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HOW TO CALCULATE THE RELIC DENSITY?

4

�DM

�†
DM

h1/h2

f

f̄

�DM

�†
DM

ZBL

f

f̄

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]

dn

dt
+ 3nH = �1

2
h�vi

�
n2 � (neq)2

�
, (19)

where H is the Hubble parameter and neq 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. gi�

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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LOOKING FOR DM WINDS: DIRECT DETECTION
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J. Mardon, J. Maricic, R. Maruyama, D. N. McKinsey, R. Mahapatra, H. Nelson, J. Orrell, K. Palladino,

E. Pantic, R. Partridge, H. Robertson, A. Ryd, T. Saab, B. Sadoulet, R. Schnee, W. Shepherd,
A. Sonnenschein, P. Sorensen, M. Szydagis, T. M. P. Tait, T. Volansky, M. Witherell, D. Wright, K. Zurek.

1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 27. A compilation of WIMP-nucleon spin-dependent cross section limits (solid curves) and
projections (dot and dot-dashed curves) for US-led direct detection experiments that are expected to operate
over the next decade.

experiments is required. In addition, continuation of a robust detector R&D program will ensure that new
technologies can be brought to bear on WIMP signals as they appear.

In a resource-limited environment, not every proposed direct detection experiment will be funded. Infor-
mation gleaned from past experiments, detector R&D e↵orts and other types of dark matter searches has
to be used to help inform funding agencies on how to choose a mix of experiments that will achieve the
fundamental science goals of WIMP dark matter discovery and subsequent study. Fig. 28 shows how a
“decision tree” for direct detection might utilize the information available from the current generation (G2)
of experiments to make choices for the next generation (G3) experimental suite. It is very important to keep
in mind that, even for the simplest scenarios, the science goals are unlikely to be met with a single direct
detection experiment, since confirmation from other experiments will be vital to convince the community
that the particle nature of dark matter has finally been established. The decision tree shown reflects our
roadmap presented in Section 1 and summarized as the following three stages:

A. Discovery: Search broadly for WIMPS, with at least an order of magnitude improvement in sensitivity
in each generation.

B. Confirmation: Check any evidence for WIMP signals using complementary targets and the same target
with enhanced sensitivity

C. Study: If a signal is confirmed, extract maximal information about WIMP properties using multiple
technologies.

11 Summary

It is the consensus of the scientific community that identifying the particle nature of the dark matter in our
universe is one of the most fundamental problems in particle physics today. The solution to this problem
may well lead the way to physics beyond the Standard Model. Direct detection of dark matter particles
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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
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LOOKING FOR LINES IN THE SKY: INDIRECT DETECTION
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
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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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

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
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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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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


� 2

↵

⇣⇣ r

R

⌘↵ � 1
⌘�

, (6)

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,

J /
Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

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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DM density inside radius rc = 3 kpc,
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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].
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WHY USE 
COLLIDERS?

BUT ALSO… 
IT TURNS OUT, COLLIDERS CAN DO THINGS OTHER 
EXPERIMENTS CAN’T — BETTER SPIN DEPENDENT 
SENSITIVITY + CONSTRAIN LOW RECOIL REGION + 
LOOK FOR ACCOMPANYING PARTICLES

WE HAVE ONE, MIGHT AS WELL USE IT!



HOW DOES ATLAS/CMS MAKE OBSERVATIONS? — 
OBJECTS, CUTS, STATISTICS 18

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

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

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

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

effects, change is 
distribution shapes etc.

Simulate detector 
effects

Make statistical 
predictions

e.g. Pythia8

e.g. CheckMATE
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Does it couple directly to some SM particle? 

If there is a mediator, how does the mediator couple to SM? to DM?

More
 complete

Complete 
Dark Matter

Models

Dark Matter 
Effective Field Theories

Minimal 
Supersymmetric 
Standard Model

Universal 
Extra

Dimensions
Little
Higgs

Contact
Interactions

“Sketches of models”

Z′ boson
Simplified

Dark Matter
Models

Higgs
Portal “Squarks”

Dark
Photon

Dipole
Interactions

Less complete

FIG. 1. Artistic view of the DM theory space. See text for detailed explanations.

us to describe the DM-SM interactions mediated by all kinematically inaccessible

particles in an universal way. The DM-EFT approach [3–9] has proven to be very

useful in the analysis of LHC Run I data, because it allows to derive stringent bounds

on the “new-physics” scale ⇤ that suppresses the higher-dimensional operators. Since

for each operator a single parameter encodes the information on all the heavy states

of the dark sector, comparing LHC bounds to the limits following from direct and

indirect DM searches is straightforward in the context of DM-EFTs.

