET ) < 0.5. Any further jets with |η(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |η(e)| < 2.47
and pT (e) > 20 GeV and for muons as |η(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events

are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity

|η(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with

the leading jet is ∆φ(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are

vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and

observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Direct Detection (t-channel) Collider Searches (s-channel)

Monophoton + MET Monojet + MET
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✓ constrain DM-quarks interactions 
    and translate into limits on 
    DM-nucleon cross-section

✓ complementary/
    competitive with 
    direct detection

✓ no astrophysical 
    uncertainties

 [ GeV ]!WIMP mass m
1 10 210 310

 ]2
W

IM
P-

nu
cl

eo
n 

cr
os

s 
se

ct
io

n 
[ c

m

-4110

-4010

-3910

-3810

-3710

-3610

-3510

ATLAS , 90%CL-1 = 7 TeV, 4.7 fbs

Spin-dependent

SIMPLE 2011
Picasso 2012

Dirac
)!! j("qD8: CDF q

Dirac
)!! j("qD8: CMS q

Dirac
)!! j("qD8: q
Dirac

)!! j("qD9: q
theory#-1 

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

– 28 –
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Figure 7: Comparison of CMS 90% CL upper limits on the dark matter-nucleon cross section

versus dark matter mass for the vector operator with CDF [54], SIMPLE [55], CDMS [21],

COUPP [56], Super-K [26] and IceCube [25] and for the axial-vector operator with CDF [54],

XENON100 [18], CoGeNT [19] and CDMS [21, 22]
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function of the number of extra dimensions and the production of Unparticles. These

constraints are an improvement over previous results.

References
[1] M. Beltran et al., “Maverick dark matter at colliders”, JHEP 09 (2010) 037,

doi:10.1007/JHEP09(2010)037, arXiv:1002.4137.

[ATLAS 1210.4491]



A. De Simone        5

Theory Space

Complete 
Models

More complete/
more parameters

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.
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MSSM, Composite Higgs, Extra-Dim...

pMSSM scan

lots of parameters...
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Effective Field Theory Description

(say, 10 TeV)

effective
low-energy 
description

LHC can access regions beyond 
the validity of the eff. description

need to use EFT carefully and consistently

E
New States

EFT  OK

Integrate out the UV physics 
connecting Dark Matter-SM 

Λ(      ~ 1 TeV)
MZ

1

M2
∗
(χ̄ΓAχ)(q̄ΓAq)
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Effective Field Theory Description

• the momentum transfer in the relevant process must be

•                  measures the badness of the truncation of the tower of 
effective ops to the lowest dimensional ones

• Usually, lowest order is OK. Not a problem for direct/indirect searches.
Situation can be different @ LHC.

DM
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Implications for LHC Limits

Number of valid events are a fraction

of the total events

Signal cross section scales as:

(for dim-6 ops)

So the new limits are found by:
19
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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,
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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,

[ATLAS - 1502.01518]

[Rtot
M∗ ] = σ|Qtr<M∗/σ σ ∝ M−4

∗

Mvalid
∗ = [Rtot

Mvalid
∗

]1/4M exp
∗
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LHC vs Direct Detection

L=20.3 fb-1

the “money plots”

[ATLAS - 1502.01518]
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (〈σ v〉). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

after truncation: theoretically robust limits

still relevant at low DM masses
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EFT Discovery Potential
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Figure 7: Discovery potential for Dark Matter signal with D5 operator and Mχ = 50 GeV with 25 fb−1

(top left), 300 fb−1 (top right) and 3000 fb−1 (bottom) data. These results assume that the EFT is a valid
approach. The discussion of EFT validity is deferred to Sec. 6.

6 Validity of the Effective Field Theory

All the limits in the previous section were presented under the assumption that the EFT is fully valid at
the LHC energy scale. Studies on the validity of the EFT and the corresponding impact on the quoted
limits have been presented in Ref. [33, 34, 35], which argue that the minimum validity constraint for the
EFT is to require Qtr < Mmed. Note that the EFT is instead parametrized in terms of the suppression
scale M∗, which is related to the mediator mass and couplings via M∗ = Mmed/

√
gSMgDM. This leads to

the requirement of Qtr <
√
gSMgDMM∗, where it is common to make the assumption of gSM = gDM = 1

and gSM = gDM = 4π is the maximum allowed value in order to stay in the perturbative domain. This
study presents a scan over the coupling product √gSMgDM, including the case of gSM = gDM = 1, in
order to study the evolution of the validity for the EFT operator D5.

