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where LLAT
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denotes the binned Poisson likelihood that
is commonly used in a standard single ROI analysis of
the LAT data, and which takes full account of the point-
spread function, including its energy dependence, i in-
dexes the ROIs, D represents the binned gamma-ray
data, pW represents the set of ROI-independent DM pa-
rameters (h�
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), ap-
proximated to be gaussian, and their values are given in
cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
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fixed masses m

W

, where for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
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FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e− only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e− spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ∼ 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ∼ 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
α ≃ 2.5 above ∼ 4 GeV and a cutoff at ∼ 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum α ∼ 1.5−2.0 be-
low ∼ 4 GeV and a modulation parameter in the range
Φ = 400− 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov diffusion with spec-
tral index δ = 0.33 and diffusive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.
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The Standard Model (ca 2010)

?     ?      ?
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Snowmass and P5

8/8/17, 21(43 Snowmass Working Group Reports

Page 2 of 3http://www.slac.stanford.edu/econf/C1307292/

 

The major reports from Snowmass have been issued together in book form:
FERMILAB-CONF-13-648, SLAC-PUB-15960.

The pdf file for the book is available at this link.

http://www.slac.stanford.edu/econf/C1307292/

The yearlong community-wide 
study, called Snowmass (2013):

• A vast number of scientific 
opportunities were 
investigated, discussed, and 
summarized in the Snowmass 
reports. 
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Science Drivers for Particle Physics

2014 P5 Report    Building for Discovery 

Science Drivers 

•  Use the Higgs boson as a new tool for 
discovery 

•  Pursue the physics associated with 
neutrino mass 

•  Identify the new physics of dark matter 
•  Understand cosmic acceleration: dark 

energy and inflation 
•  Explore the unknown: new particles, 

interactions, and physical principles  

8 

The Particle Physics Project Prioritization Panel (P5) distilled the eleven groups of 
physics questions from Snowmass into five compelling, intertwined lines of inquiry 
that show great promise for discovery over the next 10 to 20 years: 

The vision for addressing each of the Drivers using a selected set of experiments – their 
approximate timescales and how they fit together – is given in the report. 

Activities at the 
“Cosmic Frontier” 
address four of 
these
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International and Cross-discipline Planning 

• Lots of planning and prioritization work already done prior to Snowmass/P5. 
Field is very much discovery driven, and evolves rapidly.

http://sites.nationalacademies.org/bpa/BPA_049810

  

Roadmaps 
 

       92008 The first Roadmap  (the definition of the field):  
Î Dark matter/energy, Neutrino mass and properties 
Î Gravitational waves, High energy photons and neutrinos and Ultra 
high Energy Cosmic rays,   dubbed : the 7 magnificent  (we either 
hang	  together	  	  or…) 
Î No CMB (despite many agency links) To reconsider ?  

92011 The Roadmap update  
ÎPrioritisation introduced (time ordering)  
ÎInterface with European Strategy 
ÎSee next slides 

92010 A global vision document in the 
context of  OECD GSF, basis of APIF Î   
same topics  

http://www.appec.org

Report Release 
August 13, 2010 
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Common Threads: Theory and Technology Essential! 

• Theory defines the physics drivers of the field, finds the 
deep connections among them, and helps to point in new 
directions. 

• New directions in science are launched by new tools much 
more often than by new concepts…The effect of a tool-
driven revolution is to discover new things that have to be 
explained. – F. Dyson

• Fields most promising for discovery at some moment have 
new leaps in measurement capability, new analysis 
techniques, accurate simulations, and clarity of theory to 
give meaning to the data.

• Projects need ecosystems to do science. 
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LCDM

• Cold Dark Matter (CDM), 
cosmological constant 
(L), initial fluctuations, 
and gravity.

• With relatively few 
parameters, LCDM 
simulations describe the 
large scale structure 
remarkably well.

• Connecting the DM 
structure to the visible 
structure.

• Just need to find out 
the identity of the Cold 
Dark Matter and Dark 
Energy…and what 
their presence is 
telling us.

(courtesy of J. Primack)
CLUES simulation
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Dark Matter (DM)
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is commonly used in a standard single ROI analysis of
the LAT data, and which takes full account of the point-
spread function, including its energy dependence, i in-
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data, pW represents the set of ROI-independent DM pa-
rameters (h�
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cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL
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fixed masses m

W

, where for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
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FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e− only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e− spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ∼ 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ∼ 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
α ≃ 2.5 above ∼ 4 GeV and a cutoff at ∼ 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum α ∼ 1.5−2.0 be-
low ∼ 4 GeV and a modulation parameter in the range
Φ = 400− 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov diffusion with spec-
tral index δ = 0.33 and diffusive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.
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Begeman/Navarro

Observe rotation curves for galaxies:

For large r, expect: 
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see: flat or rising rotation curves

r

The Dark Matter Problem

Hypothesized solution: visible galaxies are embedded in 
much larger haloes and structures of dark matter.

Bullet cluster
9

Credit: NASA/WMAP team
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Dark Matter

A Quick Tour

9/1/11 5:39 PMMAXIMUM HUMAN PERFORMANCE

Page 1 of 2http://www.maxperformance.com/mhp/myweb.php?hls=1149

Shopping Cart

Speak to an Expert 1-888-783-8844

 
 

SCIENCE BEHIND
DARK MATTER

 

 
DARK MATTER
SUPPLEMENT FACTS

 
DARK MATTER
TESTIMONIALS

 
DARK MATTER
FAQs

 

Every Workout Ends With Dark Matter 

Sports nutrition experts and bodybuilders have long known that the most critical time to stimulate muscle growth through nutritional interfusion
is post-workout. They refer to the 1-hour period immediately after training as the “Anabolic Window.” Over the years, supplements have been
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DM Candidates and Topics

• Weakly Interacting Massive Particles 
(WIMPs)
– Direct detection
– Indirect detection

• Non-WIMPs
• DM Complementarity

• Strong reasons for optimism:
– Extensions to the SM (e.g., SUSY, axions) 

that solve other problems also provide 
natural candidates for the DM.

– Huge advances in instrumentation and 
techniques bring discovery within reach

• Remember:
– No reason the DM should be just one 

thing. Could be whole sectors awaiting 
discovery.

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex
Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim
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arXiv:1707.04591v1 
See Feng, Schuster talks 
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WIMP Dark Matter

• Simplest picture:
– Thermal production in the early 

Universe (left, right)
– Direct Detection (up)
– Indirect Detection (right)
– Production at colliders (left)

• Provides natural scales for 
searches, particularly for Indirect 
Detection.

• Nature not so simple!
– Present-era low-energy 

interactions could be suppressed, 
or complex phenomenology, or…

c

c

SM

SM
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WIMP Direct Detection Principle

Goals include:
• Increase target 

mass
• Decrease 

detection energy 
threshold

• Improve 
background 
rejection

• Directionality 
information?

• DM-e scattering 
also important.
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WIMP Direct Detection Experiments

http://www.snowmass2013.org/tiki-
index.php?page=SLAC

5/25/13 18:27 SLAC
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SLAC
The Exact Agenda for the Workshop and all presented talks are found on Indico
Indico: https://indico.fnal.gov/conferenceTimeTable.py?confId=6199#20130306

THE EXPERIMENTS

Links to experiment wiki pages are below the table. Please post your answers to the Questions inside your wiki
page. The Questions themselves can be found near the bottom of this wiki page. Besides the answers to the
questions, you are welcome to post any supporting materials and links to relevant details. You may consider
posting a set of introductory slides (from a conference talk or summary) which provide the following basic
information:

Introduction to technology
Summary of strengths and open issues
Mid-range (2-3 years) R&D plans
Long-range (5-10 years) physics goals, introduction of different generation of experiments where applicable
Relationship with current lab/research facilities and plans for future installations.

Your SLAC CF1 Workshop talk should be posted on Indico, rather than in the wiki, since it is typically a large file.
However, a link to the Indico posting should be placed inside your wiki page.

