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Early universe as a HEP lab

Inflation

Cosmic neutrino background

Cosmic microwave background



Inflation?
Universe expands by >e60 
solving smoothness problem,
flatness and more..

What drove inflation? 
What is the energy scale of inflation?

- spectral index of fluctuations, ns 
- constrain tensor to scalar fluctuations
- inflationary gravitational wave B-mode polarization
- non-Gaussianity?

graphic from NASA/WMAP



Neff 

Effective number of relativistic species
‘dark radiation’ impacts intrinsic CMB power spectrum

Neutrinos?

graphic from NASA/WMAP



Neutrinos?

Σmν
Sum of the neutrino masses
impacts growth of large scale structure,
i.e., the matter power spectrum
Probed by CMB lensing

k →

P(
k)

 →

Matter Domination Radiation 
Domination
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WMAP ~70 deg2



Planck 143 GHz ~70 deg2



~70 deg2Ground based 150 GHz (SPTpol)
13x higher resolution and 60x deeper than WMAP
7x higher resolution and 9x deeper than Planck



SPTpol 150 GHz ~70 deg2
• SPTpol: 500 deg2 at this depth
• SPT-3G: 2500 deg2 and 2.5x deeper

(same footprint as SPT-SZ survey and covered by DES) 

• CMB-S4 ≳20,000 deg2  and 5x deeper



Primary CMB anisotropy - 9 harmonics 

Inflation checks: Geometrically flat universe; Superhorizon features; 
Acoustic peaks/adiabatic fluctuations; Departure from scale invariance. 

Fit by vanilla ΛCDM - just six parameters

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

 (40σ difference of Ωc & Ωb)

Planck paper 1 2013



10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-� Planck+WP+BAO

ΛCDM + tensor
ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059

r0.002 < 0.12 < 0.13 < 0.11 < 0.12
−2∆ lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ΛCDM+r model from Planck combined with other data sets.

The constraints are given at the pivot scale k∗ = 0.002 Mpc
−1
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to

the theoretical predictions of selected inflationary models.

reheating priors allowing N∗ < 50 could reconcile this model

with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(φ) = Λ4 exp
�
−λ φ

Mpl

�
(35)

is called power law inflation (Lucchin & Matarrese, 1985),

because the exact solution for the scale factor is given by

a(t) ∝ t2/λ2
. This model is incomplete, since inflation would

not end without an additional mechanism to stop it. Assuming

such a mechanism exists and leaves predictions for cosmo-

logical perturbations unmodified, this class of models predicts

r = −8(ns − 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-

verse power law potentials

V(φ) = Λ4
�
φ

Mpl

�−β
(36)

lead to inflation with a(t) ∝ exp(At f ), with A > 0 and 0 < f < 1,

where f = 4/(4 + β) and β > 0. In intermediate inflation there

is no natural end to inflation, but if the exit mechanism leaves

the inflationary predictions on cosmological perturbations un-

modified, this class of models predicts r ≈ −8β(ns − 1)/(β − 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the

joint 95% CL contour for any β.

Hill-top models

In another interesting class of potentials, the inflaton rolls away

from an unstable equilibrium as in the first new inflationary mod-

els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(φ) ≈ Λ4
�
1 − φ

p

µp + ...

�
, (37)

where the ellipsis indicates higher order terms negligible during

inflation, but needed to ensure the positiveness of the potential

later on. An exponent of p = 2 is allowed only as a large field

inflationary model and predicts ns − 1 ≈ −4M2
pl/µ

2 + 3r/8 and

r ≈ 32φ2
∗M2

pl/µ
4
. This potential leads to predictions in agree-

ment with Planck+WP+BAO joint 95% CL contours for super-

Planckian values of µ, i.e., µ � 9 Mpl.
Models with p ≥ 3 predict ns − 1 ≈ −(2/N)(p − 1)/(p − 2)

when r ∼ 0. The hill-top potential with p = 3 lies outside the

Planck paper XXII (2013)

