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2015 Nobel Physics Prize to Takaaki Kajita and Arthur B. McDonald

“for the discovery of neutrino oscillations, which shows that neutrinos have mass. [...]
New discoveries about the deepest neutrino secrets are expected to change our current
understanding of the history, structure and future fate of the Universe"
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THE NEUTRINO ZARZUELA

Overture: "Current” Cosmological Neutrino mass limits

Aria: Neutrino mass limits in extended models
Chorus: How and why to relax the bounds?
"Duetto”: Neutrinos, cosmology & Non-standard neutrino scenarios

"Finale”: Take home messages



Leitmotif

“Neutrinos are very difficult to work with.
They are different than any other particles.
They are sort of pure.

It is very hard to do neutrino experiments,
but I think they may be the first ones

to show unexpected interactions."

Martin Perl, 1995 Nobel Prize winner for the discovery of the tau lepton
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2022 absolute neutrino mass status

DES Collaboration, MNRAS'16 Planck coll.
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2022 Tigh’resf bounds on > _m, Talk by |. Legourques
Planck+ SDSS-IV (DR16 + DR12) + SN Y m, < 0.09 eV 95% CL

95% CL limits B NO B 1O

Planck Coll. A&A’20

D1 Valentino et al PRD’21
(see also Palanque-Delabrouille et al J[CAP’20)
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2022 Tightest bounds on > m,

Robust: difficult to avoid in close-to-minimal models ("simple” extensions of ACDM)
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2022 Tightest bounds on > m,

Robust: difficult to avoid in close-to-minimal models ("simple” extensions of ACDM)
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One needs to go to a non standard neutrino sector!

A TI-IEORETICAL/Myfhologycal APPROACH...

JF
*Q’.’ |
. Tae-

> 7 3 1 e \\\i\f‘h-“ >
D|D0 & AENEAS




One needs to go to a non standard neutrino sector!

A THEORETICAL/Mythologycal APPROACH...

Remember our Leitmotif == »
at o
“Neutrinos are very difficult to work with. 0
DIDO & AENEAS

They are different than any other particles.

They are sort of pure.

It is very hard to do neutrino experiments, but I think they may be the first ones
to show unexpected interactions."

Non standard neutrino physics can be related to the neutrino mass generation mechanism

See e.g. Forastieri et al [CAP’15 &PRD’19, Escudero & Witte EPJC’20, Escudero et al [HEP’20, Escudero & Witte EPJC'21



A PHENOMENOLOGICAL (PRACTICAL?) APPROACH...
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A PHENOMENOLOGICAL (PRACTICAL?) APPROACH...
_ G. ROSSINI

A non standard neutrino sector:

May help in solving the so-called H, TENSION ILBARBIERE
DI SIVIGLIA

May help in solving the A,... TENSION

May help in solving the o3 TENSION Mosbech et al, JCAP"21

May alleviate current sterile neutrino TENSIONS between short baseline
oscillation and cosmological measurements

Dasgupta & Kopp PRL'14, Chu et al [CAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono
et al PRD’15 &’16 & J[CAP’16, Forastieri et al [CAP'17, Chu et al J[CAP’18, Archidiacono et al [CAP'20
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A FUTURISTIC APPROACH...
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A FUTURISTIC APPROACH...

POTENTIAL TENSIONS BETWEEN future KATRIN/PTOLEMY MEASUREMENTS AND COSMOLOGY

Lorenz et al PRD’19 & PRD’21, Oldengott et al. [CAP’19,
Escudero et al J[CAP’20, Esteban & Salvado [CAP’21, Abellan et al 2112.13862, Alvey et al PRD’22,

Alvey et al J[CAP'22
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“Synerqy between cosmological and laboratory searches in neutrino physics: a white paper”

Snowmass 2203.07377
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A PHENOMENOLOGICAL (PRACTICAL?) APPROACH...
_ G. ROSSINI

