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The Particle Dark Matter Zoo

Neutrinos
only massive (sterile) neutrinos 

can be cold or warm.  Low-mass  
neutrinos make hot dark matter.

Axions
Form as Bose condensate in early 

universe: cold in spite of low mass

Weakly Interacting  
Massive Particles (WIMPs)
new massive (~100 GeV) particle  

with electroweak scale interactions  
with normal matter

SUSY neutralino

Lightest Kaluza-Klein particle in  
universal extra dimensions

Less compelling candidates:
SUSY gravitinos (SuperWIMPs) and axinos WIMPzillas, SIMPzillas, primordial black holes, Q-

balls, strange quark nuggets, mirror particles, CHArged Massive Particles (CHAMPs), self 
interacting dark matter, D-matter, cryptons, brane world dark matter...
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Massive Sterile Neutrinos

keV sterile neutrino
acts as warm dark matter:  

cold enough to form  
structure correctly, hot  
enough to fix some  
cosmological quandaries

Produced in early universe  
by oscillations of active  
neutrinos (Dodelson-  
Widrow (DW) mechanism)

Decays to (M/2) photons via 
SM penguin diagrams

Limits
overclosure

x-ray emission from decays
sensitivity will improve with future X-ray satellites (Astro-H and Athena): limited by energy resolution

Lyman-α forest: too light a neutrino is too hot, washing out small-scale structure
Bounds may improve with better understanding of systematics in measurements and simulations

pulsar kicks: asymmetry in scattering of neutrinos off magnetic-field-polarized e and N yields  
asymmetric neutrino emission; improved modeling may reduced allowed regions
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(mixing angle with active neutrinos)

A. Kusenko

3 Theoretical Input to Indirect Detection Signals 13

the far more general 19-parameter pMSSM[44]. We adopt this approach for one of our benchmarks in the
sensitivity estimates presented below.

3.1.2 Generic WIMPs and contact operator constraints

A model-independent approach to WIMP phenomenology consists in making the assumption that the parti-
cles mediating dark matter’s interactions with the Standard Model are very heavy, leading to a description
in terms of contact interactions in the context of an e⇥ective field theory (EFT). Depending on the relevant
process, and on the spin and nature (e.g. Dirac or Majorana) of the DM candidate, it is possible to write
down a complete set of relevant operators of a given dimension. Much like Fermi’s theory of the weak
interaction the strength of each operator is expressed in terms of a quantity � with the dimensions of mass.
Constraints can then be obtained from a variety of experimental results as a function of �. A key advantage
of this approach is that it captures the phenomenology of a wide variety of dark matter models (although
naturally not all) and that it is especially simple to compare various di⇥erent detection methods.

3.1.3 Indirect Detection of Non-WIMP DM models

WIMPs do not nearly exhaust the huge variety of known particle physics candidates for dark matter. Many
non-WIMP DM models can be tested by the same experiments relevant for indirect WIMP detection
(sometimes this is the only practical means of detection). In other cases, direct detection may provide
the only avenue for discovery. Non-WIMP dark matter is covered at much greater length in the CF3 report.
Here we give a partial list of non-WIMP DM scenarios, and describe the implications for indirect detection.
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Figure 3: Summary of astrophysical constraints on in the mst � � plane for sterile neutrino dark matter
assuming a standard cosmology below the temperature when neutrino oscillations occur, adapted by Kusenko
from Ref.[45].

Sterile neutrinos provide another candidate for non-WIMP dark matter. [45]. Sterile neutrinos are motivated
by a variety of arguments besides the necessity of a DM candidate (for example, the generation of a baryon
asymmetry, and the non-zero value of SM neutrino masses). Sterile neutrinos generically decay into ordinary
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Axions

3
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G. Raffelt
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Cosmologically interesting:
provides appropriate ΩDM,  
ma = 1 µeV to 1 meV

Axion Direct Search 
Techniques

Microwave cavity  
conversion

1 GHz = 4 µeV: use high-Q tunable  
cavity in high B field;  
when f0 = ma, excess power

Detection: RF amplifier + Fourier transform  
power spectrum, excited Rydberg atom  
photodetection

Can cover ~1 µeV to 100 µeV;  
cavities become too small > 100 µeV

With µwave SQUID amplifier and colder  
cavity, ADMX II will definitively test full  
KSVZ to DFSZ for part of cosmologically 
interesting ma range
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Figure 3. The landscape of axion searches. The vertical axis is the axion’s coupling to two photons. The
horizontal axis is the axion’s mass. The diagonal lines are the expected range in coupling for the QCD axion.
The allowed QCD axion window is approximately between 1 µeV and 1 meV. Dark matter QCD axions are
in the approximate mass range 1 µeV to 100 µeV, with the bounds having considerable uncertainties. Also
shown are upper limits from SN1987A (also white dwarfs) and HB stars (the red giant bound). Sensitivities
of various technologies are also shown (“Laser”, etc.). The QCD (PQ) dark-matter axions will be explored
with high sensitivity in the next decade by RF-cavity experiments. The solar experiments (CAST and
IAXO) have sensitivity a a large part of the non-PQ search space and the upper end of the QCD axion
window. Of course, there could be surprises in both mass and couplings.

4.3 Black holes

Primordial black holes (PBH) constitute a viable dark matter candidate. This is probably the only possible
form of dark matter that is not made up of exotic new elementary particles or forms of matter. Black Holes
(BH) have been contemplated as Dark Matter candidates since at least 1970s [183, 184, 185]. In fact, one of

Community Planning Study: Snowmass 2013
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Cosmologically interesting:
provides appropriate ΩDM,  
ma = 1 µeV to 1 meV

Decays
a → 2γ, Eγ = ma/2 spectral line

Old and more recent searches done at optical 
wavelengths, excluded DFSZ and KSVZ axion 
models

Improvements in radio receivers may enable 
searches in mm/cm-wave regime where cavity 
expts are more difficult  
(100 µeV - 1 meV), but not easy w/o 
enhancement by B!
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FIG. 8: Comparison of existing limits to the two-photon cou-
pling of a 4.5 eV− 14 eV axion with the projected sensitivity
of our proposed observations of lensing cluster RDCS 1252
(z = 1.237). Flux limits and density profiles were assumed
to be the same as those of A2667/A2390. The best existing
upper limits to ξ in the higher mass window come from lim-
its to the Diffuse Extragalactic Background Radiation (DE-
BRA), and were rescaled for consistency with today’s best-fit
ΛCDM parameters and recent measurements [18, 19]. The
limits reported in this and previous work, derived using opti-
cal spectroscopy of galaxy clusters, are shown for comparison
[20, 21]. Regions inaccessible due to night-sky emission lines
are marked with narrow black arrows. The two solid horizon-
tal lines indicate the predictions of the DFSZ and KSVZ axion
models; the downward arrows indicate that ξ is theoretically
uncertain.

obtained from a cross-correlation analysis. We do the
same, using our data on A2667 and A2390.

E. Cross-Correlation Analysis

If there is an emission line at the same wavelength in
the rest frame of both clusters, the function

g(l) =

∫

I1(x)I2(x + l)dx
[∫

I2
1 (x)dx

∫

I2
2 (x)dx

]1/2
, (11)

will have a peak at the lag l0 =
ln [(1 + zA2667) / (1 + zA2390)], where x = lnλ, I1(x) and
I2(x) are the specific intensities of galaxy clusters A2667
and A2390, and zA2667 and zA2390 are their redshifts
[20, 21]. A statistically significant peak in g(l) would
indicate the existence of an intracluster emission line
at unknown wavelength (and correspondingly unknown
axion mass), which could then be searched for more
carefully in the individual spectra. Peaks due to noise

FIG. 9: The upper left panel of this figure shows a simu-
lated 4255.2Å slice of the A2667 IFU data cube, with an
axion-decay emission line inserted corresponding to ma,eV =
7.2 and ξ = 0.011. The flux scale is in units of
10−18 erg s−1 cm−2 Å

−1
. This slice, which lies at the ex-

pected line center, shows evidence of the inserted axion line.
The resulting ‘emission’ clearly traces the cluster mass density
profile. The lower left panel of this figure shows a simulated
slice of the same data cube, but at 5267.2Å, well away from
the line center. As expected, no signature of axion emission is
present this far away in wavelength from the line center. The
upper/lower right panels of this figure show 4255.2Å/ 5267.2Å
slices, respectively, of the actual A2667 IFU data cube used
for our analysis.

may arise either due to the roughly Gaussian fluctuations
in flux of the individual spectra, or due to imperfectly
subtracted flux around sharp sky emission lines. It is
thus appropriate to mask out bright sky lines. If we
assume that the distribution of remaining noise peaks is
Gaussian, then the probability that a cross-correlation
peak with height greater than or equal to s is due to
noise is [20, 21]

P (≥ s) =

∫ ∞

s

e−x2/(4σ2
g)dx√

πσg
= 1 − Erf

(

s

2σg

)

. (12)

Here, σg is the rms value of the antisymmetric compo-
nent of g(l) and provides an estimate of the correlation
due to noise, since a Gaussian signal leads to a symmet-
ric correlation function [20, 46]. Eq. (12) determines the
statistical significance of peaks in g(l). Our analysis of
correlated spectra follows the treatment of Ref. [46]. We
calculate g(l) using the sky subtracted one-dimensional
spectra of A2667 and A2390. With a cross-correlation
technique, we are able to perform a blind search for clus-
ter rest-frame emission. We find no statistically signifi-
cant (> 2σg) cross-correlation peaks, as shown in Fig. 10.

