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Dark Matter first postulated in 1930s

2

✤ 1930s Fritz Zwicky

✤ and 1970s Vera Rubin 

→ Galaxies are rotating too fast

→ 10 × more mass needed!

Coma cluster

Rotation curves of galaxies

Vera Rubin
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Much much more evidence since then
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Bullet-cluster: DM not MOND

D. Clowe, et al

CMB + BAO: precision tests of !CDM

2.2. Evidence for dark matter

Figure 2.2: Rotation curve of spiral galaxy NGC-3198. The sum of disk and expected
dark matter halo contributions match the observations [14].

between baryonic or dark origin. In fact, gravitational lensing was first suggested by

Zwicky as a viable technique to measure the mass distribution in our Universe [15].

We distinguish between three di↵erent classes of gravitational lensing: strong, weak

and micro lensing. Strong lensing distorts the images of the lensed objects to great

extent, resulting in clearly visible arcs and multiple images of the same source. On the

contrary, micro-lensing imposes no visible distortion on the shape, but the amount of

light detected from a background source changes over time.

The weak lensing technique is based on the statistical analysis of numerous weakly

lensed sources and is most commonly used for large sky surveys. When observing a

preferred direction in the distortion of the intrinsic shape of captured galaxies, mass

distributions in the area may be reconstructed. Recent advances in this technique,

utilising the redshift dependence (higher redshift galaxies experience stronger shear

distortion), enable the recovery of the full three-dimensional gravitational potential

of the matter density, resolving large scale structures in both angle and time. This

was achieved, for example, by studying the weak lensing data from the Hubble Space

Telescope (HST)/Space Telescope A901/902 Galaxy Evolution Survey (STAGES) [16].

A very prominent example, demonstrating the presence of dark matter using the

technique of weak gravitational lensing, is the observation of the Bullet cluster [17],

a merger of two galaxy clusters. When the two clusters collided, the fluid-like x-ray

emitting hot gas or ICM was spatially separated from the visible stellar components,

which simply passed through each other. However, the gravitational potential does

not trace the ICM, the dominant baryonic mass fraction, but, rather approximately,
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Rotation curve NGC-3198

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Chapter 2. A Review of the Evidence for Dark Matter and Possible Candidates

Figure 2.5: Galaxy distribution from spectroscopic redshift surveys (blue) [20, 21, 22]
in comparison to data obtained from cosmological N-body simulations (red) [23]. As
presented in Ref. [19].

All of the structures imprinted in the CMB help to constrain the fraction of each

individual constituent contributing to the overall mass-energy density of the Universe.

Extensive N-body simulations probe these parameter constraints, by studying the

formation of large scale structures via gravitational interaction of dark matter under

the ⇤CDM paradigm. Figure 2.5 shows a comparison (for a selected part of the sky) of

results obtained from the Millennium simulation [19] to experimentally measured galaxy

distributions such as from the Two Degree Field Galaxy Redshift Survey (2dFGRS) [20]

and the Sloan Digital Sky Survey (SDSS) [21]. The observed features are strikingly

similar, backing a cold dark matter framework leading to the formation of large scale

structures visible today.

2.2.5 Big-Bang nucleosynthesis

An indirect determination of the dark matter mass fraction in the Universe comes from

the measurement of light element abundances. These light elements are produced in

the early Universe through Big-Bang Nucleosynthesis (BBN), constraining the baryon

to photon ratio observed today.

The early Universe (t < 1 s) was dominated by relativistic particles in thermal

equilibrium supporting continuous weak and electromagnetic interactions. At t ' 1 s

14

Large scale 
structure → CDM

2.3. Dark matter candidates: an overview

Figure 2.6: Co-moving WIMP density, Y (the WIMP number density divided by the
entropy), as a function of time in the early Universe, showing the decoupling (freeze
out) of WIMPs dependent on the annihilation cross-section. The continuing line labeled
with Y

eq

shows the case when equilibrium would be maintained [38].

scenario in terms of co-moving WIMP number density as a function of time, showing

the dependency on the annihilation cross-section.

To find a suitable WIMP candidate one may look into physics beyond the SM

on the electroweak scale. One of the best studied extensions to the SM is that of

supersymmetry (SUSY), which naturally provides a neutral and stable particle with

just the right properties required for a CDM candidate.

The SM of particle physics is one of the most tested theories in physics. Recent

detection of what is most likely the Higgs boson by the ATLAS and CMS groups at

the Large Hadron Collider (LHC) [39, 40] completes the success story of this theory.

However, some details, such as the ‘Hierarchy Problem’, remain unsolved in the SM.

The observed Higgs boson mass is ⇠125 GeV/c2. Although not inconsistent with

the SM itself, as it does not predict the mass, one may assume that the Higgs mass

would be at the level of the Planck scale (grand unification energy; reduced Planck

mass m
P

=
q

~c
8⇡G ' 2.4⇥1018 GeVc�2) due to large quantum corrections. How can

the mass scale of electroweak symmetry breaking be stabilised without requiring an

unnatural level of fine tuning? Experimental e↵orts to date are only able to explore

the territory near the electroweak scale, some 16 orders of magnitude below the Planck

scale, where quantum gravitational e↵ects would become important. It may seem

19

Relic density → weak-scale

Chapter 2. A Review of the Evidence for Dark Matter and Possible Candidates

Figure 2.1: Constraints of the ⌦⇤ – ⌦
m

plane in the ⇤CDM model by combination
of type Ia supernovae (SNe), Cosmic Microwave Background (CMB) and Baryonic
Acoustic Oscillations (BAO) measurements. The shaded areas represent 68.3%, 95.4%
and 99.7% confidence regions. The line indicates the division between an open and a
closed Universe [11].
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CHAPTER 1. DARK MATTER 8

1.1.3 Cosmological Scales: Big Bang Nucleosynthesis, Cosmic Microwave

Background

Big Bang Nucleosynthesis

By knowing (or assuming) the conditions of the early universe and relevant nuclear cross-

sections, it is possible to infer the primordial abundances of the light elements. Big Bang

Nucleosynthesis (BBN) is the synthesis of the light nuclei, deuterium, 3He, 4He, and 7Li,

during the first few minutes after the Big Bang. Theoretical predictions of the light element

abundances at the time of nucleosynthesis depend on the baryon density (the density of

protons and neutrons) today since we know how those densities scale as universe evolves.

Hence, the predictions of light element abundances are able to constraint the baryon density

Figure 1.5: Constraints on the baryon density from Big Bang Nucleosynthesis (BBN) [Burles

et al., 1999]. Predictions are shown for four light elements - 4He, D, 3He, and 7Li - spanning

a range of 10 orders of magnitude. The solid vertical band is fixed by measurements of

primordial deuterium. The boxes are the observations; there is only an upper limit on the

primordial abundance of 3He.
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Figure 2.2: Rotation curve of spiral galaxy NGC-3198. The sum of disk and expected
dark matter halo contributions match the observations [14].

between baryonic or dark origin. In fact, gravitational lensing was first suggested by

Zwicky as a viable technique to measure the mass distribution in our Universe [15].

We distinguish between three di↵erent classes of gravitational lensing: strong, weak

and micro lensing. Strong lensing distorts the images of the lensed objects to great

extent, resulting in clearly visible arcs and multiple images of the same source. On the

contrary, micro-lensing imposes no visible distortion on the shape, but the amount of

light detected from a background source changes over time.

The weak lensing technique is based on the statistical analysis of numerous weakly

lensed sources and is most commonly used for large sky surveys. When observing a

preferred direction in the distortion of the intrinsic shape of captured galaxies, mass

distributions in the area may be reconstructed. Recent advances in this technique,

utilising the redshift dependence (higher redshift galaxies experience stronger shear

distortion), enable the recovery of the full three-dimensional gravitational potential

of the matter density, resolving large scale structures in both angle and time. This

was achieved, for example, by studying the weak lensing data from the Hubble Space

Telescope (HST)/Space Telescope A901/902 Galaxy Evolution Survey (STAGES) [16].

