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   Caveats 
 

1.  Typo in the program: “decades” -> “decade”.  

      Also, decade = ~5 yrs +- 3 yrs. 

2.  I have attempted a sampling of the landscape, not a 
through review.  

[My apologies to experiments that I have failed to 
include, and also for any plots that are not the “latest” 
from a given experiment.] 



A good problem to 
have. There is a 
known effect 
looking for a 
particle signature… 
as opposed to 
extensions of SM 
looking for an 
experimental 
confirmation of 
proposed particles. 

The Dark Matter Problem 
 

A real challenge for an 
experimentalist to study 
this known energy density. 



DM as a fundamental particle 

• Our picture of the universe is second quantized (particles 
and fields) as encapsulated in the Standard Model (SM) of 
particle physics. Can not easily introduce ether. Hence: 
• Postulate 1: DM is a particle. 

• Postulate 2: DM and SM particles interact with some 
force that is very weak but much stronger than gravity. 

? 

• Details of this force need to be 
worked out. However, from 
cosmological constraints, we can 
relate mass and number density. 

• If DM has a mass of 100 GeV, we 
expect ~ 3 DM/liter  
 



DM Particle Candidates 
 

Bayonic DM?  

-- Gas Clouds? Dim Stars? Black Holes? Not enough. 

 

Non-Baryonic Hot DM? 

-- Neutrinos? Not enough. 

 

Non-Baryonic Cold DM?  

-- Axions? Heavy Sterile Neutrinos? WIMPS?  

 



Axions: Microwave cavities 

ADMX will be sensitive to cold DM in the 1-20 µeV range. 
ADMX-II, one of the possible G-2 DM experiments to be 
operated in the next decade, will cover upto ~100 µeV. 



Solar Axions: CAST -> IAXO 
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1. Introduction 

The CAST experiment has been taking data since 2003 providing the most restrictive experimental limits on the 
axion-photon coupling for a broad range of axion masses. In 2003 and 2004 the experiment operated with vacuum 
inside the magnet (CAST phase I) and set the best experimental limit on the axion-photon coupling constant in 
the range of axion masses up to 0.02 eV. Beyond this mass the sensitivity is degraded due to coherence loss. In 
order to restore coherence, the magnet can be filled with a buffer gas providing an effective mass to the photon. 
By changing the pressure of the buffer gas in steps, one can scan an entire range of axion mass values.  The 
CAST experiment started this gas program entering its phase II at the end of 2005. From 2005 to 2007, the 
magnet bore was filled with 4He gas extending the sensitivity to masses up to 0.4 eV. From March 2008 onwards 
the magnet bore has been filled with 3He. With the end of the 2011 data taking in July, the CAST experiment has 
covered axion masses up to 1.18 eV surpassing the initial goal of the phase II which was to reach 1.16 eV. The 
results of the first part of the 3He, with a sensitivity up to 0.64 eV, have been finalized and accepted for 
publication in PRL[1]. Figure 1 shows the exclusion plot with this recent result compared to other measurements, 
theoretical and astrophysical bounds. 

 

Figure 1: Exclusion limit (at 95% CL) from the CAST phase I and part of the phase II data (4He and 3He up to 
masses of 0.64 eV), compared to other experimental, theoretical and observational constraints. 

This report is organized as follows: in section 2 we describe the activities in the experiment as well their present 
status; section 3 is devoted to the 3He system; section 4 reviews detector performances; in section 5 we present 
the status of the data analysis; section 6 is devoted to the request for the 2012 run; plans for the future are given in 
section 7 and finally in section 8 we gather the conclusions of the proposal.  

Warm DM in the  
1 meV – 1 eV range 
will be covered by 
IAXO, the next 
generation axion 
helioscope. 
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1. Flat region. Constant 
density. Equal production 
and annihilation.  

2. Exponential suppression as 
temperature falls below mass of 
dark matter particle. 

3. Turn over as annihilation 
rate decreases, becoming 
smaller than the expansion 
rate.  

4. Relic abundance remains. Larger 
cross-sections keep annihilations 
occurring for longer. 

WIMP Miracle 

A happy coincidence implied 
that new physics at the TeV 
scale with appropriately 
weak cross section leads to 
a dark matter relic (with a 
new quantum number 
preventing decay). 

neq ~ T3 

neq ~ (m/T)3/2 e-m/T 



Detection Techniques 

• Three major 
categories of 
investigations. 

• Important to 
maintain the 
theoretical 
connection 
between these 
approaches. 



