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Properties and the Particle Physics of Dark Matter

• Cold and Neutral: Non relativistic today.
• Preserves the success of Big Bang Nucleosynthesis (Formation of Atoms and Nuclei in the early Universe)
• “Almost” Dark with respect to other forces of nature.
• Collisionless within the DM sector at large scales.
• Stable, on Cosmological time scales.
• Forms halos in the galaxy

Dark Matter belongs in Astronomy/Cosmology .  
Why should we care about colliders ?



Dark Matter at Colliders 

Comment : Even in the event of a  

missing energy signature, we can’t be 

sure it is dark matter
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Contact Interactions
• On the “simple” end of the spectrum are 

theories where the dark matter is the only 
state accessible to our experiments.

• This is a natural place to start, since 
effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
such a simplified description will 
undoubtably miss out on correlations 
between quantities which are obvious in a 
complete theory.

• And it will fail to describe high energies, 
where one can produce more of the new 
particles directly.
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Full Models vs EFTs
Majorana Dark Matter: 10 operators with an  

EFT strength M 



Example: Majorana WIMP

• As an example, we can write down 
the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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SI Elastic Scattering

Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
g
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q

+ g
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q

�

�
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3
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. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
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mN
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4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
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1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X
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4
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⇣
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
g
(1)
q

+ g
(2)
q

�

�
8⇡

9↵s

fTGfG +
3

4
G(2)

⇣
g
(1)
G

+ g
(2)
G

⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X

q=u,d,s

fTq(fq) +
X

q=u,d,s,c,b

3

4
[q(2) + q̄(2)]

⇣
g(1)q + g(2)q

⌘
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3

4
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• As an example, we can write down 
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Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
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n
i]2 ·
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J
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T
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4
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M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements
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0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )
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Example: Majorana WIMP

• As an example, we can write down 
the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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Collider Searches
• At colliders, one searches for this type of 

theory by producing the dark matter 
directly.

• Since the detector needs something to 
trigger on, one looks for processes with 
additional final state particles, and infers 
the presence of dark matter based on the 
missing momentum it carries away from 
the interaction.

• There are the usual SM backgrounds from 
Z + jets, as well as fake backgrounds from 
QCD, etc.

• Contact interactions grow with energy, 
generically leading to a harder MET 
spectrum than the SM backgrounds.
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Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4
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|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )
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Example: Majorana WIMP

• As an example, we can write down 
the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q
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G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
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by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
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and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.
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We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]
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int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-
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Other operators may be rewritten in 
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SI Elastic Scattering

SD Elastic Scattering

Annihilation in the galactic halo

Collider Experiments
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Collider Searches
• At colliders, one searches for this type of 

theory by producing the dark matter 
directly.

• Since the detector needs something to 
trigger on, one looks for processes with 
additional final state particles, and infers 
the presence of dark matter based on the 
missing momentum it carries away from 
the interaction.

• There are the usual SM backgrounds from 
Z + jets, as well as fake backgrounds from 
QCD, etc.

• Contact interactions grow with energy, 
generically leading to a harder MET 
spectrum than the SM backgrounds.

Beltran, Hooper, Kolb, Krusberg, TMPT  1002.4137 & JHEP

Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4
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✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
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fqfTq +
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
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4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X

q=u,d,s

fTq(fq) +
X
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4
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the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
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WIMP to quarks and gluons.

• Each operator has a (separate) 
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-
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G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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Full Models vs EFTs
Majorana Dark Matter: 10 operators with an  

EFT strength M 

Example: Majorana WIMP

• As an example, we can write down 
the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-
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G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
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SI Elastic Scattering

SD Elastic Scattering

Annihilation in the galactic halo

Collider Experiments
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Collider Searches
• At colliders, one searches for this type of 

theory by producing the dark matter 
directly.

• Since the detector needs something to 
trigger on, one looks for processes with 
additional final state particles, and infers 
the presence of dark matter based on the 
missing momentum it carries away from 
the interaction.

• There are the usual SM backgrounds from 
Z + jets, as well as fake backgrounds from 
QCD, etc.

• Contact interactions grow with energy, 
generically leading to a harder MET 
spectrum than the SM backgrounds.

Beltran, Hooper, Kolb, Krusberg, TMPT  1002.4137 & JHEP

Translation to Elastic Scattering

• Colliders can help fill in a challenging region of low dark matter mass and 
spin-dependent interactions.

• Since they see individual partons, rather than the nucleus coherently, collider 
results offer a complementary perspective on DM interactions with hadrons.

• The translation assumes a heavy mediating particle (contact interaction).
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Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
g
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q
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q

�
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9↵s

fTGfG +
3

4
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G

+ g
(2)
G

⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1
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(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X
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fTq(fq) +
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM

LDM-EFT =
X

f=u,d,s,c,b,t,e,µ,⌧

 
Cf
1

⇤2 f̄ f �̄� + Cf
2

⇤2 f̄ �5f �̄�5� + · · ·
!

,

(1)

where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read

LDM-simp

= �ig�a�̄�5� � ia
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
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m� , Cf
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Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf
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are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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m� , ma , g� , gu , gd , g`
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In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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g�gf yf /m2
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n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy
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s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
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is fully described by the parameters
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The corresponding tree-level matching conditions are Cf
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yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy
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The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the
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s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
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In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
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T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
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T signatures that can
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in Section 7. In Section 8 we then estimate the current exper-
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of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
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cally, one has in the case of spin-0 interactions and Dirac fermion
DM

LDM-EFT =
X
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read

LDM-simp
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the

T. Abe, Y. Afik, A. Albert et al. / Physics of the Dark Universe 27 (2020) 100351 3

making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
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Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf
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are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =
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a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy
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The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
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Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf
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are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
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aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
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The corresponding tree-level matching conditions are Cf
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olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy
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The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the
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s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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m� , ma , g� , gu , gd , g`
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In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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g�gf yf /m2
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n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
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m� , Cf
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Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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a and Cf

n = 0 for all other Wilson coefficients. Here
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Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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Figure 1: Representative Feynman diagrams corresponding to the main subset of
processes contributing to (co-)annihilations described in Tab. ??. For simplicity,
we don’t show here possible interfering diagrams from crossing symmetries (for
example, we would have an u-channel for �� ! qq̄, XX

†
! qq̄ and XX ! qq). We

also only illustrated the gluon gauge vertices, since the strong coupling dominates.
In diagram 1h, we could also have the interaction of any other SM gauge boson
with the quarks, while in diagrams 1b, 1c, 1d, 1e and 1i, the gluon can be replaced
by a photon or a Z boson in the uR and dR models and additionally by W

± bosons
in the qL model.
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Figure 1: Representative Feynman diagrams corresponding to the main subset of processes con-
tributing to (co-)annihilations described in Tab. 1. For simplicity, we don’t show here possible in-
terfering diagrams from crossing symmetries (for example, we would have an u-channel for �� ! qq̄,
XX

†
! qq̄ and XX ! qq). We also only illustrated the gluon gauge vertices, since the strong coupling

dominates. In diagram 1h, we could also have the interaction of any other SM gauge boson with the
quarks, while in diagrams 1b, 1c, 1d, 1e and 1i, the gluon can be replaced by a photon or a Z boson
in the uR and dR models and additionally by W

± bosons in the qL model.

As a result of its Yukawa interaction 2, the DM number density depends both on direct

pair annihilation of DM, particles, �� ! SM SM, as well as co-annihilation and colored

annihilations processes into SM particles involving � � X, � � X
†, X � X

† and X � X

as initial scattering states. The latter determining the density of the scalar mediators. A

representative class of Feynman diagrams are shown in Fig. 1.

Under the assumption that all Z2-odd particles will finally decay into dark matter and

will be in equilibrium with each other until freeze-out [46], we track the evolution of the total

2For this work, we do not consider possible renormalizable interactions between the scalars and the Higgs
field, for example via a trilinear coupling. As shown in [42–44], such interactions can lead to sizeable e↵ects
from Sommerfeld enhancement and bound state formation and is subject to a follow-up work [45].
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QCD Colored Mediators

Dark Matter particle:
 A Majorana Fermion

X= 

the Wilson coe�cients. In Sec 4, we assess the complementary collider constraints

originating from LHC searches. In Sec, 5, we provide a summary of all constraints,

as well as compute the velocity averaged annihilation cross section in order to assess

whether this class of models can provide the correct thermal relic. Finally we present

our concluding remarks in Sec. 6.

2 Simplified Model and Parameters

In this section, we briefly review the simplified model, more details of which can be

found in [11]. The simplified model contains a SM singlet fermionic dark matter

candidate (�), whose kinetic terms are described by the Lagrangian

L� =
1

2

�
i�̄/@��M��̄�

�
. (2.1)

While � can be either Dirac or Majorana, we specialize to the Majorana case where

large corrections are expected to the cross section for scattering with nuclei. There

are also a set of scalar mediator particles, which, to interact with the dark matter and

a SM quark, must be color triplets transforming under the electroweak symmetry as

(using notation (SU(3), SU(2))Y ):

(3, 1)2/3, (3, 1)�1/3, (3, 2)�1/6. (2.2)

These three choices correspond to what we will refer to as a uR model (with mediators

labeled as ũ), a dR model (with mediators d̃), and a qL model (with mediators Q̃),

respectively. Motivated by the assumption of minimal flavor violation (MFV) [21],

we assign the mediators to flavor triplets with equal masses and couplings. Thus

the mediator and its dynamics can be described by the corresponding choice of

Lagrangian:

LuR =
X

u

⇥
(Dµũ)

⇤(Dµũ)�M2

ũ
ũ⇤ũ+ gDM ũ⇤ �̄PRu+ g⇤

DM
ũ ūPL�

⇤
, (2.3)

LdR =
X

d

h
(Dµd̃)

⇤(Dµd̃)�M2

d̃
d̃⇤d̃+ gDM d̃⇤ �̄PRd+ g⇤

DM
d̃ d̄PL�

i
, (2.4)

LqL =
X

q

⇥
(Dµq̃)

⇤(Dµq̃)�M2

q̃
q̃⇤q̃ + gDM q̃⇤ �̄PLq + g⇤

DM
q̃ q̄PR�)

⇤
, (2.5)

where the covariant derivativeDµ =
�
@µ � igsGa

µ
T a + Electroweak terms

�
, describes

the mediator couplings to the SM gauge bosons. Here the sums are over quark

and mediator flavors where u = {u, d, s} quarks, ũ =
n
ũ, d̃, s̃

o
mediators, d =
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
n
d̃, s̃, b̃

o
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

n
ũ, d̃, s̃, c̃, b̃, t̃

o

mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than M�.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
�
�gDM ũ⇤Y u†Y u�̄PRu+ h.c.) + �m2 ũ⇤Y u†Y uũ+O(Y 4).

