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• There are LHC, direct and indirect searches for dark matter 
How can we compare their results?
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• Translating results is always well defined… but some 
choices must be made:
- which parameters should I use?
- which experimental limit should I use?
- are my assumptions consistent?
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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We need a (simplified) model
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LHC plane: what does it show?
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Assumptions are clearly stated:
Should we also add a ‘DM: Dirac’ label?



Direct plane: what does it show?
• Constrain the cross-section to scatter with nucleon: 90% CL!
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.

This work was partially supported by the U.S.
Department of Energy (DOE) under award numbers
DE-FG02-08ER41549, DE-FG02-91ER40688, DE-FG02-
95ER40917, DE-FG02-91ER40674, de-na0000979, DE-
FG02-11ER41738, de-sc0006605, DE-AC02-05CH11231,
DE-AC52-07NA27344, and DE-FG01-91ER40618; the
U.S. National Science Foundation under award numbers
PHYS-0750671, PHY-0801536, PHY-1004661, PHY-
1102470, PHY-1003660, PHY-1312561, PHY-1347449;
the Research Corporation grant RA0350; the Center
for Ultra-low Background Experiments in the Dakotas
(CUBED); and the South Dakota School of Mines and
Technology (SDSMT). LIP-Coimbra acknowledges fund-
ing from Fundação para a Ciência e Tecnologia (FCT)
through the project-grant CERN/FP/123610/2011. Im-
perial College and Brown University thank the UK Royal
Society for travel funds under the International Exchange
Scheme (IE120804). The UK groups acknowledge
institutional support from Imperial College London,
University College London and Edinburgh University,
and from the Science & Technology Facilities Council for
Ph.D. studentship ST/K502042/1 (AB). The University
of Edinburgh is a charitable body, registered in Scotland,
with registration number SC005336. This research was
conducted using computational resources and services at
the Center for Computation and Visualization, Brown
University.

We acknowledge the work of the following engi-
neers who played important roles during the design,
construction, commissioning, and operation phases of
LUX: S. Dardin from Berkeley, B. Holbrook, R.
Gerhard, and J. Thomson from University of California,
Davis; and G. Mok, J. Bauer, and D. Carr from
Lawrence Livermore National Laboratory. We gratefully
acknowledge the logistical and technical support and
access to laboratory infrastructure provided to us by the
Sanford Underground Research Facility (SURF) and its
personnel at Lead, South Dakota. SURF was developed
by the South Dakota Science and Technology authority,
with an important philanthropic donation from T. Denny
Sanford, and is operated by Lawrence Berkeley National
Laboratory for the Department of Energy, O�ce of High
Energy Physics.

LUX arXiv:1310.8214

6

mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 103

10−45

10−44

 6 8 10 12

10−44

10−42

10−40

FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
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conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
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FIG. 10. (Color online) A two-dimensional histogram of
AP

high

and expansion time after applying the optimum fidu-
cial cuts, divided into bins of equal exposure to dark matter
(i.e. a dark matter signal would appear uniform in the his-
togram). All the background events populate the left and top
of the histogram. The optimum cuts are represented by the
red rectangle.
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FIG. 11. (Color online) The 90% C.L. limit on the SI
WIMP-nucleon cross section from PICO-60 is plotted in blue,
along with limits from COUPP (light blue), LUX (black),
XENON100 (orange), DarkSide-50 (green), and the reanaly-
sis of CDMS-II (magenta) [10, 40–43].

form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
The resulting 90% C.L. limit plots for spin-independent
WIMP-nucleon and spin-dependent WIMP-proton cross-
sections are presented in Figs. 11 and 12.
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FIG. 12. (Color online) The 90% C.L. limit on the SD WIMP-
proton cross section from PICO-60 is plotted in blue, along
with limits from PICO-2L (red), COUPP (light blue region),
PICASSO (dark blue), SIMPLE (green), XENON100 (or-
ange), IceCube (dashed and solid pink), SuperK (dashed and
solid black) and CMS (dashed orange), [10, 12, 13, 44–48].
For the IceCube and SuperK results, the dashed lines assume
annihilation to W -pairs while the solid lines assume annihila-
tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [49–51]. The CMS limit is from
a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
space of the CMSSM model of [56].

VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before
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WIMP-nucleon cross section from PICO-60 is plotted in blue,
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form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
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tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
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a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
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VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before
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FIG. 2. Spin-independent cross-section constraints from
various direct searches. Parameters that can reproduce the
CoGeNT (90% CL), CRESST (2�), and DAMA (3�) anoma-
lous signals are shown in the filled regions. SuperCDMS and
LUX exclusion constraints are shown at the 90% CL. The
LUX maximum gap constraints (solid black) are shown with
nuclear recoil spectra limited to E > 0, 1, 2, 3 keV (strongest
to weakest). The o�cial LUX limit used a conservative 3 keV
minimum.

why the likelihood-based constraint is weaker: (1) the
analysis region for our analysis is the lower-half of the
nuclear recoil band and thus contains only about half of
the potential signal (while the LUX collaboration analy-
sis uses all of it) and (2) our Poisson likelihood makes no
use of spectral information (i.e. event S1). The first rea-
son is not, in fact, a major issue in practice as the upper
half of the nuclear recoil band that is being ignored is
contaminated by background events and does not signif-
icantly improve the signal-to-noise in those analyses that
use it.

The LUX SI scattering constraints for low WIMP
masses are shown in Figure 2. For comparison, the
parameters consistent with a DM interpretation of the
anomalous signals seen in CoGeNT [61], CRESST [62],
and DAMA [11, 63] are shown, as well as the exclusion
constraints from SuperCDMS [64]. As the WIMP mass is
lowered, the Poisson-based likelihood constraint (dashed
black curve) becomes comparable to and then slightly
better than the maximum gap limit (farthest left solid
black curve, other curves discussed below). The low-mass
improvement of the likelihood case relative to the maxi-
mum gap case is due to the fact that the single event in
the analysis becomes consistent with the expected WIMP
spectrum, leading to a slight weakening in the sensitivity
of the maximum gap method.

As measurements of the scintillation and ionization at
very low nuclear recoil energies are limited and the theo-
retical models will eventually break down at su�ciently
low energies (see e.g. Ref. [65]), the LUX collaboration
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straints for the neutron-only coupling case.

conservatively ignores contributions from WIMP scatter-
ing events with E < 3 keV when analyzing their results.
While this has little impact on constraints for WIMPs
heavier than ⇠20 GeV, it becomes important for light
WIMPs as light WIMPs can only induce low-energy re-
coils. In the figure, we show our own maximum gap con-
straints when considering only E � 0, 1, 2, and 3 keV
(solid black curves from left to right, or most to least
constraining). With the same E � 3 keV that LUX
uses, the maximum gap constraint closely matches their
constraint. To be clear, placing a minimum on the con-
tributing E is not quite the same as defining the thresh-
old in the detector. The actual trigger and S1 analysis
thresholds are already built into the �(E) e�ciency term
in Eqn. (21) regardless of the choice of lower bound in
the integral over E. That e�ciency falls rapidly below
3 keV, from 23% at 3 keV, to 4% at 2 keV and 0.04%
at 1 keV. Even if the lower bound of integration is set to
E = 0 keV, no recoil events with energies below 0.5 keV
will contribute to the signal as �(E) is zero at these en-
ergies. Placing a minimum requirement on E serves to
avoid the (already suppressed) contributions from events
where the NEST model has little experimental data to
ensure its accuracy. For our remaining analyses, we do
not apply this artificial cut on the low-energy recoil spec-
trum, though this choice has little impact on our conclu-
sions and constraints with a cut applied can be easily
generated with the LUXCalc code as described in the Ap-
pendix.