Grin et al (2007)

Axion Direct Search 
Techniques
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Cosmologically interesting:
provides appropriate ΩDM,  
ma = 1 µeV to 1 meV

Solar axions
Photons convert to axions  

via Primakoff process in sun; 
~keV thermal kinetic energy

Axion-conversion telescopes 
sensitive to ~1 eV axions; too 
massive to be CDM, could be 
HDM (though ≪ ΩDM)

Higher masses probed by Bragg 
scattering searches

Beginning to probe DFSZ and 
KSVZ models
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The paper is on the archive arXiv:0902.4693 (submitted to PRL) 

axion-conversion 
telescopes

Bragg scattering
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Cosmologically interesting:
provides appropriate ΩDM,  
ma = 1 µeV to 1 meV

Other laboratory searches
γ → a → γ in B field; relatively poor sensitivity bec. two vertices; very far away from 

plausible models
Shining light thru walls.  Will be more sensitive w/high Q optical cavities in future.
B-induced polarization rotation
B-induced birefringence

Torsion pendulum (Eot-Wash group)
Axions mediate a P and T violating force between electrons and nucleons
Look for violations of 1/r2
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Cosmologically interesting:
provides appropriate ΩDM,  
ma = 1 µeV to 1 meV

Axions: Definitively 
Testable

Microwave cavity  
conversion
1 GHz = 4 µeV: use  

high-Q tunable cavity in  
high B field; when f0 = ma,  
excess power

Detection: RF amplifier + Fourier  
transform power spectrum,  
excited Rydberg atom photodetection

Can cover ~1 µeV to 100 µeV;  
cavities become too small > 100 µeV

With µwave SQUID amplifier and  
colder cavity, ADMX II will definitively  
test full KSVZ to DFSZ for part  
of cosmologically interesting ma range
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Figure 3. The landscape of axion searches. The vertical axis is the axion’s coupling to two photons. The
horizontal axis is the axion’s mass. The diagonal lines are the expected range in coupling for the QCD axion.
The allowed QCD axion window is approximately between 1 µeV and 1 meV. Dark matter QCD axions are
in the approximate mass range 1 µeV to 100 µeV, with the bounds having considerable uncertainties. Also
shown are upper limits from SN1987A (also white dwarfs) and HB stars (the red giant bound). Sensitivities
of various technologies are also shown (“Laser”, etc.). The QCD (PQ) dark-matter axions will be explored
with high sensitivity in the next decade by RF-cavity experiments. The solar experiments (CAST and
IAXO) have sensitivity a a large part of the non-PQ search space and the upper end of the QCD axion
window. Of course, there could be surprises in both mass and couplings.

4.3 Black holes

Primordial black holes (PBH) constitute a viable dark matter candidate. This is probably the only possible
form of dark matter that is not made up of exotic new elementary particles or forms of matter. Black Holes
(BH) have been contemplated as Dark Matter candidates since at least 1970s [183, 184, 185]. In fact, one of

Community Planning Study: Snowmass 2013

CSS CF3 working group
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The Classic WIMP Scenario

A WIMP χ is like a massive neutrino: produced when T >> mχ via pair annihilation/
creation.  Reaction maintains thermal equilibrium.

If interaction rates high enough, comoving density drops as exp(−mχ / T) as T drops 
below mδ : annihilation continues, production becomes suppressed.

But, weakly interacting → will  
“freeze out” before total annihilation if  
 
 
 
i.e., if annihilation too slow to keep  
up with Hubble expansion

Leaves a relic abundance:  
 
 
 
for mχ = O(100 GeV)  
→ if mχ and σann determined by  
new weak-scale physics, then Ωχ is O(1)

10

freeze out

canonical Kolb and Turner 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Supersymmetry and WIMPs

The Gauge Hierarchy problem:  Why is MPl >> MEW?
Alternatively: why are Standard Model  

particle masses so small compared to MPl?   
Radiative corrections destabilize Higgs 
boson mass:

Supersymmetry provides a solution
Standard Model particles in supermultiplets combining particles of different spin
stabilizes radiative corrections: every bosonic loop has a corresponding fermionic 

loop carrying opposite sign 
SUSY-breaking splits masses so  

superpartners not yet visible 
Λ given by SUSY-breaking scale:  

loop cancellation works above Λ.   
Need Λ ~ 1 TeV to keep Higgs light; also provides unification of couplings.

Lightest superpartner is a good WIMP candidate
stable, m = O(100 GeV), undetected bec. neutral & interacts only via heavy 

mediators (EW gauge bosons, Higgs, superpartners of quarks)

∆mH
2 = O(α/π) Λ2    Λ ~ MPl

11

m2
h ¼ ðm2

hÞ0 $
1

16p2
k2K2 þ & & & ; ð5Þ

where the last term is the leading quantum correction, with k the Higgs-fermion cou-
pling. K is the ultraviolet cutoff of the loop integral, presumably some high scale well
above the weak scale. If K is of the order of the Planck scale '1019 GeV, the classical
Higgs mass and its quantum correction must cancel to an unbelievable 1 part in 1034

to produce the required weak-scale mh. This unnatural fine-tuning is the gauge hier-
archy problem.

In the supersymmetric standard model, however, for every quantum correction
with standard model fermions fL and fR in the loop, there are corresponding quantum
corrections with superpartners ~f L and ~f R. The physical Higgs mass then becomes

m2
h ¼ ðm2

hÞ0 $
1

16p2
k2K2 þ 1

16p2
k2K2 þ & & &

( ðm2
hÞ0 þ

1

16p2
ðm2

~f $ m2
f Þ lnðK=m~f Þ; ð6Þ

where the terms quadratic in K cancel, leaving a term logarithmic in K as the leading
contribution. In this case, the quantum corrections are reasonable even for very large
K, and no fine-tuning is required.

In the case of exact supersymmetry, where m~f ¼ mf , even the logarithmically
divergent term vanishes. In fact, quantum corrections to masses vanish to all orders
in perturbation theory, an example of powerful non-renormalization theorems in
supersymmetry. From Eq. (6), however, we see that exact mass degeneracy is not re-
quired to solve the gauge hierarchy problem. What is required is that the dimension-
less couplings k of standard model particles and their superpartners are identical,
and that the superpartner masses be not too far above the weak scale (or else even
the logarithmically divergent term would be large compared to the weak scale,
requiring another fine-tuned cancellation). This can be achieved simply by adding
supersymmetry-breaking weak-scale masses for superpartners. In fact, other terms,
such as some cubic scalar couplings, may also be added without re-introducing
the fine-tuning. All such terms are called ‘‘soft,’’ and the theory with weak-scale soft
supersymmetry-breaking terms is ‘‘weak-scale supersymmetry.’’

2.3. The neutral supersymmetric spectrum

Supersymmetric particles that are electrically neutral, and so promising dark mat-
ter candidates, are shown with their standard model partners in Fig. 2. In supersym-

Fig. 1. Contributions to the Higgs boson mass in the standard model and in supersymmetry.
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m3=2: ð14Þ

As noted in Section 2.5, the gravitino may naturally be the LSP. It may play an
important cosmological role, as we will see in Section 4. For now, however, we fol-
low most of the literature and assume the gravitino is heavy and so irrelevant for
most discussions.

The renormalization group evolution of supersymmetry parameters is shown in
Fig. 5 for a particular point in minimal supergravity parameter space. This figure
illustrates several key features that hold more generally. First, as superpartner
masses evolve from MGUT to Mweak, gauge couplings increase these parameters,
while Yukawa couplings decrease them. At the weak scale, colored particles are
therefore expected to be heavy, and unlikely to be the LSP. The Bino is typically
the lightest gaugino, and the right-handed sleptons (more specifically, the right-
handed stau ~sR) are typically the lightest scalars.

Second, the mass parameter m2
Hu

is typically driven negative by the large top Yuk-
awa coupling. This is a requirement for electroweak symmetry breaking: at tree-level,
minimization of the electroweak potential at the weak scale requires

jlj2 ¼
m2

Hd
$ m2

Hu
tan2b

tan2b$ 1
$ 1

2
m2

Z % $m2
Hu

$ 1

2
m2

Z ; ð15Þ

where the last line follows for all but the lowest values of tanb, which are phenom-
enologically disfavored anyway. Clearly, this equation can only be satisfied if
m2

Hu
< 0. This property of evolving to negative values is unique to m2

Hu
; all other mass

Fig. 5. Renormalization group evolution of supersymmetric mass parameters. From [11].