(II) The large energies accessible at the LHC call into question the momentum expansion

underlying the EFT approximation [6, 9–16], and we can expand our level of detail

toward simplified DM models (for early proposals see for example [17–22]). Such

models are characterized by the most important state mediating the DM particle

interactions with the SM, as well as the DM particle itself. Unlike the DM-EFTs,

simplified models are able to describe correctly the full kinematics of DM production

at the LHC, because they resolve the EFT contact interactions into single-particle s-

channel or t-channel exchanges. This comes with the price that they typically involve

not just one, but a handful of parameters that characterize the dark sector and its

6
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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-
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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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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).
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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
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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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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],
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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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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 m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, 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 m

DM

, for various choices of p
T

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 Q

tr

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 p

T

, ⌘ 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 p

T

, ⌘ 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

R
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|
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. (4.6)

As an example, we consider two cases: p

min

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
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and
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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-1
2

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, H̃0

d) and the charginos as �̃±
i = Vij(W̃±, H̃±). Here B̃, W̃ , H̃0

d , H̃0

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 M

1

, M
2

, 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 T
rad

< 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 (T

freeze-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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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-1
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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
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d) and the charginos as �̃±
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u, are the
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bino-wino basis, such that i and j index mass and gauge respectively [85]. The bino, wino, and
higgsino mass parameters are M
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, 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 T
rad

< 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 (T

freeze-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 10.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from (a)
t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson (s-wave
for A0, and p-wave for h0, H0), and (c) t-channel chargino exchange.
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the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to ⟨σv⟩. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead tt, then there is no p-wave suppression. This typically requires a top squark
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the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to ⟨σv⟩. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead tt, then there is no p-wave suppression. This typically requires a top squark
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Ñ1

Ñ1
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bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to ⟨σv⟩. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.
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the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
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with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
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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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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
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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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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-1
2

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, H̃0

d) and the charginos as �̃±
i = Vij(W̃±, H̃±). Here B̃, W̃ , H̃0

d , H̃0

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 M

1

, M
2

, 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 T
rad

< 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 (T

freeze-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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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-1
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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, H̃0

d) and the charginos as �̃±
i = Vij(W̃±, H̃±). Here B̃, W̃ , H̃0

d , H̃0

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 M
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, 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 T
rad

< 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 (T

freeze-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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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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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.
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In the top panel of Figure 1 this fact appears graphically — the sommerfelded surface, shown with
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m�̃ ⇠ 1.5 TeV, where the wino fraction is sizable.
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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-
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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
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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
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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].

⇤ Electronic address: ajmelgarejo@astro.columbia.edu
† Electronic address: marc.schumann@physik.uzh.ch

[1] E. Aprile et al. (XENON100), Phys. Rev. Lett. 109,
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[2] E. Aprile et al. (XENON100), Astropart. Phys. 35, 573
(2012).
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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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1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 27. A compilation of WIMP-nucleon spin-dependent cross section limits (solid curves) and
projections (dot and dot-dashed curves) for US-led direct detection experiments that are expected to operate
over the next decade.

experiments is required. In addition, continuation of a robust detector R&D program will ensure that new
technologies can be brought to bear on WIMP signals as they appear.

In a resource-limited environment, not every proposed direct detection experiment will be funded. Infor-
mation gleaned from past experiments, detector R&D e↵orts and other types of dark matter searches has
to be used to help inform funding agencies on how to choose a mix of experiments that will achieve the
fundamental science goals of WIMP dark matter discovery and subsequent study. Fig. 28 shows how a
“decision tree” for direct detection might utilize the information available from the current generation (G2)
of experiments to make choices for the next generation (G3) experimental suite. It is very important to keep
in mind that, even for the simplest scenarios, the science goals are unlikely to be met with a single direct
detection experiment, since confirmation from other experiments will be vital to convince the community
that the particle nature of dark matter has finally been established. The decision tree shown reflects our
roadmap presented in Section 1 and summarized as the following three stages:

A. Discovery: Search broadly for WIMPS, with at least an order of magnitude improvement in sensitivity
in each generation.

B. Confirmation: Check any evidence for WIMP signals using complementary targets and the same target
with enhanced sensitivity

C. Study: If a signal is confirmed, extract maximal information about WIMP properties using multiple
technologies.

11 Summary

It is the consensus of the scientific community that identifying the particle nature of the dark matter in our
universe is one of the most fundamental problems in particle physics today. The solution to this problem
may well lead the way to physics beyond the Standard Model. Direct detection of dark matter particles

Community Planning Study: Snowmass 2013

Snowmass CF1 Summary: WIMP
Dark Matter Direct Detection

Convenors: P. Cushman, C. Galbiati, D. N. McKinsey, H. Robertson, and T. M. P. Tait

D. Bauer, A. Borgland, B. Cabrera, F. Calaprice, J. Cooley, P. Cushman, T. Empl, R. Essig,
E. Figueroa-Feliciano, R. Gaitskell, C. Galbiati, S. Golwala, J. Hall, R. Hill, A. Hime, E. Hoppe, L. Hsu,

E. Hungerford, R. Jacobsen, M. Kelsey, R. F. Lang, W. H. Lippincott, B. Loer, S. Luitz, V. Mandic,
J. Mardon, J. Maricic, R. Maruyama, D. N. McKinsey, R. Mahapatra, H. Nelson, J. Orrell, K. Palladino,

E. Pantic, R. Partridge, H. Robertson, A. Ryd, T. Saab, B. Sadoulet, R. Schnee, W. Shepherd,
A. Sonnenschein, P. Sorensen, M. Szydagis, T. M. P. Tait, T. Volansky, M. Witherell, D. Wright, K. Zurek.

