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Prompt

In June of this year the XENON100 experiment will release its first results as the state-of-the-art
search for dark matter via direct detection. This A Exam question reviews the principles of dark mat-
ter direct detection (focusing on liquid xenon techniques) and serves as preparation for the XENON100
results and their interpretation.

1. Review the kinematics of nuclear recoil as applicable to direct detection experiments and explain
how this gives us the qualitative features of dark matter exclusion curves. Describe the astrophysical
and theoretical assumptions that go into these curves. Review and interpret the latest exclusion plots.

2. Briefly review the major types of direct detection technologies and highlight the unique features of
liquid xenon detectors. Explain in detail the XENON experimental set up: background elimination,
sensitivity, and previous (XENON10) results. Discuss the expected sensitivity of XENON100.

3. Provide context for the upcoming XENON100 result by comparing the above discussion to sug-
gestive dark matter results from complementary experiments such as DAMA (annual modulation).
Identify broad classes of viable theoretical models.

4. Provide a ‘road map’ for future dark matter experiments and explain their interplay with one
another and the Large Hadron Collider.
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1 Introduction

One of the most significant scientific developments of the 20th century was the discovery—through
multiple independent observations—that most of the matter in the universe is composed of a yet-
unknown particle species which we call dark matter (DM). A confluence of astrophysical and
cosmological experiments present an overwhelming case for the existence of a non-baryonic dark
matter particle. Further, the relic density of such a particle is suggestive of a weakly interacting
massive particle (WIMP) with a mass on the order of hundreds of GeV—precisely the scale at
which we expect to see new physics at the Large Hadron Collider (LHC). This so-called ‘WIMP
miracle’ ties together ‘traditional’ high energy physics with experiments conducted deep under-
ground (direct detection) and high into the heavens (indirect detection). It is one of the most
exciting directions in the search for new physics and is one of the mysteries of fundamental science
that may plausibly be solved within our lifetimes. In fact, as we will discuss below, this is a
particularly prescient time to review dark mater phenomenology since hints from cosmic ray and
direct detection experiments may suggest a potential for new discoveries in the near future1.

In this A Exam we review recent progress in the direct detection of dark matter, focusing on
the XENON100 experiment and its immediate experimental and theoretical progress. We shall
assume a working background in the broad ideas related to dark matter particle physics and will
not attempt to adequately review materials available in standard textbooks; appropriately concise
introductions can be found in [1]. A popular introduction can be found in [2]. We will attempt to
provide as many references as possible to assist those who intend to do pursue future work in this
field (such as the author). Our goal will be to provide a working guide for phenomenologists to
interpret the XENON100 results to be released this summer. In so doing, we will review broadly
applicable general aspects of direct detection phenomenology. The primary review literature for
dark matter include [3, 4]. Reviews for the direct detection that will be the main focus of this
report can be found in [5, 6, 7, 8, 9]. We will only provide cursory discussions of dark matter
astrophysics/cosmology [10, 11, 12], collider searches [13], and model-building [14, 15, 16, 17, 18].
Additional websites which aggregate review literature and are regularly updated can be found in
[19].

We begin in Section 2 with a historical introduction to dark matter in which we broadly discuss
the status of the field and how it came to be. We feel that this is a particularly meaningful way
to survey and relate the broad range of experimental and theoretical directions currently being
pursued. In Section 3 we derive the relevant formulae for elastic scattering of WIMPs against
nuclei. This will provide a quantitative foundation to understand the exclusion diagrams generated
by direct detection experiments. In Section 4 we briefly discuss various types of direct detection
methods and experiments, leading up to Section 5 where we present the XENON experiment.
Section 6 highlights some aspects phenomenological context that has led to recent excitement
in dark matter experiments. We conclude in 7 with an apology for how little we cover over so
many pages. Appendix A explains our conventions while Appendix C highlights publicly available
computer tools for dark matter phenomenology (aimed at theorists). Finally, Appendix D presents
the so-called ‘WIMP-miracle’ of why one might expect dark matter particles ‘right around the
corner’ in direct detection experiments and the LHC.

Other than its reasonably clever title, this document contains no original research. It is the

1Given recent delays and funding cuts, a better term phrase may be ‘the asymptotically near future.’
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hope of the author that it will be useful to other researchers as a review at this timely moment in
the history of dark matter.

2 A historical introduction to dark matter

We begin with a selective history of dark matter highlighting some motivation and leading up to
a subjective description of recent experimental and theoretical developments in the field. A more
encyclopedic history can be found in [20]. We attempt to provide relevant references to assist
those—such as the author—who intend to continue in this field.

2.1 ‘Dark Matter’ Pre-History

The big question for dark matter experimentalists is how should we detect ‘stuff’ that isn’t ob-
servable in the conventional sense. It is well known that dark matter was originally discovered
through its gravitational effects, but the idea that non-luminous astronomical objects could be
detected in this way is actually much older. Two of the earliest examples (from [21]) include (i)
the discovery of white dwarfs due to the position of the stars Sirius and Procyon, and (ii) the
discovery of Neptune from an anomalous orbit perturbation in Uranus.

2.2 The Dark Matter Dark Ages

An early history of dark matter with original references is presented in [22]. We will only briefly
and selectively mention parts of this story. Dark matter was first proposed in 1933 by Fritz Zwicky
to account for the radial velocity dispersion of galaxies in the Coma cluster [23] (English reprint
[24]) which were suggestive of the presence of non-luminous matter. Zwicky’s phrase ‘dunkle
(kalte) Materie’ is regarded as the origin of the term (cold, i.e. non-relativistic) dark matter.
Zwicky’s observations were later seen in the Virgo cluster [25] and later in the local group [26].
There is a rather famous photograph of Zwicky making a silly face (originally taken as part of a
series of deliberately exaggerated expressions [27]) that now seems to be a de facto requirement
for any public talk on dark matter.

At around the same time another set of astrophysical observations would lead to the ‘classic’
evidence for dark matter which undergrads will recite in some Pavlovian manner: the rotational
velocity curves of spiral galaxies. Astronomers found that the outer regions of galaxies were
rotating with unexpectedly high velocities given what was expected of their matter distribution
based on luminous matter. The first such observations came in 1939 from the Andromeda galaxy
[28] and were later extended in the to larger radii in the 1970s; see [29] for a history and references.

It is worth noting that papers on the ‘missing mass’ in galaxy clusters and that in the outer
regions of spiral galaxies did not make connections between the two. These were also the dark
ages of scientific publication, well before the arXiv. At this point these astrophysical results were,
“at best, received with skepticism in many colloquia and meeting presentations” [22]. It is not
necessarily comforting to remark that our scientific society has advanced so much that some of us
are no longer burdened by such skepticism against experimental results [30].

A turning point came in 1973 with the work of Ostriker and Peebles that showed that insta-
bilities in models of galaxy disks could be solved by a massive spherical component, a so-called
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halo [31]. (Such a halo is a generic prediction of collision-less dark matter [32].) Further, with
Yahil they noted that galaxy masses appear to increase linearly with radius [33]. These results,
combined with the latest velocity curves at the time, provided a strong case for the existence of
‘missing mass’ in galaxies.

2.3 The Dark Matter Renaissance

Following this there were a Renaissance of astrophysical results which confirmed (in the scien-
tific sense) and refined the missing mass hypothesis while ruling out known reasonable alterna-
tives. These are reviewed nicely in Blitz’s lectures in [4] and Gaitskell’s lectures in [34]. An
undergraduate-level discussion with calculations can be found in [35]. In addition to refined as-
trophysical searches of the general type discussed above2 that rely on the virial theorem and
hydrostatic equilibrium (reviwed in [37]), the 1990s brought about new astrophysical and cosmo-
logical methods to probe the nature of this ‘missing mass’ (see reviews in [10, 38]).

The detection of X-rays from hot gas in elliptical galaxies provided a new confirmation of the
dark matter hypothesis. This provides a handle to determine the luminous matter content of
the galaxy which one can compare to the matter required to maintain hydrostatic equilibrium.
Fabricant et al. found that the total mass of the M87 galaxy is indeed ten times larger than the
luminous mass [39]. While this was effectively the same type of analysis as the aforementioned
‘dark age’ experiments, this was convincing evidence that the ‘missing mass’ phenomenon was not
exclusive to spiral galaxies.

Another clear observation of dark matter comes from the prediction of gravitational lensing
in general relativity, reviewed in [40]. Here one observes the dark matter’s presence by the way
it gravitationally warps space and changes the path of light as it comes between luminous astro-
physical objects and our telescopes. The effect can be seen at different magnitudes depending on
the gravitational potential of the lensing object. Strong lensing refers to easily visible distortions
of an individual light source. Weak lensing, on the other hand, requires a statistical analysis of
a large number of sources to search for coherent distortions. Finally, microlensing comes from
relatively light lensing objects whose distortions of the luminous object cannot be resolved so that
one instead searches for a change in that objects overall luminosity. The most advanced lensing
analyses have not only detected dark matter, but have even allowed astrophysicists to construct
three dimensional maps of its distribution [40].

The previous two methods (X-ray spectroscopy and gravitational lensing) converged with the
relatively recent observation of the Bullet cluster which was formed by the collision of two large
galaxy clusters [41]. By using X-ray spectroscopy to image the hot (luminous) matter and weak
gravitational lensing to image mass density, it was seen that the luminous matter lags behind the
total mass as one would expect from weakly-interacting dark matter. This observation effectively
put the nail in the coffin of dark matter alternative theories, such as modified Newtonian gravity.

The cosmic microwave background (CMB) has lifted cosmology out of its status as a largely-
theoretical discipline3. A combination of theoretical and experimental cosmological constraints

2We will not discuss these further. One of the important lessons in the emerging field of particle astrophysics
is that particle physicists should take astrophysical anomalies with a grain of salt, e.g. [36]. We will return to a
modern manifestation of this in Section 2.5.

3As Shamit Kachru once remarked, “Until very recently, string cosmology was the marriage of a field with no
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have cemented the so-called ‘concordance’ or ΛCDM (dark energy with cold dark matter) paradigm
as an accurate description of our universe [35, 43]. The general strategy here is to measure the
matter density of the universe Ωm ≈ 0.04 and compare to the baryonic energy density Ωb ≈ 0.26
of the universe and conclude that most of the matter in the universe must be composed of non-
baryonic dark matter. Indirect measurements of Ωb include analyses of primordial nucleosynthesis
of 4He, 2H and 7Li [44]; the Sunyaev Zel’dovich effect in which the spectrum of X-ray emission
from hot gasses is shifted from inverse scattering off the CMB [45], and the Lyman-α forest
whose absorption lines indicate the make up of the intergalactic medium [46]. The highlight of
observational cosmology, however, was the direct measurement of the CMB spectrum from the
COBE [47] and WMAP [48] satellites. The measurement of the acoustic peaks in this spectrum
provide the most stringent constraints on dark matter (and dark energy) [49].

Further evidence comes from the requirement of dark matter in cosmology to generate the den-
sity perturbations that led to large scale structure [50] and to account for big bang nucleosynthesis
[51].

2.4 Romanticist Dark Matter

While we have been necessarily brief and incomplete, it should be clear that the ΛCDM model
with weakly-interacting cold dark matter has been well-established by a variety of astrophysical
observations using orthogonal techniques and taken at a range of scales (galactic, galaxy cluster,
and cosmological). What is remarkable is that at roughly the same time that the need for dark
matter was becoming accepted dogma in astrophysics and cosmology, realistic theories of particle
physics beyond the standard model also generically began to predict the existence of new stable
massive states that were natural dark matter candidates. Thus the forefront of cosmology and
astrophysics converged with particle physics and gave rise to particle-astrophysics (or astro-particle
physics).

The theory community’s favorite candidate for new fundamental physics is supersymmetry4

(SUSY). Constraints on B−L violation (proton decay) tend to set very restrictive bounds on new
physics—often pushing them into an unnatural regime—unless some sort of parity is imposed to
prevent dangerous higher-dimensional operators. In SUSY the standard solution is to impose R-
parity, which makes the lightest supersymmetric partner (LSP) stable and a benchmark candidate
for weakly-interacting massive particle (WIMP) dark matter.

