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a b s t r a c t

Past studies have identified a spatially extended excess of ⇠1–3 GeV gamma rays from the region
surrounding the Galactic Center, consistent with the emission expected from annihilating dark matter.
We revisit and scrutinize this signal with the intention of further constraining its characteristics and
origin. By applying cuts to the Fermi event parameter CTBCORE, we suppress the tails of the point
spread function and generate high resolution gamma-ray maps, enabling us to more easily separate the
various gamma-ray components. Within these maps, we find the GeV excess to be robust and highly
statistically significant, with a spectrum, angular distribution, and overall normalization that is in good
agreement with that predicted by simple annihilating dark matter models. For example, the signal is
very well fit by a 36–51 GeV dark matter particle annihilating to bb̄ with an annihilation cross section of
�v = (1�3)⇥10�26 cm3/s (normalized to a local darkmatter density of 0.4 GeV/cm3). Furthermore, we
confirm that the angular distribution of the excess is approximately spherically symmetric and centered
around the dynamical center of the Milky Way (within ⇠0.05� of Sgr A⇤), showing no sign of elongation
along the Galactic Plane. The signal is observed to extend to at least'10� from the Galactic Center, which
together with its other morphological traits disfavors the possibility that this emission originates from
previously known or modeled pulsar populations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Weakly interacting massive particles (WIMPs) are a leading
class of candidates for the dark matter of our universe. If the
dark matter consists of such particles, then their annihilations are
predicted to produce potentially observable fluxes of energetic
particles, including gamma rays, cosmic rays, and neutrinos. Of
particular interest are gamma rays from the region of the Galactic
Center which, due to its proximity and high dark matter density,
is expected to be the brightest source of dark matter annihilation

⇤ Corresponding author.
E-mail address: linden.70@osu.edu (T. Linden).

products on the sky, hundreds of times brighter than the most
promising dwarf spheroidal galaxies.

Over the past few years, several groups analyzing data from the
Fermi Gamma-Ray Space Telescope have reported the detection
of a gamma-ray signal from the inner few degrees around the
Galactic Center (corresponding to a region several hundred parsecs
in radius), with a spectrum and angular distribution compatible
with that anticipated fromannihilating darkmatter particles [1–7].
More recently, this signalwas shown to also be present throughout
the larger Inner Galaxy region, extending kiloparsecs from the
center of theMilkyWay [8,9].While the spectrum andmorphology
of the Galactic Center and Inner Galaxy signals have been shown
to be compatible with that predicted from the annihilations of
an approximately 30–40 GeV WIMP annihilating to quarks (or
a ⇠7–10 GeV WIMP annihilating significantly to tau leptons),

http://dx.doi.org/10.1016/j.dark.2015.12.005
2212-6864/© 2016 Elsevier B.V. All rights reserved.

DETECTION OF THE BARYON ACOUSTIC PEAK IN THE LARGE-SCALE CORRELATION
FUNCTION OF SDSS LUMINOUS RED GALAXIES

Daniel J. Eisenstein,1,2 Idit Zehavi,1 David W. Hogg,3 Roman Scoccimarro,3 Michael R. Blanton,3 Robert C. Nichol,4

Ryan Scranton,5 Hee-Jong Seo,1 Max Tegmark,6,7 Zheng Zheng,8 Scott F. Anderson,9 Jim Annis,10 Neta Bahcall,11

Jon Brinkmann,12 Scott Burles,7 Francisco J. Castander,13 Andrew Connolly,5 Istvan Csabai,14 Mamoru Doi,15

Masataka Fukugita,16 Joshua A. Frieman,10,17 Karl Glazebrook,18 James E. Gunn,11 John S. Hendry,10
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ABSTRACT

We present the large-scale correlation function measured from a spectroscopic sample of 46,748 luminous
red galaxies from the Sloan Digital Sky Survey. The survey region covers 0.72 h!3 Gpc3 over 3816 deg2 and
0:16 < z < 0:47, making it the best sample yet for the study of large-scale structure. We find a well-detected peak
in the correlation function at 100 h!1 Mpc separation that is an excellent match to the predicted shape and location
of the imprint of the recombination-epoch acoustic oscillations on the low-redshift clustering of matter. This detec-
tion demonstrates the linear growth of structure by gravitational instability between z " 1000 and the present and
confirms a firm prediction of the standard cosmological theory. The acoustic peak provides a standard ruler by
which we can measure the ratio of the distances to z ¼ 0:35 and z ¼ 1089 to 4% fractional accuracy and the absolute
distance to z ¼ 0:35 to 5% accuracy. From the overall shape of the correlation function, we measure the matter
density !mh

2 to 8% and find agreement with the value from cosmic microwave background (CMB) anisotropies.
Independent of the constraints provided by the CMB acoustic scale, we find!m ¼ 0:273 $ 0:025þ 0:123(1þ w0) þ
0:137!K . Including the CMB acoustic scale, we find that the spatial curvature is !K ¼ !0:010 $ 0:009 if the dark
energy is a cosmological constant. More generally, our results provide a measurement of cosmological distance,
and hence an argument for dark energy, based on a geometric method with the same simple physics as the micro-
wave background anisotropies. The standard cosmological model convincingly passes these new and robust tests of
its fundamental properties.

Subject headinggs: cosmic microwave background — cosmological parameters — cosmology: observations —
distance scale — galaxies: elliptical and lenticular, cD — large-scale structure of universe

Online material: color figures
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Abstract

In this review article, we discuss the current status of particle dark matter, including experimental evidence and
theoretical motivations. We discuss a wide array of candidates for particle dark matter, but focus on neutralinos in
models of supersymmetry and Kaluza–Klein dark matter in models of universal extra dimensions. We devote much
of our attention to direct and indirect detection techniques, the constraints placed by these experiments and the reach
of future experimental efforts.
© 2004 Published by Elsevier B.V.
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Natural Inflation with Pseudo Nambu-Goldstone Bosons
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We show that a pseudo Nambu-Goldstone boson, with a potential of the form V(P) =A [1
cos(p/f)l, can naturally give rise to an epoch of inflation in the early Universe. Successful inflation

can be achieved if f-mp~ and A-moUT. Such mass scales arise in particle-physics models with a gauge
group that becomes strongly interacting at a scale -A, e.g., as can happen in superstring theories. The
density fluctuation spectrum is non-scale-invariant, with extra power on large length scales.

PACS numbers: 98.80.Cq

The inflationary-universe model was proposed ' to
solve several cosmological puzzles, notably the horizon,
flatness, and monopole problems. During the inflation-
ary epoch, the energy density of the Universe is dominat-
ed by vacuum energy, p=p„,.„andthe scale factor of the
Universe expands exponentially: R(t) tx:e ', where the
Hubble parameter H =R/R =(8nGp„,J3) '/' during
inflation. If the interval of exponential expansion
satisfies At +60H ', a small causally connected region
of the Universe grows sufficiently to explain the observed
homogeneity and isotropy of the Universe, to dilute any
overdensity of magnetic monopoles, and to flatten the
spatial hypersurfaces, 0—=8trGp/3H l.
To satisfy a combination of constraints on inflationary

models, in particular, sufficient inflation and micro-
wave-background anisotropy limits on density fluctua-
tions, the potential of the field responsible for inflation
(the inflaton) must be very flat. For a general class of
inflation models involving a single slowly rolling field (in-
cluding new, chaotic, and double-field inflation ), the
ratio of the height to the (width) of the potential must
satisfy

where AV is the change in the potential V(P) and Atli is
the change in the field p during the slowly rolling portion
of the inflationary epoch. [For extended inflation, g
& 10 ' (Ref. 8).] Thus, the inflaton must be extremely
weakly self-coupled, with eff'ective quartic self-coupling
constant A,~(6(g) (Ref. 7) (in realistic models,( 10—12)
While a number of workable inflation models [satisfy-

ing Eq. (1)] have been proposed, none of them is com-
pelling from a particle-physics standpoint. In some
cases, the tiny coupling X~ is simply postulated ad hoc at
tree level, and then must be fine tuned to remain small in
the presence of radiative corrections. But this merely re-
places a cosmological naturalness problem with unnatur-
al particle physics. The situation is improved in models
where the smallness of k~ is protected by a symmetry,

