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Search for DM interacting non-gravitationally is one 

of the most exciting in modern physics. 

Direct detection 
experiments cover a 
substantial part of the 
phase space, but 
interpretation of the 
results can lead to 
conflicts. 
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The LHC provides a complementary tool, since the underlying

interactions of the signal may be identical, but the search 

strategy/machine strengths are very different. 

The LHC directly produces 
the DM, and does not suffer 
from low mass threshold 
effects. 

!
However collider backgrounds 
are large, and set a lower 
bound for the rate. 
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Initial searches at the 
Tevatron and LHC naturally 
worked in a regime 

with maximal simplicity (i.e. 
few parameters and good 

theoretical predictivity). 

!
This was achieved by 
working in an Effective field 
theory (EFT), in which the 
mediator is  assumed to be 
heavy. 
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exchange, and we consider one operator that couples gluons to DM,
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We restrict our focus to the above operators, which provide a representative sample of the phe-
nomenologically interesting models. Due to our factorization approach, more general cases, say
for instance an operator of the form (��

µ

�)(q�µ�
5

q), can be readily obtained from the results
we will present. The operator O

V (A)

has a simple UV completion involving exchange of a vector
(axial-vector) boson, of mass M and width �. The full theory corresponds to the replacement
⇤2 ! (s

�̄�

�M2 + iM�)/g
�

g
q

. Operator O
g

is induced at the loop level and the simplest UV com-
pletion involves a heavy scalar and heavy fermions. The scale of the new physics, M , is typically
lower than for O

V (A)

and so the e↵ective theory has a smaller range of validity.
For the scalar and pseudo-scalar operators we have written the couplings as scaling with quark

mass. This is what is expected if an assumption of minimal flavour violation (MFV) is made, in
which case the only flavour violating spurions are the Yukawa matrices. With SU(2) invariance
requiring an implicit Higgs field insertion the operators then scale with quark mass. Here we only
consider the flavour diagonal part of these operators, flavour violation in DM couplings leads to
other interesting signals [30, 31]. If the MFV assumption is loosened one has to contend with
strong constraints from flavour observables. One possibility would be if the DM couplings were
O(1) in the quark mass eigenstate basis, although such a model would be highly tuned. Our
MCFM implementation is su�ciently flexible to allow either possibility. We focus in this paper on
the more motivated MFV case and present results for that. Because of PDFs and the suppressed
light quark couplings, there is a di↵erence between the behaviour for the case of DM coupling to
the first five generations of quarks and to the top quark [32]. Therefore we will address the light
quarks (u, . . . , b) and top separately.

Finally, unlike in the e↵ective theory, t-channel operators present an additional problem upon
UV completion. Since the exchanged state has to be coloured there are additional diagrams that
must be included in order to achieve NLO accuracy. Therefore, for t-channel operators our NLO
results can only be used for the case where the mediator has been integrated out.

In order to facilitate the calculation we will simplify the problem further by calculating helicity
amplitudes. For the massless SM production amplitudes this introduces a dramatic simplification
in the number of independent calculations, since helicity amplitudes naturally involve projections
of the form (1±�5). This allows us to determine the results for the various operators from common
building blocks. Since the DM particles are massive care must be taken because the mass spoils
the chiral symmetry.

2.1. Dark Currents

We wish to use helicity methods in order to calculate our dark currents. However, since the
fermionic DM is massive helicity is not a good quantum number. Nevertheless, massive fermions
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LHC results slide
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

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

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

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high Emiss

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

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

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.
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Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-

For example CMS mono-jet 
analysis sets bounds on EFT 
operators. 
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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

Perils of the EFT approach

Whilst useful, and a very sensible first strategy, EFT’s run into 
trouble if the scales at which the theory is probed break the 
UV scale of the EFT. 
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Figure 5: Comparison between the full and e↵ective field theories for axial and top-scalar operators, for DM
mass of 100 GeV. The straight line indicates the results obtained in the EFT, shaded region indicates full
theory results as a function of the width between the values M�/3 (lower) and M�/(8⇡) (upper). We have
used the same phase space cuts as in the previous sections. The scale choice is µ = m��.

relating the scales of the operators in the EFT approach to the scale of the mediator as above.
We then proceed to calculate cross sections as a function of M

�

in the full and e↵ective theories.
For the full theory one must also specify the width of the mediating particle �

