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1 Light sterile neutrinos
= Why a sterile neutrino
= Cosmological constraints



M Neutrino Oscillations
.. . [Pontecorvo, 1958]
Analogous to CKM mixing for quarks: [Maki, Nakagawa, Sakata, 1962]

3
= Z Uaka (Oé = e,[l,,T)
k=1

vq flavour eigenstates, Uyx PMNS mixing matrix, v, mass eigenstates.

Current knowledge of the 3 active v mixing: [de Salas et al. (2018)]]

Am =m?— m , B mixing angles

NO Normal Ordermg, m; < my < m3
10: Inverted Ordering, m3 < m1 < my

Am3, = (7.5573%) 1075 eV? ETTTIETTTTTEYT ;
|Am3;| = (250+0.03)- 1072 eV? (NO) - f
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sin’(12) = 0.32070.07 Lo b i
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M Neutrino Oscillations
Analogous to CKM mixing for quarks:

[Pontecorvo, 1958]
[Maki, Nakagawa, Sakata, 1962]

3
= Z Uaka (Oé = e,[l,,T)
k=1

vq flavour eigenstates, Uyx PMNS mixing matrix, v, mass eigenstates.

Current knowledge of the 3 active v mixing: [de Salas et al. (2018)]]
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Am2 = m: — ms, 0 mixing angles
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10: Inverted Ordering, ms3 < m < mz
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http://globalfit.astroparticles.es

M Recent results. . .

[NEOS, PRL 118 (2017) 121802]
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[DANSS, arxiv:1804.04046]
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first model independent
indications in favor
of SBL oscillations

DANSS alone gives a
Ax? ~ 13 in favor of
a light sterile neutrino!



M Recent results. . .
[MiniBooNE, arxiv:1805.12028]
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B Recent results. . .

[MiniBooNE, arxiv:1805.12028]
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M Recent results. ..
[MiniBooNE, arxiv:1805.12028]
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. 3+1 Neutrino |\/|Od€| 10 [SG et al., JHEP 06 (2017) 135]
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. 3+1 Neutrino |\/|Od€| o [SG et al., in preparation (2018)]
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. 3+1 Neutrino MOdeI o [SG et al., in preparation (2018)]
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M LSy thermalization

Using SBL best-fit parameters for the LSy (Am3Z, 6s):

[Hannestad et al., JCAP 07 (2012) 025]

log (18m’l [eV"])

—4 -3.5 -3 2.5 -2 -15
s 2
logw(sm 295)

(colors coding ANeg)

0.8

0.6

0.4

0.2

Neff
3.5

[Mirizzi et al., PRD 86 (2012) 053009]
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(L: lepton asymmetry)

Unless L > O(1073), AN, =~ 1J

See also: [Saviano et al., PRD 87 (2013) 073006], [Hannestad et al., JCAP 08 (2015) 019]

[to be precise: AN is slightly smaller at CMB decoupling, when the LSv starts to be non-relativistic]




B LSy constraints from cosmology

CMB-local: [Planck Collaboration, 2015]
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[Archidiacono et al., JCAP 08 (2016) 067]
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dataset [ms < 10 eV] ANeg =1
(TT) New <35 ms < 0.66 &V
(+Ho) Neg < 3.9 ms < 0.55 eV
(+BAO) Neg < 3.8 ms < 0.53 eV

BBN constraints: Neg = 2.90 + 0.22 (BBI\H— Yp) [Peimbert et al., 2016]

Summary: ANgg = 1 from LSy incompatible with mg ~ 1 eV!J

TT=Planck 2015 TT + lowTEB

All the constraints are at 20 CL



M Incomplete Thermalization

Active-sterile oscillations in the early Universe:

mixing parameters from SBL data = AN.g ~ 1
[Hannestad et al., 2012] [Mirizzi et al., 2012]

Many probes constrain AN.g < 1. Do we need
® a mechanism to suppress oscillations and full thermalization of vs?
= to compensate ANg = 1 with additional mechanisms in Cosmology?

Some ideas (an incomplete list!):
= large lepton asymmetry [Foot et al., 1995; Mirizzi et al., 2012; many more]

® new neutrino interactions [Bento et al., 2001; Dasgupta et al., 2014;
Hannestad et al., 2014; Saviano et al., 2014; Archidiacono et al. 2016; many more]

= entropy production after neutrino decoupling [Ho et al., 2013]

= very low reheating temperature [Gelmini et al., 2004; Smirnov et al., 2006]

" time varying dark energy components [Giusarma et al., 2012]

= larger expansion rate at the time of vs production [Rehagen et al., 2014]



M Solving both og and H, Tension?

W Planck TT+lowP

P00 +lensing

dashed: local measurements

I +lensing+BAO

. ACDM

[Planck Collaboration, 2015]
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Ho increases = og increases (and viceversa)!
The correlations do not help.