1. Indirect Detection: Astrophysics 



Space-based: FERMI-LAT 

Current and forecast limits 
from the diffuse gamma-ray 
background data-set.  



Fermi-LAT: Dwarf Spheroids 
Nearby => High Flux. 

M/L ~10-2000. 

Can be “stacked”  



HESS 

MAGIC 

Ground-based: Air Cerenkov Telescopes 



Ground-based Limits 

HESS limits from 
several Dwarfs.  



HESS: Galactic Center 

Two bright point 
sources => bottom 
plot is after 
subtraction. The 
gamma-rays are 
thought to come 
from accelerated 
charge particles 
impinging on a gas 
cloud. 
 
 
Larger telescope 
(CTA) proposed for 
operations in the 
next decade. 



AMS-02: Spring 2013 result 

Positron Fraction The rise in positron 
fraction can be attributed 
to DM annihilation. 
 
Alternative explanation 
sums up contributions 
from pulsars. 
Yin et al. Phys.Rev. D88 (2013) 023001 
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New results from the first 2 years of AMS:
Positron flux (May 2011 / May 2013)

- The positron flux (multiplied by E3) measured up to 350 GeV. 
- It is rising up to 10 GeV, from 10 to 30 GeV the spectrum is flat and above 
30 GeV again rising as indicated by the black line in the figure.
- The spectral index and its dependence on energy is clearly different from 
the electron spectrum.
- In the low energy range the agreement with HEAT results is good.

COSPA 2013 - Corti’s talk

AMS-02: Fall 2013 update 
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New results from the first 2 years of AMS:
Electron flux (May 2011 / May 2013)

- The electron flux (multiplied by E3) up to 500 GeV  
- It is rising up to 10 GeV and appears to be on a smooth, slowly falling curve 
above.
- The measurement is in good agreement with the previous data.
- The differences at low energies can be attributed to the effect of the solar 
modulation.

COSPA 2013
Corti’s talk

Positron 

Electron The electron 
spectrum (xE3) 
slowly falls 
above 10 GeV 

The positron spectrum 
(xE3) displays a steady 
rise above ~30 GeV 



AMS-02: Electron + Positron Flux 
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New results from the first 2 years of AMS:
Electron plus Positron flux 

(May 2011 / May 2013)

Comparison with latest measurementsCurves extended to ~700 GeV. No visible structure in 
the combined flux. 



Neutrinos: Ice Cube 7
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FIG. 4. Impact of including uncertainties on the limit calcu-
lation for Segue 1 for annihilation into W+W−. For all other
limits, the astrophysical uncertainties are not included to al-
low for inclusion of better estimates of the J factors in the
future.

Source WIMP Masses (TeV)
< 1 1 - 10 > 10

Photon propagation in ice 20% 20% 15%
Absolute DOM efficiency 15% 10% 5%
Total uncertainty 25% 22% 16%

TABLE III. Relative uncertainties of the dominating experi-
mental systematics affecting the flux determination. The un-
certainties were added in quadrature.

muon propagation, neutrino cross section and the pres-
ence of the bedrock, each of which have been studied
in previous analyses (see e.g. [41]) add approximately
6% to the total uncertainty. The uncertainty due to
Monte Carlo simulation statistics and detector exposure
as well as the individual track pointing uncertainty is
much smaller.

In order to assess the uncertainties on the ice proper-
ties, two ice models tuned to in-situ measurements with
artificial light sources were compared [42] and the ra-
tio of the calculated sensitivities in both models was in-
vestigated as function of WIMP mass and source direc-
tion. The observed discrepancy between the models, also
seen in the data/MC comparison, ranges between 10% for
tracks traversing the detector parallel to the strings and
20% for larger zenith angles.

To assess the DOM sensitivity uncertainties, three
Monte Carlo samples, with 90%, 100% and 110% of the
nominal DOM sensitivity, were investigated as function
of WIMP mass and source direction. The observed dis-
crepancy between the models is largest for low energy
events, see Table III. The estimate for this systematic
uncertainty in signal acceptance ranges between 15% for
WIMP masses of 1 TeV and 5% above 10 TeV.
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FIG. 5. Upper limits for the annihilation into the W+W−

channel for the dwarf galaxies Draco, Segue 1, Ursa Major II
and Coma Berenices. Included is the stacking for Segue 1 and
Ursa Major II. The sensitivity curves (not shown) differ from
the limit curves by multiplicative factors of 0.58 (Segue 1),
0.90 (Ursa Major II), 0.61 (Draco), 5.1 (Coma) and 1.0 (stack-
ing).