�

. We choose two
example widths, �

�

= M
�

/3 and �
�

= M
�

/(8⇡). The results are naturally dependent on the
choice of DM mass, for simplicity we have chosen to focus on a single value m

�

= 100 GeV.
The two plots for the two di↵erent operators shown in Fig. 5 have some generic features which

we explain first before mentioning some operator specific phenomenology. Firstly, it is clear that
full theory asymptotes to the e↵ective theory at large M

�

as required. On our log-log plot the
EFT results then possess simple scaling as a function of ⇤, and therefore M

�

(in the axial case)

and M
2/3

�

(in the scalar case). All of the features of the FT are dominated by the inclusion of the
propagator in the cross section, and in particular whether or not the propagator is able to provide
resonant enhancement to the cross section. If the propagator is able to go on-shell then the cross
section is enhanced beyond the EFT approximation, whereas if the propagator is forced into the
o↵-shell region the cross section is suppressed (dramatically for light mediators) relative to the
EFT.

It is simple to determine whether the resonant enhancement will be included as a function of
m

�

and /E
min

T

, since, in order to achieve the on-shell condition one must have,

s
��

⇠ M2

�

=) (/E
min

T

)2 + 4m2

�

< M2

�

. (45)

Therefore if the /E
T

cut is too hard, making /E
min

T

too large, or m
�

is too heavy then the mediator
cannot go on-shell, suppressing the cross section. For our setup this occurs at roughly 400 GeV.
This simple kinematic argument however, has big implications for experimental searches in the
full theory. One should endeavour to not cut away the region in which the signal peaks, therefore
adjusting the minimum /E

T

cut to become a function of M
�

should provide a natural way to
optimize signal over background.

We now make some operator specific statements, firstly we note that the limits obtained on
⇤ for the axial coupling are of the order O(1) TeV, and therefore vindicate the use of the EFT
in these searches, however the results on ⇤ are also bounded by below, since the EFT cannot in
general be trusted for ⇤ < 200 GeV. Secondly we note that the limits on ⇤ from the top-scalar
operator are of the order ⇤ ⇠ 150 GeV [32]. This is exactly in the region of M

�

, g ,⇤ phase space in
which the EFT begins to breakdown, however, if the FT was used with slightly softer /E

T

cuts one

Perils of the EFT approach II 

Producing mediators in the experiment can lead to dramatic 
breakdowns of the EFT, in which the limit is either conservative, or 
completely useless. 

!
This is inherently linked to the properties of the propagating 
resonance, and whether it is included in the fiducial cuts. 
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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

Going beyond the EFT : Simplified Models

Experimental analysis are mature enough now to extend the models 
to include the effect of propagating mediators. 

!
Such models require more parameters to be specified by the theory, 
and are thus less predictive, and harder to set limits on. 

!
We begin by considering the non-exhaustive list.
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quarks with the Yukawa-type coupling denoted gt,bSM in Eqs. (1)-(2) – these are the dominant interactions of (pseudo)-
scalars with the SM fermions; in fact in most cases only the couplings to tops are important. Phenomenologically
this resembles models with minimal flavour violation [39] and a SM-Yukawa-like hierarchy for the mediator-fermion
interactions. The couplings of messengers to all six flavours of SM quarks are taken to be proportional to the
corresponding Higgs Yukawa couplings, yq, and to make our definitions look symmetric we choose to parametrise the
DM couplings in a similar fashion, so that,

for scalar&pseudo� scalarmessengers : gq
SM

⌘ gqyq , g
DM

⌘ g�y� , where y� ⌘ m�

v
=

m
DM

v
. (5)

The product of the top and � couplings to messengers is,

g2
e↵

:= gq
SM

g
DM

= gtg� yty� = gqg�
mtmDM

v2
, (6)

and we keep the scaling gq flavour-universal for all quarks, so gt = gq.
All vectors and axial-vectors are assumed to be coupled to all quarks uniformly, hence the sums in Eqs. (3)-(4) are

over all quark flavours (with a universal gauge-type coupling denoted g
SM

). For the axial-vector and vector mediators
we will use

g2
e↵

:= g
SM

g
DM

. (7)

In our setup the Standard Model particles only interact via the mediator with the invisible sector, i.e. the particle
�. Thus, all amplitudes contributing to the processes we will study in Secs. III-V are proportional to g2

e↵

defined in
Eqs. (6) and (7).