�
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

�gDM = �m2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter

– 5 –
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.
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ũ ūPL�

⇤
, (2.3)

LdR =
X

d

h
(Dµd̃)

⇤(Dµd̃)�M2

d̃
d̃⇤d̃+ gDM d̃⇤ �̄PRd+ g⇤

DM
d̃ d̄PL�

i
, (2.4)

LqL =
X

q

⇥
(Dµq̃)

⇤(Dµq̃)�M2

q̃
q̃⇤q̃ + gDM q̃⇤ �̄PLq + g⇤

DM
q̃ q̄PR�)

⇤
, (2.5)

where the covariant derivativeDµ =
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T a + Electroweak terms
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, describes

the mediator couplings to the SM gauge bosons. Here the sums are over quark
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labeled as ũ), a dR model (with mediators d̃), and a qL model (with mediators Q̃),

respectively. Motivated by the assumption of minimal flavor violation (MFV) [21],

we assign the mediators to flavor triplets with equal masses and couplings. Thus

the mediator and its dynamics can be described by the corresponding choice of

Lagrangian:

LuR =
X

u

⇥
(Dµũ)
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originating from LHC searches. In Sec, 5, we provide a summary of all constraints,

as well as compute the velocity averaged annihilation cross section in order to assess

whether this class of models can provide the correct thermal relic. Finally we present

our concluding remarks in Sec. 6.
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The analysis leading to these conclusions is organized as follows: In section 2, we give

a detailed description of the simplified t-channel models analyzed and the relevant processes

for the relic abundance calculation. In section 3, we illustrate some theoretical aspects of SE

and BSF in the simplified t-channel model and we discuss their impact on the relic density

and the model parameters in 4. In section 5, we summarize the constraints utilized from

spin-independent and spin-dependent searches, while in section 6, we explain how we exploit

prompt collider searches, including the search for BSF at the LHC, and long-lived particle

signatures. Finally, in section 7, we present our combined results and we elaborate on the

interplay of the various constraints and their potential to exclude parts of the parameter

space. Most importantly, we discuss the impact of SE and BSF on the estimation of the

correct exclusion limits. Moreover, we show the corresponding projected exclusion constraints

from future experiments and highlight the potential reach of long-lived particle searches and

of searches for dark sector bound states at the colliders. We conclude in section 8.
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In this section, we briefly describe the t-channel simplified model [16–18, 37, 40] as well as
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Majorana fermion � which is the lightest dark sector particle, and three color-triplet complex
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Yukawa coupling gDM. The scalars are charged under the SM gauge group (SU(3)⇥SU(2))Y
and its simplest form there are three possible quantum number assignments possible:

(3, 1)2/3, (3, 1)�1/3, (3, 2)�1/6. (2.1)

The three possible choices of the mediator’s quantum numbers correspond to three di↵erent

models, which we label as the uR, dR and qL models, respectively.

The dark sector features a Z2 symmetry such that � is the lightest stable particle and
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where Dµ is the covariant derivative and the index i runs over the quark and mediator flavours

of the model considered (up-type right-handed quarks, down-type right-handed quarks and

left-handed quarks). PL and PR are the left and right handed projectors respectively. The

Yukawa couplings,gDM , are chosen to be real valued, flavour-diagonal and flavour-universal

for simplicity, implying that gDM,ij = gDM�ij
1.

1In general it is possible to go beyond this approximation by allowing for o↵-diagonal Yukawa couplings,
which can be constrained by flavor observables as for instance top quark flavor changing neutral currents [41].
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ũ, d̃, s̃

o
mediators, d =

– 4 –



t- channel Simplified Models

the extrapolation to the time of freeze-out follows a standard cosmology, the inclu-

sive annihilation cross section (for � ⇠ 1/20) maps onto the expected dark matter

abundance. In Figure 14 we present the velocity averaged annihilation cross-section

in the non relativistic limit. We import the model files written in Feynrules in

micrOMEGAs5.0 [46] to evaluate h�vanni for gDM set to its maximally allowed value

obtained from Figure 13. The black shaded area of Figure 14 represents the region

of parameter space ruled out by LHC constraints, and the colored shaded regions

correspond to di↵erent values of h�vi normalized to 10�26cm3/s.5 Both the qL and uR

models have larger values of h�vi compared to the dR model. This can be understood

from the velocity-averaged annihilation cross-section into SM fermions,

h�vi ' N f

c
g4
DM

" m2

f

r
1�

m2
f

m2
�

64⇡(m2

q̃
+m2

�
�m2

f
)2

+ �2

(
m2

�

q
m4

�
+m4

q̃

32⇡(m2
�
+m2

q̃
)4

+O(m2

f
)

)#
, (5.1)

where N f

c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2

�
/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.
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Spin-Independent : Coherent interaction with the whole Atomic Nucleus
Spin-Dependent : For Axial Vector coupling, couples to the spin of the Nucleus 

Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19
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c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2
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/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.
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Spin-Independent : Coherent interaction with the whole Atomic Nucleus
Spin-Dependent : For Axial Vector coupling, couples to the spin of the Nucleus 

• Given a DM model, we need to calculate the spin-independent and spin-dependent 
cross sections at the quark level and match it at the nucleon level using form factors

• Spin-Indepedent limits at tree level more constraining than the spin-dependent part

Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
g
(1)
q

+ g
(2)
q

�

�
8⇡

9↵s

fTGfG +
3

4
G(2)

⇣
g
(1)
G

+ g
(2)
G

⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X

q=u,d,s

fTq(fq) +
X

q=u,d,s,c,b

3

4
[q(2) + q̄(2)]

⇣
g(1)q + g(2)q

⌘

� 8⇡

9↵s
fTG(fG) +

3

4
G(2)

⇣
g(1)G + g(2)G

⌘
.



t- channel Simplified Models

the extrapolation to the time of freeze-out follows a standard cosmology, the inclu-

sive annihilation cross section (for � ⇠ 1/20) maps onto the expected dark matter

abundance. In Figure 14 we present the velocity averaged annihilation cross-section

in the non relativistic limit. We import the model files written in Feynrules in

micrOMEGAs5.0 [46] to evaluate h�vanni for gDM set to its maximally allowed value

obtained from Figure 13. The black shaded area of Figure 14 represents the region

of parameter space ruled out by LHC constraints, and the colored shaded regions

correspond to di↵erent values of h�vi normalized to 10�26cm3/s.5 Both the qL and uR

models have larger values of h�vi compared to the dR model. This can be understood

from the velocity-averaged annihilation cross-section into SM fermions,

h�vi ' N f

c
g4
DM

" m2

f

r
1�

m2
f

m2
�

64⇡(m2

q̃
+m2

�
�m2

f
)2

+ �2

(
m2

�

q
m4

�
+m4

q̃

32⇡(m2
�
+m2

q̃
)4

+O(m2

f
)

)#
, (5.1)

where N f

c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2

�
/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.
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and up-type quarks mediated by ũ takes the form,

M = (�igDM )2(�̄PRu)
i

p2 �M2

ũ

(ūPL�)

⇡ (�igDM )2(�̄PRu)
�i

M2

ũ
�m2
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(ūPL�) +O

 
1
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�m2
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�2!
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ig2
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8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)
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⇡
ig2
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M2

ũ
�m2

�

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)] (3.1)

where, in the second line, the propagator is expanded in the low momentum limit

and only leading terms are kept. As discussed in Section 3.1 and Appendix A, higher

order terms (which were dropped in Reference [11]) turn out to be important. In

the last line of Equation 3.1, we have dropped terms which are negligible in the non-

relativistic limit. Furthermore, we have dropped the quark mass from the expressions

above to simplify them. Majorana fermions are treated using the technology of

Refs. [20, 21]. Analogous results as above hold for dR and qL quarks mediated by

d̃ and q̃, respectively. The terms in the last line result in spin independent and

spin dependent scattering, respectively. However, since a Majorana fermion has a

vanishing vector bilinear (�̄�µ� = 0), only the SD terms are non-zero at this order1.

In order to assess the rate of SI scattering, it is necessary to go beyond the simple

leading order calculation.

Following the notation of Refs. [22] and [23] we write down the lagrangian for

the e↵ective field theory describing SI interactions with quarks and gluons,

L
e↵

SI
=
X

q=u,d,s

L
e↵

q
+ L

e↵

g
, (3.2)

where

L
e↵

q
= fq�̄� O(0)

q
+

g(1)q

m�

�̄i (@µ�⌫ + @⌫�µ)� O(2)

q,µ⌫
+

g(2)q

m2
�

�̄(i@µ)(i@⌫)� O(2)

q,µ⌫
,(3.3)

L
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g
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g
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G
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g(2)
G

m2
�

�̄(i@µ)(i@⌫)� O(2)

g,µ⌫
.(3.4)

1 It is worth noting that this feature is a consequence of having a single type of mediator. In

theories with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions

involving both mediators and a Higgs boson, which would open up the possibility for tree level

spin-independent scattering.
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as shown in a representative Feynman diagram in figure 1. The partonic matrix element

for interactions between fermionic (Dirac or Majorana) dark matter and up-type quarks

mediated by ũ takes the form,

M = (−igDM )2(χ̄PRu)
i

p2 −M2
ũ

(ūPLχ)

≈ (−igDM )2(χ̄PRu)
−i
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]
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8
[(χ̄γµχ)(ūγµu)− (χ̄γµγ5χ)(ūγµγ5u)] (3.1)

where, in the second line, the propagator is expanded in the low momentum limit and

only leading terms are kept. As discussed in section 3.1 and appendix A, higher order

terms (which were dropped in Reference [11]) turn out to be important. In the last line

of equation (3.1), we have dropped terms which are negligible in the non-relativistic limit.

Furthermore, we have dropped the quark mass from the expressions above to simplify them.

Majorana fermions are treated using the technology of refs. [20, 21]. Analogous results as

above hold for dR and qL quarks mediated by d̃ and q̃, respectively. The terms in the last

line result in spin independent and spin dependent scattering, respectively. However, since

a Majorana fermion has a vanishing vector bilinear (χ̄γµχ = 0), only the SD terms are

non-zero at this order.1 In order to assess the rate of SI scattering, it is necessary to go

beyond the simple leading order calculation.

Following the notation of refs. [22] and [23] we write down the lagrangian for the

effective field theory describing SI interactions with quarks and gluons,

Leff
SI =

∑

q=u,d,s

Leff
q + Leff

g , (3.2)

where

Leff
q = fqχ̄χ O(0)

q +
g(1)q

mχ
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g(2)q

m2
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χ
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1It is worth noting that this feature is a consequence of having a single type of mediator. In theories

with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions involving both

mediators and a Higgs boson, which would open up the possibility for tree level spin-independent scattering.
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Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
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interaction with protons and with neutrons
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
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+ g
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�
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fTGfG +
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4
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⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements
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0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )
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X
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⌘
.



t- channel Simplified Models

the extrapolation to the time of freeze-out follows a standard cosmology, the inclu-

sive annihilation cross section (for � ⇠ 1/20) maps onto the expected dark matter

abundance. In Figure 14 we present the velocity averaged annihilation cross-section

in the non relativistic limit. We import the model files written in Feynrules in

micrOMEGAs5.0 [46] to evaluate h�vanni for gDM set to its maximally allowed value

obtained from Figure 13. The black shaded area of Figure 14 represents the region

of parameter space ruled out by LHC constraints, and the colored shaded regions

correspond to di↵erent values of h�vi normalized to 10�26cm3/s.5 Both the qL and uR

models have larger values of h�vi compared to the dR model. This can be understood

from the velocity-averaged annihilation cross-section into SM fermions,

h�vi ' N f

c
g4
DM

" m2

f

r
1�

m2
f

m2
�

64⇡(m2

q̃
+m2

�
�m2

f
)2

+ �2

(
m2

�

q
m4

�
+m4

q̃

32⇡(m2
�
+m2

q̃
)4

+O(m2

f
)

)#
, (5.1)

where N f

c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2

�
/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.
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and up-type quarks mediated by ũ takes the form,

M = (�igDM )2(�̄PRu)
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where, in the second line, the propagator is expanded in the low momentum limit

and only leading terms are kept. As discussed in Section 3.1 and Appendix A, higher

order terms (which were dropped in Reference [11]) turn out to be important. In

the last line of Equation 3.1, we have dropped terms which are negligible in the non-

relativistic limit. Furthermore, we have dropped the quark mass from the expressions

above to simplify them. Majorana fermions are treated using the technology of

Refs. [20, 21]. Analogous results as above hold for dR and qL quarks mediated by

d̃ and q̃, respectively. The terms in the last line result in spin independent and

spin dependent scattering, respectively. However, since a Majorana fermion has a

vanishing vector bilinear (�̄�µ� = 0), only the SD terms are non-zero at this order1.

