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Outline

0) Brief theoretical introduction

1) (Pseudo)scalar neutrino interaction with Planck 2013 data.

2) (Pseudo)scalar interactions with Planck 2015 data.

3) Secret interaction among sterile massive neutrinos.

4) Extend the study to massive neutrinos normal and inverted hierarchy.
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Standard cosmology

ΛCMD parameter

Ωbh2 [Baryon density]

Ωc h2 [Dark matter density]

100Θ [dA to LSS sound horizon]

ns [Scalar spectral index]

τ [Reionization optical depth]

ln(1010As ) [Fluctuation amplitude]
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10σ detection of extra-relativistic content
Believing in the standard model of particle
(SM) The only suitable candidates are
neutrinos.
Massless neutrinos:

ργ + ρν =

(
1 +

7

8

(
4

11

)4/3

Neff

)
ργ ,

CMB (Planck) measure:

Neff = 2.99±0.20 (PlanckTTTEEE+lowP)

Massive neutrinos add another parameter∑
mν .

Planck constraints (PlanckTT)∑
mν < 0.72 eV 95% C.L.
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Non-standard interactions: (Pseudo)scalar

If νs are relativistic, the cross section has
the form:

σνν ∼
g 4

ij

s
'

g 4
ij

T 2
ν

and the scattering rate:

Γνν ∼< σννv > nν ' g 4
ijTν

Interaction rate vs Hubble rate:

Γνν
Hr
∝ T−1

ν ,
Γνν
Hm
∝ T−1/2

ν

Lagrangian

L = hij ν̄iνjφ+ gij ν̄iγ5νjφ+ h.c.

This induces a series of processes mediated
by a massless scalar (hij ) or pseudoscalar
(gij ) boson.
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Non-standard interaction: Fermi-like

It behaves like the standard Weak
interaction:

σx = G 2
x T

2
ν

and the reaction rate is:

Γx = G 2
x T

5
ν

the interaction is turned on at early times:

Γx

Hm
∝ T

7
2
ν ,

Γx

Hr
∝ T 3

ν

Lagrangian

L = gX ν̄iγµ
1

2
(1− γ5)νjX

µ

Processes mediated by a massive vector
boson X .
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Usual parametrization

Usually constrained using 2 parameters cvis and ceff .

δ̇ν = −
4

3
θν −

2

3
ḣ + H(1− 3c2

eff )

(
δν + 4Hθν

θν

k2

)
,

θ̇ν = k2
(

1

4
δν − σν

)
−

k2

4
(1− 3c2

eff )

(
δν + 4Hθν

θν

k2

)
,

2σ̇ν =
8

15
θν −

3

5
kFν3 +

4

15
ḣ +

8

15
η̇ − (1− 3c2

vis)

(
8

15
θν +

4

15
ḣ +

8

15
η̇

)
.

c2
eff and c2

vis = 1/3→ standard free-streaming case

c2
vis = 0→ tight-coupling regime ???

If the initial ` ≥ 2 moments should be non zero, (pseudoscalar int) → c2
vis = 0 does not drive Fν2 to zero.

”Has this parametrization anything to do with particle scattering.” [Oldengott et al.]
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Pseudoscalar interaction between active massless neutrinos

Goals achieved:

Constraints on secret interactions among neutrinos from CMB data

Development of a modified code able to evolve both (pseudo)scalar
and Fermi-like interaction in the massless neutrino sector:

Arbitrary number of massless neutrinos
Interacting matrix with possible off-diagonal components
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Boltzmann formalism (1)

More accurate approach with respect what is done in literature.
Massless Boltzmann equation:

∂Fν
∂τ

+ ikµFν = −2

3
ḣ − 4

2

(
ḣ + 6η̇

)
P2(µ)− aΓFν ,

Interacting hierarchy:

δ̇ν = −4

3
θν −

2

3
ḣ ,

θ̇ν = k2

(
1

4
δν − σν

)
σ̇ν =

4

15
θν −

3

10
kFν3 +

2

15
ḣ +

4

5
η̇ − aΓσν ,

Ḟν` =
k

2`+ 1

[
`Fν(`−1) − (`+ 1)Fν(`+1)

]
− aΓFν` . (` ≥ 3)

We parametrize the interaction using an effective coupling Γ = g 4
effTν .
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[(Pseudo)scalar] Boltzmann formalism (2)
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[(Pseudo)scalar] Results [ΛCDM + geff ] Planck 2013 data

