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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) 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



RELIC DENSITY VIA THE “WIMP MIRACLE”

m� ⇠ 100 GeV

g ⇠ gEW

How does the DM density change with the expanding universe?  
Simple assumption: Start with thermal equilibrium 
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Figure 2: Feynmann diagrams for dark matter annihilation through both scalar bosons (h1, h2) and

gauge boson ZBL.

III. RELIC DENSITY

The evolution of total number density (n) of both �DM and �
†
DM

is governed by the Boltzmann

equation which is given by [22]
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where H is the Hubble parameter and n
eq is the equilibrium number density of both �DM and

�
†
DM

. � is the annihilation cross section for the channel �DM�
†
DM

! ff̄ , where f is any SM

fermion except top quark 3. Tree level Feynman diagrams for the process �DM�
†
DM

! ff̄

mediated through the exchange of h1, h2 and ZBL are given in Fig. 2. The expression of � is as

follows,
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where �i is the total decay width of the particle i (i = h1, h2, ZBL), mf is the mass of the SM

fermion f and
p
s is centre of mass energy. g

i�
DM

�
†
DM

is the vertex factor for the vertex involving

the fields i�
DM

�
†
DM

(i = h1, h2) and its expression is given in Table II. Moreover the quantity

3 In order to explain Fermi-LAT �-ray excess we need MDM in the range 48.7+6.4
�5.2 GeV [36] and thus other

annihilation channels of �DM (�DM�†
DM ! W+W�, ZZ, ZBLZBL, tt̄, h1h1 etc.) are not kinematically

allowed.
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

DIRECT DETECTION

• Direct observation of nuclear 
recoil from dark matter 
particle 

• Best sensitivity ~ 100 GeV 
mass 

• Loss of sensitivity for  
mass < 10 GeV 

• Neutrino floor (from solar 
neutrinos) will be a 
bottleneck for future. 

• Current best limits from LUX 
and PandaX



INDIRECT DETECTION

• Gamma rays from annihilation 
of dark matter into SM 

• Observe flux of gamma-ray 
photons from dark matter 
dominated regions (i.e. 
galactic centre and dark 
spheroidal galaxies) 

• Other possibility: observe 
cosmic rays (mainly charged 
particle); but prone to 
uncertainties in propagation 
models.
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥

10�26 cm3 s�1) for WIMPs with mDM
<
⇠ 100 GeV annihi-

lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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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).

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) 



PREDICTING A NEW PARTICLE

1. the production cross section? 

2. its decay into?  

3. the best observable channel? 
(i.e. what is the SM background? 
Is it well understood?) 

4. the signal significance? 

5. the upper limit (p-value > 0.05)

Obs. 
95% UL

40 60 80 100 120 140
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Exp. 
95% UL

Nexp

BG

Signal
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DATA FROM EXPERIMENTS

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. 

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



REVIEW: ALGORITHM TO RECAST SEARCHES

1. Write down Lagrangian 

2. Generate signal & background event samples 

3. Simulate detector effects 

4. Apply analysis cuts & validate 

5. Compare surviving signal cross section with 95% upper limits from 
experiment.

Pythia 8; Sjöstrand, Desai et al. (2015)  
CheckMATE2; Dercks, Desai et al (2017)



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



CMS LIMITS ON EFT OPERATORS

10 7 Interpretation
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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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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!
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,



INTERPRETING RESULTS IN EFT

So how does one live with: 
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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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
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Option 1: Use only those events with p << LambdaOption 2: Treat the EFT as simply a basis of operators and not as a result of 
integrating out massive particles.
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COMPARISON OF EFT WITH UV COMPLETION
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Figure 6. Total production rate in the s-channel vector model as a function of the mediator mass. The cut
on /ET corresponds to a cut on the leading jet at parton level. The vertical bands show the mediator masses
predicting the observed relic density: upper edge for ⌦obs

� + 10% and lower edge for ⌦obs
� /10.

Total rate

As the first LHC observable we show the total mono-jet production rate for the s-channel vector
mediator in Fig. 6,

�/ET+j(m�,mV , gu = g�) . (26)

As for the t-channel model we start with a low acceptance cut /ET > 50 GeV, where at parton
level the hard jet just recoils against the missing momentum. The cut on pT,j , correlated with /ET ,
always regularizes and dials the relative size of �V+j/�V . Because of the final state kinematics, a
too sti↵ cut on pT,j will not allow the mediator to be produced on-shell. This correlation can have
a large e↵ect on the cross section after cuts.