In order to assess the rate of SI scattering, it is necessary to go beyond the simple

leading order calculation.

Following the notation of Refs. [22] and [23] we write down the lagrangian for

the e↵ective field theory describing SI interactions with quarks and gluons,

L
e↵
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=
X

q=u,d,s

L
e↵

q
+ L

e↵

g
, (3.2)

where
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q
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G

m2
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�̄(i@µ)(i@⌫)� O(2)

g,µ⌫
.(3.4)

1 It is worth noting that this feature is a consequence of having a single type of mediator. In

theories with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions

involving both mediators and a Higgs boson, which would open up the possibility for tree level

spin-independent scattering.
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Spin-Independent : Coherent interaction with the whole Atomic Nucleus
Spin-Dependent : For Axial Vector coupling, couples to the spin of the Nucleus 

• Given a DM model, we need to calculate the spin-independent and spin-dependent 
cross sections at the quark level and match it at the nucleon level using form factors

• Spin-Indepedent limits at tree level more constraining than the spin-dependent part
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as shown in a representative Feynman diagram in figure 1. The partonic matrix element

for interactions between fermionic (Dirac or Majorana) dark matter and up-type quarks

mediated by ũ takes the form,

M = (−igDM )2(χ̄PRu)
i

p2 −M2
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]
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8
[(χ̄γµχ)(ūγµu)− (χ̄γµγ5χ)(ūγµγ5u)] (3.1)

where, in the second line, the propagator is expanded in the low momentum limit and

only leading terms are kept. As discussed in section 3.1 and appendix A, higher order

terms (which were dropped in Reference [11]) turn out to be important. In the last line

of equation (3.1), we have dropped terms which are negligible in the non-relativistic limit.

Furthermore, we have dropped the quark mass from the expressions above to simplify them.

Majorana fermions are treated using the technology of refs. [20, 21]. Analogous results as

above hold for dR and qL quarks mediated by d̃ and q̃, respectively. The terms in the last

line result in spin independent and spin dependent scattering, respectively. However, since

a Majorana fermion has a vanishing vector bilinear (χ̄γµχ = 0), only the SD terms are

non-zero at this order.1 In order to assess the rate of SI scattering, it is necessary to go

beyond the simple leading order calculation.

Following the notation of refs. [22] and [23] we write down the lagrangian for the

effective field theory describing SI interactions with quarks and gluons,

Leff
SI =

∑

q=u,d,s

Leff
q + Leff

g , (3.2)

where

Leff
q = fqχ̄χ O(0)
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mχ
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g(2)q

m2
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q,µν , (3.3)

Leff
g = fGχ̄χ O(0)
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g(1)G
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g,µν +
g(2)G

m2
χ
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g,µν . (3.4)

1It is worth noting that this feature is a consequence of having a single type of mediator. In theories

with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions involving both

mediators and a Higgs boson, which would open up the possibility for tree level spin-independent scattering.
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SI = 0 for Majorana fermion 
at tree level, Vector Bilinear vanishes 
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Direct Detection 
Leading Order

• LO calculation tells us 
that model has only a 
spin dependent 
cross-section.


• Limits from direct 
detection are weak— 
large values of gDM 
allowed.

SI 
0 for Majorana SD

�p =
4

⇡

✓
M�mp

M� +mp

◆2

|hMDDiNR|
2 .

Spin Dependent 
Pico-60

!7

Lint =
X

q=u,d,s,c,b,t

gDM (q̃⇤L�̄PLq + h.c.)

Is the spin-independent 1-loop more sensitive than  
 the tree level spin-dependent direct detection limit?

Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements
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0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )
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t- channel Simplified Models
We also need a Renormalization Group Evolution

RGE
• Nucleon DM cross-sections at Non-Relativistic velocities.


• At what scale do we define coupling and masses? If at 
scale µ~0, then to compare with LHC we should run up. If 
at µ~LHC energy, then to compare we should run down.


• RGE not necessary if no comparisons being made at 
different energy scales.

µl µh

Direct 
Detection 

(MeV)

LHC 
(TeV)

!24

At what scale do we define coupling and masses? 
If at nuclear scale, to compare to LHC we should run up, for the reverse, 
run down.

See K. Mohan, DS, T. Tait, B.Yan, C.P Yuan. JHEP 05 (2019) 115 for details

How important is RGE?

Gluonic spin-0 Wilson 
coeffs increase by factor 

of ~5.

Factor ~2 increase in matrix 
element when performing 

RGE.

Spin-2 Wilson coefficients 
do not run as strongly.

Factor ~4 enhancement in cross-section
!29

Complementarity of DD & LHC experiments

LHC Pair production
LHC Associated production

SI Limits

!36

SD Limits

Factor 4 enhancement in cross-section Take home message
Precision Calculations can significantly improve 
constraints on the coupling (DM interaction )



Coannihilations, Radiative and Non-Perturbative Effects in Relic Density Calculation
Let’s go deeper into the same model,  
think of small mass gap between DM and mediator  

dark-sector comoving number density (or yield) Ỹ = ñ/s, where ñ is the total dark-sector

number density and s is the entropy density of the universe, resulting in the sum of the

comoving yields of the co-annihilating Z2-odd species:

Ỹ = Y� +
X
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✓
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◆
= Y� + 2

X
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YXi . (2.3)

We can then write an e↵ective Boltzmann equation for Ỹ as a function of the variable x =

mDM/T in the following form:
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with g� = 2 and gX = 3 being the internal degrees of freedom of the Majorana particle �

and the colored scalars X, mPl the Planck mass, g⇤ (g⇤S) the number of e↵ective relativistic

degrees of freedom for the energy (entropy) density of the Universe and

� ⌘
mX �m�

m�
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m�

, �m ⌘ mX �m�. (2.9)

Hereby, the e↵ective annihilation cross-section in Eq. (2.4) is given by

h�e↵vreli =
X
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h�ijviji
Y

eq
i

Ỹ eq

Y
eq
j

Ỹ eq
, (2.10)

where h�ijviji comprises of all the annihilation cross-sections of two co-annihilating species

i and j. If the scalars are much heavier than DM, their abundance gets quickly Boltzmann-

suppressed and the only relevant process for determining the DM density is the direct �� �

annihilation. On the other hand, when � ⌧ 1, the scalar mediators continue interacting

for a longer time and their thermally-averaged (co-)annihilation cross-section contributions

to Eq. (2.10) are significant even around the freeze-out of the DM particle candidates. We

stress that in order to derive Eq. (2.10), two crucial assumptions are made. First, the rate

of elastic scatterings of dark sector particles with the SM bath is much larger than their
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Impact of Sommerfeld Enhancement and bound states
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Becker, Copello, JH, Mohan, Sengupta (2022)

● DD and LHC searches set upper bound on gDM

● Requirement of non-overproduction sets lower bound on gDM

 → Correction on gDM due to SE and BSF lead to altered exclusion limits

 → opens up parameter space that was previously thought to be excluded
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perturbative only + Sommerfeld e�ect + bound states

M. Becker, E. Copello, J. Harz K. Mohan, DS. JHEP08(2022) 145The package is  now implemented in MicrOmegas Dark Matter Tool  

1.The model tightly constrained by Direct Detection,  
2. Model parameters then relaxed by SE + BSF.



t- channel Simplified Models : Bound State Production/decay at LHC

6.1.3 Bound State Production at LHC

Colored mediators can be pair produced at the LHC and subsequently form bound states

B(XX
†). When the coupling of the mediator to dark matter (gDM) is small, these bound

states predominantly decay to pairs of gauge bosons. For the specific scenario we consider

here, the decay to pairs of gluons is dominant, with a branching ratio ⇠ 99%, followed by

decay to pairs of photons, Z� and then pairs of Z-bosons.22 Here, we consider the production

of the bound state B(XX
†) and its subsequent decay to pairs of photons at the LHC, since

the diphoton decay channel provides the strongest constraints for the uR model. Importantly,

these constraints do not depend on the mass of dark matter and, for small values of gDM , are

not sensitive to the mediator and dark matter coupling.

We therefore use results from high-mass (& 100 GeV) diphoton searches performed by

the ATLAS experiment [81] to place constraints on the mass of the mediator. The analysis

carried out in Ref. [81] provides limits on the fiducial cross-section (times branching ratio)

at 95% C.L., which we correct by an almost flat e�ciency factor, given by the detector

acceptance times the reconstruction e�ciency, as described in [82], in order to obtain the

corresponding total cross-section (times branching ratio). In order to calculate the theoretical

cross-section, we follow the procedure described in Refs. [83, 84], which calculates the bound-

state production cross-section at NLO (QCD) and places constraints on the s-wave (JPC =

0++) stoponium production at LHC. In the following, we briefly outline the main key points

of the analysis. The LO production cross-section for a stoponium-like bound state in the

Narrow Width Approximation (NWA) is given by

�
�
pp ! B(XX

†)
�
=

⇡
2

8m3
B
�
�
B(XX

†) ! gg
�
Pgg

⇣
mB

13 TeV

⌘
. (6.1)

Here, �
�
B(XX

†�
! gg) is the decay width of the bound state to pairs of gluons, Pgg is

the gluon luminosity for proton-proton collisions at 13 TeV of center-of-mass energy, and

mB ' 2mX , is the mass of the bound state23. We exploit the NLO calculation derived in [83]

and evaluate the strong coupling ↵s at the scale µ = mB; we then multiply this result by the

branching ratio of bound state decays into diphoton resonances (around 0.3% � 0.5%). We

refer the reader to [83, 84], where relevant expressions for the decay width of B(XX
†) to gg,

��, Z� and ZZ can be found.

Accounting for the three generations of stoponium-like bound states of the uR model,

we show in Fig. 9 the present exclusion limits on the bound state mass by comparing the

experimental bound on the production cross-section times the diphoton-resonance branching

ratio (black line) to the theoretical one (red line) for the uR model. The figure indicates that

22Decays to W-bosons are relevant for the qL model, but not for the uR model. Furthermore, in the
parameter space where these searches are relevant, the coupling gDM is very small and the decay of the
mediator to pairs of quarks or dark matter are negligible. Finally, decays to Z� are suppressed in the uR

model, but could play a more important role in the qL model.
23The relation between the masses is not an exact equality because of the presence of the binding energy.

However, its magnitude is much smaller than the mass of the constituents and therefore negligible.
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p

p

X(†)

X(†)

g

B... ...