Constraining inflationary models 
joint r and ns limits

∆2
R(k) = ∆2

R(k0)
�

k

k0

�ns−1Spectral Index of primordial fluctuations, ns,

            where ∆2
R(k) = ∆2

R(k0)
�

k

k0

�ns−1 Inflation evidence
ns ≠ 1 at over 5σ

See also Story et al, 2012 arXiv:1210.7231
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θs is the angle projected 
by the distance a 
sound wave could have 
travelled by recombination

~1/θs

Primary CMB anisotropy - 9 harmonics 
Improves precision of sound horizon, θs, 
& provides larger lever arm

Planck paper 1 2013



And most importantly provides  
determination of the damping scale, θd

θd is the angular diffusion 
length at recombination

e −
(θ

d �) 2

Photon has a mean free path 
and diffuses prior to last 
scattering. So, oscillations on 
small scales are damped 
exponentially. (Silk damping)

rd

rs
=

θd

θs
∝ H

0.5                            ,     so ratio is sensitive to energy density.

Planck paper 1 2013



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

mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM 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 ωb, the number
of relativistic degrees of freedom parameterized by Neff , 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 Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff 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 ωb and Neff , 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
(τn = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (ωb,Neff) and yBBN
DP (ωb,Neff). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

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

uncertainties in several nuclear rates, and is estimated to be
σ(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 ωb, Neff , and YP). We shall see below that
for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) 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 effects that will be difficult to resolve in the
near future. It is reassuring that the independent and conserva-

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

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

45

Constraining model extensions: 
joint Neff and Σmν constraints

Planck XVI 2013

Neff is the effective number of relativistic species.  
For standard 3 neutrinos Neff =3.046.
It measures the extra energy relative to the photons.
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Fig. 28. Left: 2D joint posterior distribution between Neff and
�

mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM 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 ωb, the number
of relativistic degrees of freedom parameterized by Neff , 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 Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff 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
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To calculate the dependence of YBBN
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DP on the
parameters ωb and Neff , we use the accurate public code
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with measurements of their abundances, and also with CMB data
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for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) 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
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nated by systematic effects that will be difficult to resolve in the
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35Serpico et al. (2004) quotes σ(YBBN
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mν (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Neff–meff

ν, sterile plane, colour-coded by Ωch2, in models with one massive
sterile neutrino family, with effective mass meff

ν, sterile, and the three active neutrinos as in the base ΛCDM 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 ωb, the number
of relativistic degrees of freedom parameterized by Neff , 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 Neff would
be required. Note that the results of Mangano et al. (2012) assume that
Neff 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 ωb and Neff , 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
(τn = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN
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uncertainties in several nuclear rates, and is estimated to be
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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 ωb, Neff , and YP). We shall see below that
for the base cosmological model with Neff = 3.046 (or even for
an extended scenario with free Neff) 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 effects that will be difficult to resolve in the
near future. It is reassuring that the independent and conserva-

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

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

45

Constraining model extensions: 
joint Neff and Σmν constraints

Planck XVI 2013

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

Need CMB polarization data 

to im
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Large-Scale
Structure
Lenses the CMB

• RMS deflection of ~2.5ʼ
• Lensing efficiency peaks at z ~ 2 
• Coherent on ~degree 
   (~300 Mpc) scales

CMB lensing

graphic from ESA Website
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Lensing of the CMB
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Lensing of the CMB



We can take a CMB map

(2500 square degrees)
SPT-SZ



and construct the CMB Lensing map

SPT lensing convergence map smoothed to 1 deg resolution 

reconstruction of the mass projected
 along the line of sight to the CMB.



and construct the CMB Lensing map

SPT lensing convergence map smoothed to 1 deg resolution 

reconstruction of the mass projected
 along the line of sight to the CMB.