Table of current and planned experiments (under construction)

Experiment Status Target Technique Location Major Support

Cryogenic Solid State

SuperCDMS Soudan Current 9 kg Ge Ionization, Phonons Soudan DOE, NSF

SuperCDMS SNOLab Planned 200 kg Ge Ionization, Phonons SNOLab DOE, NSF

SuperCDMS SNOLab Planned 400 kg Ge Ionization, Phonons SNOLab DOE, NSF

Edelweiss Current 4 kg Ge Ionization, Phonons Modane Europe

CRESST Current 10 kg CaWO4 Scintillation, Phonons LNGS Europe

EURECA Planned Ge; CaWO4 O(100-
1000kg)

Ionization+Phonons;
Scintillation+Phonons

Europe Europe

CoGeNT Current 440 g Ge Ionization Soudan DOE, NSF

C-4 Planned 5.2 kg Ge Ionization Soudan DOE, NSF

TEXONO Current O(1kg)Ge Ionization KSNL Taiwan

CDEX Current O(1-10kg)Ge Ionization CJPL China

Liquid Xenon

LUX Current 350 kg LXe Ionization, Scintillation SURF DOE, NSF,
Europe

LZ Planned 8000 kg LXe Ionization, Scintillation SURF DOE, NSF,
Europe

PandaX-1a Current 125 kg LXe Ionization, Scintillation CJPL China

PandaX-1b Planned 500 kg LXe Ionization, Scintillation CJPL China

PandaX-2 Planned 2400 kg LXe Ionization, Scintillation CJPL China

XENON100 Current 62 kg LXe Ionization, Scintillation LNGS DOE, NSF,
Europe

XENON1T Planned 2500 kg LXe Ionization, Scintillation LNGS DOE, NSF,
Europe

XENON10T Planned 20000 kg LXe Ionization, Scintillation LNGS DOE, NSF,
Europe

XMASS-I Current 835 kg LXe Scintillation Kamioka Japan

XMASS-1.5 Planned 5000 kg LXe Scintillation Kamioka Japan

XMASS-II Planned 20000 kg LXe Scintillation Kamioka Japan

Liquid Argon

DarkSide-50 Current 50 kg LAr Ionization, Scintillation LNGS DOE, NSF,
Europe

DarkSide-G2 Planned 5000 kg LAr Ionization, Scintillation LNGS DOE, NSF,
Europe

ArDM Current 1 ton LAr Ionization, Scintillation Canfranc Europe

MiniCLEAN Current 500 kg LAr/LNe Scintillation SNOLab

DEAP-3600 Current 3600 ton LAr Scintillation SNOLab Canada, UK

CLEAN Planned 40 ton LAr/LNe Scintillation SNOLab

Crystal and Annual Modulation

DAMA/LIBRA Current NaI Europe

ELEGANT Current NaI Japan

DM-Ice Planned NaI

Princeton NaI Planned NaI LNGS

ANAIS Planned 250 kg NaI Scintillation Canfranc Europe

CINDMS Planned 100 kg CsI(Na) Scintillation China

KIMS Current cesium iodide Scintillation Korea

Superheated Liquids

COUPP-60 Current CF3I Bubbles SNOLab DOE, NSF

COUPP-1T Planned CF3I Bubbles SNOLab DOE, NSF

PICASSO Current C4F10 Bubbles SNOLab Canada

Picoupsso? Planned CF3I Bubbles SNOLab DOE, NSF,
Canada

SIMPLE Phase III Current 1-2 kg C2ClF5 Bubbles Canfranc Europe

SIMPLE Phase IV Planned 1000 kg C2ClF5 Bubbles Canfranc Europe

Directional Detection

DRIFT-IId Current 139 g CS2, CS4 Ionization Boulby US,UK

DRIFT-III Planned 10s of kg CS2, CS4 Ionization Boulby US,UK

DMTPC Current CF4 gas Ionization WIPP DOE

D^3 Planned Ionization

MIMAC Planned Ionization Modane

Newage Planned Ionization Japan

New Ideas

Columnar
recombination

Planned Xe gas Ionization, Scintillation Canfranc

DAMIC Current Silicon Ionization SNOLab

Liquid He-4 Planned 1-100 kg LHe Ionization, Scintillation, Rotons - -

DNA Planned Gold Broken DNA bonds - -

Nuclear emulsions Planned few 10s of kg emulsion - - -

Cryogenic Solid State
CDMS/SuperCDMS
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Snowmass Direct Detection Summary

2

Coherent Neutrino Scattering
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013
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Direct Detection Current Limits

arXiv:1705.06655v2 and references therein arXiv:1608.07648v3 

See Tunnell, Monzani talks
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• See later for spin-dependent limits
• See report for summary of DM-e scattering

arXiv:1707.04591 
See Monzani, Pyle, 
Dahl talks
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Dark Matter Indirect Detection

DM particle interactions could produce an anomalous flux of cosmic 
particles (“indirect detection”).

Anomalous gamma ray spectra and/or gg or Zg
“lines” and/or anomalous charged cosmic rays 
and/or neutrinos? 

• If particles are stable: rate ~ (DM density)2

• If particles unstable: rate ~ ( DM density)

C

X

• Key interplay of techniques:
– colliders
– direct detection experiments underground
– indirect detection (most straightforward: gamma rays and neutrinos)

• Full sky coverage advantageous
• Intensity highly model-dependent
• Challenge is to separate signals from astrophysical backgrounds

?

?

See A. Albert talk 



14 August 2017 Cosmic Frontier Landscape – S. Ritz 19

Indirect Detection: Dark Matter Annihilation

19

Prompt lepton 
pair production

+ “lines” from 2-body final states
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WIMP Indirect Detection: Many Places to Look!

All-sky map of gamma rays from 
DM annihilation  arXiv:0908.0195  
(based on Via Lactea II 
simulation)

And anomalous 
charged cosmic 

rays (little/no 
directional 

information, 
trapping times, 

etc.)

Satellites
Low background and good source id, 
but low statistics, in some cases 
astrophysical background

Galactic Center
Good Statistics but source 
confusion/diffuse background

Milky Way Halo
Large statistics but diffuse 
background

Spectral Lines
No astrophysical uncertainties, 
good source id, but low sensitivity 
because of expected small BR

Extragalactic
Large statistics, but astrophysics, galactic 
diffuse backgroundGalaxy Clusters

Low background, but low statistics

29 May 2013 Cosmic Frontier Future 9 

CF2 parameter space (sig v) 

χ"

χ"
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Fermi LAT All-sky Image

And anomalous 
charged cosmic 

rays (little/no 
directional 

information, 
trapping times, 

etc.)

Satellites
Low background and good source id, 
but low statistics, in some cases 
astrophysical background

Galactic Center
Good Statistics but source 
confusion/diffuse background

Milky Way Halo
Large statistics but diffuse 
background

Spectral Lines
No astrophysical uncertainties, 
good source id, but low sensitivity 
because of expected small BR

Extragalactic
Large statistics, but astrophysics, galactic 
diffuse backgroundGalaxy Clusters

Low background, but low statistics

WIMP Indirect Detection: Many Places to Look!

29 May 2013 Cosmic Frontier Future 9 

CF2 parameter space (sig v) 
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Dwarf Spheriodal (dSph) Galaxies

• Largest galactic 
substructures predicted 
(in LCDM)

• DM-dominated: mass-to-
light ratios O(100-1000)

• Very low astrophysical 
backgrounds
– no detected gas, low recent 

star formation activity
• SDSS and DES discovery 

of many more ultrafaint
Milkyway satellites
– more are welcome!

• Great opportunity for 
indirect DM signal 
searches! Via Lactea II simulation
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Indirect Detection Facilities

http://www.snowmass2013.org
/tiki-
index.php?page=WIMP+Dark+
Matter+Indirect+Detection

5/25/13 19:40 WIMP Dark Matter Indirect Detection

Page 2 of 2http://www.snowmass2013.org/tiki-index.php?page=WIMP+Dark+Matter+Indirect+Detection

Source History

Halzen, et al., Draft 1 - pdf
Prospects for Indirect Detection of Dark Matter with CTA, M. Wood, J. Buckley, S. Funk, D. Nieto, M. Sanchez-
Conde, et al., Draft 1 - pdf
CF2 White Paper: Status and Prospects of the VERITAS Indirect Dark Matter Detection Program, A. W. Smith, R.
Bird, J. Buckley, K. Byrum, J. Finley, A. Geringer-Sameth, J. Holder, D. Kieda, S. Koushiappas, R. Ong and B.
Zitzer, Incorrect parameter fileId
``Dedicated Indirect Searches for Dark Matter Using Antideuterons'', C. Hailey, T. Aramaki, P. von Doetinchem,
and R. Ong, Draft 1 - pdf

SLAC CF Meeting
Meeting Notes, Action Items, Work Assignments, SLAC CF2 Notes - docx , SLAC CF2 Notes - pdf

Draft of CF2 Report
Draft Outline - Google Doc , CF2SummaryReportOutline.docx

Indirect Detection Experiments

Status Experiment Target Location Major Support Comments

Current AMS e+/e-,
anti-
nuclei

ISS NASA Magnet
Spectrometer,
Running

Fermi Photons,
e+/e-

Satellite NASA, DOE Pair Telescope
and
Calorimeter,
Running

HESS Photons,
e-

Namibia German BMBF, Max Planck Society, French Ministry for Research,
CNRS-IN2P3, UK PPARC, South Africa

Atmospheric
Cherenkov
Telescope
(ACT),
Running

IceCube/
DeepCore

Neutrinos Antarctica NSF, DOE, International: Belgium, Germany, Japan, Sweden) Ice
Cherenkov,
Running

MAGIC Photons,
e+/e-

La Palma German BMBF and MPG, INFN, WSwiss SNF, Spanish MICINN,
CPAN, Bulgarian NSF, Academy of Finland, DFG, Polish MNiSzW

ACT, Running

PAMELA e+/e- Satellite

VERITAS Photons,
e+/e-

Arizona,
USA

DOE, NSF, SAO ACT, Running

ANTARES Neutrinos Mediter-
ranean

France, Italy, Germany, Netherlands, Spain, Russia, and Morocco Running

Planned CALET e+/e- ISS Japan JAXA, Italy ASI, NASA Calorimeter

CTA Photons ground-
based
(site
TBD)

International: MinCyT, CNEA, CONICET, CNRS-INSU, CNRS-
IN2P3, Irfu-CEA, ANR, MPI, BMBF, DESY, Helmholtz Association,
MIUR, NOVA, NWO, Poland, MICINN, CDTI, CPAN, Swedish
Research Council, Royal Swedish Academy of Sciences, SNSF,
Durham UK, NSF, DOE