A very prominent example, demonstrating the presence of dark matter using the

technique of weak gravitational lensing, is the observation of the Bullet cluster [17],

a merger of two galaxy clusters. When the two clusters collided, the fluid-like x-ray

emitting hot gas or ICM was spatially separated from the visible stellar components,

which simply passed through each other. However, the gravitational potential does

not trace the ICM, the dominant baryonic mass fraction, but, rather approximately,
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Figure 2.5: Galaxy distribution from spectroscopic redshift surveys (blue) [20, 21, 22]
in comparison to data obtained from cosmological N-body simulations (red) [23]. As
presented in Ref. [19].

All of the structures imprinted in the CMB help to constrain the fraction of each

individual constituent contributing to the overall mass-energy density of the Universe.

Extensive N-body simulations probe these parameter constraints, by studying the

formation of large scale structures via gravitational interaction of dark matter under

the ⇤CDM paradigm. Figure 2.5 shows a comparison (for a selected part of the sky) of

results obtained from the Millennium simulation [19] to experimentally measured galaxy

distributions such as from the Two Degree Field Galaxy Redshift Survey (2dFGRS) [20]

and the Sloan Digital Sky Survey (SDSS) [21]. The observed features are strikingly

similar, backing a cold dark matter framework leading to the formation of large scale

structures visible today.

2.2.5 Big-Bang nucleosynthesis

An indirect determination of the dark matter mass fraction in the Universe comes from

the measurement of light element abundances. These light elements are produced in

the early Universe through Big-Bang Nucleosynthesis (BBN), constraining the baryon

to photon ratio observed today.

The early Universe (t < 1 s) was dominated by relativistic particles in thermal

equilibrium supporting continuous weak and electromagnetic interactions. At t ' 1 s
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2.3. Dark matter candidates: an overview

Figure 2.6: Co-moving WIMP density, Y (the WIMP number density divided by the
entropy), as a function of time in the early Universe, showing the decoupling (freeze
out) of WIMPs dependent on the annihilation cross-section. The continuing line labeled
with Y

eq

shows the case when equilibrium would be maintained [38].

scenario in terms of co-moving WIMP number density as a function of time, showing

the dependency on the annihilation cross-section.

To find a suitable WIMP candidate one may look into physics beyond the SM

on the electroweak scale. One of the best studied extensions to the SM is that of

supersymmetry (SUSY), which naturally provides a neutral and stable particle with

just the right properties required for a CDM candidate.

The SM of particle physics is one of the most tested theories in physics. Recent

detection of what is most likely the Higgs boson by the ATLAS and CMS groups at

the Large Hadron Collider (LHC) [39, 40] completes the success story of this theory.

However, some details, such as the ‘Hierarchy Problem’, remain unsolved in the SM.

The observed Higgs boson mass is ⇠125 GeV/c2. Although not inconsistent with

the SM itself, as it does not predict the mass, one may assume that the Higgs mass

would be at the level of the Planck scale (grand unification energy; reduced Planck

mass m
P

=
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8⇡G ' 2.4⇥1018 GeVc�2) due to large quantum corrections. How can

the mass scale of electroweak symmetry breaking be stabilised without requiring an

unnatural level of fine tuning? Experimental e↵orts to date are only able to explore

the territory near the electroweak scale, some 16 orders of magnitude below the Planck

scale, where quantum gravitational e↵ects would become important. It may seem
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Figure 2.1: Constraints of the ⌦⇤ – ⌦
m

plane in the ⇤CDM model by combination
of type Ia supernovae (SNe), Cosmic Microwave Background (CMB) and Baryonic
Acoustic Oscillations (BAO) measurements. The shaded areas represent 68.3%, 95.4%
and 99.7% confidence regions. The line indicates the division between an open and a
closed Universe [11].

8

BAO + SNe + CMB
BBN

CHAPTER 1. DARK MATTER 8

1.1.3 Cosmological Scales: Big Bang Nucleosynthesis, Cosmic Microwave

Background

Big Bang Nucleosynthesis
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sections, it is possible to infer the primordial abundances of the light elements. Big Bang

Nucleosynthesis (BBN) is the synthesis of the light nuclei, deuterium, 3He, 4He, and 7Li,

during the first few minutes after the Big Bang. Theoretical predictions of the light element

abundances at the time of nucleosynthesis depend on the baryon density (the density of

protons and neutrons) today since we know how those densities scale as universe evolves.

Hence, the predictions of light element abundances are able to constraint the baryon density

Figure 1.5: Constraints on the baryon density from Big Bang Nucleosynthesis (BBN) [Burles

et al., 1999]. Predictions are shown for four light elements - 4He, D, 3He, and 7Li - spanning

a range of 10 orders of magnitude. The solid vertical band is fixed by measurements of

primordial deuterium. The boxes are the observations; there is only an upper limit on the

primordial abundance of 3He.

www.quantumdiaries.org

http://www.quantumdiaries.org
http://www.quantumdiaries.org


Slide J. Dobson  ⎯  PANIC2014 ⎯  25th Aug. 2014

Much much more evidence since then

5

Bullet-cluster: DM not MOND

D. Clowe, et al

CMB + BAO: precision tests of !CDM

2.2. Evidence for dark matter

Figure 2.2: Rotation curve of spiral galaxy NGC-3198. The sum of disk and expected
dark matter halo contributions match the observations [14].

between baryonic or dark origin. In fact, gravitational lensing was first suggested by

Zwicky as a viable technique to measure the mass distribution in our Universe [15].
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light detected from a background source changes over time.
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preferred direction in the distortion of the intrinsic shape of captured galaxies, mass

distributions in the area may be reconstructed. Recent advances in this technique,

utilising the redshift dependence (higher redshift galaxies experience stronger shear

distortion), enable the recovery of the full three-dimensional gravitational potential

of the matter density, resolving large scale structures in both angle and time. This

was achieved, for example, by studying the weak lensing data from the Hubble Space

Telescope (HST)/Space Telescope A901/902 Galaxy Evolution Survey (STAGES) [16].

A very prominent example, demonstrating the presence of dark matter using the

technique of weak gravitational lensing, is the observation of the Bullet cluster [17],

a merger of two galaxy clusters. When the two clusters collided, the fluid-like x-ray

emitting hot gas or ICM was spatially separated from the visible stellar components,

which simply passed through each other. However, the gravitational potential does

not trace the ICM, the dominant baryonic mass fraction, but, rather approximately,
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Figure 2.5: Galaxy distribution from spectroscopic redshift surveys (blue) [20, 21, 22]
in comparison to data obtained from cosmological N-body simulations (red) [23]. As
presented in Ref. [19].

All of the structures imprinted in the CMB help to constrain the fraction of each

individual constituent contributing to the overall mass-energy density of the Universe.

Extensive N-body simulations probe these parameter constraints, by studying the

formation of large scale structures via gravitational interaction of dark matter under

the ⇤CDM paradigm. Figure 2.5 shows a comparison (for a selected part of the sky) of

results obtained from the Millennium simulation [19] to experimentally measured galaxy

distributions such as from the Two Degree Field Galaxy Redshift Survey (2dFGRS) [20]

and the Sloan Digital Sky Survey (SDSS) [21]. The observed features are strikingly

similar, backing a cold dark matter framework leading to the formation of large scale

structures visible today.

2.2.5 Big-Bang nucleosynthesis

An indirect determination of the dark matter mass fraction in the Universe comes from

the measurement of light element abundances. These light elements are produced in

the early Universe through Big-Bang Nucleosynthesis (BBN), constraining the baryon

to photon ratio observed today.

The early Universe (t < 1 s) was dominated by relativistic particles in thermal

equilibrium supporting continuous weak and electromagnetic interactions. At t ' 1 s
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2.3. Dark matter candidates: an overview

Figure 2.6: Co-moving WIMP density, Y (the WIMP number density divided by the
entropy), as a function of time in the early Universe, showing the decoupling (freeze
out) of WIMPs dependent on the annihilation cross-section. The continuing line labeled
with Y

eq

shows the case when equilibrium would be maintained [38].
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detection of what is most likely the Higgs boson by the ATLAS and CMS groups at
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Figure 2.1: Constraints of the ⌦⇤ – ⌦
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plane in the ⇤CDM model by combination
of type Ia supernovae (SNe), Cosmic Microwave Background (CMB) and Baryonic
Acoustic Oscillations (BAO) measurements. The shaded areas represent 68.3%, 95.4%
and 99.7% confidence regions. The line indicates the division between an open and a
closed Universe [11].
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Nucleosynthesis (BBN) is the synthesis of the light nuclei, deuterium, 3He, 4He, and 7Li,

during the first few minutes after the Big Bang. Theoretical predictions of the light element

abundances at the time of nucleosynthesis depend on the baryon density (the density of

protons and neutrons) today since we know how those densities scale as universe evolves.