2 Thermal axions
= Motivation and theory
= Cosmological constraints



M The Strong CP problem
[CP violation is permitted in QCD}

/
effective periodic strong

CP-violating term ©

© is an input of the SM

[must be measured, cannot be predicted
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B The Strong CP problem
[CP violation is permitted in QCD}

/
effective periodic strong

CP-violating term ©

© is an input of the SM + electroweak interaction

[must be measured, cannot be predicted I

potentially large electric dipole moment of the neutron

(Why so small (or zero), if it can be between 0 and 277?}
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B The Strong CP problem
[CP violation is permitted in QCD}

/
effective periodic strong

CP-violating term ©

© is an input of the SM + electroweak interaction

[must be measured, cannot be predicted I

potentially larqe electric dipole moment of the neutron

[Peccei&Quinn, Possible solution: © is a field, corresponding to
1977] a new spontaneously broken symmetry U(1)pq




I Axions during the expansion - |

l Axions from U(l)PQ]

/

PQ SSB at T ~ fpg V() = M8 — f20/2)?
the axion is related to ©: aftei PQ SSB,
a = (fpe/N)© © = arg(¢) undetermined

mg pion mass

fr=93 MeV pion decay constant

N color anomaly of the PQ symmetry

R = 0.553 & 0.043 up-to-down quark masses ratio

PQ SSB = spontaneous symmetry breaking of PQ symmetry



I Axions during the expansion - |

‘ Axions from U(l)PQJ

/

PQ SSB at T ~ fpg V() = M8 — f20/2)?
the axion is related to ©: aftei PQ SSB,
a = (fpe/N)© © = arg(¢) undetermined
axion is massless for T > Agcp + low T axion mass from
QCD instanton effects
J —
axion is massless for

frq 2 T Z Nqcp

mg pion mass

fr=93 MeV pion decay constant

N color anomaly of the PQ symmetry

R = 0.553 & 0.043 up-to-down quark masses ratio

PQ SSB = spontaneous symmetry breaking of PQ symmetry

_ femgz VR _ 107GeV
m, = —ﬂ—ﬂfpo TR = 0.6 eV—pr




.AXionS during the eXpanSion I [Archidiacono et al., JCAP 05 (2015) 050]

[Note: axion couplings o 1/fpg o< m,

\

[ lighter axions interact less! ]

[Axion production?]
depends on interactions —»[ thermal processes J

non-thermal processes

— T~

misalignment ] { decay of axionic string I

see also: [D. Marsh, Phys.Rept. 643 (2016) 1-79]




.AXionS during the eXpanSion I [Archidiacono et al., JCAP 05 (2015) 050]

[Note: axion couplings o 1/fpg o ma}

lighter axions interact less! ]

ma[eV] [
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i / 0

drop when Tg =~ Agcp

(less efficient interac-
tions with unconfined
quarks and gluons
+ entropy dilution)

palkeV/em®]

Axion rapidly
decays a — 2v
and disappears

fa[GeV]




Thermal production a singly other processes:
produced Q+7— Q+a
[thermalprocess7r+7r—>7r+a N+m— N+a
S I
decoupling Tp(fpg) from
relativistic at production upling Tp(frq)

I(Tp) = H(Tp) (numerically)
\—{hot dark matter} |

d.o.f. at decoupling g.s(Tp)
same order of n., n,
r’ Y
axion number density
_ g*S(TO) n T
na(fe@) = gty X 7 {A"’eff =3
7 .
. 0.45 ¢
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° 0.35¢
wa = Q.h% x man, o m,/g.s(Tp) Z 030,
0.25
020t . . ]
[hot: cannot be total DM!] 2 4 6 8 10
m,[eV]
Q quarks, N nucleons . 5
To CMB temperature today [calculatlons valid for m, = 0.1 eV}
n., (1) number density of photons (neutrinos)
S. Gariazzo

“Dark radiation candidates: light sterile neutrinos and thermal axions” Ferrara, 27/06/2018 11/14



M Constraints - |

[di Valentino et al., PLB 752 (2016) 182]

I
Planck

Planck + lensing
Planck + WL
Planck + BAO

Planck + BAO + HST + SZ

thermal axion behavior is
similar to massive neutrinos

|

degeneracy
Z my, — my

but different contri-
butions to AN.g

(ANgf 5 depends on m,)

|

not complete degeneracy

Stronger constraint:
m, < 0.529 eV (95%)




. Constraints -l [Di Valentino et al., PRD 91 (2015) 123505]
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see also [Joudaki et al., 1610.04606] On O'ﬁ tension



. Constraints -l [Di Valentino et al., PRD 91 (2015) 123505]
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- Constraints - | [Di Valentino et al., PRD 91 (2015) 123505]
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[Archidiacono et al., JCAP 10 (2013) 020] l
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see also [Joudaki et al., 1610.04606] On Uﬁ tension m, [eV]
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M Conclusions

Is there a light sterile neutrino?
Not completely clear.

If yes, problems in early universe!
More new physics to be discovered?

What about the strong CP problem?
Is there an axion?
2 If yes, study it using CMB data!
DM may be thermal + non-
thermal axions/axion-like particles

Dark radiation cannot really solve
the Hy and og tensions. . .
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Is there an axion?
2 If yes, study it using CMB data!
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thermal axions/axion-like particles

Dark radiation cannot really solve
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‘Thank you for the attention!
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