Figure 2: Feynman diagram for the radiative capture into a bound state of a scalar triplet pair
(either XX

†, XX, or X†
X

†. It consists of the (non-perturbative) initial and final state wavefunctions
of the incoming particles, and the perturbative 5-point function (the grey blob) that includes the
radiative vertex. The final state is then the bound state B and the radiated (on-shell) gluon g.

+ +

Figure 3: Tree-level contributions to the radiative vertex in Fig. 2. The leftmost diagram shows
the radiation from the gluon propagator, allowed by the non-Abelian nature of QCD. The other two
contributions come directly from the emission from an external leg.

scalar-antiscalar initial state are

(X +X
†)[8] !

�
B(XX

†)[1] + g
 
[8]
, (3.16a)

(X +X
†)[1] !

�
B(XX

†)[8] + g
 
[1S ]

, (3.16b)

(X +X
†)[8] !

�
B(XX

†)[8] + g
 
[8S ] or [8]A

. (3.16c)

Here assume that the two-particle initial state is either in the singlet or the octet represen-

tation. The final-state particles are the bound state B which belong to an irreducible color

representation and the emitted gluon g, is in the adjoint representation 8, by definition. The

combination of color algebras in the final states must match the one in the initial state. For

example, we see that when the initial state is a color singlet, we can only form an octet

bound state. The additional gluon that is emitted, combines with the bound state to form a

symmetric singlet representation 1S . However, as noted earlier, only the singlet potential is

– 15 –
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decay is to a pair of gluons, with partial width (see also Sec. II C below)

�(⌘t̃ ! gg) '
4

3
↵
2
s

|R(0)|2

m2
⌘t̃

, (2)

where R(0) =
p
4⇡ (0) is the radial wavefunction at the origin, for which we employ the

parameterization in Ref. [18, 24]. For mt̃1
⇠ O(100) GeV, the factor |R(0)|2/m2

⌘t̃
⇠ 0.2 GeV,

leading to a partial width �(⌘t̃ ! gg) ⇠ O(1) MeV in the light stop mass range of interest.

If the annihilation decay width dominates over the natural stop width we can potentially

observe the stoponium through its resonance signature.

In summary we require,

�et1 . �⌘et
, Eb. (3)

In practice, since the annihilation decay width is typically smaller than the binding energy,

it sets the upper bound in Eq. (3). In fact, these conditions are satisfied in a number of

interesting of scenarios and over a wide range of model parameters, particularly when the

stops are light. We will examine two such scenarios in Section V.

B. Production

At leading order (LO) the production of stoponium in pp collisions at the LHC proceeds

via gluon-gluon fusion, with a cross section given by [18]

�LO(pp ! ⌘t̃) =
⇡
2

8m3
⌘t̃

�(⌘t̃ ! gg)Pgg(⌧), (4)

where Pgg is the gluon parton luminosity as a function of ⌧ ⌘ m⌘t̃
/s, with s the squared

center-of-mass energy, defined in Eq. (D.2) in Appendix D. The partial decay width for

�(⌘t̃ ! gg) is given in Eq. (2). Next-to-leading order (NLO) perturbative QCD corrections

to stoponium production have been computed in Ref. [20] and with the threshold resum-

mation in Ref. [17]. To account for these corrections we will use the results of Ref. [20]. In

particular, we extract the cross section prediction from their Fig. 9 and furthermore estimate

a conservative ⇠ 10% scale uncertainty on this prediction from their Fig. 7 [20]. We can also

reasonably estimate a ⇠ 5 � 10% PDF uncertainty in the mass range of interest, similarly

to that for Higgs production via gluon-gluon fusion [26].

There are likely larger sources of theoretical uncertainties than the QCD scale uncertainty,

which are, however, di�cult to quantify. Notice in particular that the cross section in Eq. (4)

depends on the value of the stoponium wavefunction at the origin squared, |R(0)|2, through

3

mology [15]-[17]. This is important because the measurement of ΩDMh2 ≈ 0.11 can be correlated

with a top squark light enough to forbid the decays (1.1) and (1.2) in at least two scenarios. First,

neutralino LSP and top-squark co-annihilations can give the observed dark matter density if the

mass difference mt̃1 −mÑ1
is in a small range [18]-[22]. Second, the neutralino LSP can efficiently

pair-annihilate into a top-anti-top pair, mediated by the t-channel exchange of a top squark that

is not more than about 100 GeV heavier than the LSP [23, 24]. These two scenarios are often

continuously connected in parameter space, but the latter one requires far less fine adjustment of

parameters to realize. It does, however, require that the gaugino masses are not unified in the

way assumed in mSUGRA models. A particularly attractive model framework that meets the re-

quirements of the stop-mediated annihilation scenario is provided by “compressed supersymmetry”

[23, 24], in which the gluino mass parameter is taken to be significantly smaller than the wino mass

parameter at the scale of apparent gauge coupling unification MGUT ≈ 2× 1016 GeV. A reduction

of the gluino mass compared to the wino and bino mass parameters can also ameliorate [25] the

supersymmetric little hierarchy problem. Another quite different motivation for a light top squark

is provided by models that can have a strongly first-order phase transition leading to electroweak-

scale baryogenesis [26]-[28]; this can also incorporate the neutralino-stop co-annihilation scenario

for dark matter.

In this paper, I will consider the ηt̃ → γγ signal at the LHC along similar lines to ref. [9], taking

into account the now known top-quark mass, considering motivated models that agree with the

observed dark matter density and Higgs mass constraints, and using a more liberal angular cut

but a more conservative energy resolution for the electromagnetic calorimeter. I also correct (see

Appendix) factor of 2 errors appearing in the gg and γγ partial decay widths in ref. [9]. This

leads to a somewhat more pessimistic evaluation of the detection potential, but in many parts of

parameter space the diphoton signal will be detectable given a large integrated luminosity at the

LHC.

II. DIPHOTON SIGNAL FOR STOPONIUM AND BACKGROUNDS

The leading-order partial decay widths of ηt̃ into gluon and photon final states are:

Γ(ηt̃ → gg) =
4

3
α2
S |R(0)|2/m2

ηt̃
, (2.1)

Γ(ηt̃ → γγ) =
32

27
α2|R(0)|2/m2

ηt̃
, (2.2)

where R(0) =
√
4πψ(0) is the radial wavefunction at the origin. In the Coulomb approximation

to the bound state problem, |R(0)|2/m2
ηt̃

= 4α3
Smηt̃/27. However, the study of ref. [29] indicates a

softer potential, with the Coulomb limit not obtained even for very large bound state masses. In

the following, I will adopt the Λ(4)

MS
= 300 MeV parameterizations of the wavefunction at the origin

and the binding energy as given in ref. [29]:

|R(0)|2/m2
ηt̃

= (0.1290 + 0.0754L + 0.0199L2 + 0.0010L3) GeV, (2.3)

2mt̃1 −mηt̃ = (3.274 + 1.777L + 0.560L2 + 0.081L3) GeV, (2.4)
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Figure 9: Exclusion limit on the mass of the B(XX
†) bound state from collider data.

The total cross-section for the pp ! B(XX
†) ! �� channel as measured by the ATLAS

experiment (
p
s = 13 TeV, L = 36.7 fb�1) is shown as a solid black line [81]. The red line

is our theoretical prediction for the uR model considered. We exclude masses whenever this
line is above the experimental one.

the exclusion limits on the mediator mass mX ' mB/2:

100 GeV . mX . 290 GeV . (6.2)

The lower limit of 100 GeV is an artifact of the experimental analyses and lower masses can

be probed by looking at data from other lower energy experiments.

In order to provide an estimate of the projected exclusion bounds from the HL-LHC, we

perform a rescaling of the integrated luminosity with respect to the data used from ATLAS

previously24. The upper bound on the mass of the mediator increases significantly for HL-

LHC and we find that

mX . 650 GeV . (6.3)

We would like to stress once again that these limits are independent of the precise value

of gDM, the Yukawa coupling connecting DM with the mediator and SM particles.

24We use the asymptotic expressions to determine the significance (Z = signal/
p
background). The number

of background events are determined from Fig. 2 of [81] and are rescaled by the luminosity for HL-LHC. We
cross-checked that this method is consistent with the experimental bounds obtained from the full experimental
likelihood analysis, as has also been noted in [82]. Additionally, we checked that HL-LHC will have a large
number of background events so that the asymptotic form of the significance is a good approximation.
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LHC friendly minimal freeze-in models 9Julia Harz

Collider constraintsHeavy Stable Charged Particles
• Heavy: Implies slow particles, β < 1.0

• Stable: Lives long enough so it can reach tracker 
and/or muon detectors or even get past them.

• Charged: Can be detected by the muon 
detectors.

HSCP are predicted in many theoretical models 
beyond Standard Model (BSM).

4arxiv:hep-ph/0611040

★ The massive colored mediator X travels the detector producing an ionizing track 

★ If it decays outside the detector, time of flight measured using hits in muon chamber is large.  
Analysis Techniques

• dE/dx: Ionization energy lost. • TOF: Time of flight

arXiv:1305.0491v2 
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Fraction of charged hadrons depend on hadronization model: typically use a cloud 
hadronization model. (Mackperang, Rizza: hep-ph/0612161, Kraan, hep-ex/0404001 



t- channel Simplified Models : HSCP searches

Searches of HSCP

Searches for Heavy Stable Charged Particles at the LHC Past, Present and Future, Loïc Quertenmont. 12 February 2015
6

Typicaly Tracker+TOF analysis is  

more constraining, requires HSCP 

 decays outside the detector

Searches of HSCP

Searches for Heavy Stable Charged Particles at the LHC Past, Present and Future, Loïc Quertenmont. 12 February 2015
6

6.2 Long-Lived Particle Searches

A region of the parameter space of our interest with small mass gaps results in decay widths

that can only be probed by LLP searches. For this work, we consider searches for heavy

stable charged particles (HSCP).

Pair-production of mediators result in charged particles, that, for certain regions of pa-

rameter space, can have small enough decay widths such that they decay outside the detector.

Since the mediators we study in this model are color triplets, they will form R-Hadrons (neu-

tral or charged). The exact dynamics of the formation of charged hadrons is governed by

QCD. For the purposes of this work, we will use the cloud model of hadronization referred

in [85]. The heavy charged hadron with a velocity � = v/c < 1 travels through the detector

and decays after crossing the tracker or the muon chamber, leaving an ionizing track with

an energy loss larger than SM particles. For R-hadrons that decay outside the detector, the

time-of-flight (TOF) measurement can distinguish BSM particles from the corresponding SM

particles.

ATLAS and CMS have performed HSCP searches at 8 and 13 TeV center-of-mass energies

at the LHC, with results presented within supersymmetric models with long-lived gluinos and

squarks. We follow the method employed in [86] to recast and re-interpret CMS searches for

HSCP at 8 and 13 TeV LHC [85, 87]. The CMS search constrained long lived stops, staus

and heavy vector-like leptons utilizing the tracker only and the tracker+TOF analysis. Note

that the tracker+TOF analysis is relevant only for large values of c⌧ (� 10m). We directly

translate the cross-section limits on stops and staus obtained by CMS to constraints on our

model. The regime of maximal sensitivity depends on the lifetime of the parent particles. For

c⌧ ' 1 cm, a significant fraction of LLPs decay within the tracker, resulting in a suppression

of the HSCP signal. Therefore, we multiply the pair production cross-section by the fraction

of particles decaying either outside the tracker or outside the CMS detector. This fraction

is dependent on trigger and selection criteria. Following previous works [86], we obtain the

e↵ective cross-section by multiplying the e�ciency fraction fLLP(⌧), detailed in [88] as,

�e↵ = � ⇥ fLLP(L, ⌧) (6.4)

where L is the detector size, which corresponds to L = 3(11) m 25 for the tracker only

(tracker+TOF) analysis. The e↵ective cross-section is then directly compared to the CMS

cross-section upper limits for direct production of stops. The cross-sections at leading order

is calculated using MG5 aMC@NLO [68].

