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Dark Matter searches

• Experimental evidence for Dark Matter	



• DM accounts for 24% of matter-energy 
content of the Universe (WMAP/Planck).	



• Galactic rotation curves	



• Bullet Cluster	



• …	


!

• Direct and indirect DM detection	



• model assumptions	



• kinematic limitations	



• DM production at the LHC	



• independent of astrophysical assumptions	



• sensitive to light DM particles

2

Detecting DM particles 

• For most dark matter candidates, we expect 
some kind of interactions with Standard Model 
particles  

FELIX KAHLHOEFER CERN, FRIDAY, 30 NOVEMBER 2012 PAGE 5 

Resonant Production of Dark Matter at the LHC 
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DM production at the LHC

3

Introduction Event selection Background estimate Higgs interpretation Conclusion

Theoretical motivation

The mono-jet final state can be obtained via two classes of processes:

• pp ! X+ jet with X possibly ADD Graviton, Unparticle, Gravitino

• pp ! XX+ ISR jet with X invisible, possibly a WIMP/Dark Matter candidate:
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) Could place limits on invisible Higgs decay

Philippe Calfayan, LMU Munich Higgs Meeting - May 23, 2013 3/30
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2011-20/
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mono-X searches
Effective Field Theory	



• simple benchmark models	



• couplings to quarks and gluons	



• couplings to vector bosons	



• only two free parameters: mχ, 
suppression scale M*	



• validity concerns at the LHC 
energies	



!
Simplified models	



• UV-complete	



• s-channel or t-channel	



• parameters: mχ, mediator mass 
and width, couplings	



• Higgs-portal DM

5
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ticles along with high-pT SM particles. In a more model-independent approach, WIMP pair production59

at colliders was proposed to yield detectable Emiss
T

signals if the WIMP pair is tagged by a jet or photon60

from initial- or final-state radiation (ISR/FSR) [28, 11]. Even though this approach does not rely on a61

specific BSM scenario, it does include assumptions: WIMPs are pair-produced at the LHC and all new62

particles mediating the interaction between WIMPs and the SM are too heavy to be produced directly,63

and can thus be integrated out in an effective field theory approach. The resulting interaction is hence a64

contact interaction between the dark sector and the SM. It is worth noting that the DM particles are not65

explicitly assumed to be interacting via the weak force. They may also couple to the SM via a new force.66

Throughout this work we are using the terms WIMP and DM particle (candidate) synonymously.67

Name Initial state Type Operator

D1 qq scalar
mq

M3
⋆

χ̄χq̄q

D5 qq vector 1
M2
⋆

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2
⋆

χ̄γµγ5χq̄γµγ
5q

D9 qq tensor 1
M2
⋆

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3
⋆

χ̄χαs(G
a
µν)

2

Table 1: Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,

following the formalism of ref. [29]. The tensor operator D9 describes a magnetic-moment coupling.

The factor of the strong coupling constant αs in the definition of D11 accounts for this operator being

induced at one-loop level. Gµν is the colour field-strength tensor.

It is assumed here that the DM particle is a Dirac fermion χ.1 Five interactions are considered (cf.68

table 1), namely D1, D5, D8, D9, D11, following the naming scheme of ref. [29]. D1, D5, D8, and D969

describe different bilinear quark couplings to WIMPs, qq→ χχ, and D11 describes the process gg→ χχ.70

The 14 operators for Dirac fermions in ref. [29] fall into four categories with characteristic Emiss
T

spectral71

shapes. D1, D5, D9, and D11 are a representative set of these four categories, D8 falls into the same72

category as D5 but is listed separately in table 1 because it is often used to convert LHC limits into limits73

on DM pair production. In the operator definitions in the table 1 M∗ is the suppression scale of the heavy74

mediator particles that are integrated out. The use of a contact interaction to produce WIMP pairs via75

heavy mediators is considered conservative because it rarely overestimates cross sections when applied76

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in refs. [13, 30].77

The effective theory provides a useful framework for comparing LHC results to direct or indirect dark78

matter searches. Within this framework, interactions of SM and DM particles are described by only two79

parameters, the suppression scale M∗ and the DM particle mass mχ.80

2 Data and simulated samples81

The ATLAS detector [31, 32] at the LHC covers nearly the entire solid angle around the collision point.82

It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic83

and hadronic calorimeters, and an external muon spectrometer incorporating three large superconducting84

toroidal magnets. A three-level trigger system is used to select interesting events for recording and85

1The only difference for Majorana fermions would be that certain interaction types are not allowed and that cross sections

are larger by a factor of four.
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Event selection	



