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Manifold evidence for Dark Matter

A Dark Matter particle should be: massive, neutral, non-relativistic at present time 

⌦mh2 = 0.1415± 0.0019

⌦bh
2 = 0.02226± 0.00023

⌦ch
2 = 0.1186± 0.0020

PLANCK Collaboration (2015) 1E 0657-558 (“Bullet Cluster”)



Complementarity of searches

Cosmological

Direct DetectionIndirect Detection

Collider

e.g. Cosmic rays,  
gamma rays

e.g. Cosmic Microwave Background,  
Matter Power spectrum, Galactic rotation curves, Lensing, Milky Way satellites

e.g. Fixed target,  
Neutrino experiments

e.g. Direct or Associated  
production with missing energy

Evidence



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).

Muon Chambers

Hadronic  
Calorimeter

Electo-Magnetic  
Calorimeter

Tracker

Collision 
point



What does a collision event look like?
• 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) 



Prediction & Inference

L

1. Experimentalists should provide their results in a “model-independent” way 
(e.g. 95% observed ULs instead of exclusion curves in model parameters)   

2. There should be a standard way of re-using experimental searches. This is 
called “Recasting”.

To be able to use LHC data for model building & testing:

(i.e. If the LHC sees something, how well can we pinpoint the underlying theory?)



Data from experiments

!7

A. Experiments provide “high-level” information,  
e.g. number of observed events with X jets + Y electrons/muons + large MET;  
signal strength in a particular channel, etc. 

B. Kinematic requirements (a.k.a cuts) are placed to discriminate new physics 
“signal” from Standard Model “background”. Experiments provide cut flows, 
efficiency maps for benchmark models. 

C. Complex statistical machinery used — likelihoods, MVA, Neural Nets etc. to get 
best upper limits, signal strengths, or cross section measurements.



Lagrangian 
+ 

parameters

Analysis cuts 
& statistical 
predictions

Observable effects: 
production of new 

particles, 
interference etc.

e.g. Jets+leptons+MET, 
unusual signal strengths 
(branching fractions) 

Exotic signals: Displaced 
vertices, disappearing 
tracks

Change 
params

Recasting

Use Monte-Carlo tools 
to generate signal and 

background events

Pythia8  
Sjöstrand, Desai et al (2015);  

Desai & Skands (2012);  
Dark Matter in Pythia8 (in prep.)  MO

NT
E C

AR
LO

CheckMATE2 
Dercks, Desai, et al (1611.09856)RE

CA
ST

Recast 
accurately 
reproduces 
kinematic 

effects.

Data to Theory:  
How to test your own theory against 

data? 

Simulate detector 
effects



Simulating signal and background
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�pp =

Z Z
dx1dx2f(x1)f(x2)�̂(x1, x2)

‣ Hard Process: production & decay 

‣ Parton showers: radiation from quarks and 
gluons 

‣ Hadronisation: formation of hadrons 
(baryons and mesons) 

‣ Multi-parton interactions: more than one 
interacting parton from the same proton

Source: S. Hoeche

High-scale New Physics shows up mainly in 
the hard process

Parton distribution functions �̂ =

Z
dPS |M|2

Partonic cross section



Coverage of prompt signatures
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included
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J.S.Kim

ARE WE MISSING SOMETHING?



Models predicting long lived particles

Dark Matter

Flavour Anomalies
Neutrino Masses

SUSY (i.e. Winos, Higgsinos) 
Coannihilation with scalars 
Dark Photon 
Higgs Portal 
Freeze-in 
 
Hidden valleys 
GMSB SUSY 
RPV SUSY 
 
Sterile Neutrinos 
L-R models (Z’ & W’s) 
…

Naturalness
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Charged track searches

!13



Disappearing track searches

arXiv:1712.02118 !14



Displaced Vertices

arXiv:1710.04901
!15



Traditional searches fail for LLPs

30 3 0.33003000 0.03 [cm]
ATLAS-CONF-2018-003

!16



“Unexpected” cuts may restrict what we choose to see

Looking at the simplest jets + MET search:

ATLAS-CONF-2018-003

Already approx. 50% loss before MET cuts

Important to map all possible signatures to 
avoid the same mistakes!