We finally provide a tentative projection for HL-LHC following previous work in [86]. As

noted there, high-luminosity LHC projections for LLP searches get complicated by the fact

that backgrounds are primarily instrumental and therefore cannot be simulated using Monte-

Carlo generators. Moreover, HL-LHC requires new triggers as well as a better understanding

of pile-up rates. Nevertheless, following [86], we perform a simple re-scaling of expected signal

25We assume zero e�ciency for HSCP tracks if they stop within the tracker (tracker only analysis) or within
the detector (TOF analysis).
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Fraction of LLPs that decay inside the  

detector (tracker only) or outiside  

The detector (tracker +TOF) : 
Computed using trigger and selection 
efficiencies (CMS: EPJC 75 (325))

Use two CMS analysis for reinterpretation using cross-section upper limits 

1. CMS : Search for LLP in pp collisions : JHEP 07 (2013) 122  

2. CMS : Search for heavy stable charged particles CMS-PAS-EXO-16-036 
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(a) Perturbative Annihilations (b) Sommerfeld

(c) Sommerfeld+BSF

Figure 11: Exclusion limits from various experiments in the co-annihilating area. As before, the
limits from spin-independent DD (spin-dependent DD, colliders, unitarity, stoponium searches) are
colored in green (magenta, blue, black, cyan). In addition, we provide an estimate for the potential
reach of LLP searches constraining the area of the parameter space where the correct relic density
can be reproduced only via non-thermal mechanisms, such as conversion-driven freeze-out or freeze-in.
Those regions are marked in orange.
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t- channel Simplified Models : Future projection

(a) Perturbative Annihilations (b) Sommerfeld

(c) Sommerfeld+BSF

Figure 12: Projected exclusion limits from various future experiments on the uR-version of the model
in the (mDM,�m)-plane. For each point in the plane, we determine the smallest value of gDM such
that DM is not overproduced. If this lower bound on gDM contradicts the projected limits from spin-
independent DD (spin-dependent DD, prompt-collider searches, perturbative unitarity, stoponium
searches, LLP searches), it is colored in green (magenta, blue, black, cyan, orange). We show the
experimental limits obtained considering perturbative annihilations, the SE and the SE+BSF. The
gray dashed line divides the parameter space into two regions. Above, the observed relic density can
be generated via thermal freeze-out. Below, thermal freeze-out under-produces DM and accounting
for the complete DM relic density requires production via conversion-driven freeze-out or freeze-in.
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Figure 11: Exclusion limits from various experiments in the co-annihilating area. As before, the
limits from spin-independent DD (spin-dependent DD, colliders, unitarity, stoponium searches) are
colored in green (magenta, blue, black, cyan). In addition, we provide an estimate for the potential
reach of LLP searches constraining the area of the parameter space where the correct relic density
can be reproduced only via non-thermal mechanisms, such as conversion-driven freeze-out or freeze-in.
Those regions are marked in orange.
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Figure 11: Exclusion limits from various experiments in the co-annihilating area. As before, the
limits from spin-independent DD (spin-dependent DD, colliders, unitarity, stoponium searches) are
colored in green (magenta, blue, black, cyan). In addition, we provide an estimate for the potential
reach of LLP searches constraining the area of the parameter space where the correct relic density
can be reproduced only via non-thermal mechanisms, such as conversion-driven freeze-out or freeze-in.
Those regions are marked in orange.
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t- channel Simplified Models : Current and future projections

(a) � = 0.01, current limits (b) � = 0.01, projected limits

(c) � = 0.05, current limits (d) � = 0.05, projected limits

Figure 13: Future and current limits are shown in the (mDM, gDM)-plane for a fixed rel-
ative mass splitting �. The limits from spin-independent direct detection (spin-dependent
direct detection, prompt collider searches, long-lived particle searches, bound state searches
at colliders) are shown in green (magenta, blue, orange, cyan). Additionally the plane is
split into three regions. Firstly a region for small couplings where DM production proceeds
non-thermally, secondly a freeze-out region where DM is either underproduced or matches
the observed relic density, which coincides with the boundary of this region to the area of
parameter space where DM is overabundant.
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at colliders) are shown in green (magenta, blue, orange, cyan). Additionally the plane is
split into three regions. Firstly a region for small couplings where DM production proceeds
non-thermally, secondly a freeze-out region where DM is either underproduced or matches
the observed relic density, which coincides with the boundary of this region to the area of
parameter space where DM is overabundant.
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Both set ups characterised by extremely weakly interacting particles  

Alternative Mechanisms of Dark Matter Production
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Cosmological Probes of SuperWIMP Dark Matter
What if Neutralinos are not the Lightest SUSY particle, but next to lightest? 
• In Supergravity inspired Supersymmetry scenarios, the gravitino can be the lightest particle, and very very weakly coupled to 

the neutralino, leading to a long lived neutralino (decaying to a gravitino + a Photon).
•  The neutralino (a WIMP) can Freeze-out, and long afterwards decay to gravitino (SuperWIMP). 
• Being extremely long lived it will escape the detector without a trace (No prompt searches).
• However it will leave definite signatures in Cosmology due to energy dump as photon.

The gravitino mass is a free parameter related to the SUSY breaking scale F Feng, Rajaraman, Takayama hep-ph/0306204
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3

At this stage it is important to emphasise that, within
the general Minimal Supersymmetric Standard Model
(MSSM), the mechanism of thermal neutralino freeze-
out that generates the right relic abundance is quite re-
stricted given collider and electroweak precision observ-
ables, as well as constraints on the Higgs and Z-boson
invisible widths [X]. The mechanism of thermal freeze-
out for a relic neutralino depends on the nature of the
gauge composition of the neutralino.3 If the neutralino
is light, i.e., m�0

1
. 100 GeV, limits on the charged com-

ponents of the neutralino sector demands that the light
neutral component �

0
1 be predominantly bino. Then, im-

posing together the Planck-inferred dark matter density,
⌦DMh

2
 0.12 [31], on the neutral relic density leads

immediately to a lower limit of m�0
1
� 34 GeV on the

neutralino mass [32].4 Thus, on the light neutralino side,
assuming a thermal freeze-out mechanism the two places
with maximally e�cient enhancements in the annihila-
tion cross-section so as not to overclose the Universe are
at the Z-funnel and the Higgs funnel regions [32].5 Di-
rect detection constraints however rule out a significant
part of the neutralino parameter space in the 10 GeV-to-
1 TeV mass range [32, 34, 35], with limits depending on
the specifics of the model parameters. In general spin-
independent limits from Xenon-nT direct detection [X]
are quite constraining in the light dark matter scenario
(m�0

1
 200 GeV), leaving viable the Z/H funnel regions.

At higher masses, depending on the gauge content of
the neutralino and the SUSY mass spectrum, a variety
of new annihilation mechanisms can open up. Given the
strong limits from collider searches, the most promising
scenarios proceed through co-annihilations with sleptons
and squarks. For the latter, co-annihilations aided by
Sommerfeld enhancements can lead to the correct relic
density [2, 36]. To briefly conclude this discussion we also
add that if the neutralino has a sizable Higgsino compo-
nent, a TeV scale Higgsino can generate the relic abun-
dance of the Universe through co-annihilation with nearly
mass-degenerate charginos [37].6 Since the charginos are
TeV scale electroweak gauginos, collider limits can be
evaded if the rest of the SUSY spectrum is decoupled as
in the Split SUSY cases [38]. These considerations are
generally encoded within the idea of the so-called relic
neutralino surface [2]. General phenomenological and
simplified MSSM model studies for the electroweakino
sector using LHC data have shown that large swaths

3
For a comprehensive recent summary, see, e.g., [30].

4
There is possibly a small window with light sleptons that may evade

LEP limits.
5
Note that this rather stringent condition on the neutralino mass

can be relaxed within the next-to-Minimal Supersymmetric Stan-

dard Model (NMSSM), where the presence of additional scalars

ensure an e�cient annihilation [33]. Alternatively, a non-thermal

neutralino will also ensure that these limits are significantly weak-

ened [32].
6
This scenario requires the so-called “well-tempered” neutralino, a

right admixture of bino and Higgsino for e�cient annihilation [37].

of parameter space are allowed within the gaugino sec-
tor, implying that there is no generic model-independent
lower bound on the light neutralino [35]. The situation
is relaxed further in non-minimal models like the next-
to-Minimal Supersymmetric Standard Model (NMSSM)
or the non-universal Gaugino Models (NUGM). We also
emphasise that, in models with over-abundant dark mat-
ter (e.g., models involving a light bino-like neutralino),
the superWIMP mechanism is a way to dilute the final
relic abundance.

In what follows, we briefly describe two well-motivated
SUSY superWIMPs, the gravitino G̃ and the axino ã.
As we shall see in section XX, irrespective of the freeze-
out/freeze-in mechanism that produces the NLSP neu-
tralino, energy injection constraints from CMB and BBN,
coupled with free-streaming bounds from the Ly↵ data
will constrain the bulk of their parameter spaces.

A. Gravitino superWIMPs

Gravitinos G̃ are spin-3/2 superpartners of gravitons.
Depending on the SUSY breaking mechanism, the grav-
itino mass—given approximately by mG̃ ' hF i/mpl,
where hF i is the SUSY breaking scale—can range from
keV to TeV and is thus essentially a free parameter in
this study. Because interactions of the gravitino are mPl-
suppressed, we do not expect them to be e�ciently pro-
duced via scattering in the early universe unless the re-
heating temperature is large.

Production from NLSP decay can proceed via the de-
cay of the lightest neutralino �

0
1. Stringent BBN con-

straints on hadronic energy injection from the decays
�

0
1 ! G̃h/Z essentially rules out a predominantly wino-

or Higgsino-like neutralino [4, 5]. Then, what remains
is a bino-like neutralino, which decays into a gravitino
predominantly via the two-body decay �

0
1 ! G̃�, whose

width is given by [5]
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m
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where mPl is the reduced Planck mass, and ✓W is the
weak mixing angle.

Assuming decay at rest and that the energy carried
by the photon, E� = (m2

�0
1
� m

2
G̃

)/(2m�0
1
), is injected

entirely into the cosmic plasma, it is convenient to recast
the width (2) as
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The gravitino mass is a free parameter related to the SUSY breaking scale F 
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E. Collider constraints

We assume from the outset that the neutralino is not
ruled out by conventional jets/leptons + missing energy
searches. In principle, within the scope of specific mass
spectrums, part of the parameter space can indeed be
ruled out; however this requires a larger global fit within
specific simplified or full SUSY models. Such an attempt
has already been performed with a gravitino LSP by the
Gambit collaboration within a simplified electroweakino
sector[35].Here we will restrict ourselves to LLP searches
due to the �

0
1 ! G̃(ã) + � decays.This is not an unrea-

sonable assumption given that LHC searches are insen-
sitive to a significant portion of the PMSSM parameter
space as well as model specific considerations such as split
SUSY, or mass-degenerate scenarios where the chargino-
neutralino mass gap is extremely small.

