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Anatomy of a typical detector @ LHC
18

Figure 1.5: A schematic slice of the CMS detector. (Image by CMS Collaboration).

The LHC began operation at a center of mass energy of 7 TeV in 2010, becoming
the highest energy accelerator to date and collected 5 fb−1 data till December 2011.
As of writing this thesis, collision at 8 TeV have just begun. Four main experiments –
ATLAS, CMS, ALICE and LHCb, are stationed at collision points along the LHC ring.
Of these, ATLAS (which stands for A Toroidal LHCApparatus) and CMS (which stands
for Compact Muon Solenoid) are general purpose detectors for detecting signatures of
the Higgs and any new physics signals. ALICE (which stands for A Large Ion Collider
Experiment) is specialised for observing quark-gluon plasma. And finally, LHCb is
an experiment specialising in physics of the b-hadrons. Since this thesis deals with
searches for new physics and therefore needs to address the detectability of the proposed
signals at actual experiments, we shall now describe the general features of detectors
like ATLAS and CMS.

1.4.1 Detection of particles
Both ATLAS and CMS have four main sub-components — the tracker, the electromag-
netic calorimeter, the hadronic calorimeter and the muon chambers. The components
form concentric cylinders as is schematically illustrated in Figure 1.5. The collision oc-
curs at the center of this assembly and each component performs measurements as the
particles travel through it and interact with its material. The whole assembly is placed
in a magnetic field which curves the tracks of the charged particles and thus provides a
way of measuring their momentum.

The innermost detector sub-system is the tracker, which is finely grained enough to
be able to reconstruct the tracks of charged particles. The electromagnetic calorime-
ter stops electrons and photons and measures the energy they deposit. The hadronic
calorimeter measures the energy carried by hadrons (e.g. pions, protons and neutrons).
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Hadronic  
Calorimeter

Electo-Magnetic  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Collision 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What does a collision event look 
• Detectable objects are 

photons, electrons, muons, 
hadrons (which form jets), 
and invisible neutrinos (in the 
form of missing momentum 
or MET) 

• Most new particles will decay 
into SM particles 

• We use kinematic 
distributions of detectable 
objects to define signal (i.e. 
new physics) and 
background (i.e. SM physics) 



Writing down a model for DM

 
Effective 
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Dim, 
 Little Higgs,…

Is it a Scalar? Vector? Dirac or Majorana Fermion? 

Does it couple directly to some SM particle (Z, h) ?  
If there is a mediator, how does the mediator couple to SM?  

to Dark Matter?

PRO: Simple, 
Easy to relate  
observables 
 
CON: bad high-
energy 
behaviour

PRO: Theoretically well 
motivated, fully 
calculable, extra particles 
 
CON: Model Prejudices, 
complicated to 
understand

Simplified models

Trying to get the best of both worlds 
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content (often a DM field + one 

mediator)



Bottom-up renormalisable DM models

# Fields

New 
Symmetries 0 Z2

1

2

“Minimal DM”

Singlet-Doublet (N,N+1 plet) DM 
Higgs Portal DM  

 s/t-channel scalar mediator 

Pure “Higgsino” or “Wino” 
Scalar singlet DM 
Inert doublet DM

3
Z’ mediator + 

higgs’ 
L-R models 

Hidden Valley 
models

??

??

Z2+

SUSY neutralinos 
…

Dark Photon  
s-channel  

V/A mediators

…



Dark Matter makes up ~20% of our universe; an EW scale particle (a.k.a. WIMP) 
seems to be a good fit  

What are minimal EW possibilities?