!17



Moral of the story so far…

•Sophisticated machinery needed to “see” new physics 
and to understand what we see. 

•Many searches for promptly decaying particles, not so 
many for long-lived ones 

•There might be unexpected, unnecessary assumptions 
because all our benchmarks look the same; important 
to have as much variety as possible to make sure we’re 
not missing anything.



Writing down a model for DM

 
Effective 

Field Theory

Complete Models 
eg. SUSY, Universal Extra 

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 

IDEA: write down the simplest field 
content (often a DM field + one 

mediator)



List of EFT Operators

Goodman et al. (2010)

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

S-channel Scalar mediator

S-channel Vector mediator

Scalar portal



Translation of Limits on EFT operators

10 7 Interpretation

 [GeV]χM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-1CMS, 90% CL, 8 TeV, 19.7 fb

-1CMS, 90% CL, 7 TeV, 5.0 fb

LUX 2013

superCDM
S

CDM
Slite

XENON100

COUPP 2012

SIMPLE 2012
CoGeNT 2011

CDMS II

CMS

Spin Independent

2Λ

q)µγq)(χ
µ
γχ(

Vector

3Λ4

2)
νµ

a(Gsαχχ

Scalar

-1CMS, 90% CL, 8 TeV, 19.7 fb

 [GeV]χM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4510

-4410

-4310

-4210

-4110

-4010

-3910

-3810

-3710

-3610

-1CMS, 90% CL, 8 TeV, 19.7 fb

-1CMS, 90% CL, 7 TeV, 5.0 fb

COUPP 2012

-
W+

IceCube W

SIMPLE 2012

-
W+

Super-K W

CMS

Spin Dependent

2Λ

q)
5
γµγq)(χ

5
γ
µ
γχ(

Axial-vector operator 

Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.
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K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-
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SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.
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of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling p

gcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-

•  Can be interpreted both in terms of 
mediator mass and in terms of DD cross 
section 

• Relatively insensitive to underlying 
Lorentz structure (i.e. “axial-vector” or 
“pseudo-scalar” operators does not 
suffer from suppression) 

• Strong limits in low mass region (where 
DD loses sensitivity)

Truly complementary to DD searches!



Interpreting results in EFT
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Figure 3: The ratio R⇤ defined in Eq. (4.5) for
p
s = 8TeV, ⌘ = 0. Top row: R⇤ as a function of ⇤, for

various choices of mDM, for pT = 120GeV (left panel), pT = 500GeV (right panel). Bottom row: R⇤ as a

function of mDM, for various choices of pT, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and mDM, for various choices of pT and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Qtr should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the pT, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R⇤ with a grain of salt.

To sum over the possible pT, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

Rtot
⇤ ⌘

�e↵ |Qtr<⇤

�e↵
=

R 1TeV
pmin
T

dpT
R 2
�2 d⌘

d2�e↵
dpTd⌘

����
Qtr<⇤

R 1TeV
pmin
T

dpT
R 2
�2 d⌘

d2�e↵
dpTd⌘

. (4.6)

As an example, we consider two cases: pmin
T = 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R⇤, Rtot
⇤ get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQtri in Section 3, and

7

Demanding self-consistency (i.e. truncation) results in very diluted limits!

Busoni et al (2013)

ATLAS Coll. EPJC (2015)

q̄q
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How to write a Simplified Model?