With the above caveats, since superWIMPS are ex-
tremely weakly coupled, collider constraints searches are
insensitive to a large part of the parameter space. Here
we summarize the collider constraints on the gravitino
and the axino LSP originating from the neutralino de-
cay. The neutralino proper decay length to gravitino as
a function of the fractional energy Eff can be expressed
as,

L = c⌧ ' 2.8 ⇥ 1022
m

2
G̃

✏
3
SMm

3
�0

1
(m2

�0
1
+ 3m

2
G̃

)
(13)

or equivalently in terms of purely the energy released
and the mass of �

0
1 as,

L = c⌧ ' 2.8 ⇥ 1022

 
GeV

m�0
1

!3
(1 � 2✏SM )

✏
3
SM (1 + 3(1 � 2✏SM ))

m

(14)
Collider experiments are sensitive to length scales of

about 100 m. This includes prompt decays that occur at
the interaction vertex, therefore sensitive to photons plus
missing energy signatures, or delayed decays leading to
sensitivity towards LLP searches. Therefore in order to
for colliders to be sensitive to this scenario, a large hierar-
chy is required between the neutralino and the gravitino.

The LEP experiment placed a lower bound on the
mass of the mass of the gravitino from the process
e
+
e
�

! G̃G̃� of mG̃ � 1.09 ⇥ 10�5 eV[44]. Further-
more, under the assumption that the rest of the SUSY
spectrum is decoupled apart from the selectron and the
neutralino �

0
1, the LEP searches exclude a neutralino

mass of up to m�0
1

' 200 GeV for a gravitino mass

of m�0
1

 10�5 eV. At the LHC, gravitino searches
have been conducted within the context of Gauge Me-
diated Supersymmetry (GMSB) breaking models. These
searches look for displaced photons assuming a SUSY
topology that yields the neutralino NLSP. Assuming a
decay channel with maximal production cross section in
the pp ! q̃q̃ ! qq�

0
1�

0
1, followed by the displaced photon

FIG. 1. Constraints on the gravitino parameter space in the
✏SM-⌧ plane.

FIG. 2. Constraints on the gravitino parameter space in the
m�-mG̃ plane.

signature of �
0
1 ! G̃�[45, 46]. The latest CMS result [46]

at 13 TeV with 78 fb�1 luminosity within these scenar-
ios exclude a neutralino mass between ' 200 GeV-550
GeV, for a c⌧ between 10 and 104 cm. We will use these
results for illustration purposes, but we emphasize that
these bounds are model dependent.

Similar considerations apply for axino dark matter. In
this case, we have an additional handle over the decay
width, namely the axion decay constant. The proper
length for the axion can be expressed as,

L = c⌧ '=
14.15

✏3sm

 
f

0

a

108 GeV

!2 
100 GeV

m�0
1

!3

m (15)

As is the case with collider constraints on axino
SWIMP scenario depends on the model specifics. In this
case, it depends both on the neutralino production mech-
anism as well as the specifics of the considered axino-
axion models. Regardless of the cosmology, just like the

Extremely long lived

4

with

✏SM ⌘
E�

m�0
1

=
m

2
�0

1
� m

2
G̃

2m
2
�0

1

(4)

denoting the fraction of the neutralino mass released as
electromagnetic energy. Where kinematically allowed,
the additional decay channels �

0
1 ! G̃Z/h are also

available. But, as implied above, these channels are
suppressed for a bino-like �

0
1. Note that ✏SM  0.5,

where maximal energy injection, ✏SM ! 0.5, occurs as
mG̃ ! 0.7

B. Axino superWIMPs

Axinos ã are the supersymmetric partners of the axion,
the dynamic field that is expected to solve the strong CP
problem, and appears in the axion supermultiplet after
breaking of the Peccei-Quinn (PQ) symmetry in the form
A = (s+ia)/

p
2+

p
2✓a+✓

2
F , where a is the axion, s the

saxion,8 F the auxiliary superfield, and ✓ is the Grassma-
nian coordinate. The axion couples derivatively to quarks
and to the gauge bosons with interactions suppressed by
the PQ breaking scale fa; the accompanying SUSY in-
teractions can be found by simply supersymmetrising the
e↵ective SM-axion interactions, i.e., the axion supermul-
tiplet A couples to the vector supermultiplet Va. The
axion supermultiplet acquires a mass after SUSY is bro-
ken. While the saxion mass is roughly set by the the soft
SUSY breaking scale, the axino mass depends on the su-
perpotential. For the purposes of this work, we will take
the axino mass to be a free parameter, and note that its
mass can range from eV to TeV scales.

Like gravitinos, axinos can be produced in the early
universe in abundance via thermal scattering if the re-
heating temperature is large [40]. However, if the axino
is the LSP, production from the decay of a NLSP neu-
tralino population is also possible. Assuming a (pure)
bino decay, the decay width is given by [14, 17]

�
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Note that the limit mG̃ = 0 is ill-defined within theories of SUSY

breaking mechanisms. Since mG̃ is related to the SUSY breaking

scale hF i, the hF i ! 0 limit simply means a decoupled massless

gravitino. Swampland conjectures relate it to the massless limit of

an infinite tower of states and the breakdown of the e↵ective field

theory [39].
8
Although we will ignore the saxion for this work, saxions can also

form superWIMPs and be subject to cosmological energy injection

constraints.

Here, f
0
a ⌘ fa/N , where the factor N = 1 and N = 6

applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [14],
which we set to unity in this analysis without loss of gen-
erality; and ✏SM is given by Eq. (4), but with the replace-
ment mG̃ ! mã. Precision cosmology currently limits
the PQ breaking scale to fa � 108 GeV (via the axion
hot dark matter fraction) [X] for all axion models, while
the DFSZ axion is further subject to red-giant constraints
on the axion-electron coupling, such that fa � 1010 GeV
[X]. Note also that for fa � 1012, the axion can contribute
significantly to the observed dark matter abundance of
the Universe.9

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
1 ! ãZ is also allowed al-

beit suppressed relative to �
0
1 ! ã� in both the decay

width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [29].

(YW: maybe no need to pre-empt this) As we will
demonstrate in the next section, for fa  108 GeV,
LLP and prompt searches with displaced vertices and
emerging tracks as well as photons + missing energy ser-
aches constrain a large part of the parameter space for
�

0
1 ! ã�. For fa � 109 GeV the �

0
1 is long lived enough

such that there are no collider constraints, but is con-
strained only by cosmological observables.

III. COSMOLOGICAL AND COLLIDER
PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is
accompanied by the release of electromagnetic radiation.
Irrespective of whether the NLSP or LSP accounts for
the entirety of the observed dark matter, these features
can manifest themselves in precision cosmological observ-
ables either via the electromagnetic radiation or in the
kinematic properties of the LSP itself. We elaborate on
the relevant cosmological observables and how they can
be used constrain superWIMPs in the following N subsec-
tions. For completeness, we also discuss collider probes
of superWIMPs in section X.

9
If the misalignment angle is O(1), such as in the post-inflationary

scenario, then to explain the observed dark matter abundance of

the Universe fixes fa ⇠ 10
12

GeV. However, in the “anthropic” or

pre-inflationary scenario, the misalignment angle is random; in this

case there is no upper limit on fa.

Feng, Rajaraman, Takayama hep-ph/0306204
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At this stage it is important to emphasise that, within
the general Minimal Supersymmetric Standard Model
(MSSM), the mechanism of thermal neutralino freeze-
out that generates the right relic abundance is quite re-
stricted given collider and electroweak precision observ-
ables, as well as constraints on the Higgs and Z-boson
invisible widths [X]. The mechanism of thermal freeze-
out for a relic neutralino depends on the nature of the
gauge composition of the neutralino.3 If the neutralino
is light, i.e., m�0

1
. 100 GeV, limits on the charged com-

ponents of the neutralino sector demands that the light
neutral component �

0
1 be predominantly bino. Then, im-

posing together the Planck-inferred dark matter density,
⌦DMh

2
 0.12 [31], on the neutral relic density leads

immediately to a lower limit of m�0
1
� 34 GeV on the

neutralino mass [32].4 Thus, on the light neutralino side,
assuming a thermal freeze-out mechanism the two places
with maximally e�cient enhancements in the annihila-
tion cross-section so as not to overclose the Universe are
at the Z-funnel and the Higgs funnel regions [32].5 Di-
rect detection constraints however rule out a significant
part of the neutralino parameter space in the 10 GeV-to-
1 TeV mass range [32, 34, 35], with limits depending on
the specifics of the model parameters. In general spin-
independent limits from Xenon-nT direct detection [X]
are quite constraining in the light dark matter scenario
(m�0

1
 200 GeV), leaving viable the Z/H funnel regions.

At higher masses, depending on the gauge content of
the neutralino and the SUSY mass spectrum, a variety
of new annihilation mechanisms can open up. Given the
strong limits from collider searches, the most promising
scenarios proceed through co-annihilations with sleptons
and squarks. For the latter, co-annihilations aided by
Sommerfeld enhancements can lead to the correct relic
density [2, 36]. To briefly conclude this discussion we also
add that if the neutralino has a sizable Higgsino compo-
nent, a TeV scale Higgsino can generate the relic abun-
dance of the Universe through co-annihilation with nearly
mass-degenerate charginos [37].6 Since the charginos are
TeV scale electroweak gauginos, collider limits can be
evaded if the rest of the SUSY spectrum is decoupled as
in the Split SUSY cases [38]. These considerations are
generally encoded within the idea of the so-called relic
neutralino surface [2]. General phenomenological and
simplified MSSM model studies for the electroweakino
sector using LHC data have shown that large swaths

3
For a comprehensive recent summary, see, e.g., [30].

4
There is possibly a small window with light sleptons that may evade

LEP limits.
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Note that this rather stringent condition on the neutralino mass

can be relaxed within the next-to-Minimal Supersymmetric Stan-

dard Model (NMSSM), where the presence of additional scalars

ensure an e�cient annihilation [33]. Alternatively, a non-thermal

neutralino will also ensure that these limits are significantly weak-

ened [32].
6
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of parameter space are allowed within the gaugino sec-
tor, implying that there is no generic model-independent
lower bound on the light neutralino [35]. The situation
is relaxed further in non-minimal models like the next-
to-Minimal Supersymmetric Standard Model (NMSSM)
or the non-universal Gaugino Models (NUGM). We also
emphasise that, in models with over-abundant dark mat-
ter (e.g., models involving a light bino-like neutralino),
the superWIMP mechanism is a way to dilute the final
relic abundance.

In what follows, we briefly describe two well-motivated
SUSY superWIMPs, the gravitino G̃ and the axino ã.
As we shall see in section XX, irrespective of the freeze-
out/freeze-in mechanism that produces the NLSP neu-
tralino, energy injection constraints from CMB and BBN,
coupled with free-streaming bounds from the Ly↵ data
will constrain the bulk of their parameter spaces.