A non standard neutrino sector:

May help in solving the so-called H, TENSION ILBARBIERE
DI SIVIGLIA

May help in solving the A;... TENSION

May help in solving the o3 TENSION Mosbech et al, JCAP"21

May alleviate current sterile neutrino TENSIONS between short baseline
oscillation and cosmological measurements

Dasgupta & Kopp PRL'14, Chu et al [CAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono
et al PRD’15 &’16 & J[CAP’16, Forastieri et al [CAP'17, Chu et al J[CAP’18, Archidiacono et al [CAP'20



‘Gravitational Lensing

™

Einsteins relativity predicts that the presence of a massive body will
curve space time, distorting the light trajectory. The shape of the

background objects will change/multiplied by the presence of intervening
galaxies.



Gravitational Lensing: Syzygy

Lensing Galaxy




Gravitational Lensing

Double Einstein ring!
3 perfectly aligned galaxies
Probably less than 100 cases in our universe, and we have seen one!



The A, . tension
Lensing remaps the CMB fluctuations: Olensed (1) = O(N + V(7))

Lensing potential ¢: integrated mass distribution back to the last
scattering surface

Geometry
. ree dz I D(zrec) — D(2)
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Calabrese et al PRD’08



The A, . tension
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“ E Q | It smooths the CMB acoustic peaks:
: ol 20% change suppresses the fourth and
' higher peaks ~0.5%, raising troughs 1%
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/

Consistency checks:

1) Does the smoothing effect in the CMB power spectra matchA,, . =1 —> ACDM ?

2) Is the amplitude of the smoothing spectra consistent with that measured by
the lensing reconstruction?



Probability density

The A, . tension

Planck Collaboration, A& A20
TT+lowE

TE+lowkE

-lowE

TT,TE,EE+lowE+lensing

Alens — 1 —> ACDM

Systematics?
M

Alens 7& I = A

New Physics?

BEST FIT IMPROVED BY 10 UNITS WHEN ADDING A,.  TO THE ANALYSES
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The A, tension
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Neutrinos are hot relics : less clustering on small scales, reducing CMB lensing!
(Choudhury & Hannestad [CAP20)

. (Planck coll., A&A’14)
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If A, is a free parameter the neutrino mass limits are significantly weakened

(Renzi et al PRD’18, Sqier et al 2110.03815)



If Ay, is a free parameter the neutrino mass limits are significantly weakened
(D1 Valentino & Melchiorri 2112.02993) 68% CL limits
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e All cosmological bounds on Z m,, are computed assuming that neutrinos
behave as an ideal gas.

® BUT ideal gasses/perfect fluids do not exist in the physical universe.



A Historial precedent?
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Dropping the ideal gas limit, the modified QED plasma equation of state leads to

important corrections to V.4

Ideal gas

+ EM interactions

Standard-model corrections to N3

Leading-digit contribution

me/Tq correction

S e?) E ED correctlon to the ED EoS '
Non—mstantaneous decouphn +sectral dlstortlon -
e OTeY ) FTQED correctlon to the QED EOS e

