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THE CosMIC NEUTRINO BACKGROUND

The presence of a background of relic neutrinos (CvB) is a basic prediction of the
standard cosmological model

Neutrinos are kept in thermal equilibrium with the cosmological plasma by weak
interactions until T~ | MeV (z~ 10'%);

Below T ~ | MeV, neutrino free stream keeping an equilibrium spectrum:

|
T ep/T 1|

fu (P)

Today T, = 1.9 K and n, = | |3 part/cm3 per species

Free parameters: the three masses (but cosmological evolution mostly depends on
their sum)
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THE CosMIC NEUTRINO BACKGROUND

Weak cross section: g ~ GIZ__ T2
Weak interaction rate [ — I’7<0’V> -~ GIZ__ IE
Expansion rate H~ —

mp

Interactions become ineffective when T=T  such that

T 3
1g£~G%T3mp~< )

H MeV

Given this, we can use conservation laws to compute the temperature, density,
etc... of neutrinos at a given time.
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THE CosMIC NEUTRINO BACKGROUND

The ACDM(+v) model assumes:
« only weak and gravitational interactions for v's;
* no sterile neutrinos or other light relics;

» perfect lepton symmetry (zero chemical potential);

* no entropy generation after neutrino decoupling beyond e*e-
annihilation:

* neutrinos are stable:

* in general, there are no interactions that could lead to neutrino
scattering/annihilation/decay
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OBSERVING THE CNuB

Energy density in units

tef et =23 of “standard” neutrino
; Q\ Nt = 2.75 ] :
16} Nyit = 3.046 density
“Q Ngg = 3.25 (thermally distributed
033* 1.4} Ngis = 3.5 - with T=1.9 K)
© | :
cﬁ 12- \\\/
N \/
Ei 1.0t
T ‘%\ ]
@ 08[ A \\ -_ Planck 2018 + BAO:
N Prad = Nt Neff = 2.99+/- 0.17
o4 . . . . . . . . . . . . (note | am showing ~ I*C,, not I2C)
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¢
Due to non-instantaneous decoupling, the standard expectation is N _¢ = 3.046

(updated calculation gives N 4 = 3.045; see de Salas & Pastor 2016)
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OBSERVING THE CNuB

VP Energy density in units
19 et =25 of “standard” neutrino
Playing the devil’'s advocate: Net = 2.75 ] dens
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az are we really seeing Ng = 3.25 | (thermally distributed
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Due to non-instantaneous decoupling, the standard expectation is N _¢ = 3.046
(updated calculation gives N 4 = 3.045; see de Salas & Pastor 2016)
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WHY v NON-STANDARD INTERACTIONS?

- Why not? nuNSI are grounded in particle physics models and

might be related to neutrino mass generation (e.g. Majoron
models)

- Why not (I1)? Relic v's are extremely difficult to detect directly. It
IS a good idea to test their properties.

- Might help in explaining observed tensions....

M. LATTANZI ANL-HEP SEMINAR, JULY 15TH, 2020



OUTLINE OF THE TALK

 INTRODUCTION

* NON-STANDARD INTERACTIONS IN THE ACTIVE
NEUTRINO SECTOR

 NON-STANDARD INTERACTIONS IN THE STERILE
NEUTRINO SECTOR

M. LATTANZI ANL-HEP SEMINAR, JULY 15TH, 2020



COSMOLOGICAL PHENOMENOLOGY OF vNSI

Collisional processes affect the perturbation evolution of relic neutrinos

ER Y

-———— oq

gt g
Two limiting regimes: (OV) ~ =~ 2
Light mediator (M, << T)
g ) 2 12
Heavy mediator (M, >> T) (ov) ~ M—Q‘,E ~ GyT \
2
Gq) = —F
Mg
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CosMO PHENOMENOLOGY OF vNSI: LIGHT MEDIATOR

Collisional processes can suppress stress and affect the perturbation evolution of cosmological
neutrinos

4 4
In the UR limit: O ~ g_ ~ g_
s T2

y\/y 1Y v
|
4
& -T T . , N | ¢
| 0 e.g., in simple majoron models: 0 = S5 ?
v 14

327

L 4
I Fyy — <0binv>neq X g T,
H grows as T? (RD) and T%2 (MD) so the ratio I'/H increases with time. Neutrinos recouple at low

temperatures! In the following | write generically

4
g-  3¢B3)
FVV:(...)XEX 27_‘_2 szggﬁx

3¢(3)
272

1,
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CosMO PHENOMENOLOGY OF vNSI: LIGHT MEDIATOR

