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Two recent white papers

Simplified Models for Dark Matter and Missing Energy Searches at the LHC
Jalal Abdallah, Adi Ashkenazi, Antonio Boveia, Giorgio Busoni, Andrea De Simone, Caterina Doglioni, Aielet 
Efrati, Erez Etzion, Johanna Gramling, Thomas Jacques, Tongyan Lin, Enrico Morgante, Michele Papucci, 
Bjoern Penning, Antonio Walter Riotto, Thomas Rizzo, David Salek, Steven Schramm, Oren Slone, Yotam 
Soreq, Alessandro Vichi, Tomer Volansky, Itay Yavin, Ning Zhou, Kathryn Zurek
http://arxiv.org/abs/1409.2893

Interplay and Characterization of Dark Matter Searches at Colliders and in Direct Detection Experiments
Sarah A. Malik, Christopher McCabe, Henrique Araujo, Alexander Belyaev, Celine Boehm, Jim Brooke, 
Oliver Buchmueller, Gavin Davies, Albert De Roeck, Kees de Vries, Matthew J. Dolan, John Ellis, Malcolm 
Fairbairn, Henning Flaecher, Loukas Gouskos, Valentin V. Khoze, Greg Landsberg, Dave Newbold, Michele 
Papucci, Timothy Sumner, Marc Thomas, Steven Worm
http://arxiv.org/abs/1409.4075
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Contact interactions

• Contact interactions (dimension-6 operator) form a simple framework for the 
description of the collider and astro-particle experimental results and were widely 
used in Run-1 by both ATLAS and CMS.

• It is safe to use EFT when the mediator                                                                   
can be integrated out.

• However, at the LHC energies, the limits                                                                
on the suppression scale are comparable                                                                             
to the momentum transfer!
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Figure 1: The Feynman diagrams for DM pair production with ISR of a photon or jet, for a model with scalar

exchange (left panel) and its e↵ective operator (right panel). We omitted the diagrams where the radiation is

emitted from the anti-quark.

operator has dimension six

O
S

=
1

⇤2

(�̄�)(q̄q) , (2.3)

and the matching condition implies
1

⇤2

=
g

�

g

q

M

2

. (2.4)

The Feynman diagrams for the processes under consideration are depicted in Fig. 1. The processes

where a quark-jet is emitted from an initial gluon also contribute to the signal, but are suppressed

by a factor of about 4 at 8 TeV LHC with respect to the gluon emission, and for simplicity we will

not consider them in this paper. The procedure of integrating out the heavy mediator and retaining

the operator of lowest dimension can be viewed in terms of the expansion of the heavy particle

propagator
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where only the leading term 1/M2 is kept. The higher-order terms in the expansion correspond to

higher-dimensional operators. It is obvious that retaining only the lowest-dimensional operator is

a good approximation as long as Q

2

tr

⌧ M

2 ⇠ ⇤2. Thus, the parameter Q

tr

/M characterizes the

goodness of the truncation of the tower of e↵ective operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g
q

, g

�

< 4⇡ (see Ref. [31] for an

alternative criterion based on unitarity). Also, we need a mediator heavier than the DM particle

m

DM

, that is M > m

DM

. So, Eq. (2.4) gives [21]

⇤ & m

DM

4⇡
, (2.6)

which depends linearly on the DM mass. This is a very minimal requirement on ⇤ and it is what,

for instance, ATLAS uses in Ref. [6]. On top of this condition, the validity of the truncation to the

lowest order in the expansion (2.5) requires that Q
tr

< M , i.e. Q
tr

<

p
g

q

g
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⇤ < 4⇡⇤, so that

⇤ >

Q

trp
g
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>
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, (2.7)

which depends on m

DM

through Q

tr

and refines the condition (2.1). Furthermore, assuming s-

channel momentum transfer, kinematics imposes Q
tr

> 2m
DM

so from Eq. (2.7)

⇤ >

m

DM

2⇡
, (2.8)
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Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of m

DM

,

for di↵erent choices of p

T

, ⌘ of the radiated jet. We considered

p
s = 8TeV.

To assess the validity of the EFT, we first adopt a procedure which, albeit not rigorous, gives an

idea of the error one might make in adopting the EFT. The advantage of this procedure is that it is

model-independent in the sense that it does not depend on the particular UV completion of the EFT

theory. A simple inspection of the expansion (2.5) tells us that the EFT is trustable only if Q2

tr

⌧ M

2

and we take for the typical value of Q
tr

the square root of the averaged squared momentum transfer

in the s-channel, where the average is computed properly weighting with PDFs [32]
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The integration in x

1

, x

2

is performed over the kinematically allowed region Q

tr

� 2m
DM

and we

have set the renormalization and factorization scales to p

T

+2[m2

DM

+p

2

T

/4]1/2, as often done by the

LHC collaborations (see e.g. Ref. [6]). The results are plotted in Fig. 2 as a function of the DM mass

m

DM

and for di↵erent choices of p
T

and ⌘ of the radiated jet. From Fig. 2 we see that the lower the

jet p
T

, the lower the momentum transfer is, and therefore the better the EFT will work. The same

is true for smaller DM masses. These behaviors, which are due to the fact we have restricted the

average of the mometum transfer to the kinematically allowed domain, will be confirmed by a more

rigorous approach in the next section. Notice that hQ2

tr

i1/2 is always larger than about 500 GeV,

which poses a strong bound on the cuto↵ scale ⇤: when the coupling constants g
q

and g

�

are close

to their perturbative regime, from the condition (2.7) we get ⇤ & 50 GeV, but when the couplings

are of order unity, one gets a much stronger bound ⇤ & 500 GeV.
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Reminder: EFT benchmarks for 7 TeV

“The most powerful results are 
from the mono-jet analyses, and 
the greatest gains come from the 
combination of the independent 
analyses from ATLAS and 
CMS, though the other final 
states make a non-negligble 
improvement.”

Phys.Rev. D87 (2013) 9, 095013
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EFT has two parameters
(mDM and suppression scale Λ)
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EFT validity

• ratio of valid events

• The collider limits do not satisfy                                                                           
the EFT validity condition.

• How do the EFT limits compare                                                                            
to the limits from s-channel models                                                                       
with light mediators?

• EFT limits are aggressive in region III, 
DD limits are stronger at low DM and 
mediator masses!
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

R

tot

⇤

⌘ �

e↵

|
Qtr<⇤

�

e↵

=

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

����
Qtr<⇤

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

. (4.6)

As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and
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Figure 5: Top row: Contours for the ratio R

tot

⇤

, defined in Eq. (4.6), on the plane (m
DM

,⇤). We setp
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left panel), p

min

T

= 500GeV (right panel). Bottom row: 50%

contours for the ratio R

tot

⇤

, varying the cuto↵ Q

tr

< ⇤/2 (dotted line), ⇤ (solid line), 2⇤ (dashed line), 4⇡⇤

(dot-dashed line). We have also shown the contour corresponding to ⇤ < m

DM

/(2⇡) (see Eq. (2.8)), which is

often used as a benchmark for the validity of the EFT. We set

p
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left

panel), pmin

T

= 500GeV (right panel).

Of course, these results hold for the operator O
S

in (2.3); for a di↵erent operator one would have a

di↵erent fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (⇤,m
DM

) where the description in terms of dim-6 e↵ective operator is accurate and reliable.

Even for very small DM masses, having R

tot

⇤

at least 75%, requires a cuto↵ scale at least above 1

TeV.

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

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 g
q

, g

�

. The e↵ect of varying the cuto↵ scale is shown in the bottom

row of Fig. 5, for the representative contour R

tot

⇤

= 50%. The extreme, and most conservative,

situation Q

tr

< 4⇡⇤, 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 ⇤ > m

DM

/(2⇡) (see

Eq. (2.8)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the e↵ective operator approach can be smaller than commonly

considered.
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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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Figure 6. Left panels: The upper (lower) panels show the limits on the spin-dependent dark
matter-neutron (proton) scattering cross-section. The solid red line in both panels is the CMS EFT
limit. Limits from the XENON100, PICASSO, SIMPLE and COUPP direct detection limits are
also shown. When the EFT limit is valid, the CMS EFT limit is stronger than the direct detection
limits for mDM . 1 TeV. Right panels: The black solid line in the upper (lower) panels indicates
the mediator mass mmed for which the CMS and direct detection dark matter-neutron (proton)
scattering cross-section limits are equal. For larger (smaller) mmed, the CMS (direct detection)
limit is stronger. The dotted lines distinguish Regions I, II and III. In this range of mDM, direct
detection experiments set a stronger limit in Region III only.

CMS limit is stronger than the direct detection limits for mDM . 1 TeV has received much

attention.

However, in the previous section we saw that the EFT limit on ⇤ only applies to rather

baroque theories of dark matter with a very heavy (and very broad) mediator - we called

this Region I. In Region II, the limit on ⇤ is always larger than the EFT limit (see fig. 3),

which implies that the limit on the scattering cross section is stronger than the CMS line

in fig. 6. In Region III, the limit on ⇤ is weaker than the EFT result. Therefore, in this

region, the CMS limit on the scattering cross-section will be weaker than the EFT limit

and eventually, will be weaker than the direct detection limits in fig. 6.

– 12 –

1307.2253
1308.6799

http://arxiv.org/abs/arXiv:1307.2253
http://arxiv.org/abs/1308.6799


David Šálek14 - 17 December, 2014

s-channel simplified models

• Yukawa couplings are taken proportional to the Higgs Yukawa couplings.

• minimal mediator width

5
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NP models 
constrained

EFT not valid

FIG. 2: Figure taken from [34], schematically illustrating the valid interpretations of experimental results in terms of EFTs.
Experimental analyses set a bound on the g

NP

/⇤, corresponding the solid line, combinations of g
NP

and ⇤ greater than this
bound are excluded. However, if the experiment was able to probe the scale of the new physics then the EFT prescription was
invalid, this corresponds to all values left of the vertical line.

A priori, following the discussion in [34], the use of e↵ective operators in constraining new physics scenarios in a
fairly model independent way is a legitimate approach in parts of the model parameter space. Di↵erential distributions
can always be used to constrain the Wilson coe�cients Ci of specific e↵ective operators Oi. It needs to be kept in
mind, however, that these constraints are only meaningful when the scale at which the operators are probed is below
the validity region of the e↵ective theory, e.g.

p
ŝ ⌧ ⇤

NP

. This constraint results in the red vertical line of Fig. 2.
Because Ci ⇠ g

NP

/⇤
NP

, a constraint from a measurement on the Wilson coe�cient translates into a diagonal curve
depicted in black in Fig. 2, resulting in four regions of the parameter space of new physics models. While the sectors
left of the vertical red line are outside the validity range of the e↵ective theory, only the models that fall into the
green region could be constrained by the measurement. More specifically, when aiming for an interpretation of the
constraint on the e↵ective operator in terms of a new physics model, models that are constrained have to have a high
new physics scale, i.e.

p
ŝ < ⇤

NP

' m
NP

, and a large coupling g
NP

. This can require the dark particles to be strongly
coupled to the visible sector, which further complicates the interpretation.

Therefore, a reliable interpretation of collider searches of dark matter particles should be based on basic QFT
interactions where all intermediate propagating degrees of freedom in a given process are explicitly taken into
account[2, 35–38] Unsurprisingly, contributions due to light degrees of freedom have been found to be significant for
limit setting [4, 6, 8].