The theory-side highlight of the dark matter Renaissance is the Boltzmann equation, whose
integral determines the relic abundance of a thermally-produced WIMP particle species of known
interaction cross section after the universe cools and the particle ‘freezes out’ of thermal equilib-
rium. This is the key to connect particle physics data (interaction cross section) with astrophysical
data (relic density). This is the first tool for any honest theorist interested in dark matter and
is discussed in classic (particle-)cosmology texts [11, 52]; also see [53] for a slightly more ad-
vanced analysis. Honestly integrating the Boltzmann equation is a notorious pain in the ass for
generic models due to threshold effects and potential numerical instabilities. Fortunately, numer-
ical tools now exist [54, 55] which we briefly mention in Appendix C. Non-thermal models (e.g.

data with a field with no predictions” [42].
4Given the overabundance of excellent references for SUSY, we will not mention any in particular.
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non-thermal axions) are significantly more complicated but—due to kinetic equilibrium—tend to
also contribute to thermal dark matter [56]; for constraints see, e.g. [57].

As reviewed in [17, 58], there are a number of viable dark matter candidates that go beyond the
standard WIMP paradigm. These include sterile neutrinos, axions, and more recently explored
exotica that we will mention in Section 2.7. (Other non-particle candidates, such as massive
compact halo objects—MACHOs, have been shown to be unable to account for most of the dark
matter mass.) However, there is a compelling coincidence called the WIMP miracle that has
made WIMP models a favorite dark matter candidate among theorists [59]. If one assumes only
that the dark matter couplings are on the order of those for the weak interaction (g ≈ 0.65),
then cranking through the Boltzmann equation gives a model-independent statement that the
dark matter mass should be on the order of 100 GeV to 1 TeV; see Appendix D. This happens
to be precisely where particle physicists already expect to find new physics to solve the hierarchy
problem and illuminate the mechanism of electroweak symmetry breaking.

Since this brings us to the current era, let us review what is is ‘known’ about dark matter [15]:

1. It explains observations over a wide range of scales and experimental methodologies. In
particular, it allows ΩMh

2 ≈ 0.1 as required by cosmological observations.

2. It is neutral. This is strongly constrained by, for example, searches for heavy hydrogen [60].
(Millicharged DM is constrained by cosmology [61].)

3. It is not made up of Standard Model particles but is stable on Hubble time scales.

4. It is cold, i.e. non-relativistic at freeze-out (T ∼ keV), or else structure formation would fail.

5. It is effectively non-(self-)interacting due to the stability of the halo. (A more conservative
statement is that DM must have negligible annihilation and dissipation, see e.g. [62].)

6. If DM interacts with a massless vector5, then the coupling α . 10−3 for mχ ∼ TeV [63].

7. It violates the equivalence principle [64].

A similar ‘ten point test’ with further discussion can be found in [65].

2.5 Baroque Dark Matter

Particle physicists also saw the dramatic style of Baroque laboratory experiments as a
means of impressing visitors and expressing triumphant power and control [66] (mod-
ified by the author, who is aware that the Baroque period predated Romanticism).

The current era has particle physicists attempting to pull dark matter out of the sky and
into the lab, where one might hope to directly measure dark matter scattering events against
detector material. This so-called direct detection benefits from being largely independent of
astrophysical uncertainties and unknowns (astrophysical assumptions will be explained in Section
3.2). These experiments are placed deep underground to shield against cosmic ray backgrounds
and make use of state-of-the art techniques to determine the dark matter cross section and mass.
The heuristic picture of direct detection is as follows:

5This restriction is not as random as it seems. Our favorite DM benchmark is the neutralino which is a Majorana
fermion so that any interaction with gauge vectors would violate gauge invariance. The restriction that generic
DM should have very small gauge vector couplings means that the neutralino is still a valid benchmark [15].
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A WIMP from the local dark matter halo interacts with a target nucleus (composed of Standard
Model quarks) in a detector and recoils. By counting the number of nuclear recoils, one can hope
to determine information about the dark matter mass and cross section. The review of direct
detection via liquid noble gas detectors is the main focus of this report so we shall leave further
discussion of this topic to the rest of this document.

It is important to note that while exclusions plots continue to chip away at the allowed region
(under standard assumptions), to date there has been no universally-accepted ‘smoking gun signal’
for dark matter via these techniques. A single experiment, the DAMA collaboration [67], has a
many-standard deviation result. While the DAMA signal observes an annual modulation with
the correct phase that one would expect from the motion of the Earth relative to the galactic
dark matter halo, it has been effectively ruled out within the standard WIMP paradigm by, for
example, the CDMS collaboration [68, 69, 70]. Additionally, DAMA’s rudimentary background
rejection and its exclusive contract with the company producing its NaI detector material have
added to particle physics community’s skepticism of their result; for an informal review see [71],
or see [6] (lecture three) for a discussion of potential background sources. In fact, until recently
these results were largely ignored by dark matter model-builders.

2.6 Impressionist Dark Matter

While a generation of particle physicists turned to direct detection to “pull dark matter from the
sky and into the lab,” astrophysicists had turned to indirect detection techniques to go back to
the sky to search for dark matter annihilation, which is very nicely reviewed in [72]. The heuristic
picture is

χ

χ

SM

SM

Here one hopes to detect the Standard Model products (or the products thereof) of dark matter
annihilation in the halo. Smoking gun signatures include antimatter (positrons and anti-protons),
gamma rays (mono-energetic), and neutrinos. These signals are affected by astrophysics, including
hitherto unknown but otherwise boring astrophysics such as the possible existence of nearby
pulsars that could mimic the above signals.
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Several such intriguing astrophysical signals have existed for some time, but interest peaked
rapidly in 2008 with the release of the positron and anti-proton flux data from the PAMELA
satellite6 [74]. PAMELA is particularly interesting because it is a ‘toy’ particle detector in space
with its own magnetic field to determine particle charge (and hence discriminate between particles
and anti-particles). The satellite found an unexpected increase in the charged lepton flux and a
corresponding increase in the positron fraction7 [76] with no similar feature in anti-protons [77].
More recently the Fermi Large Area Telescope [78] does not rule out PAMELA.

Astrophysicists were cautious to herald the PAMELA signal as an avatar of dark matter; see,
e.g., [79] for two early alternate astrophysical explanations. On the other hand, having been
starved of any data vaguely resembling new physics for some time, the particle theory community
was quick to build new models [80] selectively invoking astrophysical hints. Other signals include
HESS [81], INTEGRAL [82], EGRET [83], and the Fermi/WMAP “haze” (see [84] for a recent
critical discussion) [85]. ATIC, a balloon experiment commonly cited in dark matter literature
between 2008 and 2009, seems to have been ruled out by Fermi [78]. A general feature of these
anomalies is that they seem to suggest dark matter with unusual spectra and/or couplings—though
these are not necessarily consistent with one another.

2.7 Postmodern Dark Matter: looking forward

Like all tyrannies, there is a single yoke of control: the one thing we know about
WIMPs is their relic abundance. We’ve lived with this tyranny for a long time. It’s
provided all of us with jobs... and some of us with tenure.
– Neal Weiner, on the ‘tyranny’ of the WIMP Miracle paradigm [86].

The prospect that astronomers had already indirectly detected dark matter beyond the stan-
dard neutralino-like paradigm spurred much interest in more exotic ‘phenomenological’ dark mat-
ter models that were motivated primarily from astrophysical anomalies rather than models of
electroweak symmetry breaking. Key ideas include light dark matter [82, 87], inelastic dark mat-
ter [88, 89], annihilating dark matter [90], exothermic dark matter [91], superWIMPs [92] and
WIMP-less dark matter [93]. (Additionally, some older top-down ideas have stuck around, e.g.
axions [94].)

A watershed paper by Arkani-Hamed and Weiner [95] (using many ideas earlier proposed by
the latter) established new rules for dark matter model building: pick your favorite anomalies
(direct or indirect) and construct a model that explains them and makes some unique dark matter
signature at colliders. The particle physics community, sitting on its thumbs while delays to
the Large Hadron Collider (LHC) dampened their expectations of when to expect signals of new
physics, was eager to pick up the trend. Thus came a renewed emphasis on direct production
(collider signatures) of dark matter:

6Actually, interest in dark matter interpretations began well before data was officially released. One particularly
bold collaboration published a paper based on a photograph preliminary results presented at a conference and even
had the audacity to reproduce the preliminary results well before the official results were released [73].

7HEAT found a similar anomaly in the positron flux before PAMELA but could not rule our secondary sources
[75]; we thank Bibhushan Shakya for this comment.
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Note that this is just related by crossing symmetry to our picture of indirect detection. Thus even
for ‘phenomenological’ models with arbitrary couplings and sectors, one would necessarily expect
there to be some collider given sufficient luminosity and energy.

One effect of this resurgence was the cautious re-admittance of DAMA into the group of vi-
able dark matter hints. While other direct detection experiments had seemed to rule out DAMA
assuming a neutralino-like WIMP, these new models had various ways to be simultaneously con-
sistent with the DAMA annual modulation and the other direct detection constraints [96]. As
will be discussed below, one easy way to do this is to have dark matter with predominantly spin-
dependent coupling [97] since DAMA’s NaI detector material is notably more sensitive to such
couplings compared to the Si and Ge targets used for the other existing direct detection bounds.
An additional handle comes from including channelling and blocking effects [98] in DAMA [99]
(these effects seem to only be particularly relevant for DAMA’s NaI crystals and do not affect
other existing direct detection experiments).

Finally, the most recent hints for dark matter come from the CDMS and CoGeNT collabora-
tions. In December of 2009, CDMS announced two events that they could not rule out as dark
matter hits [69]; see also [68] for recorded seminars announcing this result. While this is nowhere
near a ‘discovery,’ optimists hope that this is a harbinger of actual events in the next generation
of direct detection experiments (some of which are the subject of the rest of this exam). Finally,
just a two months before the preparation of this document, the CoGeNT collaboration released a
similar ‘hint’ that could be interpreted as a dark matter event [100, 101]. It is perhaps interesting
to note that while the CoGeNT and DAMA signal regions appear mutually exclusive, invoking
the channeling effects of the previous paragraph appears to give enough of a handle to allow the
two regions to overlap outside of the region that is otherwise excluded by direct detection.

To close, we remark that a proper experimental understanding of dark matter can only come
from combined results from all three methods of detection (direct, indirect, and collider); each
method is complementary in that each depends on a different source of unknown input. These
are summarized in Fig. 1a.

3 Direct Detection: Theory

After the above long-winded historical introduction, we now discuss general features of direct
dark matter detection. Direct detection first demonstrated by Goodman and Witten (yes, that
Witten) at around the time when the author was born [102]. As explained in the introduction,
we study the scattering of halo dark matter particles off of highly-shielded targets to determine
information about their interactions (cross sections) and kinematics (mass). Because dark matter
is so weakly interacting with the Standard Model such experiments require large detector volumes,
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(b) Indirect detection

SM

SM

χ

χ

(c) Collider production

Figure 1: Unknowns in dark matter experiments. (1a) What are the quark couplings? (1b) What
are the final states? (1c) What are the parent species? This should be compared to the three wise
monkeys: See no evil, hear no evil, speak no evil.

as is the case with neutrino experiments. Unlike neutrino experiments, however, dark matter is
heavy and the detection methods are rather different. While neutrinos may zip through a liquid
detector relativistically and leave easy-to-detect Čerenkov radiation, WIMPs lumber along like
giant elephants that will absent-mindedly bump into target nuclei8. One can intuitively appreciate
that the two scenarios very different kinematics that require separate detection techniques.

The canonical review of the calculation of dark matter direct detection constraints is reviewed
exceptionally well by Lewin and Smith [103]. We shall review these results following the pedagog-
ical discussion in [6]. Additional comments and applications to the CDMS detector are presented
in chapter 2 of [70]. The key result will be to understand the structure of dark matter exclusion
plots. We will also briefly survey and classify the experimental techniques used in the range of
direct detection experiments to help place our specific study of XENON100 into proper context.

3.1 General strategy

A garden-variety neutralino-like WIMP interacts with a target material primarily through elastic
collisions with the target nuclei. Experiments can then use complementary detection techniques
to detect and distinguish such interactions from background events to compare to theoretical
predictions. These theoretical predictions can be parameterized by the dark matter mass and a
single effective coupling for typical WIMPs or up to four effective couplings for more general dark
matter models depending on, e.g., spin coupling. The primary quantity to connect experimental
data to theoretical models is the elastic nuclear recoil spectrum, dR/dER, where R is the recoil
event rate and ER is the energy of the recoiling nucleus.