It is important to stress that models derived from scalar and pseudo-scalar mediators provide some of the simplest
realisations of a non-minimal Higgs sector in which the Standard Model Higgs interacts and can mix with the scalar
mediators. Following the Higgs discovery there is a renewed interest in the literature in Higgs portal models where the
scalar mediators are SM-singlets but the SM Higgs h interacts with them via the interaction, �

hp

|H|2|�|2. The Higgs
portal models with singlet scalar messengers will be treated in the same way as general scalar messengers. These
models provide a direct link with Higgs physics and also include theoretical scenarios which manifest a common origin
of the electroweak and the DM scales in Nature as was recently explored in Refs. [40–45].

More specifically, consider the case where the mediator is a complex scalar � which is a singlet of the SM and
interacts with it only via the portal interactions with the Higgs,

L
portal

= �
hp

|H|2|�|2 � g
DM

�̄��. (8)

Furthermore, we assume that � is charged under the gauge group of the dark sector and is coupled to other dark
particles (which in (8) for simplicity are taken to be the dark fermions � and �̄, but this can be extended to include
vector and scalar dark particles). In models which contain no input mass scales in the microscopic Lagrangian, the
vacuum expectation value for the field � can be generated quantum mechanically, e.g via the Coleman-Weinberg
mechanism [46] in the dark sector as explained in [40]. The VEV h�i then induces the vacuum expectation value v
for the Higgs field via the portal interaction in Eq. (8) and triggers electroweak symmetry breaking. It also generates
the mass scale mDM = g

DM

h�i in the dark sector. Thus, in this class of models the electroweak scale and dark
matter scale have a common origin. To see that such Higgs portal models continue to be described e↵ectively by the
minimal simplified model in Eq. (1) we re-write (8) after electroweak symmetry breaking, in unitary gauge, as,

L
portal

� 2�
hp

h�i v �h+ �
hp

v2 �2 + �
hp

h�i2 h2 � g
DM

�̄(h�i+ �)�. (9)

Transforming into the mass eigenstate basis, we find two scalar resonances h
1

and h
2

, both of which interact with the
Standard Model and the dark sector. Either state can be identified with S in Eq. (1).3

Following a similar line of reasoning for the case where the pseudo-scalar can develop a vev and CP is not a good
quantum number we can map the Higgs portal interactions to the form of Eq. (2).

3 For simplicity and concreteness, this paper concentrates on the simplified models with mediators coupled to Dirac fermions � in the
dark sector. These models can be extended to incorporate scalar and vector dark matter particles as in [42–44] and chiral fermions.
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and we keep the scaling gq flavour-universal for all quarks, so gt = gq.
All vectors and axial-vectors are assumed to be coupled to all quarks uniformly, hence the sums in Eqs. (3)-(4) are

over all quark flavours (with a universal gauge-type coupling denoted g
SM

). For the axial-vector and vector mediators
we will use

g2
e↵

:= g
SM

g
DM

. (7)

In our setup the Standard Model particles only interact via the mediator with the invisible sector, i.e. the particle
�. Thus, all amplitudes contributing to the processes we will study in Secs. III-V are proportional to g2

e↵

defined in
Eqs. (6) and (7).

It is important to stress that models derived from scalar and pseudo-scalar mediators provide some of the simplest
realisations of a non-minimal Higgs sector in which the Standard Model Higgs interacts and can mix with the scalar
mediators. Following the Higgs discovery there is a renewed interest in the literature in Higgs portal models where the
scalar mediators are SM-singlets but the SM Higgs h interacts with them via the interaction, �

hp

|H|2|�|2. The Higgs
portal models with singlet scalar messengers will be treated in the same way as general scalar messengers. These
models provide a direct link with Higgs physics and also include theoretical scenarios which manifest a common origin
of the electroweak and the DM scales in Nature as was recently explored in Refs. [40–45].