In order to model mediator production, we will consider simplified models with the mediators to the dark sector
associated with scalar S, pseudo-scalar P , vector Z 0 and axial-vector Z 00 fields with interactions,

L
scalar

� � 1

2
m2

MED

S2 � g
DM

S �̄�� gtSMS t̄t� gbSMS b̄b , (1)

L
pseudo�scalar

� � 1

2
m2

MED

P 2 � g
DM

P �̄�5�� gtSMP t̄�5t� gbSMP b̄�5b , (2)

L
vector

� 1

2
m2

MED

Z 0
µZ

0µ � g
DM

Z 0
µ�̄�

µ��
X

q

gqSMZ 0
µq̄�

µq , (3)

L
axial

� 1

2
m2

MED

Z 00
µZ

00µ � g
DM

Z 00
µ �̄�

µ�5��
X

q

gqSMZ 00
µ q̄�

µ�5q . (4)

Two types of coupling constants appear in these equations: g
SM

which collectively denote the couplings between
messenger fields and Standard Model particles, and g

DM

which are couplings of the messenger to the dark sector
� particles. We have assumed that the scalar and pseudo-scalar messengers are coupled only to top and bottom
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A. The mediator width

We would now like to discuss the impact of the mediator width in our simplified models. Given the models specified
in Eqs. (1)-(4) with democratic quark-(axial)vector and Yukawa-type quark-scalar interactions we obtain a lower limit
for the width of the mediator. For scalar and pseudo-scalar mediators, depending on their mass, decays to heavy
quarks may or may not be open (i.e. m

MED

is required to be > 2mt for an open decay). In certain regions of
parameter space, loop induced decays to vector bosons, or extended dark sector decays, and o↵-shell decays (e.g. to
t⇤t), may significantly enhance the “minimal widths” which we define as,

�V,A
MED,min

= �V,A
�� +

NfX

i=1

Nc�
V,A
qiqi

+Nc�
V,A
tt

(10)

�S,P
MED,min

= �S,P
�� +Nc�

S,P
tt

(11)

where ��� is the mediator decay rate into two DM particles (which here we assume are fermions ��, modifications
to scalar dark matter are trivial to incorporate). The sum on the right hand side of the first equation is over the
massless SM quark flavours interacting with the vector and axial-vector mediators. These widths are lower bounds on
the total and as such we treat the width as a free parameter and investigate the LHC phenomenology as a function
of the rescaled width. For decays into fermions the partial widths are defined as follows,

�V
ff

=
g2f (m

2

MED

+ 2m2

f )

12⇡m
MED

s

1� 4m2

f

m2

MED

(12)

�A
ff

=
g2f (m

2

MED

� 4m2

f )

12⇡m
MED

s

1� 4m2

f

m2

MED

(13)

�S
ff

=
g2fm

2

fmMED

8⇡v2

 
1� 4m2

f

m2

MED

! 3
2

(14)

�P
ff

=
g2fm

2

fmMED

8⇡v2

 
1� 4m2

f

m2

MED

! 1
2

(15)

where mf denotes masses of either SM quarks q or DM fermions � and the coupling constant gf denotes either gq or
g� as defined on the right hand side of Eq. (5). In Fig. 3 we plot the minimal widths computed using Eqs. (10)-(15)
for scalar and vector types of the mediators as functions of the mediator mass, for two representative choices of DM
masses. As expected, the (pseudo)-scalar models parameterised in terms of Yukawa couplings, are much more sensitive
to the choice of DM mass. The hadronic branching ratio for the vector mediator dominates the decays (due to the
combination of light flavours and color factors NfNc), extended darks sectors could result in larger branching ratios to
the dark sector and thus increase the width. For the scalar there are no light decays (apart from bb which can become
important for light mediators), and the relative enhancement/suppression of tt decays scales like Nc(mt/mDM )2.

In summary: The set of simplified models for dark particle searches we study is defined by Eqs. (1)-(4). It
automatically accounts for Higgs portal models with scalar and pseudo-scalar messengers. In Sec. V we will further
extend the model in Eq. (1) by adding a new BSM interaction (21).

Our simplified models are characterised by the type of the mediator field, which can be a scalar, pseudo-scalar, vector
or axial-vector particle. There are four (five) types of input parameters involved in this description: the mediator
mass m

DM

, the mediator width �
DM

, the dark particle mass m
DM

and an appropriately defined coupling constant
(or constants) to characterise the combined e↵ect of the SM-mediator and the mediator-Dark sector interaction.

We use g
SM

g
DM

as the input e↵ective coupling parameter for the vector and axial-vector cases (3)-(4). In the
cases of scalar and pseudo-scalar mediators (1)-(2) we choose to scale the couplings with the SM Yukawa’s and use
the product of scaling factors gq g� defined in (5) as the input e↵ective coupling parameter.4 (The extended model
studied in Sec. V will contain an additional coupling gg.)

4 The choice of what is treated as the input coupling parameter for (pseudo)-scalar mediators, namely the combination (gSM/y
q

)(gDM/y
�

),
or (gSM/y

q

)gDM, or the original couplings gSM gDM is of course only a simple re-parametrisation which only a↵ects which dimensionless

2

the recent Higgs discovery and assumes that the coupling strength of the new scalars to Standard Model fermions is
proportional to their SM Yukawa couplings.

g

g

�

�̄

g

X

g

g

�

�̄

g

X

t

t

t

t

q
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�̄
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q
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FIG. 1: Representative Feynman graphs for gluon and quark induced mono-jet processes. The particle X can be either a scalar,
pseudo-scalar, vector or axial-vector mediator. The left diagram shows an e↵ective operator approximation of the mediator
coupling to gluons. The middle graph represents the full description of the same process, including the fermion mass dependence
in the loop, while the right graph depicts a mediator produced in a quark-anti-quark annihilation.

Inferring the existence of dark particles in collider experiments requires them to recoil against visible radiation.
Since the recoil object need not be essential in the interaction which produces the mediator, a natural candidate for
the tagging object is the emission of initial state radiation, which occurs at a high rate at the LHC. In these mono-jet
signatures a hard jet recoils against the invisible particles. Events with several hard jets are often vetoed, leaving
Z/W+jets as major Standard Model backgrounds. In these events the transverse momentum of the jet sets the energy
scale of the hard interaction.

The mediating particle can couple directly or indirectly to the initial state patrons, representative diagrams are
shown in Fig. 1. The diagram on the far right of Fig. 1 represents an example in which the mediator-SM interaction
proceeds via a tree-level interaction with quarks. The mediator can also couple to initial states indirectly, in these
instances the underlying production mechanism corresponds to loop-induced process, the middle diagram in Fig. 1
illustrates this scenario. The propagating loop particle can be integrated out, resulting in an e↵ective dimension-5
operator, illustrated in the left most diagram of Fig. 1. This prescription is invalid if pT,j

>⇠ O(mX), where mX is
the mass of the loop particle. In the case of the top quark, this can readily be achieved. On the other hand, heavy
colored states which couple to the mediator can be integrated out provided ⇤

NP

is much larger than the energy scale
where the operator is probed.

To be able to probe new physics models with particle masses below the characteristic interaction scale of the hard
interaction, so-called simplified models were proposed [1] which only make assumptions on the quantum numbers of
particles involved in the minimal processes at the microscopic level, thereby correctly capturing the kinematic features
of the new physics model.

The simplified model framework for dark matter and dark sector searches at colliders should constitute a list of
key relevant QFT interactions which first produce a mediator particle in a proton-proton collision which subsequently
decays into other particles, including dark matter. In general such benchmark models would be characterised by the
production mechanism (e.g. qq̄ or gluon gluon, etc), the type of the mediator (e.g. scalar, pseudo-scalar, vector or
axial-vector) and the decay channel (e.g. s-channel or t-channel production of two dark matter fermions, or other DM
particle species). Secondly, each individual class of these simple models should be characterised by an appropriately
chosen minimal set of physically relevant parameters (coupling constants, masses and widths).

The uses of the simplified model approach in the context of mono-jets and mono-photons searches at colliders and
the discussion of its scope have become particularly relevant now in the light of the forthcoming run 2 of the LHC.
The emerging framework is attracting a fair amount of attention in the collider and phenomenology communities.
Two recent overviews [2, 3] give an example of this. The aim of the present paper is to go beyond the Born-level
processes of dark matter production in the quark-anti-quark channel and include processes with gluons in the initial
state.

The authors of Ref. [2] have discussed examples of tree-level benchmark processes relevant for interpreting DM
searches at colliders, specifically: quark-anti-quark s-channel processes mediated by Scalar (S)sqq̄ and Vector (V)sqq̄
messengers; and the t-channel processes mediated by Colored Scalar (CS)tqq̄ messengers. They have also considered
gluon fusion via dimension-5 EFT operators mediated by Scalar (S)EFT

gg and Pseudo-scalar messengers (P)EFT

gg and
have commented on EFT models in which DM coupled preferentially to the third generation.
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FIG. 3: Minimal width as a function of the mediator mass for scalar and vector operators, with two di↵erent DM mass choices.
Individual partial width contributions are illustrated.

III. DIRECT AND INDIRECT DETECTION LIMITS

If we make the assumption that the particle � of Eqs. (1)-(4) is a dark matter candidate, accounting for the observed
dark matter abundance in the universe, we can derive limits on our simplified models from low-energy interactions,
i.e. direct and indirect detection experiments. Direct detection experiments measure the recoil of the nucleus of which
the dark matter particle scatters o↵. Our limits are based on measurements by LUX [47–49] which currently provides
the strongest bounds for m

DM

>⇠ 6 GeV. In these settings dark matter particles are assumed to be non-relativistic,
the momentum transfer (depicted in the right diagram of Fig. 1) is small and describing the interaction in terms of
e↵ective operators is justified as long as O(m

MED

) >⇠ 1 GeV.
For the calculation of the scattering cross section of a dark matter particle scattering spin-independently via a

vector mediator o↵ a proton we find

�V
�p =

9

⇡

g2
DM

g2
SM

⇢2

m4

MED

(16)

and for the scalar, interacting with the nuclei only via the gluons, we use [50–52]

�S
�p =

⇢2

⇡

����
mp

mt

gtyt g�y�
m2

MED

2

27
f
TG

����
2

, (17)

where ⇢ = m
DM

mp/(mDM

+mp) is the reduced mass and f
TG

' 0.9 [53].

parameters are held fixed when one varies the mass parameters for the mediators/dark particles in the plots. We have chosen the first
combination, the authors of [10] used the second, while the vector cases of course have no Yukawa’s to scale. In any case this is a simple
re-parametrisation.
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FIG. 6: mDM, mMED exclusion planes for di↵erent potential mediators, for a variety of di↵erent mediator widths. We show
the LHC 8 and the direct detection limits, in addition we present expected limits at LHC 14 TeV at 20 fb�1 as dotted lines.
For scalar and pseudo-scalar mediators we increased the cross section by a factor of µ = 100 as explained in the text. Data for
direct detection results (in this and subsequent figures) comes from the LUX, [48], PICASSO [55], COUPP [56] and SIMPLE
[57] experiments.

V. EFFECTS OF HEAVY NEW PHYSICS ON MEDIATOR PRODUCTION

In this section we investigate potential BSM e↵ects which may alter the production of the dark sector mediator. In
particular we focus on additional heavy degrees of freedom, which are charged under SU(Nc). Since we assume that
these new degrees of freedom are heavy we can work in the limit in which the new states are integrated out (however,
we stress that the mediator remains a propagating particle). This is achieved by including the following interaction
in our simplified model Lagrangian in Eq. (1),

L
EFT

= gg
↵s

12⇡v
S Tr (Gµ⌫Gµ⌫) (21)

For simplicity we have focused on the scalar mediator, and parameterized the Lagrangian in terms of a rescaled Higgs
EFT dimension-5 operator (in which the rescaling factor is gg). Our extended simplified model now has an additional
parameter gg, resulting in a total of 6 free parameters.

In order to make predictions for the resulting model we need to extend the existing implementation of this process
in MCFM [6], which is based upon modified matrix elements for Higgs production (computed originally in ref. [68]).
The inclusion of Eq. (21) in the Lagrangian results in a new term which interferes with the top loop contribution at
the amplitude level. Accordingly we have recomputed the production amplitude gg ! g+S and qq ! g+S in terms
of helicity amplitudes. The results for these amplitudes, which to the best of our knowledge, have not been reported
elsewhere, are included in the Appendix. Representative Feynman diagrams from this extended model are the first
two diagrams in Fig. 1, with the first representing the new BSM contribution assumed to be induced by heavy colored
particles.
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Additional heavy sector particles

• Let us consider additional heavy degrees of freedom charged under SU(Nc)             
→ EFT Lagrangian

• Higher dimensional operators are relatively less suppressed at high energies 
compared to their 4-dimensional counterparts.

• Setting NP = 2 TeV and assuming gNP is O(1), EFT can be used for values gg < ~0.1

• Should a propagating resonance be found in the mono-jet channel, coupling 
constraints on loop-induced heavy particles can be investigated. 
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the recent Higgs discovery and assumes that the coupling strength of the new scalars to Standard Model fermions is
proportional to their SM Yukawa couplings.
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FIG. 1: Representative Feynman graphs for gluon and quark induced mono-jet processes. The particle X can be either a scalar,
pseudo-scalar, vector or axial-vector mediator. The left diagram shows an e↵ective operator approximation of the mediator
coupling to gluons. The middle graph represents the full description of the same process, including the fermion mass dependence
in the loop, while the right graph depicts a mediator produced in a quark-anti-quark annihilation.

Inferring the existence of dark particles in collider experiments requires them to recoil against visible radiation.
Since the recoil object need not be essential in the interaction which produces the mediator, a natural candidate for
the tagging object is the emission of initial state radiation, which occurs at a high rate at the LHC. In these mono-jet
signatures a hard jet recoils against the invisible particles. Events with several hard jets are often vetoed, leaving
Z/W+jets as major Standard Model backgrounds. In these events the transverse momentum of the jet sets the energy
scale of the hard interaction.