A. Gravitino superWIMPs

Gravitinos G̃ are spin-3/2 superpartners of gravitons.
Depending on the SUSY breaking mechanism, the grav-
itino mass—given approximately by mG̃ ' hF i/mpl,
where hF i is the SUSY breaking scale—can range from
keV to TeV and is thus essentially a free parameter in
this study. Because interactions of the gravitino are mPl-
suppressed, we do not expect them to be e�ciently pro-
duced via scattering in the early universe unless the re-
heating temperature is large.

Production from NLSP decay can proceed via the de-
cay of the lightest neutralino �

0
1. Stringent BBN con-

straints on hadronic energy injection from the decays
�

0
1 ! G̃h/Z essentially rules out a predominantly wino-

or Higgsino-like neutralino [4, 5]. Then, what remains
is a bino-like neutralino, which decays into a gravitino
predominantly via the two-body decay �

0
1 ! G̃�, whose

width is given by [5]
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where mPl is the reduced Planck mass, and ✓W is the
weak mixing angle.
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E. Collider constraints

We assume from the outset that the neutralino is not
ruled out by conventional jets/leptons + missing energy
searches. In principle, within the scope of specific mass
spectrums, part of the parameter space can indeed be
ruled out; however this requires a larger global fit within
specific simplified or full SUSY models. Such an attempt
has already been performed with a gravitino LSP by the
Gambit collaboration within a simplified electroweakino
sector[35].Here we will restrict ourselves to LLP searches
due to the �

0
1 ! G̃(ã) + � decays.This is not an unrea-

sonable assumption given that LHC searches are insen-
sitive to a significant portion of the PMSSM parameter
space as well as model specific considerations such as split
SUSY, or mass-degenerate scenarios where the chargino-
neutralino mass gap is extremely small.

With the above caveats, since superWIMPS are ex-
tremely weakly coupled, collider constraints searches are
insensitive to a large part of the parameter space. Here
we summarize the collider constraints on the gravitino
and the axino LSP originating from the neutralino de-
cay. The neutralino proper decay length to gravitino as
a function of the fractional energy Eff can be expressed
as,
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Collider experiments are sensitive to length scales of

about 100 m. This includes prompt decays that occur at
the interaction vertex, therefore sensitive to photons plus
missing energy signatures, or delayed decays leading to
sensitivity towards LLP searches. Therefore in order to
for colliders to be sensitive to this scenario, a large hierar-
chy is required between the neutralino and the gravitino.

The LEP experiment placed a lower bound on the
mass of the mass of the gravitino from the process
e
+
e
�

! G̃G̃� of mG̃ � 1.09 ⇥ 10�5 eV[44]. Further-
more, under the assumption that the rest of the SUSY
spectrum is decoupled apart from the selectron and the
neutralino �

0
1, the LEP searches exclude a neutralino

mass of up to m�0
1

' 200 GeV for a gravitino mass

of m�0
1

 10�5 eV. At the LHC, gravitino searches
have been conducted within the context of Gauge Me-
diated Supersymmetry (GMSB) breaking models. These
searches look for displaced photons assuming a SUSY
topology that yields the neutralino NLSP. Assuming a
decay channel with maximal production cross section in
the pp ! q̃q̃ ! qq�

0
1�

0
1, followed by the displaced photon

FIG. 1. Constraints on the gravitino parameter space in the
✏SM-⌧ plane.

FIG. 2. Constraints on the gravitino parameter space in the
m�-mG̃ plane.

signature of �
0
1 ! G̃�[45, 46]. The latest CMS result [46]

at 13 TeV with 78 fb�1 luminosity within these scenar-
ios exclude a neutralino mass between ' 200 GeV-550
GeV, for a c⌧ between 10 and 104 cm. We will use these
results for illustration purposes, but we emphasize that
these bounds are model dependent.

Similar considerations apply for axino dark matter. In
this case, we have an additional handle over the decay
width, namely the axion decay constant. The proper
length for the axion can be expressed as,

L = c⌧ '=
14.15

✏3sm

 
f

0

a

108 GeV

!2 
100 GeV

m�0
1

!3

m (15)

As is the case with collider constraints on axino
SWIMP scenario depends on the model specifics. In this
case, it depends both on the neutralino production mech-
anism as well as the specifics of the considered axino-
axion models. Regardless of the cosmology, just like the

Extremely long lived

4

with

✏SM ⌘
E�

m�0
1

=
m

2
�0

1
� m

2
G̃

2m
2
�0

1

(4)

denoting the fraction of the neutralino mass released as
electromagnetic energy. Where kinematically allowed,
the additional decay channels �

0
1 ! G̃Z/h are also

available. But, as implied above, these channels are
suppressed for a bino-like �

0
1. Note that ✏SM  0.5,

where maximal energy injection, ✏SM ! 0.5, occurs as
mG̃ ! 0.7

B. Axino superWIMPs

Axinos ã are the supersymmetric partners of the axion,
the dynamic field that is expected to solve the strong CP
problem, and appears in the axion supermultiplet after
breaking of the Peccei-Quinn (PQ) symmetry in the form
A = (s+ia)/

p
2+

p
2✓a+✓

2
F , where a is the axion, s the

saxion,8 F the auxiliary superfield, and ✓ is the Grassma-
nian coordinate. The axion couples derivatively to quarks
and to the gauge bosons with interactions suppressed by
the PQ breaking scale fa; the accompanying SUSY in-
teractions can be found by simply supersymmetrising the
e↵ective SM-axion interactions, i.e., the axion supermul-
tiplet A couples to the vector supermultiplet Va. The
axion supermultiplet acquires a mass after SUSY is bro-
ken. While the saxion mass is roughly set by the the soft
SUSY breaking scale, the axino mass depends on the su-
perpotential. For the purposes of this work, we will take
the axino mass to be a free parameter, and note that its
mass can range from eV to TeV scales.

Like gravitinos, axinos can be produced in the early
universe in abundance via thermal scattering if the re-
heating temperature is large [40]. However, if the axino
is the LSP, production from the decay of a NLSP neu-
tralino population is also possible. Assuming a (pure)
bino decay, the decay width is given by [14, 17]

�
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0
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7
Note that the limit mG̃ = 0 is ill-defined within theories of SUSY

breaking mechanisms. Since mG̃ is related to the SUSY breaking

scale hF i, the hF i ! 0 limit simply means a decoupled massless

gravitino. Swampland conjectures relate it to the massless limit of

an infinite tower of states and the breakdown of the e↵ective field

theory [39].
8
Although we will ignore the saxion for this work, saxions can also

form superWIMPs and be subject to cosmological energy injection

constraints.

Here, f
0
a ⌘ fa/N , where the factor N = 1 and N = 6

applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [14],
which we set to unity in this analysis without loss of gen-
erality; and ✏SM is given by Eq. (4), but with the replace-
ment mG̃ ! mã. Precision cosmology currently limits
the PQ breaking scale to fa � 108 GeV (via the axion
hot dark matter fraction) [X] for all axion models, while
the DFSZ axion is further subject to red-giant constraints
on the axion-electron coupling, such that fa � 1010 GeV
[X]. Note also that for fa � 1012, the axion can contribute
significantly to the observed dark matter abundance of
the Universe.9

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
1 ! ãZ is also allowed al-

beit suppressed relative to �
0
1 ! ã� in both the decay

width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [29].

(YW: maybe no need to pre-empt this) As we will
demonstrate in the next section, for fa  108 GeV,
LLP and prompt searches with displaced vertices and
emerging tracks as well as photons + missing energy ser-
aches constrain a large part of the parameter space for
�

0
1 ! ã�. For fa � 109 GeV the �

0
1 is long lived enough

such that there are no collider constraints, but is con-
strained only by cosmological observables.

III. COSMOLOGICAL AND COLLIDER
PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is
accompanied by the release of electromagnetic radiation.
Irrespective of whether the NLSP or LSP accounts for
the entirety of the observed dark matter, these features
can manifest themselves in precision cosmological observ-
ables either via the electromagnetic radiation or in the
kinematic properties of the LSP itself. We elaborate on
the relevant cosmological observables and how they can
be used constrain superWIMPs in the following N subsec-
tions. For completeness, we also discuss collider probes
of superWIMPs in section X.

9
If the misalignment angle is O(1), such as in the post-inflationary

scenario, then to explain the observed dark matter abundance of

the Universe fixes fa ⇠ 10
12

GeV. However, in the “anthropic” or

pre-inflationary scenario, the misalignment angle is random; in this

case there is no upper limit on fa.

Feng, Rajaraman, Takayama hep-ph/0306204

1. Big Bang Nucleosynthesis: Injected photons/energy can photodissociate
 nuclei and change primordial element abundances

2. CMB Spectral Distortion: If the lifetime is about 106-1013 s can distort the CMB 
blackbody energy spectrum

3. CMB Anisotropies: Temperature and polarization anistotropies due to changes in 
accoustic peaks of CMB angular spectra

4. Constraints from Lyman-alpha forest: A relativistic component of the SuperWIMP 
leads to a non-zero velocity dispersion, hence a large free streaming scale and suppression of 
small scale fluctuations
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FIG. 2. Left: Current and projected constraints on the gravitino superWIMP parameter space in the (m�0
1
,mG̃)-plane.

Exclusion regions labelled BBN, FIRAS+Planck, and FutureCMB are based on the energy injection considerations of Fig. 1.
The Lyman-↵ constraints are derived from upper limits on the WDM free-streaming horizon as a function of the WDM fraction
in Table I. All cosmological constraints assume the neutralino population has been produced at an energy density matching
the observed DM abundance prior to decay. Collider constraints from the LHC exclude the region shaded in purple, while
projected constraints from HL-LHC are shown in blue. The region marked “not superWIMP” does not satisfy the superWIMP
condition m�0

1
> mG̃, while the maximum value on the horizontal axis, m�0

1
= 100 TeV, corresponds to the unitarity limit

(see Footnote 10). The hatched region indicates where a neutralino abundance will overclose the Universe in the context of
the freeze-out mechanism given current collider constraints on the neutralino couplings [14]; we do not however enforce this
constraint, since any one of non-thermal production mechanism, late entropy injection, or modified cosmological histories could
in principle weaken the exclusion limit. For clarity, we also show several lines of constant neutralino lifetime ⌧ (black short
dashed lines) and constant gravitino free-streaming horizon ⇤FS (black dotted lines). An additional exclusion region exists in
principle between ⌧ ' 2 ⇥ 1011 s and 8 ⇥ 1013 s from consideration of the excess radiation energy density produced by the
decay, which impacts on the expansion rate. See appendix C for details. However, as the exclusion region is merely a sliver of
the parameter space already ruled out by BBN and CMB energy injection constraints, we have chosen not to plot it. Right:
Similar to the left panel, but in the (m�0

1
, ✏em)-plane and without LHC constraints.

It is also interesting to consider what limits Ly↵ obser-
vations impose on the gravitino superWIMP parameter
space; the corresponding exclusion region is shaded pink
in both the left and right panels of Fig. 2. At face value
the Ly↵ bounds do not appear to add much to the en-
ergy injection constraints already discussed above in ei-
ther the (m�0

1
, mG̃)- or (m�0

1
, ✏em)-plane. However, while

BBN and CMB observations probe the electromagnetic
energy injected into the cosmic plasma, Ly↵ is sensitive
to the free-streaming properties of the gravitino itself and
therefore o↵ers a somewhat di↵erent perspective on the
superWIMP scenario. It also provides a useful constraint
on those scenarios not considered in this work wherein
the NLSP does not decay electromagnetically (e.g., de-
cay into neutrinos). We devote several paragraphs below
to explain the essential features of the Ly↵ constraint on
the gravitino superWIMP parameter space.