We will start by assembling some pieces required to construct the recoil spectrum: the astro-
physical input data about the WIMP velocity distribution and the effective (‘phenomenological’)
cross section. Since we will see that most events occur with low recoil energy, it will be advan-
tageous to further parameterize the cross section in terms of a zero momentum transfer part and
a form factor that encodes the momentum and target dependence. In doing so we will uncover
important general features that feed into the design of direct detection experiments.

8This behavior is very reminiscent of certain graduate students who shouldn’t be trusted with delicate things.
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3.2 Astrophysical input

Our primary astrophysical assumption is that the dark matter in the halo has a ‘sufficiently’
Maxwellian velocity distribution. The Maxwell-Boltzmann distribution describes the veloci-
ties of particles which move freely up to short collisions and is derived in one’s favorite statistical
physics textbook. Here one assumes that the WIMPs are isothermal and isotropically distributed
in phase space (i.e. gravitationally relaxed). It is important to remark that this is not actually
fully accurate and thus that WIMPs cannot have an exactly Maxwellian distribution even though
such an approximation should be sufficient (i.e. with uncertainties smaller than those coming from
the WIMP-nucleus cross section) for garden-variety WIMP models. For a recent discussion of the
implications of the expected departures from the Maxwell distribution at the large velocity tail
and the kinds of models that would be affected by this, see [104].

The complete phase space distribution for such a halo for a dark matter species of mass mχ,
gravitational potential Φ(~x), and velocity in the galaxy frame ~vgal is

f(~x,~v) d3x d3v ∝ exp

(
−mχ [v2/2 + Φ(~x)]

kBT

)
. (3.1)

The Earth is effectively at a fixed point in the gravitational potential so that the position depen-
dence is is also fixed and can be absorbed into the overall normalization. We may thus write

f(vgal) =
1

k0

ev
2
gal/v

2
0 (3.2)

where k is a factor to normalize the distribution

k0 =

∫
d3~vgal e

v2gal/v
2
0 = (πv2

0)3/2 (3.3)

and v0 is the most probable WIMP speed and is given by the characteristic kinetic energy:

1

2
mχv

2
0 = kBT v0 ≈ 220 km/s ≈ 0.75 · 10−3 c. (3.4)

Note that in (3.3) we have not defined the region of integration in velocity space, we will discuss
this shortly. For now one can assume that we are integrating over the entire space. It is typically
to write the ~vgal explicitly in terms of the velocity in the Earth (lab) frame, ~v, and the velocity of
this frame relative to the dark matter halo, ~vE,

~vgal = ~v + ~vE. (3.5)

The orbit of the Earth about the sun in the galactic halo frame provides the input for an annual
modulation:

vE = 232 + 15 cos

(
2π
t− 152.5 days

365.25 days

)
km s−1. (3.6)

All astrophysical data in this section come from [70]. Further discussion this data can be found
in, e.g., [105].
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A key observation on the right-hand side of (3.4) is that the dark matter particle is very non-
relativistic (we include an explicitly factor of c = 1). This will have important implications on
our WIMP-nucleon cross section.

Let us remark once again that for the remainder of this document (except for isolated remarks),
we will assume this astrophysical input. While we have mentioned in Section 2.7 that there are
many new phenomenological dark matter models that can deviate from these assumptions, we
will not consider them in our primary analysis9.

3.3 Phenomenological cross section

Given a matrix element M(q) for the scattering of WIMPs of lab frame velocity ~v against target
nuclei with characteristic momentum transfer q, we may use Fermi’s Golden Rule to determine
the differential WIMP-nucleus cross section,

dσN(q)

dq2
=

1

πv2
|M|2 = σ̂N ·

F 2(q)

4m2
rv

2
. (3.7)

The (πv2)−1 factor comes from the density of final states and the usual 2π in the Golden Rule
formula. In the last equality we’ve written the cross section in terms of a q-independent factor
σ̂N = σN(q = 0) and fit all of the momentum dependence into the remaining form factor, F (q).
We have written mr for the reduced mass of the WIMP-nucleus system,

mr =
mχmN

mχ +mN

. (3.8)

For a general interaction Lagrangian between WIMPs and nucleons, one can show that the
q = 0 cross section can be parameterized by four effective couplings fp,n and ap,n (subscripts refer
to proton and neutron couplings) according to

σ̂N =
4m2

r

π
[Zfp + (A− Z)fn]2 +

32G2
Fm

2
r

π

(J + 1)

J
[ap〈Sp〉+ an〈Sn〉] (3.9)

where J is the nuclear spin, Z (A) is the atomic (mass) number, and Sp,n are the spin content of
the proton and neutron [106]. There is an implied sum over nucleons, p and n. We have separated
the zero momentum transfer cross section into spin independent (SI) and spin-dependent
(SD) pieces. We elucidate the derivation of this paramterization in Appendix B. The relevant
point is that this is still a general formula for the effective, zero momentum transfer cross section.

Now one must consider the coherence effect coming from summing over nucleons. Nuclear
physicists knew all about coherence effects in atomic interactions... but they’re all old and wrinkly
now. In this day and age, we have to invoke highfalutin ideas like decoupling: as good effective
field theorists, we know that the nuclear scale is ‘macroscopic’ relative to the dark matter scale.
We thus have to ask if it it is appropriate to sum the quantum mechanically over the amplitudes
coming from each target nucleon. This is a question of energy dependence since higher energies
probe smaller scales. We already know from our discussion of the WIMP velocity distribution that

9This would be a novel topic for a future different A-exam, e.g. for Bibhushan Shakya.
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WIMPs are very non-relativistic in the lab frame so that they have a large de Broglie wavelength
that indeed probes the entire target nucleus.

We harp upon this because this already provides a dramatic simplification. It is not surprising
that an electrically neutral dark matter particle should couple in (roughly) the same way to the
proton and neutron since these are related by isospin. Thus we may take fp = fn ≡ f and note
that the first term in (3.9) takes the form

σ̂N |SI ≈
4m2

r

π
f 2A2, (3.10)

i.e. the spin-independent cross section is enhanced by a factor of A2 due to coherence. Further,
since spins form anti-parallel pairs in ground state nuclei, most of the spin-dependent cross section
cancels and only leaves a leftover coupling to an odd number of protons or neutrons in the nucleus.
Thus for our garden-variety WIMP interacting with a garden-variety (e.g. Ge) target with low
spin, we can completely neglect the spin-dependence,

σ̂N ≈ σ̂N |SI . (3.11)

We remark that this simplification (assumed in standard direct detection exclusion plots)
provides a place for the DAMA results to hide since DAMA’s NaI target is much more sensitive
to spin-dependent coupling than other direct detection experiments of comparable volume10.

3.4 Differential recoil rate, a first pass

Let us now turn to the kinematics of the process. We assume elastic scattering since this dominates
for point-like dark matter interacting with nuclei. This assumption provides another place to hide
DAMA results, c.f. inelastic dark matter [88]. In the center of mass frame,

θ
χ N

χ

N

The kinematics of this scattering process are worked out thoroughly in first-year mechanics11,

ER = Eir
1− cos θ

2
, (3.12)

10I know this is being read by LHC physicists, so I should say that detector volume ∼ [instantaneous] luminosity.
11This would be an excellent Q-exam question, but since this committee has already given me a thorough Q-exam,

think it is not necessary to ask me to derive this—right?
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where r is a kinematic factor built out of the particle masses

r =
4mr

mχmN

=
4mχmN

(mχ +mN)2
. (3.13)

The key feature is that 0 < r ≤ 1 with the upper bound saturated for mχ = mN . In other
words, recoil energy is maximized when the masses of the WIMP and target nuclei are matched.
The conventional cartoon to understand this is to consider the scattering of ping pong balls and
bowling balls.

Now let us proceed to calculate the differential recoil rate for the case of zero momentum
transfer q = 0 where we’ve already parameterized the relevant cross section. We will later correct
for the q-dependence in the form factor. In the center of mass frame the scattering is isotropic so
that ER is uniform in cos θ over the range

0 < ER ≤ Eir = Emax
R . (3.14)

This gives us a relatively boring plot of differential recoil rate for an incident energy

d

dEi

dR

dER

EREir

Nondescriptness notwithstanding, it is important to understand what is being plotted here. The
vertical axis gives the rate of nuclear recoils for a sliver of recoil energies between ER and ER+dER
and a sliver of incident energies between Ei and Ei + dEi. This is the differential of the recoil
energy spectrum for the distribution of input WIMP velocities (i.e. Ei). The area of the shaded
box represents the contribution to this differential rate coming from integrating over ER for a
given Ei. As promised this distribution is flat due to isotropy. The length of the box is given by
Emax
R (Ei). The height of the box is a function of our zero momentum transfer cross section σ̂N and

Ei through the dependence of the rate on the WIMP velocity distribution. Thus we may write

d

dEi

dR

dER
=

area

length
=
dR

Eir
. (3.15)

We would have a boring rectangular plot like this for each incident velocity (i.e. each Ei). The
length of each rectangle is Eir and the height will be a more complicated function (given below)
of the velocity distribution. In order to get the recoil spectrum, dR/dER, we can imagine stacking
all of these boring rectangular plots on top of each other:
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d

dEi

dR

dER

ER

Now we can imagine summing together the contribution from each box to get the recoil spectrum,
i.e. we can integrate (3.15)

dR

dER
=

∫ Emax
i

Emin
i

dR(Ei)

Eir
−→

∫

~v

dR(~v + ~vE)

Eir
, (3.16)

where on the right we convert to an integral over WIMP velocity, i.e. Ei = Ei(~v + ~vE). As we
noted above when normalizing the Maxwellian velocity distribution, we have been glib about the
limits of integration. To simplify our first pass, will take Emax

i → ∞ and Emin
i = ER/r from

the second inequality in (3.14). We will later address the effect of a finite Emax
i coming from the

characteristic escape velocity vesc of WIMPs in the dark matter halo.
To perform this integral we need an explicit form of the differential rate dR(Ei) of scattering

from an incident energy Ei to a recoil energy ER. (We have only explicitly written the argument
that is integrated over.) dR(Ei) tells us how many such recoil events occur per kilogram-day of a
target material of atomic mass A. Heuristically this is written as

dR =
# nuclei

kg
· rate

nucleus
, (3.17)

i.e. the number of nuclei per unit mass multiplied by the rate per nuclei. To determine this latter
quantity we can imagine each target nucleus traveling through space at velocity ~vgal = ~v + ~vE in
the WIMP rest frame with a cross section σ̂N .

v dt

σ̂N

The nucleus effectively carves out an interaction volume σ̂Nv dt across a space with WIMP number
density n0f(~v + ~vE) d3~v. Thus the number of events is

rate

nucleus
dt = σ̂Nvgal n0f(~v + ~vE) d3~v dt, (3.18)
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and the rate per nucleus is given by dropping the dt.
Plugging everything into (3.17), including the Maxwellian velocity distribution (3.2),

dR =
N0

A
· σ̂Nvgal n0

1

k
e(~v+~vE)2/v20 d3~v, (3.19)

where N0 is Avogadro’s number. Let us now perform the integral (3.16) in a very simplified ‘toy’
case which we will gradually make more sophisticated. In addition to setting vesc →∞, let us turn
off the annual modulation from the Earth’s motion in the galaxy, ~vE = 0 (this also sets vgal = v).
The resulting integral is then

dR

dER
=

∫ ∞

vmin

1

(1
2
mχv2)r

R0

2πv4
0

v e−v
2/v20 4πv2 dv. (3.20)

The first term is just (Eir)
−1, the second term defines R0 to absorb constants in a way that will

be convenient later, and the remainder contains the v dependence of dR. The minimum velocity
is given by

Emin
i =

ER
r

=
1

2
mχv

2
min. (3.21)

Proceeding to simplify and perform the integral,

dR

dER
=

R0

r
(

1
2
mχv2

0

)
∫ ∞

vmin

2

v2
0

e−v
2/v20 v dv =

R0

E0r
e−ER/E0r, (3.22)

where we have defined E0 = 1
2
mχv

2
0 to be the most probable incident WIMP energy and R0 can

now be simply interpreted as the total rate for isotropic nuclear recoil from a non-relativistic
point-like particle moving through the galaxy. Explicitly writing in all of the factors that went
into this constant, we find

R0 =
2√
π

N0

A
n0σ̂N v0 ≈

500 GeV

Amχ

· σ̂N
1 pb

· ρDM

0.4 GeV/cm3 ·
events

kg day
. (3.23)

Sometimes people define silly units like tru (‘total rate unit’) = event kg−1 day−1 for this rate
or the dru (‘differential rate unit’) for event kg−1 day−1 keV−1 [103]. However, the last thing
particle physics needs is more units so we will not use these.

