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Direct detection

• Neutrino floor is getting near.!

• Measurement of the direction is needed in order to overcome this 
background (experimentally challenging).!

• The message for Dark Matter requires interpretation of the experimental data.!

• Be aware of uncertainties and assumptions such as velocity distribution and 
nuclear form factors.
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Future cryogenic 
experiments at T ~ mK

• SuperCDMS approved at SNOLab by NSF/DOE
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Will we detect WIMP dark matter 
soon?

About a factor of 10 increase in sensitivity every 2 years 
!
Who knows! Perhaps (hopefully?!) by 2026…

L. B., Physics of the Dark Universe 4, Sept 2014
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(Baudis 1408.4371, and many other slides taken from Baudis)

Baudis 1408.4371



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

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:

q

q̄

χ

χ̄

e.g. similar topology as gg ! H ! inv .

g

g

t

t

t
H

χ

χ

) Could place limits on invisible Higgs decay

Philippe Calfayan, LMU Munich Higgs Meeting - May 23, 2013 3/30

p p

DM

jet, γ, W, Z, ...

DM

JHEP 1304 (2013) 075
mono-jet event from 7 TeV data

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2011-20/
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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.
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• fraction of valid events at the LHC energies:!
!
!
!
!
!
!
!

• differences between EFT and simplified models:
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FIG. 1. Contours of the parameter Rtot

⇤

, for the D1 (left) and D5 (right) operators and the process qq̄ !
�� + g at center of mass energy

p
s = 14 TeV. Cuts are chosen to be comparable to those used by the

ATLAS and CMS collaborations.

description is valid. It is by now clear that the EFT is not the ideal tool to interpret the LHC data

on DM. A way out of this impasse is to shift to simplified models, the subject of this paper.

III. SIMPLIFIED MODELS FOR (q̄�mq) (�̄�0
m�) TYPE OPERATORS - s - CHANNEL

MODEL

Modeling the DM particle, �, as a fermion we consider the dimension six operators of the form,

O
6

= (q̄�mq)
�
�̄�0

m�
�
. (9)

These operators are the D1-D10 (and D10-D40) operators in the notation of Refs. [14, 30]. The

simplest way of resolving four-fermion operators as in Eq. (9) is through a color-singlet boson,

either a scalar or a vector, as shown in Fig. 2. The simplified model we describe assumes CP-

conservation and contains a new scalar (pseudoscalar), S (S0), or a new vector (axial-vector), Vµ

(V 0
µ), with interactions,

L
S

� �1

2
M2

med

S2 � y�S�̄�� yijq Sq̄iqj + h.c. ,

L
S

0 � �1

2
M2

med

S02 � y0�S
0�̄�

5

�� y0ijq Sq̄i�5qj + h.c. ,

L
V

� 1

2
M2

med

VµV
µ � g�Vµ�̄�

µ�� gijq Vµq̄i�
µqj ,

EFT vs. simplified models

5
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when the couplings gq, g� are at the natural scale of order 1. Therefore, one can characterize

the deficiency of the truncation of the full operator tower to the leading term by evaluating the

expansion parameter Q
tr

/M
med

.

If one further assumes s-channel mediator exchange, then the kinematics of the process imposes

Q
tr

> 2m
DM

, so the conditions (2) and (3) imply

⇤ >
Q

trp
gqg�

> 2
m

DMp
gqg�

, (6)

which in the extreme case in which the perturbativity condition on the couplings g�, gq < 4⇡ is

assumed leads to

⇤ >
m

DM

2⇡
. (7)

Addressing quantitatively the question of the validity of the EFT su↵ers from a dependence on the

(unknown) couplings of the UV theory, as shown by the conditions (5) and (6).