VII. RESULTS

With the exception of cross checks on small subsets of
the data, the analysis was performed in a blind way: the
signal optimization was done entirely on simulations and
the whole data set with full directional information was
examined only after the selection criteria were finalized.
No significant excess beyond the background expecta-

tion was found. Upper limits at the 90% confidence level
were calculated from the event and background num-
bers, shown in Table IV, using the Feldman-Cousins ap-
proach [43], incorporating detector related signal uncer-
tainties in a semi-Bayesian approach [44]. Astrophysical
uncertainties are not included to simplify the inclusion
of better estimates of the J factors in the future. As an
illustration of present uncertainties, in Fig. 4 we show
the impact of including the astrophysical uncertainty on
the J factor into the limit calculation for Segue 1.
We present the upper limits for various objects and

annihilation channels in the following plots. The sensi-
tivity curves are the result of two competing effects. One
finds the effective area improves with increasing neutrino
energies at higher WIMP masses, while the background
decreases. At the same high masses the WIMP number
density decreases, which ultimately reduces the WIMP
annihilation rate.
Fig. 5 compares the extracted upper limits for the

dwarf galaxies assuming WIMP annihilation to the
W+W− channel. The best sensitivity is achieved for the
stacked result of Segue 1 and Ursa Major II. However,
due to an under-fluctuation of events, the most constrain-
ing limit for a single dwarf galaxy is obtained for Coma
Berenices for WIMP masses above 20 TeV. Fig. 6 shows
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FIG. 8. Summary of limits obtained in the τ+τ− and µ+µ−

channels compared to preferred regions obtained by interpret-
ing the PAMELA and Fermi excesses as due to dark mat-
ter annihilation [15]. Also shown are limits from VERITAS
for Segue 1 [47], from H.E.S.S. for the Fornax galaxy clus-
ter [48], from Fermi for stacked dwarf galaxies [29] and the
Fornax cluster [49], as well as the IceCube result for the
Galactic Halo [6]. Also shown is the “natural scale”, for
which the WIMP is a thermal relic [45, 46] and the unitarity
bound [50, 51], which limits the cross sections at high masses.

the Virgo and Coma galaxy clusters, Andromeda (M31)
as well as the Segue 1, Ursa Major II, Coma Berenices
and Draco dwarf galaxies. Finding no significant excess,

we placed constraints on the dark matter velocity aver-
aged self-annihilation cross section, 〈σAv〉, at the 90%
C.L. for WIMP masses between 300 GeV and 100 TeV
for a range of assumed WIMP annihilation channels.
While γ ray experimental observations provide signifi-
cantly stronger limits below 1 TeV, our measurements
competitively probe the cross section above 1 TeV, par-
ticularly when incorporating the large effect of dark mat-
ter subhalos. The results will improve in the future by
incorporating more data from the fully instrumented Ice-
Cube detector and by employing a likelihood method for
the stacking of potential sources.
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More sensitivity from 
Virgo cluster than 
stacking of Dwarfs. 
 
A lot more running left 
in this program! 



Direct Production of DM in a 
laboratory 

 
 
 



2. Dark Matter Production: LHC 

Elastic Scattering (t-channel)                   Pair Production (s-channel) 

Direct Searches                                Collider Searches 

γ	



ET
miss 

Radiation of a boson (photon, gluon, W, 
Z) in the initial state makes the process 
visible.  
SM vertex well understood. Search for 
such “mono-boson” states. 

Invisible Nuclear 
Recoil 



SUSY Production @ LHC 

SUSY based search for DM involves investigating neutralino 
production as the fundamental technique. Two types of 
processes: 1) Cascade decays into LSP from heavier SUSY 
states and 2) direct gaugino production. 
 
Example of direct production: the tri-lepton final state. 

No detailed presentation of SUSY searches in this talk. 
See Sunil Somalwar’s talk.   



Fox, Harnik, Knopp and Tsai  Phys. Rev. D 85, 056011 (2012) 
     

Cast this process as a contact interaction with effective operators. The 
two important operators used by CMS are: 
 
 
  
 

 

Vector Operator Axial-Vector Operator 

 

 

 

Where µ is the reduced mass 

( SI )                                          ( SD ) 

0.33 

Model Independent Phenomenology-I 

The operators provide cross sections that depend on the scale Λ and 
mDM, the mass of the DM particle.  The vector operator leads to spin-
independent (SI) and the axial-vector operator to the spin-dependent 
(SD) cross section: 
 
 
  
 

 



Bai, Fox and Harnik, JHEP12(2010)048 
 
Scalar operators predict a much larger  
cross section than vector -> use the 
vector operator phenomenology for 
spin-independent limits. 
 