The validity of the EFT can be addressed through the following two procedures. They both remove
events failing the validity criteria where Qtr > Mmed =

√
gSMgDMM∗ and define the fraction of valid

events Rtot
Mmed

. One of the methods is based on truncating the phase space and scanning over M∗:

1. Scan over M∗ and determine Rtot
Mmed

for each value of M∗.

2. Rescale the original cross section of the signal sample, σfull(M∗), so that it corresponds only to the

11

(χ̄γµχ)(q̄γµq)

L=25 fb-1 L=300 fb-1

L=3000 fb-1 (HL-LHC)

Effective 
Operator

[ATL-PHYS-PUB-2014-0087]
mDM = 50 GeV

√
s = 14TeV

EFT validity 
assumed



“Thereʼs a way to do it better. Find it.”
T.A. Edison  

A. De Simone        12

Way Out?

EFT approach

• limited validity
• not entirely model-independent 

(still rather general...)

How to go beyond that (but keeping generality), 
in view of LHC14?

• Simplified Models
• Selected benchmarks cases
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Way Out?

Complete 
Models

Effective
Theories

More complete/
more parameters

less complete/
less parameters

Simplified
Models

Other 
Benchmarks
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Simplified Models

... just means extending the SM with: 

• 1 Dark Matter particle
• 1 Mediator particle connecting DM-SM

.correspondence
eff ops            simplified models heavy 

mediator

DM

DM

q

q

✘ 1 or 2 more parameters (gʼs)
✓ exploit other searches for mediators 
    (e.g. di-jet), complementary to mono-jet

✓ theoretically consistent, 
     no worries about EFT, widths, etc. 

>> just another parametrization of unknown high energy physics <<
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Abstract: In this White Paper we present and discuss a concrete proposal for the consis-
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Based on a specific implementation of simplified models of vector and axial-vector mediator
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Simplified Models
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Figure 12: Comparison of the 95% CL lower limits on the scale of the interaction of a Z�-like simplified
model at 8 TeV (left) and 14 TeV (right), in terms of the mediator mass Mmed. Corresponding limits from
EFT models are shown on the same plot as green dashed lines to show equivalence between the two
models for high mediator masses.
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Figure 13: Comparison of the 95% CL upper limits on the product of couplings of a Z�-like simplified
model at 8 TeV (left) and 14 TeV (right), in terms of the mediator mass Mmed. The hatched grey region
corresponds to non-perturbative couplings, where the simplified model is no longer valid.
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[ATL-PHYS-PUB-2014-0087]

√
s = 14TeV

√
s = 8TeV

Zʼ vector mediator model: L = −
�

f

gfZ
�
µ[f̄γ

µf ]− gDMZ �
µ [χ̄γµχ]

M∗ =
Mmed√
gfgDM
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Simplified Models

[Harris et al - 1411.0535]
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FIG. 8: Exclusion contours for the spin-dependent and spin-independent cross sections as in Fig. 7, now plotted as functions
of the dark matter mass. For the pseudo-scalar mediator model we show the indirect detection limits (using FERMI data [58]).
For the pseudo-scalar we show 95% C.L. exclusion limits, while we show limits at 90% C.L. for the other mediators.
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FIG. 9: Cross sections ratios describing the impact of the 5-dimensional contact interaction between gluons and the scalar
mediator. The ratio is computed for fixed gχ = 1, the plot on the left also sets gt = 1, whilst on the right the top-mediator
coupling is weakened to gt = 0.1. In both instances the width is evaluated as the minimal width. The dark matter mass is
fixed at mDM = 100 GeV, the mediator mass is varied.

the EW scale, i.e.

gg ∼ gNP

ΛNP

v

gw
(22)