We now turn to the SD case, with WIMP-nucleon
cross-section constraints shown in Figures 3 & 4 for
neutron-only (a

p

= 0) and proton-only (a
n

= 0) cou-
plings, respectively. As xenon has neutron-odd isotopes,
LUX should be particularly sensitive to a WIMP with
neutron-only SD couplings. In Figure 3, we show by the
black curve the LUX constraints in this case, as deter-

7

FIG. 2. Spin-independent cross-section constraints from
various direct searches. Parameters that can reproduce the
CoGeNT (90% CL), CRESST (2�), and DAMA (3�) anoma-
lous signals are shown in the filled regions. SuperCDMS and
LUX exclusion constraints are shown at the 90% CL. The
LUX maximum gap constraints (solid black) are shown with
nuclear recoil spectra limited to E > 0, 1, 2, 3 keV (strongest
to weakest). The o�cial LUX limit used a conservative 3 keV
minimum.

why the likelihood-based constraint is weaker: (1) the
analysis region for our analysis is the lower-half of the
nuclear recoil band and thus contains only about half of
the potential signal (while the LUX collaboration analy-
sis uses all of it) and (2) our Poisson likelihood makes no
use of spectral information (i.e. event S1). The first rea-
son is not, in fact, a major issue in practice as the upper
half of the nuclear recoil band that is being ignored is
contaminated by background events and does not signif-
icantly improve the signal-to-noise in those analyses that
use it.

The LUX SI scattering constraints for low WIMP
masses are shown in Figure 2. For comparison, the
parameters consistent with a DM interpretation of the
anomalous signals seen in CoGeNT [61], CRESST [62],
and DAMA [11, 63] are shown, as well as the exclusion
constraints from SuperCDMS [64]. As the WIMP mass is
lowered, the Poisson-based likelihood constraint (dashed
black curve) becomes comparable to and then slightly
better than the maximum gap limit (farthest left solid
black curve, other curves discussed below). The low-mass
improvement of the likelihood case relative to the maxi-
mum gap case is due to the fact that the single event in
the analysis becomes consistent with the expected WIMP
spectrum, leading to a slight weakening in the sensitivity
of the maximum gap method.

As measurements of the scintillation and ionization at
very low nuclear recoil energies are limited and the theo-
retical models will eventually break down at su�ciently
low energies (see e.g. Ref. [65]), the LUX collaboration

10

10

10

SD
W

IM
P

-n
eu

tr
on

cr
os

s
se

ct
io

n
[c

m

FIG. 3. Spin-dependent WIMP-neutron cross-section con-
straints for the neutron-only coupling case.

conservatively ignores contributions from WIMP scatter-
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old in the detector. The actual trigger and S1 analysis
thresholds are already built into the �(E) e�ciency term
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Direct plane: assumptions?

• Constraining the nucleon cross-section allows for an easy 
comparison between different direct experiments

• Spin-independent: assume equal proton-neutron coupling

• Spin-dependent: couples only to proton or neutron

• There is a single DM particle - full relic abundance
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• Vector and scalar: Spin-independent
•  Axial-vector: Spin-dependent

• The pseudoscalar interaction is extremely suppressed
Not observable for

General mapping

• Mapping between the LHC and direct plane is straightforward 
• Generally:

-              mediator coupling to the nucleon
-              DM-nucleon reduced mass
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see eg Dolan et al, arXiv:1412.5174



• The nucleon cross-section is

- Protons:                         ,    Neutrons:

Proton & neutron couplings equal since 
we choose      equal for all quarksgq

Vector
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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• The nucleon cross-section is

• In general:

Scalar
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FIG. 1: Phase shifts δIs
l±

of the s-channel partial waves in de-
grees, obtained from the solution of the RS equations. The
dashed line indicates our central solution, the bands the un-
certainty estimate. The partial waves are labeled by the spec-
troscopic notation L2Is2J .

properties of the Roy equations [45]. It should be stressed
that the form of the RS equations only reduces to that of
Roy equations once the t-channel is solved, see [22]. In
the solution of the RS equations we minimize (19) with
respect to the subtraction constants (identified with sub-
threshold parameters) and the parameters describing the
low-energy phase shifts, while imposing (18) as additional
constraints.

