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• All evidence for the existence of Dark Matter is purely gravitational 

• The particle physics nature of DM is unknown                                  
— is our main `new physics’ challenge                                         
[pretty much main particle physics challenge at present] 

• The current measured relic density of DM from cosmic microwave 
background  

DM searches: 

• Direct Detection (DD) experiments 

• Indirect Detection (ID) experiments 

• Collider searches  LHC (& future colliders 13-100 TeV)

ΩDM h2 = 0.1198 ± 0.0026 

Introduction
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• A standard signature to search for dark matter at colliders is the mono-X 
(or multi-jets) plus missing energy.  

• These searches are being exploited and interpreted in terms of 
simplified dark matter models with mediators.     

     Dark Matter + mediator  +  Standard Model particles    

• [A growing number of the analyses are also dedicated to the direct 
search of the mediators which can decay back to the SM.] 

• We consider instead an alternative DM scenario characterised by 
simplified models without mediators.  

     Dark Matter + co-annihilation partner + Standard Model particles   

• Our dark sector includes a co-annihilation partner (CAP) particle instead 
of a mediator (in addition to the cosmologically stable DM).

Motivation
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                                    DM  +  CAP  +  SM particles   

• Co-annihilation partner (CAP) has an important role in lowering the relic density  

• The signal we study for collider searches is the pair-production of CAPs that 
then ultimately decay into cosmologically stable dark matter 

•  Focus on the scenario where: 

1. CAP is an SU(3)-singlet, charged under the EW sector  

2. DM and CAP are nearly mass-degenerate (Delta M < tau mass ~1 GeV)    

                                                    => the CAP is long-lived 

•  Compared to simplified DM models that rely on signals with missing energy at 
colliders, in these models the crucial collider signature to look for are tracks of 
long-lived electrically charged particles 

    

Simplified Models without Mediators
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Dark	Matter	
candidate

Co-annihilation	
partner	(CAP)

Standard	
Model	! lepton

Simplified	models	
with	only	3	free	
parameters:

"#$						&#$						$'()ℤ+: 						-		 →		 −-							0 →		 −0
12

Will	vary	particle	species	of	DM	and	CAP		

• We now introduce a set of simplified models which are distinct from and 
complimentary to the standard mediator-based simplified DM models set: 

• These simplified modes can be used by ATLAS & CMS to interpret searches for 
long-lived charged particles to explore the new range of DM scenarios

All models involve the 3-point interactions:
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If			∆" < $% only	3-body	and	4-body	decays	open:

18

$% =
'. )))	GeV

+ Long-lived charged co-annihilation partners

• We now introduce a set of simplified models which are distinct from and 
complimentary to the standard mediator-based simplified DM models set: 

• These simplified modes can be used by ATLAS & CMS to interpret searches for 
long-lived charged particles to explore the new range of DM scenarios

 tau >0.1 microsecond CAP can reach the 
mu-tracker & leave highly ionising tracks
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• We now introduce a set of simplified models which are distinct from and 
complimentary to the standard mediator-based simplified DM models set: 

• These simplified modes can be used by ATLAS & CMS to interpret searches for 
long-lived charged particles to explore the new range of DM scenarios

Model-1a

Component Field Charge Interaction (5.1)

DM Majorana fermion (�) Y = 0
�⇤(�⌧R) + h.c.

CAP Complex scalar (�) Y = �1

Model-1b

Component Field Charge Interaction (5.4)-(5.5)

DM Majorana fermion (�) Q = 0
�⇤(�⌧R) + �⇤(�⌧L) + h.c.

CAP Complex scalar (�) Q = �1

Model-2

Component Field Charge Interaction (5.6)

DM Real scalar (S) Y = 0
S( PR⌧) + h.c.

CAP Dirac fermion ( ) Y = �1

Model-3

Component Field Charge Interaction (5.7)

DM Vector (Vµ) Y = 0
Vµ( �µPR⌧) + h.c.

CAP Dirac fermion ( ) Y = �1

Table 1: Simplified Models of DM with a colourless co-annihilation partner (CAP)

A note on notation: we use � to denote the DM particle and ⌘ (or ⌘±) for the co-annihilation

particle in general. For the simplified models in Table 1 we have � = {�, S, Vµ} and ⌘ = {�,  }
depending on the choice of the model.

