Cosmological limits on neutrino masses and species
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“The field has been broad and deep, encompassing astrophysical and particle
consequences and ranging from the distant nebulae to the unification of the elementary

forces. The searches have led from the ocean deeps to deep inside the earth and sun.

Why indeed should such a weakly interacting particle play such an important role in

furthering our understanding of so much of our universe?
As we are beginning to understand, the very weakness which characterizes this class

of particles is the reason for its unique role!

Most marvelously this weakness may enable the mysterious missing matter which most
of the universe to conceivably be built in large measure of neutrinos.”

F. Reines 1995 Nobel Prize winner for the detection of the neutrino.

“VENICE IS A GREAT PLACE FOR A CONFERENCE”, 1992



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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Our (ACDM) universe today

Heavy elements 0.03%

-7 0.1 %s Neutrinos 0.3% Dark energy 70%
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Dark matter 25% Cosmic Microwave Background 0.001%
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Oscillation measurements of the mass splittings translate into a lower bound for the
neutrino mass, depending on the mass ordering:
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We are sure then that two neutrinos have a mass above:

Am5, =~ 0.008eV

and that at least one of these neutrinos has a mass larger than

/|Am§1| ~ 0.05eV

Talks by S. Petcov, S. Parke and E. Lisi
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Number of neutrinos: Nes

The total radiation in the universe can be written as:

Oph? = (14 ()" New )

Nert = 3.0440 £+ 0.0002 standard scenario: electron, muon and tau neutrinos
Bennett et al, 2012.02726

Nerf = 3.0432 + 0.0002 Cielo et al, 2306.05460

Neff < 3.044 (less neutrinos): Neutrino decays 7

Neff > 3.044 (more neutrinos): Sterile neutrino species ?



THE NEUTRINO MENU

Antipasto: State of the art
Primo piatto: Cosmology & Neff

Secondo piatto: Cosmology & 2my

Dolce: Future perspectives: What if?

Expresso:. Take home messages






A. Masiero, NEUTEL’88

From SN1987A we can infer the bound (roughly)

some authors claim a more stringent result.

Also for the question concerning the number of neutrino favours (JV,),

although we have not come up with a definite answer yet,we have tighter bounds:
:i] N, < 4.6 (90% c.1) = ~ tagging of "nothing” at ete™ colliders;
ii) Ny, < 10 = gluon tagging of "nothing” at SppsS;
i) &, < 5 (90% c.l) = ratio of W,, and Z.. vields at SppS.
We should add the bnunthich comes from our standard scenario

of nucleosynthesis. It is known that there are at least three major uncertainties




2003 constraints on Neff
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2023 constraints on Ne
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2023 absolute neutrino mass status
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Big Bang Nucleosynthesis: Neff

BBN theory predicts the abundances of D, He, ‘Omd ’Li which, fixed by t=~180 s.
They are observed at late times: low metallicity sites are “ideal”.
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Figure 24.1: The primordial abundances of *He, D, ®He, and “Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+*He concordance range (both

at 95% CL).

P.A. Zyla et al. (Particle Data Group),
Prog. Theor. Exp. Phys. 2020, 083C01 (2020).



https://pdg.lbl.gov/2020/html/authors_2020.html

Big Bang Nucleosynthesis: Neff

Neff changes the freeze out temperature of weak interactions:

F H baryon density Q,h?
Y
T <_>p eOE

Higher Neir, Larger freeze out temperature,

MORE NEUTRINOS: MORE HELIUM 4

TP Neff = 2

n/p ~ e Tf'r'eeze

v _ 2(n/p)
Y 1+n/p

n | [ 1 | E
1010 10~
baryon-to-photon ratio n = ny/n.,

Fields, Olive, Yeh & Young JCAP -
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CMB: a lot to learn about....
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CMB: Neff
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(wba Wm h’a Asa Ng, TaNeﬁ)

Warning!
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Only effect at I<1000 that can not be mimicked: anisotropic stress, around 3™ peak

Neutrinos are free-streaming particles propagating at the speed of light, faster than the sound speed in the
photon fluid, suppressing the oscillation amplitude of CMB modes that entered the horizon in the radiation
epoch.



CMB: Nefs
Cosmic Microwave Background in the damping tail, measured by SPT, ACT& Planck:

higher Ness will increase the expansion rate AND the damping at high multipoles.