Axial-scalar operator 
is only relevant for low 
mediator mass case.     Axial vector operator for 
                                       spin-dependent case. 

     
 

 

LHC Phenomenology-I (contd.) 



     
Goodman, Ibe, Rajaraman, Shepherd, Tait and and Yu, Phys. Rev. D 82, 116010 (2010) 
 
Considers a comprehensive set of effective operators. DM is assumed to be 
a Dirac particle. The ATLAS analysis makes use of 5 of these operators: 
 
 
  
 

  

 

 

LHC Phenomenology-II 

Not used in 
CMS 
analyses 



     
Recent work from these authors includes the case of Majorana DM 
particles.   J. Goodman, et. al, Phys. Lett. B 695, 185 (2011) 
 
 
 
  
 

 

 

 

 

LHC Phenomenology-II (contd.) 
Rather than set limits on WIMP-nucleon cross section, the 
ATLAS Monojet approach is to examine the M*-MDM plane, 
where M* is the suppression scale:  
 
M*  = Mm/(gDM * gqq)1/2 , where the g’s are the couplings of 
the mediator to DM and to quarks. Mm is mediator mass.	


	


Observed upper limits on the cross section are converted 
into lower bound on M*.  
 
In ATLAS analyses, exclusion regions are established for a 
variety of the operators in this plane. 
 
 
 



CMS Limits 

Monophoton 
Spin Dependent 

There is no mass 
threshold. The 
analysis has been 
restricted to be > 
1 GeV. 

Monojet 
Spin Independent 

Monojet 
Spin Dependent 



ATLAS Limits:  Monojets @ 7TeV 

       Include D11 
Higher order scalar 
 

Include D9 (tensor) 



ATLAS Limits: Monojets w/Vector Operator 

Thermal relic line is 
derived by setting 
the effective  
coupling, such that 
the correct relic 
abundance is 
preserved.  

Results are presented in the form of an expected and 
observed limit for the case of each assumed operator. 

The shaded regions in the bottom-right corner 
correspond to parameter space where the 
effective theory is not valid. 



CMS: SUSY 

See Sunil Somalwar’s talk 

Current limits on neutralino 
 
 
 
Projections for 14 TeV 



Direct Detection of DM in a 
laboratory 

 
 
 



3. Direct Detection 
Basic goal: search for nuclear recoil from DM  
elastic scattering. 
 
Simple dynamics. Cross section α (form factor)2 

Spin-independent: Nucleon form factor gives rise to A2 
enhancement due to coherence. 

 

 

Spin-dependent: Form factor depends on nuclear spin. No 
coherence enhancement. 

The dependence on q2 is also contained in the form-factors.   
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A rapidly growing 
community. 
 
New experiments coming 
online around the world. 



Annual WIMP Modulations 
A WIMP detection signal should vary over the course of the year as 

Earth revolves around the Sun, which is traversing the galaxy. 

Sheffield 
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DAMA experiment 
claims a signal. 
 

Cross-checks planned, at Gran 
Sasso and South Pole (DM-Ice?) 



CoGeNT 
CoGeNT is a Ge detector in 
Soudan Lab. It sees an excess in 
the region~1 KeVee. 
Aalseth et al. ArXiv: 11060650  



March 2012 … CDMS refutes the modulation claim 



Xenon 100 Limit from July 2012 



More high-velocity particles in the summer, than the winter

Annual Modulation
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A new twist to the modulation claim 

Gravitational Focusing

Sun

Earth

DM Wind

June 1 

Sept 1 March 1 

Dec 1 

Wednesday, July 31, 13

Focusing effect is strongest during the Spring

Sun’s potential deflects incoming, unbound dark matter particles

K. Griest, PRD 1988. 
Alenazi and Gondolo [astro-ph/0608390] 

Lee et. al, arXiv:1308.1953v1 
 
 
 
Gravitational focusing by the 
sun enhances the DM flux 
around March. 
 
The change in velocity 
distribution also distorts the 
modulation size and phase. 
 
Need to include this effect in 
the various analyses. 



A compact 
history of 
WIMP 
Searches 
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50 GeV WIMP 

1 TeV WIMP 

LZ is poised to possibly provide an 
end-point to this saga … hopefully 
by discovering WIMPs or, by 
ruling out most of the theoretical 
and experimentally accessible 
landscape. 
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Why Xenon? 

Recoil Spectra High density (~3g/cm3) 
=> Powerful self-shielding. 
 