Hence, the predictions of light element abundances are able to constraint the baryon density

Figure 1.5: Constraints on the baryon density from Big Bang Nucleosynthesis (BBN) [Burles

et al., 1999]. Predictions are shown for four light elements - 4He, D, 3He, and 7Li - spanning
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Detecting WIMPs
✤ Weakly Interacting Massive Particles:

✤ Favoured candidates for Cold Dark Matter (alternatives: Axions, sterile neutrinos, ...)

✤ Expected to be neutral in most scenarios
✤ Interact only weakly with normal matter
✤ Non-relativistic freeze-out resulting in relic density today of ~1000/m3
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013

n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107

n/cm2/s for
all flavors [34]).

quarks: for neutrons it is s

n ,n ⇡ 0.42 · 10�44(E
n

/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is s

n ,Xe ⇠ 2 ·10�39 cm2; for Ar it is an order of magnitude smaller, s

n ,Ar ⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of ⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –

✤ Look for nuclear recoil from elastic 
scattering of galactic WIMPs off material 
in terrestrial detector:
✤ WIMP speed ~220 km/s → nuclear 

recoils O(10 keV) 
✤ Expect < 1 evt / kg / year

3.3. Direct detection methods

backgrounds, such as �-rays and � particles, produce electron recoils in the target

through interactions with the electrons of the target atoms.

In the absence of any SUSY particles seen by the LHC, it should be emphasised

that direct searches, such as the ZEPLIN–III dark matter experiment (the main topic

of this thesis), are searching for any WIMP-like dark matter candidate from the galactic

halo, i.e. conducting broadband sweeps of the electroweak parameter space, such that

the experiments are model independent.

The event rate in direct WIMP detection depends both on astrophysical and particle

physics parameters. The Standard Halo Model (SHM) describes an isotropic and

isothermal sphere of dark matter extending much further than the visible baryonic disc,

with a density profile ⇢(r) / r�2 and a mean particle speed of ⇠270 km/s. The SHM

is very much a simplified picture in comparison to complex galaxy dynamics, studied

for example using N-body simulations, in which a density profile with a significant

level of lumpiness is generated, and also suggesting the possibility that the dark matter

haloes may be co-rotating with the galaxy discs to some degree [72]. However, to allow

comparison between di↵erent experiments, it is customary and reasonable to adopt

SHM parameters for cross-section or event rate calculations. The standard values are:

the local dark matter density, ⇢0 = 0.3 GeV/cm3; the local circular speed of the solar

system moving through the halo (it is usually assumed that the rotation curve has

already reached its asymptotic value at the Solar radius), v
c

= 220 km/s; and the local

escape speed of the dark matter particles, v
esc

= 544 km/s [73] (and references therein).

The WIMP-nucleus scattering rate is governed by the astrophysical factors given

above, but is also strongly dependent on the properties of the target nucleus. The

following event rate and cross-section calculations are based predominately on the very

good overviews given in Refs. [73, 74]. The nuclear recoil energy di↵erential event rate

expressed in terms of events/kg/day/keV (also called di↵erential rate or dru) is given

by
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In Eq. (3.1) m
N

and m
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are the masses of the nucleus and the WIMP, respectively,
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dE
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is the di↵erential cross-section for the WIMP-nucleus elastic scattering and f(v)

is the WIMP speed distribution in the detector frame. The lower integration limit,

v
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, is the minimum WIMP speed causing a recoil energy, E
R

, and is described by

kinematics of non-relativistic scattering:
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3.3. Direct detection methods

there is a loss of coherence, which ultimately leads to a suppression in the event rate

for heavy target nuclei. This is accounted for by the nuclear form factor, F (E
R

), a

Fourier transform of the nucleon density, also sometimes parameterised in terms of

the momentum transfer q =
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. By introducing a zero momentum transfer

cross-section, �0, the form factor can be decoupled and the di↵erential cross-section

expressed as
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The contributions to the SI cross-section arise from scalar and vector couplings to

quarks and takes the form
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where Z and A are the atomic and mass number, respectively, and f
p,n

represent the

e↵ective scalar coupling to the proton and the neutron, respectively. The last term in

Eq. (3.7) describes the vector coupling contributions with B
N

as defined in Eq. (3.8):
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Only valence quarks contribute to the coupling, and the parameters ↵V

q=u,d

determine

the vector coupling strength.

For general comparison to theory and other experiments (with di↵erent tar-

get materials) cross-section limits are commonly calculated in the form of the

scalar WIMP-nucleon cross-section, �
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, related to �SI
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In this case WIMP coupling to neutrons and protons is assumed to be very similar, and

thus f
p

= f
n

. Additionally, when studying Majorana type particles, B
N

vanishes.

The form factor for the SI contributions, F 2
SI

(q), is determined from electron-nucleus

scattering data [76] and may be parameterised as follows:

F 2
SI

(q) =
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where j1 is a spherical Bessel function, s'1 fm is the thickness of the nuclear skin and

R1 =
p
R2 � 5s2 with R ' 1.2 A1/2 fm. For zero momentum transfer, the form factor
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Detecting WIMPs
✤ Weakly Interacting Massive Particles:

✤ Favoured candidates for Cold Dark Matter (alternatives: Axions, sterile neutrinos, ...)

✤ Expected to be neutral in most scenarios
✤ Interact only weakly with normal matter
✤ Non-relativistic freeze-out resulting in relic density today of ~1000/m3
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013

n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107

n/cm2/s for
all flavors [34]).

quarks: for neutrons it is s

n ,n ⇡ 0.42 · 10�44(E
n

/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is s

n ,Xe ⇠ 2 ·10�39 cm2; for Ar it is an order of magnitude smaller, s

n ,Ar ⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of ⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –

✤ Look for nuclear recoil from elastic 
scattering of galactic WIMPs off material 
in terrestrial detector:
✤ WIMP speed ~220 km/s → nuclear 

recoils O(10 keV) 
✤ Expect < 1 evt / kg / year

3.3. Direct detection methods

backgrounds, such as �-rays and � particles, produce electron recoils in the target

through interactions with the electrons of the target atoms.

In the absence of any SUSY particles seen by the LHC, it should be emphasised

that direct searches, such as the ZEPLIN–III dark matter experiment (the main topic

of this thesis), are searching for any WIMP-like dark matter candidate from the galactic

halo, i.e. conducting broadband sweeps of the electroweak parameter space, such that

the experiments are model independent.

The event rate in direct WIMP detection depends both on astrophysical and particle

physics parameters. The Standard Halo Model (SHM) describes an isotropic and

isothermal sphere of dark matter extending much further than the visible baryonic disc,

with a density profile ⇢(r) / r�2 and a mean particle speed of ⇠270 km/s. The SHM

is very much a simplified picture in comparison to complex galaxy dynamics, studied

for example using N-body simulations, in which a density profile with a significant

level of lumpiness is generated, and also suggesting the possibility that the dark matter

haloes may be co-rotating with the galaxy discs to some degree [72]. However, to allow

comparison between di↵erent experiments, it is customary and reasonable to adopt

SHM parameters for cross-section or event rate calculations. The standard values are:

the local dark matter density, ⇢0 = 0.3 GeV/cm3; the local circular speed of the solar

system moving through the halo (it is usually assumed that the rotation curve has

already reached its asymptotic value at the Solar radius), v
c

= 220 km/s; and the local

escape speed of the dark matter particles, v
esc

= 544 km/s [73] (and references therein).