For the (1

2

, 0) spin assignment we consider the case where the dark matter is a Majorana fermion,

�, and the co-annihilation partner is a complex scalar field, �, bearing in mind the similarity of this

case with the neutralino–stau co-annihilation picture in SUSY models, where � plays the role of

the lightest neutralino, and the scalar � is the stau. In the simplest realisation of this simplified

model, which we refer to as the Model-1a in Table 1, the Yukawa interactions (2.1) between the

dark sector particles �, � and the SM involve only the right-handed component of the ⌧ -lepton, ⌧R,

hence the co-annihilation scalar � is an SU(2)
L

-singlet. At the same time, the second realisation

– the Model-1b – involves interactions with both left- and right-handed ⌧ -leptons, and hence the

stau-like scalar dark partner � is charged under the SU(2)
L

. The Simplified Model-1a is a UV-

consistent theory as it stands; on the other hand, the Model-1b should ultimately be embedded into

a more fundamental microscopic theory in the UV to be consistent with the gauge invariance under

SU(2)
L

. One such embedding can for example be a supersymmetric model with an operational

neutralino–stau co-annihilation mechanism.

The simplified model corresponding to the (0, 1

2

) spin assignment is called Model-2, in which we

introduce a real scalar S as the dark matter and a Dirac fermion,  , as the co-annihilation partner,

assuming they couple together with ⌧R. Model-3 is constructed for the (1, 1

2

) spin assignment that

introduces a real vector, Vµ, for the dark matter and a Dirac fermion,  , for the co-annihilation

5

Fermion DM

Scalar DM

Vector DM
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∝	#$
Chiral	suppression

Dark	matter	annihilation	into	pair	of	tau’s

Freeze-out	temperature		%&	~ ()*/25

Boltzmann			factor		exp − ∆*
0 																											∆1	~	()*/25

We	need	mass	splitting	of	4%	of	#23

• Overproduces	dark	matter		
(Unless	large	couplings)

• We	need	a	mechanism	to	
reduce	the	DM	relic	density

Co-annihilation:

14

Relic Density from annihilation & co-annihilation
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! " "∗	 !	%& 		⊂ 	(		
DM CAP		(* = ,		-%= ,)

28

dominated	by

Relic Density from annihilation & co-annihilation

CAP-CAP SM-SM

Dominant contributions come from:  

                      and that is why CAPs are important for cosmology

Using Majorana DM and scalar CAP as an example
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29

Becomes	relevant
		"′$		"%& $≳ (. *

≳ +. ( Relevant
"%& ,

Relic Density from annihilation & co-annihilation

CAP-CAP

CAP-DM SM-SM

SM-SM
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! "
CAP	DM

#$%&' > 	*. ,'

"∗	 !	./ 		⊂ 	1		

22

Relic Density from annihilation & co-annihilation
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• Dark Matter = Majorana fermion  

• Co-annihilation Partner = complex scalar charged under U(1)_Y only 

• No SU(2) (and no SU(3)) interactions with the Dark Sector 

• Can be the Bino + right-handed Stau co-annihilation strip in SUSY 

• More importantly: this Simplified Model is interesting on its own right - it 
does not require a UV completion.

Model 1a

Figure 6: The co-annihilation strip and collider searches for Majorana DM and a long-lived charged scalar
in the Simplified Model 1a. The dark-blue region satisfies the correct dark matter relic abundance within
3�. The horizontal black line indicates the mass of the ⌧ lepton. The region coloured in red corresponds to
current HSCP limits at the LHC for center-of-mass energy of 8 TeV and 18.8 fb�1. The three dashed lines
(purple, green and magenta) correspond to our projections for for center-of-mass energy of 13 TeV and 30,
300 and 3000 fb�1 of integrated luminosity respectively.

MoEDAL experiment [74]. We calculate the projected limits obtained from anomalous charged track

searches for various simplified models and discuss an interplay with the dark matter relic abundance

obtained by the co-annihilation mechanism in the next section.

5 Results

5.1 Model 1a: Majorana fermion dark matter

The first simplified model we consider has a Majorana fermion singlet dark matter, � = �, and a com-

plex scalar co-annihilation partner, (⌘+, ⌘�) = (�⇤, �) = (�+, ��). We extend the SM Lagrangian

as:

L = L
SM

+ L
DM

+ L
CAP

+ L
int

,

L
DM

=
1

2
�(i/@ � m

DM

)� ,

L
CAP

= |Dµ�|2 � M2

� |�|2 ,

L
int

= gDM �⇤�⌧R + h.c. , (5.1)

where M� = m
DM

+ �M and the covariant derivative Dµ contains the U(1)
Y

gauge field. This

simplified model has a particular interest since it can be realised in SUSY models by identifying �

as the Bino and � as the right-handed stau. We, however, stress that the model is also interesting

on its own right because it is gauge invariant and renormalizable. The searches at LEP have already

excluded charged particles with mass below ' 100 GeV [75–77], and we focus on the region with

M� & 100 GeV.