We performed a number of checks as regards the sensi-
tivity of our solution to the input quantities: the number
of grid points N as well as the number of parameters
used in the description of the partial waves were varied,
the s- and t-channel partial waves in the driving terms
truncated at different lmax = 4, 5 and Jmax = 2, 3, the
matching conditions at sm as well as the s-channel partial
waves evaluated from different PWAs, and the sensitivity
to the precise definition of the χ2-function was investi-
gated. In addition, to stabilize the fit we imposed sum
rules for the higher subthreshold parameters. The solu-
tion for the s-channel partial waves, expressed in terms
of the phase shifts and including uncertainty estimates
from these systematic studies as well as the uncertain-
ties in the scattering lengths and the coupling constant,
is shown in Fig. 1. A more detailed account of our RS
solution will be given in [16].

Apart from low-energy phase shifts, the RS solution
provides a consistent set of subthreshold parameters. In
particular, this allows us to pin down Σd in accord with
both the RS and the scattering-length constraints. Lin-

earizing around the central values (18), we find

Σd = (57.9± 0.9)MeV+
∑

Is

cIs∆aIs0+,

c1/2 = 0.24MeV, c3/2 = 0.89MeV, (20)

where ∆aIs0+ measures the deviation from (18) in units
of 10−3M−1

π . Already in this linearized form, one re-
covers Σd from [10] if the scattering lengths from [6, 8]
are inserted, while the modern input produces Σd =
(57.9 ± 1.9)MeV (this also indicates that the S-wave
phase shifts from [6, 8] need to be amended close to
threshold). Moreover, the difference to [12] can be traced
back to the P -wave scattering volume a+1+, which needs
to be known extremely accurately due to its large weight
in the formalism of [9, 10]. Once the RS equations are
solved, the threshold parameters can be calculated from
sum rules, and indeed we find that the result for a+1+ is
slightly lower than the value used in [12], which already
suffices to explain the difference [16]. The main impact
of the RS equations in the σ-term determination thus
amounts to eliminating the need for independent input
for a+1+. In total, our result for the σ-term becomes

σπN = (59.1± 3.5)MeV. (21)

Although already 4.2MeV are due to new corrections to
the LET (thereof 3.0MeV from isospin breaking), we do
observe a significant increase compared to [10]. As illus-
trated by (20), this effect can be immediately traced back
to our modern knowledge of the πN scattering lengths as
extracted from pionic atoms. By combining this informa-
tion with the constraints from RS equations, the σ-term
can be determined to a remarkable accuracy.

SCALAR NUCLEON COUPLINGS

The existence of a weakly-interacting massive particle
(WIMP), one of the most promising dark-matter can-
didates, could be established in direct-detection experi-
ments, which are sensitive to the recoil of the WIMP scat-
tering off nuclei (see [46] for a review). The interpreta-
tion of these searches relies on the couplings of the WIMP
to nucleons, according to its quantum numbers. A pre-
cise determination of σπN therefore has immediate con-
sequences for the scalar channel, since, as it was shown
in [3], the scalar couplings of the nucleon to q = u, d,

mNfN
q = ⟨N |mq q̄q|N⟩, (22)

follow once σπN is determined, with all further correc-
tions taken into account within SU(2) ChPT. Taking
mu/md = 0.46± 0.03 from [47], we obtain

fp
u = (20.8± 1.5)× 10−3, fp

d = (41.1± 2.8)× 10−3,

fn
u = (18.9± 1.4)× 10−3, fn

d = (45.1± 2.7)× 10−3.
(23)

NT-LBNL-13-001, UCB-NPAT-13-001, UNH-13-01

The Scalar Strange Content of the Nucleon from Lattice QCD

P. M. Junnarkar1 and A. Walker-Loud2, 3

1Department of Physics, University of New Hampshire,
Durham, New Hampshire 03824-3568

2Nuclear Science Division, Lawrence Berkeley National Laboratory,
Berkeley, California 94720