Simplified models with Fermionic DM
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EFT to simplified models
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Comparison of EFT with UV completion
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mũ = � [GeV]

10�5

10�4

10�3

10�2

10�1

100

�
pp

!
�
�
j
[p

b]

EFT

sim
p.total

sim
p.single

sim
p.pair

m� = mũ/2, �
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Figure 3. Total production rate in the t-channel model as a function of the mediator mass. The cut on /ET

corresponds to a cut on the leading jet at parton level for all processes, except for mediator pair production.
The vertical bands show the mediator masses predicting the observed relic density: upper edge for ⌦obs

� +10%

and lower edge for ⌦obs
� /3.

squark. With 20 fb�1 data at 8 TeV ATLAS excludes mũ < 470 GeV for m� < 100 GeV [34],
comparable to the 13 TeV limits using 3.2 fb�1 [35]. For small mass di↵erence between the mediator
and the DM particle, there exists an ATLAS mono-jet search which considers pair production in
the simplified model and sets a limit mũ . 260 ... 300 GeV for mũ � m� ⇠ 20 GeV [36]. Single-
resonant or direct �� production should lead to at least comparable results. Similar limits from
CMS rule out mũ < 450 GeV for m� < 100 GeV with 19.2 fb�1 at 13 TeV [37]. Mediator masses
below 300 GeV are ruled out altogether.

Total rate

One of the key questions in our t-channel model is how the di↵erent production mechanisms
shown in Fig. 2 decouple towards large mediator masses. First, we study the total production cross
section

�/ET+j(m�,mũ, yũ) , (18)

for fixed dark matter mass and coupling, and as a function of the mediator mass. All our models are
implemented in FeynRules [32], and we use MadGraph5 [38] to compute mono-jet production
at the parton level with |⌘j1 | < 2.5. Additional QCD jets will not survive the hard analysis cut
on pT,j1 ⇠ /ET , except for the specific case of double-resonant mediator pair production. There,

• No obvious resonance in t-channel; but bad behaviour nonetheless due to 
slow decoupling of mediator 

• Direct mediator search (a.k.a. squark search) has much higher reach. 

• All viable t-channel mediated DM parameter space ruled out (for coupling to 
light quarks).

Bauer, Desai, et al (2016)
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Figure 1. Relic density for the t-channel mediator model as a function of the mediator mass for constant
dark matter mass (left), as a function of the dark matter mass for constant mediator mass (center) and as a
function of the dark matter mass for a constant ratio of mediator to dark matter mass. We assume yũ = 1.

are of the same order in perturbation theory and experimentally indistinguishable. The second of
these two processes can be dominated by an on-shell production of the mediator,

ug ! �ũ ! � (�̄u) . (16)

As for the usual 2 ! 2 annihilation process, we can cross this amplitude into an annihilation
process, now describing the co-annihilation �ũ ! ug. The main di↵erence between the (co-)
annihilation and LHC interpretations of this amplitude is that in the prediction of the relic density
it only contributes for mũ . m� + 10%, while at the LHC it dominates the mono-jet rates even
for mũ � m�. This challenges the theoretical link between LHC production and dark matter
annihilation.

Finally, we can pair-produce the strongly interacting mediators through the third Feynman
diagram in Fig. 2,

qq̄/gg
QCD�! ũũ⇤

dark matter�! (�̄u) (�ū) . (17)

From many studies in the supersymmetry framework we know that for a wide range of mediator
masses this pair production process completely dominates the ��+jets process. If we can identify
the ��jj final state we can use the mT2 distribution to extract the masses of both the mediator
and the dark matter candidate. On the other hand, the process is entirely QCD-mediated and the
100% branching fraction gives us no information about the ū � � � ũ interaction. In other words,
in the presence of this on-shell production process there is no link between LHC observables and
dark matter properties of our t-channel (simplified) model.

For the pair-production process we can apply the search results for a single supersymmetric
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Figure 2. Feynman diagrams describing dark matter production in the t-channel mediator model defined in
Eq.(13).
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process, now describing the co-annihilation �ũ ! ug. The main di↵erence between the (co-)
annihilation and LHC interpretations of this amplitude is that in the prediction of the relic density
it only contributes for mũ . m� + 10%, while at the LHC it dominates the mono-jet rates even
for mũ � m�. This challenges the theoretical link between LHC production and dark matter
annihilation.

