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The 20 foot Horn-Reflector 

Past Experiments
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ic errors stem from inaccurate knowledge of
the wall radiation in the horn antenna and cold
load. The error quoted for THI, (see Table I)
is the estimated limit of error as a result of
uncertainties in the wall heating experiments
mentioned above. The estimated limits of er-
ror in TCL are based upon bench measurements
of the cold-load wall losses at room temper-
ature and at 77'K, and upon wall heating exper-
iments similar to those employed to measure
THL
The result of this experiment is shown in

Fig. 2 along with the results of Penzias and
Wilson. ' lt is seen that the measurements to
date of the microwave background are consis-
tent with a cosmic black-body radiation tem-
perature of 3'K. Also, the brightness of the
microwave background is about 100 times great-
er than that expected by extrapolating long-wave-
length measurements' of the galactic and ex-
tragalactic background. On the basis of the
measurements at 7.35- and 3.2-cm wavelength,
the spectral index (brightness = constx &+) of
the microwave background is found to be -2.4- e - -1.4. This should be compared with e
= -2.0 for black-body radiation in this wavelength
range, and with 0.5 ~ e ~ 1.0 for most nonther-
mal radio sources. '~' Thus the results of mea-
surements of the microwave background at wave-
lengths of 7.35 and 3.2 cm lend support to the
cosmic black-body radiation hypothesis and,
at the very least, indicate a new source of cos-
mic microwaves.
The proposed cosmic black-body radiation

is expected to be isotropic, and so TBG was
measured with the antenna pointing in various
directions along the +40' celestial parallel (see
column 3 in Table I). The results indicate that
TBG is the same in these directions to within
+10'%%uo. Isotropy measurements are continuing
at Princeton.
We would like to acknowledge many valuable

discussions with R. H. Dicke and P. J. E. Pee-
bles concerning the experimental and theoret-
ical aspects of this work.
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FIG. 2. Measurements to date of the microwave
background radiation. The galactic radio background is
extrapolated with a spectral index of n =0.5. This
figure due to P. J. E. Peebles.
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Past Experiments



Past Experiments

Measurements of the CMB have taught us a great deal 
about the early universe

• Hot big bang

• Age and composition of the universe

• Adiabatic, nearly scale invariant, 
Gaussian perturbations

• Non-baryonic dark matter

• ...



Past Experiments

Primary temperature anisotropies have been measured 
as well as possible, and we are entering a new era that 
will explore

• Polarization of the CMB

• Secondary anisotropies in 
temperature and polarization

• Frequency spectrum of the CMB



WMAP
50 deg2

Past Experiments



Planck
50 deg2

2x finer angular 
resolution
7x deeper 

Past Experiments



Ground based 
high resolution
50 deg2

13x finer angular 
resolution
50x deeper 

Past Experiments



Current Experiments

ACTPol/
AdvACT

ABS
SPIDERBICEP/Keck

SPTPol/SPT3G

POLARBEAR/
Simons Array

EBEX

Stage III: now-2020

CLASS



Stage III.5: soon-2020

Future Experiments



Stage IV: 2020-2030

Potentially Space Missions

LiteBIRD, CMB Probe?

Future Experiments



March 2016 Collaboration Workshop
LBNL

September 2016 Collaboration Workshop
University of Chicago

September 2015 Collaboration Workshop
University of Michigan

March 2017 Collaboration Workshop
SLAC

Joint effort of entire US CMB community 

CMB-S4

CMB-S4 Science Book (http://www.cmbs4.org)

August 2017 Collaboration Workshop
Harvard University

http://www.cmbs4.org
http://www.cmbs4.org


CDTMembers

CDT

Julian Borrill LBNL
John Carlstrom Chicago
Tom Crawford Chicago
Mark Devlin Penn
Jo Dunkley Princeton
Raphael Flauger UCSD
Brenna Flaugher FNAL
Shaul Hanany U Minnesota
Kent Irwin Stanford/SLAC
Bill Jones Princeton
Brian Keating UCSD
John Kovac Harvard
Akito Kusaka LBNL
Charles Lawrence (Chair) JPL
Adrian Lee Berkeley/LBNL
Jeff McMahon Michigan
Mike Niemack Cornell
Steve Padin Chicago
Clem Pryke Minnesota
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Ed Wollack GSFC

Contacts: Kathy Turner DOE
Rich Barvainis NSF
Brian Keating AAAC

Advisory Board: Lloyd Knox UCD
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Lyman Page Princeton
John Ruhl CWR
Martin White Berkeley

CMB-S4 CDT Progress Report Lawrence—3 AAAC, 22 June 2017

CDT



• Primordial gravitational waves

• Light relics

CMB-S4 Science Goals

Driving the design

Free science

• Neutrino mass measurement

• Measurement of evolution of cosmic structure

• ...



