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the next big leaps… 



Universe as a Physics 
Laboratory

Inflation

Cosmic neutrino background

Cosmic microwave background

?



Inflation 
- Spectral index of fluctuations, ns 
- non-Gaussianity?
- constrain tensor to scalar fluctuations
- detect B modes from inflationary 

gravitational waves

CMB measurements probe cosmology  
and fundamental physics

Neutrinos 
- Number of relativistic species  

(Neff or “dark radiation”)
- Sum of the neutrino masses, (∑mν)  

through impact on growth of structure
 

Dark Energy 
SZ clusters and CMB lensing  
correlation with galaxy surveys
- Is GR correct on large scales? 

➡ requires precision CMB measurements of the temperature and 
polarization CMB anisotropy from degrees to arc minutes



WMAP
94 GHz
50 deg2



Planck
143 GHz
50 deg2

2x finer angular 
resolution
7x deeper 



SPTpol
150 GHz
50 deg2

13x finer angular 
resolution
50x deeper 



Clusters	  of	  Galaxies	  	  
“Shadows”	  in	  the	  microwave	  
background	  from	  clusters	  of	  galaxies

Cluster	  of	  Galaxies

filtered out  
large structure



Bleem et al., 2014 

• Cluster evolution probes Dark Energy through growth of structure 
• High angular resolution CMB experiments find clusters via SZ effect 

(redshift independent).  SPT made 1st SZ discovery of cluster in 2008 
and has more than doubled the number of z > 0.5 massive clusters. 

• Cosmological constraints limited by cluster mass calibration.
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Synergy with Dark Energy Survey

Strong complementarity with 
SPT cluster survey and SPT 

CMB lensing; the combination 
will improve cluster 

constraints on dark energy  
 by ~100x

Already a vibrant DES + SPT 
joint analysis effort. 

570-Million pixel  
Dark Energy Survey 

Camera built at Fermilab



Synergy with Dark Energy Survey

• Cosmology from LSS probes using 
Dark Energy Survey and the South 
Pole Telescope: CMB lensing cross-
correlations, cluster cosmology

• Personnel: Dodelson (Scientist), 
Benson (Scientist), Soares-Santos 
(Scientist)



Primary CMB anisotropy - remarkable agreement 

Enormous precision: 
     Flat universe (Ωk < 0.01) 
     Ωbh2 = 0.02207 +/- 0.00027 
     Ωch2 = 0.1198   +/- 0.0026 

 (40σ difference of Ωc & Ωb)
Planck XVI 2013

Fit by vanilla ΛCDM - just six parameters: Ωbh2  Ωch2  ΩΛ  Δ2R  ns  τ
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Inflation checks: Geometrical flat universe; Superhorizon features; 
acoustic peaks/adiabatic fluctuations; departure from scale invariance; 
inflationary gravitational waves (tensors)?
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Primary CMB anisotropy - remarkable agreement 



TT constraints on r and ns in ΛCDM
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ns ≠ 1 at over 5σ

Limit of r < 0.11 
at 95% C.L.
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TT constraints on r and ns in ΛCDM
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Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇥ 4nHe/nb for helium-4 and yBBN
DP ⇥ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).

45

Planck XVI 2013

Neff is the effective number of relativistic species; it measures the 
extra relativistic energy relative to photons.
For standard 3 neutrinos Neff =3.046. 

Planck 2015: 
Neff	  =	  3.15±0.23	  
	  	  	  	  (>10σ	  detection	  of	  cosmic 
	  	  	  	  	  	  	  neutrino	  background)	  

Σmν	  <	  0.23eV	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  95%	  C.L.	  
(Neff	  	  and	  Σmν	  constraints	  
depend	  on	  choice	  of	  external	  
data	  sets.)

Joint Dark Radiation (Neff) and Σmν 
constraints in ΛCDM 

FNAL Review — February 11, 2015



Planck Collaboration: Cosmological parameters
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇥ 4nHe/nb for helium-4 and yBBN
DP ⇥ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
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an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
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with direct abundance measurements.

6.4.1. Observational data on primordial abundances
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tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
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For standard 3 neutrinos Neff =3.046. 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Neff	  =	  3.15±0.23	  
	  	  	  	  (>10σ	  detection	  of	  cosmic 
	  	  	  	  	  	  	  neutrino	  background)	  

Σmν	  <	  0.23eV	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  95%	  C.L.	  
(Neff	  	  and	  Σmν	  constraints	  
depend	  on	  choice	  of	  external	  
data	  sets.)