10 J.L. Feng / Annals of Physics 315 (2005) 2–51

SUSY Particle Content and Parameters

Every SM fermion (spin-1/2) gets spin-0 “scalar fermion (sfermion)” partner
Every SM gauge boson (spin-1) gets spin-1/2 “gaugino” partner

Higgs (spin-0) acquires spin-1/2 “higgsino” partner
Need a second Higgs to preserve SUSY
Graviton (spin-2) gets spin-3/2 “gravitino”

Parameters
In unbroken SUSY, all params fixed by SM

SUSY breaking results in O(100) params

mSUGRA assumption: Masses assumed  
to be universal at GUT scale:  
m0 scalar mass, m1/2 “ino” mass

tan β = ratio of two Higgs  
vacuum expectation values

µ = Higgs mass parameter

Trilinear couplings A0 (analogue of  
Yukawa couplings in SM)

R-parity prevents proton decay and makes lightest superpartner (LSP) stable

12
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Constrained Minimal  
Supersymmetric Standard Model

Very narrow blue strips:  
LSP relic density matches 
DM density
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space due to absence of missing  
transverse energy events at LHC Run 1
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Beyond Supersymmetric Dark Matter
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Hidden Sectors

Low-mass WIMPs (<< EW scale = 100 GeV) historically disfavored 
theoretically because of mismatch with scale of new physics (SUSY)

Can adjust DM mass scale via weak coupling between dark and visible sectors, 
with SUSY preserved in visible sector

15

• Moral 2: secluded, hidden valleys can 
be “natural”

Hooper, KZ

DarkVisible

SUSY 
Breaking

Amount of SUSY breaking transmitted sets DM mass scale
Small coupling between sectors = small mass

Monday, June 8, 15

Hooper, Zurek100 GeV 1 GeV
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Asymmetric Dark Matter
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Asymmetric Dark Matter

Why is ΩDM = 5 Ωb?
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Asymmetric Dark Matter

Why is ΩDM = 5 Ωb?
Proposal: 

nDM and nb generated by same physics, nDM ≈ nb

observed asymmetry ηb ≈ nb/nγ ≈ 6 x 10−10  
can be generated in the b, DM or both

need a mechanism that
couples asymmetries in the two sectors to  

each other so ηb ≈ ηDM

becomes weak as universe cools so  
asymmetries are preserved (“hidden”)
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couples asymmetries in the two sectors to  

each other so ηb ≈ ηDM

becomes weak as universe cools so  
asymmetries are preserved (“hidden”)

need to make nDM/ηDM annihilate to leave nDM  
(as baryons do): a new U(1)D, “dark photon”
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Asymmetric Dark Matter

Why is ΩDM = 5 Ωb?
Proposal: 

nDM and nb generated by same physics, nDM ≈ nb

observed asymmetry ηb ≈ nb/nγ ≈ 6 x 10−10  
can be generated in the b, DM or both

need a mechanism that
couples asymmetries in the two sectors to  

each other so ηb ≈ ηDM

becomes weak as universe cools so  
asymmetries are preserved (“hidden”)

need to make nDM/ηDM annihilate to leave nDM  
(as baryons do): a new U(1)D, “dark photon”

Simple prediction for DM particle mass: 

16

nb nDM

visible dark

m
at

te
r, 

n b
(1

/η
b+

1)

an
tim

at
te

r, 
n b

(1
/η

b)

m
at

te
r, 

n b
(1

/η
b+

1)

an
tim

at
te

r, 
n b

(1
/η

b)

U(1)EM U(1)D

mDM

mb
=

�DM

�b

�b

�DM/qDM

1� �DM

1 + �DM



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

Asymmetric Dark Matter

Why is ΩDM = 5 Ωb?
Proposal: 

nDM and nb generated by same physics, nDM ≈ nb

observed asymmetry ηb ≈ nb/nγ ≈ 6 x 10−10  
can be generated in the b, DM or both

need a mechanism that
couples asymmetries in the two sectors to  

each other so ηb ≈ ηDM

becomes weak as universe cools so  
asymmetries are preserved (“hidden”)

need to make nDM/ηDM annihilate to leave nDM  
(as baryons do): a new U(1)D, “dark photon”

Simple prediction for DM particle mass: 

A new look at DM:
Totally plausible non-SUSY theory; not subject to SUSY minimum mass bounds
New “dark force” opens up possibilities: heavy photons, velocity-dependent self-

interaction, scattering via light mediators, dark atoms, etc.
Momentum-transfer-dependent cross section can reconcile results of different direct 

detection experiments that use different targets or cover different energy ranges

16

nb nDM

visible dark

m
at

te
r, 

n b
(1

/η
b+

1)

an
tim

at
te

r, 
n b

(1
/η

b)

m
at

te
r, 

n b
(1

/η
b+

1)

an
tim

at
te

r, 
n b

(1
/η

b)

U(1)EM U(1)D

mDM

mb
=

�DM

�b

�b

�DM/qDM

1� �DM

1 + �DM



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala17

ht
tp

://
ww

w.
as

tro
.u

m
d.

ed
u/

~s
sm

/m
on

d/
flo

wc
ha

rt.
ht

m
l

http://www.astro.umd.edu/~ssm/mond/flowchart.html


Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala18



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala19



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

Purely Phenomenological Approach?

Since we don’t know the theory that explains the DM,  
all possible interactions with χ need to be mapped out experimentally  

using all the tools we have available...

20
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Detecting and Studying Dark Matter

Accelerator Production: make DM in lab w/quark-antiquark (p-anti-p) 
collisions

21
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Detecting and Studying Dark Matter

22
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Detecting and Studying Dark Matter

Indirect Detection: DM self-annihilates to other particles

22
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Detecting and Studying Dark Matter
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Direct Detection: DM scatters with normal matter

Detecting and Studying Dark Matter

23
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Direct Detection of WIMPs

WIMPs expect to dominate halo of our  
galaxy with following characteristics:
mass ~ 100 proton masses
speed ~ 300 km/s ~ 0.001c

With these characteristics, they scatter  
off of nuclei like billiard balls.
typical energy deposited:  

tens of keV (like a medical  
X-ray; not very energetic!)

typical rate: < 0.01/kg/day

Electron scatters not energetic enough
Like a tennis ball against a wall
So only look for nuclear recoils
Though searches for sub-eV ERs growing

Expected nucleus and energy dependence:
A2 scaling at zero momentum transfer
Form factor for breakdown of coherence

24
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Interaction of Dark Matter with Normal Matter

Beyond simple A2 scaling:
NR limit valid for WIMP but not  

for nucleons!
Fitzpatrick, Haxton, Katz, Lubbers,  

Xu 2013:
Need to consider  

much larger  
set of couplings  
to nucleons (8)

Orbital angular  
momentum  
of nucleons  
can play  
important  
role

Changes nature 
of coherence

Surprising  
patterns

Why not violate  
isospin?

25

H. Nelson

1.25¥ 105 1.80¥ 105

1.17¥ 106

3.13¥ 106 3.23¥ 10
6

»Mp»

F Na Ge I Xe

500000

1.0¥ 106

1.5¥ 106

2.0¥ 106

2.5¥ 106

3.0¥ 106

M

1.51¥ 105 2.11¥ 105

1.83¥ 106

5.69¥ 106
6.11¥ 106

»Mn»

F Na Ge I Xe

1¥ 106

2¥ 106

3¥ 106

4¥ 106

5¥ 106

6¥ 106

M

2.26¥ 103

340.

0.0241
252.

0.153

»Sp'»

F Na Ge I Xe

500

1000

1500

2000

S'

0.775 2.31

46.3

10.2

122.

»Sn'»

F Na Ge I Xe

20

40

60

80

100

120

S'

1.14¥ 103

203.

0.00573

181.

0.0619

»Sp''»

F Na Ge I Xe

200

400

600

800

1000

S''

0.330 0.987

36.2

8.57

125.

»Sn''»

F Na Ge I Xe

20

40

60

80

100

120

S''

40.9

378.

0.770

718.

19.2

»Dp»

F Na Ge I Xe

100

200

300

400

500

600

700

D

29.6
46.6

306.

117.

155.

»Dn»

F Na Ge I Xe

50

100

150

200

250

300

D

64.0 2.41¥ 103

6.01¥ 104

2.63¥ 105

1.52¥ 105»Fp''»

F Na Ge I Xe

50000

100000

150000

200000

250000

F''

417. 3.97¥ 103
2.37¥ 104

5.20¥ 104

2.37¥ 105

»Fn''»

F Na Ge I Xe

50000

100000

150000

200000

F''

Figure 1: Size of integrated form factors
R

100MeV

0

1

2

qdqF (q2) for di↵erent nuclear responses,

weighted by the natural abundances of isotopes.

24

�L

�L · �s

proton neutron



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

Why is this difficult?

Very low rates
For comparison, there are natural radioactive decays in your body of comparable 

energy happening much more frequently (10 million/day):
potassium-40: about 4000 decays/second with energies around 500 keV
carbon-14: similar rate, energy around 100 keV

Earth itself is radioactive due to uranium, thorium, radon
Particles from outer space hit the top of the atmosphere and create showers of 

particles that reach us all the time (cosmic rays)
Need lots of target mass!

Low energy depositions
Because of low rate, need big detectors (> 10-100 kg these days)
But also need to detect very small amounts of energy!

