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My definition of FIMPs for this talk

WIMPs are weak scale; α ~0.01 

FIMPs have coupling to SM α < 10-4  
(often 10-8 - 10-20 to get LLPs)



How to get LLPs at the LHC

How to get LLPs?  
(a) small coupling  

(b) compressed parameter space  
(c) Muti-body decay  

Case (a) can be described in an EFT via large suppression 
scale and (c) by higher-dim operator (i.e. higher powers of 

suppression scale) respectively. 

LLPs require Γ < 10^-13 GeV to have a visible displacement  



Motivation for FIMPs (like WIMPs)  
comes mainly from Dark Matter

Older picture: Thermal freeze-out 

Coupling (here I mean α/Λn) to SM determines the “thermal relic density”.  If coupling is 
too small, the leftover density is too high to explain DM.  This gives a lower bound on 

possible couplings for any given model.  



Motivation for FIMPs (like WIMPs)  
comes mainly from Dark Matter

Modern picture: For the same model, size of coupling 
determines the mechanism of achieving the right relic density. 

Direct annihilation to SM No LLPs

Co-annihilation (e.g. with “staus”)

Conversion-driven freezout (aka co-scattering)

Freeze-in
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LLPs due to spectrum 
compression

LLPs due to  
compression and/or 

small coupling

LLPs due to  
small coupling



All LLPs but different strategies to search

Case (a) Small coupling:   
 
Have to worry about why this FIMP was motivated. 

‣ If DM, there are two mechanisms of freeze-in: (a) decay 
of mediator or (b) 2->2 scattering.  

‣ In case of decay, there is a mediator with higher 
coupling to SM; have to rely on producing the mediator.   

‣ If scattering (e.g. Higgs portal, Z’) then answer is more 
difficult because precise measurements needed 



All LLPs but different strategies to search

Case (b) Compression: If charged, use (possibly disappearing) 
tracks.  If neutral, main problem is softness of decay products: 
use ISR.   

Case (c) Multi-body decay: If charged, use (possibly 
disappearing) tracks. If neutral, multi body decay usually 
makes possible to use displaced vertex or emerging jets or 
displaced leptons 
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Known Gaps
1. Compression is particularly problematic because soft + 

displaced is double trouble 

2. Intermediate lifetimes (1-10mm) are complicated for 
models with third generation 

3. Models with decays to b/τ harder to distinguish because 
DV searches require higher number of tracks from one 
vertex (to remove SM b/c/τ background) 

4. Models with decays to taus have not been explored at all 
(other than vanilla stau co-annihilation by freeze-out)



Goal of this talk

1. Introduce a collider friendly freeze-in model 
(straightforward generalisation to 3rd gen) 

2. Give an overview of models with similar (identical?) 
signatures but different motivations 

3. Some thoughts about how to pick benchmark models 
when trying to do 3rd generation and LLPs together 



Idea of Freeze-in

1. Start with zero DM density 

2. DM is produced later by either  
(a) Scattering SM SM to DM DM or 
(b) Decay of a very scarce new particle that freezes out in 
the normal way



The minimal Freeze-in model
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FIMPSM field

One new field  
one* coupling

Two new fields 
one coupling



The minimal Freeze-in model
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FIMPSM field

One new field  
one* coupling

X=higgs

1. If Z is lighter than X, need precise Higgs width measurement (impossible precision) 
2. If Z is heavier than X, cross section is too small.  Not visible

Operator still 4D, no UV completion necessary



The minimal Freeze-in model
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FIMPSM field

One new field  
one* coupling
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The minimal Freeze-in model
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FIMPSM field

One new field  
one* coupling

q̄q
g

p2 �M2
 ̄ 

M�p
���!

g

M2
q̄q ̄ 

X=fermion

Only produced in sufficient numbers when coupling is large 
or mediator is light



The minimal Freeze-in model
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FIMPSM field

One new field  
one* coupling

X=Gauge boson

1. EDMs? 
2. Completion by axions? (Work in progress …) 
3. Can you get the right DM density? (Work in progress …)



The minimal Freeze-in model
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FIMP

Connector 
(has to carry SM charge)

SM field

Two new fields 
one coupling

X Y Z

Fermion Fermion Scalar

FermionFermion Scalar

Scalar (Higgs) Fermion Fermion

Belanger et al (2019)

ala co-annihilation/co-scattering 

co-annihilation/co-scattering with  
Brümmer et al (2018)

Next-to-

^
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Belanger et al. JHEP 1902 (2019) 186 

Hall et al. (2010)

The minimal Freeze-in model



LLP signatures for this model

18

We studied cases 
(1) F carries charged lepton Q nos. 
(2) F carries quark (u/d) Q nos. 