The WIMP-nucleus scattering rate is governed by the astrophysical factors given

above, but is also strongly dependent on the properties of the target nucleus. The

following event rate and cross-section calculations are based predominately on the very

good overviews given in Refs. [73, 74]. The nuclear recoil energy di↵erential event rate

expressed in terms of events/kg/day/keV (also called di↵erential rate or dru) is given

by
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In Eq. (3.1) m
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and m
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are the masses of the nucleus and the WIMP, respectively,
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is the di↵erential cross-section for the WIMP-nucleus elastic scattering and f(v)

is the WIMP speed distribution in the detector frame. The lower integration limit,

v
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, is the minimum WIMP speed causing a recoil energy, E
R

, and is described by

kinematics of non-relativistic scattering:
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3.3. Direct detection methods

there is a loss of coherence, which ultimately leads to a suppression in the event rate

for heavy target nuclei. This is accounted for by the nuclear form factor, F (E
R

), a

Fourier transform of the nucleon density, also sometimes parameterised in terms of

the momentum transfer q =
p
2m

N

E
R

. By introducing a zero momentum transfer

cross-section, �0, the form factor can be decoupled and the di↵erential cross-section

expressed as
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The contributions to the SI cross-section arise from scalar and vector couplings to
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where Z and A are the atomic and mass number, respectively, and f
p,n

represent the

e↵ective scalar coupling to the proton and the neutron, respectively. The last term in

Eq. (3.7) describes the vector coupling contributions with B
N

as defined in Eq. (3.8):
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Only valence quarks contribute to the coupling, and the parameters ↵V
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determine

the vector coupling strength.

For general comparison to theory and other experiments (with di↵erent tar-

get materials) cross-section limits are commonly calculated in the form of the

scalar WIMP-nucleon cross-section, �
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, related to �SI
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In this case WIMP coupling to neutrons and protons is assumed to be very similar, and

thus f
p

= f
n

. Additionally, when studying Majorana type particles, B
N

vanishes.

The form factor for the SI contributions, F 2
SI

(q), is determined from electron-nucleus

scattering data [76] and may be parameterised as follows:

F 2
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(q) =
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exp[�q2s2] , (3.10)

where j1 is a spherical Bessel function, s'1 fm is the thickness of the nuclear skin and

R1 =
p
R2 � 5s2 with R ' 1.2 A1/2 fm. For zero momentum transfer, the form factor
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Important factors for detector: large mass, low-radioactivity, 
low-energy threshold, high signal acceptance, ability to 
reject ER backgrounds (discrimination)
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The Large Underground Xenon 
(LUX) experiment

8

The worlds largest dual-phase xenon 
time-projection chamber
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Principle of detection: dual phase xenon TPC

10

Chapter 4. The ZEPLIN–III Experiment

Figure 4.7: Flowchart of the two processes creating a primary scintillation signal in
an elastic recoil in liquid xenon. In the primary interaction both excited and ionised
Xe atoms are created. The two branches produce, in their final stages, excited dimer
states responsible for the typical scintillation light of the noble gas (� = 178 nm).
Transparency of the medium to its own scintillation light, i.e. the energy of the emitted
photons is less than the energy di↵erence between the ground state (of the two separated
atoms) and the first atomic excited state, ensures good light collection.

regions without the need for any physical barriers. Comprehensive overviews of the

properties of liquid xenon and its utilisation in noble gas detectors are given in Refs. [72,

83].

4.2.1 The primary scintillation signal

The scintillation light produced in a particle interaction within the liquid xenon is

attributed to two separate processes involving excited atoms and ions. A flow chart of

the individual processes, both resulting in the production of VUV scintillation photons

and their interconnection, is shown in Fig. 4.7 [126, 127].

Firstly, direct excitation takes place resulting in excitation luminescence by the

de-excitation of singlet and triplet states of the created excimer Xe⇤2, see Eq. (4.3).

The transition of the excited states occurs at short interatomic distance, where the

ground state potential is repulsive and the molecule becomes dissociated. The two

possible de-excitations from the lowest electronic excited states are quite di↵erent in

their characteristic decay time due to the forbidden direct transition of the triplet to

the ground state. The latter becomes possible through spin-orbital coupling and the

52

✤ Xe: scintillation+ionization, self-shielding, ~3 g/cm3 and self shielding, A2 boost for σSI    
✤ Energy reconstruction, 3D pos. rec.,  discrimination
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Sanford Underground Research Facility

11

LUX at SURF

Muon flux at 4850’ level reduced 
by 107 relative to the surface

55.2 m−2s−1 → 1×10−5 m−2s−1

18

Muon flux reduced by 107:                     
55.2 m-2s-1 at surface → 1×10-5 m-2s-1http://sanfordlab.org

✤ Deep underground science at former Homestake gold mine 
in Lead, South Dakota

✤ LUX based in Davis campus on the 4850’ level (1300 mwe)

✤ Excellent lab facilities and support

http://sanfordlab.org
http://sanfordlab.org
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An ultra low background environment

12

S. Fiorucci – Brown University  8 

Water Tank: d = 8 m, h = 6 m 

300 tonnes, 3.5 m thickness on the sides 

Inverted steel pyramid (20 tonnes) under 

tank to increase shielding top/bottom 

Cherenkov muon veto 

Ultra-low background facility 

Gamma event rate reduction: ~10-9 

High-E neutrons (>10 MeV): ~10-3 
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Slide design from L de Viveiros 

Rendering by J. Thomson 
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Figure 3: Overview of the LUX detector system installed in the Davis
Cavern. Shown are the water tank and the central cryostat. The PMTs of
the muon-veto system are not shown.

7

Full details of LUX backgrounds in recent paper:  Astroparticle Physics  (2015), pp. 33-46
http://arxiv.org/abs/1403.1299

http://arxiv.org/abs/1403.1299
http://arxiv.org/abs/1403.1299
http://arxiv.org/abs/1403.1299
http://arxiv.org/abs/1403.1299
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The LUX cryostat

13

Top thermosyphon Feedthroughs

Anode and electron
extraction grids

Xenon recirculation
and heat exchanger

300 kg active liquid xenon

Cathode grid

Photomultiplier tubes

Titanium cryostats

PTFE reflector panels

Bottom thermosyphon

Figure 5: Cross-sectional view of the LUX cryostats. The vertical distance
between the inner faces of the top and bottom PMT arrays is 61.6 cm.

9

Hamamatsu R8778 PMTs (61 top, 61 bottom)

250 kg active
(370 kg total)

Low background titanium

Full description of LUX:                                                                           
NIM. A 704, 111-126(2013), arXiv:1211.3788
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A  LUX event - 1.5 keV gamma ray scatter

14
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Calibrating LUX
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Detector calibration

!"#$%&'#()*!"+,&-.+!/%0-.*-
!102&-3%0!4*-!5.$6

Collimation Hole 
Reducer (Tungsten)

Tungsten Shield

Tungsten Shield
Back Plate

Source

Casing (SS)

Casing (SS)

Handle

External sources:
241AmBe, 252Cf

Internal sources:
83mKr, 3H

Due to self-shielding of LXe, internal sources preferable! 23
 SolidWorks Student License
 Academic Use Only

Figure 10: Rendering of the six source tubes surrounding the central LUX
cryostat. The top two sections of each source tube are made of steel; the
bottom section is made of clear acrylic. Clear acrylic water displacers are
installed in front of the active xenon volume to limit source attenuation.

22

✤ External sources via source tubes:

✤ Americium-beryllium (AmBe) and 252Cf: low energy neutrons → validating 
NR models and detector sims, NR efficiencies

✤ Xenon self-shielding → internal sources injected into circulation 
system preferable:

✤ 83mKr: half-life ~1.8 hours, 32.1 + 9.4 keV betas → weekly purity, xyz 
corrections

✤ Tritiated methane (CH3T): low energy betas (end point 18 keV). High stats, 
uniform and high purity → ER band, ER acceptance

S. Fiorucci – Brown University  27 2
7 

LUX Calibrations – 83mKr 

83Rb produces 83mKr when it decays; this krypton gas can then be flushed into the 

LUX gas system to calibrate the detector as a function of position. 

Provides reliable, efficient, homogeneous calibration of both S1 and S2 signals, 

which then decays away in a few hours, restoring low-background operation. 