ACT

GAMMA-400 Photons Satellite Russian Space Agency, Russian Academy of Sciences, INFN Pair Telescope

GAPS Anti-
deuterons

Balloon
(LDB)

NASA, JAXA TOF, X-ray
and Pion
detection

HAWC Photons,
e+/e-

Sierra
Negra

NSF/DOE Water
Cherenkov,
Air Shower
Surface Array

IceCube/
PINGU

Neutrinos Antarctica NSF, Germany, Sweden, Belgium Ice
Cherenkov

KM3NeT Neutrinos Mediter-
ranean
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A Sample of DM Limits 

E. Charles et al, arXiv:1605.02016v2 

bb

See A. Albert talk 
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Gamma-ray Status and Prospects

E. Charles et al, arXiv:1605.02016v2 
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Gamma-ray Prospects

A. Morselli et al ICRC 2017
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HE Solar Neutrino Signals from WIMPs
12

Fig. 7 Limits on σ SD
χ−p, compared to results from other neutrino detectors and direct detection experiments [34–37]. The IceCube limits have been

scaled up to the upper edge of the total systematic uncertainty band. The colored points correspond to models from a scan of the pMSSM described
in Section 7 and are shown color coded by the ‘hardness’ of the resultant neutrino spectrum. Points close to the red end of the spectrum annihilate
predominantly into harder channels such as τ+τ−and can hence be excluded by the IceCube red line.

Fig. 8 Limits on σ SI
χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.

IceCube arXiv:1612.05949

See S. Klein talk
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“Non-WIMPs” is a lot! DM Landscape
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“Non-WIMPs” is a lot! DM Landscape
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“Non-WIMPs” is a lot! DM Landscape

arXiv:1707.04591 

See Feng, Graham talks 
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Experiment Machine Type Ebeam ( GeV) Detection Mass range ( GeV) Sensitivity First beam Ref.

Future US initiatives

BDX CEBAF @ JLab electron BD 2.1-11 DM scatter 0.001 < m� < 0.1 y & 10�13 2019+ [211, 212]
COHERENT SNS @ ORNL proton BD 1 DM scatter m� < 0.06 y & 10�13 started [213, 214]
DarkLight LERF @ JLab electron FT 0.17 MMass (& vis.) 0.01 < mA0 < 0.08 ✏2 & 10�6 started [215]
LDMX DASEL @ SLAC electron FT 4 (8)* MMomentum m� < 0.4 ✏2 & 10�14 2020+ [216]
MMAPS Synchr @ Cornell positron FT 6 MMass 0.02 < mA0 < 0.075 ✏2 & 10�8 2020+ [217]
SBN BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y ⇠ 10�12 2018+ [218, 219]
SeaQuest MI @ FNAL proton FT 120 vis. prompt 0.22 < mA0 < 9 ✏2 & 10�8 2017 [220]

vis. disp. mA0 < 2 ✏2 ⇠ 10�14 � 10�8

Future international initiatives

Belle II SuperKEKB @ KEK e+e� collider ⇠ 5.3 MMass (& vis.) 0 < m� < 10 ✏2 & 10�9 2018 [203]
MAGIX MESA @ Mami electron FT 0.105 vis. 0.01 < mA0 < 0.060 ✏2 & 10�9 2021-2022 [205]
PADME DA�NE @ Frascati positron FT 0.550 MMass mA0 < 0.024 ✏2 & 10�7 2018 [206, 207]
SHIP SPS @ CERN proton BD 400 DM scatter m� < 0.4 y & 10�12 2026+ [208, 209]
VEPP3 VEPP3 @ BINP positron FT 0.500 MMass 0.005 < mA0 < 0.022 ✏2 & 10�8 2019-2020 [210]

Current and completed initiatives

APEX CEBAF @ JLab electron FT 1.1-4.5 vis. 0.06 < mA0 < 0.55 ✏2 & 10�7 2018-2019 [197, 198]
BABAR PEP-II @ SLAC e+e� collider ⇠ 5.3 vis. 0.02 < mA0 < 10 ✏2 & 10�7 done [191, 229, 230]
Belle KEKB @ KEK e+e� collider ⇠ 5.3 vis. 0.1 < mA0 < 10.5 ✏2 & 10�7 done [231]
HPS CEBAF @ JLab electron FT 1.1-4.5 vis. 0.015 < mA0 < 0.5 ✏2 ⇠ 10�7** 2018-2020 [232]
NA/64 SPS @ CERN electron FT 100 MEnergy mA0 < 1 ✏2 & 10�10 started [186]
MiniBooNE BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y & 10�9 done [188]
TREK K+ beam @ J-PARC K decays 0.240 vis. N/A N/A done [201, 202]

TABLE II: Summary table of current light DM experiments and future proposals. The sensitivities are quoted either for the kinetic mixing
or the variable y, whichever is most relevant (see the text and the corresponding figures for more detailed predictions). The range quoted for
experiments sensitive to both visible and invisible decays refers to the invisible case. Starting dates are subject to variations. Legend: beam
dump (BD), fixed target (FT), dark matter scattering (DM scatter), missing mass (MMass), missing momentum (MMomentum), missing
energy (MEnergy), prompt/displaced visible decays (vis). Notes: *LDMX beam energy is 4 GeV for phase I, and could be upgraded to
8 GeV for phase II. **Sensitivity to displaced vertices under study.

78

arXiv:1707.04591v1 
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2

Axion parameter space

Graham, et.al (2016)

ADMX results up to 2010 
Achieved KSVZ sensitivity

See Van Bibber talk, and
Graham et al, Ann Rev. (2015) 
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(original concept from P. Sikivie)

DE/E ~ 10–22

Local Milky Way density:

rhalo ~ 450 MeV/cm3

Thus for ma ~ 10 µeV:

rhalo ~ 1014 cm–3

b virial ~   10–3 :  

l De Broglie ~  100 m

D b flow ~   10–11 :

l Coherence ~  1000 km

�Medium Resolution� channel

�High Resolution� channel

The ADMX experimental layout

Lawrence Livermore National Laboratory LLNL-PRES-712997
5

ADMX experimental layout
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Current preliminary limit plot

10-16

10-15

 2.65  2.7  2.75  2.8  2.85

 640  650  660  670  680  690  700
Ax

io
n 

C
ou

pl
in

g 
|g

aγ
γ |

 (G
eV

-1
)  

 10
0%

 D
ar

k 
M

at
te

r

Axion Mass (µeV) 

Cavity Frequency (MHz)

KSVZ

DFSZ

ADMX 2004

ADMX G2 May 2017
 90% Sensitivity Estimate

PRELIMINARY

From L. Rosenberg



14 August 2017 Cosmic Frontier Landscape – S. Ritz 36

Making New Dark Matter

CERN-LPCC-2017-01

Recommendations of the LHC Dark Matter

Working Group: Comparing LHC searches for

heavy mediators of dark matter production in

visible and invisible decay channels

Andreas Albert,1,⇤ Mihailo Backović,2 Antonio Boveia,3,⇤
Oliver Buchmueller,4,⇤ Giorgio Busoni,5,⇤ Albert De Roeck,6,7

Caterina Doglioni,8,⇤ Tristan DuPree,9,⇤ Malcolm Fairbairn,10,⇤
Marie-Hélène Genest,11 Stefania Gori,12 Giuliano Gustavino,13

Kristian Hahn,14,⇤ Ulrich Haisch,15,16,⇤ Philip C. Harris,7

Dan Hayden,17 Valerio Ippolito,18 Isabelle John,8

Felix Kahlhoefer,19,⇤ Suchita Kulkarni,20 Greg Landsberg,21

Steven Lowette,22 Kentarou Mawatari,11 Antonio Riotto,23

William Shepherd,24 Tim M.P. Tait,25,⇤ Emma Tolley,3

Patrick Tunney,10,⇤ Bryan Zaldivar,26,⇤ Markus Zinser24

⇤Editor
1III. Physikalisches Institut A, RWTH Aachen University, Aachen, Germany
2Center for Cosmology, Particle Physics and Phenomenology - CP3, Universite Catholique

de Louvain, Louvain-la-neuve, Belgium
3Ohio State University, 191 W. Woodru↵ Avenue Columbus, OH 43210
4High Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road,
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5ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, Uni-
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8/10/17, 9)46 LHC DM WG: WG on Dark Matter Searches at the LHC | LPCC: LHC Physics Centre at CERN

Page 1 of 1https://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc

CERN Accelerating science Sign in Directory

LHC DM WG: WG on Dark Matter Searches at
the LHC
To subscribe to the general WG mailing list, used to distribute announcements about meetings and available
documents, go to 
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg
(http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg)

A second mailing list is used for more technical exchanges related to the ongoing work of the WG. To
subscribe, go to 
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors
(http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=lhc-dmwg-contributors)

The LHC Dark Matter Working Group (LHC DM WG) brings together theorists and experimentalists to define
guidelines and recommendations for the benchmark models, interpretation, and characterisation necessary
for broad and systematic searches for dark matter at the LHC. As examples, the group develops and
promotes well-defined signal models, specifying the assumptions behind them and describing the
conditions under which they should be used. It works to improve the set of tools available to the
experiments, such as higher- precision calculations of the backgrounds. It assists theorists with
understanding and making use of LHC results. 
The LHC DM WG develops and maintains close connections with theorists and other experimental particle
DM searches (e.g. Direct and Indirect Detection experiments) in order help verify and constrain particle
physics models of astrophysical excesses, to understand how collider searches and non-collider experiments
complement one another, and to help build a comprehensive understanding of viable dark matter models.