The mediating particle can couple directly or indirectly to the initial state patrons, representative diagrams are
shown in Fig. 1. The diagram on the far right of Fig. 1 represents an example in which the mediator-SM interaction
proceeds via a tree-level interaction with quarks. The mediator can also couple to initial states indirectly, in these
instances the underlying production mechanism corresponds to loop-induced process, the middle diagram in Fig. 1
illustrates this scenario. The propagating loop particle can be integrated out, resulting in an e↵ective dimension-5
operator, illustrated in the left most diagram of Fig. 1. This prescription is invalid if pT,j

>⇠ O(mX), where mX is
the mass of the loop particle. In the case of the top quark, this can readily be achieved. On the other hand, heavy
colored states which couple to the mediator can be integrated out provided ⇤

NP

is much larger than the energy scale
where the operator is probed.

To be able to probe new physics models with particle masses below the characteristic interaction scale of the hard
interaction, so-called simplified models were proposed [1] which only make assumptions on the quantum numbers of
particles involved in the minimal processes at the microscopic level, thereby correctly capturing the kinematic features
of the new physics model.

The simplified model framework for dark matter and dark sector searches at colliders should constitute a list of
key relevant QFT interactions which first produce a mediator particle in a proton-proton collision which subsequently
decays into other particles, including dark matter. In general such benchmark models would be characterised by the
production mechanism (e.g. qq̄ or gluon gluon, etc), the type of the mediator (e.g. scalar, pseudo-scalar, vector or
axial-vector) and the decay channel (e.g. s-channel or t-channel production of two dark matter fermions, or other DM
particle species). Secondly, each individual class of these simple models should be characterised by an appropriately
chosen minimal set of physically relevant parameters (coupling constants, masses and widths).

The uses of the simplified model approach in the context of mono-jets and mono-photons searches at colliders and
the discussion of its scope have become particularly relevant now in the light of the forthcoming run 2 of the LHC.
The emerging framework is attracting a fair amount of attention in the collider and phenomenology communities.
Two recent overviews [2, 3] give an example of this. The aim of the present paper is to go beyond the Born-level
processes of dark matter production in the quark-anti-quark channel and include processes with gluons in the initial
state.

The authors of Ref. [2] have discussed examples of tree-level benchmark processes relevant for interpreting DM
searches at colliders, specifically: quark-anti-quark s-channel processes mediated by Scalar (S)sqq̄ and Vector (V)sqq̄
messengers; and the t-channel processes mediated by Colored Scalar (CS)tqq̄ messengers. They have also considered
gluon fusion via dimension-5 EFT operators mediated by Scalar (S)EFT

gg and Pseudo-scalar messengers (P)EFT

gg and
have commented on EFT models in which DM coupled preferentially to the third generation.
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Inferring the existence of dark particles in collider experiments requires them to recoil against visible radiation.
Since the recoil object need not be essential in the interaction which produces the mediator, a natural candidate for
the tagging object is the emission of initial state radiation, which occurs at a high rate at the LHC. In these mono-jet
signatures a hard jet recoils against the invisible particles. Events with several hard jets are often vetoed, leaving
Z/W+jets as major Standard Model backgrounds. In these events the transverse momentum of the jet sets the energy
scale of the hard interaction.

The mediating particle can couple directly or indirectly to the initial state patrons, representative diagrams are
shown in Fig. 1. The diagram on the far right of Fig. 1 represents an example in which the mediator-SM interaction
proceeds via a tree-level interaction with quarks. The mediator can also couple to initial states indirectly, in these
instances the underlying production mechanism corresponds to loop-induced process, the middle diagram in Fig. 1
illustrates this scenario. The propagating loop particle can be integrated out, resulting in an e↵ective dimension-5
operator, illustrated in the left most diagram of Fig. 1. This prescription is invalid if pT,j

>⇠ O(mX), where mX is
the mass of the loop particle. In the case of the top quark, this can readily be achieved. On the other hand, heavy
colored states which couple to the mediator can be integrated out provided ⇤

NP

is much larger than the energy scale
where the operator is probed.

To be able to probe new physics models with particle masses below the characteristic interaction scale of the hard
interaction, so-called simplified models were proposed [1] which only make assumptions on the quantum numbers of
particles involved in the minimal processes at the microscopic level, thereby correctly capturing the kinematic features
of the new physics model.

The simplified model framework for dark matter and dark sector searches at colliders should constitute a list of
key relevant QFT interactions which first produce a mediator particle in a proton-proton collision which subsequently
decays into other particles, including dark matter. In general such benchmark models would be characterised by the
production mechanism (e.g. qq̄ or gluon gluon, etc), the type of the mediator (e.g. scalar, pseudo-scalar, vector or
axial-vector) and the decay channel (e.g. s-channel or t-channel production of two dark matter fermions, or other DM
particle species). Secondly, each individual class of these simple models should be characterised by an appropriately
chosen minimal set of physically relevant parameters (coupling constants, masses and widths).

The uses of the simplified model approach in the context of mono-jets and mono-photons searches at colliders and
the discussion of its scope have become particularly relevant now in the light of the forthcoming run 2 of the LHC.
The emerging framework is attracting a fair amount of attention in the collider and phenomenology communities.
Two recent overviews [2, 3] give an example of this. The aim of the present paper is to go beyond the Born-level
processes of dark matter production in the quark-anti-quark channel and include processes with gluons in the initial
state.

The authors of Ref. [2] have discussed examples of tree-level benchmark processes relevant for interpreting DM
searches at colliders, specifically: quark-anti-quark s-channel processes mediated by Scalar (S)sqq̄ and Vector (V)sqq̄
messengers; and the t-channel processes mediated by Colored Scalar (CS)tqq̄ messengers. They have also considered
gluon fusion via dimension-5 EFT operators mediated by Scalar (S)EFT

gg and Pseudo-scalar messengers (P)EFT

gg and
have commented on EFT models in which DM coupled preferentially to the third generation.
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FIG. 6: mDM, mMED exclusion planes for di↵erent potential mediators, for a variety of di↵erent mediator widths. We show
the LHC 8 and the direct detection limits, in addition we present expected limits at LHC 14 TeV at 20 fb�1 as dotted lines.
For scalar and pseudo-scalar mediators we increased the cross section by a factor of µ = 100 as explained in the text. Data for
direct detection results (in this and subsequent figures) comes from the LUX, [48], PICASSO [55], COUPP [56] and SIMPLE
[57] experiments.

V. EFFECTS OF HEAVY NEW PHYSICS ON MEDIATOR PRODUCTION

In this section we investigate potential BSM e↵ects which may alter the production of the dark sector mediator. In
particular we focus on additional heavy degrees of freedom, which are charged under SU(Nc). Since we assume that
these new degrees of freedom are heavy we can work in the limit in which the new states are integrated out (however,
we stress that the mediator remains a propagating particle). This is achieved by including the following interaction
in our simplified model Lagrangian in Eq. (1),

L
EFT

= gg
↵s

12⇡v
S Tr (Gµ⌫Gµ⌫) (21)

For simplicity we have focused on the scalar mediator, and parameterized the Lagrangian in terms of a rescaled Higgs
EFT dimension-5 operator (in which the rescaling factor is gg). Our extended simplified model now has an additional
parameter gg, resulting in a total of 6 free parameters.

In order to make predictions for the resulting model we need to extend the existing implementation of this process
in MCFM [6], which is based upon modified matrix elements for Higgs production (computed originally in ref. [68]).
The inclusion of Eq. (21) in the Lagrangian results in a new term which interferes with the top loop contribution at
the amplitude level. Accordingly we have recomputed the production amplitude gg ! g+S and qq ! g+S in terms
of helicity amplitudes. The results for these amplitudes, which to the best of our knowledge, have not been reported
elsewhere, are included in the Appendix. Representative Feynman diagrams from this extended model are the first
two diagrams in Fig. 1, with the first representing the new BSM contribution assumed to be induced by heavy colored
particles.
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the distribution probes scales of around a few TeV, setting ⇤NP = 2 TeV and assuming gNP is O(1) we see that the
maximum gg which can be safely probed at the 14 TeV LHC is around gg < 0.3. Figure 10 illustrates the usual result
that higher dimensional operators are relatively less suppressed at high energies compared to their four dimensional
counterparts, as a result the impact of the gg pieces can be reinterpreted as momentum dependent form factor which
modifies the four-dimensional Lagrangian.

The results presented in this section suggest that, should a propagating resonance be found in the mono-jet channel
at the LHC, coupling constraints on loop-induced heavy sector particles can be investigated, of which values approx-
imately gg < 0.3 correspond to theories in which the EFT prescription is viable. These constraints may shed light on
extended sectors in the BSM theory which contain heavy colored particles. In addition, if Run II searches based on
the simplified models defined in Sec. II lead to null results, then one can also test models in which the scalar mediator,
and putative dark matter particles are light, but only couple to the SM through a heavy colored messenger. These
instances correspond exactly to the situation in which gg is non-zero, but gt ⌧ gg, g�. In theories with this coupling
structure the EFT becomes the dominant production model, and although at the cost of an additional parameter, gg
should be included in the simplified model.

VI. CONCLUSIONS

We have defined benchmark or simplified models for dark particle searches for the cases of scalar, pseudo-scalar,
vector and axial-vector mediators between the SM and dark sectors. These models are defined by the interaction in
Eqs. (1)-(4) and (21). Apart from the choice of mediator type these models are characterised in our approach by the
following free parameters:

1. mediator mass m
MED

2. mediator width �
MED

3. dark matter mass m
DM

4. e↵ective coupling parameter gq · g� for scalar and pseudo-scalar mediators (5); and g
SM

· g
DM

for axial-vector
and vector mediators.

In our examples here we chose to study democratic scenarios in which the couplings in the dark sector and SM were
equal, although this need not be the case this reduces the degrees of freedom from 5 to 4. We have implemented
simplified models based on these parameters into a fully flexible (and public) Monte Carlo code, MCFM. We used
MCFM to generate signal events, which were processed through event and detector simulation for the 8 and 14 TeV
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Scalar simplified models

• 5 parameters: DM mass, mediator mass, DM-mediator coupling,                         
flavor-universal SM-mediator coupling, mediator width

• Keeping the width as a free parameter allows for couplings to additional particles, 
perhaps in an expanded dark sector.

• Fermion couplings follow Minimal Flavor Violation

• Mediator couplings to SM fermions are proportional to the Higgs Yukawa couplings.

• Dominant production at the LHC would be through ggF as the tree-level couplings to 
light quarks are Yukawa-suppressed.
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3

cross section. Constraints from existing LHC Run-I missing energy searches are discussed in Section IV in three
channels: missing transverse energy with associated jets, with associated top quark pairs, and with associated bottom
quarks. We apply our constraints to the special case of the 125 GeV Higgs as the scalar mediator in Section V. We
then conclude by outlining additional searches and improvements that could be made for future analyses.

II. SIMPLIFIED MODELS

In this paper we consider interactions between Dirac fermion dark matter � and Standard Model fermions mediated
by either a new scalar � or a new pseudoscalar A. Our choice of fermionic dark matter is somewhat arbitrary; our
results would translate to the scalar dark matter case with minor modifications, though this assumption would
introduce additional parameters. Our two benchmark models take the form

LS = L
SM

+
1

2
(@µ�)2 � 1

2
m2

��2 + i�̄/@� � m��̄� � g���̄� �
X

fermions

gv
yfp

2
�f̄f , (1)

LA = L
SM

+
1

2
(@µA)2 � 1

2
m2

AA2 + i�̄/@� � m��̄� � ig�A�̄�5� �
X

fermions

igv
yfp

2
Af̄�5f. (2)

Here, L
SM

is the Lagrangian of the Standard Model. Such models introduce five free parameters: dark matter mass
m�, mediator mass m� or mA, the dark matter-mediator coupling g�, the flavor-universal Standard Model-mediator
coupling gv, and the mediator width �� or �A.1 Keeping the width as a free parameter leaves open the possibility
that the mediator has other couplings to additional particles, perhaps in an expanded dark sector. Furthermore, as
the cross section for dark matter production, annihilation, and scattering to nucleons is proportional to product of
the couplings (g�gv)2 and the width depends on the sum of terms proportional to g2

� and g2

v separately, by keeping
the width as a free parameter, we can set limits on the combination g�gv as a function of the width without specifying
the individual couplings gv and g�. This is how we will present our bounds in Sections III and IV.