1 Executive Summary

Dark matter exists

It is now generally accepted in the scientific community that roughly 85% of the matter in the universe is
in a form that neither emits nor absorbs electromagnetic radiation. Multiple lines of evidence from cosmic
microwave background probes, measurements of cluster and galaxy rotations, strong and weak lensing and big
bang nucleosynthesis all point toward a model containing cold dark matter particles as the best explanation
for the universe we see. Alternative theories involving modifications to Einstein’s theory of gravity have not
been able to explain the observations across all scales.

WIMPs are an excellent candidate for the dark matter

Weakly Interacting Massive Particles (WIMPs) represent a class of dark matter particles that froze out of
thermal equilibrium in the early universe with a relic density that matches observation. This coincidence of
scales - the relic density and the weak force interaction scale - provides a compelling rationale for WIMPs as
particle dark matter. Many particle physics theories beyond the Standard Model provide natural candidates
for WIMPs, but there is a huge range in the possible WIMP masses (1GeV to 100 TeV) and interaction cross
sections with normal matter (10�40 to 10�50 cm2). It is expected that WIMPs would interact with normal
matter by elastic scattering with nuclei [1], requiring detection of nuclear recoil energies in the 1-100 keV
range. These low energies and cross sections represent an enormous experimental challenge, especially in
the face of daunting backgrounds from electron recoil interactions and from neutrons that mimic the nuclear
recoil signature of WIMPs. Direct detection describes an experimental program that is designed to identify
the interaction of WIMPs with normal matter.

Discovery of WIMPs may come at any time

Direct detection experiments have made tremendous progress in the last three decades, with sensitivity
to WIMPs doubling roughly every 18 months, as seen in Fig. 1. This rapid progress has been driven by
remarkable innovations in detector technologies that have provided extraordinary active rejection of normal
matter backgrounds. A comprehensive program to model and reduce backgrounds, using a combination
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Figure 5. Left panel: The neutralino annihilation cross-section to �� and 1
2Z� is given for Milky Way

velocities, as detailed in the text. Right panel: Relic neutralino parameters excluded by the H.E.S.S.
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


� 2

↵

⇣⇣ r

R

⌘↵ � 1
⌘�

, (6)

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,

J /
Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

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(⇢
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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,
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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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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
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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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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
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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)



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

Almost all of SUSY DM can be detected within 
next 10-20 years!
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA boundary
conditions imposed atQ0 = 2×1016 GeV. The parameter µ2+m2

Hu
runs negative, provoking electroweak

symmetry breaking.

family squarks and sleptons are nearly degenerate with those of the first family, and so are not shown.)
Variations in the model parameters have important and predictable effects. For example, taking larger
values of tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses
compared to those of the other sparticles. Taking larger m2

0 will tend to squeeze together the spectrum
of squarks and sleptons and move them all higher compared to the neutralinos, charginos and gluino.
This is illustrated in Figure 8.5(b), which has m2

0 ≫ m2
1/2. [The MSUGRA parameters used to make

this graph were m1/2 = −A0 = 320 GeV, m0 = 3200 GeV, tan β = 10, µ > 0.] In this model, the
heaviest chargino and neutralino are wino-like.

The third sample sketch, in fig. 8.5(c), is obtained from a typical minimal GMSB model, with
N5 = 1 [and boundary conditions as in eq. (7.7.21) with Λ = 150 TeV, tan β = 15, and sign(µ)= + at
a scale Q0 = Mmess = 300 TeV for the illustration]. Here we see that the hierarchy between strongly
interacting sparticles and weakly interacting ones is quite large. Changing the messenger scale or Λ
does not reduce the relative splitting between squark and slepton masses, because there is no analog
of the universal m2

0 contribution here. Increasing the number of messenger fields tends to decrease the
squark and slepton masses relative to the gaugino masses, but still keeps the hierarchy between squark
and slepton masses intact. In the model shown, the LSP is the nearly massless gravitino and the NLSP
is a bino-like neutralino, but for larger number of messenger fields it could be either a stau, or else
co-NLSPs τ̃1, ẽL, µ̃L, depending on the choice of tan β.

The fourth sample sketch, in fig. 8.5(d), is of a typical GMSB model with a non-minimal messenger
sector, N5 = 3 [and boundary conditions as in eq. (7.7.21) with Λ = 60 TeV, tan β = 15, and sign(µ)= +
at a scale Q0 = Mmess = 120 TeV for the illustration]. Again the LSP is the nearly massless gravitino,
but this time the NLSP is the lightest stau. The heaviest superpartner is the gluino, and the heaviest
chargino and neutralino are wino-like.