Finally, we can pair-produce the strongly interacting mediators through the third Feynman
diagram in Fig. 2,

qq̄/gg
QCD�! ũũ⇤
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From many studies in the supersymmetry framework we know that for a wide range of mediator
masses this pair production process completely dominates the ��+jets process. If we can identify
the ��jj final state we can use the mT2 distribution to extract the masses of both the mediator
and the dark matter candidate. On the other hand, the process is entirely QCD-mediated and the
100% branching fraction gives us no information about the ū � � � ũ interaction. In other words,
in the presence of this on-shell production process there is no link between LHC observables and
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Looking for the mediator



Moral of the story (part 2)…

• Dark Matter EFT simple, but not very useful at the LHC 

• Simplified models do better, but are strongly 
constrained by direct mediator searches; don’t say much 
about dark matter because of ambiguity in coupling/
mass. (Maybe if we see a new resonance and can probe 
its line shape, i.e. calculate invisible width, we may do 
better but that is a long way away.)  

What else can we do?



Classifying UV-complete DM models

New Fields

New 
Symmetries 0 1

1

2

“Minimal DM”

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

 s-channel scalar mediator 
Dark Photon

t-channel charged 
scalar + fermionic DM

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

Mostly Z2 or U(1)

3
Z’ mediator (with new scalar) 

L-R models 
Hidden Valley models

??



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

lid
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

!30

Minimal ideas for Dark Matter



Next-to-minimal DM



• 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��

✓
M  +

1

2
m��+ h.c.

◆
+ 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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. (53)

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
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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
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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
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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
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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)
. (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
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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/⇤,

✓ ⇡

r
2

3

�v
4

⇤3(M �m)
. (14)

5

(see Eqs. (2) and (6)) into M and m, the  3
� � mixing angle is

✓ ⇡

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

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

(see Eqs. (2) and (6)) into M and m, the  3
� � mixing angle is

✓ ⇡

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

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

What about next-to-minimal scenarios?

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

++
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Numerically: M m 15 50 GeV (coannihilation), m few 100 MeV.
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0
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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.
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Large lifetime for the doubly charged partner
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Collider searches: Quintuplet model
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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!
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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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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.
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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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Stau Co-annihilation



CMSSM after Run I
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Questions to ask: 

1. Does it give the 
correct Higgs mass? 

2. Does it give the right 
relic density? 

3. Does it satisfy 
constraints from the 
LHC?
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Questions to ask: 

1. Does it give the correct Higgs mass? 

2. Does it give the right relic density? 

3. Does it satisfy constraints from the LHC?

A0 = �2870 GeV A0 = �3440 GeV A0 = �1347 GeV

Fittino SfitterMasterCode

M1/2 = 999 GeVM1/2 = 1016 GeV

M0 = 504 GeV M0 = 442 GeV

tan� = 18 tan� = 24.6
M0 = 670 GeV
tan� = 21

M1/2 = 1040 GeV

All of them in the stau co-annihilation strip!



Stau Co-annihilation strip after Run I

Compressed stau 
and neutralino
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Lifetime of the stau
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Figure 7: The ⌧̃1 lifetime calculated for m⌧̃1 = 300 GeV and a ⌧̃L�⌧̃R mixing angle ✓⌧ = ⇡/3,
as a function of �m ⌘ m⌧̃1 �m�. The left panel covers the range 10 MeV < �m < 10 GeV
where the lifetime is between ⇠ 1012 and ⇠ 10�22 s, and the right panel shows in more detail
the restricted range 1.2 GeV < �m < m⌧ where the lifetime is between ⇠ 1 and ⇠ 400 ns.
The vertical dashed lines correspond to the ⌧ , a1, ⇢, ⇡ and µ masses, indicated by the labels
on the top of the figures.
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Figure 8: The principal ⌧̃1 branching ratios calculated for m⌧̃1 = 300 GeV and a ⌧̃L � ⌧̃R