Also possible: RH neutrino-like Q.nos 
but this is same as invisible



HSCP limit
CMS PAS EXO-16-036

https://cds.cern.ch/record/2205281


Disappearing track limit



Displaced Lepton (DL) limit

4.1 Corrections to leptons 5
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Figure 1: Diagram of control and search regions based on lepton impact parameter. CR I corre-
sponds to the prompt control region, CR II corresponds to the displaced control region, and CR
III (IV) corresponds to the region with a displaced electron (muon). Note that CR II is a subset
of both CR III and CR IV. SR I, SR II, and SR III correspond to the three search regions.



Full results for leptonic model

22



Displaced Vertex (DV) search

Phys. Rev. D 97 (2018) 052012

10≠1

100

101

102

up
pe

rl
im

it
on

cr
os

ss
ec

tio
n

[fb
] split SUSY simplified model

g̃ æ qq̄‰̃0
1

mg̃ = 1400 GeV
m‰̃0

1
= 100 GeV

ATLAS
Recasted

10≠3 10≠2 10≠1 100 101 102

· [ns]

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

ra
tio

Reinterpretation by G. Cottin. & A. Lessa

Validation

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.052012


Displaced Vertex search



Full results for hadronic model

25



Comments on things to be studied further

1. On theory side, straight-forward to extend to tau/b/top.   

2. Known problems with displaced tau/b — extra 
secondary (tertiary?) vertices  

3. Displaced tops possibly easier because jets/leptons from 
W will give DV and DL signatures.  But harder to do re-
interpretation because efficiencies only on truth-level 
particles. 

4. Need to have symmetric ee/µµ(/ττ)  regions for full 
coverage of model.  



Summary of minimal Freeze-in model

1. It is possible to have freeze-in with visible collider 
signature 

2. Freeze-in mechanism requires small couplings + a 
connector particle with SM Quantum numbers 

3. Connector can be produced via standard production 
mechanisms, decay is suppressed due to small coupling 
hence particle is long-lived 

4. Combination of searches needed to cover parameter 
space. (possible lifetimes from 1mm - several km)



Goal of this talk

1. Introduce a collider friendly freeze-in model 
(straightforward generalisation to 3rd gen) 

2. Give an overview of models with similar (identical?) 
signatures but different motivations 

3. Some thoughts about how to pick benchmark models 
when trying to do 3rd generation and LLPs together 



The minimal Freeze-in model

yXSMY Z
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FIMP

Connector 
(has to carry SM charge)

SM field

Two new fields 
one coupling

X Y Z

Fermion Fermion Scalar

FermionFermion Scalar

Scalar (Higgs) Fermion Fermion

Belanger et al (2019)

co-annihilation/co-scattering 

co-annihilation/co-scattering with  
Brümmer et al (2018)

Next-to-

^



Conversion driven freeze-out
Garny et al. Phys. Rev. D 96, 103521 (2017)

Lifetimes ~ O(10) cm

Scalar with b Q. nos could have been tau-like Q. nos

Very small couplings = FIMPs



The minimal Freeze-in model

yXSMY Z
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One SU(2) x U(1) singlet 𝜒 + one SU(2) N-plet 𝜓 

ℤ2 stabilises the lightest state

is limited to masses of at most a few hundred GeV before the cross-section becomes negligibly
small. Similar arguments apply for models of mixed WIMP dark matter without singlets.1

In this article we therefore investigate the case where the dark matter candidate is mostly an
SU(2) ⇥ U(1) singlet but has a small mixing with another state charged under SU(2) ⇥ U(1).
Our models can be regarded as generalizations of the well-tempered neutralino scenario with a
bino-like LSP (see e.g. [3], and [6–13] and references therein for some recent studies) to non-
supersymmetric settings and allowing for more exotic electroweak representations.