V(y) =A'[1+ cos(/Vy/f)] . (2)
We will take the positive sign in Eq. (2) (this choice has
no eff'ect on our results) and, unless otherwise noted, as-
sume N=1, so the potential, of height 2A, has a unique
minimum at p =nf (we assume the periodicity of P is
2trf). We show below that, for appropriately chosen
values of the mass scales, namely, f-mp~ and A-mGUT—10' GeV, the PNGB field p can drive inflation. [This

e.g., supersymmetry. In these cases, ' k, may arise from
a small ratio of mass scales; however, the required mass
hierarchy, while stable, is itself unexplained. It would be
preferable if such a hierarchy, and thus inflation itself,
arose dynamically in particle-physics models.
Nambu-Goldstone bosons are ubiquitous in particle-

physics models: They arise whenever a global symmetry
is spontaneously broken. If there is additional explicit
symmetry breaking, these particles become pseudo
Nambu-Goldstone bosons (PNGBs). In models with a
large global-symmetry-breaking scale f, PNGBs are very
weakly interacting, since their couplings are suppressed
by inverse powers of f. For example, in "invisible" axion
models'" with Peccei-Quinn scale fpQ-10' GeV, the
axion self-coupling is k,—(AQcD/fpQ) 10 . [This
simply reflects the hierarchy between the QCD and
grand-unified-theory (GUT) scales, which arises from
the slow logarithmic running of aQCD. ] Because of the
nonlinearly realized global symmetry, the potential for
PNGBs is exactly flat at tree level. The symmetry may
be explicitly broken by loop corrections, as in schizon'
and axion" models. In the case of axions, for example,
the PNGB mass arises from nonperturbative gauge-field
configurations (instantons) through the chiral anomaly.
When the associated gauge group becomes strong at a
mass scale A, instanton efl'ects give rise to a periodic po-
tential of height -A for the PNGB field. ' Since the
nonlinearly realized symmetry is restored as A 0, the
flatness of the PNGB potential is natural in the sense of
't Hooft. '

The resulting PNGB potential is generally of the form

1990 The American Physical Society 3233

VOLUME 72, NUMBER 1 P H YSICAL REVIEW LETTERS 3 JANUARY 1994

Sterile Neutrinos as Dark Matter

Scott Dodelson '* and Lawrence M. Widrow 't
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The simplest model that can accommodate a viable nonbaryonic dark matter candidate is the standard

electroweak theory with the addition of right-handed (sterile) neutrinos. We consider a single genera-
tion of neutrinos with a Dirac mass p and a Majorana mass M for the right-handed component. If
M » It (standard hot dark matter corresponds to M =0), then sterile neutrinos are produced via oscilla-
tions in the early Universe with energy density independent of M. However, M is crucial in determining
the large scale structure of the Universe; for M-100 eV, sterile neutrinos make an excellent warm dark
matter candidate.

PACS numbers: 98.80.Cq, t 2. 15.Ff, 14.60.St, 95.35.+d

The recent detection of large-scale anisotropy in the
cosmic microwave background [1] by the Diff'erential Mi-
crowave Radiometers of the Cosmic Background Explor-
er has considerably strengthened the view that the large
scale structures seen today evolved from very small
primeval density inhomogeneities. Still, the two primary
ingredients which dictate how structure forms, namely
the nature of dark matter and the shape of the primeval
fluctuation spectrum, remain unknown.
The best studied and perhaps most successful model for

structure formation is known as the cold dark matter
(CDM) theory [2]. In the standard CDM model, the
Universe is assumed to be spatially flat (0 =1) with
90%-95%of the mass density in dark matter and the bal-
ance in baryons (5%-10%) and photons and light neutri-
nos («1%). Primeval fluctuations are generated during
inflation and are Gaussian with a scale-invariant spec-
trum. CDM, with the additional assumption that galaxy
formation is "biased" to occur first at the highest peaks in
the density fluctuation spectrum can successfully explain
galaxy-galaxy and cluster-cluster correlation functions on
scales of order 1-5 Mpc and is at least consistent with the
morphology of galaxies. However, CDM now appears to
be inconsistent with various sets of observational data.
Perhaps its greatest di%culties come with large scale
structure data such as the automatic plate machine
(APM) galaxy survey [3], which suggest more power on
large scales than standard CDM model predictions. On
small scales, the observed pairwise velocity dispersion for
galaxies appears to be significantly smaller than those
predicted by CDM [4].
One alternative [5] which has recently received a fair

bit of attention is cold+hot dark matter (C+HDM).
H DM is usually taken to be a light neutrino with
m„=(920„h ) eV where H=100h km/secMpc is the
Hubble parameter. In models with HDM alone, the pro-
cessed fluctuation spectrum is characterized by the typi-
cal distance a neutrino travels over the history of the
Universe, X„=40 (30 eV/m„) Mpc. This in turn sets the
mass scale below Which damping occurs due to free-

streaming, MFs= 4trp(A, /2—) /3=3X10' (30 eV/m, )
x 0„'Mo. In HDM models, the first structures to form
are pancake-shaped objects of size X„with smaller scale
structures such as galaxies and clusters forming later via
fragmentation. However, we know from the galaxy
correlation function, that the scale which is just becoming
nonlinear today is around 5h ' Mpc. Essentially, the
problem with HDM alone is that X,, is too large: If
galaxy formation occurs early enough to be consistent
with high-redshift galaxies and quasars, then structures
on 5h ' M pc will overdevelop. The hope is that
C+HDM will combine the successes of both models. In
fact, a survey [6] of models with various amounts of hot
dark matter, cold dark matter, and baryons points to
~baryon =0 1 QcDM =0.6, 0 y =0.3, and a Hubble con-
stant of h =0.5 as the best-fit model for microwave an-
isotropy data, large scale structure surveys, and measures
of the bulk flow with a few hundred megaparsecs.
As appealing as C+HDM may be for large scale struc-

ture phenomenology, it is somewhat unpalatable from the
point of view of particle physics. Since there are no
stable, neutral, massive particles in the "standard model"
for electroweak interactions, the existence of nonbaryonic
dark matter implies new physics. Given that the ex-
istence of the baryon-antibaryon asymmetry also requires
new (and probably distinct) physics, it seems already a
great coincidence that QDM and Qb„y,„be as close as
they are [7]. Two types of dark matter imply further ad-
ditions to the standard model with yet another coin-
cidence in order to have QHDM, QCDM, and Qb„yo„all
within 1 or 2 orders of magnitude of each other [8].
By far the simplest dark matter candidate, at least

from the point of view of particle physics is the neutrino.
Massive neutrinos require only the addition of right-
handed or sterile neutrino fields to the standard model.
In fact, it is the absence of right-handed neutrinos that
seems contrived in light of the fact that all other fermions
in the standard model have both left- and right-handed
components.
Here we focus on the possibility that sterile neutrinos
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We explore the cosmological implications of an ultralight pseudo Nambu-Goldstone boson. With

global spontaneous symmetry breaking scale f = 10'8 GeV and explicit breaking scale comparable to
Mikheyev-Smirnov-Wolfenstein neutrino masses, I —10 eV, such a field, which acquires a mass
m@ —M2/f —Ho, would currently dominate the energy density of the Universe. The field acts as
an effective cosmological constant before relaxing into a condensate of nonrelativistic bosons. Such
a model can reconcile dynamical estimates of the density parameter, 0 —0.2, with a spatially Aat
universe, yielding Hptp = 1 consistent with limits from gravitational lens statistics.

PACS numbers: 98.80.Cq, 14.80.Mz, 98.70.Vc

Recently, the cosmological constant (A) has come back
into vogue. Dynamical estimates of the mass density from
galaxy clusters suggest that A = 0.2 ~ 0.1 for the mat-
ter that clusters gravitationally [where A(t) is the ratio
of the mean mass density of the Universe to the criti-
cal Einstein —de Sitter density] [1]. However, the infla-
tion scenario for the early Universe suggests that At, t =
1. A cosmological constant is one way to resolve the
discrepancy between 0 and fI,„,.
The second motivation for the revival of the cosmo-

logical constant is the "age crisis" for A = 1 models.
Current estimates of the Hubble parameter, most re-
cently from Cepheid variable stars in the Virgo cluster
[2], are (with notable exceptions) converging to Hp =
80 ~ 15 km/secMpc [3], while estimates of the age of
the Universe from globular clusters are holding at tg, ——