It would be a mistake to rely too heavily on specific scenarios for the MSSM mass and mixing
spectrum, and the above illustrations are only a tiny fraction of the available possibilities. However,
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HIGGS MASS IN THE (C)MSSM

Figure 1: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when
all other soft SUSY–breaking parameters and tan� are scanned in the range Eq. (4) (left) and the
contours for 123< Mh <127 GeV in the [MS , Xt] plane for some selected range of tan� values (right).

the theoretical uncertainties in the determination of Mh are included. Hence, only the scenar-
ios with large Xt/MS values and, in particular, those close to the maximal mixing scenario
At/MS ⇡ p

6 survive. The no–mixing scenario is ruled out for MS <⇠ 3 TeV, while the typical
mixing scenario needs large MS and moderate to large tan � values. We obtain Mmax

h =136,
123 and 126 GeV in, the maximal, zero and typical mixing scenarios, respectively3.

The right–hand side of Fig. 1 shows the contours in the [MS, Xt] plane where we obtain the
mass range 123 GeV < Mh < 127 GeV from our pMSSM scan with Xt/MS <⇠ 3; the regions in
which tan � <⇠ 3, 5 and 60 are highlighted. One sees again that a large part of the parameter
space is excluded if the Higgs mass constraint is imposed4.

3. Implications for constrained MSSM scenarios

In constrained MSSM scenarios (cMSSM)5, the various soft SUSY–breaking parameters obey
a number of universal boundary conditions at a high energy scale such as the GUT scale, thus
reducing the number of basic input parameters to a handful. These inputs are evolved via the
MSSM renormalisation group equations down to the low energy scale MS where the conditions
of proper electroweak symmetry breaking (EWSB) are imposed. The Higgs and superparticle

3We have checked that the program FeynHiggs [18] gives comparable values for Mh within ⇡ 2 GeV which
we consider to be our uncertainty as in Eq. (5).

4Note that the Mmax

h values given above are obtained with a heavy superparticle spectrum, for which the
constraints from flavour physics and sparticle searches are evaded, and in the decoupling limit in which the h
production cross sections and the decay branching ratios are those of the SM Higgs boson. However, we also
searched for points in the parameter space in which the boson with mass ' 125 GeV is the heavier CP–even
H0 boson which corresponds to values of MA of order 100 GeV. Among the ⇡ 106 valid MSSM points of the
scan, only ⇡ 1.5 ⇥ 10�4 correspond to this scenario. However, if we impose that the H0 cross sections times
branching ratios are compatible with the SM values within a factor of 2 and include the constraints from MSSM
Higgs searches in the ⌧+⌧� channel, only ⇡ 4 ⇥ 10�5 of the points survive. These are all excluded once the
b ! s� and Bs ! µ+µ� constraints are imposed. A detailed study of the pMSSM Higgs sector including the
dark matter and flavour constraints as well as LHC Higgs and SUSY search limits is presented in Ref. [19].

5In this paper cMSSM denotes all constrained MSSM scenarios, including GMSB and AMSB.

4

4 Abdelhak Djouadi: Implications of the Higgs discovery for the MSSM

Fig. 2. The maximal value of the h boson mass as a function of tanβ (left) and MS (right) with a scan of all other parameters
in various constrained MSSM scenarios. The range 123<Mh<129 GeV for the light h boson mass is highlighted. From Ref. [21].

mSUGRA: 50 GeV ≤ m0 ≤ 3 TeV, 50 GeV ≤ m1/2 ≤ 3 TeV, |A0| ≤ 9 TeV;
GMSB: 10 TeV ≤ Λ ≤ 1000 TeV, 1 ≤ Mmess/Λ ≤ 1011, Nmess = 1;
AMSB: 1 TeV ≤ m3/2 ≤ 100 TeV, 50 GeV ≤ m0 ≤ 3 TeV.

Hence, in contrast to the pMSSM, the various param-
eters which enter the radiative corrections to Mh are not
all independent in these constrained scenarios, as a conse-
quence of the relations between SUSY breaking parame-
ters that are set at the high–energy scale and the require-
ment that electroweak symmetry breaking is triggered ra-
diatively for each set of input parameters. The additional
constraints make that it is not possible to freely tune
the parameters that enter the Higgs sector to obtain the
pMSSM maximal value of Mh. In order to obtain even
a rough determination of Mmax

h in a given constrained
SUSY scenario, it is necessary to scan through the allowed
range of values for the basic input parameters.