• Detect primordial gravitational waves or place 
an upper limit                  at 95%CL 

• Measure       with a precision of 

• Determine the sum of neutrino masses at          
even for the minimum value allowed for the 
normal hierarchy (58 meV) 

The science goals most relevant to the high 
energy community are

r < 0.001

≥ 2σ

σ(Neff) ≈ 0.03Neff

CMB-S4 Science Goals



CMB-S4

CMB-S4 will be a single experiment and 
collaboration at two sites (South pole and Atacama)

• deep survey on small patch (or patches) for 
primordial B-mode search

• wide survey for measurement of effective 
number of relativistic degrees of freedom, 
neutrino mass, growth of structure, ...



Primordial B-modes

• Seemingly straightforward because at linear order 
scalar perturbations do not generate B-modes.

• However, weak gravitational lensing of the CMB by 
intervening matter converts E- to B-modes

• Galactic foregrounds generate B-modes
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Primordial B-modes

We cannot avoid foregrounds 
anywhere in the sky at any frequency



The challenge is to use maps with auto-spectra shown 
below to tell the difference between (r=0)...

Primordial B-modes
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Primordial B-modes
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Lensing B-modes can be partially removed through precise 
measurements of the lensing potential and E-modes

lensing/10

Primordial B-modes
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lensing/10

Primordial B-modes
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Models based on MHD simulations

• assume constant dust-to-gas ratio 
to include dust (not necessary)

• assume energy spectrum of 
electrons to include synchrotron

Primordial B-modes



Models based on MHD simulations

• Correctly reproduce E/B ratio, TE 
correlations, scale dependence
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Primordial B-modes

Foreground cleaned spectrum and foreground residuals 
from simulation

dust residuals

synchrotron residuals

CMB+FG residuals

AME residuals
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Detection significance for r=0.003 (after 4 years)                    
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95% CL upper limits
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Primordial B-modes

CMB-S4 would detect r=0.01 at high significance

CMB-S4 Science Book (http://www.cmbs4.org)

http://www.cmbs4.org
http://www.cmbs4.org


Primordial B-modes

Even an upper limit from CMB-S4 is interesting

V (φ) = µ4−2pφ2p

V (φ) = V0 exp

�
−
�
φ

Λ

� 2p
p−1

�

If the inflationary model naturally explains the 
observed value of the spectral index, i.e.

ns(N )− 1 = −p+ 1

N
then the inflationary part of the potential is either

or

The characteristic scale in latter case is M = Λ
|1− p|

p

(p �= 1)



An upper limit with CMB-S4 would disfavor all models 
of inflation that naturally explain    with super-Planckian 
characteristic scale  

p
BK14/Planck 

CMB-S4 

0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 0.995 1.00
3 10-4

0.001

0.003

0.01

0.03

0.1

ns

×

r N  = 57  *M = 5M  P
M = 2M  P N  = 57  *

N  = 57  *
N  = 57  *

M = 1M  P
M = M  /2 P

N  = 50  *

N  = 57  *
R 2

Higgs 

47< N  < 57  *

Primordial B-modes
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Light Relic

Particle that is stable on cosmological time scales 
and light enough to be relativistic at recombination

Light Relics

Defined so that              for a fermion that decouples 
just before electron-positron freeze-out. 

ρrad =
π2k4B
15�3c3

�
1 +

7

8

�
4

11

�4/3

Neff

�
T 4
γ

Contribute to the energy density in radiation

Neff = 1



Light Relic

Light Relics

                    in the Standard Model 

QED corrections and the fact that neutrinos are not 
fully decoupled when electrons and positrons 
annihilate imply

Neff = 3.045

Neff = 1.015

for each flavor of active neutrinos

Current constraint (from Planck)

Neff = 3.15± 0.23



Light Relics

The earlier particles decouple, the smaller their 
contribution to       , so one may think of bounds on 
       as bounds on the decoupling temperature

Neff

Neff

Planck:     Td > 80MeV

Stage 3: Td > 180MeV

σ(Neff) ≈ 0.03

σ(Neff) ≈ 0.06

σ(Neff) ≈ 0.2

CMB-S4: Td > 800MeV

(bounds on spin-0 particles)

CMB-S4 has the potential to exclude spin-1 relics even if 

they decoupled right after reheating, spin-1/2 to 80 GeV.



Light Relics

These numbers assume only standard model and light 
relics are relevant.

• Decay of moduli 

• Weakly coupled particles produced through 
kinetic mixing

• any departure from the standard thermal history

Affected if additional states annihilate into standard 
model particles after decoupling, but this is highly 
constrained by LHC.

Additionally constrains



Conclusions

• Cosmological observations allow us to test our 
ideas about the early universe

• Many experiments are already taking data, many will 
soon come online and will constrain light relics, 
neutrinos, dark matter, ...

• The next decade or two will be eventful and should 
provide us with a much better understanding of the 
early universe.



Thank you