With this caveat in mind, it is nonetheless possible to quantify the error introduced by using

e↵ective operators when describing processes at very high Q
tr

. For example, for a given process,

one can calculate the fraction of events that pass the condition (5). We define this as

Rtot

⇤

⌘ �|Qtr<⇤

�
, (8)

where � is the cross section for the process of interest, and �|Qtr<⇤

is the same cross section

truncated such that all events pass the condition Q
tr

< ⇤. As an example, contours in Rtot

⇤

are

shown in Fig. 1, reproduced from ref. [30], for the process qq̄ ! �̄�+g, assuming couplings of order

unity. The plots correspond to the D1 (q̄q�̄�) and D5 (q̄�µq�̄�µ�) operators in the notation of

ref. [14]. The results are qualitatively similar between the di↵erent operators and clearly indicate

that LHC searches for DM are operating well within the region where the EFT approximation

breaks down.

In Refs. [28, 30, 40, 41] the reader can find an expanded discussion along these lines, and

both analytical and numerical results showing the parameter space regions where the e↵ective

12

should be used to resolve the EFT operators.

As discussed earlier, the EFT approach, where integrating out a heavy mediator generates a

tower of higher dimensional operators, is appropriate in processes with low energy transfer:

M
med

& Q
tr

� 2m� . (12)

Refs. [28–30] discuss the limitations of the EFT approach for DM searches for an s-channel mediator

exchange, and quantify the dependence of the errors resulting from the EFT approach on mediator

and DM masses and couplings. At the partonic level the di↵erences between the cross sections of

the e↵ective theory and the full theory are,

✓
d2�̂

d⌘dp
T

◆

full

.✓
d2�̂

d⌘dp
T

◆

EFT

=
M4

med�
Q2

tr

�M2

med

�
2

+ �2M2

med

, (13)

where ⇤ = M
med

/
p
gqg� was used.

The authors of ref. [30] study the ratio between the EFT resulting cross section and the full

theory at 8 TeV center of mass energy. They find that this ratio is smaller by 50% for both scalar

and vector interactions if ⇤ & 2� 3 TeV and m� . 1 TeV. In the following we explore the validity

of the EFT approach as a function of the final jet pT at
p
s = 14 TeV. For this high energy, the

gluon initiated process is significant and contributes comparably to the quark initiated process, for

high pT cuts. We therefore present numeric results based on Monte Carlo simulated events. The

events are generated using MadGraph 5 [45] imposing a cut of pT � 200 GeV and |⌘|  2.5 on the

final jet. To quantify the di↵erences between the EFT and the simplified model approaches we use

the ratio of partonic level cross-section with a single final state jet in addition to the DM pair. We

expect next-to-leading order corrections, showering, hadronization, and detector e↵ects to largely

cancel in the ratio, and leave a more detailed analysis to future study.

Fig. 3 (4) shows the ratio between the interaction cross sections resulting from the simplified

model and the e↵ective theory for the scalar (vector) mediated interactions. At the top pane we

present this ratio of the di↵erential cross sections as a function of the jet p
T

, for several choices of

DM and mediator masses. At the bottom pane we show the ratio between the total cross section

as a function of the DM and mediator masses. It can be seen that the two approaches coincide for

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.

– 5 –
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FIG. 4. The same as Fig 3 but for a vector mediator.

pseudoscalar interactions, Refs. [28, 30] find, at the parton level,

✓
d2�̂

d⌘dp
T

◆

D0
1

/

✓
d2�̂

d⌘dp
T

◆

D0
4

=

✓
1� 4m2

DM

Q2

tr

◆
, (14)

while for vector couplings

✓
d2�̂

d⌘dp
T

◆

D5

/

✓
d2�̂

d⌘dp
T

◆

D8

=

✓
Q2

tr

+ 2m2

DM

Q2

tr

� 4m2

DM

◆
. (15)

In the limit that Q
tr

� 2m
DM

, the two di↵erential cross sections share the same ⌘ and p
T

dis-

tribution. However, these kinematical regions are suppressed by the parton distribution functions
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while for vector couplings

✓
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d⌘dp
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◆

D5

/

✓
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T

◆

D8

=

✓
Q2

tr

+ 2m2

DM

Q2
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� 4m2

DM

◆
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In the limit that Q
tr

� 2m
DM

, the two di↵erential cross sections share the same ⌘ and p
T

dis-

tribution. However, these kinematical regions are suppressed by the parton distribution functions
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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
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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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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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LHC

• LHC keeps providing new results from Run-1.!