The three upper panels of Fig. 6 cover three di↵erent dark matter mass values, for mediator
masses up to 10 TeV. Following Fig. 5, the heavy mediator regime is consistent with the observed
relic density for mV /m� ⇡ 3 ... 10 and g� = gu = 1. For a light dark matter candidate with
m� = 10 GeV the mediator mass corresponding to the observed relic density would be significantly
below 1 TeV and likely ruled out by current LHC searches. Heavier mediators are allowed, if
there is another dark matter candidate; lighter mediators need another annihilation channel. In
addition to the generic case, we also show an alternative, more weakly interacting scenario with
g� = gu = 1/2, for which the mediator is clearly a narrow resonance. As expected, the relic density
constraint points towards half the mediators mass of the case g� = gu = 1.
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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,
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•Need large missing energy cuts to discriminate from SM backgrounds ⇒ 

large momentum transfer 

•This brings into question the idea of “EFT” where the requirement is p≪M 
(some solutions proposed for this e.g. truncation). 

•Cross section does not match even when 
Bauer, Desai, et al (2016)



COMPARISON OF EFT WITH UV COMPLETION
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What about the loop-mediated completions?

• EFT operator: 

• Even worse behaviour for MET < Mmed 

compared to normal t-channel 

• Much better cross section in the 
mediator-pair production 

• Best limits come from SUSY stop 
searches

Fig. 14. In the regime mχ > mt the annihilation rate is
dominated by the tree-level process χχ̄ → tt̄. For mχ < mt

annihilation can proceed through off-shell tops with up to a
2 → 6 topology, or the loop-mediated process χχ̄ → gg. In
Fig. 15, we present the regions of parameter space for
which this mediator can lead to the correct relic density for
mediator and dark matter masses above the top threshold.
We find that there is a sizeable parameter range for sub-TeV
dark matter and mediators where we recover the observed
relic density from annihilation into top quarks.

A. Total rate

As above, we implement the simplified model with
FEYNRULES [32] and produce mono-jet events with
MADGRAPH5 [38].At the one-loop level, we evaluate around
150 Feynman diagrams, because many internal and external
lines in Fig. 14 can radiate a gluon. The total cross section
σE Tþj is shown in Fig. 16 for mediator masses of

m~t ¼ 10…105 GeV, a dark matter mass of mχ ¼ 10 GeV,
and a cut E T > 100 GeV. The effective field theory for
heavy mediators m~t ≫ mχð∼mtÞ includes the dimension-
six, four-fermion operator,

Leff ⊃
c~tχ
Λ2

ðt̄R χÞðχ̄tR Þ; ð48Þ

where Λ ¼ m~t and c~tχ ¼ 1 after matching to Eq. (47).

The mono-jet process for this specific model is mediated
at one loop in both the simplified model and the EFT.
Similar to the tree-level t-channel mediator, we again show
the pair production rate for the t-channel mediator, with a

FIG. 14. Feynman diagrams describing dark matter annihilation and LHC production (center and right) in the loop-induced scalar t-
channel mediator model defined in Eq. (47). Mono-jet production arises from attaching gluons to any of the colored particles.
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FIG. 16. Cross sections for the loop-mediated t-channel scalar
model and its effective Lagrangian approximation for the mono-
jet signals, and the pair production cross section with subsequent
decay into X þ E T .
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LOOKING FOR THE MEDIATOR



STAU CO-ANNIHILATION



STAU CO-ANNIHILATION STRIP

Compressed stau and 
neutralino

Desai, et al (2014)



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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MET definitely 
works

Long-lived; charge tracks

Combination 
of stable and 
disappearing 
tracks

Desai, et al (2014)



NOT ENOUGH MISSING ENERGY!

 1000

 2000

 3000

 4000

 5000

 200  600  1000  1400  1800

m
ef

f  
(G

eV
)

ET
miss  (GeV)

6m=0.5 GeV
6m=1.9 GeV

 1000

 2000

 3000

 4000

 5000

 200  600  1000  1400  1800

m
ef

f  
(G

eV
)

ET
miss  (GeV)

6m=0.5 GeV
6m=1.9 GeV

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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candidate and one unresolved candidate. These SRs are designed to improve sensitivity to

models predicting enhanced branching ratios for cascade q̃ or g̃ decay via χ̃±
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1,
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1 is nearly degenerate in mass with the q̃ or g̃ (see section 9).
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LONG-LIVED CHARGE 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.