The WG activity builds on the experience of the previous ATLAS-CMS Dark Matter Forum, whose findings
are documented in this paper (https://arxiv.org/abs/1507.00966)

WG documents and meeting agendas: see links in the right menu

Topics currently under discussion:

Recommendations for the definition of further simplified models, to be used in the analyses in
preparation for the Winter 2017 conferences.

Conveners:

ATLAS: C. Doglioni and A. Boveia

CMS: K. Hahn and S.Lowette

TH: U. Haisch and T. Tait

LPCC: M. Mangano

Welcome About LHC working groups LHC publications Events Newsletter

LPCC: LHC Physics Centre at CERN

Generally not just one new particle but a sector. 
Phenomenology can be complex.

https://lpcc.web.cern.ch/content/lhc-dm-
wg-wg-dark-matter-searches-lhc

See talks by Toro, Gray, Eno, Stone, Jacobs 
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Dark Matter Complementarity

Accelerators
Direct production.  Push to higher energy

Direct Detection
Relic scattering locally, at low energy.   Push to larger 
target mass, lower backgrounds, directional sensitivity

Indirect Detection
Interactions (via annihilations, decays) with SM particles. 
Understand the astrophysical backgrounds in signal-rich regions, 
and reveal the distribution of dark matter.

Simulations
Large scale structure formation.  Push 
toward larger simulations, finer details.

Observations
Push toward finding 
and studying 
galactic halo 
objects and large 
scale structure.

See arXiv:1305.1605

3

Dark Matter 

Nuclear Matter 
quarks, gluons 

Leptons 
electrons, muons, 

taus, neutrinos 

Photons, 
W, Z, h bosons 

Other dark 
particles 

Astrophysical  
Probes 

DM DM 

DM DM 

Particle 
Colliders 

SM DM 

SM DM 

Indirect 
Detection 

DM SM 

DM SM 

Direct 
Detection 

DM DM 

SM SM 

FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter (DM) with standard model particles (SM) for each experimental approach.

examples are the detection of WIMPs through scattering o↵ nuclei and the detection of
axions through their interaction with photons in a magnetic field.

• Indirect Detection. Pairs of dark matter particles annihilate producing high-energy particles
(antimatter, neutrinos, or photons). Alternatively, dark matter may be metastable, and its
decay may produce the same high-energy particles.

• Particle Colliders. Particle colliders, such as the Large Hadron Collider (LHC) and proposed
future lepton colliders, produce dark matter particles, which escape the detector, but are
discovered as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its im-
pact on astrophysical observables. Examples include self-interaction of dark matter particles
a↵ecting central dark matter densities in galaxies (inferred from rotation velocity or veloc-
ity dispersion measures), mass of dark matter particle a↵ecting dark matter substructure
in galaxies (inferred from strong lensing data) and annihilation of dark matter in the early
Universe a↵ecting the Cosmic Microwave Background fluctuations.

These search strategies are shown in Fig. 1 and are connected to the particle interactions they most
stringently probe. In the next Section, we briefly describe these four approaches and summarize
their current status.

III. THE FOUR PILLARS OF DARK MATTER DETECTION

A. Direct Detection

Dark matter permeates the whole Universe, and its local density on Earth is known to be
5⇥10�25 g/cm3 to within a factor of 2. This creates the opportunity to detect dark matter particles
directly as they pass through and scatter o↵ normal matter [39]. Such events are extremely rare, and

8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

9

10

2

10

3

m(�̃0

1

) (GeV)

10

�17

10

�15

10

�13

10

�11

10

�9

10

�7

R
·�

S
I

(p
b)

10

2

10

3

m(�̃0

1

) (GeV)

4 · 10

2

10

3

4 · 10

3

Li
gh

te
st

co
lo

re
d

sp
ar

tic
le

(G
eV

)

FIG. 3: Results from a model-independent scan [62, 63] of the full parameter space in the minimal supersym-
metric model (MSSM), presented in the (m�,�

p
SI) plane (left panel) or the (m�,mLCSP) plane (right panel).

The models are divided into categories, depending on whether dark matter can be discovered in future direct
detection experiments (green points), indirect detection experiments (blue points) or both (red points). The
gray points represent models that may be discovered at the upgraded LHC, but escape detection in future
direct or indirect detection experiments.

2. Complete Models

The e↵ective theory description (1) of the dark matter interactions with standard model particles
is an attempt to capture the salient features of the dark matter phenomenology without reference
to any specific theoretical model. However, the complementarity between the di↵erent dark matter
probes seen in Fig. 2 persists also when one considers specific well-motivated theoretical models.
Among the many possible alternatives, low energy supersymmetry [61] has been the most popular
and widely studied extension of the standard model, and we shall use it here as our second example.
In supersymmetry, the DM candidate is generally the lightest neutralino �̃0

1, which is its own anti-
particle.

Even within the general framework of supersymmetry, there are many di↵erent model scenar-
ios, distinguished by a number of input parameters (⇠ 20). A model-independent approach to
supersymmetry is to scan over all those input parameters and consider all models that pass all
existing experimental constraints and have a dark matter candidate which could explain at least
a portion of the observed dark matter density [62]. Results from such model-independent scans
with over 200,000 points are shown in Fig. 3, where each dot represents one particular supersym-
metric model. Within each model, the dark matter interactions are completely specified and one
can readily compute all relevant dark matter signals. The models are categorized depending on
the observability of a dark matter signal in direct detection experiments (green points), indirect
detection experiments (blue points) or both (red points). The gray points represent models that
escape detection in dark matter experiments, but may be discovered at the upgraded LHC, if the
mass of the lightest colored superpartner is within mLCSP ⇠ 3 TeV. A sizable fraction of models
(the blue points) can only be seen in indirect detection (via ground-based gamma ray telescopes).
Another large fraction of models (the gray points) can only be seen at the LHC. Figure 3 demon-
strates that the three di↵erent dark matter probes nicely combine to discover most (albeit not all)
supersymmetry models in this scan.

future direct 
detection, indirect 
detection or both. 
Plus maybe 
upgraded LHC 
only.

four-particle contact interactions approach:

SUSY scan
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phenomenological Minimal Supersymmetric Standard Model (pMSSM) 

Cahill-Rowley et al arXiv:1405.6716

6 Complementarity: Putting It All Together

Now that we have provided an overview of the various dark matter searches that form
our analysis, we can combine them to see what they (will) reveal about the nature of the
neutralino LSP as DM [51] and, more generally, the pMSSM itself. Since we only have 14
TeV results for the ⇠ 30.7k neutralino LSP models that survive the 7 + 8 TeV searches and
have mh = 126± 3 GeV (because of CPU limitations as described above), the main results
presented below will only make use of the 7 + 8 TeV LHC searches listed in Table 2. We
will also present some indicative results showing the sensitivity of the combined 7, 8, and 14
TeV LHC analyses for the subset of neutralino LSP models with mh = 126± 3 GeV.

Figure 10: Comparisons of the sensitivity of the various searches, color-coded as indicated,
in the LSP mass-scaled SI cross section plane for the pMSSM model sample as discussed in
the text. The anticipated SI limit from LZ is shown as a guide to the eye.

Figure 10 shows the survival and exclusion rates resulting from the various searches and

2119-parameter space scan
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Dark Matter Complementarity

Accelerators
Direct production.  Push to higher energy

Direct Detection
Relic scattering locally, at low energy.   Push to larger 
target mass, lower backgrounds, directional sensitivity

Indirect Detection
Interactions (via annihilations, decays) with SM particles. 
Understand the astrophysical backgrounds in signal-rich regions, 
and reveal the distribution of dark matter.

Simulations
Large scale structure formation.  Push 
toward larger simulations, finer details.

Observations
Push toward finding 
and studying 
galactic halo 
objects and large 
scale structure.

See arXiv:1305.1605
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DM Candidates and Topics

• Main messages:
– Importance of low-threshold direct detection 

capabilities for hidden-sector and ultralight 
DM candidates

– A small number of low-cost fixed-target 
experiments can broadly explore sub-GeV 
dark matter and associated forces at 
relevant sensitivities

– Much of the QCD axion parameter space 
can be explored over the coming decade

– Existing data in other subfields (anomalies, 
LIGO mergers,…) may be providing 
important clues about dark sector physics

– Interactions between theorists and 
experimentalists have been particularly 
fruitful in this area. Healthy support for theory 
is essential. 

– Can have hidden-sector DM that was in 
thermal equilibrium with the Standard Model 
sector in the early universe but that evade 
existing constraints.