In detail, we consider a minimal extension of the Standard Model by a fermionic gauge singlet
� and a fermion  transforming in the n-dimensional representation nY of SU(2) ⇥ U(1). Odd-
dimensional representations are real, and the model is free of anomalies for a hypercharge Y = 0.
Even-dimensional representations require us to add a Dirac partner  for  transforming in
the n�Y . We further impose a Z2 symmetry under which the new particles are odd while the
Standard Model particles are even; this forbids any mixing with the Standard Model leptons and
ensures the stability of the lightest mass eigenstate. We give a Majorana mass (for n odd) or
a Dirac mass (for n even) of the order of the electroweak scale to  , and a somewhat smaller
Majorana mass to �.

The n = 2 and n = 3 cases are familiar from supersymmetry (corresponding, respectively, to a
higgsino-bino-like and to a wino-bino-like neutralino as the dark matter candidate with all other
superpartners heavy). Qualitatively new e↵ects appear starting with n = 4. Notably, in that
case the spectrum contains multiply charged states, which opens up new possibilities for testing
these models at colliders: the production cross-section can be sizeable, and their decay length is
large which may lead to exotic signatures in the detector. We will investigate the collider physics
of our models in detail in a future publication [14], and for now concentrate on their dark matter
properties.

Specifically, we study the representations nY = 30, 4 1
2
, and 50 in some detail. In all these

models the dark matter candidate (composed mainly of �) mixes with the n-plet  via a higher-
dimensional operator. This mixing generates the appropriate thermal relic density. We remain
agnostic about the UV completion and about the origin of the mixing operator, and only study
the resulting phenomenology. A dimension-5 coupling of � to the Higgs bilinear could in principle
also influence the relic density, but we find that direct detection bounds constrain the associated
Wilson coe�cient so severely that its contribution to the annihilation cross section is negligible.
Our models will be further tested with the next generation of direct detection experiments.

In the following section, we will present these models in more detail. We will then proceed
in Sec. 3 to discuss the dark matter properties, i.e. the relic density and direct detection cross
section. We will finally present our numerical results and constraints on these models, as well as
the future prospects in Sec. 4, and conclude in Sec. 5. Some technical details are relegated to the
appendix.

2 Models

For n odd, and specifically n = 3 and n = 5, the Lagrangian of our model is

LDM = i 
†
�
µ
Dµ + i�

†
�
µ
@µ��

✓
1

2
M  +

1

2
m��+ h.c.

◆
+ Lquartic + Lmix , (1)

1
See e.g. [4] and [5] for recent work on non-supersymmetric mixed WIMP models.

2

where

Lquartic =
1

2



⇤
�
†
���+ h.c. (2)

and, schematically,

Lmix =
�

⇤n�2
(�†�)

n�1
2  �+ h.c. (3)

Here  is a Majorana fermion transforming in the n0 of SU(2)L⇥U(1)Y , � is a Majorana singlet,
and � is the Standard Model Higgs doublet.

For n even, in particular n = 2 or n = 4, the Lagrangian is

LDM = i 
†
�
µ
Dµ + i 

†
�
µ
Dµ + i�

†
�
µ
@µ��
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◆
+ Lquartic + Lmix , (4)

where Lquartic is given by Eq. (2) as before, Lmix is (again schematically),

Lmix =
1

⇤n�2
(�†�)

n�2
2

⇣
� �� � �

0
�
†
� + h.c.

⌘
(5)

and ( , 
†
) form a Dirac spinor transforming in the n 1

2
. All new fermions are odd under a global

2.