• The ways of the result interpretations improve and reflect the recent 
advancements (and criticism) on the theory side.!

• Plans for the DM interpretations of Run-2 results?

7

9!25 Sept. 2014, Oxford  UK! Sushil S. Chauhan!

  ATLAS: EFT Limits  

χ-nucleon scattering cross section at 7 and 8 TeV: 7 TeV: PRL 110, 011802 (2013) 
8 TeV: ATLAS-CONF-2014-051 
 !

mono-photon analysis!
ATLAS-CONF-2014-51

Interpretation
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‣ Limits on σ(DM-nucleon) calculated from CMS VBF+ZH combination
‣ Uses Higgs-portal model shown on previous slide

Competitive with direct 
searches at low mass...

EFT for fermion and vector DM have received 
criticism... see eg arXiv:1405.3530 

Eur. Phys. J. C 74 (2014) 2980

CMS VBF+ZH combination!
Eur. Phys. J. C 74 (2014) 2980
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Two recent white papers
• Simplified Models for Dark Matter and Missing Energy Searches at the LHC  

http://arxiv.org/abs/1409.2893                                                                                                 
http://indico.cern.ch/event/312657/session/4/contribution/52/material/slides/1.pdf!
!
!
!
!

• Interplay and Characterization of Dark Matter Searches at Colliders and in 
Direct Detection Experiments                                                                  
http://arxiv.org/abs/1409.4075                                                                                                 
http://indico.cern.ch/event/312657/session/4/contribution/18/material/slides/0.pdf
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Abstract: In this White Paper we present and discuss a concrete proposal for the consis-

tent interpretation of Dark Matter searches at colliders and in direct detection experiments.

Based on a specific implementation of simplified models of vector and axial-vector mediator

exchanges, this proposal demonstrates how the two search strategies can be compared on

an equal footing.

White Paper from the Brainstorming Workshop held at Imperial College London on May

29th, 2014. A link to the Workshop’s agenda is given in [1].
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Simplified models

• What is the minimal full set of simplified models allowing for reinterpretations?!
!
!

• s-channel Z’!
!
!

• t-channel!
!
!

• s-channel with gluons in the initial state
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FIG. 12. The dimension-7 operator contributing to processes such as gg ! ��̄ on the left is resolved on the

right in a model with new colored scalars (dashed line) and fermions (double line) that couple to the WIMP

�. Several other diagrams contribute aside from the one shown, see ref. [63] for details.

low e↵ective scale ⇤. Importantly, this can be done consistently by keeping the dimension-5 scale,

⇤S su�ciently heavy to avoid any unitarity issues with this operator (at su�ciently high energies

even this operator must be resolved as we discuss below). The scalars can now be produced on-shell

and the gg ! ��̄ process is dominated by this production. The interactions in Eqs. (24) and (25)

can be easily implemented in existing event generators. In fact, the case of a scalar is entirely

analogous to a heavy higgs boson that is produced on-shell through the usual gluon-fusion process

and decays dominantly into missing energy.

Resolving the dimension-5 operator SG↵�G↵� can be done if the scalar S is coupled through

Yukawa coupling to some new heavy colored states (this is completely analogous to the Higgs

coupling to gluons via the top quark loop). In the limit of heavy mediators’ mass the dimension-5

coupling is related to the heavy colored states’ mass and coupling through [62]

↵s

⇤S

/ ↵s

8⇡

X

f

✓
yf
Mf

◆
(27)

where the sum runs over all heavy colored fermions, yf is the Yukawa coupling of these fermions

to the scalar S, Mf is the heavy fermions f . A similar expression holds for the case of a pseudo-

scalar. So, this model can be resolved into a fully renormalizable model by introducing new heavy

(vector-like) quarks that couple to the scalar mediator. The relations of Eq. (27) and Eq. (26)

require a mediator mass mS which is not too heavy or the colored states are far too light and

would have already been observed in searches for new colored states.