Using again the program Suspect, a full scan of these
scenarios has been performed in Ref. [21] and the results
for Mmax

h are shown in the left-hand side of Fig. 2 as a
function of tanβ, the input parameter that is common to
all models, and in the right-hand side of the figure as a
function of MS. In the adopted parameter space of the
models and with the central values of the SM inputs, the
obtained upper h mass value is Mmax

h ≈ 121 GeV in the
AMSB scenario, i.e. much less that 125 GeV, while in the
GMSB scenario one has Mmax

h ≈ 122 GeV (these values
are obtained for tanβ ≈ 20). Thus, clearly, these two sce-
narios are disfavoured if the lightest h particle has indeed
a mass in the range 123–127 GeV and MS <∼ 3 TeV. In
mSUGRA, one obtains Mmax

h =128 GeV and, thus, some
parameter space would still survive the Mh constraint.

The upper bound on Mh in these scenarios can be
qualitatively understood by considering in each model the
allowed values of the trilinear coupling At, which essen-
tially determines the stop mixing parameter Xt and thus
the value of Mh for a given scale MS . In GMSB, one has
At ≈ 0 at relatively high scales and its magnitude does not
significantly increase in the evolution down to the scale
MS ; this implies that we are almost in the no–mixing sce-
nario which gives a low value of Mmax

h as can be seen from
Fig. 1. In AMSB, one has a non-zero At that is fully pre-
dicted at any renormalisation scale in terms of the Yukawa

and gauge couplings; however, the ratio At/MS with MS

determined from the overall SUSY breaking scale m3/2

turns out to be rather small, implying again that we are
close to the no–mixing scenario. Finally, in the mSUGRA
model, since we have allowed At to vary in a wide range
as |A0| ≤ 9 TeV, one can get a large At/MS ratio which
leads to a heavier Higgs particle. However, one cannot eas-
ily reach At values such that Xt/MS ≈

√
6 so that we are

not in the maximal–mixing scenario and the higher upper
bound on Mh in the pMSSM cannot be reached.

In the case of mSUGRA, one can study several in-
teresting special cases : the no-scale scenario with m0 ≈
A0 ≈ 0 [39], the scenario m0 ≈ 0 and A0 ≈−1

4m1/2 which
approximately corresponds to the constrained next-to–
MSSM (cNMSSM) [40], A0 ≈−m0 which corresponds to
a very constrained MSSM (VCMSSM) [41], and a non–
universal Higgs mass model (NUHM) [42] in which the
soft SUSY–breaking scalar mass terms are different for
the sfermions and for the two Higgs doublet fields.

In two particular cases, namely the “no–scale” and the
“approximate cNMSSM” scenarios, the upper bound on
Mh is much lower than in the more general mSUGRA
case and, in fact, barely reachesMh ≈ 123 GeV. The main
reason is that these scenarios involve small values of A0

at the GUT scale, A0 ≈ 0 for no–scale and A0 ≈ − 1
4m1/2

for the cNMSSM which lead to At values at the weak
scale that are too low to generate a significant stop mixing
and, hence, one is again close to the no–mixing scenario.
Thus, only a very small fraction of the parameter space of
these two sub–classes of the mSUGRA model survive if we
impose 123 < Mh < 127 GeV. These models should thus
have a very heavy sfermion spectrum as a value MS >∼ 3
TeV is required to increase Mmax

h . In the VCMSSM case,
the value Mh ≃ 125 GeV can be reached as |A0| can be
large for large m0, A0 ≈ −m0, allowing for typical mixing.

Finally, since the NUHM is more general than mSUGRA
as we have two more free parameters, the [tanβ,Mh] area
shown in Fig. 2 is larger than in mSUGRA. However, since
we are in the decoupling regime and the value of MA does
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Depends on A0



1. Does it give the correct Higgs mass?
2. Does it give the right relic density?
3. Does it satisfy constraints from the LHC?

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

Fittino SfitterMasterCode

M1/2 = 999 GeVM1/2 = 1016 GeV

M0 = 504 GeV M0 = 442 GeV

tan� = 18 tan� = 24.6

M0 = 670 GeV
tan� = 21

M1/2 = 1040 GeV

All of them in the stau co-annihilation strip!

QUESTIONS TO ASK:



 ⇒ Long-lived or stable staus 
(is jets+MET still sensitive?)

So
ur

ce
: M

as
te

rC
od

e

m⌧ > �m(= m� �m⌧̃ )

WHAT DOES THE STAU CO-ANNIHILATION STRIP LOOK LIKE TODAY?



as high as for a point just outside the green band. This indicates that the (maroon) LHC

limit in Fig. 4 may (conservatively) be extrapolated into the green band at low �m.

However, a more careful consideration of prospective experimental signatures, and hence

sensitivity, in the region where �m < m⌧ requires a discussion of the ⌧̃
1

decay lifetime and

branching ratios, to which we now turn our attention.