COMBINING MULTIPLE SEARCHES
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ELIMINATING STAU CO-ANNIHILATION 
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Coannihilation region not fully probed at 8 TeV; we await 13 
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WELL-TEMPERED DM



HOW TO BUILD A “WELL-TEMPERED” MODEL?

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

•ℤ2 stabilises the lightest state 

•Interactions with SM using Higgs-portal-like interactions

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
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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 
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µ
Dµ + i 
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Dµ + i�
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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


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⇤
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†
�  + h.c. (n odd) (6)


0
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�
†
�  + h.c. (n even) (7)


00

⇤
(�†⌧a�)( ta ) + h.c. (n even) (8)

(with ⌧
a generating the 2 and t

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

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

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

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

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

3

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

�one loop
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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
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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
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⇤(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
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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

Lmix =
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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

Bruemmer, Desai, Bharucha (in prep.)



POSSIBLE LHC SEARCHES: DISPLACED LEPTONS
Collider phenomenology (preliminary!)
Zoom in on the quintuplet mass spectrum:
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DIRECT DETECTION CONSTRAINTSFirst 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!

Bruemmer, Desai, Bharucha (in prep.)
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OTHER POSSIBLE LIMITS: CHARGED TRACK SEARCHES11
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Figure 4: Results of the HSCP search as the cross section upper limits at 95% CL for various
signal models for the tracker-only analysis (left) and tracker+TOF analysis (right) at

p
s = 13 TeV.

In the legend, “CS” stands for charge-suppressed interaction model.

in mass limit is obtained for all models with large QCD production cross section (gluinos,
top squarks, and inclusive production of GMSB tau sleptons), arising from the higher center-
of-mass energy pp collisions delivered by the LHC. For scenarios with much smaller cross-
sections, directly pair-produced tau sleptons and Drell–Yan signals with |Q| = 1e, the results
do not improve, because the larger integrated luminosity at 7 and 8 TeV with respect to that
at 13 TeV prevails over the effect of the increase of the centre-of-mass energy. For the |Q| = 2e
analysis, results from the previous analysis optimized for multiply charged signals [27] are also
provided.

8 Summary
A search for heavy stable charged particles produced in proton-proton collisions at

p
s =

13 TeV using the CMS detector is presented. Two complementary analyses were performed: us-
ing only the tracker and using both the tracker and the muon system. The data are found to be
compatible with the expected background. Mass limits for long-lived gluinos, top squarks, tau
sleptons, and multiply charged particles are calculated. The models for R-hadronlike HSCPs
include a varying fraction of eg-gluon hadronization and two different interaction models lead-
ing to a variety of exotic experimental signatures. The limits are significantly improved over
those from Run 1 of the LHC, and the limits on long-lived gluinos, ranging up to 1610 GeV, are
the most stringent to date.
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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  
(arXiv:1409.4789)
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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

Preliminary

Bruemmer, Desai, Bharucha (in prep.)



UV-COMPLETE MODEL: 
SUPERSYMMETRY



SUPERSYMMETRIC PARAMETER SPACE

•What kinds of 
interactions? 

•Co-annihilation 

•Sommerfeld 
enhancement 

•Direct detection 
constraints 

• Indirect detection 
constraints
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given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by
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This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by
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This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino

Bramante, Desai et al. (2015)
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given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by
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This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino

5

are

g
Z�̃

0
1�̃

0
1

=
g

2 cos ✓w

�
|N13|

2
� |N14|

2
�

g
h�̃

0
1�̃

0
1

=
�
gN11 � g

0
N12

�
(sin ↵ N13 + cos ↵ N14)

g
W �̃

0
1�̃

+
1

=
g sin ✓w

p
2 cos ✓w

⇣
N14V

⇤
12 �

p
2N12V

⇤
11

⌘
, (1)

given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by
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This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino
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Figure 1. Left panel: Combinations of neutralino mass parameters M1, M2, µ that produce the correct relic
abundance, accounting for Sommerfeld-enhancement, along with the LSP mass. The relic surface without
Sommerfeld enhancement is underlain in gray. Regions excluded by LEP are occluded with a white box.
Right panel: The wino fraction of the lightest neutralino.

sfermions are also motivated by models of split supersymmetry, where most scalar supersymmetric
partners are decoupled [71–84].