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report
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considered in our analysis becomes:
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2
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(1)

where LLAT

i

denotes the binned Poisson likelihood that
is commonly used in a standard single ROI analysis of
the LAT data, and which takes full account of the point-
spread function, including its energy dependence, i in-
dexes the ROIs, D represents the binned gamma-ray
data, pW represents the set of ROI-independent DM pa-
rameters (h�

ann

vi and m
W

), {p}
i

are the ROI-dependent
model parameters. In this analysis, {p}

i

includes the
normalizations of the nearby point and di↵use sources
and the J-factor, J

i

. log
10

(J
i

) and �
i

are the mean and
standard deviation of the distribution of log

10

(J
i

), ap-
proximated to be gaussian, and their values are given in
cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
ann

vi) for several
fixed masses m

W

, where for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large

Particle Physics Using Cosmic Frontier Techniques

Activities at the Cosmic Frontier are marked by rapid, surprising, and exciting developments

DES First Light!

17

FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e− only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e− spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ∼ 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ∼ 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
α ≃ 2.5 above ∼ 4 GeV and a cutoff at ∼ 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum α ∼ 1.5−2.0 be-
low ∼ 4 GeV and a modulation parameter in the range
Φ = 400− 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov diffusion with spec-
tral index δ = 0.33 and diffusive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.
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Cosmic Surveys: The Big Picture Detailed comparisons 
of different 
observations with much 
richer data sets will 
directly address these 
topics, and likely also 
provide more surprises.

Inflation at t~10-35 s 
(driven by ?) shapes 
the…

…CMB map at t~300,000 years, 
which, seeds structure formation 
driven by Dark Matter producing 
the growth of structure, which…

…is then driven 
by Dark Energy 
...

…and along the way,
Neutrinos (Neff and
(Smn>0) have a 
significant impact on 
the growth of structure 
at small scales

See Frieman and 
Battaglia talks;
Olive, Grossman talks



14 August 2017 Cosmic Frontier Landscape – S. Ritz 43

Aside: Neutrino Mass Measurements

To measure the mass of a feather…
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…get a large number of them and measure their collective effects
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…get a large number of them and measure their collective effects
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…get a large number of them and measure their collective effects
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Cosmic Surveys for Dark Energy

Future “Stage IV” Facilities 
(early 2020’s):
• LSST
• MS-DESI spectroscopic 

survey
• From space:

• Euclid
• WFIRST/AFTA

LSST 

The combination is 
powerful:
• Precision
• Consistency checks
• Distinguishing DE from 

modified gravity

Two observable fields:
• Matter density: growth of structure
• Velocities: distance-redshift

Imaging and spectroscopic surveys provide 
complementary views. Together, they enable a 
variety of primary techniques:
• Supernovae
• Baryon Acoustic Oscillations (BAO)/Redshift 

distortions (RSD)
• Weak Lensing
• Clusters

See talks by Krause, 
Trodden, Wechsler, 
Kim, Mantz, Marshall, 
McGaugh, Frieman
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Cosmic Visions Dark Energy:
Technology

Scott Dodelson, Katrin Heitmann, Chris Hirata, Klaus Honscheid, Aaron Roodman, Uroš Seljak, Anže
Slosar, Mark Trodden

Executive Summary

A strong instrumentation and detector R&D program has enabled the current generation of cosmic frontier
surveys. A small investment in R&D will continue to pay dividends and enable new probes to investigate
the accelerated expansion of the universe. Instrumentation and detector R&D provide critical training
opportunities for future generations of experimentalists, skills that are important across the entire DOE
HEP program.
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Cosmic Visions Dark Energy: Science

Scott Dodelson, Katrin Heitmann, Chris Hirata, Klaus Honscheid, Aaron Roodman, Uroš Seljak, Anže
Slosar, Mark Trodden

Executive Summary

Cosmic surveys provide crucial information about high energy physics including strong evidence for dark
energy, dark matter, and inflation. Ongoing and upcoming surveys will start to identify the underlying
physics of these new phenomena, including tight constraints on the equation of state of dark energy, the
viability of modified gravity, the existence of extra light species, the masses of the neutrinos, and the
potential of the field that drove inflation. Even after the Stage IV experiments, DESI and LSST, complete
their surveys, there will still be much information left in the sky. This additional information will enable us
to understand the physics underlying the dark universe at an even deeper level and, in case Stage IV surveys
find hints for physics beyond the current Standard Model of Cosmology, to revolutionize our current view of
the universe. There are many ideas for how best to supplement and aid DESI and LSST in order to access
some of this remaining information and how surveys beyond Stage IV can fully exploit this regime. These
ideas flow to potential projects that could start construction in the 2020’s.
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to understand the physics underlying the dark universe at an even deeper level and, in case Stage IV surveys
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(A) The	roadmap	for	cosmic	surveys	is	well	defined.
Since	Snowmass:	LSST,	DESI,	WFIRST	approved*

A	new	project	cannot	be	incremental

2 Dark Energy 5

BOSS$

2029$2027$2025$2023$2021$2017$2015$2013$ 2019$

Dark$Energy$Experiments:$2013$9$2031$

Dark$Energy$Survey$(DES)$

Extended$BOSS$(eBOSS)$

HSC$imaging$ PFS$spectroscopy$

Dark$Energy$Spec.$
Instrument$(DESI)$

Large$SynopHc$Survey$Telescope$(LSST)$

BOSS$

HETDEX$

2031$

Blue$=$imaging$
Red$=$spectroscopy$

Stage$III$

Stage$IV$

Euclid$

WFIRST9AFTA$

Figure 1. A timeline of Stage III and Stage IV dark energy experiments – photometric and spectroscopic
– in which US scientists are playing an important or leading role. Most of the projects are ground-based with
either US leadership (BOSS, DES, HETDEX, eBOSS, DESI, LSST) or active participation (HSC, PFS).
The two space missions are Euclid, led by the ESA with a NASA-sponsored team of US participants, and
WFIRST, led by NASA.

of spectroscopic redshift measurements can enhance the dark energy constraints from LSST compared to
its baseline capabilities [12]. Finally, new instrumental capabilities – e.g., methods that suppress flux from
emission lines from the night sky, which are much brighter than distant galaxies at infrared wavelengths,
or new detector technologies that would measure photon energy rather than just quantity – could enable
powerful new dark energy experiments to be conducted at reduced costs. Modest investments in these
avenues may yield large potential payo↵s in the future.

The following sub-sections summarize the physical probes and measurements that speak to dark energy
science. Each of these approaches is detailed further in a separate document [13, 14, 11, 15]. Taken together,
these measurements and the projects that enable them constitute an all-out attack on the problem of cosmic
acceleration. The program planned over the coming decade guarantees continuing US leadership in this field.

2.1 Distances

The relationship between the redshift and distance of an object is one of the primary tests of the expansion
history of the Universe, and therefore played a key role in the discovery of the accelerating Universe. The
simple graph of the distance scale of the Universe as a function of redshift, indicating the evidence for
cosmic acceleration, has become an iconic plot in the physical sciences. The data for this plot so far
come from measurements of Type Ia supernovae and baryon acoustic oscillations (BAO) and these will
be the sources of streams of data in coming years. DES and LSST will provide an essentially limitless
supply of supernova, thousands, then hundreds of thousands. The DES collaboration and LSST-DESC
will coordinate the spectroscopic classification of a fraction of these objects. The challenge is to make
measurements thoroughly enough to mitigate systematic problems, especially those that depend on redshift.
Detailed studies of nearby supernovae are beginning to provide clues for how to do this. Much would be

Community Planning Study: Snowmass 2013

Findings
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Weak Gravitational Lensing
Galaxy shapes appear sheared due to all matter along line-of-sight

Measure correlations of those shears - not random
Weak Gravitational Lensing

• Dark Energy affects the 
rate of growth of structure.  
– Together with distance-

redshift measurements, 
can look for DE evolution, 
and test alternative models 
of gravity.

• Galaxy shapes appear 
sheared due to all the 
(dark) matter along the 
line of sight.

• Measure correlations of 
the shears – not random.

• Measurements over different 
distance scales and over 
cosmic time provide many 
tests.  Deviation from 
expectation in any one of many 
bins could signal a breakdown 
of the LCDM paradigm. 

Challenging: shear-shear correlations O(10-4 - 10-7) See M. Schneider talk 
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DLS

DS

a = 4GM/bc2

b

q

g ~ q = DLS
DS

4GM/bc2

sheared	image

shear

Gravity	&	Cosmology	change	the	
growth	rate	of	mass	structure

Cosmology	changes	geometric	
distance	factors
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Cosmic Shear Power Spectra

Many cross-
correlation tests.
It’s not just w and 
ellipses!

At large scales (>10 Mpc, l<300 ) and early times, 
predictions based on linear perturbations considered 
highly reliable (high-Q2 QCD analogy),  ~1%.

9

FIG. 5: The eigenmodes of µ and � for LSST(+SN+CMB)
after marginalizing over the high-z bins, with all other pa-
rameters fixed to fiducial values.

FIG. 6: The combined eigenmodes of (µ, �) for
LSST(+SN+CMB) after marginalizing over the high-z
bins, with all other parameters fixed to fiducial values.