2 QA % da
0 a3crn.H
(Hou et al, PRD'1 3)

Q
2

; 04 = 2.260

B(l+1)c,/(2n) [10°mK?]

7 2zgq = 3195.03
.7 8s = 1.039x107*
: L8/ 6, = 1.8630x10~®
- 5
[ Ca0o(Ne) = 6'283‘
6 flxmg 0,h% Zgq Os Op 8,9
500 1000 1500 2000 2500

Multipoles (1)



|
l®# Planck+Pantheon+BAO

— == Neg=3.04
l
l
Model Marginalized - —o
i
ACDM+Neg+mS', |
|
|
NACDM+Ngss+wows 1 | ® :
i
NCDM+Ngi+wo(> — 1) - I @
|
NACDM+Nes+Wg - ® :
|
NACDM+Negt+YHe -
i
l
l
NCDM+N g+ Qe - *
|
(IH) F———o |
ANCDM+ N+ : (NH) | —e |
- e+ 2, (DH) | - |
NCDM++N ¢ - <: :>
l
1 I I I 1 I I 1
2.7 28 29 30 31 3.2 3.3 3.4 35
N et

2023 errors on Ness

Fixing data set to Planck CMB + BAO + SN

ACDM — N.¢ = 3.06 + 0.36at95% CL
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https://arxiv.org/abs/2207.05167
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CMB: Zm,

Early Integrated Sachs Wolfe effect (ISW).
Shift in the angular position of the peaks.
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CMB: Zm,

Early Integrgftzgd Sachs Wolfe effect (ISW)
O(h) = 7 (7) = O + ¥ + A6 —v) + |

In matter domination, the gravitational potential is constant: NO ISW effect!
Transition from the relativistic to the non relativistic regime gets imprinted in
the decays of the gravitational potentials, contributing to the ISW effect!
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(Lesqourques & Pastor, Phys.Rept’06)






Strong degeneracy between 2mv and the Hubble constant Ho!
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Gravitational Lensing

Credits: ESA and Planck collaborati



CMB Lensing: Zm.

Lensing remaps the CMB fluctuations: ©,,..4(7) = 0(7 + V¢(7))

Lensing potential ¢ is a measure of the integrated mass distribution back to the

last scattering surface
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velocities, implying less clustering on small
scales, reducing CMB lensing!
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2023 CMB bounds on Zm.

Planck TTTEEE+lowT+lowE+lensing ~ 2/Mv < 0-24eV 95% (L
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Large scale structure: Zm,

Neutrino masses suppress structure formation on scales larger than their free strear
scale when they turn non relativistic.

Neutrinos with eV or sub-eV masses are HOT relics with LARGE thermal velocities!

(’Uthermal) = 81(1 =+ z) (e\/) km s™*

Ty,
Cold dark matter incicuu 11uo cuviv vurvuity wnu wivi v e wiudters at any scale!

R )\fs,,/ — k> kfs,,/

AS>S )\fs,,/ — kL kfs,,,
33 (From Y. Wong)



2023 Tightest bounds on Zmy
Planck+ SDSS-IV (DR16 + DR12) + SN ym, < 0.09eV95% CL

B 1O Di Valentino et al PRD’21
Palanque-Delabrouille et al JCAP’

NO

Ym, < 0.09 eV from Planck+ SDSS IV + SN
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Planck+ SDSS-IV (DR16 + DR12) + SN ym, < 0.09eV95% CL

?-( Di Valentino et al PRD 21,
O Palév.'vque-Delabrouille et al JCAP’Z
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6 million neutrinos can't weigh more than 1 electron




2023 Tightest bounds on Zm.

Robust: difficult to avoid in close-to-minimal models (“simple” extensions of ACDM)

BN NO (e

95% CL limits

> m, eV
s

ym,, < 0.095 eV with Ng¢¢

Y'm, < 0.09 eV

Credits: |. Esteban

I I | | | | | | I II| | | | I
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Mlightest [e\/] Gariazzo & Mena PRD’19



2023 Tightest bounds on Zm.

Robust: difficult to avoid in close-to-minimal models (“simple” extensions of ACDM)

BN NO (e

95% CL limits

Y'm, < 0.09 eV

> m, eV
:

Credits: |. Esteban
IIIIIII| IIIIIII| | A N N N

10_2' 101 | 1 Di Valentino et al PRD’21

Vagnozzi et al PRD’18
mMy; eV
lightest [€V ] Choudhury & Choubev JCAP18




Joint Limits on Neutrinos & A;

| >m, <0.166 eV and A, = 1.071 £ 0.040 (Planck+BAO+5N)
] >m,<0.176 eV and A, = 0.916 £ 0.074 (SPT+WMAP+BAO+5N)

Joint Limits on Neutrinos & as

:va <0.184 eV and A, =1.00 + 0.08 (ACT+WMAP+BAO+SN)

] >m, <0.0908 eV and as= —0.0044£0.0066 (Planck+BAO+SN)

| >m, <0.20 eV and a; = 0.0117+0.0076 (ACT+WMAP+BAO+5N)
| >m, <022 eV and a; = 0.0054+0.0092 (SPT+WMAP+BAO+5N)

Joint Limits on Neutrinos & w

| >m,<0.14 eV and w= — 1.046 £ 0.033 (Planck+BAO+5N)

:va <0.24 eVand w= —1.036 £ 0.037 (ACT+WMAP+BAO+5SN)

:Zm,,< 0.26 eV and w= —1.024 +0.037 (SPT+WMAP+BAO+SN)

Joint Limits on Neutrinos & Qg

| >m,<0.11 eV and Q; = 0.0009 £ 0.0019 (Planck+BAO+5N)
:Zm,,< 0.26 eV and Q,=0.0013 = 0.0030 (SPT+WMAP+BAO+SN)

| >m, <0.27 eV and Qi = 0.0027 £ 0.0032 (ACT+WMAP+BAO+SN)

Joint Limits on Neutrinos & Nes

:va < 0.0968 eV and N =3.06 £0.17 (Planck+BAO+5N)

| > m, <0.155 eV and Neg = 2.78 = 0.25 (ACT+WMAP+BAO+SN)
| >m, <0.24 eV and Negs = 3.20 £ 0.31 (SPT+WMAP+BAO+5N)

Late-time (lensing-based) Limits (ACDM)

i > m, <0.49 eV (ACT-DR6+Planck-lensing+BAO+SN)

: va< 0.53 eV (ACT-DR6+Planck-lensing+BAOQ)

| >m, <1.42 eV (ACT-DR6+Planck-lensing)

SPT Based Limits (ACDM)

d >m, <0.197 eV (SPT+WMAP+BAO+SN)

| >m, < 0.37 eV (SPT+WMAP+Planck lensing)
1 >m, <0.74 eV (SPT+WMAP)

ACT Based Limits (A\CDM)

I >m,<0.16 eV (ACT+WMAP+BAO)

:zll"ri1J < 1.2 eV (ACT+WMAP)

Planck Based Limits (ACDM)

J 2my<1.47 eV (ACT)

>m,<0.12 eV (Planck TT TE EE + lowE + lensing + BAO)

I >m,<0.24 eV (Planck TT TE EE + lowE + lensing)

L |
d 2>m.<0.26 eV (Planck TT TE EE + lowE)

0.06

2023 95% CL bounds on Zm,

Fixing data set to Planck CMB + BAO + SN

ACDM - Y m, < 0.09elVat95% CL
+A; - YXm, < 0.17eVat95%CL

Fixing fiducial cosmology to ACDM

Planck + BAO + SN - Ym, < 0.09eV at95% CL

ACT + WMAP + BAO + SN - Ym, < 0.17elVat95%CL

0.5 1 2 3 5
va[eV]