It is useful to pause for a moment to admire this toy result since it already gives a very rough
estimate for what one might expect in the real world. Given a 100 kg detector made up of Xe
(A ≈ 100) and a 100 GeV WIMP with typical weak-scale nuclear cross section σ̂N ∼ 1 pb, one
ends up with about 5 events per day. This scales linearly with cross section, WIMP density
(astrophysics), and inversely with the WIMP mass. Now suppose the target nucleus happens to
have the same mass, mN = mχ = 100 GeV (this is the right ballpark for Xe) so that r = 1, then
we can calculate the mean recoil energy,

〈ER〉 = E0r =
1

2
mχv

2
0 =

1

2
50 GeV (.75 · 10−3) ≈ 30 keV. (3.24)

This number is remarkably small, even though we’re in the ‘best case’ scenario where the WIMP
and target masses are matched. To compare to experiments that collider physicists (especially
those at Fermilab) might appreciate a bit better, neutrino beam experiments typically detect
events of MeV-scale energies. Dark matter experiments have to be significantly better than this.
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3.5 Comparing apples to apples

Before moving on to make our toy model more realistic, let us pause to make an important point
about meaningful ways to convey the information from a direct detection experiment. Assuming
we have run such an experiment for some time and have detected no signal, we can make an
exclusion plot to convey what our experiment has learned. We present such a plot in Fig. 2. The
plot assumes that there are no events detected within the energy threshold; effectively one assumes
that there was a maximal number of events of energy less than the threshold that would still be
consistent with no observed events above threshold. Integrating (3.22) gives such a value for R
for which one can plot R0/r ∼ σ̂N over mχ. One can qualitatively understand the features of this
graph: at the minimum the kinetic factor r is maximized for mχ ≈ mN . Below this value there’s
not enough kinetic energy transferred (ping pong balls don’t transfer much energy to bowling
balls) and above this value the density of dark matter decreases (n ∼ ρ/mχ) so that the bounds
away from mχ ≈ mN become weaker.

R0

r

mχ

Figure 2: Model log-log exclusion plots from (3.22) in arbitrary units. Each line excludes points
above it. Solid lines indicate increasing energy threshold (worse sensitivity) following the solid
arrow while the dashed lines indicate increasing target atomic mass A. These plots were generated
by the author, which should be taken as evidence that he knows what he’s talking about.

Such a plot can be generated for each direct detection experiment with null results. The key
question is how one ought to combine the results of different experiments. Since we know that
different experiments use different target material (and this is good since this provides sensitivity
for a broad range of WIMP masses), we are particularly concerned about the dependence of the
exclusion plot on the target. This can be summarized by fact that we are setting bounds on the
[zero momentum transfer] WIMP-nucleus cross section σ̂N for various WIMP masses. This clearly
is not a useful quantity when comparing experiments with different target nuclei. Fortunately,
there is a trivial fix: rescale everything so that we provide bounds on the WIMP-nucleon cross
section σ̂n which is thus independent of the particular nucleus. Note that we use the convention
that lowercase n refers to nucleon (or ‘neutron’) while capital N refers to the entire nucleus. The
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conversion is straightforward,

σ̂N =
m2
r

m2
rn

A2σ̂n, (3.25)

where mrn is the reduced mass for the WIMP-nucleon system. Note that we pick up an additional
factor of A2 which, combined with (3.10), gives us a total coherence enhancement of A4 in the
WIMP-nucleon rate (the rate which is sensible to compare between experiments). Let us remind
ourselves that we are restricting ourselves to the case of dominant spin-independent interactions,
the case where spin-dependent scattering is appreciable requires more caution.

Plugging this back into our very rough (back of a very small envelope) estimate (3.23) and
using m2

r/m
2
rn ∼ A2, we find that for our 100 kg Xe detector and 100 GeV WIMP, we get five

events per day for a zero momentum transfer WIMP-nucleon cross section of σ̂n ∼ 10−8 pb.

3.6 More realistic velocities

The differential recoil rate in Section 3.4 is a handy estimate for what one would expect for an
experiment, but it is a dramatic simplification. Let us make our toy expression slightly more
sophisticated by taking into account the effect of a finite escape velocity and replace the effect of
the Earth’s annually modulated velocity relative to the dark matter halo. To make it clear which
spectrum we are referring to, let us write

dR

dER
−→ dR(vE, vesc)

dER
, (3.26)

where we explicitly write the dependence on the Earth’s velocity and the escape velocity. The
toy-model spectrum we derived above then dR(0,∞)/dER.

Because the dark matter halo is gravitationally bound, there is a characteristic escape velocity
at which the Maxwell distribution necessarily breaks down since any particles with such energies
would escape the halo. Thus our integration over WIMP velocity (or, equivalently, incident energy)
should have some upper limit. Technically, the gravitational potential modifies the Maxwell
distribution at its tail, but it is typically sufficient to impose a hard cutoff. Typically vesc ≈ 600
km s−1 should be used as the upper limit for the integration in (3.22). Note that this also requires
a modification of the overall normalization of the Maxwell distribution. We define the finite vesc

normalization by

kesc = k0

[
erf

(
vesc

v0

)
− 2√

π

vesc

v0

e−v
2
esc/v

2
0

]
, (3.27)

where the error function is a convenient shorthand for the integral over the finite velocity domain.
The modified recoil spectrum can be written in terms of the vesc →∞ spectrum as

dR(0, vesc)

dER
=

k0

kesc

[
dR(0,∞)

dER
− R0

E0r
e−v

2
esc/v

2
0

]
, (3.28)

where we see the effect of the rescaled normalization and an additional term which vanishes in
the vesc →∞ limit. Let us remark that typically these large velocity effects are negligible relative
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to our toy model since our garden-variety WIMPs tend to be rather heavy and don’t carry much
kinetic energy. This allowed us, for example, to simply truncate the distribution above the escape
velocity. However, the light WIMP candidates introduced in Section 2.7 can populate more of the
tail of the velocity distribution and proper treatment of this region is important [104].

Now let us account for the modulated velocity of the Earth relative to the dark matter halo,
which we wrote above as:

vE = 232 + 15 cos

(
2π
t− 152.5 days

365.25 days

)
km s−1. (3.29)

Due to the unfortunate placement of our solar system in the Milky Way galaxy, the average
velocity (232 km/s) is not very well known, though the amplitude of the modulation (15 km/s) is
well measured. We should further remark that there are small errors since the modulation isn’t
exactly sinusoidal. This modulation clearly does not affect the finite vesc term in (3.28) since the
large vesc dominates over vE. However, this does affect the dR(0,∞)/dER term. Going through
the same analysis as Section 3.4 with v2 → (~v + ~vE)2, we find

dR(vE,∞)

dER
=

R0

E0r

√
π

4

v0

vE

[
erf

(
vmin + vE

v0

)
− erf

(
vmin − vE

v0

)]
. (3.30)

Combining this with (3.28) finally gives us

dR(vE, vesc)

dER
=

k0

kesc

[
dR(vE,∞)

dER
− R0

E0r
e−v

2
esc/v

2
0

]
. (3.31)

This certainly brings us closer to a realistic expression (though we still have not included
q-dependence), but (3.30) and (3.31) leaves much to be desired in terms of having something
tractable to interpret. Fortunately, it turns out that (3.30) can be approximated very well by a
simpler form,

dR(vE,∞)

dER
= c1

R0

E0r
e−c2ER/E0r, (3.32)

for some fitting ‘constants’ c1 and c2 which vary slightly with the time of year

.73 ≤ c1 ≤ .77 .53 ≤ c2 ≤ .59. (3.33)

A detailed time-dependence can be found in Appendix C of [103], but for most cases it is sufficient
to set them to their average values 〈c1〉 = 0.75 and 〈c2〉 = 0.56. Note that these are not inde-
pendent, since integration of the above equation forces c1/c2 = R(vE,∞)/R0. In this simplified
form we can see that the that the effects of the Earth’s motion can increase rate and make the
spectrum slightly harder (from c2).

Finally, let’s remark that integrating the spectrum (3.30) to get a total rate and differentiating
with respect to the Earth’s velocity gives

d

dvE

(
R

R0

)
=

1

vE

[
R

R0

−
√
πv0

2vE
erf

(
vE
v0

)]
≈ 1

2vE

R

R0

, (3.34)

where our final approximation assumes vE ≈ v0. From this we can see that the 6% modulation in
vE causes a 3% modulation in the rate. A nice plot of this effect is show in Fig. 3.
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Fig. 2. Seasonal variation of rate spectrum; - annual average, - - - - - June, . - . - . - December. Inset: enlargement of cross-over 

region, annual average subtracted. . . . +. . monthly averages. 

where 

r = ~MDMT/(MD + MT)*. (3.8) 

We assume the scattering is isotropic, i.e. uniform in cos 8, so that recoils are uniformly distributed in ER, over 

the range 0 5 ER 5 Et-; hence 

-%laX 

dR 

dER= J 
; ME) 

Emin 

urnax 

1 
=- 

Ear J 

$dR(u), 

where Eti,, = ER/T, the smallest particle energy which can give a recoil energy of ER; EO = ~MDu~ = (u$/u*)E; 
and utin is the dark matter particle velocity corresponding to ,?&, i.e., 

u,,,in = (~&&MD)‘/* = (ER/Eor)‘/*uo. 

So, using (3.2), we have: 

hmx 

dR Ro ko 1 -- 
z = G k 214 J 

v, cMd3u, (3.9) 
urnin 

from which we obtain: 

(3.10) 

which is the basic unmodified nuclear recoil spectrum for UE = 0 already referred to in Section 1. 

Figure 3: Plot of dR(ER)/dE showing the seasonal variation of the rate spectrum. The solid line
is the annual average, dashed line is June, dotted-dashed line is December. The inset shows an
enlargement of the crossover region with the annual average subtracted. Dotted lines in the inset
are monthly averages. Image from [103].

3.7 Form factor suppression: coherence lost

Perhaps the most obvious omission in our toy model thus far has been the approximation of zero
momentum transfer, q = 0. This came from our ansatz all the way back in (3.7) that we could
reliably treat the q-dependence as a correction to the q = 0 cross section which we parameterized
as a form factor, F (q). Now we should justify this parameterization and determine the form of
F (q). See [107] for a discussion.

Momentum transfer from the WIMP-nucleus collision is

q =
√

2mNER. (3.35)

For large enough values of q we expect coherence to break down as the de Broglie wavelength
becomes smaller than the scale of the nucleus. A simple way to develop an intuition for the form
factor is to work in the first Born approximation (i.e. plane wave approximation):

M(q) = fnA

∫
d3~x ρ(~x)ei~q·~x, (3.36)

where ρ is the density distribution of scattering sites. The form factor is precisely the this Fourier
transform over the scattering lattice,

F (q) =

∫
d3~x ρ(x)ei~q·~x =

4π

q

∫ ∞

0

r sin(qr) ρ(r) dr. (3.37)

For spin independent interactions, a simple model of the nucleus as a solid sphere turns out to be
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a very good approximation. In this case the form factor takes the form

F (qrN) =
j1(qrN)

qrN
= 3

sin(qrN)− qrN cos(qrN)

(qrN)3
, (3.38)

where we’ve written the momentum dependence in terms of a dimensionless quantity qrN where
rN ∼ A1/3 is a characteristic nuclear radius. Recall that q ∼ √AER where the A-dependence
comes from mN ∼ A. Thus the leading A and ER dependence of qrN goes like

qrN ∼ A5/2E
1/2
R . (3.39)

A more accurate parameterization from [103] is

qrN = 6.92 · 10−3A1/2

(
ER
keV

)1/2 (
aNA

1/3 + bN
)
, (3.40)

where aN and bN are ‘fudge factors’ to give the correct nuclear radius rN from its A dependence.
We will simply take aN = 1 and bN = 0 (to this precision 6.92→ 7) so that a reasonable-to-detect
100 keV recoil of a Xe (A ≈ 100) nucleus gives qrN ≈ 3.2. From our argument about length scales
one might worry that this is the regime where coherence breaks down. Indeed, plugging into our
solid sphere nuclear model, we get an F 2(qrN) suppression as plotted in Fig. 4.