Need to separate nuclear recoils due to WIMPs from electron recoils due to 
radioactive backgrounds

26
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Backgrounds

Particle types:
α, β, γ, n

Source:
radiogenic 
cosmogenic

27

14 WIMP Dark Matter Direct Detection

!
Figure 1-11. Background sources and shielding in a typical direct detection experiment

neutrinos form a fundamental lower bound on the cross section for background-free WIMP detection [43].
Next generation experiments will have sensitivity within an order of magnitude of the neutrino signal for
most of the mass range, and will actually detect the 8B solar neutrino signal.

Finally, another method to deal with backgrounds is to exploit the fact that the Earth is moving through the
dark matter that surrounds our galaxy, yielding a “WIMP wind” that appears to come from the constellation
Cygnus. This should, in principle, create a small “annual modulation” in the detected WIMP rates, as well
as a somewhat larger daily modulation, as shown in Fig. 1-12. However, if such e�ects were detected in an

Figure 1-12. Schematic of the possible sources of annual modulation (left) and daily modulation (right)
e�ects if WIMPs are detected in direct detection experiments

experiment, there would still have to be a convincing demonstration that there are no such modulations in
background sources.
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+ eventually, the 
ultimate background:  

coherent nuclear 
scattering of 

solar, atmospheric,  
and diffuse supernova 

bgnd neutrinos.  
Irreducible!
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What are good materials to use?

Semiconductors (silicon, germanium)

Liquified noble gases (neon, argon, xenon)

Copper
OFHC is pure, electroformed even purer  

Lead
Except 210Pb (22 year half-life)  

Plastics

Water

28



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

Challenges  

Very low energy thresholds (~10 keV)

 Large exposures (large active mass, long-term stability)

 Stringent background control (cosmogenic, radioactive)
 Cleanliness

 Shielding (passive, active, deep site)

 Discrimination power 

Strategies and Signatures

 

 

         
 

Nuclear recoils No multiplicitySI
G

NA
TU

RE
S
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→ Enormous range of techniques!
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Nuclear Recoil Discrimination

δ

v/c ≈ 0.001

Nuclear 
Recoils

 Dense Energy Deposition 
v/c small

γ

Electron 
Recoils

Signal Background

Neutrons same, but 

σ≈1020 higher; must 
shield

v/c ≈ 0.3

Sparse Energy Deposition

Er

Er

Density/Sparsity  
Basis of Discrimination

30
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Discrimination Techniques

Need sensitivity to energy deposition characteristics (density, energy) to 
discriminate nuclear recoils (NRs), electron recoils (ERs), and alphas:  

Enormous innovation in discrimination techniques in the last 20 years.

31

ionization scintillation

phonons

2-phase LXe and LAr

sub-Kelvin  
Ge and Si

sub-Kelvin scintillating
crystals (CaWO4, etc.)

pulse rise time
single-phase LAr, LNe

bubble  
chambers

bubbles nucleation  
discriminates NRs and ERs

alphas discriminated in bubble 
chambers using acoustic or 

scintillation signal
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Using Sound to Detect Dark Matter

D

Al W

~ 0.6 kg  
Si or Ge 
crystal 

at 0.04 K

4) free electrons diffuse to  
thermometer, falling down  
energy “hill”

40 60 80 100 120
0

1

2

3

T [mK]
R

 [W
]

2) sound waves 
created by recoil 

propagate to surface 
(1 cm / 0.000001 sec)

TES = transition
edge sensor

32

Interactions of any particle in a target cause acoustic vibrations: sound!
In fact, most of the energy goes into sound.  If we can detect this sound,

we can measure very small energy depositions, and we can measure total energy 
irrespective of the type of particle.

3) sound waves 
break apart 

paired electrons 
in superconductor 

on surface

5) electrons heat up 
thermometer and 

change its 
resistance

Invented by  
Cabrera’s group 
at Stanford and 

Sadoulet’s group 
at UC Berkeley

1) substrate at 0.04 K: 
must be cold enough 
for thermal vibrations 

to be negligible
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1 µm tungsten 
TES

380 µm x 60 µm  
aluminum fins

33

7.5 cm x 1 cm germanium  
or silicon crystal w/sensor 

patterned on surface

closeup  
on  

acoustic 
sensor

D    A

C B

sensor segmented 
into four quadrants to 
reconstruct position
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Position Reconstruction
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Collimated particle sources

Phonon Energy Partition Phonon Timing

Sound speed ~ 1 cm/0.000001s
Sensors measure position and energy.
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Innovation in Techniques: SuperCDMS

SuperCDMS: 
1990s: 

phonons + ionization 
discriminate NRs from ERs 
at low bias (few V)

2000s: 
phonon rise time  

discriminates surface  
events from bulk events

2010s: 
sophisticated electrode  

structure discriminates  
surface events from bulk  
events (EDELWEISS also)

double-sided phonon sensor 
promises phonon asymmetry 
discrimination

measure ionization only using  
phonons with high field:  
new sensitivity to low mass

35

Ionization measurement

Inner electrode
(85%)

Outer
electrode
(15%)

Two ionization channels:
! Inner fiducial volume
! Outer electrode where field 
lines are not uniform

!
!
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e- and h+ drift to surfaces in 3 
or 4 V/cm applied field 

FET amp

phonon sensors on this surface
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bulk electron recoils (gamma source)
bulk nuclear recoils (neutron source)
surface electron recoils (NND selection)
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Ionization measurement

Inner electrode
(85%)

Outer
electrode
(15%)

Two ionization channels:
! Inner fiducial volume
! Outer electrode where field 
lines are not uniform

!
!

"#$%$&'()*+$

%,#$%$-.-/0'(+-

e- and h+ drift to surfaces in 3 
or 4 V/cm applied field 

FET amp

surface events suffer poor ionization collection

surface events suffer poor ionization collection
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Innovation in Techniques: SuperCDMS

SuperCDMS: 
1990s: 

phonons + ionization 
discriminate NRs from ERs 
at low bias (few V)

2000s: 
phonon rise time  

discriminates surface  
events from bulk events

2010s: 
sophisticated electrode  

structure discriminates  
surface events from bulk  
events (EDELWEISS also)

double-sided phonon sensor 
promises phonon asymmetry 
discrimination

measure ionization only using  
phonons with high field:  
new sensitivity to low mass

35

surface 
event

nuclear 
recoil

rising edge slope



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

With this E-field configuration, a recoil event in the bulk of the detector will have e� transport
to the narrow positively biased electrode instrumented with charge amplifiers, while the h+ are
transported to the identically instrumented negatively biased electrode on the opposite face, leading
to a symmetric ionization signal for bulk events. For events near a face, the carriers follow the
large transverse E-fields that run between the interleaved electrodes on the same face leading to
asymmetric ionization collection signals. For radial fiducialization, we partition and separately
readout the ionization instrumented electrodes on each face into 2 concentric toroids (for a total of
4 ionization channels per detector).
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Figure 3: Left: Phonon and ionization sensor layout for the iZIP detector deployed at Soudan. The two faces are
instrumented with interleaved ionization (40 µm wide) and phonon sensors with �1,mm pitch. The phonon sensor
channel patterns diagrammed in Fig. 2 are visible. Right: Magnified cross section view of electric field lines (red)
and equipotential contours (blue) near the bottom face (Z = 0 mm) of a SuperCDMS iZIP detector. The ionization
electrode lines (yellow) are narrower than the athermal phonon collection sensors (green).

As a side benefit, the large E-fields parallel to the surface of the detector limit charge trapping
to the point that very few electron-recoil surface events are indistinguishable from nuclear recoils
even without z fiducialization.

Ionization Detection Through Luke-Neganov Gain
During charge transport, Luke-Neganov phonons are created with a total energy (in eV) equal

to the voltage the carriers travel through. These phonons are measured by our athermal phonon
sensors, in addition to the intrinsic recoil phonons. In our standard iZIP running mode, we operate
with the smallest bias voltage required to achieve a good measurement of the ionization charge
so that the true phonon recoil signal is not overwhelmed by Luke-Neganov phonons, which would
degrade the discrimination of electronic and nuclear recoils via ionization yield.

Nuclear recoils from very low-mass WIMPs (M� . 3 GeV/c2) are su⌅ciently small that the
relatively uniform (versus energy) electron-recoil background has a reduced overlap with the WIMP
signal region. As a result, it is advantageous to exchange the background discrimination provided
by ionization yield for the improved sensitivity to low energy recoils achieved by increasing the
voltage bias across the detector [71]. The limiting bias voltage is determined by the level at which
the phonon noise due to leakage current across the detector dominates the sensor noise. In our
first tests at Soudan, the maximum E-field was found to be 27V/cm, which corresponds to 90 V
across a 33.3 mm thick detector. To set the scale of what can be achieved, the low Tc Si prototype
mentioned above would have a signal 2� above the noise floor for a single e�/h+ pair (�15 eV for
nuclear recoils).

Interestingly, the relatively uniform electron-recoil background is reduced because the distri-
bution of electron recoil energy is “stretched” to higher energies due to electron recoils producing
significantly more ionization than a nuclear recoil of the same energy. This results in a factor of �5
suppression of the electron-recoil background in the low-energy WIMP signal region.