In order for the EFT to be valid we need to ensure that the kinematic distributions are probed at scales less than
ΛNP , we present the differential distribution for the missing transverse momentum in Fig. 10. At 14 TeV the tail of

projecting 90%CL exclusions 
(from CMS data) 

onto direct-detection plane
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Simplified Models: Relic Density
[Busoni, DS, Jacques, 

Morgante, Riotto - 1410.7409]
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Figure 3: Over- (orange) and under- (blue) production boundary lines for thermal relic dark matter, for three different

choices of the coupling strengths, and a Z�
-type mediator with pure vector couplings. Black lines are ATLAS projected

95% lower bounds after 25 fb
−1

at 14TeV, assuming 5% systematic uncertainties.

Figure 4: Over- (orange) and under- (blue) production boundary lines for thermal relic dark matter, compared with

projected ATLAS reach (black), for two values of the dark matter mass, and a Z�
-type mediator with pure vector

couplings. Black lines are ATLAS projected 95% upper bounds after 25 fb
−1

at 14TeV, assuming 5% systematic

uncertainties.

Figure 5: The solution to the ratio gf/gDM corresponding to the bounds on the product gf ·gDM combined with fixed

mediator widths (as represented in Fig. 4). At large mediator masses, no solution exists and the widths are unphysical

for the coupling strengths in Fig. 4.

– 10 –

ATLAS  95% CL bound
L=25 fb-1 at 14 TeV

overproduction

underproduction

overproduction

underproduction

Zʼ vector mediator model: L = −
�

f

gfZ
�
µ[f̄γ

µf ]− gDMZ �
µ [χ̄γµχ]

gf ≤ gu,dHypothesis: underproduction �σv�ann > �σv�∗
�σv�ann < #�σv�∗
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Way Out?

Complete 
Models

Effective
Theories

More complete/
more parameters

less complete/
less parameters

Simplified
Models

Other 
Benchmarks



A. De Simone        20

Benchmarks

1. DM co-annihilating with a coloured partner

2. DM annihilating through a SM mediator

• DM coupled to the Z
• DM coupled to the Higgs

3. DM near Z/h thresholds

... ???

Some benchmark cases offering prospects for DM discovery
(alternative to EFT or simplified models):

[DS, Giudice, Strumia - 1402.6287]

DM
MDM + ΔMDMʼ
MDM

DM

Z

DM DM

h

DM
Γmed→DM
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Future of LHC searches 
for DM

Get ready to fail

abandon WIMP paradigm in N years
or 

WIMP obstinacy?

Need to explore new avenues

- beyond EFT
- as model-indep. as possible

?

? ?

?

EFT fragile

LHC can discover mediators more 
easily than effective operators



BACK UP
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Effect of the EFT Cutoff

In what regions of the parameter space 
{Λ, mDM} is the effective description 
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Figure 5: Top row: Contours for the ratio Rtot
Λ , defined in Eq. (4.6), on the plane (mDM,Λ). We set

√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left panel), pmin
T = 500GeV (right panel). Bottom row: 50%

contours for the ratio Rtot
Λ , varying the cutoff Qtr < Λ/2 (dotted line), Λ (solid line), 2Λ (dashed line), 4πΛ

(dot-dashed line). We have also shown the contour corresponding to Λ < mDM/(4π) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set
√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left

panel), pmin
T = 500GeV (right panel).

Of course, these results hold for the operator OS in (2.3); for a different operator one would have a

different fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (Λ,mDM) where the description in terms of dim-6 effective operator is accurate and reliable.

Even for very small DM masses, having Rtot
Λ at least 75%, requires a cutoff scale at least above 1

TeV.

We reiterate that there is always some degree of arbitrariness when defining precisely the cutoff

scale up to which the EFT is reliable, as one does not know the details of the UV physics integrated

out. This point reflects into the fact that the condition on the transfer momentum, see Eq. (2.7),

varies according to the values of gq, gχ. The effect of varying the cutoff scale is shown in the bottom

row of Fig. 5, for the representative contour Rtot
Λ = 50%. The extreme, and most conservative,

situation Qtr < 4πΛ, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit Λ > mDM/(4π) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the effective operator approach can be smaller than commonly

considered.
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√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left panel), pmin
T = 500GeV (right panel). Bottom row: 50%

contours for the ratio Rtot
Λ , varying the cutoff Qtr < Λ/2 (dotted line), Λ (solid line), 2Λ (dashed line), 4πΛ

(dot-dashed line). We have also shown the contour corresponding to Λ < mDM/(4π) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set
√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left

panel), pmin
T = 500GeV (right panel).