From Fig. 5 we notice that, in the absence of the high-
z information, the first few best constrained eigenmodes
of µ and � have similar shapes. However, this similar-
ity fades for the higher order eigenmodes, reflecting the
di↵erent dependences of the two functions on the metric
potentials. For instance, the first node in z appears at
the 9th mode for µ and only at the 12th for �, reflecting
a higher sensitivity of µ to time dependent features.
The best constrained combined (µ, �) eigenmodes have

the same shapes in the µ- and �-surfaces, but the �-
surfaces have a lower amplitude (Fig. 6). This is again
explained by the fact that both functions are constrained
by the same experiments (WL and GC), therefore having

FIG. 7: The eigenmodes of ⌃ for LSST(+SN+CMB) after
marginalizing over the high-z bins, with all other parameters
fixed to fiducial values.

similar eigenmodes, with µ being more directly related to
the growth of structure.
As can be observed from Fig. 7, after marginalizing

over the high-z bins, the best eigenmodes of ⌃ are very
similar to the combined (µ, �) modes. Indeed, once the
high-z information is removed, the combined modes are
primarily constrained by WL and, therefore, carry more
or less the same information as the ⌃ modes.

FIG. 8: The uncertainties associated with the eigen-
modes of µ, �, ⌃ and the combined (µ, �) modes for
LSST(+SN+CMB), after marginalizing over the high-z bins
only (M.o. high-z), and after marginalization over the high-z
bins and the galaxy bias parameters (M.o. high-z+bias), with
all other parameters fixed to fiducial values.

Fig. 8 shows the uncertainties associated with the
eigenmodes of µ, �, ⌃ and the combined (µ, �) modes
after marginalizing over the high-z bins. Comparing to
Fig. 4, we see that now there is no crossing over of the
errors on µ and ⌃, i.e. all the PCs of ⌃ do better than
the µ ones. This is due to the disappearance of the eigen-
modes with high-z support. In addition, we notice a small
overall degradation of constraints, which is due to throw-
ing away the information common with the low-z bins.

• Study growth as a function of k
• Can decompose into “modes”, linear 

combinations of D(k,z) that are best 
probed by surveys

Hojjati et	al.	2012

Failure in any one of these could signal 
a breakdown of the LCDM paradigm

arXiv:1111.3960 
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Using Imaging Surveys for Weak Lensing

• For a large number of galaxies:
– Measure their shapes precisely for shear-shear correlations 

• Repeat the measurements many times (~100 in each color for 
LSST) to overcome atmospheric and other effects and to check for 
other systematics

– Measure their redshifts (distances) photometrically, typically with 
broadband filters
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Very Recent Results from DES!

arXiv:1708.01530v1 

See J. Frieman talk
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The Large Synoptic Survey Telescope
A new, integrated survey system designed to conduct 
a decade-long, deep, wide, fast time-domain survey 
of the optical sky. 

8-meter class wide-field ground based telescope, a 
3.2 Gpixel camera, and an automated data 
processing system. • integrated étendue (collecting area x field of view x 

time) a factor ~ 60 larger than any other current or 
planned imaging survey experiment.

• >5 million images and catalogs with >37 billion 
objects and 7 trillion sources. Billions of time-domain 
events with alerts.

• First light in 2020; Science survey starts in 2022.

http://www.lsst.org/lsst/
and links therein
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The Science Enabled by LSST

• Time domain science 
– Novae, supernovae, GRBs 
– Source discovery and 

characterization 
– Discovery 

• Dark energy multiple 
probes

• A census of moving objects
– Asteroids and comets
– Proper motions of stars

• Mapping the structure and 
evolution of the Milky Way
– Tidal streams
– Galactic structure

Dark Energy affects both the expansion 
history and the rate of growth of structure.

• Growth	of	structure	measurements	provide	
much	more	than	just	shrinking	the	error	
ellipse:	test	LCDM	paradigm	over	wide	range	
of	distance	scales	and	over	cosmic	time

• Also	sensitive	to	Smn at	~0.03eV	precision	=>	
may	also	resolve	the	neutrino	mass	hierarchy

http://www.lsst.org/files/docs/
sciencebook/SB_Whole.pdf

w(a) = w0 + (1−a)wa a = (1+z)−1
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3.2 Gigapixel Camera

Filter'

L1'
Lens'

U-lity'Trunk'—'houses'
support'electronics'and'
u-li-es'

Cryostat—contains'
focal'plane'&'
electronics'

Focal'plane'
Behind'L3'Lens'

L2'
Lens'

L3'Lens'
1.65'm'
(5’E5”)'

Filters'in'stored'
posi-ons'

• 10 micron pixels, 
0.2 arcsec/pixel

• Focal plane 
diameter 
634mm:189 
science CCDs 
(4kx4k, each 
segmented into 16 
parallel readout 
chains), arranged in 
21 rafts, plus corner 
rafts

• 6 filters: ugrizy
(320nm to 1050 nm)

• Nominal operation: 
dual 15-second 
exposures, 2 
second readout 

• ~5 million 
exposures in 10-
year survey, 
average 15TB per 
night

(shutter not shown)

A DOE particle physics project, managed at SLAC
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DESI:  
The Dark  
Energy  

Spectroscopic  
Instrument

Mayall 4-m at  
Kitt Peak

• new instrument: 5000 fibers, 8 deg2 FOV, 10 3-arm spectrographs 
with R=2000-5500, 350-980nm 

• 14000 sq. degree spectroscopic survey, 2019+5 years 
• 35 million galaxy & quasar spectra— more than an order of 

magnitude increase in # of spectra and volume probed compared to 
current state-of-the-art 

• Dark Time Survey: 4 M LRGs, 17M ELGs, 2.5M QSOs 
• Will do a survey of  >10 million bright galaxies (r < 20) and >10 

million Milky Way stars in bright time 

• Uses Baryon Acoustic Oscillations to and Redshift-Space Distortions 
to map expansion rate and growth of structure See R. Wechsler talk 
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Overview of the DESI Survey
ØFour target classes in dark time spanning redshifts z=0.4 ➔ 3.5 (LRGs, ELGs, QSOs) 
ØAdditional Bright Galaxy Survey will target all 10+ M galaxies with r < 19.5 (z=0-0.4) 
ØWill measure the distance scale to < 0.3% out to z~1, < 0.4% out to z ~ 2. 
ØWill measure the Hubble parameter to ~1% out to z ~ 2.

4 million LRGs 
0.4 < z < 1.0

18 million ELGs 
0.6 < z < 1.6

0.7 million Ly-α QSOs 
+1.7 million QSOs 

0.5 < z < 3.5

10+ million r < 19.5 
galaxies
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DESI is designed for BAO:  
accurate measurements of the H(z) and D(z)

E
xp
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at
e

Current DataCurrent  
measurements

low systematics
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Measuring Σmν

Ø… and possibly the neutrino hierarchy. 

conservative

optimistic 

l The shape of the power spectrum encodes 
information about neutrino masses. Massive 
neutrinos suppress cosmic structure growth. 

l DESI + CMB can measure an error of 0.017 eV 
in the sum of the masses if we can use the 
power spectrum to k = 0.2, enough to 
distinguish the normal and inverted hierarchy 
of mass states. 

l Extra relativistic species (e.g. sterile 
neutrinos) can also be measured by LSS+CMB
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Credit: Planck Science Team 
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CMB: Planck
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CMB Temperature Fluctuations (TT) Power Spectrum

Figure from Planck 2015 Results XI 

Fit spectacularly well 
by standard ΛCDM
See talks by Senatore, Meyers, Staggs, Kuo
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8/10/17, 10(57 CMB-S4: Next Generation CMB Experiment | Docs & Talks
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1. CMB-S4 Technology Book, First Edition
Maximilian H. Abitbol, Zeeshan Ahmed, Darcy Barron, Ritoban Basu Thakur, Amy N. Bender,
Bradford A. Benson, Colin A. Bischoff, Sean A. Bryan, John E. Carlstrom, Clarence L. Chang,
David T. Chuss, Ari Cukierman, Tijmen de Haan, Matt Dobbs, Tom Essinger-Hileman, Jeffrey P.
Filippini, Ken Ganga, Jon E. Gudmundsson, Nils W. Halverson, Shaul Hanany, Shawn W.
Henderson, Charles A. Hill, Shuay-Pwu P. Ho, Johannes Hubmayr, Kent Irwin, Oliver Jeong,
Bradley R. Johnson, Sarah A. Kernasovskiy, John M. Kovac, Akito Kusaka, Adrian T. Lee,
Salatino Maria, Philip Mauskopf, Jeff J. McMahon, Lorenzo Moncelsi, Andrew W. Nadolski,
Johanna M. Nagy, Michael D. Niemack, Roger C. O'Brient, Stephen Padin, Stephen C. Parshley,
Clement Pryke, Natalie A. Roe, Karwan Rostem, John Ruhl, Sara M. Simon, Suzanne T. Staggs,
Aritoki Suzuki, Eric R. Switzer, Keith L. Thompson, Peter Timbie, Gregory S. Tucker, Joaquin D.
Vieira, Abigail G. Vieregg, Benjamin Westbrook, Edward J. Wollack, Ki Won Yoon, Karl S.
Young, Edward Y. Young
arXiv:1706.02464

2. CMB-S4 Science Book, First Edition
Kevork N. Abazajian, Peter Adshead, Zeeshan Ahmed, Steven W. Allen, David Alonso, Kam S.
Arnold, Carlo Baccigalupi, James G. Bartlett, Nicholas Battaglia, Bradford A. Benson, Colin A.
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Sarah Shandera, Blake D. Sherwin, Tristan L. Smith, Lorenzo Sorbo, Glenn D. Starkman, Kyle
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Kimmy Wu
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• Exhortations
• Inflation
• Neutrinos
• Light Relics
• Dark Matter
• Dark Energy
• CMB lensing
• Data Analysis, Simulations & 

Forecasting
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from 2013 Snowmass documents
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density oscillations

Inflationary Gravitational wave oscillations scale with r

B modes

reionization bump
recombination bump

CMB Polarization

E modes

Temperature



14 August 2017 Cosmic Frontier Landscape – S. Ritz 68

inflationary
gravity wave
B modes

10 nK➝

reionization bump
CLASS exploring
from the ground; 
target of LiteBIRD, PIXIE , CORE
satellites proposals

recombination bump
key target of ground 
experiments, incl. CMB-S4

lensing
B modes

E modes

The Path Forward
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1.2 Forecast sensitivity to N
e↵

and
P

m
⌫

7

Figure 1-2. Shown are the current constraints and forecast sensitivity of cosmology to the neutrino mass
in relation to the neutrino mass hierarchy. In the case of an “inverted hierarchy,” with an example case
marked as a diamond in the upper curve, future combined cosmological constraints would have a very high-
significance detection, with 1� error shown as a grey band. In the case of a normal neutrino mass hierarchy
with an example case marked as diamond on the lower curve, future cosmology would detect the lowestP

m⌫ at a level of > 4�.