Since we are now e�ectively measuring the ionization liberated by a nuclear recoil rather than
the nuclear-recoil phonon energy directly, we are sensitive to the precise ionization calibration scale
for nuclear recoils in this high voltage operational mode, similar to the noble liquid dark matter
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large transverse E-fields that run between the interleaved electrodes on the same face leading to
asymmetric ionization collection signals. For radial fiducialization, we partition and separately
readout the ionization instrumented electrodes on each face into 2 concentric toroids (for a total of
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Interestingly, the relatively uniform electron-recoil background is reduced because the distri-
bution of electron recoil energy is “stretched” to higher energies due to electron recoils producing
significantly more ionization than a nuclear recoil of the same energy. This results in a factor of �5
suppression of the electron-recoil background in the low-energy WIMP signal region.

Since we are now e�ectively measuring the ionization liberated by a nuclear recoil rather than
the nuclear-recoil phonon energy directly, we are sensitive to the precise ionization calibration scale
for nuclear recoils in this high voltage operational mode, similar to the noble liquid dark matter

10

0V +Vb 0V +Vb 0V

e− h+

e−

h+

Innovation in Techniques: SuperCDMS

SuperCDMS: 
1990s: 

phonons + ionization 
discriminate NRs from ERs 
at low bias (few V)

2000s: 
phonon rise time  

discriminates surface  
events from bulk events

2010s: 
sophisticated electrode  

structure discriminates  
surface events from bulk  
events (EDELWEISS also)

double-sided phonon sensor 
promises phonon asymmetry 
discrimination

measure ionization only using  
phonons with high field:  
new sensitivity to low mass

35



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

experiments. Significantly, in the case of Ge, the ionization scale has been precisely measured
down to nuclear recoil energies of 254 eVr [75] using a novel technique involving capture of thermal
neutrons onto 72Ge.
4.1.2 Detector Performance at Soudan
The performance of 76 mm diameter iZIP detectors was first studied at the UC Berkeley (UCB)
test facility from 2009�2011. The UCB studies yielded extremely promising background rejection,
but were limited by cosmogenic neutron backgrounds in the dark matter signal region. Background
rejection for events in the dark matter signal region can be measured directly for detectors operated
deep underground. Since 2012, this has been carried out using fifteen iZIP detectors at Soudan.
Two of these detectors were installed with a 210Pb source. This isotope, along with its daughters,
is one of the primary sources of surface events for SuperCDMS. The deployed sources produce
electrons by beta decay between 10–100 keVnr at a rate of ⇤70 events/hour/source. As seen in
Fig. 4 (center), these electrons populate a region of reduced ionization yield, which lies between
the electron-recoil (yield ⇤1) and nuclear-recoil bands. In addition to electrons, the recoiling 206Pb
nucleus from the 210Po alpha decay is also seen with an ionization yield of ⇤0.2. These events occur
at a rate ⇤ 25% that of the electrons, with some of the events lying in the nuclear recoil yield band
at low recoil energies. Both the betas and the 206Pb events are distinguished from events in the
bulk of the detectors by their asymmetric ionization response. A similar technology has also been
deployed by EDELWEISS [76]. Events in the outer radial regions of the detector, which also su�er
from reduced yield, are removed by comparing the ionization collected in the outer guard electrode
to that collected on the inner electrode.

Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
±2� ionization-yield range of neutrons indicated (area within green lines). The hyperbolic black line is the ionization
threshold (1.6 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr).
Electrons from 210Pb (below ⇥60 keVr) and 210Bi (mostly above 60 keVr) are distinctly separated from 206Pb recoils
(low yield, below ⇥110 keVr). A low-yield outlier (blue with black circle), which is outside the signal region but just
satisfies the charge symmetry requirement is easily removed with a loose phonon symmetry cut (see Fig. 5 right).
(right) In addition to the data in left & center, this panel also shows nuclear recoils from a 252Cf neutron source
(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
higher yield, and are thus nicely separated from charge-asymmetric surface events.

Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keVnr. This fiducialization yields a spectrum averaged passage fraction of ⇤50%
in the energy range of 8�115 keVr for an ⇤60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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Innovation in Techniques: 2-Phase Liquid Nobles

36

Rick Gaitskell (Brown) / Dan McKinsey (Yale)LUX Dark Matter Experiment / Sanford Lab

Two-phase Xenon WIMP Detectors

Z position from S1 – S2 timing
X-Y positions from S2 light pattern

Excellent 3D imaging (~mm resolution)
 - eliminates edge events
 - rejects multiple scatters

Gamma ray, neutron backgrounds
reduced by self-shielding

Reject gammas, betas by charge (S2) to 
light (S1) ratio.  Expect > 99.5% rejection.

7
7

2-Phase Liquid Nobles
Multiple realizations ~ 2000

scintillation/ionization (S1/S2)  
discriminates NRs from ERs in LXe, LAr

scintillation (S1) rise time discriminates  
NRs from ERs in LAr (and LNe)

LXe has no worrisome isotopes and is  
highly purifiable
primarily Kr, Rn, and e-attaching  

impurities to be worried about

Around 2005
Self-shielding could make up for limited  

ER rejection (99%-99.9%) of LXe
Light collection key to LXe low-mass sensitivity
Underground Ar could provide LAr low in 39Ar beta decay

Very successful program thanks to these innovations:
LXe: XENON100, LUX have best limits at high mass; XENON1T to commission this year

LAr: DArkSide 50 recently completed first science run
Multi-ton experiments proposed

Single-phase (S1 only) LAr close to starting to take data (MiniCLEAN, DEAP-3600)



Ay`127 2017/01/19 DM Direct Detection/Sunil Golwala

Innovation in Techniques: 2-Phase Liquid Nobles
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Gray contours indicate constant energies using a S1-S2 combined energy scale
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Innovation in Techniques: 2-Phase Liquid Nobles
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Innovation in Techniques: Bubble Chambers

Bubble Chambers
Classic Seitz bubble theory gave incredible  

discrimination against ERs

But: alphas from Rn contamination
→ acoustic measurements discriminate alphas

Higher threshold, poorer F (and C) recoil  
efficiency than desired in CF3I
→ develop C3F8

No energy information
Develop bubble chambers with scintillating materials
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photographic images appear in sharp contrast to a retrore-
flective background and are identified in the image analysis
algorithm as clusters of pixels that have changed signifi-
cantly between consecutive frames. Reconstruction of the
data from two stereo views provided the spatial coordinates
of the bubble to a typical accuracy of a few millimeters,
depending on the proximity of the bubble to the cameras.

The pressure rise analysis was based on data from an ac-
coupled fast pressure transducer [14] which was sampled at
10 kHz for 160 msec around the onset of a nucleation.
Empirically, the rate of pressure rise was well fit by a
simple quadratic time dependence for bubbles formed in
the bulk of the target fluid. The quadratic coefficient of the
fit was found to be proportional to the number of bubbles in
the event, and the quality of the fit was uniform over the
volume of the experiment except near the boundaries.
Because bubble growth is affected by the proximity of
the bubble to the quartz vessel walls or the CF3I water
interface, the quality of the quadratic fit deteriorated rap-
idly for bubbles near a boundary. The sensitivity of the
bubble growth to the proximity of a boundary was studied
using calibration neutron events where it was found that a
modest cut on the chi-square reliably identified events that
were near the vessel walls or the CF3I water interface. The
pressure growth chi-square cut effectively provided a fidu-
cial volume definition that was uniform around the perime-
ter of the chamber and performed somewhat better for this
purpose than the stereo reconstruction of the camera im-
ages. The pressure growth fit was therefore used to provide
the formal fiducial volume cut for the experiment.

The third and final element of event reconstruction was
the evaluation of the acoustic signals and classification of
event types. The acoustic transducer signals were digitized
with a 2.5-MHz sampling rate and recorded for 40 msec for
each event. The signals were filtered using a single-pole
high-pass filter with a cutoff at 500 Hz, and a low-pass anti-
aliasing filter cutting off at 600 kHz. The preevent baseline
for each of the acoustic signals was examined to determine
the time of bubble formation, t0. A fast Fourier transform
was constructed for the times t0 ! 1 msec< t < t0 þ
9 msec. The sound of bubble nucleation showed a broad
emission distinctly above background noise up to a fre-
quency of 250 kHz. The acoustic signature for a single
recoiling nucleus was calibrated by studying events initi-
ated by neutron sources. The acoustic power was observed
to vary slightly with the position of the bubble within the
chamber, and the position dependence was found to vary
with frequency. To account for the position and frequency
dependence, the acoustic signal was analyzed separately
in four frequency bands (1.5–12, 12–35, 35–150, or
150–250 kHz) which were separately corrected for spatial
dependence and normalized. The acoustic event discrimi-
nation was based on a single acoustic parameter AP [8]
which is a frequency weighted acoustic power density
integral, corrected for sensor gain and bubble position:

AP ¼ AðTÞ
X

j

Gj

X

n

Cnð ~xÞ
Xfnmax

fnmin

f& psdjf; (1)

where AðTÞ is an overall temperature dependent scale
factor, Gj is the gain of acoustic transducer j, Cnð ~xÞ is
the correction factor for the bubble position dependence in
frequency bin n, ~x is the position of the bubble, f is
frequency, fmin and fmax are the boundaries of the fre-
quency band, and psdjf is the power spectral density for

the bin with center frequency f for sensor j. The AP was
scaled to have a value of unity at the peak observed in its
distribution for nuclear recoils induced by neutron sources
as shown in Fig. 2. The clear separation seen between the
alpha peak and the single nuclear recoil peak in Fig. 2
illustrates the power of the acoustic discrimination to
eliminate alpha emitter contamination as a source of back-
ground for the experiment.
All data have been subject to a set of data quality cuts

including the requirement that the chamber expand suc-
cessfully to the desired operating pressure and be stable for
greater than 30 sec prior to the event. Other quality cuts
eliminate events with acoustic noise prior to the event and
events in which the video trigger failed to capture the
initiation of the bubble. The fiducial volume, determined
by analyzing the acceptance of the pressure growth fit cut
for events initiated with a neutron source, is 92:1' 1:8%,
equivalent to removing the outer 2 mm of the liquid
volume. This fiducial volume was consistent within statis-
tical errors over all neutron calibration data. The overall
efficiency for all data quality and fiducial volume cuts is
82:5' 1:9%, independent of operating temperature. The
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FIG. 2 (color online). Data from a 553 kg-day WIMP search,
shown as a distribution in lnðAPÞ as the solid red line. Twenty
single nuclear recoil event candidates and 2474 alpha events
were observed. The dash-dotted blue histogram shows the iden-
tical analysis for data taken in the presence of an AmBe neutron
source. We define an acoustic cut of 0:7<AP< 1:3 to select
nuclear recoils with an acceptance of 95.8% as determined by the
AmBe calibration.
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Innovation in Techniques: Addressing DAMA

DAMA annual modulation a 
sore point for community
Huge statistical significance
No other existing expt uses  

Na and I

New efforts to test underway!
DM-ICE: NaI with different systematics

southern hemisphere, situated inside  
IceCube

also a movable copy: run in N and S
operation in ice demo’d, ice v. clean
working on reducing contaminations

SABRE: NaI with reduced backgrounds
Better source powder for NaI
Lower radioactivity photomultipliers
Better light collection
Lower radioactivity housings
Surrounded in liquid scintillator to reject backgrounds (esp. 3 keV 40K escape peak)  

40

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

•Would like to see the Multiples presented as a ratio to the underlying rate, 
rather than an absolute. 
◆Also add the error bars for multiples 
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Expected SABRE Background 
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* This spectrum was made using NaI powder radioactivity; crystal can be better. 

* External background is estimated to be relatively small compared to internal. 
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Figure 3: The curves show the sensitivity of hypothetical 500 kg-year exposures with varying total event rates (in cpd/kg/keVee). Shown are
two energy threshold scenarios. The left plot shows sensitivities with a 2 keVee experimental threshold. The right plot shows sensitivity with a
4 keVee threshold. The gray regions show the 90% (dark) and 99.7% (light) DAMA/LIBRA allowed regions for interactions with Na (masses of
⇠10 GeV/c2) and I (masses of ⇠100 GeV/c2). DAMA/LIBRA allowed regions are calculated without channeling.

for the time dependent rate shown in equation 3 remains
unchanged.

Experimental data are typically displayed using the
calibrated electron-recoil equivalent energy (keVee) be-
cause NaI cannot provide event-by-event discrimina-
tion between nuclear and electron recoils. Working in
the same units, we present results in two intervals in
electron-recoil equivalent energy: [2, 6] keVee and [4, 6]
keVee. To convert the energy ranges defined in the ex-
perimentally measured units into recoil energy for the
appropriate target nucleus, we use q = 0.3 keVee/keV
for Na recoils and q = 0.09 keVee/keV for I recoils,
where EkeVee = qErecoil and q is the quenching factor
taken from [39]. The energy threshold of 2 keVee is
chosen based on the analysis thresholds and trigger ef-
ficiencies achieved by previous experiments such as
DAMA/LIBRA [10] and NAIAD [17]. The higher
4 keVee threshold provides a comparison to a slightly
more pessimistic scenario. The upper bound is 6 keVee.
Above this, the rate for recoils, in a standard halo model,
drops well below the considered background rates of
0.5 � 5.0 cpd/kg/keVee. In order to compare to DAMA
data, we define the constant rate of events, N0, which is
the sum of the time-independent dark matter component
(R0) and the time-independent background.

The sensitivity is calculated by fitting equation 3 to a
simulated dataset containing no modulation signal in it
(null hypothesis). The simulated data are created by ran-
domly drawing events from a Poisson distribution with
mean given by N0. We report on several trials with N0

ranging from 0.5 to 5 cpd/kg/keVee. The value N0 = 0.5
corresponds to an optimistic goal of achieving a better
background rate compared to DAMA/LIBRA (N0 ⇡ 1).
The highest rate (N0 = 5) is characteristic of the back-
ground levels achieved by NAIAD [17]. To obtain a
representative statistical uncertainty, the total number of
thrown events corresponds to the average number ex-
pected for a 250 kg exposure over two years, integrated
over the experimental energy range. For a given value of
N0, the simulated experiment is performed for the two
energy intervals listed above.

A simple chi-square fit allows S 0 and S m to float
while keeping the frequency, !, and the phase, tc, fixed.
Under the assumption of a null result, the 90% C.L. up-
per limit to S m is calculated from the error returned on
the fit. The resulting sensitivities, in the form of 90%
C.L. upper limits to the spin independent cross-section,
are shown in Figure 3. For comparison, the calculated
DAMA/LIBRA 90% and 99.7% allowed regions, with-
out channeling [40], are also displayed on the figures.

The results demonstrate that low energy thresholds of
⇠2 keVee, or lower, are critical for obtaining adequate
sensitivity to constrain the DAMA/LIBRA allowed re-
gions. Figure 3 shows that with a 2 keVee threshold,
an experiment that has 5 times the DAMA event rate
(and hence ⇠5 times greater background) provides sig-
nificant constraints with two years of exposure. Con-
sidering the sensitivity curves for the higher threshold
scenario, it is clear that control of background becomes
more important. With a 4 keVee energy threshold, one

6

bgnd in counts/kg/keV/day:

, 500 kg-yr (2 yrs)
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Diurnal Modulation
WIMPs directional in terrestrial 

frame 

Direction of WIMP wind varies 
diurnally due to Earth’s rotation

Recoiling nucleus will preserve 
some directionality

Large modulation (~ DC signal) 
possible in theory

Backgrounds will be unmodulated
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Time Projection Chambers

Goal: reconstruct the direction of 
the recoiling particle to obtain  
information about direction of  
incoming WIMP and thereby make 
use of diurnal modulation

Time Projection Chamber method:
recoiling particle creates ionization  

track in gas
apply E field to drift track to 

amplification region
take picture of scintillation light  

created as track creates avalanche
reconstruct x, y, z image of track
energy and dE/dx from scintillation 

light intensity

Very promising, but difficult to get  
lots of target mass (~100s of grams 
per m3 chamber)

42

Gabriella Sciolla DM-TPC: a new approach to directional detection of Dark Matter 5

DM-TPC: detector concept

! Low-pressure CF4 TPC
! 50 torr: 40 keV F recoil ~2mm

! Optical readout (CCD)
! Image scintillation photons

produced in amplification region

! 2D, low-cost, proven technology

! Amplification region
! Wire planes ! mesh detector

! Woven mesh 25µm, 250µm pitch

! CF4 is ideal gas
! F: spin-dependent interactions

! Good scintillation efficiency

! Low transverse diffusion

! Non flammable, non toxic

F

e-
e-

WIMP
WIMP

Ground

Ground

Anode

Cathode

Cathode

CCD

1-2 mm

E

E

PMTPMT
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Innovation in Techniques: Directional Detection

Demonstrators 
continue to make  
good progress

DMTPC:
Improved range 

reconstruction 
provides better 
head-tail sensitivity,  
critical for directional signal

Scaling up to 1 m3, running 1L prototype at WIPP

DRIFT
“Minority carriers” 

have different speed,  
provides t0 and 
rejection of surface 
backgrounds

Deploying DRIFT IIe  
toward DRIFT III
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Reconstruction Improvements

Fitting improves reconstruction
of range, energy, angle and
sense.

Clear way to make cuts

Possible to calculate relative
likelihoods of each sense

Cosmin Deaconu (MIT/LNS) DMTPC UCLA 2014 9 / 18
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FIG. 5. A 210Po alpha particle event in the detector filled with 40 Torr CS2
and 0.94 ± 0.01 Torr of O2 in drift field of 293 V/cm at T = 23.4 ◦C. As
discussed in the text the rapid collection of charge at the beginning of the
event provides a t0 to fiducialize the alpha particle. The inferred currents on
the 4 monitored lines (spaced at 4 mm) were offset by 0.001 for presentation
purposes.

separation from the I peak decreases with distance to the
MWPC, as expected,

!tS,P =
(

1
µI

− 1
µS,P

)(
P

E

)
z, (3)

where z is the distance between the ionization and the MPWC.
For the earliest ionization, the minority peaks are completely
hidden within the I peak. The large spike in ionization at
t = 0 is caused by the alpha particle traveling through the
MWPC and the rapid accumulation of charge in the high-
field, 1.1 cm, grid-anode gap. This distinct, rapid collection
of charge fiducializes the alpha particle; the ionization at
t = 0 was created at z = 0. The arrival time of an I peak
relative to this t0 provides an accurate, triggered measure of
the average z of the ionization segment, z0. On the other hand
the separation between the S and P peaks and the I peak pro-
vides another, trigger-less, estimation of the average z of the
ionization segment, zMP through Eq. (3). Figure 6 shows the
relation between z0 and zMP.