Correlation of matter traced by CMB lensing 
(contours) and distribution of high z galaxies 
(grayscale; Herschel 500 um) [arXiv:1112.5435]



CMB	
  lensing	
  complements	
  large	
  
op2cal	
  surveys	
  such	
  as	
  DES,	
  eBOSS,	
  
LSST,	
  DESI,	
  Euclid,	
  WFIRST,	
  etc.

The	
  combina2on	
  leads	
  to	
  beEer	
  shear-­‐
bias	
  calibra2on	
  and	
  more	
  robust	
  
constraints	
  on	
  Dark	
  Energy	
  and	
  the	
  
proper2es	
  of	
  neutrinos.

→Cri2cal	
  for	
  CMB-­‐S4	
  sky	
  coverage	
  to	
  
overlap	
  op2cal	
  surveys.

	
  Extensive	
  mul--­‐λ	
  
analysis	
  of	
  SPT	
  +	
  DES	
  

data	
  at	
  FNAL

CMB lensing and optical surveys

From “Can CMB Lensing Help Cosmic Shear 
Surveys?”  Das, Errard, and Spergel, 2013

3

FIG. 1. Left: Marginalized 68% confidence contours on the dark energy equation of state parameters using various combinations
of observables. The outer (orange) dashed ellipse is from the addition of the deflection field power spectrum from CMB
lensing reconstruction to the tomographic shear power spectra from optical lensing, when the shear multiplicative biases are
marginalized over along with other cosmological parameters, including neutrino mass sum. The outer (orange) dotted ellipse
is the same as above, but with the biases held fixed at their fiducial values. The outer solid (orange) ellipse results from the
addition of the CMB lensing - optical lensing cross-correlations to the above, with the multiplicative biases marginalized over
(and thereby self-calibrated). The inner (green) dashed contour results from adding, without any cross-correlation, the CMB
lensing, the optical lensing, and the galaxy angular clustering measurements with both the shear biases and the galaxy linear
biases marginalized over. The inner (green) dotted contour results from holding these biases fixed, while the inner (solid) ellipse
is the result of including cross-correlations between CMB lensing, optical lensing, and galaxy angular clustering, with all the
biases marginalized over. The resulting constraints on the biases are displayed in Table I. Right: The interpretation is the same
as left panel, except here we show the constraints on the neutrino mass sum and σ8. Note that in this case, uncertainties in
w0, wa are always marginalized over. Complementary constraints are summarized in Table II. See text for survey details.

For the Fisher analysis, we consider the stan-

dard set of ΛCDM parameters with fiducial values:

Ωbh2 = 0.02258, Ωch2 = 0.1093, ΩΛ = 0.734, ns = 0.96
and σ8 = 0.8, plus a massive neutrino component

Ωνh2 = 0.001596 corresponding to
�

mν = 0.15 eV,

and the dark energy equation of state parameterized via

w(z) = w0 + waz/(1 + z). We vary these parameters

as well as the tracer galaxy biases in each spectroscopic

bin, and the shear multiplicative biases in each tomo-

graphic bin. We do not include any CMB power spectra

information in this analysis.

Results.—We first confine ourselves to the optical lens-

ing and CMB lensing convergence fields only, and con-

sider only the internal spectra so that the data vector

only consists of {CκCMBκCMB
� , C

κoptiκoptj

� }. We perform

two parameter estimation studies: one with the multi-

plicative biases fixed at their fiducial value [CMBL+ optL

(fix bias)] and the other letting these biases vary and be

thereby self-calibrated [CMBL+ optL (self cal)]. Note

that although we do not consider the cross-correlation

between CMB lensing and optical lensing as an observ-

able yet, such cross-correlation terms do appear in the

covariance matrix. We cannot simply add the CMB lens-

ing and optical lensing Fisher matrices here, as the two

effects are correlated. Fig. 1 and Table II show the re-

sulting constraints on the dark energy equation of state

and the neutrino mass sum for these two scenarios (note

that we always marginalize over all other parameters in

these plots, and complementary cases are summarized

in the table). Letting the multiplicative shear float sig-

nificantly degrades both the dark energy and neutrino

figures of merit. Next, we expand our data vector to in-

clude the CMB lensing-optical lensing cross-correlation:

{CκCMBκCMB
� , C

κoptiκoptj

� , C
κCMBiκoptj

� } and let the biases

vary [CMBL × optL (self cal with c.c.)]. This shows the

power of the cross-correlations — including the cross-

correlation leads to self calibration of the shear multi-

plicative biases to sufficient accuracy so that the param-

eter uncertainty ellipses shrink to give almost the same

figures of merit as the case where the multiplicative bi-

ases were held fixed. The corresponding marginalized

constraints on the multiplicative biases are shown in Ta-

ble I. Note that ∼10% deviations of the multiplicative

biases from unity can be calibrated by this method. The

constraints will improve significantly in future with larger

and deeper weak lensing/CMB lensing surveys, e.g. [9].

Next, we include the three BOSS-like galaxy number

density bins in the analysis. First, we look at the con-

straints avoiding any cross-correlations , once fixing both

shear and galaxy biases [CMBL + optL + gal (fix bias)],

and then letting the biases self calibrate [CMBL + optL



Planck Collaboration: Gravitational lensing by large-scale structures with Planck

L

Fig. 11. Replotting of Fig. 10, removing 100 GHz for easier
comparison of 143 and 217 GHz. Also plotted are the SPT band-
powers from van Engelen et al. (2012), and the ACT bandpow-
ers from Das et al. (2013). All three experiments are very consis-
tent. The lower panel shows the difference between the measured
bandpowers and the fiducial best-fit ΛCDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ΛCDM model and well-motivated
extensions. Lensing also affects the power spectrum, or 2-point
function, of the CMB anisotropies, and this effect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main effect is a smoothing of the acoustic
peaks and this is detected at around 10σ in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about CφφL that is contained in the lensed temperature
power spectrum for multipoles � <∼ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
ΛCDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of CφφL , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our CφφL measurements in ΛCDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ΛCDM model

In the six-parameter ΛCDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth τ are degenerate, with only the combination
Ase−2τ, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination Asτ2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, CφφL is rather tightly constrained in the ΛCDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight CφφL bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + ∆TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted CφφL in
the best-fit model differs from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with χ2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ΛCDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ΛCDM
prediction of CφφL is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter AφφL that scales the theory CφφL in the
lensing likelihood. (Note that we choose not to alter the lensing
effect in CTT

� .) As reported in Planck Collaboration XVI (2013),
we find

AφφL = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with AφφL = 1.
An alternative route to breaking the As-τ degeneracy is pos-

sible for the first time with Planck. Since CφφL is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing effect of lensing in CTT

� (which at leading order varies
as A2

s e−2τ) can separately constrain As and τ without large-angle
polarization data. The variation of CφφL with τ in ΛCDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ΛCDM, the foreground parameters are sufficiently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little effect on the cosmological constraints.
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Sensitive to the neutrino masses
∑mν = 0.1 eV → 5% amplitude of spectrum

Polarization gives additional lensing 
sensitivity and is a cleaner probe. 
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powers from van Engelen et al. (2012), and the ACT bandpow-
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bandpowers and the fiducial best-fit ΛCDM model.

– in Planck Collaboration XVI (2013) to derive parameter con-
straints for the six-parameter ΛCDM model and well-motivated
extensions. Lensing also affects the power spectrum, or 2-point
function, of the CMB anisotropies, and this effect is accounted
for routinely in all Planck results. On the angular scales rele-
vant for Planck, the main effect is a smoothing of the acoustic
peaks and this is detected at around 10σ in the Planck tempera-
ture power spectrum (Planck Collaboration XVI 2013). The in-
formation about CφφL that is contained in the lensed temperature
power spectrum for multipoles � <∼ 3000 is limited to the ampli-
tude of a single eigenmode (Smith et al. 2006). In extensions of
ΛCDM with a single additional late-time parameter, lensing of
the power spectrum itself can therefore break the geometric de-
generacy (Stompor & Efstathiou 1999; Sherwin et al. 2011; van
Engelen et al. 2012; Planck Collaboration XVI 2013). As dis-
cussed in Appendix D and Schmittfull et al. (2013), cosmic vari-
ance of the lenses produces weak correlations between the CMB
2-point function and our estimates of CφφL , but they are small
enough that ignoring the correlations in combining the two like-
lihoods should produce only sub-percent underestimates of the
errors in physical cosmological parameters.

