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Neutrino mass bounds from cosmology

Impact of Σmν on the matter power spectrum:

Image credit: Allison et al. (2015)

Good reviews on neutrino cosmology: Lesgourgues and Pastor (2006).; Lesgourgues et al. (2013); Lattanzi and Gerbino (2017).
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Neutrino mass parameter space

Image credit: Abazajian et al. (CMB Stage 4 Collaboration) (2019).
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What if KATRIN discovers the absolute νe mass?

In that case, how could cosmology
and particle physics be reconciled?
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Σmν for different cosmological models

Σmν is constrained to be ...

Σmν < 120 meV ΛCDM (Planck 2018 CMB + BAO) [1]

Σmν < 120 meV ΛCDM+Neff (Planck 2018 CMB + BAO) [1]

Σmν < 290 meV ΛCDM with w(a) = w0 + wa(1− a)
(Planck 2018 CMB + BAO + SN)

[2]

Σmν < 0.9 eV ΛCDM + ν decays
(Planck 2015 CMB + BAO + SN)

[3]

Σmν < 4.8 eV ΛCDM+mν(z) from supercooled phase
transition in relic neutrino sector
(Planck 2015 CMB + BAO + SN)

[4]

[1] Aghanim et al. (Planck Collaboration) (2018). [2] Choudhury and Hannestad (2020).

[3] Chacko et al. (2019). [4] CSL, LF et al. (2018).
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Question: Origin of Small Neutrino Masses?

Neutrino masses...

I ... are predicted to be zero by the Standard Model (SM).

I ... were experimentally discovered to be nonzero but tiny.

I ... are important for cosmological and astrophysical models.

I ... are among the main motivations for physics beyond the SM!

Image credits: IKEA and Murayama (2018).
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Question: Origin of Small Neutrino Masses?

“Seesaw” mechanisms,
large extra dimensions, ...

Early-Universe Models

Neutrino masses from Higgs
condensate, suppressed by
new high-energy physics.

Small neutrino masses from
gravitational θ-term [5].

Late-Universe Model

Neutrino condensate and
effective masses at new low-

energy gravitational scale.

Image credits: IKEA and Murayama (2018).

[5] Dvali, LF (2016a)
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The Model: Neutrino Condensation

Analogy: quark condensation and effective mass generation in QCD

Non-perturbative topological
vacuum effects in gravity

New low-energy scale ΛG [7]

Assumption: gravitational
θ-term LG ⊃ θGRR̃ [6]

Neutrino condensation at
Tν . ΛG [7] due to gravi-

tational anomaly: 〈ν̄ν〉 6= 0

Late neutrino mass genera-
tion through condensate [5]

Emergence of 1 massive [7]
and 14 massless [5] bosons

[6] Delbourgo, Salam (1972); Eguchi, Freund (1976); Deser, Duff, Isham (1980).

[7] Dvali (2005); Dvali, Jackiw, Pi (2006); Dvali, Folkerts, Franca (2014). [5] Dvali, LF (2016a).
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Constraints: Symmetry Breaking Scale ΛG

Neutrino condensate |〈ν̄ν〉| ∼ scale Λ3
G ∼ temperature T 3

transition

∼ 0.3 eV
Upper bound from SM
and free-streaming [5,8]

∼ 4 meV
Lower bound from

∆mν and gravity [5,9]

⇒ Neutrino vacuum condensate 〈ν̄ν〉 on dark energy scale

[5] Dvali, LF (2016a). [8] Archidiacono, Hannestad (2014) [9] Tanabashi et al. (Particle Data Group) (2018).

Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/] and Patterson (2005).
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Late neutrino masses from a supercooled phase transition

Post-recombination phase transition

I Relic neutrinos massless until late phase transition at Tν . ΛG [5]

I Neutrinos decay and partially annihilate ⇒
∑

i mνi ��. 0.12 eV

⇒ Masses mνe . 1.1 eV still allowed, measurable at KATRIN [11]

I Phase transition can be of first order and thus supercooled:

I Cosmological analysis of a simplified version of this model [12]

[5] Dvali, LF (2016a).

[11] Aker et al. (KATRIN) (2019). [12] CSL, LF et al. (2018).
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Late neutrino masses from a supercooled phase transition

Energy densities of cosmological components in this scenario:
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z

CSL, LF et al. (2018).
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Relaxing the cosmological neutrino mass bound

Constraints from Planck 2015 + BAO + SN:

Σmν < 4.8 eV (95 % C.L.)

ΩΛ = 0.66+0.02
−0.04 (68 % C.L.)

log(as) ≤ −3.6 (95 % C.L.)
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CSL, LF et al. (2018).
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Impact on cosmological tensions

Cosmological tensions are unaffected:

I Ωm-σ8 countours are broadened, but do not overlap more

I Hubble parameter tension is unaffected
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CSL, LF et al. (2018).
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Summary

Assumption: pure gravity contains physical θ-term.

Theoretical consequences:

I Neutrino condensation

I Small effective neutrino
mass generation

I Independent of Higgs or
Seesaw mechanisms

I More details: 1602.03191,
1608.08969, 1905.01264

Cosmological implications:

I Cosmological neutrino
mass bound weakened

I Strong degeneracy with
the dark energy sector
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