13 —15 Gyr or more [4]. Thus, the product Hptp =
1.14 [Hp/(80 km/sec Mpc)] [tp/(14 Gyr)] is high com-
pared to the Einstein —de Sitter value Hptp = 2/3. With
a cosmological constant, Hptp can be significantly larger:
e.g. Hptp = 1.076 for Ag =—A/3Hp = 0.8 = 1 —0
A-dominated models for a large-scale structure with cold
dark matter (CDM) and a scale-invariant spectrum of pri-
mordial density perturbations (as predicted by inllation)
also provide a better fit to observed galaxy clustering than
the "standard" 0 = 1 CDM model [5].
However, models with a relic cosmological constant

have problems of their own. In the context of quan-
tum field theory, there is as yet no understanding of
why the vacuum energy density p„,= A/8' G =
(0.003 eV) Ag is not of order Mpt or at least of order the
supersymmetry breaking scale, M&Us& —1 TeV, both
many orders of magnitude larger. Classically, there is
no understanding of why p„,is not of order the scale of
vacuum condensates, e.g. , MoUT, M~, or f . A vacuum
density of order (0.003 eV) appears to require cancel-
lation between large numbers to very high precision. In

addition, it implies that we are observing the Universe just
at the special epoch when 0 —Sl~.
Moreover, such models now face strong observational

constraints from gravitational lens statistics: In a spatially
fiat universe with nonzero A, the lensing optical depth
at moderate redshift is substantially larger than in the Ein-
stein —de Sitter model [6]. In the Hubble Space Telescope
(HST) Snapshot Survey for lensed quasars, there are four
lens candidates in a sample of 502 QSOs; from these
data, the bound AA ~ 0.6—0.8 has been inferred [7].
For 0& = 1 —Ap & 0.7, the product Hptp & 0.96. If
the age tp ~ 14 Gyr, this implies Hp & 67 km/sec Mpc,
somewhat below the recent Hp determinations.
It is conventional to assume that the fundamental

vacuum energy of the Universe is zero, due to some as
yet not understood mechanism, and that this new physical
mechanism "commutes" with other dynamical sources of
energy density. This assumption underlies the inflation
scenario, which relies on a temporary nonzero vacuum
energy. If this hypothesis is the case, then the effective
vacuum energy at any epoch will be dominated by the
heaviest fields that have not yet relaxed to their vacuum
state; at late times, such fields must be very light.
Adopting this working hypothesis, in this Letter we

explore the consequences of an ultralight pseudo Nambu-
Goldstone boson (hereafter, PNGB) field which is cur
rently (i) relaxing to its vacuum state and (ii) dominating
the energy density of the Universe. PNGB models are
characterized by two mass scales, a spontaneous scale and
an explicit symmmetry breaking scale; the two dynami-
cal conditions above fix these two mass scales to val-
ues which are "reasonable" from the viewpoint of particle
physics. Thus, we may have an explanation for the "coin-
cidence" that the vacuum energy is dynamically important
at the present epoch. In this model, the cosmological con-
stant is evanescent, eventually converting into scalar field
oscillations that redshift as nonrelativistic matter.
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We present a formalism for analyzing a full-sky temperature and polarization map of the cosmic microwave
background. Temperature maps are analyzed by expanding over the set of spherical harmonics to give multi-
pole moments of the two-point correlation function. Polarization, which is described by a second-rank tensor,
can be treated analogously by expanding in the appropriate tensor spherical harmonics. We provide expressions
for the complete set of temperature and polarization multipole moments for scalar and tensor metric perturba-
tions. Four sets of multipole moments completely describe isotropic temperature and polarization correlations;
for scalar metric perturbations one set is identically zero, giving the possibility of a clean determination of the
vector and tensor contributions. The variance with which the multipole moments can be measured in idealized
experiments is evaluated, including the effects of detector noise, sky coverage, and beam width. Finally, we
construct coordinate-independent polarization two-point correlation functions, express them in terms of the
multipole moments, and derive small-angle limits. @S0556-2821~97!05012-1#

PACS number~s!: 98.70.Vc, 98.80.Cq

I. INTRODUCTION

With the advent of a new generation of balloon-borne and
ground-based experiments @1# and satellite missions @2,3#,
the cosmic microwave background ~CMB! will provide an
unprecedented window to the early Universe. In addition to
determining the origin of large-scale structure, it has been
argued that CMB temperature maps may determine cosmo-
logical parameters and the ionization history of the Universe,
and perhaps probe long-wavelength gravitational waves
@4–9#.
Any mechanism which produces temperature anisotropies

will invariably lead to polarization as well @10–14#. Tem-
perature fluctuations are the result of perturbations in the
gravitational potentials, which contribute directly to the fluc-
tuations via gravitational redshifting ~the Sachs-Wolfe effect
@15#! and which drive acoustic oscillations of the primordial
plasma @5#. These processes result in temperature fluctua-
tions which are the same order of magnitude as the metric
perturbations. In contrast, polarization is not directly gener-
ated by metric perturbations: a net polarization arises from
Compton scattering only when the incident radiation field
possesses a nonzero quadrupole moment @16,13#, but only
monopole and dipole fluctuations are possible as long as the
photons in the Universe remain tightly coupled to the
charged electrons. Polarization is only generated very near
the surface of last scattering as the photons begin to decouple

from the electrons and generate a quadrupole moment
through free streaming @17#. Since by this time most of the
electrons have recombined into neutral hydrogen, the num-
ber of scatterers available to produce polarization is reduced,
so CMB polarization fluctuations are characteristically at a
part in 106, an order of magnitude below the temperature
fluctuations.
A polarization map will provide information that comple-

ments that from a temperature map. For example, polariza-
tion may help distinguish the gravitational-potential and
peculiar-velocity contributions to the acoustic peaks in the
temperature-anisotropy power spectrum @11#. In models with
reionization, some of the information lost from damping of
temperature anisotropies will be regained in the polarization
spectrum @18#. Perhaps most importantly, the density-
perturbation and gravitational-wave or vorticity contributions
to the anisotropy can be geometrically decomposed with a
polarization map @16,19–21#. Furthermore, although these
nonscalar signals are expected to be small, they will not be
swamped by cosmic variance from scalar modes ~as dis-
cussed further below!. Detection of gravity waves is impor-
tant for testing inflation and for learning about the inflaton
potential which drove inflation @22#.
Realistically, detection will present a significant experi-

mental challenge. Current results limit the magnitude of lin-
ear polarization to roughly a part in 105 @23#. Experiments
being planned or built will improve sensitivities by at least
an order of magnitude @24#. The MAP satellite will make
polarized measurements of the entire microwave sky in
around a million pixels with a precision of around one part in
105 per pixel @2#. If CMB polarization is not discovered by a
ground or balloon experiment in the next four years, this

*Electronic address: kamion@phys.columbia.edu
†Electronic address: akosowsky@cfa.harvard.edu
‡Electronic address: stebbins@fnal.gov

PHYSICAL REVIEW D 15 JUNE 1997VOLUME 55, NUMBER 12

550556-2821/97/55~12!/7368~21!/$10.00 7368 © 1997 The American Physical Society

Observation of the Suppression of the Flux of Cosmic Rays above 4! 1019 eV

J. Abraham,1 P. Abreu,2 M. Aglietta,3 C. Aguirre,4 D. Allard,5 I. Allekotte,6 J. Allen,7 P. Allison,8 J. Alvarez-Muñiz,9
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ABSTRACT
The Sloan Digital Sky Survey (SDSS) will provide the data to support detailed investigations of the

distribution of luminous and nonluminous matter in the universe : a photometrically and astrometrically
calibrated digital imaging survey of n sr above about Galactic latitude 30¡ in Ðve broad optical bands to
a depth of g@ D 23 mag, and a spectroscopic survey of the approximately 106 brightest galaxies and 105
brightest quasars found in the photometric object catalog produced by the imaging survey. This paper
summarizes the observational parameters and data products of the SDSS and serves as an introduction
to extensive technical on-line documentation.
Key words : cosmology : observations È instrumentation : miscellaneous
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First dark matter search results from a 4-kg CF3I bubble chamber
operated in a deep underground site
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New data are reported from the operation of a 4.0-kg CF3I bubble chamber in the 6800-foot-deep

SNOLAB underground laboratory. The effectiveness of ultrasound analysis in discriminating alpha-

decay background events from single nuclear recoils has been confirmed, with a lower bound of

>99:3% rejection of alpha-decay events. Twenty single nuclear recoil event candidates and three

multiple bubble events were observed during a total exposure of 553 kg-days distributed over three

different bubble nucleation thresholds. The effective exposure for single bubble recoil-like events was

437.4 kg-days. A neutron background internal to the apparatus, of known origin, is estimated to account

for five single nuclear recoil events and is consistent with the observed rate of multiple bubble events.

The remaining excess of single bubble events exhibits characteristics indicating the presence of an

additional background. These data provide new direct detection constraints on WIMP-proton spin-

dependent scattering for WIMP masses >20 GeV=c2 and demonstrate significant sensitivity for

spin-independent interactions.

DOI: 10.1103/PhysRevD.86.052001 PACS numbers: 29.40.!n, 95.35.+d, 95.30.Cq

I. INTRODUCTION

There is abundant evidence that "85% of the matter in
the Universe is cold, dark, and nonbaryonic [1]. The lead-
ing candidate for the dark matter is a relic density, left over
from the big bang, of an as yet undiscovered weakly
interacting massive particle [2]. If weakly interacting
massive particles (WIMPs) are the dark matter, then they
may scatter off nuclei with enough energy and at a high
enough rate to be detectable in the laboratory through the
observation of single recoiling nuclei [3].