Neutralinos in the MSSM are mixtures of the spin-12 superpartners of the weak gauge bosons,
hypercharge gauge bosons, and Higgs bosons. After electroweak symmetry is broken, the neutral
and charged states mix to form neutralinos and charginos, respectively. We identify the neutralinos
as �̃

0
i

= Nij(B̃, W̃ 0, H̃0
u, H̃

0
d
) and the charginos as �̃

±
i

= Vij(W̃±
, H̃

±). Here B̃, W̃ , H̃
0
d
, H̃

0
u, are the

bino, wino, and higgsino fields; Nij and Vij are the neutralino and chargino mixing matrices in the
bino-wino basis, such that i and j index mass and gauge respectively [85]. The bino, wino, and
higgsino mass parameters are M1, M2, and µ, and tan � defines the ratio of up- and down-type
Higgs boson vacuum expectation values in the MSSM.

Assuming that all scalar superpartners are heavy, when the universe cools to Trad < TeV during
radiation dominated expansion, MSSM neutralinos freeze out to a relic abundance determined by
their rate of annihilation to Standard Model particles. For neutralinos with masses below 1 TeV, it
is often su�cient to use tree-level annihilation cross-sections and ignore the initial state exchange
of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
gauge bosons between two initial-state particles can substantially alter the annihilation probability
of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
like 1/v, where v is the relative velocity of the two incoming states. For a Yukawa-like potential,
mediated for example by a Z-boson, this e↵ect is cut o↵ at v ⇡ mZ/m�̃, leading to large e↵ects for
a large ratio of LSP vs weak boson masses. This non-relativistic modification of the potential of
two incoming states is called the Sommerfeld e↵ect. For freeze-out temperatures below the mass of
electroweak bosons (Tfreeze-out ⌘ m�̃/20 . 0.1 TeV), and thus for lighter LSPs, the contribution of
W

± exchange to the e↵ective potential of neutralino pairs is suppressed by factors of e
�mW /Trad [69].

To understand when the Sommerfeld enhancement will a↵ect the freeze-out of mixed neutralinos,
it is useful to first consider the thermal relic abundance of pure neutralino states. With decoupled
scalars, two neutralinos or charginos can either annihilate through an s-channel Z or Higgs boson,
or through a t-channel neutralino or chargino. For the lightest neutralinos the relevant couplings
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Figure 1. Left panel: Combinations of neutralino mass parameters M1, M2, µ that produce the correct relic
abundance, accounting for Sommerfeld-enhancement, along with the LSP mass. The relic surface without
Sommerfeld enhancement is underlain in gray. Regions excluded by LEP are occluded with a white box.
Right panel: The wino fraction of the lightest neutralino.

sfermions are also motivated by models of split supersymmetry, where most scalar supersymmetric
partners are decoupled [71–84].

Neutralinos in the MSSM are mixtures of the spin-12 superpartners of the weak gauge bosons,
hypercharge gauge bosons, and Higgs bosons. After electroweak symmetry is broken, the neutral
and charged states mix to form neutralinos and charginos, respectively. We identify the neutralinos
as �̃

0
i

= Nij(B̃, W̃ 0, H̃0
u, H̃

0
d
) and the charginos as �̃

±
i

= Vij(W̃±
, H̃

±). Here B̃, W̃ , H̃
0
d
, H̃

0
u, are the

bino, wino, and higgsino fields; Nij and Vij are the neutralino and chargino mixing matrices in the
bino-wino basis, such that i and j index mass and gauge respectively [85]. The bino, wino, and
higgsino mass parameters are M1, M2, and µ, and tan � defines the ratio of up- and down-type
Higgs boson vacuum expectation values in the MSSM.