In order to obtain the observed relic density with electroweak-scale masses, the lightest neutral
mass eigenstate should be �-like. However we allow for a small mass mixing Lmix between � and
the electrically neutral components of  after electroweak symmetry breaking. For n > 2 this
is due to a higher-dimensional operator, so LDM is an e↵ective Lagrangian valid up to the scale
⇤, around which additional states appear in the spectrum. We will assume that ⇤ is su�ciently
large for these new states to play essentially no role at electroweak energies, except to induce the
higher-dimensional operators in Eqs. (1) or (4). This is already the case for ⇤ ⇠ TeV if the new
physics is weakly coupled, �,�0, . 1. The operator Oquartic is the leading operator allowing
for direct �� annihilation into Standard Model states, without involving  . It can significantly
influence the dark matter properties of the model, given that it is of dimension 5 while the mixing
operators Lmix are of dimension greater than 5 for n > 3.

The dimension-5 operators

1

2


0

⇤
�
†
�  + h.c. (n odd) (6)


0

⇤
�
†
�  + h.c. (n even) (7)


00

⇤
(�†⌧a�)( ta ) + h.c. (n even) (8)

(with ⌧
a generating the 2 and t

a generating the n) will have an impact on the mass spectrum
after electroweak symmetry breaking, and thus indirectly a↵ect the � relic density. While 0 can
always be set to zero by a redefinition of M , the mass shift induced by 00 di↵ers between charged
and neutral mass eigenstates and will therefore need to be taken into account.

This list of higher-dimensional operators is far from exhaustive, even at dimension 5 or 6.2

However, we will restrict our analysis to the operators we have listed above, for the following
reasons. First of all, we assume that dimension-6 couplings between the dark matter candidate
and the SM fermions, such as �q̄LuR ��/⇤2, are suppressed, since these would otherwise lead

2
For a classification of dimension-6 operators coupling a parity-stabilized singlet dark matter sector to the

Standard Model, see [15]. For the case of electroweak doublets, see [16].

3

In the limit of small mixing N can be written as
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where
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Finally the physical tree-level masses for the neutral states are given, up to possible reordering,
by
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For calculating the precise spectrum we again need to take electroweak corrections into account.
One finds

�one loop
m
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with f(x) defined by Eq. (41).

Appendix C: The quintuplet-singlet model

It is straightforward to generalise the well-tempered triplet-singlet model to any odd n. We focus
on the simplest example, n = 5 or the quintuplet-singlet model, whose Lagrangian is

L = i 
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Here C
j`
A ik is the tensor

C
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with the ⇢abA an orthonormal basis of traceless symmetric 3⇥ 3 matrices, e.g.
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to unacceptably large flavour-changing neutral currents. Moreover, for the observables we are
interested in (the mass spectrum, the thermal relic density and the direct and indirect detection
cross sections) any higher-derivative couplings play at most a subdominant role. Finally, we can
neglect any subleading couplings which a↵ect our observables only through singlet-n-plet mixing.

2.1 “n = 0”: A pure singlet?

Since the dimension-5 operator Lquartic of Eq. (2) allows for direct � annihilation into SM states,
can we simply build a more minimal dark matter model without any n-plet  ? In other words,
can we reproduce the observed dark matter relic density simply with a single electroweak-scale
singlet �, with all other states substantially heavier (e.g. with masses ⇤ & TeV) such that they
should be integrated out at low energies, thereby inducing the coupling ?

For a su�ciently large  (or equivalently a su�ciently low suppression scale ⇤), Lquartic can
indeed lead to the correct relic density via thermal freeze-out. However, such large values of 
are by now excluded by direct detection. We will present some more details in Sec. 4, but given
that this scenario is of no phenomenological interest, our main focus will be on models which
contain an n-plet along with the singlet.

2.2 n = 2: The well-tempered higgsino-bino and its non-SUSY generalisation

The case n = 2 is familiar from the MSSM: the 2 symmetry corresponds to R-parity, � to the
bino and ( , ) to the higgsinos. The wino is e↵ectively decoupled, M2 � M1, µ. Likewise,
the squark, slepton and non-standard Higgs boson masses are large compared to µ and M1.
Dark matter is the lightest neutralino. In the n = 2 case the model is renormalizable, because
gauge invariance allows for a bino-higgsino-Higgs Yukawa coupling. Since this system has been
extensively studied both in the supersymmetric (where it is excluded for scenarios giving the
correct relic density, see e.g. [17]) and in the non-supersymmetric context, we merely refer to the
literature [3, 11, 17–29].