• central jet |η| < 2.0	



• electron veto (pT > 20 GeV)	



• muon veto (pT > 7 GeV)	



• at most two jets (pT > 30 GeV)	



• Δφ(jet, MET)>0.5	



• signal region (SR) defined by 
symmetric cuts on the leading jet 
pT and MET >                        
120, 220, 350, 500 GeV	



Dominant backgrounds	



• Zνν from Zll and Wlν control 
region (CR)	



• Wlν from Wlν CR	



Uncertainties	



• limited CR statistics	



• uncertainty 3.4 to 17%

6

ATLAS-CONF-2012-147
8 TeV   10.5 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/


David Šálek: Searches for Dark Matter Production with Mono-objects and MET in ATLAS21 - 26 July 2014

mono-jet

• Limits on the suppression scale    
of the EFT operators are set 
assuming full EFT validity.	


!
!
!
!
!
!
!
!
!
!
!

• Simplified models with Z’-like 
mediators reveal that	



• EFT limits are conservative      
in the resonant region.	



• EFT limits are not valid for light 
mediators.

7
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EFT validity
• Minimum requirement for EFT being a 

valid approximation of UV-complete 
models is Qtr < Mmed =           M*.	



• Not all events generated in EFT are valid 
at the LHC energies.	



• As a consequence, the M* limits decrease.	



• For D5, the EFT approach is fully valid  
for          ≳ π.
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We have also considered two di↵erent widths for the mediator. The width of an axial-

vector mediator decaying to Dirac fermions f and f̄ with coupling g

f

is

�

mmed
=

N

C

g

2
f

12⇡

 
1 � 4m2

f

m

2
med

!3/2

, (3.3)

where N
C

= 3 for coloured particles and is 1 otherwise. The solid red line shows the result

for a narrow width, � = mmed/8⇡, and the dashed line for a broad width, � = mmed/3.

In Regions I and III the limit on ⇤ is only weakly dependent on the width, since in both

these regions, the mediator is being produced o↵-shell. Conversely, in Region II, the limit

is strongly dependent on the width as the production is resonantly enhanced. Finally, the

grey regions show that the value of mmed at the transitions between the di↵erent regions

may change by ⇠ 10%, depending on the width.

We now consider the more general case. In the right panel of fig. 3 we show the ratio

of the inclusive cross-section (i.e. we take the minimum cut used by CMS, pT,j

> 110 GeV)

in the EFT, �EFT, to that in the simplified model (or full theory, FT), �FT, as a function

of mDM and mmed. For simplicity, we have set g

�

= g

q

= 1 so that ⇤ = mmed and we

have calculated the width for each value of mDM and mmed using eq. (3.3). For di↵erent

couplings, the width will be di↵erent and the boundaries between the regions may change

by ⇠ 10% but otherwise, the plot will be similar. The orange and red regions indicate when

the EFT cross-section is smaller than in the simplified model, while the green and bluer

colours indicate the inverse. The same three distinct regions of parameter space can again

be seen. For mDM . 100 GeV, we require mmed > 2.5 TeV to be in Region I, where the

EFT limit on ⇤ can be used. For larger values of mDM, the value of mmed at the boundary

between Region I and II increases, reaching mmed = 6 TeV for mDM = 1 TeV.

We now discuss each of these regions in further detail.

3.1 Region I: Very heavy mediator - EFT limit applies

In Region I, the cross-section in the simplified model and EFT agree within experimental

uncertainties (20%) and the limit on ⇤ is independent of mmed. This behaviour can be

simply understood: expanding the propagator (while ignoring the width) for the s-channel

resonance in powers ofQ2
/m

2
med, whereQ

2 is the momentum transfer through the s-channel

(see right panel of fig. 2), we obtain

g

q

g

�

Q

2 � m

2
med

⇡ � g

q

g

�

m

2
med

✓
1 +

Q

2

m

2
med

+ O
✓

Q

4

m

4
med

◆◆
. (3.4)

We recognise the first term outside the brackets as the contact interaction scale of the EFT:

1/⇤2 = g

q

g

�

/m

2
med. The EFT is valid so long as the e↵ects of the rest of the expansion

beyond leading order are small, i.e. if mmed � Q. At the 8 TeV LHC run, hQ2i1/2 is always
larger than 500 GeV [45], so we expect mmed to be TeV scale in order that mmed � Q.