5 Lifetime and Branching Ratios for ⌧̃1 Decay

As was discussed in [19], if �m ⌘ m⌧̃1�m� > m⌧ the dominant ⌧̃
1

decay is two-body, namely

⌧̃
1

! ⌧�, which occurs promptly with such a short lifetime that no ⌧̃
1

track is detectable,

as assumed above. However, if �m < m⌧ the dominant decays are three- and four-body, so

the ⌧̃
1

lifetime is much longer, and it may decay either inside or outside the detector.

We have recalculated the ⌧̃
1

lifetime for the same supersymmetric model parameters as

assumed in [19], namely m⌧̃1 = 300 GeV and a ⌧̃L � ⌧̃R mixing angle ✓⌧ = ⇡/3 5. We display

our result in Fig. 7 as a function of �m ⌘ m⌧̃1 �m�. As one would expect, the ⌧̃
1

decays

promptly with a lifetime <⇠ 10�20 s if �m > m⌧ . On the other hand, as seen in more detail

in the right panel of Fig. 7, when m⌧ > �m > 1.2 GeV the ⌧̃
1

lifetime is between 1 and

400 ns, corresponding to a significant likelihood of observing the ⌧̃
1

decay inside an LHC

detector, as we discuss below. We note in passing that, whereas the total ⌧̃
1

decay rate is

very sensitive to �m (typically ⇠ �m5 or more), it is much less sensitive to m⌧̃1 (/ 1/m⌧̃1),

and hence the results in Fig. 7 are typical of the range of m
1/2 likely to be of interest to the

LHC experiments in the near future.

What would be the experimental signature of ⌧̃
1

decay inside an LHC detector? In Fig. 8

we show results of our calculations of the dominant ⌧̃
1

decay branching ratios. As expected,

the dominant branching ratio for �m > m⌧ is the two-body decay ⌧̃�
1

! ⌧��. In the range

m⌧ > �m >⇠ 0.8 GeV, there is competition among the three-body decays ⌧̃�
1

! ⇡�⌫⌧�,

⌧̃�
1

! ⇢�⌫⌧� and ⌧̃�
1

! a�
1

⌫⌧� (which were not considered in [19]), and the four-body decays

⌧̃�
1

! e�⌫̄e⌫⌧� and ⌧̃�
1

! µ�⌫̄µ⌫⌧�. At lower �m, the decay ⌧̃�
1

! ⇡�⌫⌧� is dominant

for �m >⇠ 0.16 GeV, and then ⌧̃�
1

! e�⌫̄e⌫⌧� at �m <⇠ 0.16 GeV. A general conclusion,

then, is that four potential signatures may be of interest to the LHC experiments, namely

decays producing e�, µ�, ⇡� (perhaps accompanied by one or more ⇡0 mesons from ⇢� or

a�
1

decays), and ⇡�⇡+⇡� from a�
1

decays.

The right panel of Fig. 8 displays in more detail the dominant branching ratios in the

5Details of our calculation are given in the Appendix, where we also discuss the aspects of our calculation
that di↵er from that of [19].
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decays producing e�, µ�, ⇡� (perhaps accompanied by one or more ⇡0 mesons from ⇢� or

a�
1
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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 ⌧ , a
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, ⇢, ⇡ 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 ⌧ , a

1

(1260), ⇢(770), ⇡, µ, and e, respectively, indicated by the labels adjacent to
the corresponding curves.
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meff constructed from only the leading Nj jets (meff(Nj)). However, the final meff(incl.) selection,
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4jW a requirement 60GeV < m(Wcand) < 100GeV is placed on the masses of candidate resolved
or unresolved hadronically decaying W bosons, as described in the text.

∆R(j, j). SR 2jW requires two unresolved candidates, while SR 4jW requires one resolved

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,

in cases where the χ̃±

1 is nearly degenerate in mass with the q̃ or g̃ (see section 9).
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Figure 9: Upper cross section limits at 95% CL on various signal models for the muon-only
analysis for the data at

p
s = 8 TeV (left). Limits on the signal strength (µ = s/sth) for the same

data (right).

Table 6: Expected and observed cross section limits and the signal acceptance for scalar top
signals at

p
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value

for the combined dataset. The minimum reconstructed mass required (M req.) for each sample
in the tracker-only analysis is also given.

Mass M req. s (pb) (
p

s = 7 TeV) s (pb) (
p

s = 8 TeV) s/sth (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Stop — tracker-only analysis
200 >0 0.0080 0.0088 0.14 0.0051 0.0050 0.18 0.00026 0.00029
500 >120 0.0024 0.0025 0.24 0.0027 0.0034 0.23 0.022 0.026
800 >330 0.0021 0.0022 0.28 0.00072 0.00073 0.22 0.21 0.22

Stop charge-suppressed — tracker-only analysis
200 >0 0.063 0.075 0.020 0.018 0.026 0.050 0.0011 0.0014
500 >120 0.0086 0.0089 0.066 0.0068 0.0081 0.10 0.062 0.070
800 >270 0.0071 0.0076 0.079 0.0019 0.0023 0.10 0.61 0.74

Table 7: Expected and observed cross section limits and the signal acceptance for stau signals
at

p
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value for the

combined dataset. The minimum reconstructed mass required (M req.) for each sample in the
tracker+TOF analysis is also given.

