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Abstract. This write-up is an internal working document summarising an approach

on how to present limits of simplified dark matter models from collider searches (e.g.

the recently approved mono-jet search EXO-12-055) in search planes of Direct Detection

experiments defined by the dark matter-nucleon scattering cross section �
SD/SI and the

mass of the dark matter candidatem
DM

and self-annihilation cross-sections used by indirect

dark matter detection experiments such as FERMI-LAT.
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1 Introduction

Comparing the results of searches for Dark Matter (DM) production at colliders with the

those of Direct Detection (DD) experiments has become a standard approach in past years.

So far, these comparisons have been mainly executed in the framework of E↵ective Field

Theory (EFT) limits for which the translation is of collider searches in the dark matter-

nucleon scattering cross section �0

SD/SI and the mass of the dark matter candidate m
DM

is

well defined. However, the EFT ansatz has significant short-comings for interpretations of

collider searches and therefore the use of simplified Dark Matter models has been advocated

as an alternative approach. However, in order to translate the limits of simplified models

into �
SD/SI�m

DM

planes or self-annihilation cross-sections require a well-defined procedure

in order to allow for an adequate comparison of limits from DD or indirect detections

experiments.

This write-up provides a well-defined proposal on how limits derived from simplified

models involving vector, axial-vector, scalar and pseudoscalar mediators can be presented

in the �0

SD/SI �m
DM

plane. It consists of a concise summary of all the relevant formulas

and corresponding references needed for the translation and it also highlights all the basic

assumptions entering the approach. Whenever possible the proposed translation procedure

reverts to recommendations of the LHC DM forum [1], which was charged with providing

recommendations on how to characterise searches in the context of DM production at

colliders.

While this document only focuses on the representation of collider searches in �
SD/SI�

m
DM

planes, we would like to point out that a comprehensive comparison in the context

of simplified models requires to look at di↵erent coupling scenarios as well as di↵erent

characteristic planes. Example of this are given in e.g. [2, 3].
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2 Limits input to the translation into the �
SD/SI �m

DM

plane

As input to the translation procedure we are using limits defined in the plane of mediator

mass (M
med

) and dark matter mass (m
DM

), where the relevant couplings g
SM

and g
DM

of

a given simplified models are fixed. Examples of such limits are given in e.g. Fig. 9 of [4]

or Fig. 5 of [3]. As discussed in the following sections, these limits are directly translated

in the �
SD/SI � m

DM

planes in which they can be directly compared with those of DD

experiments. Therefore, the basic input to this procedure are simplified model limits of

collider searches defined in the M
med

�m
DM

plane.

3 Vector and axial-vector mediator

The simplified models with vector and axial-vector mediators considered in this section

follow the recommendation of LHC DM forum [1] and assume equal couplings to all quarks.

The model with the vector mediator can be interpreted in the spin-independent (SI) dark

matter-nucleon scattering cross section �0

SI

, while the axial-vector interaction is represented

in the spin-dependent (SD) dark matter-nucleon scattering cross section �0

SD

.

A recommendation on how to present simplified DM models in the search planes of

DD experiments has been assembled in [2]. It is based on [3] and the relevant results are

given in eqs. (2.1), (2.2) and (3.8) to (3.11) of [3]. We quote them again here.

We consider a vector and axial-vector mediator with the following interaction terms

L
vector

� �
X

q

gqZ
0
µq̄�

µq � g
DM

Z 0
µ�̄�

µ� (3.1)

L
axial

� �
X

q

gqZ
0
µq̄�

µ�5q � g
DM

Z 0
µ�̄�

µ�5� . (3.2)

We assume that the coupling gq is equal for all quarks.

For the vector mediator, the scattering interaction is SI and the cross-section to scatter

o↵ a nucleon in the non-relativistic limit is

�0

SI

=
9 g2

DM

g2q µ
2

n�

⇡M4

med

(3.3)

⇡ 1.1⇥ 10�39 cm2 ·
⇣g

DM

gq
1

⌘
2

✓
1 TeV

M
med

◆
4 ⇣ µn�

1 GeV

⌘
2

. (3.4)

Here µn� = mnmDM

/(mn +m
DM

) is the DM-nucleon reduced mass (mn ⇡ 0.939 GeV).

For the axial-vector mediator, the scattering interaction is SD and the analogous

result for the cross-section is

�0

SD

=
3 g2

DM

g2q (�u +�d +�s)2 µ2

n�

⇡M4

med

(3.5)

⇡ 4.6⇥ 10�41 cm2 ·
⇣g

DM

gq
1

⌘
2

✓
1 TeV

M
med

◆
4 ⇣ µn�

1 GeV

⌘
2

, (3.6)

where �u = �0.42, �d = 0.85 and �s = �0.08 [5]. Unfortunately there are no canonical

values for �q so other values for �u, �d and �s are also used in the literature (see e.g. [6])
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and di↵er by O(5%). Again, we reiterate that these results assume that the coupling gq is

equal for all quarks in both of these results. For the case that gq is equal for all quarks,

the same result (eq. (3.5)) holds for scattering o↵ both a proton or a neutron.