83mKr source (83Rb coated on charcoal, 
within xenon gas plumbing) 

 Bonus: tomography of Xe flow 

external source holder

83Rb coated charcoal plummed 
into gas system  → 83mKr

WIMP-like



Slide J. Dobson  ⎯  PANIC2014 ⎯  25th Aug. 2014

Timeline of LUX so far

16

LUX funded in 2008 by DOE and NSF

Above-ground laboratory completed at SURF in 2011
LUX assembled; above-ground commissioning runs completed

Underground laboratory completed at SURF in 2012. 
LUX moves underground in July to its new home in the Davis cavern. 

Detector cooldown, xenon condensing and detector commissioning completed  and 
gas phase testing completed April 2013 

Initial (3-month) WIMP search → October 2013

Neutron gun calibration Nov/Dec 2013

Detector development and preparations for 300-day run: Jan 2014 → present  



Slide J. Dobson  ⎯  PANIC2014 ⎯  25th Aug. 2014

First dark matter results from 
LUX

17

118 kg and 85.3 days of live-time data



Slide J. Dobson  ⎯  PANIC2014 ⎯  25th Aug. 2014

Run 3 data-taking

18

S. Fiorucci – Brown University  24 

LUX Run 3: Some Statistics 

85.3 live days DM search CH3T 
AmBe 
252Cf 

83mKr, AmBe 
Finalizing run 
parameters 

Since June 2010: 2200 person.days at surface + 910 person.days UG 

Detector cool-down January 2013, Xe condensed mid-February 2013 

95% Data taking efficiency during WIMP search period (minus storms) 

Waited until after WS data before precision CH3T calibration 

✤ > 95% data taking efficiency over WIMP search region 

✤ Kr and AmBe calibrations throughout, CH3T after WIMP search
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Analysis strategy 
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Unblinded analysis - aim for minimal cuts and high acceptance 

Unbinned PLR to compare data with predicted signal + 
background in 4 parameter space: x = S1, log10(S2/S1), r and z  

(d
is

cr
im

in
at

io
n 

)

(proxy for energy)

lo
g1

0(
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/S
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S1 corrected

NR signal 

ER BG
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Light and charge yields from NEST

✤ Yields at vertex based on Noble Element Simulation 
Technique, M. Szydagis, JINST 6, P10002 (2011)

✤ Uses full Lindhard model with Hitachi correction                                         
Sorensen and Dahl, Phys. Rev. D 83 , 063501 (2011)

✤ Anchored to experimental data

✤ Includes electric field quenching of light signal  

20
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Conservative Light and Charge Yields Assumed for LUX 2014 PRL

"20

• Modeled Using Noble Element Simulation Technique (NEST)!
• Szydagis et al.,  arxiv:1106.1613!

• NEST based on canon of existing experimental data.!
• Artificial cutoff in light and charge yields assumed below 3 keVnr, to be conservative.!
• Includes predicted electric field quenching of light signal, to 77-82% of the zero field light yield!
!
• Conservative threshold used in LUX 2014 PRL Dark Matter Result arXiv:1310.8214v2 

Artificial 3 keVnr !
Ionization Cut-off !

(same as with scintillation)

pertains to S1 pertains to S2

UCLA DM2014 - February 28, 2014

Light yield (photons/keV): Charge yield 
(electrons/keV):
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Light and charge yields from NEST

✤ Yields at vertex based on Noble Element Simulation 
Technique, M. Szydagis, JINST 6, P10002 (2011)

✤ Uses full Lindhard model with Hitachi correction                                         
Sorensen and Dahl, Phys. Rev. D 83 , 063501 (2011)

✤ Anchored to experimental data

✤ Includes electric field quenching of light signal  

21

For first WIMP search 
result LUX used 
conservative cut-off 
below 3 keVnr
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• Modeled Using Noble Element Simulation Technique (NEST)!
• Szydagis et al.,  arxiv:1106.1613!

• NEST based on canon of existing experimental data.!
• Artificial cutoff in light and charge yields assumed below 3 keVnr, to be conservative.!
• Includes predicted electric field quenching of light signal, to 77-82% of the zero field light yield!
!
• Conservative threshold used in LUX 2014 PRL Dark Matter Result arXiv:1310.8214v2 

Artificial 3 keVnr !
Ionization Cut-off !

(same as with scintillation)

pertains to S1 pertains to S2

UCLA DM2014 - February 28, 2014

Light yield (photons/keV): Charge yield 
(electrons/keV):
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Run 3 event selection

22

2

I. SUPPLEMENTARY MATERIAL

This document contains supplementary material in support of [1]. We show details of:

• Figure 1 – the matching of AmBe MC simulations and data in the ionization channel.

• Table I – the number of events in the WIMP search dataset, following the application of each set of cuts.

• Figures 2 and 3 – the observed and expected background energy spectra at high and low energy.

• Figure 4 – the detection e�ciencies as a function of nuclear recoil energy.

• Figure 5 – the discrimination/leakage fraction of ER to NR signals as a function of S1.
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FIG. 1. Comparison of Am-Be data (blue circles) to Monte Carlo simulations (blue line) in terms of the S2 signal for single

nuclear recoil scatter events. This is the complementary plot for Fig. 1 in [1]. The experimental data shows good agreement

with the simulations above ⇠ 20 extracted electrons, at lower energies the data is a↵ected by the S1 detection e�ciency. This

demonstrates that not only the light yield but also the charge yield data is well described by the NEST simulation, used in the

PLR to model signal as a function of WIMP mass.

Cut Events Remaining

all triggers 83,673,413

detector stability 82,918,902

single scatter 6,585,686

S1 energy (2� 30 phe) 26,824

S2 energy (200� 3300 phe) 20,989

single electron background 19,796

fiducial volume 160

TABLE I. Number of events remaining after each analysis cut. All of these cuts are commutative, the order indicating the

order in which the cuts are applied in the analysis. Detector stability cuts remove periods of live-time when the liquid level,

gas pressure, or grid voltages were out of nominal ranges. The single scatter cut keeps only events containing one S1 and one

S2 pulse, representative of expected elastic scattering of WIMPs. S1 and S2 energy cuts keep only those events in the WIMP

search energy range. Additionally, the S2 energy threshold of 200 phe removes single-extracted-electron-type events and events

with unreliable position reconstruction. Periods of live-time with high rates of single electron backgrounds are then removed.

The fiducial volume cut selects only those events with reconstructed radius less than 18 cm, and electron drift time between 38

and 305 µs. The final number of events in the WIMP search profile likelihood is 160. A more detailed description of the cuts

is provided in [1].

S. Fiorucci – Brown University  44 

LUX WIMP Search, 85.3 live-days, 118 kg 
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Extensive measurements and validation of efficiencies 

23

✤ AmBe neutron calibration, Tritium data, LED calibrations and full MC 
simulation of NR events (includes all analysis cuts):

✤ Dominates overall efficiency

 o  LUX AmBe Neutron Calibration S1 data (lhs)
– Monte Carlo S1 LUXSim/NEST (lhs)

 gray & red Efficiency from AmBe data

Flat energy source nuclear recoil sims, 
applied to WIMP signal model for PLR
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NR acceptance efficiency 
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FIG. 4. WIMP detection e�ciency as a function of nuclear recoil energy for events with a corrected S1 between 2 and 30 phe

and a S2 signal greater than 200 phe (black +). This e�ciency is used directly in the profile likelihood analysis. In addition, we

show the e�ciency for individually detecting an S2 (red squares) or S1 (blue circles) signal, respectively, without the application

of any analysis thresholds. The detection e�ciency for single scatter events (again applying no threshold cuts), shown by the

green triangles, clearly demonstrate the dominant impact of the S1-only e�ciency.
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FIG. 5. Plot showing the leakage fraction (discrimination level) between electron and nuclear recoil populations, with 50%

nuclear recoil acceptance (as calculated from flat-in-energy NR simulations), measured with the high-statistics tritium data.