mixing angle ✓⌧ = ⇡/3, as a function of �m ⌘ m⌧̃1 �m�. The left panel covers the range
100 MeV < �m < 2 GeV, and the right panel shows in more detail the restricted range
1.2 GeV < �m < m⌧ . The black, blue, orange, brown, yellow, and red lines are for the final
states with ⌧ , a1(1260), ⇢(770), ⇡, µ, and e, respectively, indicated by the labels adjacent to
the corresponding curves.
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Not enough missing energy!
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Figure 4: Scatter plot of Emiss
T and meff in the four-jet channel for CMSSM scenarios with

metastable staus (�m = 0.5 GeV, red points) and with rapid ⌧̃ ! ⌧ + � decays (�m = 1.9
GeV, blue points). The left plot is for tan � = 10, A0 = 0 and the right plot is for tan � = 40,
A0 = 2.5m0, both with m1/2 = 800 GeV. The solid diagonal lines correspond to the ATLAS
cut Emiss

T > 0.25me↵ [16].

Emiss
T , as motivated in particular by supersymmetric models in which the stable lightest

supersymmetric particle, commonly chosen to be the neutralino, is a massive dark matter

particle. The signatures studied generally include jets, which could originate, e.g., from the

pair production and subsequent cascade decays of squarks and gluinos. These searches have

been carried out for a range of di↵erent final states, some including reconstructed leptons

as well as jets tagged as originating from b-quarks, for a number of di↵erent ranges of the

missing transverse energy and the total transverse energy. None of these searches found any

significant evidence for new physics exhibiting these signatures in the LHC Run 1 data.

The ATLAS collaboration has provided an interpretation of their data in the context of

the CMSSM based on the 2012 dataset of 20/fb at a centre of mass energy of 8 TeV [16].

The interpretation is presented in the (m0,m1/2) plane for a fixed value of tan � = 30 and

A0 = 2m0 (in our convention for the sign of A0). Several di↵erent searches have been

discussed in [16], but for the purposes of our study we concentrate on the 0-lepton search

with 2-6 jets, as this provides the most stringent limit in the region of the stau coannihilation

strip, and is also relatively insensitive to the values of tan� and A0, as shown in a previous
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Long-lived charged tracks

• Charged particle searches are specialised to take time of flight into account 

• Fraction of staus that are stable on the detector scale decreases with increasing 
mass difference 

• Run I limit on fully stable staus is ~550 GeV; since not all our staus exit the detector, 
we get a limit ~300 GeV.
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TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (p0) and the model-independent upper limit on the visible cross-section (σ95%

vis ) at 95% CL.

ptrackT > 75 GeV ptrackT > 100 GeV ptrackT > 150 GeV ptrackT > 200 GeV
Observed events 59 36 19 13
Expected events 48.5± 12.3 37.1 ± 9.4 24.6± 6.3 18.0 ± 4.6

p0 value 0.17 0.41 0.46 0.44
Observed σ95%

vis [fb] 1.76 1.02 0.62 0.44
Expected σ95%

vis [fb] 1.42+0.50
−0.39 1.05+0.37

−0.28 0.67+0.27
−0.19 0.56+0.23

−0.16

event selection efficiency. In these scenarios the charginos
are considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having τχ̃±

1

< 1 ns is signifi-
cantly improved and the exclusion reach is extended by
∼ 200 GeV.
Figure 7 shows the constraint on the allowed

∆mχ̃1
–mχ̃±

1

parameter space of the minimal AMSB

model; the expected 95% CL exclusion reaches mχ̃±
1

=

245+25
−30 GeV for ∆mχ̃1

∼ 160 MeV. The limits on τχ̃±
1

are converted into limits on ∆mχ̃1
following Ref. [38].