We set the fermion couplings proportional to the SM Yukawa couplings, using the Minimal Flavor Violating (MFV)
assumption [44]. This avoids introducing precision constraints from flavor measurements. Additionally, note that
the left-handed Standard Model fermions are SU(2)L doublets and the right-handed fermions are singlets, while the
dark matter cannot be primarily an SU(2)L multiplet with Y 6= 0, due to direct detection bounds. If � is a complete
Standard Model gauge singlet, then the mediator � or A must have some mixing with the Higgs sector to interact with
both the doublet fermions and the dark matter, justifying the Yukawa-proportional coupling assumption. Another
possibility is that dark matter is a doublet-singlet mixture, as in the case of a neutralino, allowing the mediator to
be an SU(2)L doublet while still avoiding direct detection constraints. This again involves mass terms in the dark
sector proportional to the electroweak symmetry breaking scale, which suggests (though does not require) couplings
proportional to Yukawa terms.

We assume that the coupling gv is universal across all the families of quarks and leptons. One could loosen this
requirement without introducing large flavor violation. Taking a cue from two-Higgs doublet models for example, the
up-type and down-type couplings could be varied independently. We will not explore this possibility in detail here,
but we note such deviations from the baseline model would change the ratios of expected signals in the various collider
channels we consider. This again motivates a broad set of experimental searches.

As we have seen, this set of simplified models has some obvious connections with the Higgs sector [18, 45]. As a
gauge-singlet scalar, the mediator � will generically mix with the neutral Higgs. If the SM Higgs is part of an extended
Higgs sector, then the pseudoscalar A would fit easily into the model (for example, as the pseudoscalar in a two-Higgs
doublet model). If the models are so intimately related to Higgs physics, one might expect some coupling to W and Z
bosons, which we do not allow in our baseline models. We justify this omission by noting that even for scenarios where
the scalar and/or pseudoscalar are part of a Higgs sector, deviations from alignment in supersymmetry are constrained
to be small [46, 47], which in turn implies that the coupling to W/Z bosons of new scalars and pseudoscalars in the
Higgs sector would likely be small compared to the 125 GeV Higgs.

Similarly, we would expect explicit dimension-4 � � h or A � h couplings in our Lagrangians Eqs. (1) and (2). In
a full UV-complete theory, into which the simplified model presumably fits, these couplings would be set by some
unspecified dynamics. In this work, we set them to zero for simplicity, as we did for the W and Z couplings.

1
If referring to both the scalar and pseudoscalar models simultaneously, we will use mediator mass m�(A) and mediator width ��(A).
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FIG. 2: Sample of the leading-order Feynman diagrams, in the Full Theory with finite top mass e↵ects, contributing
to the scalar plus jet production at the LHC.

Analogously to the production of the Higgs, the dominant form of dark matter production at the LHC would be
through gluon fusion, as the tree-level couplings to the light quarks are Yukawa-suppressed. This production mode is
dominantly through the loop induced g � g � �(A) coupling. Representative diagrams for the leading-jet process are
shown in Figure 2. Note that in the production of the mediators in channels with associated b or t quarks is largely
dominated by the tree-level terms, though as in Higgs production, loop e↵ects can be important in the �(A)+ heavy
flavor channels.

If the external particles in the loop induced g � g � �(A) interaction are on-shell, then it can be exactly calculated
in a single coupling value, as in Higgs physics. A similar diagram induces couplings to photons. At leading-order, the
on-shell Lagrangians for our two benchmark models gain the additional terms [47–51]

LS,loop

=
↵S

8⇡

gv

v
⌧ [1 + (1 � ⌧)f (⌧)]Gµ⌫Gµ⌫� +

↵

8⇡

�
3 ⇥ 4

9

�
gv

v
⌧ [1 + (1 � ⌧)f (⌧)]Fµ⌫Fµ⌫� , (3)

LA,loop

=
i↵S

8⇡

gv

v
⌧f (⌧) Gµ⌫G̃µ⌫A +

i↵

8⇡

�
3 ⇥ 4

9

�
gv

v
⌧f (⌧) Fµ⌫ F̃µ⌫A , (4)

where ⌧ = 4m2

t /m2

�(A)

, yt is the top Yukawa, v is the Higgs vacuum expectation value, and the function f(⌧) is
defined as

f(⌧) =

8
<

:
arcsin2

1p
⌧

, ⌧ � 1 ,

� 1

4

⇣
log 1+

p
1�⌧

1�
p

1�⌧
� i⇡

⌘
2

, ⌧ < 1 .
(5)

We should emphasize that the e↵ective coupling approximation can be accurately calculated for arbitrary top and
mediator masses. However, for associated production of � or A plus jets at collider, with momenta and energy scales
where the loop induced top contributions start to be resolved, that is pT,� = O(2mt), this e↵ective operator breaks
down and the one-loop dynamics should be taken into account.

In Section IV we will discuss further details of the missing transverse energy searches with associated jets used the
LHC experiments. For this section, it is su�cient to state that significant transverse missing momentum is required
(that is, large transverse momentum of the � or A), along with large momentum of at least one jet, in order to pass
the trigger and selection criteria. In events without additional heavy flavor tagging, the primary production vertex
for the � or A will be through the top-loop coupling to gluons, in association with a hard emission of initial state
radiation, see Figure 2.

In Figure 3, we show the missing transverse momentum distribution (MET or /ET ) for pp ! �̄� + j at the
8 TeV LHC, setting m� = 10 GeV. Following our sketch (in Figure 1) of the inclusion of integrated-out particles as
we resolve e↵ective operators, we present the di↵erential MET distribution from dark matter production for three
di↵erent interaction hypothesis:

1. for the direct production through an EFT interaction with gluons, ↵S/⇤3 [�̄�Gµ⌫Gµ⌫ ];

2. for the production via a scalar mediator with an e↵ective g � g � � interaction vertex, as in Eq. (3). For
comparison purposes, we show both a light (100 GeV) on-shell mediator and very heavy (1200 GeV) mediator
which gives dark matter through o↵-shell production; and

3. for the production via a scalar mediator where the top-loop has been taken into account via the exact one-loop
computation. We show once more a very light (m� = 100 GeV) and a very heavy (m� ! 1) mediator scenarios.

All these distributions were generated using MCFMv6.8 [52, 53], where we have extended the process implementation
pp ! H(A) + j ! ⌧+⌧� + j in MCFM to accommodate the o↵-shell mediator production and decay to a dark matter
pair. The hard scales are defined as µ2

F = µ2

R = m2

�(A)

+ p2

Tj . For further details on the event generation see
Section IV.

FIG. 2: Sample of the leading-order Feynman diagrams, in the Full Theory with finite top mass e↵ects, contributing
to the scalar plus jet production at the LHC.

Analogously to the production of the Higgs, the dominant form of dark matter production at the LHC would be
through gluon fusion, as the tree-level couplings to the light quarks are Yukawa-suppressed. This production mode is
dominantly through the loop induced g � g � �(A) coupling. Representative diagrams for the leading-jet process are
shown in Figure 2. Note that in the production of the mediators in channels with associated b or t quarks is largely
dominated by the tree-level terms, though as in Higgs production, loop e↵ects can be important in the �(A)+ heavy
flavor channels.

If the external particles in the loop induced g � g � �(A) interaction are on-shell, then it can be exactly calculated
in a single coupling value, as in Higgs physics. At leading-order, the on-shell Lagrangians for our two benchmark
models gain the additional terms [48–52]
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�(A)

, yt is the top Yukawa, v is the Higgs vacuum expectation value, and the function f(⌧) is
defined as

f(⌧) =

8
<

:
arcsin2

1p
⌧

, ⌧ � 1 ,

� 1

4

⇣
log 1+

p
1�⌧

1�
p

1�⌧
� i⇡

⌘
2

, ⌧ < 1 .
(4)

We should emphasize that the e↵ective coupling approximation can be accurately calculated for arbitrary top and
mediator masses. However, for associated production of � or A plus jets at collider, with momenta and energy scales
where the loop induced top contributions start to be resolved, that is pT,� = O(2mt), this e↵ective operator breaks
down and the one-loop dynamics should be taken into account. Also note that the scalar coupling to gluons is
suppressed relative to the pseudoscalar by & 30% for mediator masses below ⇠ 400 GeV. This will result in slightly
weaker bounds on the scalar model relative to pseudoscalars in channels where the gluon coupling dominates (i.e.,
LHC monojets).

In Section IV we will discuss further details of the missing transverse energy searches with associated jets used the
LHC experiments. For this section, it is su�cient to state that significant transverse missing momentum is required
(that is, large transverse momentum of the � or A), along with large momentum of at least one jet, in order to pass
the trigger and selection criteria. In events without additional heavy flavor tagging, the primary production vertex
for the � or A will be through the top-loop coupling to gluons, in association with a hard emission of initial state
radiation, see Figure 2.

In Figure 3, we show the missing transverse momentum distribution (MET or /ET ) for pp ! �̄� + j at the
8 TeV LHC, setting m� = 10 GeV. Following our sketch (in Figure 1) of the inclusion of integrated-out particles as
we resolve e↵ective operators, we present the di↵erential MET distribution from dark matter production for three
di↵erent interaction hypothesis:

1. for the direct production through an EFT interaction with gluons, ↵s/⇤3 [�̄�Gµ⌫Gµ⌫ ];

2. for the production via a scalar mediator with an e↵ective g � g � � interaction vertex, as in Eq. (3). For
comparison purposes, we show both a light (100 GeV) on-shell mediator and very heavy (1200 GeV) mediator
which gives dark matter through o↵-shell production; and

3. for the production via a scalar mediator where the top-loop has been taken into account via the exact one-loop
computation. We show once more a very light (m� = 100 GeV) and a very heavy (m� ! 1) mediator scenarios.
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Bounds from DD, ID, thermal relic

• The pseudo-scalar model has 
no velocity or momentum 
independent scattering cross 
section with protons and 
neutrons → no significant 
limits from DD.

• <σv> is proportional to v2 
for scalar models               
→ no significant signals in ID 
(v ≲ 10-2c).

• Thermal abundance is shown 
assuming the only open 
channel is 

8

7

The fundamental Lagrangian parameters are translated into dark matter-nucleon scattering cross sections using

���p,n =
µ2

⇡
f2

p,n, (5)

fp,n =
X

q=u,d,s

fp,n
q

mp,n

mq

 
g�gvyqp

2m2

�

!
+

2

27
fp,n
TG

X

q=c,b,t

mp,n

mq

 
g�gvyqp

2m2

�

!
, (6)

where µ is the dark matter-nucleon reduced mass, and the parameters fp,n
q and fp,n

TG

are proportional to the quark
expectation operators in the nucleon. These must be extracted from lattice QCD simulations [74–78], and we adopt
the values from Ref. [78]. For the purposes of this paper, there is no significant di↵erence between the proton and
neutron fp,n, and so our dark matter scattering is essentially isospin-conserving.

The finite width is not relevant to these constraints (barring widths of order m�), so the bound is placed on
the combination g�gv as a function of dark matter and mediator masses, independent of width. In Figure 5, we
show the upper limits placed by LUX and CDMS-lite at the 95% confidence level (CL) on the coupling combination
g�gv, as a function of the scalar mediator and dark matter masses. The discontinuity visible at m� ⇠ 6 GeV is a
result of the sharply weakening LUX bounds being overtaken by the CDMS-lite constraint. As we will continue to
do throughout this paper, we include limits on the combination of couplings well above the perturbativity bound
g�gv & 4⇡. Clearly, such enormous couplings are not part of a sensible perturbative quantum field theory. We include
them for completeness, and to allow some comparison of the sensitivity of the di↵erent classes of experiments.

FIG. 5: Contour plot of 95% CL upper bounds on the coupling combination g�gv from LUX [72] and CDMS-lite [73]
direct detection searches on the scalar mediator benchmark model as a function of the mediator mass m� and dark
matter mass m�.

B. Indirect Detection

Indirect detection searches look for dark matter annihilating to Standard Model particles in the Universe today.
Such processes could be seen by finding an otherwise unexplained excess of gamma rays or positrons coming from
an area of expected high dark matter density. While direct detection searches place non-trivial limits on scalar
mediator models, such models result in thermally averaged cross sections h�vi which are proportional to v2. The
velocity v of dark matter today is very small . 10�2c, and so scalar mediators do not result in significant signals in
indirect searches. The velocity-averaged annihilation cross section into Standard Model fermion final states for our
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two benchmark models are [79]
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(9)

Here, Nf is the number of colors of the fermion f , and T is the temperature of the dark matter. As T / v2, of our two
simplified models, only the pseudoscalars have a thermal annihilation cross section with a velocity-independent term.
Thus, only the pseudoscalar mediator gives significant annihilation in the Universe today with non-trivial bounds set
by indirect detection.