Assuming that all scalar superpartners are heavy, when the universe cools to Trad < TeV during
radiation dominated expansion, MSSM neutralinos freeze out to a relic abundance determined by
their rate of annihilation to Standard Model particles. For neutralinos with masses below 1 TeV, it
is often su�cient to use tree-level annihilation cross-sections and ignore the initial state exchange
of photons and weak bosons between annihilating neutralinos. On the other hand, the exchange of
gauge bosons between two initial-state particles can substantially alter the annihilation probability
of neutralinos with masses above 1 TeV. At threshold this higher-order correction can diverge
like 1/v, where v is the relative velocity of the two incoming states. For a Yukawa-like potential,
mediated for example by a Z-boson, this e↵ect is cut o↵ at v ⇡ mZ/m�̃, leading to large e↵ects for
a large ratio of LSP vs weak boson masses. This non-relativistic modification of the potential of
two incoming states is called the Sommerfeld e↵ect. For freeze-out temperatures below the mass of
electroweak bosons (Tfreeze-out ⌘ m�̃/20 . 0.1 TeV), and thus for lighter LSPs, the contribution of
W

± exchange to the e↵ective potential of neutralino pairs is suppressed by factors of e
�mW /Trad [69].

To understand when the Sommerfeld enhancement will a↵ect the freeze-out of mixed neutralinos,
it is useful to first consider the thermal relic abundance of pure neutralino states. With decoupled
scalars, two neutralinos or charginos can either annihilate through an s-channel Z or Higgs boson,
or through a t-channel neutralino or chargino. For the lightest neutralinos the relevant couplings

Bino Wino Higgsino

Bramante, Desai et al. (2015)
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p
2 cos ✓w

⇣
N14V

⇤
12 �

p
2N12V

⇤
11

⌘
, (1)

given in terms of the usual weak gauge couplings, the Higgs mixing angle ↵, and the neutralino
and chargino mixing matrices.

Obviously pure bino states do not couple to gauge or Higgs bosons, so no direct annihilation
process exists, and their annihilation as well as Sommerfeld enhancement can only occur through
mixing and co-annihilation.

For pure wino states we need to include the lightest chargino, typically with a sub-GeV mass
di↵erence. Following Eq.(1) there will still be no s-channel annihilation process, but for example
the LSP can annihilate through the wino-like chargino in the t-channel. Because the two states are
highly mass degenerate, the computation of the current relic abundance has to include a combined
annihilation of the lightest neutralino and chargino. Neutralino-chargino co-annihilation proceeds
through an s-channel W exchange, while diagonal neutralino and chargino annihilation require a
t-channel diagram. In the chargino case the exchange of electroweak bosons between the two non-
relativistic incoming particles leads to a sizeable Sudakov enhancement: an increased cross section
in the numerator of Eq.(2) has to be compensated by a larger wino mass on the relic neutralino
surface,

⌦
W̃

h
2

' 0.12
⇣

m�̃

2.1 TeV

⌘2 SE
�! 0.12

⇣
m�̃

2.6 TeV

⌘2
. (2)

In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
LSP masses colored, separates from gray points calculated without Sommerfeld enhancement when
m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.

Finally, pure higgsinos can annihilate e�ciently through an s-channel Z diagram. Co-
annihilation within the triplet of two neutralinos and one chargino sets the relic density. The
main distinction between this and the pure wino case, is that chargino pair annihilation con-
tributes much less to the complete annihilation process. Because higgsino annihilation is generally
more e�cient, and because the contribution of chargino pair annihilation with a possible elec-
troweak boson exchange between the incoming particles is suppressed, today’s relic density is given
by

⌦
H̃

h
2

' 0.12
⇣

m�̃

1.13 TeV

⌘2 SE
�! 0.12

⇣
m�̃

1.14 TeV

⌘2
. (3)

This relatively small e↵ect is hardly visible in Figure 1. There are two reasons why the Sommerfeld
enhancement is significantly larger for the wino case: first, pure chargino co-annihilation with a
photon-induced Sommerfeld e↵ect is roughly three times more important for pure winos. Second,
as previously noted, the W, Z-induced Sommerfeld e↵ect is cut o↵ at v ⇡ mW,Z/m�̃ (compare this
to the freeze-out temperature, ⇠ m�̃/20), which means that it influences more phase-space for pure
winos at freeze-out.

To generate the sommerfelded surface shown in Figure 1, we first calculate electroweakino mass
parameters with SuSpect [86]. We include the loop-level, custodial-symmetry-breaking-induced
mass separation between the charged and neutral components of both the wino and higgsino, setting
these to 160 MeV [87–89] and 350 MeV [90–92] respectively, before diagonalizing electroweakino



OBSERVING LSP PRODUCTION AT THE LHC: JETS + MET

• Generic searches: jets 
+ leptons + MET 

• Compressed searches: 
soft jets/leptons, 
maybe photons, low 
MET (but have more 
background)
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background remains the same at 100 TeV collisions as it was at 8 TeV. This assumption can be
tested at the 13 TeV run of the LHC. The background normalization we use rescales the background
found at ATLAS, by using the ratio of the Z(⌫⌫̄)+jets cross sections that pass initial analysis cuts
on pT,j , /pT , and ��

j,/pT , at
p

s = 8 TeV and 100 TeV, respectively.