For this analysis the position of all the peaks were mea-
sured by eye so for ionization segments near the detector no
measurement was possible. A sophisticated peak-finding al-
gorithm would certainly improve this result. For this result
the agreement between the two measurements is quite good
z >∼ 7.5 cm. The importance of this result is that for a sin-
gle ionization segment created, for instance by a neutron or
WIMP recoil in DRIFT, where no trigger is possible, i.e.,
where the time of ionization creation, t0, is unknown, a mea-
surement of zMP is still possible. For DRIFT this will allow
the removal of its only known backgrounds, events from the
MWPC and central cathode, without undue loss of effective
volume.
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FIG. 6. The distance, z, between an alpha created ionization segment and
the MWPC measured in 2 ways. In the first the time difference between the
arrival of the I peak and a t0, discussed in the text, provides one measure of z,
z0. In the second the time difference between either the S peak or the P peak
and the I peak, Eq. (3) and the values in Table I provide a second measure of
z, zMP. z0 vs zMP is shown on the plot with the S peak data shown with open
circles and the P peak data shown with filled circles. The vertical and hori-
zontal lines at 15.24 cm show the z dimension of the detector. At least one of
the measured alphas hit the cathode while over one of the measurement lines.
The line drawn with a slope of 1 shows the strong agreement between these
two ways of measuring z. The measurement of zMP suffers from lower reso-
lution. Assuming the resolution of z0 is much greater than zMP the inferred
RMS for the measurement of z from the S peak is σ S = 0.67 cm and for the
P peak σP = 0.33 cm, the difference due simply to the larger separation for
the P peak. It also suffers from the inability to measure events close to the
MWPC. However, the measurement of z using the minority peaks has the
distinct advantage of not requiring a trigger.

CONCLUSION

In conclusion, the addition of O2 to gas mixtures in-
cluding CS2 and in the presence of ionization produces at
least 2 distinct species of drifting anions in addition to the
normal, drifting CS2 anion. The various measurements pre-
sented above on these other anions may help to identify them.
Aside from their inherent interest, the existence of multiple
ionization-created anions is already proving to have enormous
practical importance offering, as it does, a new trigger-less
mode of operation for drift chambers.
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The main practical benefit of the minority peaks is, anal-
ogous to the fiducialization of earthquakes locations using S
and P waves, trigger-less fiducialization of events in the gas.
The DRIFT dark matter experiment, for instance, is heavily
limited in its search for dark matter recoils by radon progeny
recoils from its central cathode.5 Without a trigger DRIFT
was forced to use the root-mean-square (RMS) in time of the
observed events as a crude method of fiducialization but this
entailed a factor of ∼25 reduction in its detection efficiency.
Were it not for their small size the ability to fiducialize events
with the minority peaks would have a huge impact on DRIFT.
Trigger-less operation could benefit many other drift chamber
experiments.

PEAK ENHANCEMENT

Fortunately, the addition of a small amount of O2 to the
gas mixture has been found to greatly increase the size of the
minority peaks, as presented in Fig. 1.

It will be shown below that the I carriers in mixtures with
small additions of O2 are the same as the I carriers observed in
previous experiments. Only 3 minority peaks have been iden-
tified thus far. The appearance of the D peak is inconsistent
from run to run so this paper will focus solely on the proper-
ties of the S and P peaks.

It is now thought that the appearance of the miniscule S
and P minority peaks in Ref. 4 was due to a small concen-
tration of O2 in the gas due to outgassing. Previous mobil-
ity measurements have been performed with gas mixtures of
CS2 and CF4, Ar, Xe, CH4, He, Ne, and CO2

2–4, 6, 8 and there
have been no reports of significant minority peak formation in
those gas mixtures. That they appear with the addition of O2

is a clue, a convenient means of studying them and a practical
means for taking advantage of them. The purpose of this paper

FIG. 1. The arrival time distribution of negative ions after a 15.24 cm drift
in a 273 V/cm drift field in a mixture of 30 Torr CS2, 10 Torr CF4, and
1 Torr O2. Following earthquake fidudialization and spectroscopic notation
the minority peaks are labeled as shown.

is to characterize the behavior of the S and P minority carri-
ers to begin an understanding of their identity and formation
mechanism.

PEAK HEIGHT

Since the widths of the peaks are identical the height
serves as a convenient proxy for the total amount of post-
avalanche charge in the peak. The first experiment for this
paper to study the charge distribution of the minority peaks
used a UV spot positioned on the cathode over one of the
wires at a fixed drift field but with varying concentrations of
O2. Data were taken first with a base gas of 40 Torr CS2. O2

was then added to the gas mix in ∼0.2 Torr increments up to
∼1.0 Torr added O2. The experiment was then repeated with a
30–10 Torr CS2–CF4 gas mixture as the base. The increase in
gas pressure and changing gas mixture changed the gas gain
on the wire. For this reason the ratio of the heights of the mi-
nority peaks relative to the I peak is displayed in Fig. 2.

As Fig. 2 makes clear the formation of the S and P mi-
nority carriers requires the presence of O2. The linear de-
pendence shown in Fig. 2 suggests a formation mechanism
involving only a single O2 molecule, consistent with the
Block-Bradbury attachment mechanism. The percentages
shown in Fig. 2 for the P peak are identical for the different
gas mixtures, with different CS2 partial pressures, but differ-
ent for the S peaks suggesting that the formation mechanisms
for the S and P carriers are different.

LIFETIME

The S carriers appear to have a finite lifetime. In this ex-
periment a UV spot was, again, positioned on the cathode over
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FIG. 2. The size of the S (square data points) and P (diamond data points)
minority peaks relative to the size of the I peak for varying partial pressures
of O2 added to either 40 Torr CS2, shown in brown, or 30–10 Torr CS2–CF4,
shown in green. Both measurements were done with a 15.24 cm drift distance.
The CS2 measurements were done in a drift field of 299 V/cm while the CS2–
CF4 measurements were done in a field of 314 V/cm. A linear fit is shown
for each data set.
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Scaling up to a m3 fiducial volume

Vacuum chamber arriving in two
months (diameter: 5 feet, length: 7
feet)

50 times more fiducial volume than
current largest prototype (150 g at 30
Torr)

New amplification region design (triple
mesh) allows imaging two TPC’s from
one side

4 TPC’s, 8 cameras (4 for each pair of
back to back TPC’s)

Cosmin Deaconu (MIT/LNS) DMTPC UCLA 2014 11 / 18
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FIG. 5. A 210Po alpha particle event in the detector filled with 40 Torr CS2
and 0.94 ± 0.01 Torr of O2 in drift field of 293 V/cm at T = 23.4 ◦C. As
discussed in the text the rapid collection of charge at the beginning of the
event provides a t0 to fiducialize the alpha particle. The inferred currents on
the 4 monitored lines (spaced at 4 mm) were offset by 0.001 for presentation
purposes.

separation from the I peak decreases with distance to the
MWPC, as expected,

!tS,P =
(

1
µI

− 1
µS,P

)(
P

E

)
z, (3)

where z is the distance between the ionization and the MPWC.
For the earliest ionization, the minority peaks are completely
hidden within the I peak. The large spike in ionization at
t = 0 is caused by the alpha particle traveling through the
MWPC and the rapid accumulation of charge in the high-
field, 1.1 cm, grid-anode gap. This distinct, rapid collection
of charge fiducializes the alpha particle; the ionization at
t = 0 was created at z = 0. The arrival time of an I peak
relative to this t0 provides an accurate, triggered measure of
the average z of the ionization segment, z0. On the other hand
the separation between the S and P peaks and the I peak pro-
vides another, trigger-less, estimation of the average z of the
ionization segment, zMP through Eq. (3). Figure 6 shows the
relation between z0 and zMP.