The Chicagoland Observatory for Underground Particle
Physics (COUPP) employs a novel bubble chamber tech-
nique to search for the single nuclear recoils that would
arise from WIMP-nucleon elastic scattering [4]. The phys-
ics of bubble nucleation provides a powerful natural dis-
crimination between nuclear recoils and the electron
recoils from the abundant gamma-ray and beta-decay
backgrounds. If the chamber pressure and temperature
are chosen appropriately, electron recoils do not nucleate
bubbles [5]. Nuclear recoil backgrounds in COUPP can
still arise from neutron interactions or from the alpha decay
of contaminants in the bubble chamber fluid. The chamber

is surrounded by a low-Z water and polyethylene shield
which moderates neutrons from spontaneous fission and
(alpha,n) in materials at the experimental site to a negli-
gible level. The 6800-foot (6010 m water equivalent) over-
burden of the SNOLAB site eliminates neutrons of
cosmogenic origin. Neutrons arising from detector materi-
als interior to the shielding [6] can provide a limiting
background, as discussed below.
Because the bubble chamber is a threshold device with

no event-by-event energy measurement, nuclear recoil
events initiated by alpha decays provide a serious back-
ground for a dark matter search. The use of acoustic
discrimination has proven effective in mitigating the
alpha-decay background [7,8].
We report results from a 4.0-kg CF3I bubble chamber

operated from September 2010 to August 2011 in the
J-Drift [9] of the SNOLAB deep underground laboratory.
Results from the same bubble chamber, operated with a
3.5-kg CF3I target in the MINOS underground area at
Fermilab [10] were previously reported [8].

II. EXPERIMENTAL METHOD

The bubble chamber consisted of a 150-mm-diameter
3-l synthetic fused silica [11] bell jar sealed to a flexible
stainless steel bellows and immersed in propylene glycol* mike@fnal.gov
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ABSTRACT

The Sloan Extension for Galactic Understanding and Exploration (SEGUE) Survey obtained ≈240,000 moderate-
resolution (R ∼ 1800) spectra from 3900 Å to 9000 Å of fainter Milky Way stars (14.0 < g < 20.3) of a wide
variety of spectral types, both main-sequence and evolved objects, with the goal of studying the kinematics and
populations of our Galaxy and its halo. The spectra are clustered in 212 regions spaced over three quarters of the
sky. Radial velocity accuracies for stars are σ (RV) ∼ 4 km s−1 at g < 18, degrading to σ (RV) ∼ 15 km s−1

at g ∼ 20. For stars with signal-to-noise ratio >10 per resolution element, stellar atmospheric parameters are
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We report results of a search for weakly interacting massive particles (WIMPS) with the silicon

detectors of the CDMS II experiment. This blind analysis of 140.2 kg day of data taken between July 2007

and September 2008 revealed three WIMP-candidate events with a surface-event background estimate of

0:41þ0:20
"0:08ðstatÞþ0:28

"0:24ðsystÞ. Other known backgrounds from neutrons and 206Pb are limited to <0:13 and

<0:08 events at the 90% confidence level, respectively. The exposure of this analysis is equivalent to

23.4 kg day for a recoil energy range of 7–100 keV for a WIMP of mass 10 GeV=c2. The probability

that the known backgrounds would produce three or more events in the signal region is 5.4%.

A profile likelihood ratio test of the three events that includes the measured recoil energies gives a

0.19% probability for the known-background-only hypothesis when tested against the alternative

WIMPþ background hypothesis. The highest likelihood occurs for a WIMP mass of 8:6 GeV=c2 and

WIMP-nucleon cross section of 1:9% 10"41 cm2.
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Abstract
Ten years ago, the discovery that the expansion of the universe is accelerating
put in place the last major building block of the present cosmological model,
in which the universe is composed of 4% baryons, 20% dark matter, and
76% dark energy. At the same time, it posed one of the most profound
mysteries in all of science, with deep connections to both astrophysics and
particle physics. Cosmic acceleration could arise from the repulsive gravity
of dark energy—for example, the quantum energy of the vacuum—or it
may signal that general relativity (GR) breaks down on cosmological scales
and must be replaced. We review the present observational evidence for
cosmic acceleration and what it has revealed about dark energy, discuss the
various theoretical ideas that have been proposed to explain acceleration,
and describe the key observational probes that will shed light on this enigma
in the coming years.
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Dark Matter Search Results from
the CDMS II Experiment
The CDMS II Collaboration*†

Astrophysical observations indicate that dark matter constitutes most of the mass in our universe,
but its nature remains unknown. Over the past decade, the Cryogenic Dark Matter Search
(CDMS II) experiment has provided world-leading sensitivity for the direct detection of weakly
interacting massive particle (WIMP) dark matter. The final exposure of our low-temperature
germanium particle detectors at the Soudan Underground Laboratory yielded two candidate events,
with an expected background of 0.9 T 0.2 events. This is not statistically significant evidence for a
WIMP signal. The combined CDMS II data place the strongest constraints on the WIMP-nucleon
spin-independent scattering cross section for a wide range of WIMP masses and exclude new
parameter space in inelastic dark matter models.

Awide variety of observational evidence
(1) indicates that ~85% of the matter in
our universe is in some nonluminous

form that has thus far eluded laboratory identifi-
cation. The inferred properties of this dark matter
suggest that it is composed of elementary parti-
cles beyond those described in the Standard Mod-
el of particle physics. weakly interacting massive
particles (WIMPs) (2) are a class of candidates to
constitute this dark matter that are particularly
well-motivated by independent considerations of
cosmology and particle physics (3–5). If WIMPs
constitute the dark matter in our galaxy, they
should occasionally scatter elastically off atomic
nuclei in a terrestrial target (6, 7). Laboratory
searches for such scattering events (8–10) establish
their rate to be less than 0.1 per day per kilogram
of target mass, and researchers have begun to test
the most interesting classes of WIMP models.

The Cryogenic DarkMatter Search (CDMS II)
experiment seeks to detect recoiling atomic
nuclei (nuclear recoils) from WIMP-scattering
events using particle detectors operated at cryo-
genic temperatures (<50 mK) (8, 11). Each de-
tector is a semiconductor disk ~10 mm thick and
76 mm in diameter, which is photolithographi-
cally patternedwith sensors to detect the phonons
and ionization generated by incident particles.
These detectors have extraordinary power to dis-
tinguish nuclear recoils (produced by interactions
of WIMPs or neutrons) from the far more com-
mon electron recoils produced by incident pho-
tons and electrons. Nuclear recoils generate less
ionization than electron recoils of the same de-
posited energy, allowing event-by-event rejection
of electron-recoil events with a misidentification
rate of <1 in 104. Electron recoils within a few
mm of the detector surface can suffer from re-
duced ionization collection, but these may be
identified by the relatively fast arrival of their

phonon signals. Combining the ratio of ioniza-
tion to phonon recoil energy (ionization yield)
with the timing of the phonon signals gives an
overall misidentification rate of <1 in 10−6 for
electron recoils.

CDMS II operated an array of 30 such de-
tectors (19 Ge and 11 Si) in a low-radioactivity
installation in the Soudan Underground Labora-
tory, Minnesota, USA (11). The depth of the
experimental facility (713 m below the surface)
greatly reduces the rate of background events
from particle showers induced by cosmic rays.
Nearly all remaining events from this source
were identified using a layer of plastic scintillator
surrounding the detector volume. Inner layers of
lead and polyethylene further shielded the de-
tectors against environmental radioactivity. Data
taken during four periods of stable operation

between July 2007 and September 2008 were
analyzed for this work. Because of their greater
sensitivity to spin-independent WIMP scattering,
only Ge detectors were used to search for WIMP
scatters. After excluding periods of poor detec-
tor performance, a total exposure to WIMPs of
612 kg-days was considered for this work.

After detector calibration, we defined a series
of criteria to identify candidate WIMP-scattering
events. WIMP candidates were required to de-
posit 10 to 100 keVof energy in a single detector,
have the ionization and phonon characteristics of
a nuclear recoil, and have no identifiable energy
deposition in the rest of the array or in the
scintillator shield. These criteria are described
in more detail in the supporting online material
(SOM) text. To avoid unconscious bias, we per-
formed a “blind analysis” in which the exact
selection criteria were defined without prior
knowledge of the content of the signal region or
its vicinity. The fraction of nuclear recoil events
accepted by these criteria was measured using a
calibration sample of nuclear recoil events in-
duced by a 252Cf source. Despite the great dis-
crimination power of this experiment, a small
expected rate of misidentified background events
remains. In the exposure considered here, we ex-
pected to misclassify 0.8 T 0.1 (statistical) T0.2
(systematic) surface electron recoils as WIMP
candidates. We also expect neutrons produced by
cosmic rays and radioactivity to generate an aver-
age of ~0.1 nuclear recoils, which would be in-
distinguishable from WIMP scatters.

