Sterile neutrinos and Planck results

SWAPS 2014, Cartigny, 13.06.2014
J. Lesgourgues (EPFL, Lausanne & CERN, Geneva & LAPTh, Annecy)
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Nuclear reactors
(ILL, Bugey, Gosgen...)

Galium detectors
(SAGE and GALLEX)

Short baseline
oscillation experiments
(LSND and MiniBooNE)

Neutrino anomalies

w What do they measure? Estimate of significance

A small deficit in the 2 50? 1309.4146
v, flux from 235U, 238U, e

239py and 241Pu fission. 1101.2755

A small deficit in the v,- 3. 00
flux from >1Cr and 3/Ar .
1006.3244
decay.
Uy = Ve and v, = ve 3.80 + 00 + 3.00
oscillations.

(1007.1150 + ...)
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3+1 analysis in
Kopp et al. 2013

Neutrino anomalies
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Appearance: LSND, MiniBoone, NOMAD, KARMEN, ICARUS, E776
Disappearance: reactor, Gallium, MiniBoone, CDHS, Minos, KARMEN
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Light sterile Neutrino production

.. through active-sterile neutrino oscillations

Large mixing angle leads to same number density as one active neutrino species
(thermalisation)

Density can be suppressed by:

« Small mixing angle (then, no explanation of short baseline oscillations)

» Resonant oscillations related to lepton asymmetry Hannestad et al. 1204.5861
Mirizzi et al. 1303.5368
» Non-standard interactions with dark particles Hannestad et al. 1310.5926

» Low-temperature reheating (if BIGEP)
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Point of view of cosmological observations

TWO independent questions:
 |s there extra radiation on top of photons and standard neutrinos?
* Is part of the radiation content becoming non-relativistic at late times (HDM) ?
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Different observables

 |s there extra radiation on top of photons and standard neutrinos?

 CMB: b it :“" SRERENY N B
. k‘f ‘i\: R A o
peak scale relative to diffusion scale, ‘,f* S * ¢ g Fon O

peak amplitude patterns Dnd

« LSS
BAOQ peak patterns
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Different observables

« Is part of the radiation content becoming non-relativistic at late times (HDM) ?

« LSS
less dark matter fluctuations on small scales
Probed by:
. galaxy correlation
. galaxy cosmic shear
. cluster abundance
. CMB lensing

Lya. forests in quasar spectra

* Primary CMB
depletion from elSW
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First effect. ..

... parametrised by N :

energy density of radiation, besides photons, in early universe,
in units of the density of one standard neutrino family (omitting technical details)

N# > 3 could be due to:

* Neutrino-antineutrino asymmetry

» Extra production of neutrinos after decoupling (e.g. from decay of exotic particle)
. (not seen by LEP since not weakly coupled)

» Any other massless or light relic (thermal axion, gravitinos, dark hidden sector ...)
» Unusually large background of gravity waves

»  Effective dark radiation from modified gravity

- Efc.
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Second effect...

.. parametrised by M, .« (eV):

Energy density of matter behaving as “hot” instead of “cold”, in late universe, divided by appropriate
factor so that M, .« = physical mass if all hot particles have the number density as standard neutrinos

M. . >0 could be due to:

veff

*  Neutrino masses, contributing to at least M, .«> 0.06 eV (NH) or 0.11 eV (IH)
. with masses of O(10-") eV at least (otherwise, undetectable)

» Any other light relic (thermal axion, gravitinos, dark hidden sector ...)

Bounds on M., .+ are model-dependent

(e.g. depends on N, on different ways to split total mass between species with same number density;
either more freedom if species have different number densities...)
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Measuring N

 Ultimately, constraints driven by CMB damping tail
« WMAP+SPT see anomalously low tail: N4> 3 at 2 sigma
 Planck and Planck+BAQO well compatible with standard value at 1 sigma

e S e e

CMB alone (Planck+WP+HighL) . [ W Plancl-+WP-+highl
3 BBN consistency .
Nz =3.36 £ 0.66 (95%CL) M y :
o E - ':'
5~  Aver et al. (2012) .+ P
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Measuring N

 Ultimately, constraints driven by CMB damping tail
« WMAP+SPT see anomalously low tail: N4> 3 at 2 sigma
 Planck and Planck+BAQO well compatible with standard value at 1 sigma
* Planck (+BAO) + HST : enforce higher H,, hence also higher N ¢

CMB alone (Planck+WP+HighL) 10 | Planck+WP+highL ]

+BAO

+Ho
N=3.36 £ 0.66 (95%CL) 08 | ono |
With lensing and BAO: o 06 [

Q
Ngg= 3.30 £0.52 (95%CL) 04T
- 0.2 |
With Hy:
0.0 | !

