
Inflation-era High Energy Physics and 
neutrino constraints via CMB 
measurements

Gearing up for a Stage IV CMB 
polarization experiment

WARNING 
Read before opening

1) This is a quickly assembled talk. Many of the 
future projections are gross estimates of work in 
progress, or from someone in the audience during 
one the sessions, or rumors from experiments.
2) The momentum and excitement of the field is 
very real and highly addictive. 



• Stage II: (>1K detector elements)
– e.g: EBEX, SPTpol, BICEP2/Keck, Polarbear, ACTpol...
– already observing (or about to)

• Stage III: (>10K detector elements)
– 10x mapping speed over Stage II (a few in the works, 2015+)

• Stage IV: (>100K detector elements)
– 100x mapping speed over Stage II
– Baseline: deploy ~2020, observe ~ 5 years

VERY CHALLENGING! - Requires 100k to 500k detectors; 
Incredible attention to systematics.

Commensurate increases or more in HPC. 

It is a HEP multilab scale project using the
highest energy accelerator in the universe!

What stages?



Early universe as an HEP lab

HyperPhysics (©C.R. Nave, 2010)



slide from NASA/WMAP

CMB measurements 
probe fundamental physics
and cosmology



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
- non-Gaussianity?
- inflationary gravitational waves?

! need precision temperature and ultrasensitive polarization 
measurements of the primary CMB anisotropy angular power 
spectrum



Physics at recombination
Universe cools enough to form neutral H. 
Photons start free-streaming

- Measure primordial fluctuations
- Inventory stuff in the universe
- Number of relativistic species, helium abundance

! need precision measurement of CMB power spectrum 
to fine angular scales, i.e., covering the damping tail 



Reionization
First stars(?) start producing 
UV photons. Hydrogen is reionized.

How did it proceed? 
Are star forming galaxies sufficient?

! need high resolution measurements of diffuse kinematic 
SZ effect on small angular scales

Patchy reionization,   Zahn et al, 2005



Structure Formation
Gravitational collapse creates increasingly 
large structures

- What is dark matter?
- Masses of the neutrinos
- Constrain early dark energy models

Credit: Kravtsov

Cosmic Acceleration
Dark energy begins accelerating 
the expansion of the Universe.

- Is dark energy dynamic or a 
cosmological constant?

- Is GR correct on large scales?

! dark matter structure through lensing of the CMB
! evolution of Galaxy Clusters through thermal SZ effect



Wilkinson Microwave Anisotropy 
Probe (WMAP)

David Wilkinson
1935-2002

WMAP



higher resolution and sensitivity map of the CMB
covering 1/16 of the sky from SPT

(2500 square degrees)

Survey depths:
-   90 GHz: ≲42 uKCMB-arcmin* 
- 150 GHz: ≲18 uKCMB-arcmin
- 220 GHz: ≲ 85 uKCMB-arcmin
* In these units, the thermal Sunyaev-Zel’dovich (SZ) 
effect is 1.7 times brighter at 90 GHz than at 150 GHz.

WMAP lower resolution full sky
map with SPT area marked



WMAP - SPT 
comparison over 150 deg2

13x higher resolution and 17x deeper than WMAP
5x higher resolution and 3x deeper than Planck blue book

Shows structure from degrees to arc minutes:
from large-scale CMB to SZ & unresolved sources.

WMAP SPT



Zoom in on an SPT map
50 deg2 from 
2500 deg2 survey CMB Anisotropy

 Primary and secondary
 CMB anisotropy
 & foregrounds, i.e., CIB

Galaxies 
AGN & high-redshift 
lensed dusty star 
forming galaxies

Clusters - High signal to 
noise SZ galaxy cluster 
detections as “shadows” 
against the CMB

Bullet Cluster
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Anisotropy angular power spectrum

Precision measurement of 
primary CMB anisotropy

Detection of secondary anisotropy
(SZ effects) in multi-frequency data



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

Higher resolution data provide increased precision 
on cosmological parameters and allow constraints on 

extensions to the “standard” ΛCDM model.



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

!s is the angular distance a 
sound wave could have 
travelled by recombination

~1/!s

Higher resolution data provide increased precision 
on cosmological parameters and allow constraints on 

extensions to the “standard” ΛCDM model.