v Courtesy of Willian Giaré



Model-marginalized bounds on Zmv and Ness

i Vatent ol PR3

Cosmological model InBF Nes > _mu|eV] Qs Qs mf,f[; [eV] Yae Wo
+ > m, + Neg DH 0.0 3.06+0.17 < 0.0968 - - o ik _
NH 1.79 3.11 = 0.17 < 0.131 - - s i N
IH 3.31 3.15+0.17 < 0.163 - - i = .
+ ) _m, + Neg + Qi DH 463 3.02+0.19 < 0.112 0.0011 4 0.0021 - - - _
NH 634 3.05+0.18 < 0.149 0.0019 £ 0.0021 — = i _
IH 7.34 3.06 £0.19 < 0.179 0.0025 £ 0.0022 — ak i £
+>_my + Negr + s DH 476 2.984+0.19 < 0.0892 - —0.0057 £ 0.0077 - = —
NH 659 3.06+0.19 < 0.129 — —0.0041 £+ 0.0075 - - —
IH 8.15 3.11 £0.19 < 0.161 - —0.0036 £ 0.0076 — i i
+ 3" muy + Neg + mory DH 4.16 < 3.39 < 0.0901 - - <0304 - =
NH 6.06 < 3.43 < 0.130 — — < 0.280 - —
IH 7.72 < 3.45 < 0.159 - — < 0.247 — =
+ > _m, + Neg + wo DH 3.11 2.9940.18 < 0.124 - - - —  —1.047 £0.034
NH 439 3.00£0.18 < 0.165 e — - — —1.061 +0.034
IH 524 3.02+0.18 < 0.194 — - — — —1.071 +£0.035
+ > my + Neg + (wo > —1) DH 523 3.08£0.17 < 0.0894 - — - % < —0.959
NH 690 3.14+0.17 < 0.130 = — - —~ < —0.963
IH 8.58 < 0.159 — — - —~ < —0.967

model marginalized

3.17 = 0.17
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20XX, with X > 2 (X>>2?), Neff status

AN.g < 0.06 95%CL

0287 I Planck
Simons Observatory

B CMB-54

(.27 -

(.26 -

Aver et al. (2015)

/

BBN Consistency

(.24 1

(.23 -

(.22 4

2.5 3.0 3.5
Neg

M. Gerbino & M. Lattanzi, Front. in Physics’18

CORE TT,TE.EE,PP®
CORE TT,TE.EE,PPE
S4 TT,TE.EE,PPC

CORE TT,TE,EE,PP+DESI .

BAO+Euclid BAO®
3A0+Euclid BAQR

CORE TT,TE,EE,PP+DESI .

CMB-S4 Science Case, 1907.04473

ANg < 0.040
Negg = 3.045 4+ 0.041
ANeg < 0.038
Neg = 3.046 £ 0.039




202X, with 3 < X < 9, absolute neutrino mass status
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Euclid Coll.

IAU Symp’14
Talk by Rene Laureijs

Olsen et al’18
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Potential tension between terrestrial and cosmological bounds?

L Gariazzo et al PDU’23

® current B NO
® future NO A |O
® future O

Currently, only modest tension between cosmology and terrestrial data.

If future cosmological measurements do not find evidence for Zmy,
tension with terrestrial data: 2 — 30 (NO) & 40 (IO)



Mass ordering status and perspectives

® prior ® terr. + current cosmo
® terrestrial ® terr. + future NO

® current cosmo ® terr. + future O

12

10

In Bno 10

Gariazzo et al PDU’23

If future cosmology finds Y m, = 0.06 + 0.02eV:30 tension with Inverted Ordering






A tension is also found in the NO case?
Or beta/neutrinoless decay detect a signal but cosmology prefers 2my=07?

Neutrino decays

Long-range neutrino interactions
Time-dependent neutrino masses
Non ideal-gas fluids

Keep thinking in other mechanisms!



THE NEUTRINO MENU

Antipasto: State of the art

Primo piatto: Cosmology & Neff

Secondo piatto: Cosmology & 2my

Dolce: Future perspectives: What if?

Expresso:. Take home messages



Neff @CMB S|Ik damplng & Net @BBN nght element (4He) abundances

off = 2.9919-3% (95% CL) from Planck TTTEEE+Iens|ng+BAO

perfectly con3|stent with BBN determmatlons

Neutrlno masses@CMB EarIy ISW, graV|tat|onaI Iensmg (Planck data) :

Neutrino masses@LSS: Free-streaming induces a small scale

suppression, driving the “cosmo-nu-mass-bounds”.
Tightest bound: b my < 0.09eV (95% CL) PIanck

TTTEEE+Iens|ng+BAO+SN
Cosmologlcal limits on neutrlno propertles EXTREMELY ROBUST

Future weak Ienslng and galaxy surveys may measure the neutrlno mass
hierarchy and detect both the minimum neutrlno mass and the smaII

theoretical deviation of Nes from 3.

Crucial to confront future cosmologlcal mass limits with neutrlno
oscnlatlon results to constraln BSM mteractlons In the |nV|s|bIe sector
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