The same steps are used in Refs. [146] and [147] to estimate the background for the disappearing
track signature at a 100 TeV collider. Both references acknowledge the large amount of uncertainty
and present their searches for the pure wino as a band with the background 20% to 500% as large
as the estimated value. Both find that a pure wino could be discovered at the 100 TeV collider,
although Ref. [147] uses di↵erent cuts, resulting in improved discovery prospects. Here we combine
these searches with the constrains from the observed dark matter relic abundance, including slightly
mixed binos. To this end, we use the optimized cuts of Ref. [147] and scan over a representative
sample of the relic neutralino surface. The optimized cuts are

pT,j1 > 1 TeV pT,j2 > 500 GeV

/pT > 1.4 TeV pT,track > 2.1 TeV , (10)

All other cuts are identical to the ATLAS analysis. For each of the data points we calculate the
Gaussian significance

#� =
Sp

B + ↵2B2 + �2S2
, (11)

where S and B are the number of signal and background events passing the cuts assuming 15 ab�1

of data. The systematic uncertainties on the background and signal are conservatively given as
↵ = 20% and � = 10% [146, 147]. As we are scanning over a range of model parameter space with
di↵erent characteristics, there is no good way to display a band of significances for the 20 � 500%
backgrounds. Instead, we will only quote the central background estimate. The left panel of
Figure 7 shows the representative sample of points that we used mapped on the surface as well as
the calculated significance. It appears that most of the wino plateau is covered and that the search
works better for larger values of |µ|.

For the points on the relic neutralino surface, if the decay length is less than 15 mm, the
charginos have almost no chance of traveling far enough to be registered as a track. We find that
for tracks longer than this, at least in the range we are considering, the points can be fit well
by a cubic function. We focus on the relic neutralino points with a mass di↵erence between the
chargino and the neutralino smaller than 0.5 GeV and find their significance based on the best fit
cubic curve. We then plot the points that can be discovered at 5� and those which can be excluded
at 2�. The result is shown in Figure 7. We see that most of the wino plateau is within reach,
but as mixing with bino and higgsinos grows, so does the chargino-neutralino mass splitting. The
chargino decay length then decreases, making the search less e↵ective.

B. Compressed search

Our compressed bino-wino search is directed at neutralinos with mass eigenstates separated by
1 � 40 GeV and follows the previous study of Ref. [1]. It targets events with missing transverse
momentum, photons, and leptons emitted in the decay of heavier neutralinos. The dominant
production and decay process on the relic neutralino surface is

pp ! (�̃0
2 ! ��̃

0
1) (�̃±

1 ! `
±
⌫`�̃

0
1)j ! �̃

0
1�̃

0
1`

±
⌫`�j , (12)
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Spin-independent σnχ
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As an addendum to our latest results on spin-
independent WIMP-nucleon scattering from 225 live days
of data [1] measured with the XENON100 dark matter
detector [2], we present in Fig. 1 the 90% exclusion limit
up to a WIMP mass of 10TeV/c2. All the points up to
an energy of 1TeV/c2 are identical to the ones in refer-
ence [1].
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FIG. 1: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100 up to 10TeV: The expected sensitivity
of this run is shown by the green/yellow band (1�/2�) and
the resulting exclusion limit (90% CL) in blue. For compari-
son, other experimental results are also shown, together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models.
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z
respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
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by a WIMP model as in [40], plotted here as a black dot.
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gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.

ing more rapidly towards the core of the Milky Way, results in a more stringent bound on DM
annihilation. We consider three DM halo density profiles that are increasingly flat towards the
center of the Milky Way. The generalized Navarro-Frenk-White (NFW) profile [109] is given by

⇢NFW(r) =
⇢�

(r/R) (1 + r/R)2
, (5)

where r is the distance from the galactic center, and we assume a characteristic scale R = 20 kpc,
solar position DM density ⇢(r�) ⌘ 0.4 GeV/cm3, and r� = 8.5 kpc throughout this study. Second,
we consider the Einasto profile,