Flavour oscillations
Type (a) FTQED corrections to the weak rates

JhT004 |

From Y. Y. Y. Wong

Dicus et al PRD’82, Heckler PRD 94,
Fornengo et al PRD’97,

Lopez & Turner PRD'99,

Mangano et al PLB’02 ,

Bennett et al J[CAP20 & JCAP'21



Interacting neutrinos Esteban & Salvado JCAP'21

See also Boehm et al PLB’01, Beacom, Bell & Dodelson PRL'04, Chacko et al PRD’04,
Hannestad [CAP’05, Hannestad & Raffelt [CAP’05, Bell et al PRD’06, Mangano et al
PRD’06, Friedland et al’07, Basboll et al PRD’09, Wilkinson et al [CAP’14, Cyr-
Racine & Sirqurdson PRD’14, Archidiacono & Hannestad [CAP14, Oldengott et al
JCAP’15, Escudero et al [CAP’15, Oldengott et al J[CAP’17, Brust et al J[CAP'17,
Lancaster et al [CAP’17, D1 Valentino et al PRD’18, Forastiert et al J[CAP’15
&PRD19, Park et al PRD’19, Kreisch et al PRD’20, Stadler et al [CAP'19 & JCAP20,
Blinov et al J[CAP’20, Escudero & Witte EPJC20, Gosh et al PRD’20, Mazumdar et al
2011.13685, Das & Ghosh PRD’21, Choudhury et al JCAP’21, Brinckmann et PRD’21,

Mosbech et al [CAP'21



Long range neutrino interactions

® If the mediator is light, long-range neutrino interactions

= J\/ g d*x (——D ¢D/"gb——M2 b’ + gDy — mgiry i iy §

Esteban & Salvado [CAP’21

® Case similar to neutrino-dark energy models

Bean PRD’01, Fardon et al JCAP’04, Kaplan, Nelson and Weiner PRL’04, Gu et al PRD’03, Peccei PRD’05, Bean and Magueijo, PLB'01



Long range neutrino interactions Esteban & saivado jcaP 21

J\/ gd'x ( =D, D" ——Md* + gDy — myjry g s §

® Long-range effects are present if 1/, > 107> eV

® Laboratory, SN 1987A and CMB constraints: ¢ < 107/ ensuring no spectral
distortions and avoiding neutrino-neutrino scatterings

Hannestad and G. Raffelt PRD’ 05, Lattanzi & Valle PRL07, Lattanzi et al PRD’13, Blinov et al PRL'19 , Agostini EPJC "15,
K. Blum et al PLB’18, T. Brune and Pds PRD’19, Brdar et al PRD’20, Forastieri, Lattanzi & Natoli [CAP'15 &PRD’19
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Long range neutrino interactions

— J\/ —€d*x (——D ng”qb — — 2432 + Dy — myy '

R T Esteban & Salvado J[CAP'21

e Effective neutrino mass 171 = my + g,

3 3
T>'>-m0 Tr<my n>M, .n<<M¢
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Neutrinos are non-relativistic: Inter-particle distance gets larger than the interaction range.
Long-range effects are switched off.
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Long range neutrino interactions

® Longe interactions modify the w = 1/3 to w = O neutrino transition.
(Cuoco, Lesgourgues et al PRD’05, OLdengott et al JCAP’19)

® CMB neutrino mass limits could even be even avoided if the relativistic to
non-relativistic transition in the neutrino sector is sufficiently delayed!
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Long range neutrino interactions & the A,. . tension

10-7 (Planck coll. A&GA’14) Esteban et al 2202.04656
1.8 | | | | | | | | | B 07> 9,
Angf = ngf (Alens — 1) o ngf(Alens * 1)
TTTEEE+lowl TTTEEE+lowl+tlensing TTTEEE-+lowl+lensing+BAO
ACDM 9.66 3.43 4.26
Neutrino self-interactions 4.87 0.76 2.71
= oa | s 0.16 O,: --- m,/eIO ~~~~~~
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Neutrino long-range interactions mimic an enhanced lensing contribution, as
preferred by the data!



A PHENOMENOLOGICAL (PRACTICAL?) APPROACH...
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May help in solving the so-called H, TENSION IL BARBIERE |
DI SIVIGLIA

May help in solving the A,... TENSION

May help in solving the o3 TENSION Mosbech et al, JCAP"21

May alleviate current sterile neutrino TENSIONS between short baseline
oscillation and cosmological measurements

Dasgupta & Kopp PRL'14, Chu et al [CAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono
et al PRD’15 &’16 & J[CAP’16, Forastieri et al [CAP'17, Chu et al J[CAP’18, Archidiacono et al [CAP'20