We show our numerical results for the Simplified Model 1a in Fig. 6. The three plots correspond

to di↵erent values of the dark matter coupling: gDM = 0.1, 0.5 and 1.0 from left to right. The

dark-blue region satisfies the correct dark matter relic abundance within 3�, and the light-blue area

to the right of it gives the relic abundance which exceeds the observed value and overcloses the
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3 parameters: 
gDM, mDM,  Delta M

universe. The red region corresponds to the current 95% CL excluded region obtained by the heavy

stable charged particle (HSCP) searches at the LHC using 8 TeV data with 18.8 fb�1 integrated

luminosity [73]. The contours bounded by the purple, green and magenta dashed lines (from left to

right) are projected limits assuming 13 TeV LHC with 30, 300 and 3000 fb�1 integrated luminosities,

respectively. These projections are obtained by starting with the analysis conducted by CMS [73]

of the 8 TeV data, and interpolating it to higher energies and luminosities following the Collider

Reach method [78].5 We validated our computational approach by reproducing the 8 TeV limit on

the long-lived stau calculated in [80]. The limit can also be presented as a function of the lifetime

and mass of �. Such limits are given in Appendix A.

In Fig. 6, the horizontal line represents �M = m⌧ . One can see, as expected, that the limit from

the HSCP searches is absent if �M > m⌧ since �± decays before reaching the tracker. Once �M

gets smaller than m⌧ , the propagation path of the � charged scalar c⌧� reaches and then exceeds

the detector scale, O(100) cm, although the exact �M needed for exclusion depends also on gDM

since the lifetime is inversely proportional to g2

DM
. For gDM = 0.1, the HSCP searches can have

strong sensitivities as far as �M < m⌧ , whilst �M . 1.5 GeV is required for gDM = 0.5 and 1.

The model can be constrained at the LHC only when there is a large production cross-section for

pp ! �+��. The sensitivity of the HSCP search therefore has a strong dependence on M�. If

�M < 1.3 GeV, M� < 240 GeV is already ruled out by the current data, and the 95% CL projected

limits are estimated as M� < 330, 580 and 870 GeV for 13 TeV LHC with 30, 300 and 3000 fb�1

integrated luminosities, respectively. These limits are almost independent of gDM and �M as long

as �M < 1.3 GeV.

We have also shown the constraints from the DM relic density in the same plots. The dark-blue

strip in Fig. 6 represents the region where the DM relic density, computed by micrOMEGAs 4.1.5 [59],

is consistent with the latest Planck satellite measurement ⌦
DM

h2 = 0.1197 ± 0.0022 [1] within the

3-� level. Note that the DM is overproduced on the right of the dark-blue strip, where this region

is shaded with light-blue. Conversely, the DM is underproduced on the left of the dark-blue strip.

This region may not be excluded phenomenologically since there may be another component for the

DM, whose relic density makes up the remaining part of the ⌦
DM

h2. We can therefore identify the

white region as the currently allowed region by the LHC and the DM relic density constraints.

As we have discussed in Section 3, the relic density depends on �M through the co-annihilation

mechanism, which can be seen clearly in Fig. 6. The mass and the dark sector coupling also a↵ect

the value of the relic density. To investigate this behaviour in more detail, in Fig. 7 we present a

scan of the the (gDM , m
DM

) plane in our Simplified Model 1a over the mass splittings in the region

0  �M  1 GeV. The dark-blue strip gives the correct relic density within 3�. As previously

discussed, the dependence on gDM is weak if gDM ⌧ 1, since the h�
e↵

vi is almost entirely determined

by the �+ �� ! SM particles, which is independent of gDM . Once gDM gets as large as the U(1)
Y

gauge coupling, the second process, �±� ! SM particles, becomes important, and the dependence

on gDM enters into ⌦
DM

h2. For very large gDM , the process �+�+ ! ⌧+⌧+ (and its conjugate),

exchanging � in the t-channel, becomes dominant since it does not incur the chiral suppression and

the cross-section is proportional to g4

DM
. Because the DM relic density is inversely proportional to

5 A fast recasting method for a HSCP search has been proposed in [79]. We opt for the Collider Reach method,

since our main focus is to interpolate the existing limit to higher energies and luminosities.
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Model 1a
Majorana     Scalar

! "

"∗	 !	%& 		⊂ 	(		

DM

ATLAS	&	CMS																				
8	TeV 18.8	)*.,-

./012 > 	4. -2

CAP		(6 = -		8%= -)
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Model 1a

! "