In the following, we illustrate the additional constraining
power of our CφφL measurements in ΛCDM models and one-
parameter extensions, highlighting those results from Planck
Collaboration XVI (2013) where the lensing likelihood is influ-
ential.

6.1.1. Six-parameter ΛCDM model

In the six-parameter ΛCDM model, the matter densities, Hubble
constant and spectral index of the primordial curvature perturba-
tions are tightly constrained by the Planck temperature power
spectrum alone. However, in the absence of lensing the am-
plitude As of the primordial power spectrum and the reioniza-
tion optical depth τ are degenerate, with only the combination
Ase−2τ, which directly controls the amplitude of the anisotropy
power spectrum on intermediate and small scales being well de-
termined. This degeneracy is broken by large-angle polarization
since the power from scattering at reionization depends on the
combination Asτ2. In this first release of Planck data, we use
the WMAP nine-year polarization maps (Bennett et al. 2012) in
combination with Planck temperature data. With this data com-
bination, CφφL is rather tightly constrained in the ΛCDM model
(see Fig. 12) and the direct measurements reported here provide
a non-trivial consistency test of the model.

The eight CφφL bandpowers used in the lensing likelihood are
compared to the expected spectrum in Fig. 12 (upper-left panel).
For the latter, we have used parameter values determined from
the main Planck likelihood in combination with WMAP polar-
ization (hereafter denoted WP) and small-scale power spectrum
measurements (hereafter highL) from ACT (Das et al. 2013) and
SPT (Reichardt et al. 2012)†. In this plot, we have renormalized
the measurements and their error bars (rather than the theory) us-
ing the best-fit model with a variant of the procedure described
in Sect. 5.3. Since the lensed temperature power spectrum in the
best-fit model is very close to that in the fiducial model used
to normalise the power spectrum estimates throughout this pa-
per, the power spectrum renormalisation factor (1 + ∆TT

L )2 of
Eq. (44) is less than 0.5% in magnitude. The predicted CφφL in
the best-fit model differs from the fiducial model by less than
2.5% for L < 1000. The best-fit model is a good fit to the mea-
surements, with χ2 = 10.9 and the corresponding probability
to exceed equal to 21%. Significantly, we see that the ΛCDM
model, calibrated with the CMB fluctuations imprinted around
z = 1100, correctly predicts the evolution of structure and geom-
etry at much lower redshifts. The 68% uncertainty in the ΛCDM
prediction of CφφL is shown by the dashed lines in the upper-left
panel of Fig. 12. We can assess consistency with the direct mea-
surements, properly accounting for this uncertainty, by introduc-
ing an additional parameter AφφL that scales the theory CφφL in the
lensing likelihood. (Note that we choose not to alter the lensing
effect in CTT

� .) As reported in Planck Collaboration XVI (2013),
we find

AφφL = 0.99 ± 0.05 (68%; Planck+lensing+WP+highL),

in excellent agreement with AφφL = 1.
An alternative route to breaking the As-τ degeneracy is pos-

sible for the first time with Planck. Since CφφL is directly propor-
tional to As, the lensing power spectrum measurements and the
smoothing effect of lensing in CTT

� (which at leading order varies
as A2

s e−2τ) can separately constrain As and τ without large-angle
polarization data. The variation of CφφL with τ in ΛCDM models

† As discussed in detail in Planck Collaboration XVI (2013), the pri-
mary role of the ACT and SPT data in these parameter fits is to constrain
more accurately the contribution of extragalactic foregrounds which
must be carefully modelled to interpret the Planck power spectra on
small scales. For ΛCDM, the foreground parameters are sufficiently de-
coupled from the cosmological parameters that the inclusion of the ACT
and SPT data has very little effect on the cosmological constraints.
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Sensitive to the neutrino masses
∑mν = 0.1 eV → 5% amplitude of spectrum

Polarization gives additional lensing 
sensitivity and is a cleaner probe. 