0 2.5 5 7.5 10 12.5 15

1⋅10-5

1⋅10-4

0.001

0.01

0.1

qrN

F2

ER ~ 100 keV ER ~ 1 MeV

A ~ 120

A ~ 20

Figure 4: Form factor suppression F 2(qrN) on a log plot. Solid line: F 2 suppression for fixed
A ∼ 120 over different recoil energies and corresponding qrN values on the top axis. Dashed line:
F 2 suppression for fixed A ∼ 20 for the same recoil energies. (Note: the qrN values for the dashed
lines are related to the top axis by an additional factor of ∼ 0.2.)

We see that for light target nuclei, the form factor doesn’t make much difference. For heavy
nuclei, on the other hand, we can resolve the structure of the Bessel function (the Fourier transform
of our solid sphere nuclear model) and we find ourselves hitting the zeroes of j1 and brushing up
against its exponential suppression.

This is a very important plot to take into account when designing a direct detection experiment.
We saw in (3.10) that the spin-independent nuclear cross section scales as A2. This is enhanced
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to A4 when considering the more useful nucleon cross section. While we know that having too
large an A (so that mN � mχ) leads to penalty in the kinetic factor r, we know from (3.13) that
this is only A−1. Thus it would still seem advantageous to build detectors with the heaviest target
materials available to maximize the interaction cross section. As we’ve now seen (and could have
expected), this breaks down when the WIMP is no longer able to scatter coherently off the entire
nucleus. One must then balance the coherence from having heavy nuclei with the form factor
suppressing coming from decoherence.

As we consider larger nuclei (large A), the region around q = 0 where F 2(qrN) is not prohibitive
becomes smaller. The trade off when designing an experiment then depends crucially on how low
one can push the energy threshold: what is the smallest nuclear recoil that one can measure?
If you can efficiently detect arbitrarily low threshold recoils, then you can go ahead and use the
heaviest nuclei you can find for your detector. However, real experiments only have a finite energy
threshold (partially a function of the target material). For this minimum recoil energy, one must
consider to what extent the form factor suppression from one’s target material will suppress one’s
signal.

Thus in Fig. 4, the A ∼ 20 detector takes a big hit in the interaction cross section because
of its low A value. However, we see that one is free to use a detector technology with a less
prohibitive energy threshold since F 2 doesn’t decrease very quickly. The A ∼ 120 detector, on the
other hand, gives a nice enhancement from coherence, but only for sufficiently low energy recoils
so that one must be very sensitive to low energy signals. As a rule of thumb, targets lighter than
Ge start start to lose a lot from A2 suppression; i.e. current detector technology does not require
A any lower than this to ensure reasonable efficiency.

This is an important lesson to put the CDMS and XENON experiments in context. While
Xe is appreciably heavier than Ge, form factor suppression (decoherence) in Xe leads to the two
being roughly the same in their ability to detect WIMPs.

Failure for spin-dependent case: see [11] of LS [107, 108]

3.8 Further refinement

If you are doing everything well, you are not doing enough.
– Howard Georgi, personal motto [109]

In addition to proper inclusion of spin-dependence and refinements of the models used above
(e.g. the halo, Born approximation with a hard sphere), a good and honest experimentalist ought
to properly consider the effects of detector resolution and statistics. (Un-)Fortunately, as a theory
grad student I am neither particularly good nor honest when it comes to such matters and I will
leave their detailed discussion to pedagogical expositions in [103] and [70]. Let us briefly address
some salient effects.

Detection efficiency. First on the list of experimental considerations is the efficiency at
which the nuclear recoil energy is detected. As we already know, nuclear recoils and electron
recoils are very different interactions. Given an electron and a nuclear interaction with the same
recoil energy, a given detector technology will measure different values for such events due to
the nature of the detection technique (we will mention canonical examples below). This means
that instead of the spectrum with respect to the recoil energy dR/dER, one should calculate the
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spectrum with respect to the visible energy dR/dEv where Ev = fnER so that

dR

dER
≈ fn

(
1 +

ER
fn

dfn
dER

)
dR

dEv
. (3.41)

A related issue that is important to discuss is quenching12; see [8] for a nice discussion.
Because detectors respond differently to nuclear recoils than to electron recoils, we need useful
units to measure our visible energy. The difference between the visible energy coming from electron
and nuclear events of the same recoil energy is parameterized by a quenching factor, Q. This
leads to some silly notation: keVee for the “electron equivalent” energy (i.e. observed energy had
the event come from an electron) and keVr for the energy signature from a “nuclear recoil.”

Ee(keVee) = Q× Er(keVr) (3.42)

Energy resolution. The next effect to consider is the finite resolution for any real detector.
This means that if there were exactly N signal recoils each of a single energy Ev = E ′v, then
our real detector would observe a spread of energies smeared out in an approximately Gaussian
manner with some energy-dependent width ∆E,

dN

dEv
=

N√
2π∆E

e(Ev−E′
v)22∆E2. (3.43)

Thus the actual spectrum that we measure should be transformed to

dR

dEv
=

1√
2π

∫
dE ′v

1

∆E

dR

dE ′v
e(Ev−Ev)2/2∆E2

, (3.44)

where ∆E(E ′v) ∼
√
E ′v. Real experimentalists should also ‘fold in’ the other terms in ∆E relevant

to a given detector technology. For low energy events one should also worry that the Gaussian
statistics above might lead to erroneous loss of counts due to negative energies. This can be solved
by using a Poisson distribution, but leads to issues regarding the energy threshold.

Energy threshold. As discussed above, the most favorable rates come from low energy events
where the de Broglie wavelength of the WIMP is large enough to permit coherent scattering
against an entire target nucleus. However, detectors (e.g. photomultiplier tubes) can only resolve
events above a given threshold energy. Noise reduction also sets a threshold dependent on nearby
radioactive sources (e.g. impurities in the target material) and shielding. These cutoffs must be
taken into account for each experiment when constructing exclusion plots.

Target mass fractions. Let us comment in passing that in detectors with compound targets
(e.g. NaI for DAMA) one must calculate the rate limit separately for each target.

To summarize, let use write out the recoil spectrum with respect to measured energy as a
handy mnemonic:

dR

dEv
= R0

∑

A

fASAF
2
AIA, (3.45)

12Is it just me, or do experimentalists use this word to refer to way too many different phenomena?
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where R0 is the total rate, A runs over the relevant atomic mass numbers, fA gives the detection
efficiency for nuclear recoil, SA is the spectral function, F 2 is the form factor suppression, and
IA is a reminder about which sort of interaction (spin-independent or spin-dependent) we are
considering. SA is essentially the spectrum in (3.22) modified by all of the above velocity and
detector effects. It gives the same qualitative behavior as in Fig. 2.

4 Direct Detection: Experiments
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Figure 5: Image from Dan Akerib’s lecture in [4], though this is used in several talks from CDMS
collaboration and the original source is unclear.

Instead of cataloguing a long list of direct detection experiments, we will only highlight the
distinguishing features between the primary experimental classes illustrated in Fig. 5. In this we
will focus on the cryogenic detectors (‘bolometers’) operated at T < 77 K. These include solid
state and superfluid 3He detectors. In the following section we will go into further detail on the
use of scintillation and ionization in liquid noble gas detectors such as XENON.

Cryogenic detectors marked the beginning of the modern search for dark matter via direct de-
tection. At low temperatures these detector materials have a heat capacity which approximately
follows a T 3 dependence following Debye law amking it possible to make real measurements of very
low energy deposition (typical thresholds can be as low as 1 keV). These ‘bolometer’ detectors
use a precise measurement of the temperature increase from a potential WIMP event to discrim-
inate against background events. There is a typical 100 ms thermalization time which restricts
bolometry sensitivity to low interaction rates, but this is precisely the scenario for WIMPs.

The main problem faced by direct detection experiments is background reduction. WIMP
events are extremely rare and the nature of the signals can be ambiguous. Did a nuclear recoil
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occur from a WIMP or a background neutron from a cosmic ray? Maybe it wasn’t a nuclear recoil
at all, but a gamma ray scattering off an electron? Background sources are portrayed in Fig. 6.

4.1 Backgrounds

Let’s briefly mention some of the key kinds of background [110]. For a comprehensive review, see
e.g. [111].

• γ Radioactivity. Gamma rays from the surrounding area and the detector apparatus itself.
Particularly relevant examples are radioactivity in photomultipliers in scintillating detectors
and the long-lived isotopes in the detector material from cosmic activation. Notable target
materials that must deal with such isotopes include 39Ar, 68Ge (and 65Zn in Ge). One can
mitigate these effects with lead shielding separating the detection volume from the rest of
the apparatus and by only considering a ‘fiducial’ target volume for a ‘self-shielding’ target
that attenuates gamma rays. (We will discuss this further below.)

• β Radioactivity. β radiation from 210Pb (a daughter of naturally occurring radon in the
air) can lead to surface interactions which are best eliminated by ‘fiducializing’ detector
volume. This is the reason why physicists working directly with dark matter detectors have
to wear ridiculous-looking clean room “bunny suits.”

• Fast neutrons. While photons and electrons interact primarily via electron recoil in the
detector volume, neutrons from cosmic ray muons interacting with the Earth around a detec-
tor interact via nuclear recoil and can mimic the signal of a WIMP. An MeV scale neutron
can give a ∼ 10 keVr nuclear recoil signal after elastic diffusion. The primary difference
between neutron and WIMP interactions are their cross sections so that one can some-
what discriminate against neutron signals by discarding multiple-recoil events. Polyethylene
shielding can also be used to slow neutrons before they enter the detector volume. This
source of background is the primary reason why WIMP experiments must be located deep
underground.

• Solar neutrinos. The coherent diffusion of solar neutrinos through the target volume could
also mimic a single-recoil WIMP singal. However, this is only expected to become relevant
for very large volumes (e.g. the next generation detectors at the ton scale) and long exposure
times. This should not be confused with solar neutrino searches for dark matter.

The main point is that the background rate completely dwarfs the WIMP interaction rate and
forces experiments to go deep underground and employ techniques to discriminate background.
As depicted in Fig. 5, modern detector make use of multiple detection mechanisms to provide a
way to identify and reject backgrounds. This provides a way to classify detectors by their choice
of detection technologies.

4.2 Heat and charge

The current spin-independent benchmark for direct detection comes from the CDMS II [68] exper-
iment. These are able to detect non-thermal phonons on short time scales (∼100 µs). To measure
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Figure 6: Examples of the primary sources of background for direct detection experiments. Image
from [6], though this is used in several talks from CDMS collaboration and the original source is
unclear. (Apparently it is from S. Kamat.)

the the ionizing effect of a nuclear recoil the target volume in placed an electric field with elec-
trodes on the crystal surface. As a recoiling nucleus travels through the target volume it ionizes
atoms. In semiconducting crystals this leads to electron-hole pairs, while in liquid and gaseous
detectors this gives free electrons and ions. The electric field pulls the charges to the top and
bottom of the surface where they can be detected by electrodes. The ionization yield of a gamma
ray and the quenching factor for nuclear ionization is well understood so that a precise measure-
ment of the ionization signal relative to the thermal signal can effectively reject electron-induced
events. Particularly troublesome events are those where charge is not accurately collected, e.g.
interactions close to the electrode surface. This can lead to electron recoil events which appear to
be nuclear recoils.

CDMS rejects these events by simultaneously measuring phonon signals in the target crystal
as an orthogonal discriminator against background events. A combination of signal timing, heat
pulse shape, and relative pulse and ionization are used in addition to the ionization energy to
reduce backgrounds.