"∗	 !	%& 		⊂ 	(		

DM

)*+,- > 	/. 1-

13	TeV 30	23.41

CAP		(6 = 1		8%= 1)

24

Majorana     Scalar
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Model 1a
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"∗	 !	%& 		⊂ 	(		

DM

13	TeV 300	)*.,-

./012 > 	4. -2

CAP		(6 = -		8%= -)
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Majorana     Scalar
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Model 1a

! "
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DM

High	Lumi 13	TeV 3000	)*.,-
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Majorana     Scalar
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Model 1a

8	TeV
18.8	fb.$%

13	TeV
30	fb.$%

13	TeV
300	fb.$%

High	Lumi
13	TeV

3000	&'.$(

)*+,- > 	0. (-

27

Now on the (gDM , mDM) plane:
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Model 1b

! "
	$%	"∗	 !	'% + 	$)	"∗	 !	') ⊂ 	+		

CAP	(Q=-1)DM

30

Majorana     Scalar
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Model 2

! "
! "	$% 		⊂ 	'		

DM

−
Gauge-invariant	and	renormalizable,

no	problems	of	unitarity

CAP		(* = ,		-$= ,)

33

/0123 > 	5. ,3

R Scalar     Dirac ferm
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Model 2

34

Independent	
of	!"#≲ %. '

Cross-section	
	goes	as	!"# .≳ %. 0

Intermediate	region	
%. ' < 234< %. 0	
co-annihilations	are	

relevant
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Model 2
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Model 3
Vector     Dirac ferm

Can be KK photon
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Figure 12: Model 3: The co-annihilation strip and collider searches for vector DM and a long-lived charged
Dirac fermion  . The dark-blue region satisfies the correct dark matter relic abundance within 3�. The
horizontal black line corresponds to the mass of the ⌧ lepton. The region coloured in red corresponds to
current HSCP limits for center-of-mass energy of 8 TeV and 18.8 fb�1. The three dashed lines (purple, green
and magenta) correspond to our projections for for center-of-mass energy of 13 TeV and 30, 300 and 3000
fb�1 of integrated luminosity respectively.

 ± ± ! ⌧±⌧± exchanging S in the t-channel (h�
e↵

vi / g4

DM
). Considering the limit of the DM

overproduction and the HSCP searches, one can see that the entire parameter region with gDM . 1.0

will be explored by the LHC Run-2 with 3000 fb�1 of integrated luminosity.

5.4 Model 3: Vector dark matter

We now study the case in which the co-annihilation partner is a Dirac fermion, (⌘+, ⌘�) = ( , ) =

( +, �), as in Model-2 but the dark matter is a neutral vector boson, � = Vµ. We modify the

Lagrangian Eq. (5.6) with

L
DM

=
1

4
(@µV⌫ � @⌫Vµ)2 +

1

2
m2

DM

VµV µ ,

L
int

= gDMV µ �µPR ⌧ + h.c. . (5.7)

Similarly to Model-2, this simplified model can be realised in models with extra dimensions by

identifying Vµ as the KK photon and  as the KK ⌧ . It may also be possible to interpret Vµ as a ⇢

meson and  as a baryon in a new strong sector in composite models.

We show our numerical results of this model in Fig. 12, where gDM = 0.1, 0.5 and 0.7 are

examined from left to right. One can see that the current and projected LHC limits are almost

identical to those found in Model-2, since those models have the same co-annihilation partner  ,

and the relevant production process qq̄ ! (�/Z)⇤ !   is independent of the spin of the DM. On

the other hand, the relic density constraint is quite di↵erent from the corresponding constraint in

Model-2. Interestingly, this model has larger ⌦
DM

h2 for gDM = 0.1 compared to Model-2. In the

limit gDM ⌧ 1, Eq. (3.2) implies

h�
e↵

vi|
Model 2

h�
e↵

vi|
Model 3

' (gVµ
+ g )2

(gS + g )2
=

49

25
. (5.8)

On the other hand, for larger gDM the DM relic rapidly decreases, as can be seen in Fig. 13. This is

because the contribution of VµVµ ! ⌧+⌧� process is not chiral or velocity suppressed in this model
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• Presented a set of simplified models which are distinct from and 
complimentary to the standard mediator-based simplified DM models  

• The signal we study for collider searches is the pair-production of CAPs that 
then ultimately decay into cosmologically stable dark matter 

• Collider strategy: long-lived charged particles; distinct from jets + MET 

• Collider searches here are well ahead of DD (no tree-level ints. with 
quarks) and ID (velocity suppression) 

• The only limitation for successful LHC searches is the requirement of 
~1GeV compressed mass spectrum 