The Hubble constant tension W Freedman, APj21
Hubble Constant Over Time
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CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 = 0.53
Pogosian et al. (2020), eBOSS+Planck Q,,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Hy=67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 + 1.5

Aiola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 1.1

Zhang, Huang (2019), WMAP9+BAO: 68.36*}23
Hinshaw et al. (2013), WMAP9: 70.0 = 2.2

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Philcox et al. (2020), P;+BAO+BBN: 68.6 +1.1
lvanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eB0OSS+BBN: 67.35 + 0.97

P(k) + CMB lensing
Philcox et al. (2020), P/(k)+CMB lensing: 70.672 ]

Cepheids - SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 +2.7

Riess et al. (2019), R19: 74.0+ 1.4

Camarena, Marra (2019): 754+ 1.7

Burns et al. (2018): 73.2+2.3

Dhawan, Jha, Leibundgut (2017), NIR:
Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16:

Cardona, Kunz, Pettorino (2016), HPs:
Freedman et al. (2012): 74.3 + 2.

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1+ 2.0
Freedman et al. (2020): 69.6 +1.9

Reid, Pesce, Riess (2019), SHOES: 71.1+1.9
Freedman et al. (2019): 69.8+1.9

Yuan et al. (2019): 72.4+2.0

Jang, Lee (2017): 71.2+2.5

Miras — SNla
Huang et al. (2019): 73.3+4.0

Masers
Pesce et al. (2020): 73.9+ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. (2020): 75.8*33

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 £ 3.5

Lensing related, mass model - dependent
Denzel et al. (2021): 71.81‘%%
Birrer et al. (2020), TDCOSMO+SLACS: 67.4*%1, TDCOSMO: 74.5*3°
Millon et al. (2020), TDCOSMO: 74.2 +1.6
Baxter et al. (2020): 73.5 5.3
Qi et al. (2020): 73.6t‘1;%
Liao et al. (2020): 72.8* ;5
Liao et al. (2019): 72.2+2.1
Shajib et al. (2019), STRIDES: 74.2*3]
Wong et al. (2019), HOLICOW 2019: 73.3*}-
Birrer et al. (2018), HOLICOW 2018: 72.5+21
Bonvin et al. (2016), HOLICOW 2016: 71.9*3¢

Optimistic average

Di Valentino (2021): 72.94 +0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 = 1.1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4:;’2‘—‘5
Mukherjee et al. (2020), GW170817+ZTF: 67.6%
Mukherjee et al. (2019), GW170817+VLBI: 68.3%3
Abbott et al. (2017), GW170817: 70.0*_'{_50
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See also Schoneberg et al, 2107.10291



CMB and the Hubble parameter

® From measurements of the matter and baryon densities given a model:
derivation of rs" at the last scattering redshift z

® From the position of the CMB peaks, the comoving angular diameter distance
extracted: . s
D% =r:/0;

® Once we have the angular diameter distance, we can infer the value of Ho.

Could the last scattering surface be closer?
Could CMB spots be smaller?

From V. Poulin



Interacting neutrinos & the Hubble constant tension

Free-streaming neutrinos travel supersonically through the photon-baryon
plasma at early times, inducing a net phase shift in the CMB power spectra
towards larger scales (smaller multipoles), leading to a physical size of the
photon sound horizon at last scattering that is slightly larger.

Bashinsky & Seljak PRD’04, Follin et al PRL’15; Baumann et al J[CAP’16, Choi, Chiang & LoVerde [CAP'18,
Baumann, Green & Zaldarriaga J[CAP'17 P 1)

5¢ ~ 0.19127-~

Pr
Interacting neutrinos shift the power spectrum towards towards smaller

scales and boost their fluctuation amplitude, reducing the physical size of
photon sound horizon at last scattering: a smaller value of Da = higher value
of Ho is required!