Observe first in the left panel of Fig. 2 that Ly↵ rules
out a substantial region around neutralino masses of
O(1) GeV to O(1) TeV in the (m�0

1
, mG̃)-plane, and,

like the energy injection constraints, provides an upper
limit on viable values of mG̃, albeit a much weaker one.
This may at first glance appear counter-intuitive to the
common understanding that Ly↵ observations limit the

particle masses of free-streaming dark matter from be-
low, to mWDM & O(1) keV. To reconcile these seemingly
conflicting results, note first of all that thermal WDM
mass constraints in the literature typically carry the as-
sumption that the WDM makes up all of the dark matter
content of the Universe. On the other hand, the up-
per limit on mG̃ in Fig. 2 arises from the fact that once
the WDM fraction—defined here as fWDM = mG̃/m�0

1

(see Sec. IIID)—drops below fWDM < 0.15, the free-
streaming properties of the gravitino LSP become un-
constrainable by current observations (see also Table I).
In fact, this upper limit on mG̃ parallels cosmological
bounds on the absolute mass scale of Standard-Model
neutrinos, where extremely small masses (and hence very
large free-streaming scales) cannot be constrained be-
cause the energy density low-mass neutrinos contribute
to the total dark matter content is too minute for their
free-streaming e↵ects to be observable.

Secondly, free-streaming is a kinematic e↵ect depen-
dent only on the characteristic velocity of the WDM in
question. Its use as tool to constrain WDM masses to
O(1) keV masses and above rests strongly on the as-
sumption that the WDM has been produced via scat-
tering processes with the SM thermal bath, such that
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FIG. 2. Left: Current and projected constraints on the gravitino superWIMP parameter space in the (m�0
1
,mG̃)-plane.

Exclusion regions labelled BBN, FIRAS+Planck, and FutureCMB are based on the energy injection considerations of Fig. 1.
The Lyman-↵ constraints are derived from upper limits on the WDM free-streaming horizon as a function of the WDM fraction
in Table I. All cosmological constraints assume the neutralino population has been produced at an energy density matching
the observed DM abundance prior to decay. Collider constraints from the LHC exclude the region shaded in purple, while
projected constraints from HL-LHC are shown in blue. The region marked “not superWIMP” does not satisfy the superWIMP
condition m�0

1
> mG̃, while the maximum value on the horizontal axis, m�0

1
= 100 TeV, corresponds to the unitarity limit

(see Footnote 10). The hatched region indicates where a neutralino abundance will overclose the Universe in the context of
the freeze-out mechanism given current collider constraints on the neutralino couplings [14]; we do not however enforce this
constraint, since any one of non-thermal production mechanism, late entropy injection, or modified cosmological histories could
in principle weaken the exclusion limit. For clarity, we also show several lines of constant neutralino lifetime ⌧ (black short
dashed lines) and constant gravitino free-streaming horizon ⇤FS (black dotted lines). An additional exclusion region exists in
principle between ⌧ ' 2 ⇥ 1011 s and 8 ⇥ 1013 s from consideration of the excess radiation energy density produced by the
decay, which impacts on the expansion rate. See appendix C for details. However, as the exclusion region is merely a sliver of
the parameter space already ruled out by BBN and CMB energy injection constraints, we have chosen not to plot it. Right:
Similar to the left panel, but in the (m�0

1
, ✏em)-plane and without LHC constraints.

It is also interesting to consider what limits Ly↵ obser-
vations impose on the gravitino superWIMP parameter
space; the corresponding exclusion region is shaded pink
in both the left and right panels of Fig. 2. At face value
the Ly↵ bounds do not appear to add much to the en-
ergy injection constraints already discussed above in ei-
ther the (m�0

1
, mG̃)- or (m�0

1
, ✏em)-plane. However, while

BBN and CMB observations probe the electromagnetic
energy injected into the cosmic plasma, Ly↵ is sensitive
to the free-streaming properties of the gravitino itself and
therefore o↵ers a somewhat di↵erent perspective on the
superWIMP scenario. It also provides a useful constraint
on those scenarios not considered in this work wherein
the NLSP does not decay electromagnetically (e.g., de-
cay into neutrinos). We devote several paragraphs below
to explain the essential features of the Ly↵ constraint on
the gravitino superWIMP parameter space.

Observe first in the left panel of Fig. 2 that Ly↵ rules
out a substantial region around neutralino masses of
O(1) GeV to O(1) TeV in the (m�0

1
, mG̃)-plane, and,

like the energy injection constraints, provides an upper
limit on viable values of mG̃, albeit a much weaker one.
This may at first glance appear counter-intuitive to the
common understanding that Ly↵ observations limit the

particle masses of free-streaming dark matter from be-
low, to mWDM & O(1) keV. To reconcile these seemingly
conflicting results, note first of all that thermal WDM
mass constraints in the literature typically carry the as-
sumption that the WDM makes up all of the dark matter
content of the Universe. On the other hand, the up-
per limit on mG̃ in Fig. 2 arises from the fact that once
the WDM fraction—defined here as fWDM = mG̃/m�0

1

(see Sec. IIID)—drops below fWDM < 0.15, the free-
streaming properties of the gravitino LSP become un-
constrainable by current observations (see also Table I).
In fact, this upper limit on mG̃ parallels cosmological
bounds on the absolute mass scale of Standard-Model
neutrinos, where extremely small masses (and hence very
large free-streaming scales) cannot be constrained be-
cause the energy density low-mass neutrinos contribute
to the total dark matter content is too minute for their
free-streaming e↵ects to be observable.

Secondly, free-streaming is a kinematic e↵ect depen-
dent only on the characteristic velocity of the WDM in
question. Its use as tool to constrain WDM masses to
O(1) keV masses and above rests strongly on the as-
sumption that the WDM has been produced via scat-
tering processes with the SM thermal bath, such that
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FIG. 3. Same as Fig. 2, but for the axino superWIMP assuming three di↵erent values of the axion decay constant. We have
however omitted plotting the lines of constant �FS in the cases of f 0

a = 1012, 108 GeV, as well as the exclusion region at
m�0

1
. 34 GeV, which we in any case do not enforce.
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llprecasting / recastingCodes Public

7 Branches 0 Tags Go to file Code

andlessa Added emerging jets 9bf8363 · last month 274 Commits

CalRatioDisplacedJet/ATLAS-EXOT-2019-23 Organizing folders 3 months ago

Delphes_LLP FIX in DelphesLLP 2 months ago

DisappearingTracks Mark Goodsell: Added CMS-EXO-19-010 3 years ago

DisplacedVertices Added missing file last month

EmergingJets/CMS-EXO-18-001 Added emerging jets last month

HSCPs Fix in plot label last month

.gitignore Added gitignore 4 years ago

README.md Added emerging jets last month

This repository holds example codes for recasting long-lived particle (LLP) searches. The code authors and
repository maintainers are not responsible for how the code is used and the user should use discretion when
applying it to new models.

This is an open repository and if you have developed a code for recasting a LLP analysis, we encourage you to
include it here. Please contact llp-recasting@googlegroups.com and we will provide you with the necessary
information for including your code.

The repository folder structure is organized according to the type of LLP signature and the corresponding analysis
and authors:

Displaced Vertices
13 TeV ATLAS Displaced Jets

13 TeV ATLAS Displaced Vertex plus MET by ALessa

13 TeV ATLAS Displaced Vertex plus MET by GCottin

8 TeV ATLAS Displaced Vertex plus jets by GCottin

CalRatio Displaced Jets
13 TeV ATLAS Displaced Jets in the calorimeter

Emerging Jets

Heavy Stable Charged Particles
13 TeV ATLAS HSCP - 139/fb

13 TeV ATLAS HSCP - 31.6/fb

8 TeV CMS HSCP

Disappearing Tracks

A README file can be found inside each folder with the required dependencies and basic instructions on how to
run the recasting codes.

Instructions on how to compile and run the main executable are provided in every recasting folder. For instance,
the recasting of the 8 TeV CMS search requires Pythia8. After downloading and compiling Pythia 8, the main
recasting code can be compiled with the following steps:

1. Go to the HSCPs/CMS-EXO-12-026 folder

2. Make sure Pythia 8 is available and run make main_hscp.exe -pythia8path=<path-to-pythia>

Finally the compiled code can be run and its options displayed running:

If you have any questions, comments or want to contact the repository maintainers, please send an e-mail to lp-
recasting@googlegroups.com

About

A collection of public codes for recasting
long-lived particle searches
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Figure 1: Valid parameter space in the non-thermalized DM (considering a top-philic
scalar mediator). [JH: Plots are taken from Ref. [11] and [14].]

Note that the results in the left panel of Fig. 1 were obtained for the case of a right-handed86

top-philic scalar mediator and Majorana DM (S3M_tR). However, as long as �m � mt , the87

results of other S3M_uR is exactly the same. Furthermore, we expect results for any other88

quark-philic model to be very similar. [JH: Does such a plot exist for lepto-philic DM? Qualitativly89

we expect it to look the same but the overall mass scales can change a bit. Actually the maximal90

m y might change by even a few orders of magnitude.]91

[JH: Include reheating temperature dependent results here]92

[JH: Include leptophilic scenario [15]]93

3.2 Conversion-driven freeze-out regime94

The cosmologically viable CDFO parameter space predicts a macroscopic mediator decay length,95

typically O (mm),< c⌧ < O (m) if the 2-body decay of the mediator is open. The smallest life-96

times occur for large�m close to the boundary between the CDFO and WIMP region whereas97

the lifetime becomes larger when approaching the kinematical threshold of the 2-body decay,98

�m = m f , where f is the SM fermion the mediator couples to. For �m < m f the mediator99

is typically detector stable. This range of lifetimes favorably coincides with the with the range100

that can be resolved at the LHC in LLP searches. Its exploration requires to consider the entire101

pallet of LLP search currently performed.102

In the following, we focus on a few examples, mainly on a Majorana DM model with a103

right-handed bottom-philic scalar mediator, f = b. Note that the cases f = u, d, s , c provide104

very similar results but with a different position of the 2-body threshold �m = m f while for105

f = t , the mediator becomes detector stable such that HSCP searches provide good sensitivity106

to the scenario. We will comment on the case of a leptophilic model as well as non-minimal107

models below.108

3.2.1 Quarkphilic minimal model109

To cover the range of cosmologically preferred decay length within the scenario, different110

LLP searches come into play. This concerns – in decreasing order of the targeted lifetime111

– searches for HSCPs, disappearing tracks, and displaced vertices as well as missing energy112
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Conclusions
  Simplified models provide a robust pathway to analyze theoretical and experimental  

      Constraints that map to constraints on full-models.  

  t-channel DM models provide a rich phenomenology, with complementary constraints from 
a variety  of signatures 

 LLP searches form a crucial component in closing the gap between freeze-out and non-
thermal mechanisms of dark matter in t-channel.  

 Needed: Experiment-theory collaborations, more recast/reinterpretation codes
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