4.3 Heat and light

Instead of ionization, an alternative detection mechanism is to use a scintillating material which
emits photons as a recoiling nucleus passes through it. This photon signal is detected by a
photomultiplier tube and can be used to discriminate between nuclear and electronic recoils.
Scintillation materials can be purified to achieve low radiation contamination, though special
care is necessary to reduce background from the photomultiplier glass itself (due to uranium and
thorium content). The most popular options for scintillating materials are NaI(Tl) and Xe, which
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one should immediately associate with the DAMA and XENON experiments. These have the
benefit of having large A and being easily purified. Experiments must also couple scintillation
method with an alternative form of detection (e.g. phonons) to reduce background.

4.4 Light and charge

The remaining combination of detection mechanisms are light (photons) and charge (ionization).
The natural candidates for this sort of detector are the noble liquids, xenon and argon. The
principles of so-called time projection chambers using xenon is the subject of the next section.

DIRECT DETECTION OF DARK MATTER C-1

Figure 1 A selection of experiments’ 90% upper CL results for 60 GeV WIMP-
nucleon scalar cross section versus times of publications. Labels in boxes give the
equivalent event rates in Ge in events/kg/day assuming a low recoil threshold,
>10 keV.

Figure 2 Observational constraints when combining data from WMAP, SDSS, SNIa,
and BBN measurements, plus reionization optical depth limitation (! < 0.3) showing
the 95% CL contours in the (!d = ["m – "b]h2, !m = "mh2) and ("m, "#) planes as
constraints are added. The allowed region where the observations are consistent is
shown unshaded.  The grey diagonal line in the (!d, !m) plane indicates models with
no additional DM component.  The dotted diagonal line in the ("m, "") plane indi-
cates flat geometry for the universe, with open (closed) models below (above) this line
(25).
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Figure 7: A plot of “past, present, and future” direct detection experiments with limits from
2004 [8]. Plotted are the 90% upper confidence level limits for different experiments normalized
to a 60 GeV WIMP in ‘Ge-equivalent’ rates with a threshold > 10 keV. Horizontal axis gives
publication time. Note the time dilation effect that causes a projection in 2004 to anticipate
future experimental results far earlier than they will actually be ready, c.f. the LHC.

5 The XENON experiment

Let us now present the XENON experiments. The XENON10 experiment ran form 2005-2007
and set a bound of σSI ≤ 8.8 × 10−44 cm−2 [112, 113]. The primary purpose of this A exam is
to be prepared for the results of the XENON100 experiment to be announced this summer, it is
expected to set bounds on the order of σSI ≤ 2 × 10−45 cm−2. Finally, plans are underway to
scale the experiment up to XENON1T with a fiducial volume on the order of a metric ton from
2011-2015 with the goal of setting a bound of σSI ≤ 10−46 cm−2. XENON is the current flagship
effort for liquid noble gas detectors which utilize ionization and scintillation techniques to remove
background events13. In case there’s any confusion, XENON (in all capital letters) refers to the

13We will not discuss LUX, a similar experiment in the US. Most of the discussion about XENON translates to
LUX.
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experiment while xenon (lowercase) or Xe refer to the element. I don’t know why the experiment
capitalizes its letters—it does not appear to be an acronym for anything. We will also write LXe
to refer to liquid xenon because this what all of the cool physicists do.

5.1 Xenon: what’s inside XENON

Before discussing two-phase time projection chambers, let us remark on the properties of xenon as
a dark matter detector. The first property that makes xenon an excellent detector material is it
large atomic weight A ≈ 131. As we learned from Section 3, this means that the spin-independent
scattering cross section is enhanced (σSI ∼ A2) provided that has a detector technology that is
sufficiently sensitive to recoil energies, as we will see is the case for XENON. A plot of the event
rate by recoil energy is given in Fig. 8 to give a sense of the sensitivity required to do better
than germanium detectors like CDMS. Further, over 45% of naturally occurring xenon atoms
are odd-spin isotopes (131Xe and 129Xe) which make them sensitive to spin-dependent coupling.
In addition to being a ‘big target,’ xenon also has favorable features for background control. It
has no long-lived radioactive isotopes so there is no bulk contamination except from 85Kr, which
can be reduced to the part-per-thousand level using commercial methods. Further, thanks to its
high atomic number and density, xenon has excellent stopping power so that it is self-shielding
against penetrating radiation. (As the XENON spokesperson puts it, “it’s damn good.”) We
will see that the XENON collaboration makes use of this property by ‘fiducializing’ the detection
volume to reduce background from events near the detector surface. Xenon remains liquid up to
165K so that it does not require extensive cryogenic systems. Combined with its relatively modest
cost, this allows xenon-based detectors to be efficiently scaled to large volumes.

!scalability: relatively inexpensive for very 
large detector (today < $800/kg )

!Large mass number (A~131): high rate 
for SI interactions if NR threshold is low

!~50% odd isotopes: SD interactions 

!Excellent Stopping Power: active volume 
is shelf-shielding

!Excellent Scintillator and Ionizer:  
highest yield among noble liquids 

! Intr ins ical ly pure: no long- l ived 
radioactive isotopes; Kr/Xe reduction  
to ppt level with established  methods

!NR Discrimination: by simultaneous 
charge and light measurement
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5.2 Light and Charge: Ionization and Scintillation

The energy of an incident particle in noble liquids goes primarily into ionization (and excitation
of electrons liberated in ionization processes). Xenon is notable for having the lowest W -value of
the noble gases, where

W =
〈energy to produce an electron-ion pair〉

ionization potential
. (5.1)

This means that xenon has the highest ionization yield of all the noble liquids, i.e. the largest
signal. (This is especially important for spin independent measurements which are most sensitive
to low recoil energies.) Representative ionization yields are shown in Fig. 9 for reference.

6

FIG. 5 Ionization yield from nuclear recoils measured with
small scale two-phase xenon detectors (labeled Columbia and
Case), at di!erent electric field (27).
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FIG. 6 Field dependence of scintillation and ionization yield
in LXe for 122 keV electron recoils (ER), 56.5 keVr nuclear
recoils (NR) and 5.5 MeV alphas, relative to the yield with
no drift field (27).

2. Fano-limit of Energy Resolution

In 1947, Fano (118) demonstrated that the standard
deviation, !, in the fluctuation of electron-ion pairs pro-
duced by an ionizing particle when all its energy is ab-
sorbed in a stopping material, is not given by Poisson
statistics, but by the following formula:

!2 = !(N "Ni)
2# = F $ Ni (4)

where F is a constant less than 1, known as the Fano
factor, and depends on the stopping material. When
F = 1, the distribution is Poisson-like. The calculation
of the Fano factor for LXe and other liquid rare gases was

FIG. 7 Predicted electronic stopping power, dE/dx, for di!er-
ent particles in LXe, based on various references. The circles
refer to the particle energies discussed in (27).

TABLE III Calculated Fano factor F and FW in
gaseous state and liquid states. a(Alkhazov,1972);
b(Policaropo,1974); c(de Lima,1982); d(Doke,1976)

Material Ar Kr Xe
Gas
F 0.16a 0.17b 0.15c

FW (eV) 4.22 4.11 3.30
Liquid
F 0.116d 0.070d 0.059d

FW (eV) 2.74 1.29 0.92

carried out by Doke (98), in the optical approximation.
With the known Fano factor and W -value, the ultimate
energy resolution of a LXe detector is given by:

!E(keV) = 2.35
!

F W (eV) E(MeV) (5)

where !E is the energy resolution, expressed as full
width at half maximum (FWHM: keV), and E is the
energy of the ionizing radiation, in MeV. This energy
resolution is often called the Fano-limit of the energy
resolution. Table III shows F and FW for electrons or
gamma-rays in LAr, LKr and LXe (8; 97; 161; 200).

The Fano-limit of the resolution of LXe, which is
comparable to that measured with a Ge- or Si-detector
(96; 196), has however not yet been achieved. In fact, the
best energy resolution measured with a LXe ionization
chamber is even worse than the Poisson limit, with the
value of 30 keV for 207Bi 554 keV gamma-rays, measured
at the highest field of 17 kV/cm (98; 235). Recently, a
similar value was measured (27) at a field of 1kV/cm,
using the summed signals of ionization and scintillation
measured simultaneously.

Figure 9: Ionization yield from nuclear recoils measured with small two-phase xenon detectors
(labeled Columbia and Case). Xenon is sensitive to nuclear recoils of even a few keVr. The
increase at low energies is believed to come from a drop in the electronic stopping power at low
energies. Image from [115].

These ions are then detected via the scintillation light the ions return to their ground states.
Scintillation occurs in noble liquids arises through the two channels (excitation and ionization) in
Fig. 10. In both processes the excited dimer Xe∗2 (where Xe can be replaced with any other noble
liquid) is de-excited to the dissociative ground state through the emission of a single [vacuum]
ultraviolet photon. The scintillation light has two components coming from the de-excitation of
the singlet and triplet dimer states. Fig. 11 shows the decay shape of scintillation signals in liquid
Xe from various sources. The α and fission fragment sources the combination of the two decay
shapes coming from the triplet and singlet states, while electrons only have one decay component
as expected. While such ‘pulse shape discrimination’ can be used effectively in other liquid noble
detectors (most notably argon), this is difficult in in liquid Xe due to the small time difference of
the two decays.

Let us remark on a different source of scintillation light that will be particularly relevant for
XENON and its class of “two phase time projection chamber” (TPC) detectors discussed below.
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Figure 10: Sources of primary scintillation from ions and excited states of noble gases. Image
from [6].
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Xe+ + Xe ! Xe+
2 ,

Xe+
2 + e! ! Xe"" + Xe

Xe"" ! Xe" + heat
Xe" + Xe + Xe ! Xe"2 + Xe,

Xe"2 ! 2Xe + h! (13)

2. Scintillation Pulse Shape

The scintillation light from pure LXe has two decay
components due to de-excitation of singlet and triplet
states of the excited dimer Xe"2. Figure 19 (138) shows
the decay curves of the scintillation light for electrons,
alpha-particles and fission fragments in LXe, without an
electric field. The decay shapes for "-particles and fis-
sion fragments have two components. The shorter decay
shape is produced by the de-excitation of singlet states
and the longer one from the de-excitation of triplet states.
Specifically, the short and long decay times are 4.2 and 22
ns for alpha-particles. For fission fragments, the values
are 4.1 and 21 ns, respectively. These decay times make
LXe the fastest of all liquid rare gas scintillators. While
the singlet and triplet lifetimes depend only weakly on
the density of excited species, the intensity ratio of sin-
glet to triplet states is larger at higher deposited energy
density.

For relativistic electrons, the scintillation has only one
decay component, with a decay time of 45 ns (138; 155).
Since this component disappears with an applied electric
field, it is likely due to the slow recombination between
electrons and ions produced by relativistic electrons. Fig-
ure 20 (153) shows the decay curves of LXe scintillation
light, with an electric field of 4 kV/cm, with two distinct
decay components. From this figure, it is estimated that
the short decay time for relativistic electrons is 2.2±0.3
ns and the long decay time is 27±1 ns. The di!erence
in the scintillation pulse decay shape for di!erent types
of particle in liquid rare gases can be used to e!ectively
discriminate these particles. Pulse shape discrimination
(PSD) is however di"cult for LXe given the small time
separation of the two decay components. On the other
hand, PSD is very e!ective for LAr, given the larger time
separation of the two components with values of 5.0 ns
and 1590 ns, respectively (138; 163).

3. Scintillation Yield

If E is the energy deposited by the ionizing radiation,
the maximum scintillation yield is given as E/Wph, where
Wph-value is the average energy required for the produc-
tion of a single photon. Assuming the absence of photon
reduction (or quenching) processes, Wph can be obtained
from 2 as (109)

FIG. 19 Decay curves of scintillation from liquid xenon ex-
cited by electrons, !-particles and fission fragments, without
an applied electric field (138; 153).

Wph = W/(1 + Nex/Ni) (14)

where W is the average energy required for an electron-
ion pair production, discussed in Ionization Process. Nex

and Ni are the numbers of excitons and electron-ion
pairs, respectively, produced by the ionizing radiation.