2.3 n = 3: The well-tempered wino-bino and its non-SUSY generalisation

The case n = 3 can also appear in the MSSM when we identify ⇤ = µ, � = gg
0 sin(2�) and

 = g
02 sin(2�) (or more precisely � = g̃ug̃

0
d + g̃dg̃

0
u and  = 2g̃0ug̃

0
d [30] in the “split SUSY” case

of a parametrically large SUSY breaking scale). Here the lightest neutralino which constitutes
dark matter is a mixture of mostly wino and bino (with necessarily some higgsino component as
well). Wino-bino mixing is forbidden by gauge invariance at the renormalizable level, but the
mixing term Lmix introduced in Eq. (3) is generated by integrating out the higgsinos. Some of
the technical details are recapitulated in Appendix A.

Although this example has also been extensively studied before (see e.g. [3, 31–33]), we will
investigate it in some detail in order to pave the ground for our later analysis of even higher
representations. Moreover, the fact that for this case a simple and well-studied explicit UV
completion is available in the MSSM, allows for some useful checks and comparisons of the
e↵ective theory with the complete one. The mixing term is

Lmix =
�

⇤
�
†
⌧
a
�  

a
�+ h.c. (9)

where ⌧a = �
a
/2. There is one charged mass eigenstate originating from  , and two neutral ones

which are superpositions of  3 and �. After absorbing the mass shifts proportional to  and 0

4

(see Eqs. (2) and (6)) into M and m, the  3
� � mixing angle is
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to leading order in v/⇤, where v = 174 GeV is the electroweak vev. This expansion breaks
down at the mass-degenerate point M = m; we are therefore implicitly assuming that the mass
di↵erence between the n-plet and the singlet is not parametrically smaller than the electroweak
scale. (We will see that (M �m) ⇠ few · 10 GeV for the cases of interest.) Moreover, Eq. (10)
may be a poor approximation to the true mixing angle if the coupling � is accidentally so small
that the higher-order terms in the v/⇤ expansion dominate. This is e.g. the case in the bino-wino
scenario of the MSSM if either µ is small or tan� is large, roughly for µ . mZ tan�.

2.4 n = 4: The well-tempered quadruplet-singlet

Even-dimensional representations are slightly more complicated because they are no longer
strictly real. We will discuss the example of nY = 4 1

2
or the quadruplet-singlet model. The

mixing term is
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The notation and some more technical details are explained in App. B. The spectrum now consists
of a doubly charged Dirac particle �±±, two singly charged Dirac particles �±

1,2, and three neutral

Majorana particles �0
1,2,3. The dark matter candidate �0

1 is still mostly �-like by assumption, but

now contains small admixtures from both of the two neutral states contained in  and  , hence
there are two potentially relevant mixing angles ✓+ and ✓�. At leading order in v/⇤ these are
given by

✓± ⇡
1
p
6
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0)v3

⇤2(M ⌥m)
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For the validity of this approximation, the same comments apply as in the triplet case. We have
once more absorbed the mass shifts due to electroweak symmetry breaking, see Eqs. (2), (7) and
(8), into M and m. Note that the operator of Eq. (8) induces a mass splitting which is not SU(2)
invariant, hence in the presence of a nonzero 00 the tree-level masses of the charged states will
be di↵erent from M .

2.5 n = 5: The well-tempered quintuplet-singlet

After the triplet-singlet model, the simplest case for odd n is the quintuplet-singlet model, nY =
50. The mixing term is

Lmix =
�

⇤3
C

j`
A ik �

†i
�j�

†k
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A
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The explicit form of the SU(2) tensor Cj`
A ik, along with more technical details, is given in App. C.