25
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g

med

g
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g

FIG. 11. The dimension-7 operators contributing to processes such as gg ! �� on the left can be resolved

to lowest order via the diagram on the right with a scalar in the s-channel. The red blob in the scalar-gluon

vertex on the right serves as a reminder that this is also a non-renormalizable interaction that has to be

resolved at some energy scale.

s-channel. The interactions take the form,

L � y�S�̄�+
↵s

⇤S

SG↵�G
↵� (24)

for the scalar and

L � iy0
�
S0�̄�

5

�+
↵s

⇤
S0
S0Gµ⌫G↵�✏

µ⌫↵� (25)

for the pseudoscalar. Here ⇤S is some mass scale associated with the dimension-5 operator and

the trace over the color indices has been left implicit. The scale that appears in the dimension-7

operators (D11-14) is given parameterically by,

↵s

4⇤3

⇠ 1

m2

S

y�↵s

⇤S

(26)

where mS is the mass of the scalar S. A similar expression holds for the case of a pseudoscalar

or for multiple scalars. Current collider constraints on the dimension-7 operators from missing

energy searches (see e.g. [8]) give a bound of ⇤ & 350 GeV. This is such a low scale that one

must seriously wonder whether this description is valid at LHC energies. Indeed, as was shown in

ref. [30] the EFT approach for this operator breaks down and the limit ⇤ & 350 GeV is invalid.

Resolving the dimension-7 operator through a scalar or pseudoscalar exchange ameliorate this

problem. As is clear from Eq. (26) by having a su�ciently light scalar (small mS) we can have very

21

q

q̄

�

�

med

FIG. 8. A massive scalar resolving dimension-6 operators of the form, Eq. (20), through a t-channel exchange.

The MSSM with its squarks and neutralinos is an example of a full model exhibiting such a process.

by SM backgrounds. As discussed in ref. [37], by comparing the EFT to the simplified model, one

generally finds that the constraints from the simplified model are markedly di↵erent compared

with those extracted from the EFT. If the mediator is kinematically accessible but su�ciently

heavy, the correct bounds are stronger than those extracted from the EFT on account of resonant

production [23]. If the mediator is light then the signal appears in the region contaminated by

background and the EFT constraints are overly strong [35].

As in the case of s-channel discussed in Sec. (III) when the mediator is kinematically accessible

one can directly search for it in other final states. Such searches may have a stronger impact

than the monojet searches. For example, since the mediator couples to quarks and/or is a colored

particle, this means that the mediator, rather than decaying only to DM, may be pair produced

and be detected in multi-jet events with large missing energy [37]. As found in ref. [37], while

monojet constraints on DD are relatively model independent in the EFT regime (which is not

entered until the mediator is above 3 TeV in the s-channel case, and 1 TeV in the t-channel case

and the DM is parametrically lighter), they rarely represent the true constraints, being either too

weak (heavier mediator) or too strong (lighter mediator).

The above Lagrangian, Eq. (21), induces a minimal decay width for each mediator flavor given

by the expression

�min
med

=
g2MM

med

16⇡

✓
1� m2

DM

M2

med

◆
2

, (22)
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L
V

0 � 1

2
M2

med

V 0
µV

0µ � g0�V
0
µ�̄�

µ�
5

�� g0ijq V 0
µq̄i�

µ�
5

qj . (10)

where q = u, d and i, j = 1, 2, 3 are flavor indices. Such simplified models have been considered in

several past publications, see for example the early work of ref. [15, 23, 42] as well as more recent

works [38, 43] and references therein. These Lagrangian terms generate the e↵ective operators

D10, D40, D5 and D8. Refs. [28, 30] find that the operators (D20, D30) and (D6, D7) have the

same partonic level cross section as (D40, D10) and (D8, D5), respectively. We thus do not include

the former in what follows. Note that a UV complete description of scalar theory would require

yq ' mq/M
med

(resulting in the operators D1-D4), but since the translation between these cases

is simple, we find the use of Eqs. (10) su�cient for our purposes.
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(b)

FIG. 2. Two possible mediators. A massive scalar (left) and/or a massive vector-boson (right), resolving

dimension-6 operators of the form, Eq. (20), through an s-channel exchange.