Of particular interest, due to their sensitivity to multiple decay channels, are indirect searches for gamma-ray
annihilation, either from direct annihilation (resulting in gamma rays with a characteristic energy of E� = m�),
or from a cascade of Standard Model decays after annihilation into heavy, charged, and unstable Standard Model
particles, which provide a continuum of gamma rays. For gamma-ray energies (and thus dark matter masses) below
approximately a TeV, the Fermi Gamma-Ray Space Telescope (FGST) provides the best bounds at present [80–83].
In particular in this paper we will use the bounds set by the FGST in Ref. [82], searching for dark matter annihilation
in dwarf spheroidal galaxies orbiting the Milky Way (see also Ref. [81] for an independent analysis). At the moment
these are the most constraining.

We comment that there is an excess of gamma rays from the Galactic Center reported in the FGST data-set [84–94].
Though the source of these gamma rays is still uncertain [95–98], if interpreted in terms of dark matter, it could be
be accommodated by annihilation through a pseudoscalar mediators with Standard Model couplings proportional to
Yukawas [99–104], as in our benchmark simplified model.

In this paper, we use only the 95% CL upper limits on the indirect annihilation cross section into pairs of b-quarks
from the FGST dwarf analysis [82], converted to limits on our model parameters by calculating the velocity averaged
cross section h�vi (see Ref. [79] for details) evaluated at v ! 0. Constraints on g�gv are shown in Figure 6. The width
�A can play an important role here near resonance, so to reduce the parameter space we choose a width under the
assumption that the two couplings are equal. This has only a minor e↵ect on the majority of the parameter space.
We further assume that no other annihilation channels are present.

FIG. 6: Contour plot of 95% CL upper bounds on g�gv derived from indirect detection constraints set by the FGST
dwarf spheroidal analysis [82] in the bb̄ channel, as a function of the pseudoscalar mediator mass mA and the dark
matter mass m�. The width is set assuming gv = g�, which is relevant only near resonance.
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C. Thermal Relic Abundance

By measuring CMB anisotropies, surveys such as the Planck mission have measured the dark matter contribution
to the Universe’s energy budget to be ⌦�h2 = 0.1187±0.0017 [4]. From standard Boltzmann relic density calculations
[105], this implies a thermal annihilation cross section of h�vi ⇠ 3 ⇥ 10�26 cm3/s. If we assume that � is the only
connection between the dark and visible sectors, and we further assume that the dark matter is a thermal relic, we
can calculate the couplings g� and gv necessary for the production of the observed density of dark matter.

As with indirect detection, near resonance (m� ⇠ 2m�) we must assume knowledge of the mediator width ��(A)

.
We make the same assumption as before: that the width is calculated as if gv = g�. Annihilation near resonance can
have significant e↵ects on the cross section during thermal freeze-out, which we take into account using the methods
outlined in Ref. [106]. Away from resonance, the thermally averaged cross section becomes identical to that calculated
for the indirect detection constraints, evaluated at the freeze-out temperature Tf = m�/xf ⇠ m�/25.

Additionally, when m� < m�, dark matter can annihilate in the process �̄� ! ��, followed by decay of the �. Thus
a thermal relic can be obtained even when gv ⇠ 0, as long as the � is not su�ciently long-lived as to decay after Big
Bang Nucleosynthesis. Such detector-stable particles are completely consistent as a dark matter mediator, but may
require searches targeted towards displaced vertices. For the purposes of this paper, will not consider these models in
more detail here, though the possibility should not be ignored.

The required combinations of couplings g�gv in order to obtain a thermal abundance are shown in Figure 7, assuming
the only open channel is �̄� ! �(A) ! f̄f . We again emphasize that the regions of mass and coupling parameter
space that do not yield a correct thermal relic under our specific set of assumptions are still of great interest, and
so these constraints should not be taken as the final word on dark matter physics. Recall that we are discussing a
simplified scenario, which presumably fits into a larger model of the dark sector. If the couplings are too small to
give the correct relic abundance, then the simplified model predicts an over-abundance of dark matter from thermal
processes. However, entropy dilution could reduce the dark matter density, if the physics in the Early Universe is
non-standard [107]. Somewhat more prosaically, the full theory of the dark sector could contain additional mediating
particles that increase the annihilation cross section [108]. If the couplings under consideration are larger than required
for thermal annihilation, then non-thermal models of dark matter (such as asymmetric dark matter) are an attractive
possibility [6, 109–113].

FIG. 7: Required values of g�gv as a function of mediator mass m�(A)

and dark matter mass m� assuming that dark
matter is a thermal relic and the only annihilation channel is �̄� ! �(A) ! f̄f , for the scalar (left) and
pseudoscalar (right) simplified models.

IV. COLLIDER BOUNDS

Having placed bounds on our simplified models from direct detection, indirect detection, and under the assumption
that the dark matter obtains the thermal relic abundance, we now turn to bounds from the LHC. The most obvious
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Heavy flavour searches

• With MVF, the mediator is most strongly coupled to the heaviest fermions.

• The b-tagged channel places significantly weaker constraints than the mono-jet or top 
channels.
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FIG. 10: Representative Feynman diagrams contributing to heavy quark flavor plus dark matter production at the
LHC in our Simplified Models.

i) The di↵erent dependence on the scalar and pseudoscalar widths on � have an important e↵ect on the results.
For the light mediator, the scalar partial width into dark matter (/ �3) significantly reduces the total cross
section when compared to the pseudoscalar (/ �). As a result, the couplings to the scalar must be larger
than the pseudoscalar for the 100 GeV mediators. For the heavy mediator, neither scenario has a significant
kinematic suppression. This is dependent on our choice of dark matter mass; as the dark matter mass increases,
we expect to see the scalar bounds weaker faster than the pseudoscalar. This is explicitly an e↵ect due to on-shell
production of the mediator; if the dark matter mass was heavier than m�(A)

/2, then the monojet channel would
only be sensitive to production of dark matter via an o↵-shell mediator, which does not scale with the kinematic
suppression factor. In Figure 9, we show the scaling of the monojet bound as a function of dark matter mass,
assuming a 100 GeV scalar or pseudoscalar (and ��(A)

/m�(A)

= 10�3).

ii) In the case of the MCFM results, the changing width only causes a rescaling of the total rate of mediator production
times decay into dark matter through the changing branching ratios. While this is the dominate e↵ect for the
finite width calculation, there is a subleading e↵ect at ��(A)

/m�(A)

& 0.1, where the tail of the mediator pT

distribution (and thus the MET) can be increased relative to the narrow width approximation. This is a result
of the mediator being able to be produced with q2 very far away from the expected mass, convolved with the
proton parton distribution functions. For the 100 GeV mediators, as the width is increased this secondary e↵ect
causes the bound on g�gv to weaken less rapidly than one would expect from the branching ratio alone. The
e↵ect is negligible for the 375 GeV mediators.

B. Heavy Flavor Searches

One would expect that the strongest constraint that the LHC can place on the dark matter decay channels of
our benchmark scalar and pseudoscalar mediators comes from the general jets plus missing transverse energy search
discussed previously, as the production cross section here is highest. However, channels with missing energy associated
with particles other than untagged jets can have significantly lower backgrounds (and di↵erent systematics) than the
monojets. Therefore, we can and should consider searches in additional channels. Though we will often find that
limits placed on the couplings will be weaker than those placed by the monojet search, this approach is still critical
as the LHC continues to ramp up to higher energies and luminosities. Recall that we are working with a simplified
model, purposefully constructed to minimize the number of free parameters. Therefore, under these assumptions
we can predict the exact ratio of signal strength in multiple channels, as the cross section for each is set by the
same masses and couplings. However, we must be open to deviations from the simplified model. For example, if the
couplings to up- and down-type couplings are not set by a universal coupling gv, or if the loop-induced gluon coupling
does not depend solely on the couplings to top and bottom quarks, then it is quite possible that the signal in the
monojet channel could be suppressed relative to other production mechanisms. Discovery in more than one channel
would also allow better understanding of the theoretical underpinnings of any new physics.

With that motivation in mind, it is clearly important to look for new physics in many associated channels. Even when
considering modifications to the baseline models, it is still reasonable to assume that the interactions with fermions
are largely MFV, and therefore that the mediator is most strongly coupled to the heaviest fermions. Therefore, we
show here limits on production of the � or A in association with top and bottom quarks, followed by the invisible
decay of the mediator into dark matter. Some of the main production diagrams for such processes are shown in
Figure 10.

We use the CMS dedicated search for dark matter produced in events with dileptonic tops [126], performed on
19.7 fb�1 of integrated luminosity at the 8 TeV LHC. The analysis requires exactly two isolated leptons with individual
pT > 20 GeV and

P
pt > 120 GeV, and at least two jets with pT > 30 GeV. The invariant mass of the leptons must
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be greater than 20 GeV, and if they are the same flavor, a Z-mass veto of |m`` � 91 GeV| > 15 GeV is applied. The
two jets are required to have invariant mass of less than 400 GeV. The signal region is �ET > 320 GeV. As with the
monojet analysis described previously, we can straightforwardly recast the CMS limits to apply to our benchmark
models, based on the number of events seen in their signal region. Signal was generated using MadGraph5, passed
through the Pythia6 and Delphes3 pipeline described earlier. As in the monojet case, we validate our results using
the dark matter EFT to compare with the CMS results. We show the bounds from this channel on g�gv for our
benchmark mediator models (for mediators of 100 and 375 GeV, and 40 GeV dark matter) as a function of mediator
width in Figures 11 and 12.

Finally, we can consider the associated production of the mediator � or A with b-quarks. Until recently, no dedicated
dark matter search similar to the monojet or dileptonic top plus MET analyses has been performed for the process
pp ! ��̄ + bb̄, and constraints could only be extracted using the sbottom searches pp ! b̃⇤b̃ ! ��̄ + bb̄ from CMS
[127] and ATLAS [128]. These searches have selection criteria which are far from ideal for the kinematics of the
simplified models, but they do place relevant constraints directly on the tree-level interaction between b-quarks and
the mediator.

Recently however, ATLAS has published a dedicated search for dark matter produced in associated with b-tagged
jets in 20.3 fb�1 of 8 TeV data [129]. Two signal categories in this search are relevant for our analysis here. In
both, the analysis vetoes events with leptons that have pT > 20 GeV and requires �ET > 300 GeV. The azimuthal
angle between all jets and the MET must be �� > 1. Signal Region SR1 requires one or two jets, at least one of
which must be b-tagged (at a 60% e�ciency) and have pT > 100 GeV. Signal region SR2 requires three or four jets
in the event, again requiring at least one to be b-tagged with pT > 100 GeV. If a second b-tagged jet exists, it must
have pT > 60 GeV, and the second highest pT jet must have pT > 100 GeV. ATLAS provides the 95% CL upper
limit on the number of events in each signal region which can be accommodated by new physics, and we validate our
simulation using the EFT results.

We again generate our signal events using MadGraph5, through the tree-level coupling of the mediator and the
b-quarks. As with the monojet search, for each of our benchmark models, we use the strongest limit on g�gv set by
either of these signal regions.

The results from this analysis are shown along with our previous limits as a function of mediator width in Figures 11
and 12. Along with the bounds derived from colliders, we include the direct and indirect constraints (for scalar and
pseudoscalar models, respectively). We also exclude the region of coupling-width parameter space that is theoretically
inconsistent. While we cannot specify a width only from the coupling combination g�gv, we can calculate the minimum

FIG. 11: 95% CL upper limits on g�gv for scalar mediators from collider searches as a function of ��/m�, assuming
40 GeV dark matter and 100 GeV (left) and 375 GeV (right) scalar mediators. The limit from the CMS monojet
search is shown as the solid colored (red or blue) line for the Full Theory including heavy quark mass e↵ects MCFM
calculation. The MadGraph e↵ective operator CMS monojet constraint is shown in dashed color. The shaded region
indicates an extrapolation of the finite width e↵ects to the MCFM results. The constraint from the top pair plus
missing energy search is the dashed black line, and the b-jet plus missing energy search limit is the dotted black line.
The horizontal solid black line shows the direct detection limit from LUX and CDMS-lite. The grayed-out region
indicates where the minimum width consistent with g�gv is greater than the assumed width.
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Minimal Simplified Dark Matter models

• s-channel vector and axial-vector simplified models

• It is possible to have mixed vector and axial-vector couplings. However, such 
interactions are suppressed by vDM2 for the direct detection (vDM ~ 10-3).

• No additional visible or invisible decays contribute to the width.