Of course, these results hold for the operator OS in (2.3); for a different operator one would have a

different fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (Λ,mDM) where the description in terms of dim-6 effective operator is accurate and reliable.

Even for very small DM masses, having Rtot
Λ at least 75%, requires a cutoff scale at least above 1

TeV.

We reiterate that there is always some degree of arbitrariness when defining precisely the cutoff

scale up to which the EFT is reliable, as one does not know the details of the UV physics integrated

out. This point reflects into the fact that the condition on the transfer momentum, see Eq. (2.7),

varies according to the values of gq, gχ. The effect of varying the cutoff scale is shown in the bottom

row of Fig. 5, for the representative contour Rtot
Λ = 50%. The extreme, and most conservative,

situation Qtr < 4πΛ, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit Λ > mDM/(4π) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the effective operator approach can be smaller than commonly

considered.
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√
s = 8TeV

fraction of eff. cross section
at low momentum transfer

(valid events)

Rtot
Λ ≡ σeff |Qtr<Λ

σeff

• 0<R<1.  R ~ 1: negligible contribution from higher-dim ops

• EFT works better for larger Λ and smaller mDM.

• Cutoff scale arbitrary:                                 (conservatively:                      )Qtr <
√
gqgχΛ Qtr < 4πΛ
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Implications for LHC Limits

[ATL-PHYS-PUB-2014-0087]
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Figure 10: Rescaled limits on M∗ for WIMP events with Mχ = 50 GeV, taking the fraction of valid
events into account, for

√
s = 8 TeV (left) and

√
s = 14 TeV (right). A scan over different values of

couplings √gSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M∗valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M∗exp, is
shown as a dashed line of the same colour.
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Figure 11: Rescaled limits on M∗ for WIMP events with Mχ = 400 GeV, taking the fraction of valid
events into account, for

√
s = 8 TeV (left) and

√
s = 14 TeV (right). A scan over different values of

couplings √gSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M∗valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M∗exp, is
shown as a dashed line of the same colour.

selection with larger M∗exp (Emiss
T > 600 GeV) has a lower validity fraction than a selection with a lower

threshold (Emiss
T > 400 GeV). Above 1.4, the increased M∗exp again dominates, leading to an improved

Rtot
Mmed

. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M∗exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
T cut of 600 GeV still

provides the strongest rescaled limit for √gSMgDM ≥ 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
ators. Comparing the observed limits for different operators from the 7 TeV ATLAS mono-jet result [2]
shows that D5 is one of the operators with stronger limits on M∗, and thus will have a larger validity
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√
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√
s = 14 TeV (right). A scan over different values of

couplings √gSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M∗valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M∗exp, is
shown as a dashed line of the same colour.
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√
s = 8 TeV (left) and

√
s = 14 TeV (right). A scan over different values of

couplings √gSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M∗valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M∗exp, is
shown as a dashed line of the same colour.

selection with larger M∗exp (Emiss
T > 600 GeV) has a lower validity fraction than a selection with a lower

threshold (Emiss
T > 400 GeV). Above 1.4, the increased M∗exp again dominates, leading to an improved

Rtot
Mmed

. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M∗exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
T cut of 600 GeV still

provides the strongest rescaled limit for √gSMgDM ≥ 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
ators. Comparing the observed limits for different operators from the 7 TeV ATLAS mono-jet result [2]
shows that D5 is one of the operators with stronger limits on M∗, and thus will have a larger validity
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1. Co-Annihilations with a Coloured Partner

DM
• DM accompanied by a nearby coloured state MDM + ΔMDMʼ

MDM

- DMʼ quantum numbers (spin,color)
- MDM
- ΔM

• Situation fully characterised 
   (model-independently) by: 