• Co-annihilation partner plays an important role in lowering the relic density 

1a	-	Majorana	DM	&	Complex	scalar	CAP:	Gauge-invariant	and	renormalizable	

1b	-	Majorana	DM	L-R	mixing	&	Complex	scalar	CAP:			UV	theory	can	include	SUSY	

2	-	Scalar	DM		&	Dirac	Fermion	CAP:	Gauge-invariant	and	renormalizable	

3	-	Vector	DM		&	Dirac	Fermion	CAP:		UV	theory	can	be	a	Kaluza-Klein		model	in	extra	dimensions

Conclusions
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• We presented a set of simplified models which are distinct from and 
complimentary to the standard mediator-based simplified DM models set: 

• These simplified modes can be used by ATLAS & CMS to interpret searches for 
long-lived charged particles to explore the new range of DM scenarios

Model-1a

Component Field Charge Interaction (5.1)

DM Majorana fermion (�) Y = 0
�⇤(�⌧R) + h.c.

CAP Complex scalar (�) Y = �1

Model-1b

Component Field Charge Interaction (5.4)-(5.5)

DM Majorana fermion (�) Q = 0
�⇤(�⌧R) + �⇤(�⌧L) + h.c.

CAP Complex scalar (�) Q = �1

Model-2

Component Field Charge Interaction (5.6)

DM Real scalar (S) Y = 0
S( PR⌧) + h.c.

CAP Dirac fermion ( ) Y = �1

Model-3

Component Field Charge Interaction (5.7)

DM Vector (Vµ) Y = 0
Vµ( �µPR⌧) + h.c.

CAP Dirac fermion ( ) Y = �1

Table 1: Simplified Models of DM with a colourless co-annihilation partner (CAP)

A note on notation: we use � to denote the DM particle and ⌘ (or ⌘±) for the co-annihilation

particle in general. For the simplified models in Table 1 we have � = {�, S, Vµ} and ⌘ = {�,  }
depending on the choice of the model.

For the (1

2

, 0) spin assignment we consider the case where the dark matter is a Majorana fermion,

�, and the co-annihilation partner is a complex scalar field, �, bearing in mind the similarity of this

case with the neutralino–stau co-annihilation picture in SUSY models, where � plays the role of

the lightest neutralino, and the scalar � is the stau. In the simplest realisation of this simplified

model, which we refer to as the Model-1a in Table 1, the Yukawa interactions (2.1) between the

dark sector particles �, � and the SM involve only the right-handed component of the ⌧ -lepton, ⌧R,

hence the co-annihilation scalar � is an SU(2)
L

-singlet. At the same time, the second realisation

– the Model-1b – involves interactions with both left- and right-handed ⌧ -leptons, and hence the

stau-like scalar dark partner � is charged under the SU(2)
L

. The Simplified Model-1a is a UV-

consistent theory as it stands; on the other hand, the Model-1b should ultimately be embedded into

a more fundamental microscopic theory in the UV to be consistent with the gauge invariance under

SU(2)
L

. One such embedding can for example be a supersymmetric model with an operational

neutralino–stau co-annihilation mechanism.

The simplified model corresponding to the (0, 1

2

) spin assignment is called Model-2, in which we

introduce a real scalar S as the dark matter and a Dirac fermion,  , as the co-annihilation partner,

assuming they couple together with ⌧R. Model-3 is constructed for the (1, 1

2

) spin assignment that

introduces a real vector, Vµ, for the dark matter and a Dirac fermion,  , for the co-annihilation
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Back-up slides



• For a given theory model, e.g. Model 1a, compute the signal cross-
section as a function of mDM (for a given Energy) 

• Plot the predicted number of events = L x cross-section 

• Plot the experimental exclusion curve = max number of allowed events (at 
a given confidence level) as a function of mDM 

• The intersection of the theory and experimental excl. curves at mDM* 
gives the excluded region mDM < mDM* 

• Assume that the experimental exclusion curve [excluded number of 
events] remains the same at higher E and higher L 

• Theory curve is recomputed and the new bound found mDM < mDM*(E,L)

To draw simple collider reach projections (used 
above) for higher Energy and Luminosity:

…this follows the `Collider Reach’ philosophy…



CollidersID

DD

The same 2-to-2 cartoon involving DM and SM particles describes the 
DD, ID and Collider searches (only the initial state varies).  

[One has to be extra careful with drawing conclusions from this in abridged 
theories - Simplified Models. The choice of the Dark sec & the SM particles 
involved in the dominant process in each case can be completely different.]
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The challenge
CMS/ATLAS/FCC? 

FermiLAT

WMAP

LUX 

Can we corner dark
matter?
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