High A (131) => Large 
elastic σ	


 
Higher Sensitivity in the 
range 5 keV < E < 25 keV. 
 
Long electron drift 
lengths (few m) => scalable 
 
Efficient scintillator 

Nobel element => Inert. Can be purified via gettering techniques.  
 
No long-lived radio-isotopes. Metastable istopes useful in calibration. 
 



Two-phase XE TPC: Two Signal Technique 

Interaction 

EGC 

Cathode 

Grids 

Anode 

EAG > EGG > EGC 

Gas phase 

PMT Array 
Time 

Primary 
(S1) 

Secondary 
(S2) 

e- e- 
e- 
e- 

e- e- 
e- 
e- 

e- e- 
e- 
e- 

0–350 µs 
depending 
on depth 

~40 ns width 

~1 µs width 

Liquid phase 

EAG 
EGG 



Scintillation process in LXe 

Difference in in recombination 
efficiency is exploited to discriminate 
between electron and nuclear recoils. 
 
Xenon is transparent to its own 
scintillation light ! 
 

Figure of merit derived from plots of: 

Log (charge escaping recombination/
total primary light produced)   
 
 
 
 



NR Scintillation Yield 
Understanding the quenching 
at low energies in nuclear 
recoil is the key establishing 
the threshold. 

 

 

Modeled using NEST and G4 
optical model for light 
collection 
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NEST:  Xe100 limits 

Data taken at non-zero field is translated by those 
reporting the results, assuming reduction of 0.95 
(Aprile 2013, 730 V/cm) or 0.9 (Horn 2011, 
~4000 V/cm, from ZEPLIN-III). LUX is 181 V/cm. 
All other data points actually taken at zero field. 
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The LUX detector 

~ 7m diameter Water Cerenkov Shield. 

 
 

• 350 kg of Lxe 
• 122 photomultiplier tubes (top plus 
bottom)  



LUX: WIMP Search Result 
  S1 range for analysis [2-30] phe is in energy 3 - ~25 keVnr. 
  Lower end is lowest ever for Xe detector. LUX still has ~80% 

S1 finding there, confirmed with different data sets, methods 
  Total number of  events: only 160 in 85.3 live-days X 118 kg 
  Distribution of  events completely consistent with ER in 

log(S2/S1) space and consistent with BG in the volume 
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ER and NR Band Calibrations 
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

Novel low-energy, homogeneous beta source: high statistics, 
in-situ but removable 

Data consistent with simulation, which includes 
neutron multiple scattering and gammas associated 
with neutron sources, which make width greater 

(b) AmBe and Cf-252 NR Calibrations 
Approximate 
location of  
200 phe cut 
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+/- 1.28- 
sigma 
widths 
indicated 
(90% CL 
1-sided) 
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LUX Limit 

LUX (2013), 85 live days 

LUX +/- 1σ expected sensitivity 

XENON100 (2012), 225 live days 

XENON100 (2011), 100 live days 

ZEPLIN III 
CDMS II Ge 

Edelweiss II 

PLR accounts not 
only for S1 and S2 
distributions in 
energy, but also 3-D 
BG distribution. It 
helps avoid bias 
since it is not 
discriminating with a 
rectilinear cut 47 



Low-Mass WIMP Region 
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CRESST Favored 

CDMS II Ge 

DAMA/LIBRA Favored 

LUX (2013) 

Why so much lower for near-same 
exposure, in spite of  lower NR light 
yield assumed? Because of  lower S1 
threshold (2 vs. 3 phe) and higher 
light collection efficiency 
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LZ Detector 
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A two-phase Xe 
TPC with ~7 tonnes 
of Xe in active 
volume, of which 
~6 tonnes will be 
the fiducial volume. 
 
 
Three layers of 
shield/veto: Xe 
“skin”, Liquid 
Scintillator, Water 
tank. 

Engineering design is in an advanced state. 



LUX: 100 kg 
fiducial Xe,  
300 days run. 
 
LZ: 6 tonnes 
fiducial Xe, 
1000 days run. 

XENON100 
 

LZ Reach for WIMP Search 

50	
  



Snowmass Projections 
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Summary 
•  Dark Matter remains one of the leading 

problems in physics today. It appeals to the 
public’s imagination and attracts scientifically 
creative minds to work on it. 

 
•  The problem is being attacked in numerous ways. 
 
•  LHC will contribute in unique ways, in both model 

independent and SUSY-based searches. 
 
•  LZ holds the promise to be the ultimate G2 

direct WIMP search experiment. 