After finalizing all selection criteria, we “un-
blinded” to examine the contents of the WIMP
acceptance region (SOM text). We observed two
candidate events at recoil energies of 12.3 keV
and 15.5 keV (Figs. 1 and 2). These events

REPORTS

*To whom correspondence should be addressed: Jodi Cooley.
E-mail: cooley@physics.smu.edu
†All authors and their affiliations appear at the end of this
paper.

Fig. 1. Ionization yield versus
recoil energy for events consistent
with all signal criteria, excluding
yield and timing. The top (bottom)
plot shows events for detector T1Z5
(T3Z4) (see SOM text for detector
nomenclature). The solid red lines
indicate the ionization yield accept-
ance region. The vertical dashed line
represents the recoil energy thresh-
old, and the slopingmagenta dashed
line is the ionization threshold.
Events with phonon timing charac-
teristics consistent with our selec-
tion criteria are shown with round
markers. The candidate events are
the round markers between the red
lines.
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The Big Questions

• Dark Matter - What makes up the dominant 
gravitational influence in the Universe? 

• Dark Energy - What powers the accelerated 
expansion of the Universe? 

• Inflation/CMB - What is  the mechanism for the 
initial rapid expansion of the Universe?
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Non-Baryonic Dark Matter
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Figure 1: Summary of big-bang production of the light elements. The widths of the curves
indicate the 2σ theoretical uncertainties, and the vertical band is the Copi et al [16] con-
sistency interval where the predicted abundances of all four light elements agree with their
measured primeval abundances. The darker band in the consistency interval corresponds
to Tytler et al’s determination of the primeval deuterium abundance (Figure courtesy of
K. Nollett).

15

Schramm & Turner (1997) Kolb & Turner (1990)

Baryons make up only a 
fraction of the total matter

A weak cross section matches 
the observed relic abundance
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The Hunt for WIMPs
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Moore’s Law for  
Direct Detection

Modified from R. GaitskillLUX 15
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The Landscape of  
Direct Detection 

Billard et al. (2014)
Cooley (2014)

Larger Detectors

Lower Backgrounds

Talk by A. Cottle 
Thursday @ 11:55 AM
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Quantum Detectors
Dark Matter and dark photon 
searches with single electron 

counting with CCDs

Axion Searches using single 
microwave photon detection 

with qubitsSensing photon number With a qubit 

Experiment: D. I. Schuster, … , S. M. Girvin, R. J. Schoelkopf, Nature (London) 445 515 (2007)
Theory: J. Gambetta, A. Blais, …, S. Girvin, and R. J. Schoelkopf, PRA 94 123602 (2005)

π π

•  Qubit transition 
frequency depends 
on photon number 
in cavity

18 Aaron S. Chou (FNAL), ICHEP 2016 

Schuster et al. (2007)
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FIG. 1. Single-electron charge resolution using a Skipper
CCD with 4000 samples per pixel (bin width of 0.03 e�). The
measured charge per pixel is shown for pixels with low-light
level illumination (top) and stronger illumination (bottom).
Integer electron peaks can be distinctly resolved in both
regimes contemporaneously. The peak at 0 e� has rms noise
of 0.068 e� rms/ pix while the peak at 777 e� has rms noise of
0.086 e� rms/ pix. The Gaussian fits have �2 = 22.6/22 and
�2 = 19.5/21, respectively. The two measurements demon-
strate the single-electron sensitivity over a large dynamical
range.

TECHNICAL DESCRIPTION

CCD detector

The detector studied here is a p-channel CCD fabri-
cated on high resistivity (⇠10 k⌦ cm) n-type silicon that
was fully depleted at a substrate voltage of 40 V. The sen-
sor is 200 µm thick and composed of 15µm⇥15µm square
pixels arranged in a 4126⇥866 array. The characteristics
of the Skipper CCD are collected in Table I. To reduce
the number of electrons promoted to the silicon conduc-
tion band by thermal fluctuations (“dark current”), the
sensor is operated at low temperatures. Here we operate
the sensor at 140 K, but this could be lowered to ⇠ 100 K
before charge-transfer e�ciency is significantly reduced.
As we discuss further below, the dark current may be
the limiting factor for some applications though signifi-

TABLE I. Skipper CCD Detector Characteristics

Characteristic Value Unit

Format 4126⇥ 866 pixels

Pixel Scale 15 µm

Thickness 200 µm

Operating Temperature 140 Kelvin

Number of Amplifiers 4

Dark Currenta < 10�3 e�/ pix/day

Readout Time (1 sample) 10 µs/pix/amp

Readout Noise (1 sample) 3.55 e� rms/ pix

Readout Noise (4000 samples) 0.068 e� rms/ pix
a
The upper limit on dark current comes from measurements on

a similar CCD used by the DAMIC experiment [13].

cant investment has been made to minimize it [14, 15].
Figure 2 shows a simplified diagram of the Skipper

CCD output stage. At t
0

, all the charge is drained from
the sense node (SN) to V

drain

by applying a pulse to
the dump gate (DG), and the SN voltage is restored
to V

ref

with a pulse to the reset gate (RG). At t
1

, the
summing-well gate (SG) phase is raised to transfer the
charge packet to the SN and conclude the readout of the
first sample. To take the second sample, the output gate
(OG) and SG phase are lowered at t

2

, moving the charge
packet in the SN back under the SG phase and the ref-
erence voltage of the SN is restored applying a pulse to
the RG. This cycle can be repeated to sample the same
charge packet multiple times. A more detailed descrip-
tion of the Skipper output stage can be found in [11].
The CCD is divided into four rectangular regions of

2063⇥433 pixels, each of which is read by an independent
amplifier possessing a distinct readout design. The most
important di↵erence between the readout designs tested
is the size of the floating gate. Smaller floating gates
have smaller capacitance and higher gain, but can be

FIG. 2. Simplified diagram of the Skipper CCD output stage.
H1, H2 and H3 are the horizontal register clock phases. MR
is a switch to reset the sense node to Vref . M1 is a MOSFET
in a source follower configuration. Due to its floating gate,
the Skipper readout performs a non-destructive measurement
of the charge at the SN.

Tiffenberg et al. (2017)
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Indirect Detection
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Fig. 10. The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic diffuse model, 20 cm template, point sources, and isotropic template
(right), in units of photons/cm2/s/sr. The right frames clearly contain a significant central and spatially extended excess, peaking at⇠1–3 GeV. Results are shown in Galactic
coordinates, and all maps have been smoothed by a 0.25� Gaussian.

those of the recent analysis of Ref. [7], which studied a smaller
region of the sky (|b| < 3.5�, |l| < 3.5�), and found a preference
for � ' 1.12± 0.05. We discuss this question further in Section 6.

As mentioned above, in addition to the Galactic diffuse model,
we include a spatial template in our Galactic Center fit with
a morphology tracing the 20 cm (1.5 GHz) map of Ref. [48].
This map is dominated by synchrotron emission, and thus traces
a convolution of the distribution of cosmic-ray electrons and
magnetic fields in the region. As cosmic-ray electrons also generate
gamma rays via bremsstrahlung and inverse Compton processes,
the inclusion of the 20 cm template in our fit is intended to better
account for these sources of gamma rays. And although theGalactic
diffusemodel already includes contributions from bremsstrahlung
and inverse Compton emission, the inclusion of this additional
template allows formore flexibility in the fit. In actuality, however,
we find that this template has only amarginal impact on the results
of our fit, absorbing some of the low energy emission that (without
the 20 cm template) would have been associated with our dark
matter template.

6. Further constraining the morphology of the anomalous
gamma-ray emission

In the previous two sections, we showed that the gamma-
ray emission observed from the regions of the Inner Galaxy and
Galactic Center is significantly better fit when we include an
additional component with an angular distribution that follows
that predicted from annihilating dark matter. In particular, our fits
favor a morphology for this component that follows the square

of a generalized NFW halo profile with an inner slope of � '
1.1 � 1.3. Implicit in those fits, however, was the assumption that
the angular distribution of the anomalous emission is spherically
symmetric with respect to the dynamical center of the MilkyWay.
In this section, we challenge this assumption and test whether
other morphologies might provide a better fit to the observed
emission.