Redshift 1+z
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CosMO PHENOMENOLOGY OF VNSI: HEAVY MEDIATOR
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COSMOLOGICAL PHENOMENOLOGY OF vNSI

Neutrino free-streaming affects photon perturbations in two ways (Bashinsky &
Seljak 2004):

- by “pulling” ahead photon-baryon wavefronts: this imprints a phase shift in the
CMB power spectra

- by making gravitational potentials decay away more rapidly: this suppresses
the amplitude of the spectrum

Both effects happen at the time the perturbation enters the horizon, and are
relevant during the RD era
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vNSI AND CMB ANISOTROPIES: LIGHT MEDIATOR

2.0x10°
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(Forastieri, ML, Natoli, 2015, 2019; see also Archidiadono,
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vNSI AND CMB ANISOTROPIES: LIGHT MEDIATOR
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vNSI AND CMB ANISOTROPIES: LIGHT MEDIATOR

POWER SPECTRUM OF THE CMB LENSING POTENTIAL
15x107F R o

1.x107"

Lensing potential estimated from
the four-point correlation function

5.x1078
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Larger interactions suppress
free-streaming - More lensing
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Data points are from
Planck 2015
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vNSI| AND PLANCK 2015: LIGHT MEDIATOR

Planck TT(TEEE) +lowP+lensing
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cosmology
g;<2x 107
(mass basis)

PROBES OF vNSI
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Supernovae: g;; <

(medium basis)

3% 107 or g > 2x 10°
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vNSI| AND CMB ANISOTROPIES: HEAVY MEDIATOR
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vNSI| AND CMB ANISOTROPIES: HEAVY MEDIATOR
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vNSI| CONSTRAINTS: HEAVY MEDIATOR

»Gog < 1.4 x 102GeV 2

Get = (2.5708) x 10%CeV 2

k Planck TTTEEE

T . . PlanckTT+lens+BAO
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2
logo(Gest MeV?) Preference for a “strong-interacting” mode emerges

Kreisch, Cyr Racine & Dore 2019 from some data combinations
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vNSI: A WAY TO ALLEVIATE
THE HUBBLE TENSION?
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vNSI: A WAY TO ALLEVIATE THE HUBBLE TENSION?

==== MIl: CMB+BAO ==== MI1l: CMB4+BAO+HST
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CROSS-CHECK SCENARIO LIGHT STERILE NEUTRINO

95%, 99% CL
1012 dof
All R I
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Dentler+,2018 | Ue4|2

Possible solution(s)
to anomalies:
existence of a light sterile neutrino
with non-negligible mixing
with electronic nu

N
Vol = ZUakaL (a=-e,u, 1),

k=1

N
ZU(P""S)’“VICL (SZ 1,...,

k=1

(VSR)C: N8)7

Martina Gerbino

ANL-HEP Seminar, 8Jul2020
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CROSS-CHECK SCENARIO: LIGHT STERILE NEUTRINO

167 '1)\']5\%1"1:1\ g I \
C\;\ 0.8 1 o ':'; 0.8 {
‘5 0 m qs 01 /
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Cosmology robustly exclude | - cosmological upper limit (95%)
region of large sterile mass and Parameter - experimental wpper Bt 5% p o amy) Pny) P(AmE,)
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in LCDM extensions o0 Vel ' oo e
log1o |Upul 2.2 (1) —3.17 355  —4.16
log o |Ural? —0.8 (1) —3.18 -3.55  —4.19
Light sterile solution to anomalies
hard to accommodate Hagstotz+(incl.MG),2020

Martina Gerbino X ANL-HEP Seminar, 8Jul2020
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vNSI| AND SBL ANOMALIES

A possible solution:

new (“secret”) neutrino interactions in
the sterile sector can prevent
production in the early Universe

1
L= QXDS’YM§ (1 —s5) v XH

1.4

—Gx = 10GF
12l = -Gx =102Gp
' Gx =10°Gp
------ Gx =10'Gp

Hannestad et al. 2014; Dasgupta & Kopp 2014;

Bringmann et al 2014; Saviano et al 2014; Mirizzi
2 o et al 2015; Chu,Dasgupta,Kopp 2015; Chu et al.
2018
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vNSI| AND SBL ANOMALIES