Moreover, for a lower measured mass, the posterior will have to take into account the physical limit
P

m
⌫

> 0,
which will thus relax constraints with respect to the Fisher forecasts.

It is found in this study that for each of the probes, the expected 1� uncertainty on neutrino mass lies in the
range of 20�30 meV. When multiple probes are combined, for example for DESI+CMB-S4, the uncertainty
reduces to ⇠ 15 meV. As shown in Figure 1-2, such a joint program will unambiguously detect neutrino mass
under both hierarchy scenarios, since

P
m

⌫

is already known to be at least 58 meV.

Figure 1-3 shows the interplay between CMB and galaxy-survey constraints on
P

m
⌫

. There is a degeneracy
between neutrino mass and the matter density in the CMB lensing constraint – both parameters primarily
a↵ect the broadband amplitude of the lensing e↵ect, with the neutrino mass also introducing a small scale
dependence (see Figure 1-1). A low-redshift constraint on the acoustic peak scale from, e.g., DESI (see
Section 1.2.2 for the survey description), significantly reduces this degeneracy. Because CMB lensing and
galaxy clustering constrain the neutrino mass in a similar way by using some of the same information
(see Figure 1-1), we take a conservative approach when combining CMB and galaxy surveys and only use
either galaxy clustering or CMB lensing information. When CMB lensing is included, we omit clustering

Community Planning Study: Snowmass 2013

MS-DESI Science Reach: neutrino mass hierarchy 

Terrestrial experiments measure ∆m2 of neutrino masses 
 
!MS-DESI sensitivity is 0.024 eV, measured from power spectrum 
of galaxy map 
 Terrestrial ∆m23 = 0.049  eV (PDG 2011) 

∆m23  
∆m23  

∆m12  

∆m12  
m2  

m1  

m3  

m2  

m3  

m1  

Σmν > 0.098 eV  

MS-DESI  
1σ error  
on Σmν 
 

Σmν > 0.049 eV  

Snowmass arXiv:1309.5383 and arXiv:1103.5083 
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Neutrinos, Cosmic Rays
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considered in our analysis becomes:

L(D|pW,{p}
i

) =
Y

i

LLAT

i

(D|pW,p
i

)

⇥ 1

ln(10) J
i

p
2⇡�

i

e�(log10(Ji)�log10(Ji))
2
/2�

2
i ,

(1)

where LLAT

i

denotes the binned Poisson likelihood that
is commonly used in a standard single ROI analysis of
the LAT data, and which takes full account of the point-
spread function, including its energy dependence, i in-
dexes the ROIs, D represents the binned gamma-ray
data, pW represents the set of ROI-independent DM pa-
rameters (h�

ann

vi and m
W

), {p}
i

are the ROI-dependent
model parameters. In this analysis, {p}

i

includes the
normalizations of the nearby point and di↵use sources
and the J-factor, J

i

. log
10

(J
i

) and �
i

are the mean and
standard deviation of the distribution of log

10

(J
i

), ap-
proximated to be gaussian, and their values are given in
cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
ann

vi) for several
fixed masses m

W

, where for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J-factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo for a Poisson process
with known background and Fermi-LAT simulations of
galactic and isotropic di↵use gamma-ray emission. The
parameter range for h�

ann

vi is restricted to have a lower
bound of zero, to facilitate convergence of the MINOS
fit, resulting in slight overcoverage for small signals, i.e.
conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1, see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the ⌧+⌧� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (⇠ 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large

Particle Physics Using Cosmic Frontier Techniques

Activities at the Cosmic Frontier are marked by rapid, surprising, and exciting developments

DES First Light!

17

FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e− only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e− spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ∼ 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ∼ 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
α ≃ 2.5 above ∼ 4 GeV and a cutoff at ∼ 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum α ∼ 1.5−2.0 be-
low ∼ 4 GeV and a modulation parameter in the range
Φ = 400− 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov diffusion with spec-
tral index δ = 0.33 and diffusive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.
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Snowmass/P5 Neutrino Questions

• What is the origin of neutrino mass? Why are they so 
light compared to other matter particles?

• How are the neutrino masses ordered?
• What are the neutrino masses?
• Do neutrinos and antineutrinos oscillate differently?
• Are there additional neutrino types and interactions?
• Are neutrinos their own antiparticles?

• Complementarity of many techniques

See Friedland, Kaufman, 
Tanaka talks



14 August 2017 Cosmic Frontier Landscape – S. Ritz 72

Recent IceCube Result 6-56 GeV

arXiv: 1707.07081 

See S. Klein, Tanaka talks
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IceCube-Gen2 Planning

IceCube-Gen2 Facility

2

Gen2  
High-Energy Array

Gen2 Surface Veto

IceCube

DeepCore

PINGU

Multi-component observatory: 
• Gen2 High-Energy Array  
• Surface air shower detector 
• Sub-surface radio detector  
• PINGU

A wide band neutrino observatory (MeV – EeV) using several detection 
technologies – optical, radio, and surface veto – to maximize the science 

~10x IceCube volume

low energy

See S. Klein talk
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DUNE

• Deep Underground Neutrino Experiment: 40 kton LAr TPC far detector at 1480 
m depth (4300 mwe) at SURF measuring neutrino spectra at 1300 km in a wide-
band high purity νμ beam with peak flux at 2.5 GeV operating at ~1.2 MW and 
upgradeable to 2.4 MW

• 4 x 10 kton (fiducial) modules (single and/or dual-phase) with ability to detect 
LBL oscillations, SN burst neutrinos, nucleon decay, atmospheric vs…

• Detectors will be ready before the beam arrives _ good opportunity to start with 
non-accelerator physics! 

3

“Long-Baseline Neutrino Facility (LBNF) and Deep Underground 
Neutrino Experiment (DUNE) Conceptual Design Report Volume 2: 
The Physics Program for DUNE at LBNF” (arXiv:1512.06148)

July 8, 2017 Inés Gil-Botella | Astroparticle Physics at DUNE

E. Blucher talk
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• Core-collapse supernova are a huge source of neutrinos 
of all flavors

• Gravitational binding energy: EB ≈ 3 x 1053 erg
- 99% neutrinos
- 1% kinetic energy of the exploding matter
- 0.01% light 

• Neutrino emission lasts ~10 sec
• Expected SNs in our Galaxy (d ≈ 10 kpc) : 1-3 SN/century

Core-collapse Supernovae

July 8, 2017 Inés Gil-Botella | Astroparticle Physics at DUNE6

• Neutrinos detected from 
SN1987A

• Kamiokande, IMB, Baksan: 
~20 events in total 
(essentially anti-νe)

• Confirmed baseline model

• Measurement of the neutrino energy spectra, 
flavor composition and time distributions from 
SN will provide information about:
- Supernova physics: Core collapse mechanism, SN 

evolution in time, cooling of the proto-neutron star, 
nucleosynthesis of heavy nuclei, black hole formation

- Neutrino (other particle) physics: ν flavor 
transformation in SN core and/or in Earth, collective 
effects, ν absolute mass, other ν properties: sterile νs, 
magnetic moments, axions, extra dimensions, …

Neutronization burst

July 8, 2017 Inés Gil-Botella | Astroparticle Physics at DUNE12

• ddddd

40 kton argon, 10 kpc
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No oscillations
Normal ordering
Inverted ordering

40 kton argon, 10 kpc

Because of its sensitivity to electron neutrinos, LAr TPCs can provide unique 
information bout the early breakout pulse from next galactic SN

The time structure of the SN signal during the first few tens of ms after the core 
bounce can provide a clear indication if the νe burst is present or absent, 
allowing to distinguish between different mixing scenarios

Garching model, 
MSW transitions only, 
total events (mostly ve)
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Nucleon decay channels
• Many possible decay modes (≈ 90 identified)