We begin by considering templates which are elongated either
along or perpendicular to the direction of the Galactic Plane. In
Fig. 11, we plot the change in the TS of the Inner Galaxy (left)
and Galactic Center (right) fits with such an asymmetric template,
relative to the case of spherical symmetry. The axis ratio is defined
such that values less than unity are elongated in the direction of
the Galactic Plane, while values greater than one are preferentially
extended perpendicular to the plane. The profile slope averaged
over all orientations is taken to be � = 1.2 in both cases. From
this figure, it is clear that the gamma-ray excess in the Galactic
Center prefers to be fit by an approximately spherically symmetric
distribution, and disfavors any axis ratio which departs from unity
by more than approximately 20%. In the Inner Galaxy there is a
preference for a stretch perpendicular to the plane, with an axis
ratio of ⇠1.3. As we will discuss in Appendix A, however, there
are reasons to believe thismay be due to the oversubtraction of the
diffusemodel along the plane, and this result is especially sensitive
to the choice of ROI.

In Fig. 12, we generalize this approach within our Galactic
Center analysis to test morphologies that are not only elongated
along or perpendicular to the Galactic Plane, but along any
arbitrary orientation. Again, we find that the quality of the fit

Dark Matter Particle Annihilation
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More Dwarf Galaxies!

“Smoothed” 
𝚲CDM Prediction

Predicted Dwarf 
Discoveries 

(DECam + LSST)

SDSS Begins

DECam Installed
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Astrophysical Probes

Image Credit: Massey & Moustakas

Deviations from Cold Dark Matter would be detected 
in the abundance of the smallest structures.

The Observatory for Multi-Epoch Gravitational Lens Astrophysics 
The OMEGA Explorer Science & Mission Design Book, Summer 2010 

 

 8 

Figure xx. Kris Sigurdson suggested plot captions: OMEGA is a unique probe of 

multiple dark matter models. This means that when combined with other constraints 

(from direct detection and colliders) the "gravitational detection" of dark matter by 

OMEGA can provide orthogonal/complementary microphysical constraints to other 

detection platforms (indirect detection, direct detection, colliders). 

 

 

(Priya N.’s notes – awating actual plots etc.) 

Dark Matter Physics & Density fluctuations in the Universe on Small Scales: What can 

OMEGA do? 

 

OMEGA will probe density perturbations on scales about two orders of magnitude 

smaller than that currently possible [assuming subhalo mass function to 1000 Msun]. In 

doing so, it will either discover the cut-off in these perturbations due to dark matter 

particle properties predicted by many models, or allow the inflationary potential to be 

mapped out.   

 

I.   Imprint of particle properties of dark matter on the linear power spectrum of density 

perturbations. 

 

OMEGA will be sensitive to any particle physics property that leads to the fluctuations in 

density being erased on scales of order kpc or larger. In conjunction with direct and 

indirect detection experiments and the Large Hadron Collider, OMEGA will be able to 

inform the following fundamental questions in cosmology and particle physics. 

             

How was dark matter produced in the early universe?  
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The Big Questions

• Dark Matter - What makes up the dominant 
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• Dark Energy - What powers the accelerated 
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Rocky & Mike’s Prediction from 
“The Early Universe” (c.1993)
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\

Perlmutter 2003

The Universe is 
Accelerating!
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Perlmutter 2003
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the results with those from the standard salt-ii training, we
include the larger of the two w-shifts as a systematic uncertainty.
For the SDSS-only and Nearby+SDSS ((a) and (c)) sample
combinations, the uncertainty is δw ∼ 0.02. For the other
combinations, δw ∼ 0.01.
SALT-II dispersions. Recall from Section 5.2 that the spectral
surfaces, M0(t, λ) and M1(t, λ), were retrained using the Bessell
filter shifts based on HST standards (Table 21). The model dis-
persions around these surfaces, however, were not determined
in the retraining, and we therefore use the model dispersions
from Guy et al. (2007). To allow for the resulting uncertainty
in the dispersions, we assign a systematic uncertainty of half
the difference between using and ignoring the dispersions. The
resulting uncertainties are δw ∼ 0.01–0.02 for combinations
that include the higher-redshift ESSENCE and SNLS samples.
For the SDSS-only and Nearby+SDSS sample combinations,
the w-uncertainty is negligible.
β-variation with redshift. If the salt-ii SN parameters (α, β,
M) are allowed to vary independently in redshift bins, while
the cosmological parameters are fixed, we find a strong redshift
dependence of β for z > 0.6 (see Section 10.2.3). To estimate
the corresponding systematic uncertainty, the Hubble diagram
fits have been redone allowing α, β, and M to vary with
redshift using a simple model in which each SN parameter
is constant for z < 0.6, and is then allowed to vary linearly
with redshift for z > 0.6. Compared to the nominal salt-ii
model with redshift-independent parameters, the largest change,
δw = +0.073, occurs for SDSS+ESSENCE+SNLS (b) in which
the Nearby sample is excluded. For sample combinations (d)
and (f), δw ∼ 0.04, and for the full SN set (e) that includes the
HST, δw ∼ 0.01. These w-shifts are included as asymmetric
systematic uncertainties.
Simulated bias correction. For salt-ii, we have determined
bias corrections from simulations, as described in Section 8.2
(see Table 5). We include half the w-shift as a systematic
uncertainty. The largest uncertainty is δw = 0.020 for SDSS-
only.
Calibration of primary reference star, Vega. We assume
uncertainties of 0.01 mag in the calibration of U,B, V,R, I
for the primary reference, Vega. Since a full accounting of this
effect would require another retraining of the salt-ii surfaces,
we instead adopt the uncertainties derived from the mlcs2k2
analysis (Table 6). In Astier et al. (2006), the corresponding
uncertainty is δw = 0.024 for the Nearby+SNLS combination;
as a crosscheck, we have evaluated this uncertainty for the same
sample combination and find good agreement, δw ≃ 0.021.
For the sample combinations analyzed here, the resulting w-
uncertainties are 0.02–0.03.
Calibration: shifted Bessell filters for Nearby data. As dis-
cussed in Section 5.2, we use the Bessell (1990) filter re-
sponses with wavelength shifts given in Table 21 of Appendix B.
Since these shifts differ from those in Astier et al. (2006), we use
the difference in cosmological results derived from both sets of
wavelength shifts to define an additional systematic uncertainty
on w. This uncertainty is δw ∼ 0.02 for sample combinations
that include the Nearby sample.
Calibration: zero-point offsets for SDSS, ESSENCE, SNLS,
HST. Zero-point uncertainties for the SDSS, ESSENCE, SNLS,
and HST bandpasses are propagated in the same manner as for
the mlcs2k2 method (Section 9.1). The SNLS zero points are
varied in the fit, but not in the training of the spectral surface, and
therefore these w-uncertainties might be slightly overestimated.
The other survey samples were not used in the training, and
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Figure 23. Fitted distance modulus (from mlcs2k2) vs. redshift for the 288 SNe
Ia from the five samples indicated on the plot.
(A color version of this figure is available in the online journal.)

therefore varying the zero points in the fit is sufficient to estimate
the systematic error. Note that the w-uncertainty from the SDSS
AB offsets is smaller for SDSS-only than for Nearby+SDSS, as
explained in Section 9.1.

The parameter shifts due to all of these systematic errors are
added in quadrature to derive the total systematic-error estimates
in Tables 8 and 9.

10. RESULTS

Here we present the Hubble diagram and inferred cosmo-
logical parameters using the framework described in Section 8.
Results based on the mlcs2k2 and salt-ii methods are pre-
sented in Sections 10.1 and 10.2, respectively. We compare the
results from the two methods in Section 11.

The Hubble diagram for the five samples considered in this
analysis is shown in Figure 23. The distance moduli here
are obtained from the mlcs2k2 method described above; the
Hubble diagram based on the salt-ii method looks quite similar.
Detailed Hubble-residual plots are given for each method in
Sections 10.1 and 10.2.

10.1. Results with mlcs2k2

Using the mlcs2k2 method, we present cosmological results
for the six sample combinations (a)–(f) of Table 4. Table 10
shows the spectroscopically determined redshift and marginal-
ized mlcs2k2 fit parameters for SNe that pass the selection cuts
described in Section 4. We use the ensemble of redshifts zi and
estimated distance moduli µi for each sample combination to
fit cosmological model parameters, as explained in Section 8.1.

10.1.1. Goodness of Fit and Hubble Scatter

Before considering the cosmological parameter results for the
various combined samples, we examine several measures of fit
quality and dispersion for each SN Ia sample treated indepen-
dently, since they provide diagnostic information that is useful to
consider before combining the samples. Table 11 displays these
measures: (1) the χ2

µ statistic for the best-fit FwCDM model for
that sample from Equation (26)—in goodness-of-fit tests, this
statistic is usually compared to the number of degrees of free-
dom, given by Ndof = NSN−1;45 (2) the root-mean-square (rms)

45 Ndof : number of SNe minus the number of cosmology parameters (H0, w,
ΩM) + the number of priors (BAO+CMB).

Kessler et al. (2009)

The Universe is 
Accelerating!
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Sloan Digital Sky Survey
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Moore’s Law for Surveys2.1. Surveys and Moore’s Law 

Survey telescopes have been an engine for discoveries throughout the modern history of astronomy, and have been 
among the most highly cited and scientifically productive observing facilities in recent years. This observational 
progress has been based on advances in telescope construction, detectors, and above all, information technology. 