Need CMB polarization data to 

exploit fu
ll p

otential of CMB 

lensing to constrain Σm
ν



TT

EE

density oscillations

CMB polarization: 
the next frontier for lensing & inflation



density oscillations

Inflationary Gravitational wave oscillations

TT

EE

BBIGW

CMB polarization: 
the next frontier for lensing & inflation



r = 0.1, 2x1016GeV

r = 0.01

TT

EE

BBIGW

CMB polarization: 
the next frontier for lensing & inflation



BBlensing
lensing of EE to BB

BBIGW

TT

EE

CMB polarization: 
the next frontier for lensing & inflation

r = 0.01



∑mν = 0

∑mν = 1.5 eV

BBlensing
BBIGW

TT

EE

CMB polarization: 
the next frontier for lensing & inflation



CMB polarization: 
the next frontier for lensing & inflation

Figure from CF5 inflation doc:  note expanded scale with 0.001 < r < 0.01



Status of B-mode experiments 

100 nK !

EE: > 2σ detections
Barkats et al., arXiv:1310.1422

BB: 95% C.L. upper limits



Detection of lensing B-modes

null test

SPT

SPTpol

SPTpol: Hanson et al, Phys.Rev.Lett.111:141301,2013 (arXiv:1307.5830) 
Polarbear: arXiv:1312.6645 & 1312.6646

SPTpol



CMB timeline
• 2009: r < 0.7 (BICEP) Chiang et al, 0906.1181

• 2013:  Stage II experiments detect lensing B-modes 
• 2014:  r ≲ 0.1 from Inflationary B-modes (BICEP 2) ?
• 2013-2016: Stage II experiments 

          e.g., SPTpol, Polarbear, ACTpol, Keck Array 
              σ(r)~0.03, σ(Neff)~0.1, σ(Σmν)~0.1eV 

• 2016-2020: Stage III experiments (SPT-3G, ... )
            σ(r)~0.01, σ(Neff)~0.06, σ(Σmν)~0.06eV;
  

• 2020-2025: Stage IV experiment, CMB-S4
 σ(r) = 0.001, σ(Neff) = 0.020, σ(Σmν) =16 meV 
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Infla%on	
  projec%on	
  for	
  CMB-­‐S4

Δϕ	
  ≲	
  mpl

Δϕ	
  ≳	
  mpl

CMB polarization 
provides the only 
probe for r < 0.1

CMB-S4  What it will deliver



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

σ(Σmν)	
  =	
  16	
  meV
with	
  two	
  probes!

σ(Neff)	
  =	
  0.020
unique	
  to	
  CMB

Joint	
  projec%ons	
  Neff	
  -­‐	
  Σmν

CMB-S4  What it will deliver



CMB	
  S4	
  Large	
  Area	
  Survey	
  Region
(overlap	
  with	
  DES,	
  LSST,	
  MS-­‐DESI,	
  etc)

• Requires	
  200,000+	
  detectors	
  on	
  mul%ple	
  plaEorms.