The scintillation yield depends on the linear energy
transfer (LET), that is, the density of electron-ion pairs
produced along the track of a particle, because the re-
combination probability between electrons and ions in-
creases with the density of electron-ion pairs. Figure 21
(101; 109) shows such an LET dependence of the scintil-
lation yield in LAr. As seen from the figure, the scintil-
lation yield stays at a maximum value over an extended
region of the LET. In these experiments involving rela-
tivistic heavy ions, the scintillation signals were simulta-
neously observed with the ionization signals. The sum
of ionization and scintillation signals, properly normal-
ized (86), and divided by Nex + Ni, gives a completely

Figure 11: Decay curves of scintillation from liquid xenon excited by electrons, α particles, and
fission fragments. Image from [115].
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In a volume with both liquid and gas components, electrons liberated in LXe can be extracted
via an electric field into the gas region. In the TPC detectors that we will be considering there is
an additional field applied at the liquid-gas interface that causes proportional scintillation (or
electroluminescence). We shall distinguish this from the primary scintillation in Fig. 11.

5.3 Two-Phase Time Projection Chamber

We note that while we advertised our detector as a ‘light and charge’ detector, one could now
deduce from the above discussion that XENON is really a ‘light’ detector that is sensitive to
both primary scintillation (what we called ‘light’ above) and proportional scintillation (‘light’
from charge). It is the relation between the initial primary signal—which is called S1—and the
secondary proportional signal—called S2—that gives us the two independent measurements of
each event that modern direct detection experiments rely on to discriminate electron from nuclear
recoils. This is the basis of the so called two-phase time projection chamber (TPC) detectors.

We note that the S2 signal is always larger than the S1 signal due to the amplification at the
liquid-gas interface. The ratio of S2 to S1, however, is larger for electron recoil and gamma ray
interactions since these are more ionizing that nuclear recoil events. A cartoon of the XENON
detector is shown in Fig. 12. The detector is composed of an upper and lower photomultiplierThe XENON two-phase TPC

5

WIMPs/Neutrons

nuclear recoil

electron recoil

Gammas

Top PMT Array

! Single electron and single photon measurement sensitivity

! > 99.5% ER rejection via Ionization/Scintillation ratio (S2/S1)

!  3D event-by-event  imaging with millimeter spatial resolution 

Figure 12: Image from Elena Aprile’s presentations on behalf of the XENON collaboration [114],
though this is used in several talks from XENON collaboration and the original source is unclear.

tube (PMT) arrays to detect scintillation light. The sides of the cylindrical volume are effectively
mirrored to reflect scintillation light. Due to the different index of refraction in liquid and gaseous
xenon, direct light in the liquid volume undergoes total internal reflection and so is detected
primarily in the lower PMT array (immersed in the liquid). On the other hand, the upper
photomultipliers detect proportional scintillation and provide x − y event data. The drift time
between the S1 and S2 events allows one to also determine the z-position of the event so that this
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class of detectors provide full 3D event reconstruction. For more details on the applications of
liquid xenon to particle and astroparticle physics, see [115]. To summarize:

• Primary scintillation occurs in the liquid and is detected by the lower PMT.

• Electrons liberated in ionizing processes are pushed across the liquid-gas boundary and are
detected on the upper PMT array. This also determines the transverse location of the event.

• The relative size S1 and S2 signals provides a handle to discriminate electron/gamma events
from dark matter candidates (nuclear recoils).

• The drift time between the S1 and S2 signals determines the longitudinal (z) position of the
event.

5.4 Calibration and background

Let’s now address the most important aspect of any dark matter search: getting rid of back-
ground. We’ve already discussed the basic features of the detector that help minimize background:
shielding, light-and-charge detection, and a detection material that is ‘intrinsically pure’ with no
long-lived radioactive isotopes (and commercial mechanisms to maintain the necessary purity).

The first source of additional background reduction comes from fiducializing the detector
volume. I have no idea why they call it ‘fiducializing,’ but the idea is to make use of the time
projection chamber’s event-by-event 3D position determination to cut events that occur near the
detector surface since this is where background photons are most likely to interact. (This, in part,
is because of xenon’s remarkable stopping power.) The background rate in the central part of the
detector is five times smaller than that at the edges (0.6 events/KeVee/kg/day). This is shown
in Fig. 13. After the fiducial volume cut nearly all background from PMTs and the detector wall
(e.g 60Co) are removed. One of the features of TPCs is that this efficiency improves with larger
detector volumes.

Next we impose energy selection cuts. In Fig. 14 we present calibration data from XENON10
from Ce-137 (an electron source) and AmBe (a neutron source). The neutrons are meant to mimic
dark matter recoils. As we have explained, the S2/S1 ratio (proportional scintillation over primary
scintillation) differs for electron versus neutron recoils. In the figure we we see this difference
explicitly. The discrimination strategy is to reject events that are above the nuclear recoil mean
line. This rejects 99.5% of electron recoil events.

The energy cuts are based on calibration of the S2/S1 ratios. Compared to the calibration
data in Fig. 14, one can subtract the energy-dependent mean log(S2/S1) of the electron-recoil band
to obtain a ∆log(S2/S1) for each event. This flattens the band to Fig. 16. The energy window is
divided into seven bins with an acceptance window defined by a Gaussian about the calibration
mean for each bin. During calibration the collaboration found ‘anomalous leakage’ events coming
from multiple-scatter events with one scatter coming from the nonactive LXe volume below the
cathode (i.e. with no proportional scintillation). In such an event the S2 signal only comes from
the scattering in the active volume while the S1 signal comes from both scattering events. This
makes the S2/S1 ratio smaller and can push some events into the WIMP-search window. In order
to remove such events additional cuts are imposed based on the S1 signal asymmetry between the
top and bottom PMTs and the transverse-plane hit pattern of the S1 photons.
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!"# $%&''()*+,&-#.!/00#1%(2#+3415*.&6)7+8#761%(&)+9:+2&;6<#+16%=Figure 13: By exploiting 3D event information XENON can impose cuts on events that occur
outside a ‘fiducial volume’ where background events are concentrated. Image from [114].
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Figure 14: Calibration of the XENON10 detector using electron-recoil and neutron-recoil data.
The region between the vertical dashed lines is the energy window (4.5 – 26.9 keVr) chosen for
the WIMP search 99.5% of gamma events are rejected below the nuclear recoil mean. Image from
[114].
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Cuts based on energy and fiducial cuts are software-level and are performed after data is
recorded to tape. This is what makes low-rate experiments so different from particle colliders:
there’s no need for a trigger to throw out any events.

5.5 XENON10

We now review the results of the XENON10 experiment. For simplicity14 we shall focus on the
spin-independent results presented in [112]. Just for fun we include a schematic of the XENON10
apparatus in Fig. 15.

27

2.1 The XENON10 Detector

XENON10 is a dual-phase (liquid-gas) Xe Time-Projection Chamber (TPC) for particle detection. The

active target of XENON10 is 13.5 kg of liquid Xe, enclosed in a Teflon can (15 cm height, 10 cm radius),

maintained at T = 177 K and p = 2.1 atm. (absolute). Particle interactions in Xe cause prompt primary

scintillation (S1), which are recorded by 89 Hamamatsu R8520 PMTs (48 in the top PMT array, 41 in

the bottom PMT array). Particle interactions in the Xe also create ionization electrons. An electric field

Ed = 0.73 kV cm!1 was applied across the active target by applying !12 kV to the cathode mesh, which

was located 1.3 cm above the bottom PMT array. Two electro-formed stainless steel meshes at the top of

the active target allowed for the application of a 2nd electric field Ee " 13 kV cm!1 across the liquid-gas

interface. Ionization can then be drifted across the active target and extracted into the gas by Ee. In the

gas Xe, the ionization is rapidly accelerated, and the subsequent collisions with Xe atoms cause a large burst

of secondary scintillation (S2). The detector is shown schematically in Fig. 2.1. Sub-systems are described

in detail in Sec. 3.1.

Figure 2.1: Schematic Drawing of XENON10 (K. Giboni). A close-up view of the active target
region is shown in Fig. 3.29.

Figure 15: A schematic of the XENON10 apparatus. Image from K. Giboni in [116].

The limits set by XENON10 are presented below in Fig. 19. For the most part this is the
‘bottom line.’ However, let’s instead discuss some features of the collaboration’s data analysis.

XENON10 collected 58.6 live days of WIMP-search data. Out of a total of ∼1800 events,
ten events survived the cuts. These are presented on a ∆log(S2/S1) plot in Fig. 16 and on a 3D
position plot in Fig. 17.

The question to ask is how many of these events are actually likely to be WIMP scatters.
The XENON10 estimate for the expected number of anomalous ‘leakage’ events is limited by
calibration statistics. Based on multiple-scatter calibration data, no neutron induced recoils are
expected among the post-cut events.

14And because the author is desperately running out of time for this exam. . .

33



Before going into a post-cut analysis of these events, the collaboration set conservative upper
bounds on the WIMP-nucleon cross section (see Fig. 19). The largest source of systematic un-
certainty came from limited knowledge of the nuclear recoil scintillation efficiency at low recoil
energies since measurements of this quantity were all above 10.8 keVr. At this limit the systematic
uncertainty is 13.0 ± 2.4 %.

None of the 10 WIMP-candidate events are likely to be actual WIMP-interactions. Five of the
events (numbers 3,4,5,7,9 in the figures) are statistically consistent with the electron recoil band.
Further, it was found that event 1 met the coincidence requirement only because of a noise glitch.
The remaining events (2,6,8,10) are not favored for three reasons:

1. They are clustered in the lower part of the fiducial volume (Fig. 17) where anomalous events
(e.g. multiple scatters) occur more frequently.

2. An independent blind analysis performed in parallel to the primary analysis used more
stringent S1 hit pattern cuts and rejected events 6,8, and 10.

3. The expected nuclear recoil spectrum prefers lower-energy scattering while these candidate
events appear preferentially at higher energy (where we expect form factor suppression to
reduce the WIMP signal).

5 events consistent with tail of gammas. A few that were mis-reconsutrcted, (double scatter).
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5.1 XENON10 dark matter exclusion limits

After all cuts were frozen based on a study of the 137Cs calibration data and the non-blind WS data, the

final XENON10 WIMP-search results were obtained by simply “opening the box”. In other words, the 58.6

live days of data from WS3 and WS4 were looked at for the first time, with all the cuts pre-set according

to the calibration data. The ROOT analysis chain was designated by the collaboration as the “primary”

analysis for the purpose of reporting the XENON10 WIMP search results. However, both analyses (ROOT

and Matlab) were run blind, so WIMP candidate events from both will be discussed. The results from the

ROOT (Matlab) analysis are shown in Fig. 5.1 (Fig. 5.2), with 10 (17) events in the WIMP-search box.

R

R

R R R

R

R

R
R

R

Figure 5.1: The XENON10 58.6 live day (blind) WIMP search result from the primary (ROOT)
analysis. There are 1805 single-scatter events in the energy range 4.5 ! 26.9 keVr. Ten WIMP
candidates remained in the acceptance box. Of these, five events are consistent with the Gaussian
electron recoil background (indicated by blue numbers); four events are excluded from the Gaussian
background population at > 99.9% (indicated by red numbers). The event just below 5 keVr should
not have been accepted, because the S1 n " 2 coincidence requirement for this event was met only
because of a coherent noise pickup. All the events are labeled with a subscript R to distinguish them
from the event numbering in my analysis.

5.1.1 The WIMP acceptance box and !log10(S2/S1) coordinates

The WIMP search results and the 137Cs and AmBe calibration data are shown in terms of the discrimination

parameter y! = !log10(S2/S1), rather than y = log10(S2/S1). The transformed coordinates are particularly

Figure 16: Ten candidate events from XENON10 plotted according to S2/S1. Blue lines and
vertical lines show the WIMP-search region. Candidate events are numbered. Blue events are
statistically consistent with electron recoil. Image from [116] based on results from [112].

6 Anticipating XENON 100

Let us now move on to a rather subjective and somewhat speculative15 discussion of where we
stand in anticipation of XENON100.

15Some of the discussion below was brought to the author’s attention via the blogosphere [117], i.e. the ‘yellow
journalism’ of physics.
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FIG. 1: Log10(S2/S1) as a function of energy for electron re-
coils (top) and nuclear recoils (bottom) from calibration data.
The colored lines are the mean Log10(S2/S1) values of the
electron recoil (upper, red) and nuclear recoil (lower, blue)
bands. The region between the two vertical dashed lines is
the energy window (4.5 - 26.9 keV nuclear recoil equivalent
energy) chosen for the WIMP search. An S2 software thresh-
old of 300 pe is also imposed (black lines).