We show the leakage from counting events in the dataset (black circles) and from projections of Gaussian fits to the electron

recoil population (red squares). An upper limit is shown for S1 bins without events. The blue dashed line indicates the total

leakage fraction, 0.004, in the S1 range 2-30 phe. The leakage fraction is not used directly in the estimation of the WIMP

signal.
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green triangles, clearly demonstrate the dominant impact of the S1-only e�ciency.
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FIG. 5. Plot showing the leakage fraction (discrimination level) between electron and nuclear recoil populations, with 50%

nuclear recoil acceptance (as calculated from flat-in-energy NR simulations), measured with the high-statistics tritium data.

We show the leakage from counting events in the dataset (black circles) and from projections of Gaussian fits to the electron

recoil population (red squares). An upper limit is shown for S1 bins without events. The blue dashed line indicates the total

leakage fraction, 0.004, in the S1 range 2-30 phe. The leakage fraction is not used directly in the estimation of the WIMP

signal.

efficiency used 
by PLR

→ 17 % @ 3 keVnr 

→ 50 % @ 4.3 keVnr 
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Background discrimination: ER and NR bands
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

FIG. 3. Calibrations of detector response in the 118 kg fiducial
volume. The ER (tritium, panel a) and NR (AmBe and 252Cf,
panel b) calibrations are depicted, with the means (solid line)
and ±1.28� from Gaussian fits to slices in S1 (dashed line).
This choice of band width (indicating 10% band tails) is for
presentation only. Panel a shows fits to the high statistics
tritium data, with fits to simulated NR data shown in panel
b, representing the parameterizations taken forward to the
profile likelihood analysis. The ER plot also shows the NR
band mean and vice versa. Gray contours indicate constant
energies using an S1–S2 combined energy scale (same contours
on each plot). The dot-dashed magenta line delineates the
approximate location of the minimum S2 cut.

calibrations therefore include systematic e↵ects not
applicable to the WIMP signal model, such as multiple-
scattering events (including those where scatters occur
in regions of di↵ering field) or coincident Compton
scatters from AmBe and 252Cf �-rays and (n,�) reactions.
These e↵ects produce the dispersion observed in data,
which is well modeled in our simulations (in both
band mean and width, verifying the simulated energy
resolution), and larger than that expected from WIMP
scattering. Consequently, these data cannot be used
directly to model a signal distribution. For di↵erent
WIMP masses, simulated S1 and S2 distributions are
obtained, accounting for their unique energy spectra.

The ratio of keV
ee

to nuclear recoil energy (keV
nr

)
relies on both S1 and S2, using the conservative technique
presented in [29] (Lindhard with k = 0.11). NR data
are consistent with an energy-dependent, non-monotonic
reduced light yield with respect to zero field [30] with
a minimum of 0.77 and a maximum of 0.82 in the
range 3–25 keV

nr

[23]. This is understood to stem from
additional, anti-correlated portioning into the ionization
channel.

The observed ER background in the range 0.9–
5.3 keV

ee

within the fiducial volume was 3.1 ±
0.2 mDRU

ee

averaged over the WIMP search dataset
(summarized in Table I). Backgrounds from detector
components were controlled through a material screening
program at the Soudan Low-Background Counting

TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys

Total observed 3.1± 0.2stat

Facility (SOLO) and the LBNL low-background counting
facility [13, 26, 32]. Krypton as a mass fraction of xenon
was reduced from 130 ppb in the purchased xenon to
4 ppt using gas charcoal chromatography [33].

Radiogenic backgrounds were extensively modeled
using LUXSim, with approximately 80% of the low-
energy �-ray background originating from the materials
in the R8778 PMTs and the rest from other construction
materials. This demonstrated consistency between the
observed �-ray energy spectra and position distribu-
tion [31], and the expectations based on the screening
results and the independent assay of the natural Kr
concentration of 3.5 ± 1 ppt (g/g) in the xenon gas [34]
where we assume an isotopic abundance of 85Kr/natKr
⇠ 2 ⇥ 10�11 [31]. Isotopes created through cosmogenic
production were also considered, including measured
levels of 60Co in Cu components. In situ measurements
determined additional intrinsic background levels in
xenon from 214Pb (from the 222Rn decay chain), and
cosmogenically-produced 127Xe (T

1/2

= 36.4 days),
129mXe (T

1/2

= 8.9 days), and 131mXe (T
1/2

=
11.9 days). The rate from 127Xe in the WIMP search
energy window is estimated to decay from 0.87 mDRU

ee

at the start of the WIMP search dataset to 0.28 mDRU
ee

at the end, with late-time background measurements
being consistent with those originating primarily from
the long-lived radioisotopes.

Neutron backgrounds in LUX were constrained by
multiple-scatter analysis, with a conservative 90% upper
C.L. placed on the number of expected neutron single
scatters with S1 between 2 and 30 phe of 0.37 in
the 85.3 live-day dataset, with simulations predicting a
considerably lower value of 0.06 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below

✤ ER band directly from high stats tritium calibration, NR band from sims validated 
against neutron calibration data

✤ For 50% NR acceptance average discrimination measured to be 99.6% in ROI [S1 
2-30 phe]

ER contamination

neutron + X and 
multiple-scatters 
with small S2
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Run 3 LUX WIMP search: 85.3 live-days, 118 kg FV 
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Run 3 LUX WIMP search: 85.3 live-days, 118 kg FV 
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Spin-independent sensitivity plots
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Upper limit @ 33 GeV/c2 is 7.6 × 10-46 cm2 
→ first sub-zeptobarn  WIMP detector!
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Low-mass WIMPs excluded
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Neutron gun calibration

30

Following 2013 WIMP search run
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✤ 2.5 MeV monochromatic neutron generator 
outside water tank + adjustable neutron 
conduit to detector (leveled to ~1 degree)

✤ 105.5 live hours of neutron tube data 

In situ neutron gun calibration in Autumn 2013
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Δt

top hit pattern: 
x-y localization

Δt : z’ separation

θ : energy calculation
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Samuel Chan, Carlos Faham for the LUX Collaboration
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2.5 MeV neutrons

3D recon. S2 pos. for multi-scatter → 
scattering angle → recoil energy at first 
vertex:

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Neutron Conduit Installed in the LUX Water Tank - Fall 2012

"6

raised to 15.5 cm 
below liquid level

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Adelphi DD108 Neutron Generator Installed Outside LUX Water Tank - Fall 2013

"7

• Neutron generator/beam pipe assembly aligned 
15.5 cm below liquid level in LUX active region 
to maximize usable single / double scatters!

• Beam leveled to ~1 degree!

• 105.5 live hours of neutron tube data used for 
analysis 

Single Scatter (S1, 1xS2s > 100 phe)

Preliminary
LUX
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Multiple-scatters → absolute charge yield

✤ Absolute charge measured to below 1 keV

✤ Demonstrates sensitivity for recoils below 
Run 3 cut-off 

32

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Systematic error of 7% from 
threshold correction for (lowest 
energy) 0.7-1.0 keV

nra
 bin!

• Red systematic error bar shows 
common scaling factor uncertainty. 
Dominated by uncertainty in 
electron extraction efficiency.!

• Current analysis cut-off at 0.7 
keVnra; measurement will be 
extended lower in energy by 
including smaller scattering angles in 
future analysis !
!

!
Blue Crosses - LUX Measured Qy; 181 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale)!
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)!
Orange Lines - Sorensen IDM 2010; 0.73 
kV/cm (energy scale from best fit  MC)!
Black Dashed Line - Szydagis et al. (NEST) 
Predicted Ionization Yield at 181 V/cm

"11

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1-sigma)!

Reconstructed Ionization Yield with !
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 50 phe)

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Systematic error of 7% from 
threshold correction for (lowest 
energy) 0.7-1.0 keV

nra
 bin!

• Red systematic error bar shows 
common scaling factor uncertainty. 
Dominated by uncertainty in 
electron extraction efficiency.!

• Current analysis cut-off at 0.7 
keVnra; measurement will be 
extended lower in energy by 
including smaller scattering angles in 
future analysis !
!

!
Blue Crosses - LUX Measured Qy; 181 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale)!
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)!
Orange Lines - Sorensen IDM 2010; 0.73 
kV/cm (energy scale from best fit  MC)!
Black Dashed Line - Szydagis et al. (NEST) 
Predicted Ionization Yield at 181 V/cm

"11

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1-sigma)!