• 4 parameters: Mmed, mDM, gq, gDM

• The results can be interpreted in the following way:

• mDM vs. Mmed, for fixed gq and gDM

• Mmed vs gq=gDM, for fixed mDM

• mDM vs gq=gDM, for fixed Mmed
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mono-jet and direct detection searches for vector and axial-vector mediators in various two-

dimensional projections of the four-dimensional parameter space. We also have a dedicated

discussion (in section 4.2) of the low mass region where direct detection experiments lose

sensitivity and show projected limits (in section 4.3) from future scenarios, including limits

from the LHC after 30 fb�1, 300 fb�1 and 3000 fb�1 and xenon direct detection experi-

ments with multiple ton-year exposures. In section 5 we present a comparison of the limits

obtained in the MSDM and EFT frameworks, which serves to highlight the inadequacies

of the EFT framework. We present our conclusions in section 6.

2 Minimal Simplified Dark Matter models

The use of simplified models to characterise new physics searches at the LHC has become a

standard procedure in both the experimental and theoretical communities. The advantage

of simplified models is that they are fully described by a small number of fundamental

parameters, such as masses, couplings and/or cross-sections. All these parameters are

directly related to experimental observables, making this approach an e↵ective framework

for characterising searches in a well-defined, simple, and consistent manner.

In this paper we introduce a Minimal Simplified Dark Matter (MSDM) framework,

which extends the SM matter content by two new fields whose properties are specified by

(a minimum of) four parameters. The two fields are the dark matter and the mediator

while the four basic parameters are the mass of the dark matter particle, m
DM

, the mass

of the mediator, M
med

, the coupling of quarks to the mediator, gq, and the coupling of the

mediator to the dark matter, g
DM

. This set of parameters is su�cient to characterise the

interactions of a variety of UV completions of the e↵ective operators previously considered

in the context of mono-jet searches (see e.g. [9] for a comprehensive list), including both

s-channel and t-channel mediators [36–42].

In this paper we focus on the example of a vector mediator Z 0 which is exchanged in

the s-channel in mono-jet production. We consider the case when the dark matter is a

Dirac fermion � and assume that the quark-mediator coupling gq is equal for all quarks.

In this case, as shown schematically in figure 1, the model is completely characterised by

the four parameters discussed above. These parameters are su�cient to determine the

mono-jet production and direct detection scattering rate.

In general a vector mediator can have vector or axial-vector couplings with quarks and

the dark matter. In addition to the usual mass and kinetic terms for � and Z 0, our MSDM

model with a vector mediator is defined by the interaction terms

L
vector

� �
X

q

gqZ
0
µq̄�µq � g

DM

Z 0
µ�̄�µ� (2.1)

L
axial

� �
X

q

gqZ
0
µq̄�µ�5q � g

DM

Z 0
µ�̄�µ�5� (2.2)

for vector and axial-vector couplings respectively, where the sum extends over all quarks.

Models of a vector Z 0 mediator in the context of collider and direct detection searches have

also been discussed elsewhere in the literature [8, 11, 16, 32, 43–56]. Although the collider

– 3 –

q̄

q � (mDM)

�̄ (mDM)

Z � (Mmed)

gq gDM

g

� (mDM) � (mDM)

q q

Z � (Mmed)

gq

gDM

Figure 1. The left diagram shows a contributing diagram for mono-jet production with an (axial)
vector mediator at a hadron collider. The process is characterised by Mmed, mDM, gDM and gq,
which are the mediator and dark matter masses, and the mediator couplings to dark matter and
quarks respectively. The right diagram shows the corresponding scattering process relevant for
direct detection, which is characterised by the same four parameters.

phenomenology of the vector and axial-vector mediators is similar, at direct detection

experiments they are very di↵erent. In the non-relativistic limit the vector interaction

gives a spin-independent interaction that is coherently enhanced by the number of nucleons,

while the axial-vector interaction gives a spin-dependent signal which is not. In principle,

it is also possible to have mixed vector and axial-vector couplings (so that e.g. the quarks

have vector couplings while the dark matter has axial-vector couplings). However, the

mixed interaction leads to a velocity-squared (where v
DM

' 10�3) suppressed rate at

direct detection experiments [57]. As we are particularly interested in the complementarity

between hadron collider and direct detection searches for dark matter, we do not consider

this case where direct detection experiments have dramatically reduced sensitivity.

As both hadron collider and direct detection searches for dark matter primarily probe

the interactions of dark matter with quarks, we set the mediator interactions with leptons

to zero; the lepton couplings play no role (at tree level) in the phenomenology in either

hadron collider and direct detection searches [58, 59]. While setting the mediator couplings

to leptons to zero often introduces anomalies into the theory [60], this does not have to

be the case [45, 61, 62]. If leptonic mediator couplings are introduced, di-lepton resonance

searches will provide further constraints on the space of MSDM models.

As has been discussed in the literature [11, 12, 32], the mediator width �
med

plays an

important role in mono-jet searches. In our MSDM models, we calculate the width from

the four free parameters in the simplified model. We assume that no additional visible or
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so that the total width is
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Figure 1. The left diagram shows a contributing diagram for mono-jet production with an (axial)
vector mediator at a hadron collider. The process is characterised by Mmed, mDM, gDM and gq,
which are the mediator and dark matter masses, and the mediator couplings to dark matter and
quarks respectively. The right diagram shows the corresponding scattering process relevant for
direct detection, which is characterised by the same four parameters.
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Minimal Simplified Dark Matter models

• SI cross-section is enhanced by 
A2 for a vector mediator.

• Cross section for DD scales by 
gq2gDM2/Mmed4

• DD limits are fully symmetric in 
this plane.

• Mono-jet search is able to break 
this degeneracy, since the 
mediator width is not symmetric 
in gq and gDM
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Figure 5. The 90% CL limits from current mono-jet (blue lines) and direct detection (red lines)
searches in the mDM vs Mmed plane for the vector (left panel) and axial-vector (right panel) medi-
ators. The region to the left of the various curves is excluded. The solid, dashed and dot-dashed
lines are for (gq, gDM) = (1, 1), (0.3, 1) and (0.5, 0.5) respectively. While the LHC limits are similar
in both panels, the LUX limits are significantly more constraining for vector mediators. Note that
the vector case has log scales for both axes while the axial-vector case has linear scales.

find numerically that it gives a good rule of thumb for the scaling at large values of M
med

.

From eqs. (2.4) to (2.7) we see that at large values of M
med

the width of the mediator �
med

is proportional to 18g2q + g2
DM

. This implies that the (gq, gDM

) = (0.3, 1) case is enhanced

with respect to the other cases because �
med

is smallest for this case. This enhancement

explains why the (gq, gDM

) = (0.3, 1) mono-jet limit is closer to the gq = g
DM

= 1 limit

rather than the gq = g
DM

= 0.5 limit as in the case of the direct detection limits.

Second, consider the collider limits for fixed values of M
med

. The limits on m
DM

are

constrained by the energy of the colliding partons since two DM particles must be produced

in the final state. The phase-space suppression factors that enter the cross-section for

vector and axial-vector mediators are typically of the form
q

Q2

tr

� 4m2

DM

(Q2

tr

+ 2m2

DM

)

and (Q2

tr

� 4m2

DM

)3/2 respectively, where Q
tr

' 700 GeV is the s-channel momentum

transfer [18]. It should be noted that these phase space factors also appear in the width

calculation cf. eqs. (2.4) to (2.7). The axial-vector mediator is more strongly phase-space

suppressed, which accounts for the greater suppression between the gq = g
DM

= 1 and

gq = g
DM

= 0.5 limits at small M
med

in the axial-vector case compared to the vector case

in figure 5. Note that these phase-space suppression factors also account for the di↵erence

between the vector and axial-vector EFT limits in the left panel of figure 2.

Further insights into the dependence on the chosen coupling scenarios can be gained

by looking at the projection in the M
med

vs gq, gDM

plane, shown in figure 6. The solid,

dashed and dot-dashed lines show the limits for m
DM

= 10, 100 and 200 GeV respectively.

We have fixed gq = g
DM

in this figure and the region to the right of the lines is excluded.
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Figure 8. The current LHC mono-jet (blue lines) and LUX (red lines) 90% CL limits in the
gDM vs gq plane for a vector (left panel) and axial-vector (right panel) mediator. The parameter
space above and to the right of the various lines is excluded. We show three di↵erent sets of dark
matter and mediator masses (mDM, Mmed): (100, 1000) GeV is solid, (200, 500) GeV is dashed and
(200, 800) GeV is dot-dashed. Note that the left (right) panel has log (linear) axes.

experimental thresholds. This is not an issue for collider searches and so it is interesting

to understand how collider searches can help to constrain this parameter space. It is

also an interesting region both from a theoretical perspective, since m
DM

' 5 GeV is

predicted in many models of asymmetric DM (see [97] for a recent review), and from a

phenomenological perspective, since it is the region where CoGeNT [98–101], CRESST-

II [102], CDMS-Si [103] and DAMA/LIBRA [104] reported signal-like excesses in recent

years. However, in 2013 both LUX and SuperCDMS reported results which naively exclude

these signals. See also [105], [106–108] and [109–111] for additional non-DM explanations of

the CoGeNT, CRESST-II and DAMA/LIBRA excesses. In this section we complement the

LUX result with the recent result from SuperCDMS as it extends the sensitivity of direct

detection experiments to lower values of m
DM

. Further details about the SuperCDMS

result and how it is used are provided in section 3.3.

In figure 9 we show the limits from the LHC mono-jet, SuperCDMS and LUX searches

in the m
DM

vs M
med

plane (left panel) and the g
DM

vs gq plane (right panel). In the

left panel we show again the three di↵erent coupling scenarios: (gq, gDM

)= (1, 1), (0.3, 1)

and (0.5, 0.5). SuperCDMS and LUX exclude the region above the green and red lines,

while the LHC limits exclude the region to the left of the blue lines. In the right panel we

show the limits for m
DM

= 3.5 and 6 GeV. We fix M
med

= 1 TeV as this approximates

the current sensitivity of the mono-jet searches (see figure 5) but a lower mediator mass

would not significantly change our discussion. The region to the right of the various lines

is excluded.

The left panel demonstrates that in the region of interest the LHC limits are inde-
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Figure 7. The 90% CL limits from mono-jet (blue lines) and direct detection (red lines) searches
in the mDM vs (gq = gDM) plane for the vector (left) and axial-vector (right) mediators. We have
fixed gq = gDM. The parameter space to the right of the various curves is excluded. We show two
di↵erent mediator masses: Mmed = 500 GeV is solid and Mmed = 1000 GeV is dashed. Note that
the mDM-axis scales are di↵erent for each panel.

In figure 7 we compare the two searches in the m
DM

vs (gq = g
DM

) plane. The solid

and dashed lines show the limits for M
med

= 500 and 1000 GeV respectively. The region to

the right of the curves is excluded in both panels. The behaviour of the limits in this figure

is similar to that shown already. The LUX limit is significantly stronger than the LHC

limit for vector mediators, except in the low m
DM

region. The LUX and LHC limits show

good complementarity in the axial-vector case as they probe di↵erent regions of parameter

space. The scalings of the collider limits can be understood with reference to the width

and phase-space scalings discussed in connection with figure 5. As discussed previously,

for a given value of m
DM

the LUX limit on
p

gqgDM

/ M
med

.

Finally, we consider the limits in the g
DM

vs gq plane, where we fix both M
med

and

m
DM

. Figure 8 shows that the direct detection limits are fully symmetric in this plane.

This is because the direct detection cross-section is sensitive only to the product g2qg
2

DM

cf. eqs. (3.8) and (3.10). However, the mono-jet search is able to break this degeneracy

because it is also sensitive to the mediator width, which is not symmetric in gq and g
DM

(�
med

/ 18g2q + g2
DM

at large values of M
med

). Therefore in the event of a DM discovery

at colliders and direct detection, the mono-jet analysis, or other collider searches like the

dijet or jets plus MET searches, could add important information in order to disentangle

the coupling structure.

4.2 Low dark matter mass region

We now focus on the low m
DM

region of the vector mediator parameter space. This

is of particular interest as direct detection searches lose sensitivity for m
DM

. 10 GeV

because the momentum transfer becomes small and the nuclear recoil energy falls below
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EFT limitations

• EFT overstates the limit at low 
Mmed or large mDM as the 
suppressed off-shell mediator 
production is not taken into 
account.