Mass M req. s (pb) (
p

s = 7 TeV) s (pb) (
p

s = 8 TeV) s/sth (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Direct+indirect produced stau — tracker+TOF analysis
126 >40 0.0046 0.0035 0.29 0.0042 0.0042 0.25 0.0074 0.0065
308 >190 0.00094 0.0015 0.63 0.00029 0.00028 0.56 0.16 0.21
494 >330 0.00079 0.00084 0.74 0.00023 0.00024 0.66 1.9 1.9

Direct produced stau — tracker+TOF analysis
126 >40 0.0056 0.0046 0.26 0.0044 0.0043 0.24 0.18 0.16
308 >190 0.0011 0.0017 0.54 0.00035 0.00035 0.46 0.62 0.66
494 >330 0.00084 0.00088 0.69 0.00025 0.00026 0.61 4.7 5.0
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TABLE I. Summary of selection requirements and data reduction for data and expected signal events (mχ̃±
1

= 200 GeV, τχ̃±
1

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

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

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

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

T > 90 GeV 6113773 1484 (7.0)

∆φ
jet-Emiss

T

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

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

A. Interacting-hadron tracks

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

T >
7.5 GeV and

∑

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

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

∑

∆R<0.4 E
clus
T

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

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

B. Leptons failing to satisfy identification criteria

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

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

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

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

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

C. Tracks with mismeasured pT

The background contribution to disappearing-track
candidates with pT > 100 GeV originates primarily from
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TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (p0) and the model-independent upper limit on the visible cross-section (σ95%

vis ) at 95% CL.

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

p0 value 0.17 0.41 0.46 0.44
Observed σ95%

vis [fb] 1.76 1.02 0.62 0.44
Expected σ95%

vis [fb] 1.42+0.50
−0.39 1.05+0.37

−0.28 0.67+0.27
−0.19 0.56+0.23

−0.16

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

1

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

∆mχ̃1
–mχ̃±

1

parameter space of the minimal AMSB

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

=

245+25
−30 GeV for ∆mχ̃1

∼ 160 MeV. The limits on τχ̃±
1

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

The theoretical prediction of ∆mχ̃1
for wino-like lightest

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

1

< 270 GeV (corresponding ∆mχ̃1
and

τχ̃±
1

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

IX. CONCLUSIONS

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

√
s = 8 TeV

collected by the ATLAS experiment at the LHC. The
pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is ob-
served. Constraints on the chargino mass, the mean life-
time and the mass splitting are set, which are valid for
most scenarios in which the lightest supersymmetric par-
ticle is a nearly pure neutral wino. In the AMSB models,
a chargino having a mass below 270 GeV is excluded at
95% CL.
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FIG. 6. The constraint on the allowed τχ̃±
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space for

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

➡  Simulate events using Pythia8 

➡ Gaussian smearing for jets/leptons

➡ Validate against published cut flow or efficiencies 
for benchmarks

➡ Look at limits from each of the three searches.

ND, P. Skands (2012); 
T. Sjostrand, ND, et al. (2014)
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Instead of focussing only on the best fit parameters, we 
examine the co-annihilation strip plotted in terms of 
                  in various slices(m 1
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Figure 4: Scatter plot of Emiss
T and meff in the four-jet channel for CMSSM scenarios with

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

T > 0.25me↵ [16].

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

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

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

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

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

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

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

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

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

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

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

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

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

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

strip, and is also relatively insensitive to the values of tan� and A0, as shown in a previous

8

tan� = 40

A0 = 2.5m0-
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Figure 9: Upper cross section limits at 95% CL on various signal models for the muon-only
analysis for the data at

p
s = 8 TeV (left). Limits on the signal strength (µ = s/sth) for the same

data (right).

Table 6: Expected and observed cross section limits and the signal acceptance for scalar top
signals at

p
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value

for the combined dataset. The minimum reconstructed mass required (M req.) for each sample
in the tracker-only analysis is also given.

Mass M req. s (pb) (
p

s = 7 TeV) s (pb) (
p

s = 8 TeV) s/sth (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Stop — tracker-only analysis
200 >0 0.0080 0.0088 0.14 0.0051 0.0050 0.18 0.00026 0.00029
500 >120 0.0024 0.0025 0.24 0.0027 0.0034 0.23 0.022 0.026
800 >330 0.0021 0.0022 0.28 0.00072 0.00073 0.22 0.21 0.22

Stop charge-suppressed — tracker-only analysis
200 >0 0.063 0.075 0.020 0.018 0.026 0.050 0.0011 0.0014
500 >120 0.0086 0.0089 0.066 0.0068 0.0081 0.10 0.062 0.070
800 >270 0.0071 0.0076 0.079 0.0019 0.0023 0.10 0.61 0.74

Table 7: Expected and observed cross section limits and the signal acceptance for stau signals
at

p
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value for the

combined dataset. The minimum reconstructed mass required (M req.) for each sample in the
tracker+TOF analysis is also given.