And most importantly provides  
determination of the damping scale, !d

!d is the angular diffusion 
length at recombination

e −
(θ

d �) 2

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



BAO: SDSS (Padmanabhan et al., 2012)
          wigglez (Blake et al., 2011)
          BOSS (Anderson et al., 2012)
Ho:    (Reiss et al., 2011)

Constraining inflationary models 
joint r and ns limits

Story et al., 2012 arXiv:1210.7231
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BAO: SDSS (Padmanabhan et al., 2012)
          wigglez (Blake et al., 2011)
          BOSS (Anderson et al., 2012)
Ho:    (Reiss et al., 2011)

Constraining inflationary models 
joint r and ns limits

Now requires CMB polarization data to further improve r constraint

Story et al., 2012 arXiv:1210.7231

ratio of tensor to scalar 
primordial fluctuations, r
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Constraining model extensions: 
joint Neff (# neutrinos) and !m! constraints

 (WMAP7+SPT)

BAO: SDSS (Padmanabhan et al., 2012)
          wigglez (Blake et al., 2011)
          BOSS (Anderson et al., 2012)
Ho:    (Reiss et al., 2011) Hou et al, 2012 arXiv:1212.6267

Stage IV goal 
!(Neff) ≲ 0.04
incl degenerate
parameters



Constraining model extensions: 
joint Neff (# neutrinos) and !m! constraints

 (WMAP7+SPT)

BAO: SDSS (Padmanabhan et al., 2012)
          wigglez (Blake et al., 2011)
          BOSS (Anderson et al., 2012)
Ho:    (Reiss et al., 2011) Hou et al, 2012 arXiv:1212.6267

Stage IV goal 
!(Neff) ≲ 0.04
incl degenerate
parameters

Stage IV goal 
!("m#) ≲ 0.01 eV
(more later)



Tighter constraints coming from v soon 
from Planck



17°x17°

from Alex van Engelen

Lensing of the CMB



17°x17°

from Alex van Engelen

Lensing of the CMB



Initial ACT & SPT CMB-lensing power spectra
of projected gravitational potential, i.e., mass
(SPT from only 500 sq deg at 150 GHz)

Alens = 1.29 ± 0.29

Alens = 0.86 ± 0.16

Das et al., 2011
van Engelen et al., 2012

Sensitive to the neutrino masses
$m# = 0.1 eV % 5% amplitude of spectrum



• 2007: 3σ (WMAP+)
• 2008: 3σ (ACBAR)
• 2011: 4σ (ACT)
• 2011: 5σ (SPT)
• 2012: 6σ,7.7σ (SPT)

• 2013: ≳20σ (SPT) [2500 deg2]

• 2013: ≳20σ (PLANCK) [all-sky]

• 2013+: ≳40σ from Stage II experiments
• 2016+: >100σ from Stage III σ(Σmν)~ 0.05 eV

• 2020+:  Stage IV goal σ(Σmν) ~ 0.01 eV 

CMB lensing is the future 
Smith et al 

Reichardt et al 

Das et al (1st detection from CMB 4pt function)

van Engelen et al., Story et al.

Keisler et al



CMB Lensing Map

Mass fluctuation map smoothed to 1 deg resolution 
from CMB lensing analysis of SPT 2500 deg2 survey

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

Zahn,Holder et al. in prep

PRELIMINARY



CMB Lensing Map

Mass fluctuation map smoothed to 1 deg resolution 
from CMB lensing analysis of SPT 2500 deg2 survey

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

Zahn,Holder et al. in prep

PRELIMINARY

Cross Correlation Calibration
CMB mass reconstruction (contours) 
overlaid on Herschel 500 um galaxy 
density map (greyscale) smoothed to 
degree resolution.

Sorry, too 
preliminary 

http://en.wikipedia.org/wiki/Herschel_Space_Observatory
http://en.wikipedia.org/wiki/Herschel_Space_Observatory


CMB polarization: 
the next frontier for lensing & inflation

from W. Hu’s web page

Due to Thomson scattering – 
    CMB must be polarized



Generating CMB polarization

Density mode

hotter due to Doppler shift

Before decoupling:
           - electron ‘sees’ only a local monopole
During decoupling:
           - mean free path increases and electron ‘sees’ quadrupole
           - scattered light is polarized 
E-mode from density modes (scalar fluctuations)

hotter due to Doppler shift

x!



E-mode Polarization (Curl free)

Polarization parallel & perpendicular
     to wave vector

Even parity, curl-free

Density (scalar) fluctuations
     generate only E-Polarization



Gravitational wave induced CMB polarization

E-mode
Figure from John Kovac’s thesis



Gravitational wave induced CMB polarization

E-mode B-mode
(Inflationary GW B-modes)

Figure from John Kovac’s thesis



B-mode Polarization (div free) 

Polarization oriented ±45 degrees
     to wave vector

Odd parity, div free
   
Can NOT be generated by the density 
fluctuations,  but can be generated by 
gravitational waves sourced by Inflation 

“Smoking gun” test of 
Inflation and direct measure 
of its energy scale

and direct evidence of 
quantum gravity. 



CMB polarization

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor

TT

EE

density oscillations



density oscillations

Inflationary Gravitational wave oscillations

TT

EE

BBIGW

CMB polarization



r = 0.24, 3!1016GeV

r = 0.01, 0.6!1016GeV

TT

EE

BBIGW

CMB polarization

r is the tensor to scalar ratio of the primordial fluctuations



BBlensing

lensing of EE to BB

r = 0.01, 0.6!1016GeV

BBIGW

TT

EE

r = 0.01, 0.6!1016GeV

CMB polarization



"mν = 0

"mν = 1.5 eV

BBlensing
BBIGW

TT

EE

CMB polarization

Stage IV CMB goal is !("m#) = 0.01eV, 
to resolve mass hierarchy.