Joint Dark Radiation (Neff) and Σmν 
constraints in ΛCDM 

FNAL Review — February 11, 2015

Full potential of CMB lensing 
and best Σmν constraints 
require polarization data



∑mν = 0

∑mν = 1.5 eV

BBlensing
BBIGW

TT

EE

CMB polarization:  
the next frontier for lensing & inflation



Stage 2 and 3  
ground-based CMB experiments

10m South Pole Telescope 
http://pole.uchicago.edu 

6m Atacama Cosmology Telescope 
http://www.physics.princeton.edu/act/

3m  Huan Tran Telescope  
http://bolo.berkeley.edu/polarbear

Exceptional high and dry sites for dedicated CMB observations. 
Exploiting and driving ongoing revolution in low-noise bolometer cameras

FNAL Review — February 11, 2015



Stage 2 and 3  
ground-based CMB experiments

10m South Pole Telescope 
http://pole.uchicago.edu 

6m Atacama Cosmology Telescope 
http://www.physics.princeton.edu/act/

3m  Huan Tran Telescope  
http://bolo.berkeley.edu/polarbear

Optimized for degree scale only.
(Also CLASS starting soon)

FNAL Review — February 11, 2015

BICEP3 
2015

2056 @ 100 GHz

5 x 512 @ 150 GHz

Keck Array 
on DASI mount

+
BICEP2 

2010-2012

512 pixels @ 150 GHz 
JPL



Rapid progress!
Still a long, long way to go.

BB Compilations

BICEP2/KECK 
Dust corrected

BICEP2/KECK x Planck results  arXiv:1502.00612



2001: ACBAR
16 detectors

2007: SPT
960 detectors

2012: SPTpol
~1600 detectors

Pol

Pol

Stage-2

Stage-3
2016: SPT-3G

~16,000 detectors

ACT and Polarbear planning  
similar detector upgrades

SPT 
Evolution of focal planes



SPT-3G: 10x leap with multichroic pixels
• Using lenslet coupled, 3-band sinuous 
antenna coupled TES detector design 
from UCB (Suzuki et al, 1210.8256)
• Detector fabrication at Argonne National 
Labs on 6” silicon wafers led by C. Chang
• 68x frequency multiplexed SQUID 
readout (McGill), using SQUIDs from 
NIST-Boulder 3 mm

SPT-3G focal plane
 16,260 detectors  
 95, 150, 220 GHz

Clarence Chang



FNAL Review — February 11, 2015

• SPT-3G Camera: Design and fabrication 
of cryostat, integration with focal plane. 

• Detector Module Assembly: Packaging 
detector wafers for SPT-3G (wire-
bonding, wafer alignment)

• Detector Testing: Adiabatic de-
magnetization and He3 cryostats to 
characterize TES detectors and 
superconducting films.   

SPT-3G Detector and 
Lenslet alignment

SPT-3G Camera Cryostat
2300 lbs, 8 feet long

Niobium film 
testing in 
FNAL ADR

4K 
Collimating 
Lens

4 K
Field 
Lens

4K
Aperture 
Lens

300 K
Zotefoam
Window

50 K 
Alumina

4K
Lyot
Stop

250 mK
Focal
Plane

SPT-3G Detector Wafer

FNAL Leadership Roles for SPT-3G



CMB polarization timeline

•2013:  Stage II experiments detect lensing B-modes  
•now:  r ≲ 0.12 from Inflationary B-modes  
•2013-2016: Stage II experiments  

              σ(r)~0.03, σ(Neff)~0.1, σ(Σmν)~0.1eV  
•2016-2020: Stage III experiments  

            σ(r)~0.01, σ(Neff)~0.06, σ(Σmν)~0.06eV 
  
•2020-2025: Stage IV experiments, CMB-S4  
σ(r) = 0.001, σ(Neff) = 0.020, σ(Σmν) =16 meV 

FNAL Review — February 11, 2015



CMB Experimental Stages
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Today

Snowmass: CF5 Neutrinos Document
arxiv:1309.5383

Figure by Clem Pryke



CMB-Stage 4 experiment

Because there is a lot more to learn from the CMB.

CMB-S4: a plan to build a coherent ground-based  
program working with, and building on, CMB stage II 
& III projects.