QSETS/DA Dﬁ@(l/H()



Interacting neutrinos & the Hubble constant tension
Kreisch, Cyr-Racine & Doré, PRD’20
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Kreisch, Cyr-Racine & Doré, PRD’20

Interacting neutrinos & the Hubble constant tension

/

-~

o1

—3.0

e
10g10 (Geﬁ‘ Mevz)

B TT TE EE

B TT + lens + BAO
B TT + lens 4+ BAO + H

Heavy mediator: Effective four-fermion interaction

2
GVl G = g_2 G > Gp
I
¢

Neutrinos experience scattering after decoupling:
Increasing G, delays neutrino free-streaming

G < 1.4%x10* GeV~*
- 0.8 4 —2
G = 2.51)5 x 10" GeV
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Interacting neutrinos & the Hubble constant tension

— TT + lowE — TTTEEE + lowE + EXT
B ACDM B Sy ‘ ——— TTTEEE + lowE  —— TTTEEE + lowE + R19

0.46

0.44

0.5
m

USQ

0.42

0.40
64 68 72 76 '
H [km/s/Mpc] o0 60 70 30
Kreisch, Cyr-Racine & Doré, PRD’20 H 0

Choudhury, Hannestad & Tram JCAP'21
See also Brinckmann, Chang and LoVerde PRD'21
Das & Ghosh [CAP’21, Blinov et al PRL'19



Non-standard neutrino scenarios & the Hubble constant tension

ACDM - Ho

Aghanim et al. (2020), Planck 2018 - i [km s~ Mpc~1]

Ade et al. (2016 Planck 2015+

Ry 1Y | B “interacting neutrinos 4 e
Forastieri et al. (2019), Planck 2015 - t—+—

- Lancaster et al. (2017), Planck 2015; Data D - HH
Self — interacting neutrinos (strongly) -
Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) - — e

Das et al. (2020), Planck 2018; Data F - BN

Kreisch et al. (2020), Planck 2015 -

Self — interacting neutrinos (moderate) -

““w.._ Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) o ------- NN - |
Das et al. (2020), Planck 2018; Data F - - {HH
T s dSreisch et al. (2020) Planck 2015 - : P e

- L= g B e 2= < = _
=~ - ~ -

Self—mteractmgs A ReGTRHo™y

Archidiacono et al. (2020), Planck 2018; Data F - —+—
Dark Neutrino Interactions -

Ghosh et al. (2019), Data G - ——

Data A = Planck 2015 TT+CMB lensing+BAO
Data B = Planck 2018+BAO I
Data C = Planck 2018+CMB lensing+BAO+JLA+CFHLensS+Planck SZ ! ! !
Data D = Planck 2015+BA0O+R16

Data E = Planck 2018+CMB lensing+BAO+Pantheon 64 6 8 7 2 7 6
Data F = Planck 2018+CMB lensing+BAO+R19

Data G = Planck 2015+CMB lensing+WiggleZ

Di Valentino et al Class.Quant.Grav’21
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Interacting neutrinos & the Hubble constant tension

A
g — ZE¢D]/5V

Models with an eV-mass Majoron interacting with neutrinos before

recombination relax the Hubble tension

NACDM -

Aghanim et al. (2020), Planck 2018: Hy=67.27 = 0.60 -
Ade et al. (2016), Planck 2015: Hy=67.27 £ 0.66 -
NACDM + Ng

Aghanim et al. (2020), Planck 2018; Data A -

Ho
—— [km s~! Mpc~1!]