Reconstructed Ionization Yield with !
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 50 phe)

Run 3 WIMP result 3 keVnr 
conservative cut off 
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Single-scatters → light yield
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Run 3 WIMP result 3 keVnr 
conservative cut off 

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Leff Measured in LUX Using Absolute Energy Scale

"15

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1 sigma)!Preliminary
LUX

3*10-1

3*10-2

Single Scatter (S1, 1xS2s > 50 phe)

!
Blue Crosses - LUX Measured Leff; 
reported at 181 V/cm (absolute 
energy scale) 
Green Crosses - Manzur 2010; 0 V/cm 
(absolute energy scale)!
Purple Band - Horn Combined Zeplin III 
FSR/SSR; 3.6 kV/cm, rescaled to 0 V/
cm (energy scale from best fit MC)!
Orange Crosses - Plante 2011; 0 V/cm 
(absolute energy scale)!
Black Dashed Line - Szydagis et al. 
(NEST) Predicted Scintillation Yield at 
181 V/cm

• LUX Leff values currently reported at 181 
V/cm as opposed to the traditional zero 
field value.!

• X error bars representative of error on 
mean of population in bin!

• Energy scale defined using LUX measured 
Qy!

• Method can be extended below existing 2 
keVnra point

For more details:
http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
(forthcoming paper in preparation)

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Leff Measured in LUX Using Absolute Energy Scale

"15

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1 sigma)!Preliminary
LUX

3*10-1

3*10-2

Single Scatter (S1, 1xS2s > 50 phe)

!
Blue Crosses - LUX Measured Leff; 
reported at 181 V/cm (absolute 
energy scale) 
Green Crosses - Manzur 2010; 0 V/cm 
(absolute energy scale)!
Purple Band - Horn Combined Zeplin III 
FSR/SSR; 3.6 kV/cm, rescaled to 0 V/
cm (energy scale from best fit MC)!
Orange Crosses - Plante 2011; 0 V/cm 
(absolute energy scale)!
Black Dashed Line - Szydagis et al. 
(NEST) Predicted Scintillation Yield at 
181 V/cm

• LUX Leff values currently reported at 181 
V/cm as opposed to the traditional zero 
field value.!

• X error bars representative of error on 
mean of population in bin!

• Energy scale defined using LUX measured 
Qy!

• Method can be extended below existing 2 
keVnra point

✤ NEST + detector simulation to 
simulate single-scatter spectra 

✤ Fit for Leff in slices of S2 using 
χ2 minimisation between data 
and simulated S1-spectra

✤ Energy scale from charge yield 
measurement

http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
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What’s next?

34
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New LUX analyses and 300 day run

✤ 300 day run expected to start 
soon:

✤ Not background limited

✤ expect factor of ∼5 
improvement in sensitivity 

✤ → discovery possible
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LUX (2013)-85 live days

LUX projected (2014/15)-300 live days

✤ Lots of new papers in the pipeline:

✤ DD-data → revised Run 3 limit, S2-only, spin/momentum-independent limits, 
Axions, Halo/astrophysics-independent limits
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Longer term: LUX-ZEPLIN (LZ)

✤ Ultimate direct detection experiment - approaches coherent neutrino scattering backgrounds

✤ July 2014: selected as one of DOE/NSF second generation DM search experiments 

✤ Scheduled to be deployed Davis lab 2016+ 

36

2  Instrument Overview 
The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about seven fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt 
scintillation signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the 
liquid surface, extract them into the gas phase above, and accelerate them to create a proportional 
scintillation signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and 
below the central region. The difference in time of arrival between the signals measures the position of 
the event in z, while the x,y position is determined from the pattern of S2 light in the top PMT array. 
Events with an S2 signal but no S1 are also recorded. A model of the LZ detector located in a water tank 
is shown in Figure 2.1. The water tank is located at the 4850 foot level (4850L) of the Sanford 
Underground Research facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] 
cryostat) will be assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, 
and deployed in the existing water tank in the Davis Cavern (where LUX is currently located). The 
principal parameters of the LZ experiment are given in Table 2.1, along with the proposed Work 
Breakdown Structure (WBS) for the LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  

Figure 2.1  LZ detector concept. 

2-1 

20 times LUX Xenon mass, active scintillator veto, 
Xe purity at sub ppt level:

 

4-3 

Figure 4.1.1.2.  Projected 90% confidence (CL) sensitivity for the SI
WIMP-nucleon cross-sections for LZ (black) along with the current 
world’s-best limits from LUX (blue) and the LUX 300-day projection 
(dashed blue). Regions above the curves are excluded. The green 
and yellow bands display the 68% (1σ) and 95% (2σ) ranges of the 
expected 90% CL limits. The black dotted line shows the cross 
sections where LZ on average would obtain 3σ evidence for a signal. 
The black dashed line is an estimate from Section 4.1.2 of the 90% 
CL for the S2-only technique. The region where NRs from cosmic 
neutrinos are a significant background is shown. 1 picobarn is 10-36 
cm2.

where we presume that the limitations of 
the LUX electric field will be removed in 
the LZ experiment. In practice, the NR 
acceptance exceeds 50% for the lowest 
energy recoils, but we make a 
conservative assumption that the 
acceptance is 50%. 

The benchmark process we will use to 
interpret NRs will be the interaction of 
WIMPs via a scalar particle, such as the 
Higgs particle [3], with the gluons in the 
nucleons in the Xe nucleus [4]. This 
process produces a WIMP-nucleus 
scattering rate that is independent of the 
spin of the nucleus, and also independent 
of the identity, neutron or proton, of the 
nucleon in the nucleus. For the low-
momentum transfers of typical WIMP 
interactions, the scattering amplitude is 
proportional to A, the number of nucleons 
in the nucleus. The scattering cross-
section includes the density of states, 
which also favors larger A, while the 
threshold for energy detection favors 
smaller A. The nuclear form factor is 
employed to account for quantum-
mechanical interference attributable to 
the non-zero nuclear size [5], and the 
standard halo model (SHM) of the 
distribution of WIMP velocities in the 
Milky Way is used [6]. 

Table 4.1.1.2.   Projected counts from uniform ER and NR backgrounds in LZ above 6 keVnr in a 5.6-tonne fiducial 
mass for a live time of 1,000 days, with ER discrimination predictions from NEST for different HV and light 
collection efficiency values, and assuming 50% NR acceptance after discrimination. The first number is our 
baseline, and our pessimistic estimate is in parentheses. The third column shows our baseline discrimination 
values, and the fourth and fifth columns show the changes if the detector performance is improved over baseline 
values. 

 Raw 

99.5 % 
discrimination 

100 kV HV, 10% 
LCE 

99.8% 
discrimination  

200 kV HV, 10% LCE 

99.9% 
discrimination  

200 kV HV, 15% LCE 

ER: Extra-TPC 27(66) 0.14(0.33) 0.05(0.13) 0.03(0.07) 

ER: pp solar ν 234(270) 1.2(1.4) 0.47(0.54) 0.23(0.27) 

ER: Kr or Rn 46(234) 0.23(1.2) 0.09(0.5) 0.05(0.23) 

NR: Extra-TPC 0.1(0.4) 0.05(0.2) 0.05(0.2) 0.05(0.20) 

NR: atmos., DSNB ν 0.6(0.9) 0.30(0.45) 0.3(0.45) 0.3(0.45) 

TOTAL  1.9(3.5) 1.0(1.8) 0.7(1.2) 
Projected sensitivity:
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Summary

✤ With 85.3 live-days LUX set world’s best limit on spin-
independent scattering:
✤ 90% UL 7.6 × 10-46 cm2 @ 33 GeV/c2 → first sub-zeptobarn WIMP detector

✤ Low-mass WIMP signals excluded by LUX

✤ In situ measurement of energy scale for low-energy nuclear 
recoils 

✤ LUX at the frontier of dark matter direct detection - exciting 
times ahead with the 300 day run, WIMP discovery possible!

✤ Longer term: LUX-ZEPLIN!