The theoretical prediction of ∆mχ̃1
for wino-like lightest

chargino and neutralino states at two-loop level [39] is
also indicated in the figure. A new limit that excludes
charginos of mχ̃±

1

< 270 GeV (corresponding ∆mχ̃1
and

τχ̃±
1

being ∼ 160 MeV and ∼ 0.2 ns, respectively) at 95%
CL is set in the AMSB models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass-
degenerate with the lightest neutralino based on the high-
pT disappearing-track signature are presented. The anal-
ysis is based on 20.3 fb−1of pp collisions at

√
s = 8 TeV

collected by the ATLAS experiment at the LHC. The
pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is ob-
served. Constraints on the chargino mass, the mean life-
time and the mass splitting are set, which are valid for
most scenarios in which the lightest supersymmetric par-
ticle is a nearly pure neutral wino. In the AMSB models,
a chargino having a mass below 270 GeV is excluded at
95% CL.

ACKNOWLEDGMENTS

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;

YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq

 [GeV]
1
±χ∼

m
100 150 200 250 300 350 400 450 500 550 600

 [n
s]

1± χ∼τ

-110

1

10

ATLAS
-1 L dt = 20.3 fb∫ = 8 TeV, s

)theoryσ1 ±Observed 95% CL limit (
)expσ1 ±Expected 95% CL limit (

, EW prod.)-1 = 7 TeV, 4.7 fbsATLAS (
ALEPH (Phys. Lett. B533 223 (2002))

±

1
χ∼‘Stable’ 

 > 0µ = 5, βtan

FIG. 6. The constraint on the allowed τχ̃±
1

–mχ̃±
1

space for

tan β = 5 and µ > 0. The black dashed line shows the ex-
pected limits at 95% CL, with the surrounding shaded band
indicating the 1σ exclusions due to experimental uncertain-
ties. Observed limits are indicated by the solid bold contour
representing the nominal limit and the narrow surrounding
shaded band is obtained by varying the cross-section by the
theoretical scale and PDF uncertainties. The previous result
from Ref. [8] and an example of the limits achieved at LEP2
by the ALEPH experiment [9] are also shown on the left by the
dotted line and the shaded region, respectively. The search
for charginos with long lifetimes, as indicated by the upper
shaded region, is not covered by this analysis. The limits
achieved at LEP2 by the ALEPH experiment of 101 GeV for
long-lived charginos is taken from [9].

and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
China; COLCIENCIAS, Colombia; MSMT CR, MPO
CR and VSC CR, Czech Republic; DNRF, DNSRC
and Lundbeck Foundation, Denmark; EPLANET, ERC
and NSRF, European Union; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, DFG,
HGF, MPG and AvH Foundation, Germany; GSRT and
NSRF, Greece; ISF, MINERVA, GIF, DIP and Benoziyo
Center, Israel; INFN, Italy; MEXT and JSPS, Japan;

 47

5

TABLE I. Summary of selection requirements and data reduction for data and expected signal events (mχ̃±
1

= 200 GeV, τχ̃±
1

= 0.2 ns). The signal selection efficiencies are also shown in parentheses. Signal efficiencies are low at the first stage due to the
trigger based on a jet from initial-state radiation.

Selection requirement Observed events Expected signal MC events (efficiency [%])
Quality requirements and trigger 20479553 1873 (8.8)

Jet cleaning 18627508 1867 (8.8)
Lepton veto 12485944 1827 (8.6)

Leading jet pT > 90 GeV 10308840 1571 (7.4)
Emiss

T > 90 GeV 6113773 1484 (7.0)

∆φ
jet-Emiss

T

min > 1.5 5604087 1444 (6.8)
High-pT isolated track selection 34379 21.9 (0.10)
Disappearing-track selection 3256 18.4 (0.087)

the MC simulation has difficulty in accurately describ-
ing the properties of these background tracks. There-
fore, the background contribution to the disappearing-
track candidates is estimated using techniques that do
not rely on the MC simulation. Each of the three types
of background tracks shows a distinctive pT spectrum; a
simultaneous fit is performed for signal and background
yields using the observed pT spectrum and templates of
background-track pT spectra produced from dedicated
control data samples. The pT spectra of the first two
background types are obtained in the same way as in
Ref. [8].