More specifically, consider the case where the mediator is a complex scalar � which is a singlet of the SM and
interacts with it only via the portal interactions with the Higgs,

L
portal

= �
hp

|H|2|�|2 � g
DM

�̄��. (8)

Furthermore, we assume that � is charged under the gauge group of the dark sector and is coupled to other dark
particles (which in (8) for simplicity are taken to be the dark fermions � and �̄, but this can be extended to include
vector and scalar dark particles). In models which contain no input mass scales in the microscopic Lagrangian, the
vacuum expectation value for the field � can be generated quantum mechanically, e.g via the Coleman-Weinberg
mechanism [46] in the dark sector as explained in [40]. The VEV h�i then induces the vacuum expectation value v
for the Higgs field via the portal interaction in Eq. (8) and triggers electroweak symmetry breaking. It also generates
the mass scale mDM = g

DM

h�i in the dark sector. Thus, in this class of models the electroweak scale and dark
matter scale have a common origin. To see that such Higgs portal models continue to be described e↵ectively by the
minimal simplified model in Eq. (1) we re-write (8) after electroweak symmetry breaking, in unitary gauge, as,

L
portal

� 2�
hp

h�i v �h+ �
hp

v2 �2 + �
hp

h�i2 h2 � g
DM

�̄(h�i+ �)�. (9)

Transforming into the mass eigenstate basis, we find two scalar resonances h
1

and h
2

, both of which interact with the
Standard Model and the dark sector. Either state can be identified with S in Eq. (1).3

Following a similar line of reasoning for the case where the pseudo-scalar can develop a vev and CP is not a good
quantum number we can map the Higgs portal interactions to the form of Eq. (2).

3 For simplicity and concreteness, this paper concentrates on the simplified models with mediators coupled to Dirac fermions � in the
dark sector. These models can be extended to incorporate scalar and vector dark matter particles as in [42–44] and chiral fermions.

An example, a simple Higgs portal model. 

A potential realization of these simplified models, is a Higgs portal model, 
which introduces a new scalar field, which is coupled to the dark sector 
(here taken to be a fermion), and to the SM through the Higgs portal 


After EWSB, the following  Lagrangian is obtained, 

One scalar is identified with the 125 GeV Higgs boson, the other is that 
which we will actively search for! 
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Quantifying the Simplified Model.  

An advantage of the EFT approach is that analysis can target individual 
Wilson coefficients, one at a time. i.e. there is nominally two parameters 
to measure per operator, (Wilson coefficient + dm mass) 

A UV complete Simplified model will contain a wealth of new parameters 
which specify the theory. 

2 x couplings : gSM gDM

2 x masses : m� mmed

�medand the mediator width: 
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6

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

6

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
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, the mediator width �
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, the dark particle mass m
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studied in Sec. V will contain an additional coupling gg.)
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q

)(gDM/y
�
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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

The mediator width, 

One can always define a minimal width,

which encapsulates the known 
properties of the width (i.e. masses and 

specified couplings). 

The width can be significantly 
bigger than this, e.g. by 
extending the dark sector, off-
shell decays, or additional 
decays to SM gauge bosons 
etc. 

For us the minimal widths can 
be built from the following, 
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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.

Examples
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Now that we have a full simplified model we can test it against LHC data 
and compare it to data. 

Putting it all together. 

Phil gets the fun of that!
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Dark matter processes in MCFM.

Mediator LO NLO LHE

Vector

Axial

Scalar

PS

MCFM contains a variety of processes for s-channel mediators for mono-jet 
production. Most of which are available at NLO (NLO + PS Powheg implementation 
is available, Haisch, Kahlhoefer, Re 13). For the S + PS process we have NLO in the 
heavy top limit, and LO in the full theory. 



17

14

[GeV]DMm1 10 210 310

]2
 [c

m
SI
σ

-5210

-5110

-5010

-4910

-4810

-4710

-4610

-4510

-4410

-4310

-4210

=1)
q

=g
χ

(gminΓ

minΓ2 
minΓ5 

minΓ10 
LUX

-18 TeV  20fb
-114 TeV 20fb

Scalar

q=g
χ

g

=725 GeVmedm

[GeV]DMm1 10 210 310

/s
]