- Proton decay modes, neutron decay modes, n-
nbar oscillation modes

• The strength of LAr: kaon modes, e.g. p � ν K+

(SUSY motivated)
• Kaons clearly identified by dE/dx and decay 

chain in LAr TPCs
• Main background: atmospheric neutrinos where 

a proton is misidentified as kaon or cosmogenic-
induced kaons

July 8, 2017 Inés Gil-Botella | Astroparticle Physics at DUNE14

_

Simulation and reconstruction of proton 
decay at DUNE

Experimental Limits and Theoretical 
Predictions

16

DUNE (40 kt)

Hyper-K

Hyper-K

1032 1033 1034

Soudan Frejus Kamiokande

KamLAND

IMB

τ/B (years)

Super-K

1035
1031

minimal SU(5) minimal SUSY SU(5)
flipped SU(5)

SUSY SO(10)
non-SUSY SO(10) G224D

minimal SUSY SU(5)

SUSY SO(10)

6D SO(10)

non-minimal SUSY SU(5)
predictions

predictions

Example “benchmark” decay modes, but many others will also be searched

July 8, 2017 Inés Gil-Botella | Astroparticle Physics at DUNE
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GAPS

Timeline & Summary 

ICRC 2017 (Busan) The GAPS Experiment Rene A. Ong

2016               2017                  2018                  2019                 2020                 2021
Data 
AnalysisReview Review 

GAPS
Integration

Design TOF Build

Si(Li) Build

Antarctic
science flight

Funding start

§ Discovery of antideuterons in cosmic rays would a very significant result.
§ GAPS is specifically designed for low-energy anti-D’s and antiprotons
§ Technique is different and complementary to AMS; if AMS sees some 

events, GAPS can confirm and go deeper.
§ Prototype GAPS flight – completely successful, verified detector operation
§ Rapid timeline from funding start to GAPS construction, integration and 

first science flight in late 2020

Note: Two advertised postdoctoral positions, see: 
https://inspirehep.net/record/1505690       https://inspirehep.net/record/1495582

Antideuteron Searches 

ICRC 2017 (Busan) The GAPS Experiment Rene A. Ong

Anti-D’s can be produced by BSM dark matter, and 
unlike e-, e+, p, they are essentially background free:–

T. Aramaki et al., Astropart. Phys. 74, 6 (2016) 

GAPS

secondary
background

Anti-D’s are the most
important unexplored
indirect detection
technique !
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Highest Energy Cosmic Rays
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The Advanced GW Detector Network
Advanced LIGO 
Hanford 
2015 

Advanced LIGO 
Livingston 
2015 

Advanced 
Virgo
2016

LIGO-India
2021(?)

KAGRA 
2017 

D. Reitze

See Robertson talk 
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Cosmic Observations

• Together with the other Frontier areas in Particle 
Physics, the Cosmic Frontier provides:

– Clear evidence for physics Beyond the Standard Model
– Many surprises.  Profound questions.
– Frequent new results, with broad impacts.  
– Large discovery space.
– Important cross-frontier topics (e.g., neutrinos, DM, …)
– Full range of project scales, providing flexible programmatic 

options.

• Many of these experiments do great science at the 
boundary between particle physics and astrophysics or 
even more broadly. Best done in partnership.
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Expanding Classes of Fermi-LAT Sources

GRBs

Fermi Bubbles

Novae SNR & PWN 

Blazars

Radio Galaxies     

LMC & SMCStarburst  Galaxies

γ-ray binaries 

Globular Clusters 

Sun: flares & CR interactions

Pulsars: young & millisecond (MSP) 

Terrestrial Gamma-ray 
Flashes Unidentified Sources,

DM Signal Searches

e+e- spectrum
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7 years, E>1 GeV
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Happy Birthday, Fermi!

83

Ø 9 years, >50,000 orbits
Ø >100 billion events downlinked
Ø Many hundreds of papers
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Strong Agency Support

PA Program Scope & Currently Supported Projects

June 5, 2017 HEPAP 13

• Direct Dark Matter Detection – WIMP and non-WIMP experiments
SuperCDMS at SNOLAB, XENON100/1T, LUX, DArkSide-50, PICO, DRIFT, DM-Ice, SABRE, DAMIC, HAYSTAC 
(ADMX-HF), ALPS2 and Light mass DM experiments

• Indirect Dark Matter Detection
VERITAS, HAWC, IceCube

• Cosmic Ray, Gamma Ray, and UHE Neutrino Observatories
IceCube, VERITAS, HAWC, Auger, Telescope Array, CTA, ARA, ARIANNA

• Cosmic Microwave Background 
SPT and BICEP

• Neutrino Properties
Double Chooz, Project 8, IceCube, IsoDAR, CHANDLER

• Solar, SuperNova and Geo-Neutrinos

Borexino, SNEWS

• Detector R&D
NaI/CsI, LiSc/QuDots

P
olar P

rogram
s

A
S

T

HEP	Cosmic	Frontier	Experiments	(April	2017)
Activity Location Science Current	Status #	Collaborators #	Institutions #	Countries

Extended	Baryon	Oscillation	
Spectrosopic Survey	(BOSS)

APO	in	New	
Mexico

dark	energy	stage	III	
(spectroscopic) operations	started 2015 230	(150	US,	

40	HEP)
(22	US,	8	
HEP) 7

Dark	Energy	Survey	(DES) CTIO	in	Chile dark	energy	stage	III	
(imaging)

operations	started	Sept.	
2013 300 25	(13	US,	9	

HEP) 6

Large	Synoptic	Survey	Telescope	
(LSST)	- Dark	Energy	Science	
Collaboration	(DESC)

Cerro	Pachon
in	Chile

dark	energy	stage	IV	
(imaging) science	studies,	planning 232	(200	US,	

134	HEP)
53	(41	US,	16	

HEP) 3

Large	Synoptic	Survey	Telescope	
(LSST)	- LSSTcam Project

Cerro	Pachon
in	Chile

dark	energy	stage	IV	
(imaging)

FY14	Fab.	start;	CD3	
Aug2015

142	(111	US,	
111	HEP)

17	(11	US,	11	
HEP) 2

Dark	Energy	Spectroscopic	
Instrument	(DESI) KPNO	in	AZ	 dark	energy	stage	IV	

(spectroscopic)
FY15	fab	start; CD3	June	
2016

179	(93	US,	74	
HEP)

39	(21	US,	19	
HEP) 9

DM-G1:	Large	Underground	Xenon	
(LUX)

SURF	in	South	
Dakota dark	matter	- WIMP	search Operations	ended in	

2016
102	(86	US,	64	

HEP)
18	(15	US,	13	

HEP) 3

DM-G1:	Super	Cryogenic	Dark	
Matter	Search	(SuperCDMS-
Soudan)

Soudan	in	
Minnesota dark	matter	- WIMP	search

Operations	ended in	
2016 83	(72	US,	44	

HEP)
20	(17	US,	7	

HEP) 3

DM-G2:	ADMX-G2 Univ	
Washington dark	matter	- axion search Operations	started Jan.	

2017
31	(29	US,	20	

HEP)
8	(7	US,	4	
HEP) 2

DM-G2:	SuperCDMS-SNOLAB SNOLab	in	
Canada dark	matter	- WIMP	search FY15	fab	start;	CD1	Dec.	

2015
90	(74	US,	47	

HEP)
22	(17	US,	7	

HEP) 5

DM-G2:	LZ SURF	in	South	
Dakota dark	matter	- WIMP	search FY15	fab	start;	CD3 Feb.	

2017
154	(118	US,	
107	HEP)

28	(18	US,	17	
HEP) 3

SPT-3G South	Pole CMB	stage	3 Operations started	Feb.	
2017 59 9	(7	US,5	

HEP) 3

Very	Energetic	Radiation	Imaging	
Telescope	Array	System	(VERITAS) FLWO	in	AZ gamma-ray	survey HEP ops	completed	2016 109	(76	US,	28	

HEP)
20	(16	US,	5	

HEP) 4

Pierre	Auger	Observatory Argentina cosmic-ray HEP ops	completed	2016 436	(61	US,	18	
HEP)

90	(17	US,	6	
HEP) 17

Fermi	Gamma-ray	Space	Telescope	
(FGST)	Large	Area	Telescope	(LAT) space-based gamma-ray	survey June	2008	launch;	

operating
362	(153	US,	
58	HEP)

115	(38	US,	3	
HEP) 22

Alpha	Magnetic	Spectrometer	
(AMS-02)

space-based	
(on	ISS) cosmic-ray May	2011	launch;	

operating 600 60	(6	US,	2	
HEP) 16

High	Altitude	Water	Cherenkov	
(HAWC) Mexico gamma-ray	survey Operations started	Jan.	

2015
111	(54	US,	8	

HEP)
28	(17	US,	3	

HEP) 2
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Final Thoughts
• Cultural differences among communities are not 

necessarily impediments, but rather reinforcing 
capabilities enabling important new opportunities.  We’re 
lucky to have each other!

• Strong international and multicultural cooperation.
• Great leaps in capabilities have broad and surprising 

impacts, e.g.,
– Sloan and DES Dwarf Spheroidal galaxies discoveries opening 

new opportunities for indirect DM signal searches.
– Fermi all-sky sensitivity => millisecond pulsars for use by 

Nanograv for gravitational wave searches
– …

• Great leaps in measurement capabilities demand new 
analysis approaches and new theory.

• What a wonderful time – so much great data and new 
results!