This is confirmed by the right panel of fig. 3, where we see that mmed should be at least

2.5 TeV in order that �EFT and �FT agree to better than 20%.

Stating the minimum mediator mass mmed needed for the EFT limit to be valid, rather

than a minimum value of ⇤, is much more natural in the simplified model framework. While

– 7 –

q

q̄

�

�̄

g

Q

q

q̄

�

�̄

g

Z
�

Figure 2. Left panel: The monojet process from a qq̄ initial state in the EFT framework. The con-
tact interaction is represented by the shaded blob. Details of the particle mediating the interaction
do not have to be specified. Right panel: This shows a UV resolution of the contact interaction for
an (axial)-vector mediator Z

0
, exchanged in the s-channel. The momentum transfer through the

s-channel is denoted by Q.

exchanged in the s-channel. We remain agnostic to the precise origin of the vector mediator

and its coupling with dark matter and quarks. One example of such a mediator is a (axial)-

vector Z
0
, a massive spin-one vector boson from a broken U(1)

0
gauge symmetry [40, 41].

A second example is a composite vector mediator, similar to the ! in QCD [42]. In either

case, in addition to the usual terms in the Standard Model Lagrangian, the Lagrangian

with general quark interaction terms is

L = �1

4
Z

0
µ⌫

Z

0
µ⌫ +

1

2
m

2
medZ

0
µ

Z

0
µ

+ i�̄�

µ

@

µ

� � mDM�̄�

+ Z

0
µ

�̄�

µ(g
�V

� g

�A

�

5)�+ Z

0
µ

X

q

q̄�

µ(g
qV

� g

qA

�

5)q .

(3.1)

Here mmed is the (axial)-vector mass term and g

V

and g

A

are the vector and axial couplings

respectively. The dark matter particle � is a Dirac fermion with mass mDM, neutral under

the Standard Model gauge groups. The sum extends over all quarks and for simplicity,

we assume that the couplings g

qV

and g

qA

are the same for all quarks. While in general,

a Z

0
from a broken U(1)

0
will also have couplings to leptons and gauge bosons, we do

not consider them here as they are not relevant for the monojet search.1 This simplified

model is similar (albeit simpler) to the model discussed in [31]. Simplified models of vector

mediators have also been discussed in [4, 18, 31, 43, 44].

While the above Lagrangian allows for both vector and axial-vector interactions, the

phenomenology and limits from the monojet search are similar in both cases. Therefore

for the purposes of clarity, we focus on one: the axial-vector interaction. In the remainder

of this article, we set g
�V

= g

qV

= 0 and redefine g

�

⌘ g

�A

and g

q

⌘ g

gA

. The axial-vector

interaction has two advantages. Firstly, this interaction is non-zero for Majorana dark

matter (the normalisation of our results would change by a factor of four in this case),

unlike the vector interaction, which vanishes for Majorana dark matter. Secondly, the

1
We assume that the charges are chosen so the U(1)

0
gauge symmetry is anomaly free. This may require

additional particles.
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.

– 6 –

Qtr > 2mχ
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mono-Z(ll)

Event selection	



• two opposite sign leptons,          
67 < mll < 106 GeV	



• 3rd lepton veto (pT > 7 GeV)	



• |MET - pTll| / pTll < 0.5	



• Δφ(pTll, MET) < 2.5	



• Δ|ηll| < 2.5	



• jet veto (pT > 25 GeV)	



• SR defined by                         
MET > 150, 250, 350, 450 GeV	


!

Uncertainties	



• 35% theory uncertainty on 
background	



Dominant backgrounds	



• ZZ→llνν taken from MC 
(validated in ZZ→llll CR)	



• WZ->lνll taken from MC	



• WW and top from eμ CR	


!
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mono-Z(ll)

• dimension-5 operators	



• not as sensitive as other 
mono-X channels	


!
!
!
!
!

• dimension-7 operators	



• unique sensitivity to     
ZZχχ and γ*Zχχ couplings
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mono-Z(ll)

• Simplified model: t-channel with a scalar coloured mediator η	


• Upper limits on the coupling strength in the mχ-mη plane

11
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ZH(→invisible)

Event selection	



• two opposite sign leptons,          
67 < mll < 106 GeV	



• 3rd lepton veto (pT > 7 GeV)	



• |MET - pTll| / pTll < 0.2	



• Δφ(MET, pTmiss) < 0.2	



• Δφll < 1.7	



• Δφ(Z, MET) > 2.6	



• jet veto (pT > 25 GeV)	



• MET > 90 GeV
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ZH(→invisible)

• BR(H→inv) = 75% observed (63% expected)	