As concerns the mediator couplings to quarks, the existence of o↵-diagonal coupling is tightly

constrained by various FCNC processes [44]. We do not study such couplings, taking gijq = giq�
ij .

In the following we consider the scenario of flavor blind couplings to all quarks: gid = giu ⌘ gq

for i = 1, 2, 3. An interesting scenario, in which the mediator couples more strongly to the third

generation is discussed below in Sec. VI. We further assume that the only available decay channels

of the mediator are into quarks and DM particles.

The di↵erential cross sections at the parton level (with respect to the pseudo-rapidity (⌘) and

transverse momentum (p
T

) of the final jet) for the s-channel process f(p
1

) + f̄(p
2

) ! �(p
3

) +

�(p
4

) + g(k) are given in Eqs. (2.4)-(2.8) of ref. [30], where

⇤4 =

�
Q2

tr

�M2

med

�
2

+ �2M2

med

g2qg
2

�

, (11)



David Šálek29/09/2014

Simplified models

• How can we best show the results with simplified models?!

• How can we best compare to the DD and ID results?

10
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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 –
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Figure 3. Projected limits for the CMS mono-jet search (blue lines) and DD searches by LUX (red
line) and LZ (red dashed line) in the (Mmed,mDM) plane for the vector mediator, in the coupling
scenarios gq = gDM = 0.25, 0.5, 1.0, 1.45. For reference the discovery reach accounting for the
coherent neutrino scattering background is also displayed (green line). The region to the left of the
various curves is excluded at 90% CL.

an equal footing. Whereas the (M
med

,m
DM

) plane might be more familiar to the collider

community, the (�0

DD

,m
DM

) plane is a more traditional way of displaying this comparison

among the DD community. However, when comparing the two planes care must be taken

in the interpretation of the relative sensitivities of the di↵erent scenarios. For example,

whereas in the (M
med

,m
DM

) plane the mono-jet limits get stronger with increasing cou-

pling, the same results displayed in the (�0

DD

,m
DM

) plane show that for DM masses below

a few hundred GeV more parameter space is ruled out for weaker coupling scenarios. This

is explained by the fact that the planes use di↵erent observables to benchmark the perfor-

– 8 –
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T-Channel

M
as

s

Standard
Model

Dark
Matter

Mediator

• A simple t-channel model selects either uR, dR, 
or qL quarks to interact with.  

• More than one of the above is fine.

• MFV tells us the mediators come in flavor 
triplets, just like the SM quarks.  (And just like 
the MSSM squarks)

• (Alternative: flavored dark matter)

• The first two generation mediators will have 
very close to degenerate masses and couplings.

• The third generation mediators can have 
different masses and mixings.

Parameters:
�
MDM,M(1,2),M3, g(1,2), g3

 
The width cannot be chosen as 
a free parameter if the theory is 

UV-complete.

In the very least it is bounded.
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Future?

• The EFT approach is heavily criticised for being used at the LHC energies.!

• There is huge variety of theories of Dark Matter.!

• Simplified models are in-between and seem to be an optimal way forward.!
!

• The experimental community needs to converge on a common set of simplified 
models soon (Run-2 is just around the corner).!

• which models/generators?!

• which parameter ranges to consider? (e.g. restrictions from thermal relic)!

• Combinations of different LHC analyses will be relevant with simplified 
models (e.g. mono-jet + di-jet using a Z’ model).

14



exact dates to be announced!
!

Looking forward to seeing you in Amsterdam!

next DM @ LHC Workshop

Massimo Catarinella CC BY-SA 3.0

http://grappa.science.uva.nl/
http://creativecommons.org/licenses/by-sa/3.0
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/
http://www.nikhef.nl/


David Šálek29/09/2014

extra material

16



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

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

17

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:

q
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e.g. similar topology as gg ! H ! inv .

g

g

t

t

t
H

χ

χ

) Could place limits on invisible Higgs decay
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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.