A. Interacting-hadron tracks

Charged hadrons, mostly charged pions, can interact
with material in the ID and their tracks can be misiden-
tified as disappearing tracks. The shape of the pT distri-
bution of interacting-hadron tracks is obtained from that
of non-interacting-hadron tracks. In the pT range above
15 GeV, where inelastic interactions dominate, the inter-
action rate has nearly no dependence on pT [30], which
is also confirmed by the detector simulation. By adopt-
ing kinematic selection criteria identical to those for the
signal and ensuring traversal of the TRT detector by re-
quiring NTRT > 25, a data sample of non-interacting-
hadron tracks is obtained. A pure control data sam-
ple is ensured by requiring associated calorimeter activ-
ity and removing the contamination from electron and
muon tracks (described below) and any chargino sig-
nal. The following requirements are applied: Econe40

T >
7.5 GeV and

∑

∆R<0.4 E
clus
T /ptrackT > 0.4, where Econe40

T
is the calorimeter transverse energy deposited in a cone
of ∆R < 0.4 around the track (excluding ET of the
calorimeter cluster matched to the track),

∑

∆R<0.4 E
clus
T

is the sum of cluster energies in a cone of ∆R < 0.4
around the track, and ptrackT is the track pT.
In most cases, interacting hadrons have associated

calorimeter activity that can be used to form jets. There-
fore, after the selection requirements, the contribution
of this background to the disappearing-track candidates
having pT > 100 GeV is negligibly small.

B. Leptons failing to satisfy identification criteria

Some charged leptons (ℓ ≡ e or µ) lose much of their
momenta in the ID due to scattering with material or
large bremsstrahlung. Such leptons are unlikely to be
correctly identified (hence surviving the lepton veto) and
may be classified as disappearing tracks.
In order to estimate the lepton-track background, a

control data sample is defined by requiring kinematic se-
lection identical to those for the signal search sample,
while requiring one lepton that fulfills both its identifi-
cation criteria and the isolated track selection criteria.
The pT spectrum of leptons without any identification
requirements is obtained by applying a correction for the
identification efficiency. The pT distribution of lepton
background tracks is then estimated by multiplying this
distribution by the probability (Pdis

ℓ ) of failing to satisfy
the lepton identification criteria (hence being retained in
the signal search sample) and passing the disappearing-
track selection criteria. The electron and muon compo-
nents are considered separately.
For the measurement of Pdis

ℓ , a tag-and-probe method
is applied to Z → ℓℓ events collected with unprescaled
single-lepton triggers and by requiring a Z boson candi-
date with reconstructed invariant mass within ±5 GeV
of the Z mass. Tag-leptons are required to be well iso-
lated from jets and to fulfill the lepton identification cri-
teria. Probe-leptons are selected without any identifica-
tion requirements but with exactly the same high-pT iso-
lated track selection criteria used for chargino candidate
tracks. The probability Pdis

ℓ is given by the fraction of
events in which the probe-lepton passes the disappearing-
track selection criteria; it ranges between 10−2–10−4 for
electrons and 10−4–10−5 for muons. Statistical uncer-
tainties and uncertainties on the identification efficiency
are considered in deriving the estimated pT spectra and
their uncertainties.

C. Tracks with mismeasured pT

The background contribution to disappearing-track
candidates with pT > 100 GeV originates primarily from

ATLAS: disappearing track search

Validate efficiencies against their AMSB benchmark

D
ec

ay
in

g 
Fr

ac
tio

n

∆m (GeV)



combining multiple searches
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CMSSM Stau co-annihilation is (probably) dead
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Coannihilation region not fully probed at 8 TeV; we await 13 TeV data results in this 
Winter to discover (or exclude!) the final part of the co-annihilation strip
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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. 