• Higgs portal Dark Matter interpretation	



• scalar, vector and fermion DM	



• sensitive to DM with mχ < mH/2
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mono-W/Z(qq)

Event selection	



• large R=1.2 Cambridge-Aachen jet 
pT > 250 GeV, |η| < 1.2,             
50 < m < 120 GeV, √y > 0.4	



• at most one extra light jet         
pT > 40 GeV, |η| < 4.5           
away from the fat jet (dR > 0.9) 
and MET (dφ > 0.4)	



• lepton and photon veto             
(pT > 10 GeV)	



• SR defined by                          
MET > 350, 500 GeV	



Dominant backgrounds	



• Zνν+jets, W/Z from CR      
(inverted muon veto)	



Uncertainties	



• limited CR statistics	



• MC theory uncertainties	



• C-A jet energy scale/resolution	



• total uncertainty 7-13%
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mono-W/Z(qq)
• Sensitive to the sign of the DM couplings to up and down quarks.	



• C(u) = C(d)	

 destructive interference	



• C(u) = -C(d)	

 constructive interference	


!

➡Order of magnitude improvement on the WIMP-nucleon cross section limits.	



• M* > ~2 TeV for D5 constructive mode.	



!
!
!
!
!
!
!
!

• σ(H→inv)/σtotal = 1.2 observed (2.2 expected)
15
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mono-W(lν)

Event selection	



• one isolated lepton	



• electron:	

 pT, MET>125 GeV	



• muon: 	

	

 pT, MET>45 GeV	



• SR defined by cuts on mT(l, MET)
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mono-jet prospects @ 14 TeV

Event selection	



• leading jet pT > 300 GeV	



• Δφ(jet, MET) > 0.5	



• electron and muon veto	



• at most two jets	



• pT > 30 GeV @ 8 TeV	



• pT > 50 GeV @ 14 TeV	



• SR defined by                         
MET > 400, 600, 800 GeV	


!

Backgrounds	



• pure MC study	


!

Systematic uncertainties	



• 5% reasonable expectation for 
early Run-II	



• 1% ultimate goal for HL-LHC
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mono-jet prospects @ 14 TeV

• Already first data from Run-II will bring improvements in sensitivity to DM.	



• Exclusion limits can be improved by factor of 2 with first few fb-1.	



• 5σ discovery potential for M* ~ 1.7 TeV with 300 fb-1.
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Summary

• ATLAS has probed various mono-X + MET final states in order to search for 
Dark Matter.	



• Good agreement between data and Standard Model expectations are observed 
in all cases.	



• Limits are set using Effective Field Theories and Simplified Models.	


!

• Preliminary projections of DM @ 14 TeV in the mono-jet final states suggest 
the first data from Run-II will significantly increase sensitivity.
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extra material

20
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mono-photon

Event selection	



• photon pT > 150 GeV	



• at most 1 jet (pT > 30 GeV)	



• MET > 150 GeV	


!

Dominant backgrounds	



• Zνν+γ and Wlν+γ from CR	


!

Uncertainties	



• photon/jet energy scale, MET	



• showering and hadronization	



• statistics in CR	



• total uncertainty 15%
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mono-jet

22

JHEP 1304 (2013) 075

 [ GeV ]rWIMP mass m
1 10 210 310

 ]2
W

IM
P-

Nu
cle

on
 c

ro
ss

 s
ec

tio
n 

[ c
m

-4510

-4310

-4110

-3910

-3710

-3510

-3310

-3110

-2910
ATLAS , 90%CL-1 = 7 TeV, 4.7 fbs

Spin-independent

XENON100 2012
CDMSII low-energy
CoGeNT 2010

Dirac
)rr j(AqD5: CDF q

Dirac
)rr j(AqD1: q

Dirac
)rr j(AqD5: q

Dirac
)rr j(AD11: gg

theorym-1 

 [ GeV ]rWIMP 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
)rr j(AqD8: CDF q

Dirac
)rr j(AqD8: CMS q

Dirac
)rr j(AqD8: q
Dirac

)rr j(AqD9: q
theorym-1 

 [ GeV ]rWIMP mass m
1 10 210 310

 / 
s]

3
 q

q 
 [c

m
A rr

v>
 fo

r 
m

An
ni

hi
la

tio
n 

ra
te

 <
-2910

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

-2010

-1910

Thermal relic value

 )b bA
Majorana

)rr ( Fermi-LAT dSphs (×2 

Dirac
)rr (AqD5: q

Dirac
)rr (AqD8: q

theorym-1 

ATLAS , 95%CL-1 = 7 TeV, 4.7 fbs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2011-20/