MSW effect

Mixing angle in matter is changed
due to the effect of neutrino —
matter (usually electrons) scattering

In ordinary matter (i.e., weak interactions)

Am? cos 20
Nyres —
2E\V2G g

For secret vector interactions, G 2 Gy

Active-sterile oscillations are suppressed by the
sterile own matter potential (“quantum zeno
effect”)

sin 26,

1.0}

0.8f

0.6f

0.4+

0.2+

0.0t

Resonance
for n~n

Mixing angle in matter
goes to 0 at large
matter densities
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vNSI| AND SBL ANOMALIES

For g.> 102 and My < 10 MeV, it is still possible to copiusly produce
neutrinos at low (T<| MeV) temperatures, through an interplay between
vacuum oscillations and collisions (“scattering-induced decoherence”)

(Saviano et al 2014; Mirizzi et al 2015;)
Relaxation rate to chemical equilibrium:

109 F T T
0 - 3
< 10'8F
th<P(ya_)yS)>COHFX° \%f;;
) ; E —“——’—‘______——"" :
Nur.n.ber Fons.ervatlon and flavour é 3 s e
equilibration imply 9 107~ sec mat ...
e -2
_ _ o sec coll -----
ns,after - na,after = 3/4 na,before re 10 - .
< 1o  EGx=10°Gr, M=1.2 MeV
Then collisions lead to 1073 1072 107" 1
thermalization and Ty (MeV)
3 1/3 3 4/3
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vNSI| AND SBL ANOMALIES

ACDM (N_=2.7) + m, + Gy o
P/ Py
Gy < 2.8 (1.97) x 10'° G,
m, < 0.82 (0.29) eV
H,=62.6 +/- |.8 km/s/Mpc
(65.3 +/- 0.7)
(Gy > 108is always assumed) \ X

0.9

Planck TT+lowP
+ BAO

ms [eV]

The mass constraint is still there! e

0.3

Forastieri+ (incl ML) 2017 I 075 05 025 25107 4100
P/ Py Gx/GF
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vNSI| AND SBL ANOMALIES

Excluded region from Forastieri+ (incl ML) 2017 vae>vs Recoupling (T ini=T))
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: ) : S r S r |
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erase the neutrino mass bound) then they should = 106 r"‘* o 4 °y; \/3
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")) | ! :
_ _ & 1078 - ~ 1
In the end, you violate either the mass or the = W T > 1 MeV 1
) ] - rec > )
interaction strength bound. g 10-101 SR SOOI :
Q) }
n * 1
10—12 L 1

1072 1072 107" 10° 10" 10* 10°
Secret mediator mass M [MeV |
Plot from Chu et al. 2018
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VNSI AND SBL ANOMALIES (AND HO AGAIN!)

Another possibility: couple the sterile neutrino
to a light pseudoscalar (Archidiacono et al.
2015, 2016, 2020)

- Lack of free-streaming in the sterile-
pseudoscalar fluid;

- Annihilation of steriles to pseudoscalars
when T<m,

This yields a good fit to the combined CMB +
HST data, but a poor fit to CMB alone.

Moreover, high-ell polarization excludes most
of the parameters space for mg allowed by
SBL anomalies

—  Pgeudoscalar
- == Vanilla

""" Thermal

Hy [km /s/Mpc]
Uses Planck2018 TTTEEE data
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SUMMARY

« Cosmological observations are in good agreement with the standard
picture of the evolution of the neutrino background;

« the precision of the available data allows to test non-standard
scenarios with high accuracy;,

« the strength of neutrino interactions mediated by a light particle is
constrained by CMB observations at the 107 level (z,. < 4000 from
PlanckTT+lowP+lensing)...

« ...while, for a heavy mediator, G < 102 GeV-2.

« Use of non-standard interactions in the active and/or sterile sector to
erase or alleviate tensions (e.g. HO, SBL anomalies) seems
problematic
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BACKUP SLIDES
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Universal couplin
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Blinov et al., 2019
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SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

k=0.005 Mpc "
‘ -

k=0.005 Mpc "
v T

0.15

— Yu=0
L5H = 4, =12x107"
----- ¥,,=2x107"

0.10}
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Y 0.00
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Higher order momenta are driven to zero by the collisions
flucuations are confined to the monopole and dipole
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Adapted from Freedman2017 r"""":‘l"""j
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