3Department of Physics, University of California,
Berkeley, California 94720

Abstract
The scalar strange-quark matrix element of the nucleon is computed with lattice QCD. A mixed-

action scheme is used with domain-wall valence fermions computed on the staggered MILC sea-
quark configurations. The matrix element is determined by making use of the Feynman-Hellmann
theorem which relates this strange matrix element to the change in the nucleon mass with respect
to the strange-quark mass. The final result of this calculation is mshN |s̄s|Ni = 49 ± 10 ± 15 MeV
and, correspondingly fs = mshN |s̄s|Ni/mN = 0.053 ± 0.011 ± 0.016.

Given the lack of a quantitative comparison of this phenomenologically important quantity deter-
mined from various lattice QCD calculations, we take the opportunity to present such an average.
The resulting conservative determination is fs = 0.043 ± 0.011.

Typeset by REVTEX 1

ar
X

iv
:1

30
1.

11
14

v3
  [

he
p-

la
t] 

 2
5 

Ju
n 

20
13

arXiv: 1506.04142 arXiv: 1301.1114

f
proton

/f
neutron

= 0.996fn
TG = 1�

X

q=u,d,s

fn
q

�0 =
f2(gSM)g2DM

⇡

µ2
n�

M4
med

Lscalar � �gDM��̄��
X

q

gSM
mq

v
�q̄q

fn,p =
gSMmn

v

2

4
X

q=u,d,s

fn,p
q +

2

27
fn,p
TG

X

Q=c,b,t

1

3

5



Scalar: which quarks?
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• The nucleon cross-section is

- Protons:                                

- Neutrons:

Axial
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Axial: sign of gq
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(i.e. a dark matter signal would appear uniform in the his-
togram). All the background events populate the left and top
of the histogram. The optimum cuts are represented by the
red rectangle.
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FIG. 11. (Color online) The 90% C.L. limit on the SI
WIMP-nucleon cross section from PICO-60 is plotted in blue,
along with limits from COUPP (light blue), LUX (black),
XENON100 (orange), DarkSide-50 (green), and the reanaly-
sis of CDMS-II (magenta) [10, 40–43].

form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
The resulting 90% C.L. limit plots for spin-independent
WIMP-nucleon and spin-dependent WIMP-proton cross-
sections are presented in Figs. 11 and 12.
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FIG. 12. (Color online) The 90% C.L. limit on the SD WIMP-
proton cross section from PICO-60 is plotted in blue, along
with limits from PICO-2L (red), COUPP (light blue region),
PICASSO (dark blue), SIMPLE (green), XENON100 (or-
ange), IceCube (dashed and solid pink), SuperK (dashed and
solid black) and CMS (dashed orange), [10, 12, 13, 44–48].
For the IceCube and SuperK results, the dashed lines assume
annihilation to W -pairs while the solid lines assume annihila-
tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [49–51]. The CMS limit is from
a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
space of the CMSSM model of [56].

VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before

7

FIG. 2. Spin-independent cross-section constraints from
various direct searches. Parameters that can reproduce the
CoGeNT (90% CL), CRESST (2�), and DAMA (3�) anoma-
lous signals are shown in the filled regions. SuperCDMS and
LUX exclusion constraints are shown at the 90% CL. The
LUX maximum gap constraints (solid black) are shown with
nuclear recoil spectra limited to E > 0, 1, 2, 3 keV (strongest
to weakest). The o�cial LUX limit used a conservative 3 keV
minimum.

why the likelihood-based constraint is weaker: (1) the
analysis region for our analysis is the lower-half of the
nuclear recoil band and thus contains only about half of
the potential signal (while the LUX collaboration analy-
sis uses all of it) and (2) our Poisson likelihood makes no
use of spectral information (i.e. event S1). The first rea-
son is not, in fact, a major issue in practice as the upper
half of the nuclear recoil band that is being ignored is
contaminated by background events and does not signif-
icantly improve the signal-to-noise in those analyses that
use it.