• The underlying coupling 
structure is not resolved by EFT.
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Figure 11. Comparisons between the 90% CL mono-jet limit in our MSDM models (blue solid
line) and the EFT framework (green dashed) in the two-dimensional planes considered previously.
The red dot-dashed line shows the LUX limit. The left and right panels are for axial-vector and
vector mediators respectively. The MSDM and EFT limits should agree in the domain where
the EFT framework is valid. The EFT limits both underestimate the MSDM limit (by missing
the resonant enhancement) or overestimate it (by missing o↵-shell production of the mediator).
This may lead to a misleading conclusion regarding the relative sensitivity of mono-jet and direct
detection searches. A simple criteria for the validity of the EFT approach is that Mmed > 2mDM.
The line Mmed = 2mDM is shown in the upper left panel. Even in the valid region, the EFT limit
fails to accurately reproduce the MSDM limit for these parameters.

MSDM models by using the relation ⇤ = M
med

/
p

gqgDM

and the CMS 90% CL limits on

⇤, which are shown in the left panel of figure 2 as a function of m
DM

. In figure 11 we show

a comparison of the current MSDM mono-jet limit (blue solid line) with the naive limit

obtained in the EFT framework (green dashed line) for each of the four parameter planes

shown in figures 5 to 8. The EFT limit is naive because we assume that it applies to the
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Implications from relic density
• Planck measurement

• DM interacts with the first-generation quarks.

• Besides that, there can be additional channels.

• Let us assume the coupling to the first-generation quarks is no less than the coupling 
to other SM fermions.

➡  
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it comes out to be (in units of the critical energy density of the universe)

⌦
DM

h

2 ' 2⇥ 2.4⇥ 10�10GeV�2

h�vi
ann

, (1.1)

where h�vi
ann

is the total thermally-averaged annihilation cross section, and the factor of 2 in

the numerator is made explicit to emphasize the fact that we are assuming a non-self-conjugate

DM particle. This abundance must match the one recently measured by the Planck collaboration,

⌦obs

DM

h

2 = 0.1199± 0.0027 [10].

Now, a fundamental question which one should ask is the following: under the optimistic

hypothesis that the next LHC run gives evidence for a new weakly interacting particle with a lifetime

that exceeds about a microsecond, how confident can we be in claiming we have finally revealed the

true nature of the DM?

To answer this question, one needs to operate within a given framework and identify the

parameter space which is compatible with a positive LHC signal and possibly with the current (and

future) bounds (or signals) from direct and indirect searches. Last, but not least, it is imperative to

check if the properties of the new particle are compatible with the observed DM abundance.

The goal of this paper is to investigate whether a new stable particle, within a given set of

models, may be assigned the label of thermal relic DM by comparing the regions of the parameter

space where the right abundance is attained with the exclusion regions for the forthcoming Run II at

the LHC. The latter are a useful benchmark for evaluating the sensitivity of the analysis at 14 TeV.

However, if DM is within the reach of the LHC, it is also useful to make the comparison with the

5� discovery potential regions. Of course, one can also reverse the logic of this exercise and identify

the regions of the parameter space of a given model where the DM abundance fits the observed one.

This might be useful to set priorities for the LHC collaborations when comparing the future data

with the plethora of models.

This is not to say that this analysis can exclude the possibility that a new stable particle can

be DM. Rather, if the new particle is inconsistent with thermal-relic DM under our assumptions

and in a particular model, then we learn that either: 1) the model is not the correct model of DM,

or 2) one of the assumptions enumerated in Section 2 do not hold.

This paper is structured as follows. In Section 2 we provide some general considerations and

state our assumptions, along with a description of the model we consider. In Section 3 we compare

ATLAS 14TeV sensitivity with the region of parameter space consistent with thermal relic DM. In

Section 4 we extend this analysis to simplified models. Finally, we collect our concluding remarks

in Section 5.

2 Working assumptions

The goal of this Section is to provide some general considerations about the DM abundance and its

link with collider searches and, above all, to list as clearly as possible the set of assumptions we are

working with.

2.1 DM Abundance Considerations

Consider the general scenario where a DM candidate � will eventually be e�ciently pair-produced

at the LHC. This implies that � must interact with first-generation quarks, therefore one can define
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the thermally averaged DM annihilation cross section 1

h�vi⇤ ⌘ h�vi
��̄!uū

+ h�vi
��̄!d

¯

d

, (2.1)

which also sets a reference for DM production at the LHC. In the early universe, besides annihilations

into quarks, there can be additional annihilation channels, so that the total DM annihilation cross

section which is relevant for the relic abundance is

h�vi
ann

� h�vi⇤. (2.2)

So, by requiring that the particles � and �̄ compose the DM abundance, we find

⌦obs

DM

h

2 ' 2⇥ 2.4⇥ 10�10GeV�2

h�vi
ann

 2⇥ 2.4⇥ 10�10GeV�2

h�vi⇤ , (2.3)

or

h�vi⇤ . 4.0⇥ 10�9GeV�2

. (2.4)

On the other hand, one can make the reasonable assumption that the dominant DM annihilation

channel is to SM fermions and the coupling to the first generation of quarks is not less than the

coupling to other SM fermions. This hypothesis follows from the requirement that the would-be DM

particles are e�ciently produced in the next Run II. We are the first to admit that this assumption

is debatable, but we consider it as a working hypothesis. We will show later how weakening this

assumption a↵ects our results. In this case, we get

h�vi
ann


X

quark gen.

h�vi⇤ +
X

lepton gen.

1

3
h�vi⇤ = 4h�vi⇤, (2.5)

and therefore

⌦obs

DM

h

2 ' 2⇥ 2.4⇥ 10�10GeV�2

h�vi
ann

� 6.0⇥ 10�11GeV�2

h�vi⇤ , (2.6)

or

h�vi⇤ & 1.0⇥ 10�9GeV�2

. (2.7)

Let us illustrate the relevance of these inequalities with a simple example. Assume that the inter-

actions between DM and SM quarks are described within an E↵ective Field Theory (EFT), where

the basic parameters are the DM mass m

DM

and the UV scale ⇤. Let us also imagine that the

annihilation controlling the thermal abundance takes place in the s-wave. One therefore expects

roughly that h�vi⇤ ' 10�1

m

2

DM

/⇤4. We then obtain, from Eqs. (2.4) and (2.7),

0.7
⇣

m

DM

102GeV

⌘
1/2

TeV . ⇤ . 1.0
⇣

m

DM

102GeV

⌘
1/2

TeV. (2.8)

This value of the UV scale needs to be compatible with the one needed to explain the positive DM

signature at the LHC. For instance, if ⇤ turns out to be larger than the value of the lower bound,

one concludes that the would-be DM particle has to annihilate in other channels which we do not

1Gluons and other quarks can of course contribute to DM production at the LHC, so the ⇤ subscript defines a

reference channel rather than all possible channels of DM production at the LHC.
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have control of and therefore it would be di�cult, if not impossible, to assign it the label “dark

matter”.

In general, relic density constraints on thermal DM are usually considered not to be robust:

for a given set of parameters, the relic density can be smaller if the cross section is enhanced by

inclusion of other annihilation channels, such as annihilation to leptons; conversely, the true relic

density can be larger if there is a larger dark sector including other types of DM. However, under a

modest set of assumptions, these constraints can become substantially more powerful. Throughout

this analysis, we will assume:

1. the DM candidate � makes up 100% of the DM of the universe;

2. the DM is thermally produced in the early universe;

3. the dominant annihilation channel is to SM fermions, via one dark mediator;

4. the DM couples to u, d quarks, so that it can be produced at the LHC;

5. the coupling to the first generation of quarks is no less than the coupling to other SM fermions.

In this situation, the relic density constraint gives a range within which the dark sector parameters

should lie. It is clear that assumption 5 is by no means a certainty, and so we will show how our

results are sensitive to relaxing this assumption. In the event of a signal, this assumption can instead

be used to learn about the flavour structure of a thermal relic model that attempts to explain the

signal. If the signal falls into the region where DM would be overproduced, then there must be

enhanced couplings to other SM particles relative to u, d quarks in order to avoid overproduction,

or alternatively, the DM is produced by some mechanism other than thermal production.

To summarize, under our generic assumptions 1-5 the DM production cross section must satisfy

the bounds

1.0⇥ 10�9GeV�2 ' 1

4
h�vi

ann

 h�vi⇤  h�vi
ann

' 4.0⇥ 10�9GeV�2
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where the value of the annihilation cross section is dictated by ensuring the correct relic abundance.

These tidy inequalities break down when we include the e↵ect of the top quark mass, mediator

widths, and a more accurate expression for the relic density later in the text, although the principle

behind them remains the same. The two limits on the cross section describe two contours in the

parameter space: if h�vi⇤ is too large, then DM will be underproduced, we call this the underproduc-

tion line; if h�vi⇤ is too small, then DM will be overproduced; this is called the overproduction line.

This information is summarised in the table below, where g

(DM,f)

generically indicate the mediator

couplings to DM and SM fermions, respectively.
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Figure 1: Blue and orange lines show the over- and under-production lines respectively, defined in the text, for the

Vector (D5) (left) and Axial-Vector (D8) (right) operators. The black lines show prospective ATLAS exclusion limits

for various energies and systematic uncertainties, and for luminosities of (3000, 300, 20) fb�1 from top to bottom. The

red bands show the 3 to 5 � discovery potential [41]. EFT approximation is valid for ⇡ <
p
gDMgq < 4⇡ for ATLAS

prospects, and
p
gDMgq � 2mDM/⇤ for the relic density constraints. See text for more details. Direct detection

constraints are not shown, but for the vector operator D5 they would rule out the entire visible space (cf. sect. 3.2).

to be the same for the axial-vector operator [42].

The 1% and 5% labels indicate projected limits assuming a 1% or 5% systematic uncertainty

in the SM background, respectively. Achieving 1% systematics may be overly optimistic, and can be

considered a “best-case scenario”. Other labels indicate the results at a given collision energy and

integrated luminosity. The red bands indicate the potential significance of an observed signal, from

3� to 5�.

3.2 Direct Detection constraints

We use corrected versions of the equations from Ref. [18] to translate limits on the spin-dependent

(SD) and spin-independent (SI) cross sections into limits on the e↵ective operator parameter ⇤. In

this mass range, the strongest limits are currently from LUX [54] (SI cross section) and Xenon100

[55] (SD cross section). For our simplified models, constraints on ⇤ correspond to a constraint on

M/

p
g

DM

g

q

.

The vector operator O
V

is subject to constraints on the spin-independent scattering cross

section. These constraints are significantly stronger than prospective LHC bounds on this operator,

ruling out the entire region displayed in Fig. 1 (left). However, the strength of direct detection

constraints falls of quickly belowm

DM

' 10 GeV, while LHC constraints are expected to be relatively

flat below m

DM

= 50 GeV. If the prospective LHC constraints in Fig. 1 (left) can be extrapolated

down, they will become stronger than direct detection constraints at around m

DM

= 10 GeV.

Conversely, the axial-vector operatorO
A

is subject to much weaker constraints on the spin-dependent

scattering cross section. In this range they are barely distinguishable from the ⇤ = 0 line and thus

are not shown.

3.3 Relic Density Bounds

In Fig. 1, we show the under- and over-production lines defined in the previous Section, for the

vector (O
V

, D5) and axial-vector (O
A

, D8) operator, under the assumptions 1-5 of Sect. 2.1. The

range between the orange and blue lines shows the region of parameter space in which any observed
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Mediator width in the s-channel Z’

• The annihilation rate only depends on the product gDMgf, the mediator width depends 
on each coupling individually.

• For fixed values of the mediator width, one can recast the limit on √gDMgf into a 
bound on the ratio fix gf/gDM.

• The widths are unphysical at large mediator masses (no solution exists).

➡ avoid using arbitrary mediator widths!
14

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 Z0-type mediator with pure vector

couplings. Black lines are ATLAS projected 95% upper bounds after 25 fb�1 at 14TeV, assuming 5% systematic

uncertainties.
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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.

5 Conclusion

The upcoming LHC searches for new weakly interacting stable particles may indeed provide some

positive signal in the near future. Then, how confident can we be in claiming that the new particle

actually accounts for the DM of the universe?

In this paper we have stressed the importance of using relic density considerations in the

searches for DM at the next LHC Run, not only regarded as a mere constraint but also used as a

powerful search tool. In fact, in order to reveal the true nature of DM, any future signal of a new

weakly interacting particle possibly produced in the collider must be confronted with the requirement

the new particle has a relic abundance compatible with observations before assigning it the label of

thermal DM.

We have followed both the approach of e↵ective operators (in terms of which most experimental

analyses are carried out) and the approach of simplified models, for a reference case of a vector

mediator. We have found that, in both situations, the forthcoming Run II of LHC has the potential

to explore a large portion of the parameter space of thermal-relic DM, either in terms of claiming
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projected ATLAS reach (black), for two values of the dark matter mass, and a Z0-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.