• Exploit	
  superb,	
  established	
  sites	
  at	
  Chile	
  and	
  South	
  Pole	
  



2012: SPTpol Stage II
1600 detectors (ANL/NIST)

2016: SPT-3G Stage III 4x larger area
15,234 detectors at T = 250mK

ANL,	
  LBNL,	
  SLAC,	
  Polarbear	
  and	
  SPT	
  teams	
  working	
  on	
  Stage	
  II	
  
to	
  Stage	
  III	
  detector	
  advance	
  based	
  on	
  UCB	
  3-­‐band,	
  dual	
  
polarizaVon	
  pixel;	
  ACT	
  team	
  also	
  working	
  on	
  mulVchroic	
  pixel.
‣ OpVmized	
  with	
  background	
  limited	
  noise	
  and	
  high	
  throughput

‣ Uniform	
  proper5es	
  over	
  150-­‐mm	
  diameter	
  wafers	
  
‣ Consistent	
  fabrica5on	
  from	
  batch-­‐to-­‐batch	
  

Broad-band Polarization 
Sensitive Antenna

UC Berkeley prototype pixel

TES
Detector

Micro-strip to inline
filters

5 
m

m

CMB-S4:  How to do it

75mm
wafers

150mm
wafers



~15,200 detectors

2020+: CMB-S4
200,000+ detectors
multiple telescopes

Build Stage-3, e.g., SPT-3G

Then multiple platforms
 for Stage-4

CMB-S4:  How to do it



FNAL’s role now and in the future:
SPT-3G to CMB-S4

Broad-band Polarization 
Sensitive Antenna

SPT-3G Prototype Array
6” wafers

5 
m

m

Silicon 3-layer AR 
Lenslet Array

+ = SPT-3G Focal Plane 

 FNAL detector testing and 
module assembly
• Each SPT-3G detector module consists 
of 544 pixels, assembly will include:
•  >3,000 wire bonds per module
• Packaging with silicon lenslet arrays



Sub-Kelvin Detector testing at FNAL

• Sub-Kelvin (50 mK) adiabatic 
demagnetization refrigerator (ADR) at FNAL:
• Collaborating on optical MKID development 
with UCSB, JPL
• System is being used to test SPT-3G 
superconducting resonators fabricated at 
ANL

50 mK ADR Cryostat

Superconducting resonator 
in mounting box  

Superconducting resonators



FNAL contributions to QUIET
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• On the QUIET CMB polarization 
experiment, FNAL contributed:
• Polarization angle calibration on the telescope
• Warm microwave materials testing
• Cold detector testing
• Detector module design
• Module wire-bonding
• FNAL team: Hogan Nguyen, Donna Kubik

Warm testing at FNAL

Polarizing grid 
on telescope

Cold calibration source (made at FNAL)



SPT-3G receiver 
assembly at FNAL

SPT-3G Optics 
Layout

Image plane

Lyot Stop

2.
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Field Lens
Secondary
Mirror

Prime
Focus

Aperture Lens

Collimating 
Lens

0.75 meters
Vacuum Window
50 K Field Lens

50 K Radiation
Shield

4 K Radiation
Shield

4 K Lyot Stop and 
Infrared Filters

4 K Aperture Lens

4 K Collimating
Lens

Focal Plane250 mK Focal 
plane

New 
Secondary
Mirror

FNAL Bradford Benson leads the 
SPT-3G receiver & cryostat design



 Builds on DECam experience

• FNAL packaged and characterized CCDs for 
the DES camera (DECam)
• DECam was assembled and tested at SiDet
      Strong infrastructure and experience

DECam Focal Plane

DECam on Telescope 
Simulator



Last words

• It is an exciting time for CMB and the Cosmic 
Frontier.

• CMB-S4 will provide a major advance in our 
understanding of the physics of the universe, i.e., 
inflation, neutrino sector, dark energy and more.

• Currently leveraging FNAL’s science and 
instrumentation experience for SPT-3G, which is 
a well placed stepping stone to CMB-S4.

• FNAL will have a critical role in CMB-S4.