There are again two neutral mass eigenstates, superpositions of  5 and �, as well as a singly-
charged and a doubly-charged mass eigenstate emerging from  . After absorbing the mass shifts
proportional to  and 0 into M and m, the mixing angle is, to leading order in v/⇤,
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Collider phenomenology (preliminary!)
Zoom in on the quintuplet mass spectrum:
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Direct Detection constraints

34

First case study: SU(2) triplets
For 0:

Felix Brümmer Well-tempered n-plet DM 15 / 24

Triplet

(a) (b)

Figure 7: Same as Fig. 2 but for the quintuplet model. Left panel: the model is excluded by
direct detection for all but small . Right panel: Current and projected exclusion bounds at
 = 0.

n = 3, 4 and 5 di↵er due to the relative suppression of the mixing angle by factors of v/⇤ compared
to the triplet case, meaning that as n increases smaller scales ⇤ are probed via direct detection
experiments. However, at very small mixing angles the dependence of the relic density becomes
e↵ectively ✓-independent, so ⇤ is not bounded from above (except eventually by the requirement
that the singlet-like WIMP should be in thermal equilibrium with the n-plet-like states).

We have further investigated the indirect detection prospects of this model, finding these not be
constraining for the parameter space of interest to us.

The region we have chosen to study corresponds to electroweak-scale WIMP masses, since this
region is kinematically accessible at the LHC. In fact, collider searches for supersymmetric neu-
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Quintuplet

• Look at parameters that gives right relic density 

• Low mixing angle gives low DD cross section; however, not a 
problem at the LHC because production is primarily Drell-Yan!



Limits on mixing angle
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Provides a complementary lower limit on mixing.

LLP searches can hint at mechanism of DM production 
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Figure 1: Diagram of control and search regions based on lepton impact parameter. CR I corre-
sponds to the prompt control region, CR II corresponds to the displaced control region, and CR
III (IV) corresponds to the region with a displaced electron (muon). Note that CR II is a subset
of both CR III and CR IV. SR I, SR II, and SR III correspond to the three search regions.



Comments on Feebly Interacting, DM-motivated LLPs

1. Models currently fall mainly into two categories: models 
with Yukawa-like couplings (aka t-channel models) and 
models mediated by small mixing with SM bosons (aka s-
channel models) 

2. FIMPs + s-channel = cannot be produced at LHC;  
SM > mediator > SM will be seen first. 

3. FIMPs + Yukawa = LLP connector with SM charges. Good, 
almost similar to prompt, coverage (with caveats) for 1st/
2nd gen couplings. Possibly good coverage of top. 



Comments on Feebly Interacting, DM-motivated LLPs

4. T-channel FIMP models often fall into HCSP region 
with robust limits (irrespective of flavour) 

5. Couplings to b/τ problematic for current searches 
because of low multiplicity of tracks coming out of 
secondary vertex. 

6. Not really FIMPy, but same models in co-annihilation 
regime also predict soft + displaced decay products 
which are not well covered.



Goal of this talk

1. Introduce a collider friendly freeze-in model 
(straightforward generalisation to 3rd gen) 

2. Give an overview of models with similar (identical?) 
signatures but different motivations 

3. Some thoughts about how to pick benchmark models 
when trying to do 3rd generation and LLPs together 



Lagrangian + 
parameters

Find observables 
production of new 
particles, change 
distribution shape 

Change 
params

Use Monte-Carlo 
tools to generate 

signal

Simulate detector 
effects

The theorists’s workflow

Implement 
variables & cuts

Validate against 
cutflow for 
benchmark

Expected 
Signal

Use published 
efficiencies for 

“objects”

95% ULs, signal 
strength etc.

Experimental Input
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Providing efficiencies

e.g. Tracks

e.g. DVs 
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Problem with benchmark for DL search?
The decay stop > b l necessarily gives displaced b-jets 

Leptons from B decay and will populate signal and control 
regions.  Was this taken into account?  (I think not because 
impossible to replicate the nice agreement when not using 
truth leptons)
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Better to use a cleaner benchmark ~t-> dl/sl ?



How to provide data for reinterpretation?

1. Use a simplified model that has only one, unambiguous 
source of signal* 

2. Use more than one simplified model, each with different 
topology (also useful to know about unconscious 
assumptions) 

3. Tell us what happens if there is extra prompt stuff in the 
event (e.g. isolation cuts, jet or lepton vetoes) 

4. Provide signal cutflow for your simplified model for more 
than one mass benchmark 

5. As far as possible, provide efficiencies in terms of objects 
rather than generator-level particles*.

* May fail when doing 3rd generation