For this analysis the position of all the peaks were mea-
sured by eye so for ionization segments near the detector no
measurement was possible. A sophisticated peak-finding al-
gorithm would certainly improve this result. For this result
the agreement between the two measurements is quite good
z >∼ 7.5 cm. The importance of this result is that for a sin-
gle ionization segment created, for instance by a neutron or
WIMP recoil in DRIFT, where no trigger is possible, i.e.,
where the time of ionization creation, t0, is unknown, a mea-
surement of zMP is still possible. For DRIFT this will allow
the removal of its only known backgrounds, events from the
MWPC and central cathode, without undue loss of effective
volume.
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FIG. 6. The distance, z, between an alpha created ionization segment and
the MWPC measured in 2 ways. In the first the time difference between the
arrival of the I peak and a t0, discussed in the text, provides one measure of z,
z0. In the second the time difference between either the S peak or the P peak
and the I peak, Eq. (3) and the values in Table I provide a second measure of
z, zMP. z0 vs zMP is shown on the plot with the S peak data shown with open
circles and the P peak data shown with filled circles. The vertical and hori-
zontal lines at 15.24 cm show the z dimension of the detector. At least one of
the measured alphas hit the cathode while over one of the measurement lines.
The line drawn with a slope of 1 shows the strong agreement between these
two ways of measuring z. The measurement of zMP suffers from lower reso-
lution. Assuming the resolution of z0 is much greater than zMP the inferred
RMS for the measurement of z from the S peak is σ S = 0.67 cm and for the
P peak σP = 0.33 cm, the difference due simply to the larger separation for
the P peak. It also suffers from the inability to measure events close to the
MWPC. However, the measurement of z using the minority peaks has the
distinct advantage of not requiring a trigger.

CONCLUSION

In conclusion, the addition of O2 to gas mixtures in-
cluding CS2 and in the presence of ionization produces at
least 2 distinct species of drifting anions in addition to the
normal, drifting CS2 anion. The various measurements pre-
sented above on these other anions may help to identify them.
Aside from their inherent interest, the existence of multiple
ionization-created anions is already proving to have enormous
practical importance offering, as it does, a new trigger-less
mode of operation for drift chambers.
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The main practical benefit of the minority peaks is, anal-
ogous to the fiducialization of earthquakes locations using S
and P waves, trigger-less fiducialization of events in the gas.
The DRIFT dark matter experiment, for instance, is heavily
limited in its search for dark matter recoils by radon progeny
recoils from its central cathode.5 Without a trigger DRIFT
was forced to use the root-mean-square (RMS) in time of the
observed events as a crude method of fiducialization but this
entailed a factor of ∼25 reduction in its detection efficiency.
Were it not for their small size the ability to fiducialize events
with the minority peaks would have a huge impact on DRIFT.
Trigger-less operation could benefit many other drift chamber
experiments.

PEAK ENHANCEMENT

Fortunately, the addition of a small amount of O2 to the
gas mixture has been found to greatly increase the size of the
minority peaks, as presented in Fig. 1.

It will be shown below that the I carriers in mixtures with
small additions of O2 are the same as the I carriers observed in
previous experiments. Only 3 minority peaks have been iden-
tified thus far. The appearance of the D peak is inconsistent
from run to run so this paper will focus solely on the proper-
ties of the S and P peaks.

It is now thought that the appearance of the miniscule S
and P minority peaks in Ref. 4 was due to a small concen-
tration of O2 in the gas due to outgassing. Previous mobil-
ity measurements have been performed with gas mixtures of
CS2 and CF4, Ar, Xe, CH4, He, Ne, and CO2

2–4, 6, 8 and there
have been no reports of significant minority peak formation in
those gas mixtures. That they appear with the addition of O2

is a clue, a convenient means of studying them and a practical
means for taking advantage of them. The purpose of this paper

FIG. 1. The arrival time distribution of negative ions after a 15.24 cm drift
in a 273 V/cm drift field in a mixture of 30 Torr CS2, 10 Torr CF4, and
1 Torr O2. Following earthquake fidudialization and spectroscopic notation
the minority peaks are labeled as shown.

is to characterize the behavior of the S and P minority carri-
ers to begin an understanding of their identity and formation
mechanism.

PEAK HEIGHT

Since the widths of the peaks are identical the height
serves as a convenient proxy for the total amount of post-
avalanche charge in the peak. The first experiment for this
paper to study the charge distribution of the minority peaks
used a UV spot positioned on the cathode over one of the
wires at a fixed drift field but with varying concentrations of
O2. Data were taken first with a base gas of 40 Torr CS2. O2

was then added to the gas mix in ∼0.2 Torr increments up to
∼1.0 Torr added O2. The experiment was then repeated with a
30–10 Torr CS2–CF4 gas mixture as the base. The increase in
gas pressure and changing gas mixture changed the gas gain
on the wire. For this reason the ratio of the heights of the mi-
nority peaks relative to the I peak is displayed in Fig. 2.

As Fig. 2 makes clear the formation of the S and P mi-
nority carriers requires the presence of O2. The linear de-
pendence shown in Fig. 2 suggests a formation mechanism
involving only a single O2 molecule, consistent with the
Block-Bradbury attachment mechanism. The percentages
shown in Fig. 2 for the P peak are identical for the different
gas mixtures, with different CS2 partial pressures, but differ-
ent for the S peaks suggesting that the formation mechanisms
for the S and P carriers are different.

LIFETIME

The S carriers appear to have a finite lifetime. In this ex-
periment a UV spot was, again, positioned on the cathode over
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FIG. 2. The size of the S (square data points) and P (diamond data points)
minority peaks relative to the size of the I peak for varying partial pressures
of O2 added to either 40 Torr CS2, shown in brown, or 30–10 Torr CS2–CF4,
shown in green. Both measurements were done with a 15.24 cm drift distance.
The CS2 measurements were done in a drift field of 299 V/cm while the CS2–
CF4 measurements were done in a field of 314 V/cm. A linear fit is shown
for each data set.
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Innovation in Techniques: Directional Detection

Demonstrators 
continue to make  
good progress

DMTPC:
Improved range 

reconstruction 
provides better 
head-tail sensitivity,  
critical for directional signal

Scaling up to 1 m3, running 1L prototype at WIPP

DRIFT
“Minority carriers” 

have different speed,  
provides t0 and 
rejection of surface 
backgrounds

Deploying DRIFT IIe  
toward DRIFT III
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Scaling up to a m3 fiducial volume

Vacuum chamber arriving in two
months (diameter: 5 feet, length: 7
feet)

50 times more fiducial volume than
current largest prototype (150 g at 30
Torr)

New amplification region design (triple
mesh) allows imaging two TPC’s from
one side

4 TPC’s, 8 cameras (4 for each pair of
back to back TPC’s)

Cosmin Deaconu (MIT/LNS) DMTPC UCLA 2014 11 / 18

Scaling up to a m3 fiducial volume

Vacuum chamber arriving in two
months (diameter: 5 feet, length: 7
feet)

50 times more fiducial volume than
current largest prototype (150 g at 30
Torr)

New amplification region design (triple
mesh) allows imaging two TPC’s from
one side

4 TPC’s, 8 cameras (4 for each pair of
back to back TPC’s)

Cosmin Deaconu (MIT/LNS) DMTPC UCLA 2014 11 / 18

• Preference for CH-based material 

• Unit cell composed = 8 m3 

• 250 of 4 kg modules gives 1 ton 
would fit into a 500m tunnel at 
Boulby

DRIFT III modularity

• Modular design, 3 unit cells  
give  4 kg target,    24 m3

Friday, February 28, 14
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Figure 1: A compilation of current spin-independent WIMP-nucleon cross-section limits (solid curves), regions of
interest (ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led
direct detection experiments that are proposed to operate over the next decade. The region above the solid curves
represents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di↵use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [40]. The SuperCDMS SNOLAB
projected sensitivity is shown separately for the Ge and Si payloads, and for the iZIP and CDMS-HV (HV) detectors.
These assume 5 years of operation with 80% livetime, yielding raw exposures of 200 kg-y (Ge iZIP), 15 kg-yr (Si
iZIP), 22 kg-yr (Ge HV), and 5 kg-yr (Si HV). The optimal interval method [41, 42] without background subtraction
was used to generate these curves based on the technical performance goals, background rejection, and predicted
backgrounds described in Sections 3.3, 4.3, and 10.1.2, respectively. Note that this figure has been revised from a
similar one in the SNOWMASS report [43]. Recent theoretical work [14] has emphasized that the spin-independent
framework assumed for this plot, while it serves as a useful way to track experimental progress, represents only a
subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di↵erent target materials
varying by factors of 10 or more compared to those shown in this plot.

It is common to separate the WIMP-nucleus scattering cross-section into a spin-independent and
a spin-dependent term, as these can originate from di↵erent terms in the Lagrangian that describes
dark matter interactions. The spin-independent contribution is proportional to the nucleon number-
squared and for this reason would generally be dominant for the kind of targets used in current and
projected experiments. Figure 1 shows the most recent experimental constraints on the WIMP-
nucleus spin-independent scattering cross section as a function of the WIMP mass, along with the
regions of interest for possible dark matter hints. As shown in Fig. 1, this interpretation is in strong
tension with the negative results from the XENON and LUX experiments [50, 51, 52]. The region of
low-mass WIMPs has been recently explored by the current SuperCDMS detector at Soudan, first
using a special high-voltage (CDMS-HV) operation mode [54] and later using the full background

7
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A View to the Future

We would like to see:
Accelerator production via multiple consistent channels
Indirect detection in multiple channels with consistent parameters
Direct detection in multiple targets
Eventually, direct detection with recoiling particle directionality

These will tell us:
The couplings of dark matter to a variety of normal matter particles
The local density and velocity structure of the dark matter halo
The dark matter abundance globally in the halo of our galaxy and in nearby 

galaxies
Is what we detect enough?

A lot of work to do!
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