4 Scalar mediator

The simplified model with a scalar mediator exchange considered in this section follows

the recommendation of LHC DM forum [1] and assumes that the scalar mediator couples

to all quarks (like e.g. the Standard Model Higgs). In section 4.1 we also show the case

where the scalar mediator only couples to heavy quarks (top and bottom) but we would

like to point out that this model does not follow the LHC DM forum recommendation nor

does it represent a typical representation of a scalar. Therefore, in case this model is used

to placed limits, its assumptions (i.e. coupling to heavy quarks only) must be made very

clear in the corresponding documentation.

The scalar mediator will be interpreted in the SI cross section �0

SI

. The correct results

for the scalar mediator are given in [7]. We quote their results here for clarity. Following

their notation, the interaction terms are

L
scalar

� �g���̄��
X

q

gv
yqp
2
�q̄q , (4.1)

where yq =
p
2mq/v is the usual Yukawa coupling, mq is the quark mass and v = 246 GeV

is the Higgs vev.

The expression for the SI cross-section to scatter o↵ a nucleon is

�0

SI

=
µ2

n�

⇡
f2

n . (4.2)

where µn� = mnmDM

/(mn+m
DM

) is, like in section 3, the DM-nucleon reduced mass. To

a very good approximation, the results are isospin conserving so we ignore the distinction

between proton and neutron. The simplified model couplings enter through

fn =
X

q=u,d,s

fn
q
mn

mq

 
g�gvyqp
2m2

�

!
+

2

27
fn
TG

X

Q=c,b,t

mn

mQ

 
g�gvyQp

2m2

�

!
. (4.3)

We can simplify this formula by substituting yq =
p
2mq/v. Doing so, we find

fn =
mn

v

 
g�gv
m2

�

!2

4
X

q=u,d,s

fn
q +

2

27
fn
TG

X

Q=c,b,t

1

3

5 . (4.4)

Here fn
TG

= 1 �Pq=u,d,s f
n
q . The state-of-the-art values for fn

q are from [8] (for fn
u and

fn
d ) and [9] (for fn

s ). They find fn
u = 0.019, fn

d = 0.045 and fn
s = 0.043 so that

2

4
X

q=u,d,s

fn
q +

2

27
fn
TG

X

Q=c,b,t

1

3

5 = 0.305 . (4.5)

This means that the size of a typical cross-section is

�0

SI

⇡ 6.9⇥ 10�43 cm2 ·
⇣g� gv

1

⌘
2

✓
125 GeV

m�

◆
4 ⇣ µn�

1 GeV

⌘
2

. (4.6)
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4.1 Coupling to only a subset of the quarks

The above results assume that the mediator couples to all quarks. If the mediator only

couples to a subset of the quarks, only the quarks with a non-zero coupling enter the

summation in the square bracket of eq. (4.4). For example, if the mediator only couples to

b- and t-quarks, the relevant result is

fn =
mn

v

 
g�gv
m2

�

!
4

27
fn
TG

�
. (4.7)

5 Pseudoscalar mediator

The rate at direct detection experiments is extremely suppressed for a pseudoscalar me-

diator. The scattering cross-section cannot be expressed in terms of the usual SI and

SD cross-sections, as there are additional momentum-dependent terms entering the cross-

section. Instead, collider limits can be compared against the limits from indirect detection

experiments. The Fermi-LAT places constraints on the self-annihilation cross-section from

observations of dwarf spheroidal galaxies. The latest results were released in March [10].

Limits are set on the cross-section h�vi to annihilate to a single particle–anti-particle final

state (see fig. 8 in [10]).

There are a number of subtleties when dealing with these limits. Firstly, all of the

limits shown in [10] are for a Majorana fermion. The limits for a Dirac fermion are two

times larger1. Secondly, the limits are for single particle–anti-particle final states while

models typically include more than one final state: for instance you might annihilate to

all quarks with a branching ratio proportional to m2

q . In practice, the di↵erence between

annihilating to di↵erent quarks is negligible. For instance, compare the bb̄ limits with the

uū limits (here u is any quark lighter than the b-quark). This means that it is a good

approximation to take the uū or bb̄ limit and treat is as the limit on total annihilation

cross-section.

The only caveat to remember is that the bb̄ limits do not extend below m
DM

= mb ⇡
5 GeV. This is simply because this channel is not kinematically accessible whenm

DM

< mb.

Limits on the tt̄ final state are not shown but these would be similar to the bb̄ limits, with

the caveat that there is no tt̄ limit for m
DM

< mt.

To constrain a model, you need to know the self-annihilation cross-section. For the

simplified model we considered in [11] with interaction terms

L
int

= ig
DM

A�̄�5�+ ig
SM

X

q

mq

v
A q̄�5q , (5.1)

where m
DM

is the DM mass, MA the pseudoscalar mass, g
DM

and g
SM

are the couplings,

� is a Dirac fermion, the sum is over all quarks, mq is the quark mass and v = 246 GeV is

the Higgs vacuum expectation value, the annihilation cross-section to a qq̄ final state is

h�viq =
NCm2

q

2⇡v2
g2
DM

g2
SM

m2

DM

(M2

A � 4m2

DM

)2 +M2

A�
2

A

s

1� m2

q

m2

DM

. (5.2)

1
The reason is that self-conjugate particles have the factor 1/4⇡ in eq. (1) of [10] while particle–anti-

particle annihilation require a factor 1/8⇡
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Here �A is the total pseudoscalar width and NC is the colour factor (3 for quarks). If anni-

hilation occurs to a number of quark final states, the total cross-section is h�vi =Pqh�viq.
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