5 Conclusion

The upcoming LHC searches for new weakly interacting stable particles may indeed provide some

positive signal in the near future. Then, how confident can we be in claiming that the new particle

actually accounts for the DM of the universe?

In this paper we have stressed the importance of using relic density considerations in the

searches for DM at the next LHC Run, not only regarded as a mere constraint but also used as a

powerful search tool. In fact, in order to reveal the true nature of DM, any future signal of a new

weakly interacting particle possibly produced in the collider must be confronted with the requirement

the new particle has a relic abundance compatible with observations before assigning it the label of

thermal DM.

We have followed both the approach of e↵ective operators (in terms of which most experimental

analyses are carried out) and the approach of simplified models, for a reference case of a vector

mediator. We have found that, in both situations, the forthcoming Run II of LHC has the potential

to explore a large portion of the parameter space of thermal-relic DM, either in terms of claiming
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Searches for narrow dijet resonances

• A naive hope is that limits set at higher √s and with larger integrated luminosity 
would supersede previous limits.

• However, backgrounds also increase so that the jet trigger thresholds need to be 
increased.

• Consequently, the sensitivity to lighter resonances may decrease.

• The coupling reach is rather poor at 700-900 GeV and below 300 GeV.

• Non-conventional methods, such as data scouting, are important for extending the 
LHC sensitivity in the sub-TeV mass range.
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

note that an update of the “scouted data” anal-

ysis [23] with more luminosity by CMS (and AT-

LAS) would also push sensitivity to lower cou-

plings in the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [48], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections

1306.2629
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DM forum

• Following the discussions at the DM@LHC Workshop in Oxford, a common forum 
among ATLAS, CMS and theorists has been established with the following goals:

• Agree on a list of simplified models that both collaborations will use in Run-2.

• useful, minimal set of building blocks for reinterpretation

• practical for experiments, endorsed by theory community

• s-channel, t-channel, heavy flavor, mono-W/Z/γ/H

• Harmonize technical details (generator, parton matching, theory uncertainties).

• Common treatment of EFT

• Presentation of the results (complementarity of the searches)

• Write a comprehensive document as a reference/explanation for ATLAS and CMS 
collaborations, theory and non-collider communities.
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extra material
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LO and NLO
• POWHEG BOX allows for generation of the signal to NLO accuracy.

• Including NLO corrections results in a small enhancement of the cross-section 
compared to LO.

• dynamic scale

• It also leads to substantial reduction in the dependence on the choice of the 
renormalisation and factorisation scales.

• It leads to more robust bounds.

• Pathological cancellation of scale uncertainties with ATLAS cuts due to the symmetric 
jet pT and MET cuts.
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CMS ATLAS

|⌘j | < 4.5, pT,j > 30GeV, Nj  2 |⌘j | < 4.5, pT,j > 30GeV, Nj  2

��j1,j2 < 2.5 ��j2, ~ET,miss
> 0.5

|⌘j1 | < 2.4, pT,j1 > 110GeV, ET,miss > 350GeV |⌘j1 | < 2, pT,j1 , ET,miss > 350GeV

Table 1. Event selection criteria applied in our analysis. See text for further explanations.

3 Impact of NLO corrections and showering

In this section we present our results for the fixed-order parton-level predictions at LO

and NLO and compare them with those after showering and hadronisation. We consider

jet + ET,miss production at the LHC with
p
s = 8 TeV centre-of-mass (CM) energy. Un-

less otherwise stated, we have performed all simulations using the EFT approach intro-

duced above, setting ⇤ = 500 GeV. Our LO and NLO predictions are obtained using the

MSTW2008 LO and NLO parton distribution functions (PDFs) [43] and the corresponding

reference value for the strong coupling constant. We find the scale µ which determines ↵s(µ)

dynamically, i.e. we define µ = ⇠HT /2 = µR = µF and evaluate it on an event-by-event

basis. Here

HT =
q

m2
�̄� + p2T,j1 + pT,j1 , (3.1)

withm�̄� denoting the invariant mass of the DM pair and pT,j1 the transverse momentum of

the hardest jet j1. To assess the theoretical errors in our analysis, we study the ambiguities

related to a variation of the renormalisation (µR) and factorisation (µF ) scale by varying

⇠ in the range [1/2, 2]. As will see below, our scale choice has the advantage that the size

of NLO corrections is largely independent of the DM mass m�.

In our analysis we adopt two sets of cuts corresponding to the latest CMS [9] and

ATLAS [12] mono-jet search summarised in table 1. Both experiments reject events

with more than two jets with pseudo-rapidity below 4.5 and transverse momentum above

30GeV (Nj  2). We construct jets according to the anti-kt algorithm [44, 45], as imple-

mented in FastJet [46], using a radius parameter of R = 0.4.2 In order to suppress

QCD di-jet events, CMS puts an angular requirement on ��j1,j2 , while ATLAS cuts

on the azimuthal separation ��j2,ET,miss to reduce the background originating from the

mis-measurement of the transverse momentum of the second-leading jet j2. The signal

region is defined in the case of the CMS search by |⌘j1 | < 2.4, pT,j1 > 110GeV and

ET,miss > 350GeV, while ATLAS imposes the cuts |⌘j1 | < 2 and pT,j1 , ET,miss > 350GeV.

Clearly, apart from the leading-jet and ET,miss requirements the event selection criteria in

both analyses are quite similar. Nevertheless, we will see below that there are important

di↵erences between the two analyses concerning the impact of NLO and PS e↵ects.

2The CMS collaboration uses R = 0.5, while ATLAS employs R = 0.4 in their mono-jet searches. Here

we adopt R = 0.4 for both searches to facilitate the comparison. Choosing R = 0.5 instead would increase

the predicted cross sections by 3% to 4%, while the K factors change by less than 1%. The K factors

presented below can hence be used for both CMS and ATLAS.
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Figure 1. Left panel: LO (blue) and NLO (red) fixed-order results for the mono-jet cross section
and the corresponding K factor. Right panel: Fixed-order NLO result (red), the inclusive NLOPS
prediction (green) and the NLOPS result with jet veto (purple). The shown predictions correspond
to the vector operator OV and the CMS event selection criteria.

3.1 Vector and axial-vector operators

3.1.1 CMS cuts

We begin our numerical analysis by considering the predictions for the mono-jet cross

section obtained for the vector operator (2.3) by employing the CMS cuts. Our results are

given in figure 1. The left panel shows the fixed-order predictions (i.e. without PS e↵ects)

with the width of the coloured bands reflecting the associated scale uncertainties. One

observes that the scale dependencies of the LO prediction amount to around +25%
�20% and are

reduced to about +9%
�6% after including NLO corrections. The K factor, defined as

K =
�(pp ! j + ET,miss)

⇠=[1/2,2]
NLO

�(pp ! j + ET,miss)
⇠=1
LO

, (3.2)

is roughly 1.1, meaning that NLO e↵ects slightly enhance the mono-jet cross section with

respect to the LO result. Moreover, we find that the K factor is almost independent of the

DM mass. This stability is related to our choice of scales (3.1) and should be contrasted

with the results in [24] that employ µ = m�̄� = µR = µF as the central scale. Compared to

our scale setting the latter choice tends to underestimate the LO cross sections for heavy

DM particles, which leads to an artificial rise of the K factor.

In the right panel of figure 1 we compare the fixed-order NLO prediction with the

NLOPS results obtained in the POWHEG BOX framework using PYTHIA 6.4 [47] for show-

ering and hadronisation. The shown K factors are defined relative to the fixed-order NLO

prediction in analogy to (3.2). To better illustrate the e↵ects of the PS we depict results for

two di↵erent sets of cuts: the green curve and band correspond to an inclusive jet + ET,miss
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given in figure 1. The left panel shows the fixed-order predictions (i.e. without PS e↵ects)

with the width of the coloured bands reflecting the associated scale uncertainties. One

observes that the scale dependencies of the LO prediction amount to around +25%
�20% and are

reduced to about +9%
�6% after including NLO corrections. The K factor, defined as
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, (3.2)

is roughly 1.1, meaning that NLO e↵ects slightly enhance the mono-jet cross section with

respect to the LO result. Moreover, we find that the K factor is almost independent of the

DM mass. This stability is related to our choice of scales (3.1) and should be contrasted

with the results in [24] that employ µ = m�̄� = µR = µF as the central scale. Compared to

our scale setting the latter choice tends to underestimate the LO cross sections for heavy

DM particles, which leads to an artificial rise of the K factor.

In the right panel of figure 1 we compare the fixed-order NLO prediction with the

NLOPS results obtained in the POWHEG BOX framework using PYTHIA 6.4 [47] for show-

ering and hadronisation. The shown K factors are defined relative to the fixed-order NLO

prediction in analogy to (3.2). To better illustrate the e↵ects of the PS we depict results for
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Figure 2. Comparison of the predictions for the mono-jet cross section associated to OV applying
the ATLAS cuts. The same colour coding as in figure 1 is used.

search allowing for an arbitrary number Nj of jets, while the purple curve and band corre-

spond to the actual CMS analysis imposing a jet veto Nj  2 (cf. table 1). We observe that

for a (hypothetical) inclusive mono-jet search the e↵ects of showering and hadronisation

are small, amounting to relative shifts in the range of �2%
�20%. This finding confirms the

results of [15, 19], extending them to the NLO level.

In realistic jet + ET,miss searches, however, the impact of showering and hadronisation

is not small. Once the number of jets is restricted to two or less, the NLOPS cross section

is visibly below the NLO prediction. Numerically, we find relative shifts of �30%
�45%. The

physical origin of the observed suppression of the cross section is clear: events with one

jet (two jets) that pass the cuts before showering will at the end be rejected, if soft QCD

radiation associated to the PS is able to generate two additional jets (one additional jet)

with |⌘j | < 4.5 and pT,j > 30GeV. The probability for this to happen is non-negligible

(considering the large CM energy), and always leads to a drop in the number of accepted

events.

3.1.2 ATLAS cuts

We now turn our attention to the results obtained with the ATLAS cuts. The correspond-

ing predictions are presented in the two panels of figure 2. In this case the NLO fixed-order

prediction for the mono-jet cross section is below the LO result leading to a K factor of

about 0.9. This decrease results from the general tendency of non-soft QCD corrections to

reduce the pT of the leading jet, which can thereby drop below the requirement imposed

by ATLAS. However, the large reduction of scale uncertainties from +25%
�20% to +1%

�4% is clearly

pathologic, and does not represent a reliable measure of the theoretical uncertainties in-

herent in the NLO calculation. To verify that the cancellation of scale uncertainties is in

large parts accidental, we have studied the dependence of the NLO cross section on the
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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
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Figure 4. Projected 90% CL limits for the CMS mono-jet search (blue lines) and the LZ experiment
(red lines) in the cross section vs mDM plane for SI and SD interactions appropriate for the vector
and axial-vector mediators respectively. The collider limits are defined for coupling scenarios with
gq = gDM = 0.25, 0.5, 1.0, 1.45. For comparison, the discovery reach accounting for the neutrino
scattering background are also displayed (green lines). For the spin-independent interaction we also
show a projection of the SuperCDMS limit (orange line).

below gq =g
DM

= 0.25 the present CMS mono-jet search does not provide a signifi-

cant limit, while for gq = g
DM

= 1.45 the width of the mediator becomes larger than

its mass. Therefore, the proposed range of coupling scenarios covers the two extreme

scenarios (0.25 and 1.45) as well as intermediate cases (0.5 and 1.0). Depending on

the desired application, one or even both planes can be used to provide a characteri-

zation on equal footing of the absolute and relative performances of collider and DD

experiments.

This concrete proposal could be adopted for the near-future data comparisons of collider

and DD searches for DM. We recommend at the same time to continue the discussion and

to explore further scenarios and models in order to develop a comprehensive strategy to

characterize and compare these searches in the future and maximise the combined DM

particle study potential. While the di↵erent collider and DD properties of vector or axial-

vector mediators are excellent examples to demonstrate the complementarily of the two

search strategies, an obvious extension of this proposal would be to also consider scalar and

pseudo-scalar mediators as well as t-channel exchanges. For example, a MSDM description

with scalar and pseudo-scalar mediators would provide some of the simplest realisations of

a non-minimal Higgs sector where the Standard Model Higgs interacts and can mix with

the (pseudo)-scalar mediators. Therefore, such models provides a direct link with Higgs

physics and it might even be possible that there is a common origin of the electroweak

and the DM scales in Nature as it was recently explored in e.g. [48, 49]. This extension is

currently under study and will be advertised once the work is completed.
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

14

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [65–86]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

13

1402.6287

excluded by
mono-jet

excluded by
BR(H→inv) < 20%

http://arxiv.org/abs/1402.6287