Figure 1 Data trends in optical surveys of the sky.   While photographic surveys covered large area, the data were not as 
usable as digital data and did not go as faint.   Information content (in galaxies surveyed per unit time to a given S/N 
ratio) in CCD digital surveys roughly follows Moore’s law.   Processing capability has kept up with pixel count.  The 
most recent survey will scan the sky 100 times faster than the 2000 era survey. These next generation wide-fast-deep 
surveys will open the time window on the universe. 

Aided by rapid progress in microelectronics, current sky surveys are again changing the way we view and study the 
Universe. The next-generation instruments, and the surveys that will be made with them, will maintain this 
revolutionary progress.  Figure 1 charts the trend in optical sky surveys over 50 years.  The effect of technology is 
clear.  While the total light collecting area of telescopes has remained comparatively constant, the information 
content of sky surveys (using the number of galaxies measured per year to a given signal-to-noise ratio as a proxy) 
has risen exponentially.   This is in large part due to high efficiency imaging arrays growing to fill the available 
focal plane, and to the increase in processing power to handle the data flood.  Development of software to analyze 
these digital data in new ways has resulted in a corresponding increase in science output. 

Photographic surveys had the advantage of large focal plane area early on, but have been eclipsed by more sensitive 
CCD surveys, driven by the exponential rise in pixel count and computer processing capability – both enabled by the 
microelectronics “Moore’s Law”.   Plotted vs time is the sum of all CCD pixels on the sky, as well as the number of 
transistors in a typical CPU.  Processing capability keeps up with the data rate. Also plotted is one result of CCD 
surveys – the number of galaxies photometered per unit time – ranging from a survey using a single 160 Kpixel 
CCD on a 4m telescope to a 3.2 Gpixel camera on an 8.4m telescope.   From the start, CCD detectors had more than 
an order of magnitude higher sensitivity than photographic plates (and far better dynamic range). The population of 
faint blue galaxies was discovered immediately in the first small CCD survey in the early 1980s.   More recently, 
this high efficiency coupled with many square degree focal plane arrays on large aperture wide-field telescopes 
means that we can tile the sky quickly with deep exposures -- opening up a new window on the universe.   

Tyson 2010

LSST

DES

SDSS

Moore’s Law
2x every 2 years

10x every 6.5 years



The Dark Energy Survey

~8x as many 
pixels as SDSS

Unprecedented  
sensitivity to 1µm

~2.5x the light 
collection power 
of SDSS
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Dark Energy Survey:
A Weak Lensing Machine!

Shape measurement

Credit: GREAT08 Handbook, Bridle et al 2008

(NASA/ESA)

Galaxy Cluster
Background 

Galaxy

Lensed Images

Earth

Weak Gravitational Lensing

12

̃(`)� ̃0 = D⇤(`)�̃(`); �̃(`)� �̃0 = D(`)̃(`)

D(`) =
`21 � `22 + i2`1`2

|`|2

Kaiser & Squires (1993)

Mass mapping: converting shear (spin-2) to convergence (spin-0) 

Lensing Power Spectrum

C� = C =

✓
3H2

0⌦m

2c

◆2 Z �H

0
d�

W 2(�)

a2(�)
P�

✓
`

�
,�

◆

Lensing measures 
mass directly!



Alex Drlica-Wagner | Fermilab

Wide-Field Mass Map
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Chang et al. (in prep)

Y1

Largest map of *mass* 
(independent of light)

10x area of  
DES SV

4x area of KIDS 
predecessor

Only 2/5th of the total 
DES area and depth!

DES Year 1 Talk by C. Chang 
Thursday @ 4:05PM
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Weak Lensing Constraints

Cosmic Shear
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Figure 6. Fiducial constraints on the matter density ⌦m and the matter
fluctuation amplitude �

8

(top) or S8 (bottom) in ⇤CDM. The DES Y1 cos-
mic shear constraints are shown by the grey filled contours, Planck TT +
lowP constraints by the filled green contours, and cosmic shear constraints
from DES SV and KiDS 450 cosmic shear constraints by unfilled blue and
red contours, respectively. We use the DES SV and KiDS 450 data vector,
n(z), and covariance to marginalize over the cosmological and astrophysi-
cal parameters and models listed in Table 3 matching our Fiducial analysis,
while maintaining their original shear and photo-z systematics models and
priors. check/add details about planck In all cases, both 68% and 95%
confidence contours are shown.

Figure 7. Fiducial constraints on the matter density ⌦m and S8 (top) or
w

0

(bottom) in wCDM. Format and content are otherwise the same as Fig.
6.

c� 2015 RAS, MNRAS 000, 1–12

DES Y1: Cosmological Constraints from Cosmic Shear 13

DES Y1 (shear only)
DES SV
KiDS 450
Planck

Figure 6. Fiducial constraints on the matter density ⌦m and the matter
fluctuation amplitude �

8

(top) or S8 (bottom) in ⇤CDM. The DES Y1 cos-
mic shear constraints are shown by the grey filled contours, Planck TT +
lowP constraints by the filled green contours, and cosmic shear constraints
from DES SV and KiDS 450 cosmic shear constraints by unfilled blue and
red contours, respectively. We use the DES SV and KiDS 450 data vector,
n(z), and covariance to marginalize over the cosmological and astrophysi-
cal parameters and models listed in Table 3 matching our Fiducial analysis,
while maintaining their original shear and photo-z systematics models and
priors. check/add details about planck In all cases, both 68% and 95%
confidence contours are shown.

Figure 7. Fiducial constraints on the matter density ⌦m and S8 (top) or
w

0

(bottom) in wCDM. Format and content are otherwise the same as Fig.
6.

c� 2015 RAS, MNRAS 000, 1–12

Troxel et al. (in prep)

Prel
iminar

yCosmological constraints 
with shear alone: 
• 2-3 times improvement 

from SV and KiDS

• 2x Planck

NB: Y1 contours are shifted

Systematics uncertainties 
reduced to the level required by 
the *next-generation* of surveys

Results are still blinded! 
(Contour center may shift)

DES is transforming weak 
lensing into a tool for precision 

cosmology

Within striking distance of 
Planck (contours ~2x larger)
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LSST Coming!
Full DES depth in 15s; entire 

visible sky every 3 nights

7x1012 detections of 3x109 

unique objects;  
Nearly an Exabyte of data!

1.6 Gains from LSST

Figure 1.1: Joint w0–wa constraints from LSST WL (solid line), BAO (dashed line), cluster counting (dash-dotted
line), supernovae (dotted line), joint BAO and WL (green shaded area), and all combined (yellow shaded area).
The BAO and WL results are based on galaxy–galaxy, galaxy–shear, and shear–shear power spectra only. Adding
other probes such as strong lensing time delay (Section 3.5), and higher-order galaxy and shear statistics will further
improve the constraints. For comparison, the areas of the error ellipses of Stage III dark energy experiments would
be about 10 times larger than that of LSST (for a comparison of WL+BAO results, see Zhan 2006a).

Precursor Stage III and Stage IV spectroscopic surveys will provide training sets to calibrate LSST’s
photometric redshifts and mitigate other systematics. Working out the detailed requirements for
spectroscopic galaxy samples is an important goal for the near future. It is especially challenging
to obtain adequate spectroscopic samples for the faintest galaxies imaged by LSST. A coordinated
e↵ort will be needed to make advances in both the techniques for calibrating photometric redshifts
and in obtaining the needed spectroscopic samples.

1.6 Gains from LSST

Historically, our understanding of the cosmic frontier has progressed in step with the size of our
astronomical surveys, and in this respect, LSST promises to be a major advance: its survey coverage
will be approximately ten times greater than that of the Stage III Dark Energy Survey.

Survey size is a straightforward measure of scientific gain. A less agnostic metric with which to
judge dark energy probes is the figure of merit proposed by the Dark Energy Task Force, which is
the reciprocal of the area of the error ellipse enclosing the 95% confidence limit in the w

0

�wa plane,
marginalized over other cosmological parameters. Figure 1.1 shows these projected constraints from
four LSST probes: WL, BAO, cluster counts, and supernovae. The WL and BAO results are based
on Zhan (2006a) and Zhan et al. (2009), the cluster counting result is from Fang & Haiman (2007),
and the supernova result is based on Zhan et al. (2008). While absolute projections are uncertain
due to the unknown e↵ects of systematics, the relative gain in the figure of merit of LSST over
Stage III surveys consistently comes in at a factor of 5 to 10.

15

~10x more sensitive than 
DES to the dark energy 

equation of state.
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The Big Questions

• Dark Matter - What makes up the dominant 
gravitational influence in the Universe? 