37
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BACKUPS

38
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WIMP search status < Oct. 2013
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LUX in the Davis Cavern

40

S. Fiorucci – Brown University  20 

Sanford Lab – Davis Laboratory 
Clean Room 

Control Room LN Storage 

Counting Facility 
Xe Balloon 

Gas System 

Electronics 

Cherenkov Water tank 

LUX Detector 

Breakout 
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LUX supporting systems

41

Circulation gas and sampling 

S. Fiorucci – Brown University  9 

LUX Design – Supporting Systems 

Thermosyphon

Xe storage

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

LUX – Supporting Systems

LUX$Thermosyphon
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cold$
head
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into
water
tank

Thermosyphon
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Cathode HV feedthrough

Xe storage and recoveryXenon gas handling and sampling

14

Cathode HV feedthrough
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Kr removal program at dedicated 
facility:

S. Fiorucci – Brown University  10 

LUX Krypton Removal System 

85Kr - beta decay – intrinsic background in liquid Xe 
 Research grade Xenon: ~100 ppb Kr => 104 - 105 reduction needed 

August 2012 - January 2013: Kr removal at dedicated facility 
 Chromatographic separation system 

Kr concentration reduced from 130 ppb to 3.5 ± 1 ppt, (factor of 35000) 
 1 ppt is achievable (useful for next-generation detectors) 

arXiv:1103.2714 

130 ppb to 3.5 ppt!
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The active region of LUX

42

PTFE 
reflector 
panels

Top
grids

Bottom
grids

Bottom PMT array

Top PMT array

61
.6
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m

Gamma 
shield

Gamma 
shield

Field
rings

Figure 7: Rendering of the LUX TPC, supported from the top flange of
the inner cryostat.

3.3. Grids, fields, and light reflecting cage

The LUX Time-Projection Chamber (TPC) is a dodecagonal structure enclosing an

active region with approximately 300 kg of liquid xenon. The active region is viewed

from above and below by arrays of 61 PMTs, as illustrated in Fig. 7. Monte Carlo

optimization of background rejection and fiducial volume resulted in a design with a

drift distance of 49 cm, a diameter of 50 cm, and a buffer distance of 5 cm between the

cathode and the bottom PMT array. The inner walls of the TPC consist of twelve poly-

tetrafluoroethylene (PTFE) reflector panels that cover forty-eight copper field rings,

supported by Ultra High Molecular Weight Polyethylene (UHMW) panels. All PTFE

components are made from ultrahigh purity grade materials and all copper components

are C101 OFHC grade. The field cage includes five grids, supported by PTFE struc-

tures, that maximize light collection and minimize the leakage of scintillation light

from xenon outside the TPC into the viewing region. The entire structure is supported

12

LUX - A TPC at heart

z

r

-180 V/cm drift field

-3 kV/cm extraction

-6 kV/cm electroluminescence

Read out light signals, corresponding to both initial 
scintillation (S1) and electroluminescence (S2)

24✤ Primary scintillation: PDE of 14%

✤ S2 single electron extraction efficiency: 65% 

✤ Single extracted electron: 26 phe/e-

47 cm

49
 cm

250 kg 
xenon in 
active 
region
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Exceptional  technical performance

43

Low-energy electron recoil rate of
3e-3 events/keV/kg/day.

Kr/Xe ratio of 3.5 ppt.

Electron drift length longer than 130 
cm.

Light detection efficiency of 14%.

Electron recoil discrimination of  
99.6%, with drift field of 181 V/cm.
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Position reconstruction
✤ Drift time (1.5 mm/μs) for Z-position, XY position by fitting S2 hit pattern 

with Light Response Functions (LRFs) from high stats internal calibrations

44

✤ XYZ info → fiducialisation and XYZ light collection corrections  
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Backgrounds in LUX

✤ Construction materials chosen for low radioactivity: Ti, Cu, PTFE

✤ Screened for radioactivity at SOLO counting facilities and at LBNL

✤ 118 kg fiducial reduces BG by 10-3: gamma 1.8 mdru and neutron 500 ndru

45
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FIG. 2. Measured gamma energy spectrum in the 270 kg LUX drift region (black). Measured spectrum includes both single

and multiple scatter events, and is reconstructed from combined S1 and S2 signals. No fiducial cuts are used. The high-energy

spectrum from simulation (red) is also shown based on best-fit parameters with measured data. Simulations feature gammas

generated from

238
U,

232
Th,

40
K, and

60
Co decays, spread over the top, bottom, and side construction materials adjoining

the active region, as well as activated xenon evenly distributed in the bulk. The best-fit spectrum was matched to data over

13 slices in depth, for energies >500 keVee. [2]

[1] First results from the LUX dark matter experiment at the Sanford Underground Research Facility – D. Akerib et al. -

Submitted to PRL (2013)

[2] LUX Backgrounds Paper, in preparation.
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LUX Run 3 – Background Levels 

r<18 cm 
z=7-47 cm 

Background Component Source 10-3 x evts/keVee/kg/day 

Gamma-rays 
Internal Components 

including PMTS (80%), 
Cryostat, Teflon 

1.8 ± 0.2stat ± 0.3sys  

127Xe (36.4 day half-life) Cosmogenic 
0.87 -> 0.28 during run  0.5 ± 0.02stat ± 0.1sys 

214Pb 222Rn 0.11-0.22(90% CL) 

85Kr Reduced from  
130 ppb to 3.5 ± 1 ppt 0.13 ± 0.07sys 

Predicted Total 2.6 ± 0.2stat ± 0.4sys 

Observed Total 3.1 ± 0.2stat  

ER < 5 keVee in 118 kg 
Log10 (DRUee) 

Last 44 days 

Dedicated publication is coming 

black = measured
red = simulated based on screening
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Backgrounds in LUX
✤ 118 kg average Apr. - Aug. is 3.1 mdru (0.5 mdru cosmogenic)

✤ 1 milli dru = 10-3 events/keVee/kg/day
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And going down with time!
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Good agreement between NR sim and neutron calibs

✤ AmBe + Cf: low energy neutrons - peak at just above 2 phe S1 and out to 15 phe

✤ Comparison to NEST predictions for flat NR sim and NEST plus full detector 
simulation:

✤ Full sim matches data well as includes ER contamination and neutron+X

✤ WIMP data not expected to contain these so use flat NR sim for signal pdf
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LUX Calibrations – AmBe and 252Cf 

Above plots show comparisons between simulation (blue), 
the NEST prediction (black), and data for the mean and width 
of the nuclear recoil band from AmBe calibrations 

The mean and width are different in the calibrations because 
the data contain ER contamination and neutron-X events, 
which are modeled well by the simulation 

AmBe Data 
S1 spectrum 

2 phe 
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Profile likelihood ratio for limits

4 observables: x = S1, log10(S2/S1), r and z
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✤ Unbinned maximum likelihood compare data with prediction on event 
by event basis. Use:

Cross checked with simple cut and count method

Use an extended likelihood

Observables: x = (S1, log10(S2/S1), r, z)

Parameter of interest: Ns

Nuisance parameters: NCompt, NXe-127, NRn/Kr-85

Energy
Discriminant between ER/NR

Discriminant against 
external/internal radiation

39Gaussian constrain to within 30% of the predicted rates

WIMP signal PDF: 
- WIMP dE/dR for given mass (see earlier)
- efficiency from validated NR sims 
- Ns is parameter of interest

Backgrounds as nuisance 
parameters:
     - detector efficiencies included
     - 30% uncertainty on overall rate 

Ratio of this to null hypothesis used to create test statistic and 
extract 90% CI upper limit
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Simulated response for hypothetical WIMP signals

For 1000 GeV WIMP @ 1.9 ×10-44 cm2, 
XENON100 90% CL:

→  expect 9 WIMPs in LUX search
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Signal PDFs same as used in PLR and assume Standard Milky Way Halo 
parameters and conservative NR cut-off below 3 keVnr

For 8.6 GeV WIMP @ 2.0 ×10-41 cm2, 
CDMS II Si (2012) 90% CL:

→   expect 1550 WIMPs in LUX search

Shift from NR mean due to S1 up-fluctuations 
for fixed S2 → improved ER leakage 


