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Neutrinos and Phase Shift



Neutrinos

42% of radiation density in the universe

> leave gravitational imprint
> can detect their energy density

Observable: “effective number of neutrinos” N3 = 3.046
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Free-Streaming Neutrinos

Standard Model neutrinos are free-streaming — can we detect this?

Introduce parametrisation:

Neg Nauida
Y \4
free-streaming radiation density non-free-streaming radiation density

Damping tail of CMB power spectrum:
2> only sensitive to background energy density: Neg + Nauid

Data now precise enough to be sensitive to neutrino perturbations:

0y — 2V?6, v2<1>+
/

) -
sound waves

> discriminating between Neg and Nguiq possible!




Phase Shift
Neg has more subtle effect: phase shift A¢ ~ 5.0 x ANqg
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Phase Shift

Neutrino imprint in phase shift recently detected in Planck data:
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Planck Constraints

marginalised over

. helium fraction
includes

polarisation
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Experimental Sensitivity [uK]

CMB Stage IV

CMB-S1
102 detectors

10—2_ ,,,,,,,,,,,,,,,,,,,, N ,,,,,,,,,,,,,,,,,,,, . _:

\
1073 I SO 10% detectors Lo \\ ________________
- : : CMB-S3 “. : ]
: 10* detectors SS \ :
? ' v
: \
E CMB-54 '«
10° detectors N o -
10_4 e .........................................................
! ! | | |
2000 2005 2010 2015 2020
Year

Abazajian et al.



CMB Stage IV Forecast
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Future Constraints on Axion Couplings



Motivation for Extra Light Species

Spontaneously broken global symmetries lead to massless Goldstone
bosons.

If symmetries are approximate: extra naturally light particles.



Couplings to the Standard Model

Additional particles interact with the Standard Model:
Oy Osm

AA
w

symmetry breaking scale

Can bring particles into thermal equilibrium

When interaction rate drops below Hubble rate, particle
decouples from Standard Model with freeze-out temperature Tr:

I'A,Tr) ~ H(TF)



Thermal Relics
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Constraints on Axions

L= -2 F,, F" — 206 1{G,, ")

Assume: no detection with CMB Stage IV
> Axion was never in thermal equilibrium
2> Production rate must be smaller than Hubble rate at reheating:
['(ggsm, Tr) S H(TR)
> Production rate depends on couplings to the Standard Model
2> Strong constraints:

Joy < 3.0x 1071 GevV ! (

Jog < 1.9 x 1071 GeV ™! <

Baumann, Green & BW (in preparation)



Axion Coupling to Photons
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Axion Coupling to Photons
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Axion Coupling to Gluons
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Axion Coupling to Gluons
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Conclusions

e Constraint on Neg now driven by phase shift.

e Constraint on free-streaming nature of neutrinos:
first time with Planck, improvement with CMB Stage V.

e Important theoretical threshold: AN.g = 0.027.

e Reachable by CMB Stage IV:

> either: find new particle,

> or: put strong constraints on couplings to Standard Model.
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