• Dark Energy - What powers the accelerated 
expansion of the Universe? 

• Inflation/CMB - What is  the mechanism for the 
initial rapid expansion of the Universe?
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CMB photons emitted 
when first atoms formed 

(t ~ 380,000 years)

Redshifted from a temperature of 
~3000K to 2.725K today (𝝺 ~ cm)

Density fluctuations imprinted as 
small temperature fluctuations 

𝚫T/T ~ 10-5 

Mather et al. 1994

Cosmic Microwave  
Background Radiation
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Photons from 
the surface of 
last scattering

Cosmic Microwave  
Background Radiation

SPT (2006 - present)  
(ongoing w/ upgrades)



Planck
143 GHz
50 deg2

The moon 
(for scale)

B. Benson



South Pole Telescope
150 GHz
50 deg2

6x deeper 
6x finer angular 
resolution

The moon 
(for scale)

B. Benson

Clusters of Galaxies 
“Shadows” in the microwave 
background from clusters of 
galaxies (the Sunyaev-Zel’dovich)
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Moore’s Law for CMB

Moore’s Law
Double every 2 years
10x every 6.5 years

SPT-3G
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South Pole Telescope 
(SPT-3G)

SPT-3G Camera Cryostat 
Designed and Integrated 
at Fermilab

Installed and 
operating at the 
South Pole

Talk by S. Rahlen 
Thursday @ 16:50 PM
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CMB Angular Power Spectrum

Figure 4: Power spectrum models.
The data points from Figure 3 with the narrowest window functions (COBE
and Saskatoon) are compared with the predictions from four variants of the
standard CDM model from Sugiyama (1995), all with n = 1 and Ωb = 0.05.
From top to bottom at ℓ = 200, they are a flat model with Λ = 0.7, a model
with h = 0.3, the standard h = 0.5 model and a model with a reionization
optical depth τ ∼ 2.

13

1 Acoustic Peak  9 Acoustic Peaks + 
Polarization!  

(Kamionkowski, Kosowsky & Stebbins, 1996)
A&A 594, A11 (2016)
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Fig. 49. CMB-only power spectra measured by Planck (blue), ACT (or-
ange), and SPT (green). The best-fit PlanckTT+lowP ⇤CDM model is
shown by the grey solid line. ACT data at ` > 1000 and SPT data at
` > 2000 are marginalized CMB band-powers from multi-frequency
spectra presented in Das et al. (2014) and George et al. (2015) as ex-
tracted in this work. Lower multipole ACT (500 < ` < 1000) and
SPT (650 < ` < 3000) CMB power extracted by Calabrese et al.
(2013) from multi-frequency spectra presented in Das et al. (2014) and
Story et al. (2013) are also shown. The binned values in the range
3000 < ` < 4000 appear higher than the unbinned best-fit line be-
cause of the binning (this is numerically confirmed by the residual plot
in Planck Collaboration XIII 2016, Fig. 9).

consistency and retain information on the nuisance foreground
parameters that are not well constrained by Planck alone.

To assess the consistency between these data sets, we ex-
tend the Planck foreground model up to ` = 13 000 with ad-
ditional nuisance parameters for ACT and SPT, as described
in Planck Collaboration XIII (2016, Sect. 4). Fixing the cosmo-
logical parameters to the best-fit PlanckTT+lowP base-⇤CDM
model and varying the ACT and SPT foreground and calibration
parameters, we find a reduced �2 = 1.004 (PTE = 0.46), show-
ing very good agreement between Planck and the highL data.

As described in Planck Collaboration XIII (2016), we then
take a further step and extend the Gibbs technique presented
in Dunkley et al. (2013) and Calabrese et al. (2013; and applied
to Planck alone in Sect. 5.6) to extract independent CMB-only
band-powers from Planck, ACT, and SPT. The extracted CMB
spectra are reported in Fig. 49. We also show ACT and SPT
band-powers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at ` > 4000 and note that
these ACT and SPT band-powers have an overall calibration un-
certainty (2% for ACT and 1.2% for SPT).

The inclusion of ACT and SPT improves the full-
mission Planck spectrum extraction presented in Sect. 5.6 only
marginally. The main contribution of ACT and SPT is to con-
strain small components (e.g., the tSZ, kSZ, and tSZ⇥CIB) that
are not well determined by Planck alone. However, those com-
ponents are sub-dominant for Planck and are well described by
the prior based on the 2013 Planck+highL solutions imposed in
the Planck-alone analysis. The CIB amplitude estimate improves
by 40% when including ACT and SPT, but the CIB power is also

reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ⇤CDM model (see also
Planck Collaboration XIII 2016, Sect. 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic microwave
background derived in this paper are displayed in Fig. 50. These
spectra in TT (top), TE (middle), and EE (bottom) are all quite
consistent with the best-fit base-⇤CDM model obtained from
TT data alone (red lines). The horizontal axis is logarithmic at
` < 30, where the spectra are shown for individual multipoles,
and linear at ` � 30, where the data are binned. The error bars
correspond to the diagonal elements of the covariance matrix.
The lower panels display the residuals, the data being presented
with di↵erent vertical axes, a larger one at left for the low-` part
and a zoomed-in axis at right for the high-` part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2016), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
`  29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);

(ii) an improved Gaussian likelihood at ` � 30 that includes
a di↵erent strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which enables us to reduce the e↵ect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that lets us mask a smaller fraction of the sky
(Sect. 3.2.2) and to retain large-angle temperature informa-
tion from the 217 GHz map that was neglected in the 2013
release (Sect. 3.2.4).

We performed several consistency checks of the robustness of
our likelihood-making process, by introducing more or less free-
dom and nuisance parameters in the modelling of foregrounds
and instrumental noise, and by including di↵erent assump-
tions about the relative calibration uncertainties across frequency
channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these di↵erent assump-
tions. Our final high-` temperature likelihood, referred to as
“PlanckTT” marginalizes over 15 nuisance parameters (12 mod-
elling the foregrounds, and 3 for calibration uncertainties). Ad-
ditional nuisance parameters (in particular, those associated with
beam uncertainties) were found to have a negligible impact, and
can be kept fixed in the baseline likelihood. Detailed end-to-
end simulations of the instrumental response to the sky anal-
ysed like the real data did not uncover hidden low-level residual
systematics.

For polarization, the situation is di↵erent. Variation of the
assumptions leads to scattered results, with greater deviations
than would be expected due to changes in the data subsets used,

A11, page 60 of 99

Planck Collaboration (2016)

The 𝚲CDM model yields a precise and accurate fit to 
the data with only 6 parameters. Flat, accelerating 

Universe, dominated by dark energy and dark matter.
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Trouble with Hubble?
– 52 –

Fig. 13.— Local measurements of H0 compared to values predicted by CMB data in

conjunction with ΛCDM. We show 4 SN Ia-independent values selected for comparison by

Planck Collaboration et al. (2014) and their average, the primary fit from R11, its reanalysis by

Efstathiou (2014) and the results presented here. The 3.4σ difference between Planck+ΛCDM

(Planck Collaboration et al. 2016) and our result motivates the exploration of extensions to ΛCDM.

H0 (km s-1 Mpc-1) Reiss et al (2016)

CCHP/Hu/Freedman

The Hubble constant has a 
long and “disagreeable” 

history.

CMB and distance ladder 
disagree at 3.4σ.

 A hint that maybe 𝚲CDM is 
not enough?
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CMB-S4 Experiment

?

4.5 Detection Scenarios for Labs and Cosmology 91
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Figure 31. Forecasts in the 2d parameter space �(N
e↵

) and �(

P
m⌫). These constraints assume f

sky

= 0.4
and 1 µK-arcmin noise. A prior of ⌧ = 0.06 ± 0.01 was also assumed.

way. This situation would be unusual in that the limits on
P

m⌫ would suggest deviations from the
Standard thermal history without any other hints. Presumably this scenario would be scrutinized
heavily to check that the amplitude of the power spectrum is normalized correctly. Finally, one might
also allow for a delicate cancelation between the dilution of the neutrinos and the additional dark
energy to be consistent with �Ne↵ = 0.

CMB-S4 Science Book

CMB-S4 Science Book

Inflation Dark Energy

Neutrinos
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What is to come?

• Dark Matter - Are we entering a post-WIMP era? How 
will searches be influenced by quantum detectors? 
What will we learn from astrophysical observations? 

• Dark Energy - Is dark energy a cosmological 
constant? Is there some extension to the laws of 
gravity? Is there really “Trouble with Hubble”? 

• Inflation/CMB - Will we see signs of non-standard 
inflation? Will cosmological and accelerator neutrino 
measurements agree? Are there sterile neutrinos?
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BIG BANG