Ngs=3.63 £0.49 (95%CL) 2.4 3.0 3.6 4.2
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Measuring N

 Ultimately, constraints driven by CMB damping tail
« WMAP+SPT see anomalously low tail: N4> 3 at 2 sigma
 Planck and Planck+BAQO well compatible with standard value at 1 sigma
* Planck (+BAO) + HST : enforce higher H,, hence also higher N ¢
 Planck + BICEPZ : to decrease r tension, also higher N«

CMB alone (Planck+WP+HighL+BICEP2) | |  Plancktwp

Planck+WP+BICEP2
0.32}

N, = 4.00 £ 0.41 (68%CL)

0.241

70.002

0.16f

0.08f

0.00
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Measuring M,

CMB:
 Not observed by Planck (within error bars)!
* Planck + WP alone: M, < 0.66 eV (95% CL)

 adding BAO: M, <0.23 eV Planck XVI paper, 2013

CMB + LSS:
 Contradictions: compatible with M,, < 0.23 eV or pointing at ~0.3-0.4 eV
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Measuring M, .«

Most probably issue with systematics...

5 2x10% | ACDM best-fit of CMB
a
=
p)
e 10tp !
S
2 5000 |
Q::
0.02 ' o5 od 0.2
k [~ Mpc™']
. 'Qt‘
s a7
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Measuring M, .«

Most probably issue with systematics...

o 2x10* | ACDM best-fit of CMB

a

=
M
e 10tp !
=

2 5000 |

R effect of M,

0.02 ' Toos o 0.2
k [~ Mpc™']
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Measuring M,

Most probably issue with systematics...

effect of M,

ACDM best-fit of CMB

M 2x10* |

a
n§

e 10tp
s |

2 5000 |

m:

0.02
&E esa 13.06.2014

0.05 0.1 0.2

Any experiment seeing low
amplitude favors high neutrino
mass but conflicts CMB TT

« CMB lensing,

* (SZ) clusters,

» CFHTLens weak lensing,
» BOSS red.-space dist.

Claims for M, ~0.3eV - 0.8eV
k [h Mpc™']
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Measuring M,

Most probably issue with systematics...

oot | ACDM best-fit of CMB
?.e ol ~th | Any experiment seeing
— : ' high amplitude disfavors
5 | /' G fichamp
2 5000 | - high neutrino mass:
R effect of M, |+ SDSS Ly-a of 2006
0.;)2 . . 0.65 — 011 O:2
k [h Mpc™']
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Measuring M,

Need better data!

Full Planck, full BOSS, eBOSS, DES, LSST, Euclid, Core, 21cm...

T . SO E ATy c)\pcluncﬂf seeing
< 10 SN
= |r '*’:**j\ ‘ 4 j| [ FRRY YT PR ,.“Sfavors
nass
In worst case: minimal M, . = 0.06 eV is within sensitivity of Planck+Euclid 2006)
k [h Mpc™']
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Joint constraints

CMB only (Planck + WP + highL) analysis for 3+1 case:
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Light sterile neutrinos

CMB only (Planck + WP + highL) analysis for 3+1 case:

4.5

Using HO + BAO + clusters + gal.shear

From Hamann & Hasenkamp 13083255
See also Wyman et al. 1307.7715
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Light sterile neutrinos

Motivations: anomalies in short-baseline neutrino oscillation experiments

101_ SRR D T T

. ; 90%, 99%, 99.73% CL, 2 dof |
3+1 analysis in __,_g S, |

I‘..—'
.

Kopp et al. 2013 - R

10752 103 102 101

sin” 26,
Appearance: LSND, MiniBoone, NOMAD, KARMEN, ICARUS, E776
Disappearance: atmospheric, solar, reactor, Gallium, MiniBoone, CDHS, Minos, KARMEN
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Light sterile neutrinos

Motivations: anomalies in short-baseline neutrino oscillation experiments

101_ = UL D T T

- : %. 99%, 99.73% CL, 2 dof |
3+1 analysis in ,,g“’,z.., .
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Kopp et al. 2013 : R

sin” 26,
Appearance: LSND, MiniBoone, NOMAD, KARMEN, ICARUS, E776
Disappearance: reactor, Gallium, MiniBoone, CDHS, Minos, KARMEN
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Conclusions

« No conclusive evidence yet for hot dark matter component or enhanced radiation
density, although a few tensions need to be understood: H, measurements, lensing
spectrum, SZ cluster count

* Full Planck: statement on BICEP2, o(N)~ 0.3, full BOSS BAO measurements

 precise answer expected from cosmic shear surveys: DES, LSST, Euclid...
» Safest output of these experiments
» Importance of tomography

... not talking of next CMB satellite, 21cm surveys, ...
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