• SU(2) doublet fermion (a.k.a. Higgsino)  ⇒ ~ 1.2 TeV 

• SU(2) triplet fermion (a.k.a Wino) ⇒ 2.7 TeV 

• SU(2) 5-plet fermion (MDM) ⇒ ~10 TeV 

• SU(2) 7-plet scalar (MDM) ⇒ ~10 TeV

� �

q q

Direct detection

Annihilation C
ol
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er

100 TeV collider?

⌦h2 ⇠ 0.1 ) h�vi ⇠ 1 pb · c

) m� ⇠ O(102 � 103) GeV; g ⇠ gEW

Cirelli et al; arXiv:hep-ph/0512090
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Dark Matter from adding only 1 new field



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 

†
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µ
Dµ + i�

†
�
µ
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m��+ h.c.
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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

N =

0
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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

m�0
1
= m (1 + ✓

2
+ + ✓

2
�)�M (✓2+ � ✓

2
�) ,

m�0
2
= M (1 + ✓

2
�) +m ✓

2
� ,

m�0
3
= M (1 + ✓

2
+)�m ✓

2
+ .

(54)

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
j`
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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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p
2�v2

⇤(M �m)
(10)

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

(�± �
0)v3

⇤2(M ⌥m)
. (12)

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 =
�
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A ik �

†i
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†k
�` 

A
�+ h.c. (13)

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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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

Lmix =

✓
�

⇤2
✏jl✏kmd

ijk
I �

†
i�

l
�
m
� 

I
�
�
0

⇤2
✏kld

ijk
I �

†
i�

†
j�

l
� 

I + h.c.

◆
. (11)

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

(�± �
0)v3

⇤2(M ⌥m)
. (12)

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
�` 

A
�+ h.c. (13)

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/⇤,

✓ ⇡

r
2

3

�v
4

⇤3(M �m)
. (14)

5

N=3

N=5

Idea for a “next-to-minimal” scenario

Strong limits from DD
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Collider phenomenology (preliminary!)
Zoom in on the quintuplet mass spectrum:

++

χ0

1

χ

χ
+

χ0

2

mδ

M − m

Numerically: M m 15 50 GeV (coannihilation), m few 100 MeV.

Typical decay:
0
1

Decay into singly-charged and pion via off-shell W is only open
2-body mode. Pion too soft to be seen.
Small mass splitting m small phase space macroscopic decay
length 0 5 mm
Lepton from subsequent decay will be displaced.

Felix Brümmer Well-tempered n-plet DM 21 / 24
��� ��� ��� ��� ���

���

�

��

���

δ� [���]

τ
[�
�
]

Large lifetime for the doubly charged partner

Charged track searches

Displaced lepton search From 1-loop only

�++ ! �+⇡+

�+ ! �0
1W

⇤ ! `⌫�0
1

�0
2 ! �0

1h
⇤ ! bb̄�0

1

Collider searches: Quintuplet model

!9



Direct Detection constraints
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-
tralinos and charginos will constrain the allowed parameter space even further. Relevant analyses
could be searches for (ISR) jets and missing energy, possibly including leptons if the singlet-n-plet
mass splitting is large enough, disappearing track searches [47, 48], displaced vertex searches to
constrain �

0
2 ! �

0
1 decays [32], or searches for signatures specific to �

++ decay. We will address
the collider phenomenology of the models we have presented in a forthcoming publication [14].
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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!

Brümmer et al; arXiv:1703.00370 
Brümmer, Bharucha, Desai; arXiv:1804.02357 !10



LHC limit on WH final state; not stronger than displaced leptons

Prompt search limits: SUSY searches

Limit on 
Chargino pair 

production
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Other limits: charged track searches

Rule out long-lived region i.e. when mass difference is smaller than pion mass

Doubly charged 
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Disappearing track searches

arXiv:1712.02118 !13



Displaced Lepton Search

CERN-PH-EP/2013-037, CMS PAS EXO-16-022!14



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.

The CMS displaced lepton search 
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3 CMS displaced track search

A. Using 1409.4789, (
p
s = 8 TeV, L = 19.7± 0.5fb�1) [1]

1. select: Select events with one e, one µ, oppositely charged

2. isol: require pT > 25 GeV, “standard isolation” (see 1306.2016) and �Reµ > 0.5

3. jetIso: For each jet (anti-kt, R = 0.5, pmin
T = 10 GeV), require �R`j > 0.5

4. d0: Transverse impact parameter d0 > 0.1 mm1

Signal regions are defined as follows

SR3: Both leptons satisfy 1.0 mm < d0 < 20 mm.