"mν = 0

"mν = 1.5 eV

BBlensing
BBIGW

TT

Expected polarized foregrounds 
over best 75% of sky at 90 GHz
Dunkley et al.,  arXiv:0811.3915

CMB polarization



"mν = 0

"mν = 1.5 eV

BBlensing
BBIGW

TT

Expected polarized foregrounds 
over best 3% of southern sky. to 
survey 24/7/52
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Figure 5: Left: A prediction of the level of polarized foreground emission over the full sky at 150 GHz obtained by

combining the WMAP3 K-band polarization maps (extrapolated using an index of −3) and the FDS model 8 (Finkbeiner
et al., 1999) dust map with an assumed polarization fraction of 5%. The outlined region is the selected 600 deg2 field. Right:

Cumulative distributions of power spectra of 600 deg2 regions sampled over the the full sky from the synchrotron and dust

maps mentioned above, with dots marking the location in this distribution of the outlined region at left. Since the power

spectra are found to be rather flat the exact � at which one evaluates this distribution is unimportant. However, parts of the
sky are below the WMAP noise floor artificially compressing the bottom end of the synchrotron distribution.

is a distinct advantage of SPT’s small beamsize, relative to other ongoing CMB polarization efforts. The

beam dipole requirement, for example, requires that differenced detectors be co-located to within about 2��.
This will easily be verified given the high precision of the relative pointing reconstruction of those detectors,

which will be much better than the SPT’s absolute pointing accuracy of 1.5�� rms.
The high angular resolution of SPT-POL will also give excellent characterization of the B-mode lensing

signal. In addition to its intrinsic scientific interest, this measurement will allow the lensing to be “cleaned”

from the gravitational-wave B-mode signal which is important at the r = 0.01 level.
Pointing errors confuse B-modes with the much larger E-modes (E → B leakage). To safely disregard

possible contamination of the B-mode signal at its lowest detectable limit, the pointing error must be less

than the larger of 10−2 of the Gaussian beamwidth, or 1.5�� absolute (Hu et al., 2003). As mentioned above,
SPT’s 1.5�� rms pointing accuracy meets this specification.
4.3.2 Half-wave Plate Polarization Modulation In SPT-POL, the Q and U Stokes parameters are

measured by simultaneously differencing the signals from two bolometers that are sensitive to orthogonal

polarizations in each pixel. This technique gives strong common mode rejection of focal plane temperature

variations, and excellent rejection of the (almost completely unpolarized) atmospheric emission. Pair dif-

ferencing has been proven by the BOOMERANG experiment and more recently with the QUAD and BICEP

experiments.

SPT-POL will add another layer of polarization modulation with a cold stepped half-wave plate located

close to the focal plane. The half-wave plate will be stepped by 22.5 deg after every raster map, so that

four steps give a complete rotation of polarization. The half-wave plate periodically trades the role of the

two bolometers which averages down spurious signals generated by gain or bandpass mismatch between the

two bolometers (including variations on time scales longer than the step time), and the effect of any beam

pattern differences between the two orthogonal antennas in a pixel.

4.3.3 Simple, Well-shielded Optical Design The SPT telescope is a very simple design consisting

of just two mirrors and one low-power lens. This simple design minimizes spurious polarization generation

and distortion. The design obeys the Dragone condition giving zero polarization rotation (crosspol) at the

center of the field. The two mirrors and lens give 0.03% T → P leakage, which can be accounted for with

proper calibration (Sec. 4.5), and optics thermal stability (Sec. 4.3.4).

The SPT-POL telescope is designed to give high rejection of any emission outside the main beam. This

15

CMB polarization



Status of B-mode experiments

Compilation by Cynthia Chiang

100 nK !

DASI (2002)

QUAD

BICEP

BICEP

QUAD

EE: > 2" detections

BB: 95% C.L. limits



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

• 2012: no detections of inflationary or lensing B-modes

• 2013:  r ≲ 0.1 from Inflationary B-modes (BICEP II) ?
• 2013:  Stage II experiments detect lensing B-modes 
• 2013+ Stage II experiments σ(r)≲0.03 

            and σ(Σmν)~0.1 eV from lensing B-modes
• 2016+: Stage III achieve σ(r)≲0.01 & σ(Σmν)~0.05 eV;

  measure lensing B-modes to L ~ 800 with s/n >1;
  allow “delensing” of inflation B-modes

• 2020+:  Stage IV goal to reach r ~ 0.001 (or better?)
            and σ(Σmν) ~ 0.01 eV 

B-modes timeline



Summary
CMB measurements are at the heart of 
cosmology and fundamental physics.

Stage IV CMB experiment is needed. 
It will be extremely challenging, but 
achievable, with 100x or more increase in 
detectors from current Stage II, incredible 
attention to systematics, and 
commensurate increase in computing. 

It is a HEP multilab-scale project!