3
W

IM
P 

C
ro

ss
 S

ec
tio

n 
[c

m

-3010

-2910

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

-2010

=1)
q

=g
χ

(gminΓ

minΓ2 
minΓ5 

minΓ10 
FermiLAT

-18 TeV  20fb
-114 TeV 20fb

Pseudoscalar

q=g
χ

g

=725 GeVmedm

[GeV]DMm1 10 210 310

]2
 [c

m
SI
σ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

=0.5)
SM

=g
DM

(gminΓ

minΓ2 
minΓ5 

minΓ10 
LUX

-18 TeV  20fb
-114 TeV 20fb

Vector

SM
=g

DM
g

=725 GeVmedm

[GeV]DMm1 10 210 310

]2
 [c

m
SD
σ

-4710

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

=0.5)
SM

=g
DM

(gminΓ

minΓ2 
minΓ5 

minΓ10 
PIC+COU+SIM

-18 TeV  20fb
-114 TeV 20fb

Axial

SM
=g

DM
g

=725 GeVmedm

FIG. 8: Exclusion contours for the spin-dependent and spin-independent cross sections as in Fig. 7, now plotted as functions
of the dark matter mass. For the pseudo-scalar mediator model we show the indirect detection limits (using FERMI data [58]).
For the pseudo-scalar we show 95% C.L. exclusion limits, while we show limits at 90% C.L. for the other mediators.
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FIG. 9: Cross sections ratios describing the impact of the 5-dimensional contact interaction between gluons and the scalar
mediator. The ratio is computed for fixed g

�

= 1, the plot on the left also sets g
t

= 1, whilst on the right the top-mediator
coupling is weakened to g

t

= 0.1. In both instances the width is evaluated as the minimal width. The dark matter mass is
fixed at m

DM

= 100 GeV, the mediator mass is varied.

the EW scale, i.e.

gg ⇠ gNP

⇤NP

v

gw
(22)

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

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
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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.

MCFM also allows the inclusion of a 
sixth parameter, which models the 
potential of heavy new physics in the 
loop. This can be relevant in certain 
models, in which the couplings to the 
top quark is suppressed. 
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FIG. 10: The missing transverse energy (MET) di↵erential distribution showing parton-level predictions obtained using several
choices of g

g

for a benchmark scenario in which the dark matter particles 100 GeV and the mediator is 1 TeV. The plot on the
left corresponds to the democratic choice of mediator-top and mediator-DM coupling (g

t

= g
�

= 1, whilst that on the right
corresponds to the case in which g

t

= g
�

/10 = 0.1.

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

These models are valid if, 

!
!
and are worth investigating in the future (once the simplified model 
approach with 5 parameters is mature!). 
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FIG. 8: Exclusion contours for the spin-dependent and spin-independent cross sections as in Fig. 7, now plotted as functions
of the dark matter mass. For the pseudo-scalar mediator model we show the indirect detection limits (using FERMI data [58]).
For the pseudo-scalar we show 95% C.L. exclusion limits, while we show limits at 90% C.L. for the other mediators.
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FIG. 9: Cross sections ratios describing the impact of the 5-dimensional contact interaction between gluons and the scalar
mediator. The ratio is computed for fixed g

�

= 1, the plot on the left also sets g
t

= 1, whilst on the right the top-mediator
coupling is weakened to g

t

= 0.1. In both instances the width is evaluated as the minimal width. The dark matter mass is
fixed at m

DM

= 100 GeV, the mediator mass is varied.

the EW scale, i.e.

gg ⇠ gNP

⇤NP

v

gw
(22)

In order for the EFT to be valid we need to ensure that the kinematic distributions are probed at scales less than
⇤NP , we present the di↵erential distribution for the missing transverse momentum in Fig. 10. At 14 TeV the tail of
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Figure 1: LO and NLO cross sections for DM production in association with a jet at the 7 TeV LHC. The
solid line indicates the cross section obtained with the default scale µ = m��, the shaded band represents
the deviation from this scale when the scales are varied by a factor of two in each direction. The phase
space cuts described in the text (43) have been applied.
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Impact of NLO on Higgs portal models. 

These models will have large NLO corrections, and can be partly 
estimated by computing the result in the limit of the heavy top. 

Order 100% corrections!
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Conclusions. 

The days of the EFT are numbered (over?) 


Run II analysis will instead probe a range of simplified models. This 
leads to a proliferation of parameters, and increases the complexity 
of the analyses. 


These simplified models can be realized by general Z’ models and 
Higgs portal models. 


MCFM provides LO and NLO predictions for a variety of s-channel 
processes, and allows LHE events to be generated for most (LO) 
processes (from v6.9 onwards) 


Stay tuned for Phils talk, which will present our results! 