SR2: One or both leptons fail SR3 but satisfy d0 > 0.5 mm

SR1: One or both leptons fail SR2 but satisfy d0 > 0.2 mm

I. Validation

Lifetime 1 mm 10 mm 100 mm
SR1 34.4 (30 ± 5) 28.3 (35 ± 7) 4.83 (4 ± 1)
SR2 8.76 (6.5 ± 1) 24.6 (30 ± 5) 5.73 (5 ± 1)
SR3 1.69 (1.3 ± 0.3) 53.6 (51 ± 10) 24.6 (26 ± 5)

Table 2: Validation for 8 TeV analysis (with jet clustering). Production cross section assumed NLO+NLL
value 85.6 fb for Mt̃1 = 500 GeV, BR = 0.33 in each `-channel.

II. Expected signal

Cut pp ! �̃++�̃�� pp ! �̃++�̃��j Merged expected bg (Nev) 95% limit
SR1 4.376 2.98 18.0± 0.5± 3.8 25.55
SR2 1.008 0.766 1.01± 0.06± 1.16 3.30
SR3 0.103 0.0714 0.051± 0.015± 0.010 0.086

Table 3: Expected number of events at run1 for m�̃+ = 228.96 GeV,m�̃++ = 229.45 GeV ) c⌧ =
0.625 mm and m�0 = 197.00 GeV. The production cross sections (without W branching fraction) are 606
fb and 312 fb respectively.

Cut pp ! �̃++�̃�� pp ! �̃++�̃��j expected bg (Nev)
SR1 41.1 21.89 18.0± 0.5± 3.8
SR2 15.2 6.75 1.01± 0.06± 1.16
SR3 1.96 0.87 0.051± 0.015± 0.010

Table 4: Expected number of events at run1 for m�̃+ = 118.15 GeV,m�̃++ = 118.61 GeV ) � =
2.594 ⇥ 10�13 ) c⌧ = 0.761 mm and m�0 = 96.86 GeV. The production cross sections (without W
branching fraction) are 8.58 and 3.66 pb respectively.

1For us using Monte-Carlo truth, d0 = r? sin(�xy � �) where, �xy is the azimuthal angle of the production vertex of the
track.

2

Validation

!15
arXiv:1409.4789



Combination of displaced lepton and charged tracks
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Limits on mixing angle
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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-
tralinos and charginos will constrain the allowed parameter space even further. Relevant analyses
could be searches for (ISR) jets and missing energy, possibly including leptons if the singlet-n-plet
mass splitting is large enough, disappearing track searches [47, 48], displaced vertex searches to
constrain �

0
2 ! �

0
1 decays [32], or searches for signatures specific to �

++ decay. We will address
the collider phenomenology of the models we have presented in a forthcoming publication [14].
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Provides a complementary lower limit on mixing
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Filling the gaps in DM searches

DM + s-channel mediator Dilepton, dijet, mono-jet, 
displaced vertices

DM + t-channel mediator “squark” & “slepton” searches, 
(disappearing) charged tracks,  
displaced leptons

SU(2) n-plets jets+MET, di-lepton+MET searches, 
mono-jet, mono-photon, 
(disappearing) charged tracks,  
displaced leptons

ALPs Di-gamma, 
non-pointing photons

Sterile Neutrinos, 
Heavy Neutral leptons

leptons+MET, Z/higgs+MET 
displaced vertices, displaced leptons
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Some LLP limits

ARE WE MISSING SOMETHING?



Summary

• Long-lived particles predicted by many theories as a natural 
consequence 

• LLP searches often have nearly zero background and can 
provide a clean signature 

• If a model predicts LLPs, these searches are more sensitive 
than traditional searches 

• Co-annihilation partners in DM models are often long-lived 
and can provide the first indications of signal 

• Important to look at LLPs to cover full range of DM theory 
possibilities. 


