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» Small effective neutrino mass generation through
non-perturbative coupling to neutrino condensate.

» Coupling analogous to 't Hooft vertex in QCD [8].

» Effective potential allows for neutrino mass hierarchy:
V(X)=>, %c,, Tr[(X*X)"] with X$F = (Do, Vag)
— 0V /0x; = 0 determines X = diag(x1, X2, X3).

» Mechanism works for Dirac and Majorana masses.

[8] 't Hooft (1986).



Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp



Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp

Ne




Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp

Ne




Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp

NG

N

Upper bound from

~0.3eV SM and cosmology [9]

[9] Archidiacono, Hannestad (2014).
Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/]



Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp

NG
Upper bound from
~03eV ‘ SM and cosmology [9].
] . normal
Lower bound from E"
~ 4 meV Am, and gravity [10]. 4 o—

[9] Archidiacono, Hannestad (2014). [10] Tanabashi et al. (Particle Data Group) (2018).
Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/] and Patterson (2005).



Constraints: Symmetry Breaking Scale Ag

Neutrino condensate |(v)| ~ scale A% ~ temperature T2gp

NG
Upper bound from
~03eV ‘ SM and cosmology [9].
] . normal
Lower bound from E"
~ 4 meV Am, and gravity [10]. 4 o—

— Neutrino vacuum condensate (Dv) on dark energy scale

[9] Archidiacono, Hannestad (2014). [10] Tanabashi et al. (Particle Data Group) (2018).
Image credits: NASA / WMAP Science Team [http://map.gsfc.nasa.gov/] and Patterson (2005).



Phenomenological Implications

Weakened cosmological neutrino mass bounds.

> Relic neutrinos massless until late phase transition at T,sg S Ag.




Phenomenological Implications

Weakened cosmological neutrino mass bounds.

> Relic neutrinos massless until late phase transition at T,sg S Ag.
» Neutrinos decay & (partially) annihilate — 3=, m,, £0.12 eV [11].

[11] Aghanim et al. (Planck) (2018).



Phenomenological Implications

Weakened cosmological neutrino mass bounds.
> Relic neutrinos massless until late phase transition at T,sg S Ag.
» Neutrinos decay & (partially) annihilate — 3=, m,, £0.12 eV [11].
>y

g £
%72 4
Pl s

= Masses m,, < 1.1 eV [12] still allowed, measurable at

[11] Aghanim et al. (Planck) (2018). [12] Aker et al. (KATRIN) (2019).
Image credit: KATRIN [http://www.ikp.kit.edu/].



Phenomenological Implications

Weakened cosmological neutrino mass bounds.

> Relic neutrinos massless until late phase transition at T,sg S Ag.
» Neutrinos decay & (partially) annihilate — 3. m,, z0.12 eV [11]

= Masses m,, < 1.1 eV [12] still allowed, measurable at %# .

Impact on other cosmic parameters.

KiDS WL ACDM+E m. KiDS WL

125 Planck lensing I Lol Planck lensing I
Planck SZ+BBN Planck SZ+BBN

Planck CMB N Planck CMB

o5(m) for late m,, vs. 03(2m) for ACDM

[11] Aghanim et al. (Planck) (2018). [12] Aker et al. (KATRIN) (2019).
Image credit: KATRIN [http://www.ikp.kit.edu/]. Plots: Lorenz, LF, Calabrese, Hannestad (2018).



Phenomenological Implications

Weakened cosmological neutrino mass bounds.

> Relic neutrinos massless until late phase transition at T,sg S Ag.
» Neutrinos decay & (partially) annihilate — 3=, m,, £0.12 eV [11].

TR,
= Masses m,, < 1.1 eV [12] still allowed, measurable at %# .
"’%,N:m\‘é{
V.
Impact on other cosmic parameters. Decaying dark energy?
KiDS WL . ACOM+E m. | " kios wi - 0.70 T pcomem.
Bt I = ”
02 ) 15 23"3/[6\}] a5 60
o5(m) for late m,, vs. 03(2m) for ACDM Qa(m,) for both models
V.

[11] Aghanim et al. (Planck) (2018). [12] Aker et al. (KATRIN) (2019).
Image credit: KATRIN [http://www.ikp.kit.edu/]. Plots: Lorenz, LF, Calabrese, Hannestad (2018).



Phenomenological Implications

Cross-check: neutrino masses as a function of time?




Phenomenological Implications

Cross-check: neutrino masses as a function of time?
» “Model-independent” cosmological reconstruction of > m, [14].

— 68%CL

— 95% CL

== Non-relativistic transition
== DE domination

—— Emy(z)=const. (95% CL)

CMB + CMBL + BAO + SN
1

|
1
1
1
1
)
]
]

im, (eV)

103

[14] Lorenz, LF, Loffler, Calabrese (2021).



Phenomenological Implications

Cross-check: neutrino masses as a function of time?
» “Model-independent” cosmological reconstruction of > m, [14].
» Mass bound increases around onset of dark energy domination.

CMB + CMBL + BAO + SN — 68% CL
1 —— 95% CL
1.75 == Non-relativistic transition
== DE domination
J— = %
1.50 Imy(z)=const. (95% CL)

|
1
1
1
1
]
]
]

m, (eV)
-
o
o

107t 10° 101 10? 10°

[14] Lorenz, LF, Loffler, Calabrese (2021).



Phenomenological Implications

Cross-check: neutrino masses as a function of time?
» “Model-independent” cosmological reconstruction of > m, [14].
» Mass bound increases around onset of dark energy domination.
= Parameter degeneracy and/or new physics?
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Gravity measurements:
» Different polarization intensities of gravitational waves [16].
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New particle detection:
» Searching for new ¢ bosons in axion-like experiments [17].
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[16] Jackiw, Pi (2003). [17] Dvali, LF (2016b), “Domestic Axion” solution to strong CP problem.
Image credits: The SXS Project [https://www.ligo.caltech.edu/] and Kim, Carosi (2008).
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