• 4 cases of interest:

gluinostop

DM’ Colour triplet Colour octet
Scalar S3 S8
Fermion F3 F8

DMʼ

q

q

DMʼ gluon

DMʼ

DMʼ gluon
gluon

gluon

• Relic density from co-annihilations in the early Universe 
  (with Sommerfeld enhancement)
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Relic density in the limit of mass degeneracy ΔM = 0
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substantial effect of Sommerfeld corrections

S3 S8

F3 F8

1. Co-Annihilations with a Coloured Partner
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1. Co-Annihilations with a Coloured Partner

large QCD cross section:

90%CL exclusion
              TeV
L=19.6 fb-1 

LHC will not probe the entire parameter space,                    TeV will.

large-enough splitting
to tag soft jet?

pp → DM’DM’ + jet

Ex
cl
ud
ed
by
LH
C8

0 2 4 6 8
0

50

100

150

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Fermion color octet �gluino�bino�

Therm
al abundance

Som
m
erfeld

included

Som
m
erfeld

neglected

Ex
cl
ud
ed
by
LH
C8

0 1 2 3 4 5
0

20

40

60

80

100

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Fermion color triplet
Therm

al abundance

Som
m
erfeld included

Som
m
erfeld neglected

0 1 2 3 4 5
0

20

40

60

80

100

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Scalar color octet
Therm

al abundance

Som
m
erfeld included

Som
m
erfeld neglected

Ex
cl
ud
ed
by
LH
C8

0.0 0.5 1.0 1.5 2.0
0

5

10

15

20

25

30

DM mass in TeV

D
M
m
as
ss
pl
itt
in
g
in
G
eV

Scalar color triplet �stop�bino�

Therm
al abundance

Som
m
erfeld included

Som
m
erfeld

neglected

√
s ∼ 100

√
s = 8

DMʼ

p

p

DMʼ

QCD

DM

DM

soft jet

soft jet

jet

S3 S8

F3 F8



A. De Simone        

2. Annihilations Through SM Mediator

The DM-quarks interactions are mediated by a SM particle (Z or H)

some regions still allowed for axial couplings of fermion DM 
(SD cross section is less constrained)

DM coupled to the Z
DM

Z

DM
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ct
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LUX 2013

thermal
abundance
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L = −Zµ
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cos θW
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[f̄γµ(g
f
V + γ5g

f
A)f ] +
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gs[s
∗(i∂µs)− (i∂µs
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2. Annihilations Through SM Mediator

DM coupled to the Higgs DM

h

DM

some regions still allowed for scalar DM  (M>100 GeV)
and fermion DM with axial couplings
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3. DM near Z/h thresholds

mediator
DM

DM

q

q

Near resonance (                                                ), the annihilation cross 
section is driven by the on-shell term, which is model-independent 
(Breit-Wigner)

The relic abundance is determined 
model-independently by the width:

in the early Universe:
DM annihilations with s-channel 
exchange of a mediator

DM freezes out via decays

Mmed − 2MDM � 2Γmed→DM

Γmed→DM



DM freeze-out via decays

Usually DM freeze-out fixes σv ≈ 3 10−26cm3/sec. It MDM is just below 1
2MZ,h

DM freeze-out is dominated by resonant exchange of Z, h and it fixes Γinv
Z,h

40 45 50 55 60
10�6

10�5

10�4

10�3

10�2

10�1

1

DM mass in GeV

B
R
in
to
D
ar
k
M
at
te
rp
ar
tic
le
s

Invisible BR suggested by DM thermal relic abundance

Estimated
TLEP

sensitivity

TLEP??

Experimental bounds

Z � DM DM h � DM DM

g
DM
�
1

g
DM
�
2

g
DM
�
3

g
DM
�
4

A. De Simone        

3. DM near Z/h thresholds

Simple situation when the mediator is Z or H.

room for improvement,
exploring invisible 
widths of Z and h

(LHC, future Higgs 
factories, GigaZ...)

in
vis

ib
le

 B
R

DM mass

Curves for correct DM relic abundance:

- motivation to improve on Z/h invisible BRs