Ade et al. (2016), Planck 2015 -

Sterile neutrinos -

Carneiro et al. (2019), Data B+R16 -

Neutrino Asymmetries -

Barenboim et al. (2017), Planck 2015+BKP -  ——
Neutrino — DM interaction -
Di Valentino et al. (2018), Planck 2 0] oty o spact ismaesss arssiniis ,

=" Neutrino — Majoron interaction -

S cudero et al. (2020), Data D —
Interacting "Radiation
Blinov et al. (2020), Planck 2018+CMB lensing; Data D -

)
w
w >
>0

Pantheon

Tension notably reduced

a A = Planck 2018+CMB lensing+ +

a B = Planck 2015 distance priors O+Pantheon+BBN

a C = Planck 2018+BAO

a D = Planck 2018+CMB lensing+BAO+R19 | | | | |

a E = Planck 2015+BAO

a F = Planck 2018+CMB lensing+BAO+galaxy cl 9 64 6 7 7 O 7 3 7 6
a G = Planck 2015+CMB lensing+BAO

a H = Planck 2018 distance priors+BAO+ h (2)

Di Valentino et al Class.Quant.Grav’21
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Interacting neutrinos & the Hubble constant tension

L ~ gsqblijU

ACDM -

Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015 -

Self — interacting neutrinos -

Forastieri et al. (2019), Planck 2015 -

Lancaster et al. (2017), Planck 2015; Data D -

Self — interacting neutrinos (strongly) -

Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) -
Das et al. (2020), Planck 2018; Data F -

Kreisch et al. (2020), Planck 2015 -

Self — interacting neutrinos (moderate) -

Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) -
Das et al. (2020), Planck 2018; Data F -

- -
N - o -

T e S elIf — néraéting sterile neutrino -

“emcwdirchidiacono et al. (2020), Planck 2018; Data F -

CPDdrlrN iNeu ¢

Ghosh et al. (2019), Data G -

Data A = Planck 2015 TT+CMB lensing+BAO
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4 . - ~ L — o S = y \§ =

Data B = Planck 2018+BAO

Hy
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N YT ably reduced

-
——  Pgeudoscalar

Vanilla

Data C = Planck 2018+CMB lensing+BAO+JLA+CFHLensS+Planck SZ
Data D = Planck 2015+BAO+R16

Data E = Planck 2018+CMB lensing+BAO+Pantheon

Data F = Planck 2018+CMB lensing+BAO+R19

Data G = Planck 2015+CMB lensing+WiggleZ

64 68 712 76

D1 Valentino et al Class.Quant.Grav’21
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Non-standard neutrino scenarios & the Hubble constant tension

tension < lo “Ezxcellent models”

tension < 20 “Good models”

tension < 30 “Promaising models”

Dark energy in extended parameter spaces
Dynamical Dark Energy
Metastable Dark Energy
PEDE

Elab orated.dlacuum-hlet

>

®

elf-lnteractmg sterile neutrinos
lized Chaplygln gas modek

Gahleon gravity
Power Law Inflation

f(T)

=RaaTe) g ;Sis

Early Dark Energy
Phantom Dark Energy
Dynamical Dark Energy
GEDE

Vacuum Metamorphosis
IDE

Critically Emergent Dark Energy
f(T) gravity

U’ber-gravity

Reconstructed PPS

Early Dark Energy

D "‘L'_ ",_. vv w

"1 eutrmo-DM Interactlon

Interacting dark radlatlon

N, vl Self—Interactlng Neutrlnos

: U ;’;- =

Umﬁed Cosmologles
Scalar-tensor gravity

Modified recombination
Super ACDM
Coupled Dark Energy

Di Valentino et al Class.Quant.Grav’21




FINALE

@  masses & abundances leave key signatures in cosmological observables.

@®Cosmology provides currently the tightest bounds to neutrino masses.

® COSMOLOGICAL CONSTRAINTS ARE "ROBUST” (difficult to avoid in “simple”
extensions of ACDM)

®>m, < 0.09 eV (95%CL) from 2018 Planck +SDSS IV+SNIla data
® Non-standard v physics can significantly relax >_m, cosmological bounds

® Non-standard v physics could alleviate present cosmological tensions and
potential future ones plus provide a hint to the v mass generation mechanism

® Non-free streaming nature of interacting neutrinos may help in tensions

@® Long range neutrino interactions increase lensing — A;.,. TENSION