⇢Ein(r) = ⇢� exp
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where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,

⇢Burk(r) =
⇢�

(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,
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We show J factors integrating over the approximate H.E.S.S. galactic center gamma ray search
range, r ' 0.05 to 0.15 kpc, and normalizing so that J(⇢NFW) = 1.
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gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.
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gamma ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected
CTA exclusion for an Einasto profile.
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annihilation. We consider three DM halo density profiles that are increasingly flat towards the
center of the Milky Way. The generalized Navarro-Frenk-White (NFW) profile [109] is given by
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where r is the distance from the galactic center, and we assume a characteristic scale R = 20 kpc,
solar position DM density ⇢(r�) ⌘ 0.4 GeV/cm3, and r� = 8.5 kpc throughout this study. Second,
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where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [110, 111]. Third, we consider a Burkert or “cored” profile, with constant
DM density inside radius rc = 3 kpc,

⇢Burk(r) =
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(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [112].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,
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FIG. 6: Same as Fig. 3, but for 5 h of Galactic center observations with CTA.

resolution of [18], and we also assume the energy depen-
dence of the effective area from [56]. As signal region, we
adopt a circular target region of 2◦ around the Galactic
center.
The signal region definition and background descrip-

tion we adopted for CTA are similar to the ones dis-
cussed above for HESS-II. With the presence of several
large size telescope in the centre of the array, CTA will
be more sensitive than HESS-II. In order to remain in
the statistically limited regime, we reduced the observ-
ing time for CTA down to 5 hours. At very low energies,
since we impose that the showers are observed at least by
two telescopes, CTA in its current design will not have
a much larger effective area. Moreover the intrinsic fluc-
tuations in the low energy showers limit the energy reso-
lution that will be achieved even with several telescopes,
so that in this energy range, we do not expect stronger
limits from CTA. Above 80 GeV however, the higher tele-
scopes multiplicity will increase the performance (larger
effective area and better energy resolution) so that CTA
sensitivity will be almost constant up to 1 TeV. From
figure 6, we also see that CTA will be very important
to probe line-like signals from DM annihilations above
100 GeV, since after 5 h of observations of the Galac-
tic centre, CTA will be more sensitive than five years of
GAMMA-400 observations.

IV. DISCUSSION AND CONCLUSIONS

The detection of a sharp feature at an energy of 130
GeV in Fermi-LAT data has sparked the interest of the

astroparticle community, since the presence of gamma-
ray lines has long been considered a smoking-gun signa-
ture of new physics, possibly pointing to the annihilation
of dark matter particles. Of course, future Fermi-LAT
data will be very important: If the Fermi-LAT collabo-
ration can exclude instrumental effects as the cause of the
structure, it may well, in case upcoming data strength-
ens the feature, confidently establish discovery of the ef-
fect. In any case, future gamma-ray observatories would
provide necessary independent confirmation and are ex-
pected to clarify the experimental situation, in view of
their increased effective area or better angular resolu-
tion. In particular we focused here on three upcoming
experiments: HESS-II, CTA and GAMMA-400.
We summarize here the main results:

• We have calculated the sensitivity to gamma-ray
lines for the three experiments, and we have shown
that all of them will be able to confirm or rule out
the presence of the 130 GeV line. In all cases, in
fact, the feature found in Fermi-LAT data would
be detectable with a significance higher than 5σ.

• We have assessed, for each experiment, the
prospects for identifying the presence of additional
lines, which would allow a better reconstruction
of the particle properties of the annihilating dark
matter particle. We found that only GAMMA-
400, thanks to a claimed energy resolution of about
1.5 % at 100 GeV, will be able to separate a γγ line
from a Zγ or Hγ, if the corresponding branching
ratio is comparable to that into two photons, while
HESS-II and CTA cannot separate them.
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We study the prospects for studying line features in gamma-ray spectra with upcoming gamma-
ray experiments, such as HESS-II, the Cherenkov Telescope Array (CTA), and the GAMMA-400
satellite. As an example we use the narrow feature at 130 GeV seen in public data from the Fermi-
LAT satellite. We found that all three experiments should be able to confidently confirm or rule
out the presence of this 130 GeV feature. If it is real, it should be confirmed with a confidence level
higher than 5σ. Assuming it to be a spectral signature of dark matter origin, GAMMA-400, thanks
to a projected energy resolution of about 1.5 % at 100 GeV, should also be able to resolve both the
γγ line and a corresponding Zγ or Hγ feature, if the corresponding branching ratio is comparable
to that into two photons. It will also allow to distinguish between a gamma-ray line and the similar
feature resulting from internal bremsstrahlung photons.