Analysis carried on using CAMB and CosmoMC (Fortran90 pubblic codes)

Constraints ΛCMD +geff :

geff ≤ 1.77 · 10−7 (95%cl)

geff ≤ 1.79 · 10−7 (95%cl)

Constraints ΛCMD +geff + Neff :

geff ≤ 1.64 · 10−7 (95%cl)

geff ≤ 1.74 · 10−7 (95%cl)
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[(Pseudo)scalar] Results [ΛCDM + geff ] Planck 2015 data
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Constraints on geff :

geff ≤ 1.33 · 10−7 (95%cl)

geff ≤ 1.33 · 10−7 (95%cl)

geff ≤ 1.33 · 10−7 (95%cl)

Francesco Forastieri Probing secret interactions in the neutrino sector through CMB observations



Goodness of fit
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Fermi-like interaction among sterile and active neutrinos

Goals achieved:

Constraints on secret interactions among sterile massive neutrinos from CMB
data
Development of a modified code able to evolve (pseudo)scalar and Fermi-like
interaction in the massive neutrino sector.

Arbitrary number of massless and massive neutrinos
Massless and massive eigenstates can be weighted with “personalized”
Neff

Interaction matrix with massive and massless off-diagonal elements
Possibility of chose between normal and inverted hierarchy
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Short Baseline (SBL) anomalies

Short baseline laboratory experiments (SBL) show anomalies that can be fitted by light
sterile neutrinos. (Gallium, MiniBooNE, Reactor, LSND)
light → mνs ∼ O(eV)

[Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001]
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Sterile neutrinos

The immediate interpretation is a light sterile neutrino, however the introduction of an
extra component impacts on Neff depending on the model assumed:

a) Thermal distribution of sterile νs

b) Dodelson-Widrow (depending on a scale factor χs )

Cosmologically speaking we parametrize phenomenologically in this way:

ρν + ρx =
7

8

π2

15
T 4
ν

(
NSM

eff + ∆Neff

)
(2)

Extra degrees of freedom

∆Neff =


(
Ts

Tν

)4

[a]

χs [b]

mass of the sterile

ms =


meff

s

(
Ts

Tν

)3

= meff
s ∆

3
4
Neff [a]

meff
s

χs
=

meff
s

∆Neff
[b]

Compatible with the prediction of the SM, this excludes a possible extra thermalized
neutrino (sterile or active) at 3 and 5σ
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Sterile neutrinos having non-standard interactions

[Hannestad et al., 2013]

Introducing a new secret interaction between sterile neutrinos mediated by a massive boson
having MX < MW± can suppress the thermalization.

Color legend corresponds to ∆Neff .
Solid, dashed, and dot-dashed lines are MX = 300MeV, 200MeV and 100MeV
respectively.

Francesco Forastieri Probing secret interactions in the neutrino sector through CMB observations



Effects on the CMB Anisotropies Power Spectrum

We use CAMB and CosmoMC.
Introducing a collisional term in the Boltzmann equation.

∂Ψi

∂τ
+ i

q(~k · n̂)

ε
Ψi +

d ln f0

d ln q

[
η̇ −

ḣ + 6η̇

2

(
k̂ · n̂

)2
]

= −Γij Ψj ,
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Constraints
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Results (Constraints)

(PlanckTT)
(PlanckTT+BAO)

Broad
Narrow

The red star at
GX = 1.5× 1010GF

and ms = 1 eV is
representative of
the strongly
self-interacting
scenario described
in [X. Chu, et. al
2015]
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Thanks
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Massive interacting cross section
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Theoretical cross sections

In case of pseudoscalar interaction between massive neutrinos:

νν ←→ νν)
dσ

dt
=

g4

32πs2

νj ←→ νj)
dσ

dt
=

g4

32πs2

(
t

s
+

s

t + s
+ 3

)
νν ←→ jj)

dσ

dt
=

g4

32πs2

(
−

1

2

)(
s

t
+

t

t + s
+ 3

)

[νν → νν]

10 1000 105 107
10-37

10-32

10-27

10-22

10-17

z

Γ

[νJ → νJ]

10 1000 105 107
10-36

10-31

10-26

10-21

z

Γ

Francesco Forastieri Probing secret interactions in the neutrino sector through CMB observations