The LUX SI scattering constraints for low WIMP
masses are shown in Figure 2. For comparison, the
parameters consistent with a DM interpretation of the
anomalous signals seen in CoGeNT [61], CRESST [62],
and DAMA [11, 63] are shown, as well as the exclusion
constraints from SuperCDMS [64]. As the WIMP mass is
lowered, the Poisson-based likelihood constraint (dashed
black curve) becomes comparable to and then slightly
better than the maximum gap limit (farthest left solid
black curve, other curves discussed below). The low-mass
improvement of the likelihood case relative to the maxi-
mum gap case is due to the fact that the single event in
the analysis becomes consistent with the expected WIMP
spectrum, leading to a slight weakening in the sensitivity
of the maximum gap method.

As measurements of the scintillation and ionization at
very low nuclear recoil energies are limited and the theo-
retical models will eventually break down at su�ciently
low energies (see e.g. Ref. [65]), the LUX collaboration
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FIG. 3. Spin-dependent WIMP-neutron cross-section con-
straints for the neutron-only coupling case.

conservatively ignores contributions from WIMP scatter-
ing events with E < 3 keV when analyzing their results.
While this has little impact on constraints for WIMPs
heavier than ⇠20 GeV, it becomes important for light
WIMPs as light WIMPs can only induce low-energy re-
coils. In the figure, we show our own maximum gap con-
straints when considering only E � 0, 1, 2, and 3 keV
(solid black curves from left to right, or most to least
constraining). With the same E � 3 keV that LUX
uses, the maximum gap constraint closely matches their
constraint. To be clear, placing a minimum on the con-
tributing E is not quite the same as defining the thresh-
old in the detector. The actual trigger and S1 analysis
thresholds are already built into the �(E) e�ciency term
in Eqn. (21) regardless of the choice of lower bound in
the integral over E. That e�ciency falls rapidly below
3 keV, from 23% at 3 keV, to 4% at 2 keV and 0.04%
at 1 keV. Even if the lower bound of integration is set to
E = 0 keV, no recoil events with energies below 0.5 keV
will contribute to the signal as �(E) is zero at these en-
ergies. Placing a minimum requirement on E serves to
avoid the (already suppressed) contributions from events
where the NEST model has little experimental data to
ensure its accuracy. For our remaining analyses, we do
not apply this artificial cut on the low-energy recoil spec-
trum, though this choice has little impact on our conclu-
sions and constraints with a cut applied can be easily
generated with the LUXCalc code as described in the Ap-
pendix.

We now turn to the SD case, with WIMP-nucleon
cross-section constraints shown in Figures 3 & 4 for
neutron-only (a

p

= 0) and proton-only (a
n

= 0) cou-
plings, respectively. As xenon has neutron-odd isotopes,
LUX should be particularly sensitive to a WIMP with
neutron-only SD couplings. In Figure 3, we show by the
black curve the LUX constraints in this case, as deter-

• PICO strongest proton-only       LUX strongest neutron-only

• gu = gd   :                 , LUX limit is more constraining
• gu = - gd :                       , LUX limit is more constraining

�p = �n

�p ⇡ 1.3�n



Indirect plane: what does it show?
• Constrains the 2->2 annihilation cross-section

• Limit assumes DM is Majorana fermion (differs by 2 for Dirac)
• Final state is a single channel eg
• DM saturates relic abundance
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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• 2->2 cross-section straightforward to calculate:

Lint = igDMA�̄�5�+ igSM
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].
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channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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• 2->2 cross-section straightforward to calculate:

• Difficulties:
• We should use limit for actual final state (tt, bb…) only bb 

available in Fermi papers
• Non 2->2 channels can contribute 

(eg DM DM -> 3 Med -> 6 bb)

Lint = igDMA�̄�5�+ igSM
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Summary

• There are LHC, direct and indirect searches for dark matter 
How can we compare their results?
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• Translating results is always well defined… but some 
choices must be made:
- which parameters should I use?
- which experimental limit should I use?
- are my assumptions consistent (all relic density…)?