TABLE I: The software cut acceptance of nuclear recoils !c,
the nuclear recoil acceptance Anr, and the electron recoil re-
jection e!ciency Rer for each of the seven energy bins (Enr

in nuclear recoil equivalent energy). The expected number
of leakage events, Nleak, is based on Rer and the number of
detected events, Nevt, in each energy bin, for the 58.6 live-
days WIMP-search data, with 5.4 kg fiducial. Errors are the
statistical uncertainty from the Gaussian fits on the electron
recoil "Log10(S2/S1) distribution.

Enr (keV) !c Anr 1 - Rer Nevt Nleak

(10!3)

4.5 - 6.7 0.94 0.45 0.8+0.7
!0.4 213 0.2+0.2

!0.1

6.7 - 9.0 0.90 0.46 1.7+1.6
!0.9 195 0.3+0.3

!0.2

9.0 - 11.2 0.89 0.46 1.1+0.9
!0.5 183 0.2+0.2

!0.1

11.2 - 13.4 0.85 0.44 4.1+3.6
!2.0 190 0.8+0.7

!0.4

13.4 - 17.9 0.83 0.49 4.2+1.8
!1.3 332 1.4+0.6

!0.4

17.9 - 22.4 0.80 0.47 4.3+1.7
!1.2 328 1.4+0.5

!0.4

22.4 - 26.9 0.77 0.45 7.2+2.4
!1.9 374 2.7+0.9

!0.7

Total 1815 7.0+1.4
!1.0

empirically to be statistically consistent with Gaussian
fits, except for a small number of “anomalous leakage
events”. From these fits, we estimate the electron recoil
rejection e!ciency and predict the number of statistical
leakage events in the WIMP search data, for the defined
nuclear recoil acceptance window. For each energy bin,
the derived electron recoil rejection e!ciency and the nu-
clear recoil acceptance values are listed in Table I.

In addition to the statistical events leaking from the
electron recoil band into the nuclear recoil acceptance
window, we observed anomalous leakage events in the

137Cs calibration data and unmasked WIMP search data.
These events were identified to be multiple-scatter events
with one scatter in the non-active LXe mostly below the
cathode and a second scatter in the active LXe volume.
The S2 signal from this type of event is from the interac-
tion in the active volume only, while the S1 signal is the
sum of the two S1’s in both the active and non-active
volume. The result is a smaller S2/S1 value compared
to that for a single-scatter event, making some of these
events appear in the WIMP-search window. Two types
of cuts, one using the S1 signal asymmetry between the
top and bottom PMT arrays and the other using the S1

hit pattern, defined as S1RMS =
!

1
n

"
(S1i ! S1)2 (i =

1, n), on either the bottom or the top PMT array, are de-
fined to remove these anomalous events. The S1 signal
from the scatter outside the active volume tends to be
clustered on a few of the bottom PMTs (larger S1RMS),
while the S1 signal from a normal event in the active vol-
ume is distributed more evenly over the PMTs (smaller
S1RMS). A large fraction of events that leaked into
the WIMP-signal window are of this type of background
and could be removed by the cuts discussed above. The
cut acceptance !c for single-scatter nuclear recoil events,
based on AmBe neutron calibration data, is listed in Ta-
ble I.

FIG. 2: Position distribution of events in the 4.5 to 26.9 keV
nuclear recoil energy window, from the 58.6 live-days of
WIMP-search data. (+) Events in the WIMP-signal region
before the software cuts. (!) Events remaining in the WIMP-
search region after the software cuts. The solid lines indicate
the fiducial volume, corresponding to a mass of 5.4 kg.

The 3D position sensitivity of the XENON10 detec-
tor gives additional background suppression with fiducial
volume cuts [23]. Due to the high stopping power of LXe,
the background rate in the central part of the detector
is lower (0.6 events/keVee/kg/day) than that near the

Figure 17: Ten candidate events from XENON10 plotted according to 3D position in the detector.
The box shows the fiducial cut. Candidate events are numbered. Red events are in a region with
higher probability for multiple scattering background. Image from [112].
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6.1 Reach of the XENON100 experiment

Recent presentations from the XENON collaboration have suggested very impressive background
rejection [114]. Fig. 18 shows preliminary data to compare with the XENON10 results. After
fiducializing the larger detector volume (∼ 40 kg fiducial volume) and imposing energy cuts, the
preliminary data show zero background events. This data came from a short 11 day run and is
already competitive with multi-month CDMS runs. The data set to be released this summer is
expected to be ten times larger and the analysis will be bolstered with better measurements of
the LXe scintillation efficiency at low recoil energies.

and apply  S2/S1 Discrimination..
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XENON100: 40 kg “Background free” 

XENON10 PRL 100, 021303 (2008) XENON100 PRL in preparation 

136 kg-days Exposure= 58.6 live days x 5.4 kg x 0.86 (!) x 0.50 (50% NR)

(data collected between Oct.2006 and Feb.2007)

190.4 kg-days Exposure= 11.2 live days x 40 kg x 0.85 (!) x 0.50 (50% NR)

(data collected between Oct.and Nov.2009)

Tuesday, March 23, 2010

Figure 18: Left: XENON 10 events for 136 kg-days of exposure [112] showing candidate events
in the nuclear recoil region. (In Section 5.5 we discuss the unblind analysis that removed these
events.) Right: preliminary data from XENON100 with 190.4 kg-days of exposure [114].

6.2 What did CDMS see?

Probably nothing. (I’m supposed to say that or else my adviser will worry that he’s been raising
a crackpot.) At the end of 2009, the unblinding of 194 additional kg-days lead to the observation
of two low-energy WIMP candidate events with 0.8± 0.3 background events expected [69]. Even
with these background events, CDMS II had set the most sensitive bounds for direct detection
with a representative exclusion point of 3.8× 10−1pb for mχ = 70 GeV.

The unfinished part of this story is the yet-to-be-announced results from the CDMS silicon
detectors. Silicon is a light element (A = 28) and is important for light WIMP candidates.
Speaking of light dark matter...

6.3 CoGeNT, DAMA, CRESST

Part of the ‘sales pitch’ from the XENON collaboration is their ability to test the infamous DAMA
signal. Both NaI and Xe are excellent scintillators with similar energy thresholds (they are neigh-
bors on the periodic table). Unlike DAMA, however, the XENON has ‘automatic’ background
reduction from self-shielding and fiducialization (is this even a word?). XENON100 should be
able to set comparable spin-dependent cross section limits, see Fig. 20. XENON expects to have
a background rate that is 100 times lower than DAMA/LIBRA [114].
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Trotta et al 2008, CMSSM Bayesian: 95% contour
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CDMS: Soudan 2004!2009 Ge
XENON10 2007 New (Net 136 kg!d)
DAMA/LIBRA 2008 3sigma, no ion channeling
DATA listed top to bottom on plot

Figure 19: Spin-independent reach for XENON100 plotted against existing CDMS II bounds.
Also shown are the DAMA region (no channeling) and an arbitrary slice of SUSY parameter
space called the CMSSM. These regions should be taken with mountains of salt and are only
provided to give a sense of XENON100’s reach. Image generated by the author using [118].

37



Figure 20: Spin-dependent constraints from XENON10 plotted against the DAMA region (no
channeling) and related experiments. Image generated by the author using [118].

DAMA picked up some marginal interest earlier this year following anomalous events from
the CoGeNT experiment [100]. Theorists noted that channeling and blocking phenomena could
be used to shift around the DAMA and CoGeNT likelihood regions around so that they could
approach one another [101].

The status of the DAMA and CoGeNT ‘signals’ are still the subject of current debate. For a
fairly recent review about whether DAMA is compatible with other experiments, see [96]. Unfor-
tunately at one year old this paper is already out-of-date. For recent rumor mongering one can
refer to the usual suspects [117]. For a dose of sobering reality, see [6] for a discussion of non-dark
matter sources for DAMA’s annual modulation signal.

The bottom line is that XENON100 is a well-controlled experiment that plans to continue
running through the rest of the calendar year to obtain a full dataset to search for any annual
modulation signal. The similarities of xenon with iodine and the experiments’ similar sensitivities
should allow XENON to make meaningful exclusions on the DAMA ‘parameter space.’

6.4 Hints from Pamela/FERMI

If you are doing everything well, you are not doing enough.
– Howard Georgi, personal motto [109]

Out of self-respect I have nothing to say about this. Absolutely nothing.
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6.5 Role of the LHC

Before I say anything, you already know what the take-home message is: complementary searches
for dark matter are important. Any meaningful handle on dark matter will come from a combi-
nation of direct detection, direct production, and indirect detection. A nice heuristic plot of this
is presented in Fig. 21.
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Figure 21: A heuristic plot of the complementary searches for dark matter. Image from [6].

Instead of saying anything meaningful about the role of the LHC, let us be somewhat defeatist
and acknowledge that model-dependence makes it incredibly difficult to say anything meaningful
about dark matter at the LHC. Every plot showing various ‘preferred’ SUSY regions should be
viewed with skepticism (if not disdain), such regions should only be taken as possible points in
parameter space and certainly not boundaries of parameter space in any sense. As we have seen
above, there are enough model-building tricks to devise dark matter candidates that are arbitrarily
hard to find at the LHC.

The difficulty at the LHC comes from the fact that dark matter will only show up as missing
energy. It is premature to say anything about the plausibility of measuring dark matter cou-
plings, but there has been some recent progress towards determining particle spectra in a model-
independent way using so-called MT2 techniques16. The state-of-the-art for these techniques is
subsystem MT2 and appears to hold some promise in determining invisible and intermediate
particle spectra with sufficient luminosity [119].

16For a set of introductory notes on MT2 written by the author, see http://www.lepp.cornell.edu/~pt267/
files/BSMclub/Flip_09Oct26_notes.pdf.
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7 Outlook

The material here is a combination of a literature review, experimental preview, and ‘how-to-
interpret’ guide for the XENON100 experiment (though most of our discussion is not specific to
XENON). We have strived to present a document that can serve as a guidebook for phenomenol-
ogists who are considering the dark matter bandwagon. The extent to which we have been able
to do this has been naturally limited by time constraints, but we hope to have provided sufficient
references that the interested reader may continue where we have left off.

Further, this fall the Cornell BSM Journal Club17 will host a student workshop on dark matter
phenomenology. The author hopes that these notes can be expanded during that workshop.

There are many topics which we have unfortunately been unable to discuss. I highlight a few
below, mostly for my own future reference.

• The role of neutrino telescopes on dark matter detection [120]

• The role of ground-based telescopes such as LSST

• The AMS experiment18 which is a ‘real’ particle physics experiment in space (the spokesper-
son is Nobel prize winning particle experimentalist Sam Ting)

• The connection between dark matter and big bang nucleosynthesis [51]

• Gaseous detectors [121]

• Directional detectors

• Solar system dark matter, e.g. [122]

As we approach potentially exciting times in both dark matter and collider physics, it is
important for phenomenologists to start considering the combination of a broad set of experimental
programs to see how to extract meaningful model-independent information. A step towards this
direction was taken in, e.g., [123].
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A Notation and Conventions

WIMPs are generically referred to as χ. We use a subscript N to denote interactions with an
entire nucleus and n for interactions with an individual nucleon I shouldn’t even have to say it,
but we work in natural units where ~ = c = 1. Occasionally we will make factors of c explicit
to make a point, but we will never write masses in GeV/c2. Why do experimentalists keep doing
that, anyway?

B Zero momentum transfer cross section

Congratulations! If you’re made it this far into the paper, then you’ve gotten to the
stuff that I don’t want to discuss during my oral exam.

Unfortunately, I didn’t have time to flesh out the derivation of (3.9). The reader is forwarded
to [106] and [125].

C Review of Dark Matter tools

In this appendix we survey some of the publicly available computer tools available for facilitating
dark matter phenomenology. A recent review of available tools (focusing on SUSY) can be found
in [126].

1. DM Tools [118] includes a very handy online interface for generating exclusion plots based
on published data.

2. ILIAS DM Online Tools [127] is a set of complementary tools

3. Dark SUSY [53, 128] is a FORTRAN package for dark matter calculations in supersymmetry

4. micrOMEGAS [55, 54] is a particularly useful tool for properly integrating the Boltzmann
equation in SUSY and select BSM models
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D The WIMP miracle

This section to be written!
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