Extra	
  slides
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eRosita 50 cts threshold
(Pillepich et al 2012)

SPTpol and SPT-3G projections
EE-Spectrum BB-Spectrum

B-modes
(Inflation)

B-modes
(lensed)

Planck
SPTpol
SPT-3G 

*	
  includes	
  BOSS	
  prior

SPTpol	
  
(2015)

SPT-­‐3G	
  
(2019)

σ(r)

σ(Neff)

σ(Σmν)

0.028 0.011

0.117 0.058

0.096	
  eV 0.061	
  eV*

Projec'ons	
  
(w/Planck	
  priors)

SZ Clusters
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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

SPTpol	
  detecZon	
  of	
  lensing
B-­‐mode	
  polarizaZon



Combined	
  Neutrino	
  mass	
  constraints

Future	
  Cosmology
σ(Σmν)	
  =	
  16	
  meV

“use cosmology to tighten the noose”  Boris Kayser



eRosita
(X-ray)

CMB-S4

SPT-3G

CMB Sunyaev-Zel’dovich Cluster Survey 

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

Cluster Mass vs Redshift from 
CMB SZ measurements

CMB lensing measured from 
individual clusters, can directly 
calibrate cluster mass:

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

CMB measurements detect 
clusters through the “shadows” 
they make in the CMB, the 
Sunyaev-Zelʼdovich (SZ) effect:

SPT-3G Collaboration
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• Investment in robust, large 
scale detector fabrication.
• Involvement with SPTpol 
Stage II experiment (provided 
90 GHz channel).
• Involvement in SPT-3G 
Stage III, providing detectors.

• Investment in multiplexer readout.
• CMB heritage and connections with 
UCB detector development. 
• High performance computing/
massively parallel data analysis.
• Involvement in Polarbear and SPT 
(Stage II  & III).

• Investment in developing 
large aperture cryogenic 
optics.
• Investing in robust, large 
scale detector fabrication
• Investment in SQuIDs.
• Involvement in BICEP / 
KECK, SPT and ACT Stage III, 
providing detectors.

CMB-S4

• Detector testing,  SiDet for 
module assembly, and 
radiometer cryostat design, 
testing and integration.
• Experience with QUIET 
detector module testing and 
assembly.
• Play major role in SPT and 
SPT-3G polarimeter



International competition / partners
• There	
  is	
  no	
  compe%%on	
  at	
  the	
  scale	
  of	
  CMB-­‐S4

-­‐ European	
  L-­‐class	
  mission	
  (PRISM)	
  was	
  turned	
  down

-­‐ No	
  NASA	
  mission	
  expected	
  on	
  this	
  Zme	
  scale

• 	
  Interna%onal	
  partners
-­‐ We	
  envision	
  CMB-­‐S4	
  as	
  primarily	
  a	
  U.S.	
  project

-­‐ Current	
  internaZonal	
  partners	
  contribuZng	
  to	
  the	
  CMB	
  teams,	
  e.g.,

-­‐ Cardiff	
  with	
  all
-­‐ KEK,	
  Japan	
  with	
  Polarbear
-­‐McGill	
  U	
  with	
  Polarbear	
  and	
  SPT
-­‐ CITA,	
  Oxford,	
  UBC	
  with	
  ACT
-­‐ Chile	
  is	
  criZcal	
  partner;	
  ACT	
  works	
  with	
  CONICYT	
  (Chilean	
  NSF)
-­‐ plus	
  many	
  other	
  internaZonal	
  parZcipants

-­‐ We	
  expect	
  a	
  lot	
  of	
  internaZonal	
  interest	
  if	
  CMB-­‐S4	
  goes	
  forward.



CMB-­‐S4	
  Lensing	
  SensiZvity	
  Σmν

CMB	
  Lensing	
  power	
  spectrum
residuals	
  from	
  Σmν	
  =	
  0	
  model



setting limit to tensor perturbations
i.e., primordial gravitational waves

Tensors only contribute TT power only 
at low 𐑙 as they decay after they enter 
the horizon. Cosmic variance limit TT 
constraint to r ≲ 0.11 at 95% C.L. 

plot taken from Ned Wright’s web pages

Tensor (gravitational) perturbation amplitude

Scalar (density) perturbation amplitude
r ≡ V 1/4 = 1.06× 1016GeV
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