PACS numbers:

I. INTRODUCTION

As the Large Hadron Collider (LHC) keeps accumu-
lating data at high luminosity (and soon at full energy),
hopes are high that it will help elucidating the nature of
the particle making up around 23 % of the energy den-
sity of the universe, the dark matter particle [1, 2]. So
far, no such new mass scale has been found, although the
prediction from supersymmetric (SUSY) models that the
lightest Higgs boson should weigh less than 130 GeV [3],
which seems to be confirmed by the detection recently
done at CERN’s LHC, which gives a mass of the poten-
tial Higgs boson of around 125 GeV.

As for dark matter candidates, only constraints on the
parameter space of the most popular extensions of the
Standard Model, in particular Supersymmetry, have been
obtained [4], but even if such candidates were to be found,
it will be hard to prove with LHC data only that they
actually constitute most of the dark matter in the Uni-
verse, as the required lifetime of many times the age of
the universe would seem impossible to verify in accelera-
tor experiments [5].

Fortunately, direct and indirect dark matter searches
will provide complementary information, possibly allow-
ing a precise identification of dark matter particles [6, 7].
Direct detection by scattering of dark matter particles

∗Electronic address: lbe@fysik.su.se
†Electronic address: conrad@fysik.su.se
‡Electronic address: Christian.Farnier@fysik.su.se
§Electronic address: gf.bertone@gmail.com
¶Electronic address: weniger@mpp.mpg.de

traversing the earth in ultra-pure counting experiments
has historically been the most advanced technique, but
indirect detection methods have recently received in-
creased interest (see e.g. Ref. [1] for reviews).

Indirect detection is based on the search for secondary
photons, antimatter, and neutrinos produced by the an-
nihilation or decay of dark matter particles. For γ-rays
coming from annihilations of dark matter particles in the
halo, Fermi-LAT has very successfully delivered bounds
that have started to probe into the parameter space of
viable models, in line with pre-launch expectations [8],
in particular for dwarf spheroidal galaxies [9] and galaxy
clusters [10].

Recently, a possible hint of a dark matter signal
in the form of a narrow spectral line or an internal
bremsstrahlung (IB) feature, has been found in analy-
ses of public data from the Fermi-LAT satellite detector
[11, 12] (see also [13, 14]). The signal is too weak to
claim a discovery, but being of a type and at an energy
where there is no other known astrophysical explanation1

it is important to further study this type of signature in
independent experiments.

We take in this paper, as an exercise, the existence of
these recent indications for a line or an IB bump seriously,
and we discuss how this effect, if real, would appear in a
number of existing (Fermi-LAT [16], HESS-II [17]) and
planned (CTA [18], GAMMA-400 [19]) γ-ray detectors.
If the present indications of a line structure in the Fermi-
LAT public data would disappear, our results should be

1 The very fine-tuned pulsar model from [15] can be disregarded
since the signal is significantly extended.
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
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68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

Bramante, Desai et al. (2015)



PUTTING IT ALL TOGETHER
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•Pure winos can best be detected with 
tracks + indirect detection 

•Pure Higgsinos as well as Wino-Higgsinos 
can be detected with direct (and/or) 
indirect detection 

•Bino-Winos can only be detected with 
collider searches 

•Last gap to be filled with displaced object 
searches?

ALMOST ALL OF SUSY DM CAN BE DETECTED WITHIN NEXT 
10-20 YEARS ONLY IF WE HAVE A HIGHER ENERGY COLLIDER

Bramante, Desai et al. (2015)



FUTURE OF DM SEARCHES

• Collider searches are an important component to confirm 
DM, especially in case of WIMPs 

• Simplified Models the way to go for searches, but mediator 
searches more constraining than direct DM production 

• For weakly charged (i.e. SU(2) multiplet) DM, collider 
searches are crucial since not all parameter space can be 
probed by other techniques 

• Long-lived particle searches needed to cover parameter 
space of many models 

• A future collider would be necessary to completely rule out 
all SUSY parameter space