Mass M req. s (pb) (
p

s = 7 TeV) s (pb) (
p

s = 8 TeV) s/sth (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Direct+indirect produced stau — tracker+TOF analysis
126 >40 0.0046 0.0035 0.29 0.0042 0.0042 0.25 0.0074 0.0065
308 >190 0.00094 0.0015 0.63 0.00029 0.00028 0.56 0.16 0.21
494 >330 0.00079 0.00084 0.74 0.00023 0.00024 0.66 1.9 1.9

Direct produced stau — tracker+TOF analysis
126 >40 0.0056 0.0046 0.26 0.0044 0.0043 0.24 0.18 0.16
308 >190 0.0011 0.0017 0.54 0.00035 0.00035 0.46 0.62 0.66
494 >330 0.00084 0.00088 0.69 0.00025 0.00026 0.61 4.7 5.0
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TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (p0) and the model-independent upper limit on the visible cross-section (σ95%

vis ) at 95% CL.

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

p0 value 0.17 0.41 0.46 0.44
Observed σ95%

vis [fb] 1.76 1.02 0.62 0.44
Expected σ95%

vis [fb] 1.42+0.50
−0.39 1.05+0.37

−0.28 0.67+0.27
−0.19 0.56+0.23

−0.16

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

1

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

∆mχ̃1
–mχ̃±

1

parameter space of the minimal AMSB

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

=

245+25
−30 GeV for ∆mχ̃1

∼ 160 MeV. The limits on τχ̃±
1

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

The theoretical prediction of ∆mχ̃1
for wino-like lightest

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

1

< 270 GeV (corresponding ∆mχ̃1
and

τχ̃±
1

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

IX. CONCLUSIONS

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

√
s = 8 TeV

collected by the ATLAS experiment at the LHC. The
pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is ob-
served. Constraints on the chargino mass, the mean life-
time and the mass splitting are set, which are valid for
most scenarios in which the lightest supersymmetric par-
ticle is a nearly pure neutral wino. In the AMSB models,
a chargino having a mass below 270 GeV is excluded at
95% CL.
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FIG. 6. The constraint on the allowed τχ̃±
1

–mχ̃±
1

space for

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

= 200 GeV, τχ̃±
1

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

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

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

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

T > 90 GeV 6113773 1484 (7.0)

∆φ
jet-Emiss

T

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

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

A. Interacting-hadron tracks

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

T >
7.5 GeV and

∑

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

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

∑

∆R<0.4 E
clus
T

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

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

B. Leptons failing to satisfy identification criteria

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

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

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

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

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

C. Tracks with mismeasured pT

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

ATLAS: DISAPPEARING TRACK SEARCH

Validate efficiencies against their AMSB benchmark
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Figure 8. Exclusion limits for mSUGRA/CMSSM models with tan β = 30, A0 = −2m0 and µ > 0

presented (left) in the (m0, m1/2)-plane and (right) in the (mg̃,mq̃)-plane. Exclusion limits are obtained

by using the signal region with the best expected sensitivity at each point. The blue dashed lines show the

expected limits at 95% CL, with the light (yellow) bands indicating the 1σ excursions due to experimental

and background-only theory uncertainties. Observed limits are indicated by medium dark (maroon) curves,

where the solid contour represents the nominal limit, and the dotted lines are obtained by varying the signal

cross-section by the renormalisation and factorisation scale and PDF uncertainties.
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Figure 9. Exclusion limits for a simplified phenomenological MSSM scenario with only strong production

of gluinos and first- and second-generation squarks (of common mass), with direct decays to quarks and

lightest neutralinos. Three values of the lightest neutralino mass are considered: mχ̃0
1
= 0, 395 GeV and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at

each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating

the 1σ experimental and background-only theory uncertainties on the mχ̃0
1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the mχ̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the renormalisation and factorisation scale and PDF uncertainties. Previous results

for mχ̃0
1
= 0 from ATLAS at 7 TeV [16] are represented by the shaded (light blue) area. Results at 7 TeV

are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.
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PROJECTION TO 13 TEV@LHC WITH 300 FB-1



CONCLUSIONS FOR STAU CO-ANNIHILATION

✦ LHC jets+MET search slightly weakened in region where 
staus are long-lived.  The limit is close to probing the tip of 
the co-annihilation strip for tanß = 10.

✦ The stable track search for direct stau production (model 
ind.) rules out stau masses up to 336 - 345 GeV  for m1/2 
values of 800-850 GeV (stronger than the MET 
search!) 

✦ This is improved to m1/2 values of 930-1100 GeV when all 
stau production modes are taken into account.

✦ The model independent track search will be able to rule 
out the full strip for  tanß = 40 with 75 fb-1 at 13 TeV.