Participation includes, but is not limited to:
- the ACT, BICEP/KECK, SPT, Polarbear,… CMB teams and 

their international partners

- Argonne, FNAL, LBNL, SLAC, NIST U.S. national labs  
and the high energy physics community.
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2001: ACBAR
16 detectors

2007: SPT
960 detectors

2012: SPTpol
~1600 detectors

Pol

Pol

Stage-2

Stage-3

Stage-4

CMB Stage-4 Experiment
Described in Snowmass CF5: 

Neutrinos: arxiv:1309.5383 
Inflation: arxiv:1309.5381 

2020?: CMB-S4
200,000+ detectors

2016: SPT-3G
~16,000 detectors

CMB-S4: A coordinated community 
wide program to put 200,000 to 
500,000 detectors spanning 40 - 
240 GHz on multiple telescopes 
and map over 20,000 deg2 of sky

Pol

ACT and Polarbear planning  
similar detector upgrades



• Investment in robust, large scale 
detector fabrication. 
• Provided 90 GHz detectors for 
SPTpol. 
• Leadership roles in SPT Stage II and  
Stage III, providing detectors. 
• Large scale cosmological simulations 

• CMB heritage and connections with UCB 
detector development.  
• Investment in multiplexer readout. 
• High performance computing/massively 
parallel data analysis. 
• Involvement in Polarbear and SPT all 
stages.

• Investment in developing large 
aperture cryogenic optics, 
providing optics for SPT-3G 
• Investing in robust, large scale 
detector and SQUID design and 
fabrication, migrating from NIST. 
• Leadership roles in BICEP / 
KECK.

CMB-S4

• Investment in detector testing. 
• SiDet facility for module assembly. 
• Camera design and fabrication, 
testing and integration. 
• Experience with QUIET detector 
module testing and assembly. 
• Leadership roles in SPT-3G.



(cri%cal	  to	  overlap	  with	  LSST,	  MS-‐DESI,	  etc)
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Exploit	  superb,	  established	  sites	  at	  Chile	  and	  South	  Pole	  

and	  possibly	  add	  Northern	  site(s)

Slide from Jeff McMahon



Infla%on	  projec%on	  for	  CMB-‐S4	  
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Δϕ	  ≲	  mpl

Δϕ	  ≳	  mpl

CMB polarization 
provides the only 
probe for r < 0.1



Our forecasters: J. Errard, P. McDonald, A. Slosar K. Wu, O. Zahn

Neff	  -‐	  Σmν	  projections	  for	  CMB-‐S4

FNAL Review — February 11, 2015

Planck Collaboration: Cosmological parameters

0.0 0.2 0.4 0.6 0.8 1.0

�m� [eV]

2.4

3.2

4.0

4.8

N
e�

Planck+WP+highL

Planck+WP+highL+BAO

0.0 0.6 1.2 1.8 2.4

me�
�, sterile [eV]

3.5

4.0

4.5

N
e�

0.
5

1.
0

2.
0

5.0

10.0 0.088

0.096

0.104

0.112

0.120

0.128

0.136

�
c h

2

Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇥ 4nHe/nb for helium-4 and yBBN
DP ⇥ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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CMB-S4
σ(Σmν)	  =	  16	  meV  
(with	  DESI	  BAO)	  

σ(Neff)	  =	  0.020	  
CMB	  is	  the	  only	  
probe	  of	  Neff



CMB Sunyaev-Zel’dovich Cluster Surveys 

SPT-SZ/pol:         Nclust ~ 1,000 
 SPT-3G:       Nclust ~ 10,000  
CMB-S4:    Nclust ~ 100,000

Cluster Mass vs Redshift 
for CMB/SZ Experiments

CMB lensing can directly calibrate 
cluster mass:

SPT-3G:     𝝈(M) ~ 3%  
CMB-S4:   𝝈(M) ~ 0.1%

making SZ cluster cosmology an 
extremely powerful probe of structure 
formation and dark energy 

SPT-3G Collaboration



Efforts toward CMB-S4
CMB-S4 concept developed during Snowmass planning exercise in 
2013 (see arXiv:1309.5383 and arXiv:1309.538)

CMB groups presented coherent program to Particle Physics Project 
Prioritization Panel (P5) (12/2013) 
P5 endorsed CMB and CMB-S4 project.

Recently submitted NSF Science & Technology Center preproposal 
as a vehicle to bring community together and, if successful, to bring 
in NSF funds: Center for Microwave Background Research  (CMBR). 
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CMB-S4 Session at UMN CMB Conference 1/16/15
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Summary

We can make CMB-S4 happen.
We have a lot of work to do and decisions to make, e.g.,

- Fully define the science goals.

- Complete the pre-conceptual design.

- Set up the collaboration, with careful attention to  
 balance of national labs, university groups, 
 and international partners

- Coordination with possible space mission(s)?
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will


