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1 Neutrino masses
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B The Standard Model of Particle Physics
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B The Standard Model of Particle Physics
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B Two neutrino bases
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B Three Neutrino Oscillations
3

Vo = Z Uakvi (O[ =6, T)
k=1

U,k described by 3 mixing angles 015, 013, (/>3 and one CP phase

Current knowledge of the 3 active v mixing: [JHEP 02 (2021) update]]

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mo
Am3y = (7.5075%3) 1075 V2 r , T
|Am3;| = (2.54£0.03)- 1073 eV? (NO) “
= (2.44 4+ 0.03) - 1073 &V2 (10)
10 Slnz(()lz) = 3'18 i 016 0.2 0.3 0.4 03 0.4 05 0.6 0.7 0.016 0.020 0.024 0.028
10%sin?(f13) = 2.20013:9%2 (NO)
= 2.22570:858 (10) 1
10sin%(6a3) = 4.55+0.13U5.71 £ 0.12 (NO) 1
= 5717513 (10) ;
(§/7r — llotg%; (NO) 65 ”Z\mg, [105—5 EVZ?.O 8523 2'\2m§1\[213'3 ev§|6 2.7 0.0 05 g/g 15 2.0
=1.54+0.14 (10) -
mass ordering - L.
) o still unknown
still unknown

see also: http://globalfit.astroparticles.es
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https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es

. Absolute neutrino mass Sca|e [KATRIN 2022 and arxiv:2406.13516]
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https://doi.org/10.1038/s41567-021-01463-1
https://arxiv.org/abs/2406.13516

. Absolute neutrino mass Sca|e [KATRIN 2022 and arxiv:2406.13516]

[strongest bound on my,(= mj,) are from KATRINJ

0.02 1
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0.00 m; = (—0.141313) ev?
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. Absolute neutrino mass Sca|e [KATRIN 2022 and arxiv:2406.13516]

[strongest bound on my,(= mj,) are from KATRINJ
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Dotted lines: stat. errors only
Solid lines: stat.+syst. errors
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. Neutrinos and their masses [de Salas+, Frontiers 5 (2018) 36]

Normal ordering (NO) Inverted ordering (10)
m < m < m3 my < m < mp
Sme 2 0.06 eV S>mg 2 0.1eV

I . s vy, Vr

v -

1 0.74m

2
m——
V1 1121 4

Am3, >0
1.91n7 2
<
v, . 074 Ams; <0
N e 192m v
V1 0.74n v3 1.12n

[Absolute scale unknown !J

Am3,

Can we constrain the mass ordering using bounds on >_ m,?
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https://doi.org/10.3389/fspas.2018.00036

2 Neutrino masses in cosmology
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. w; density of ies i,
. Neutr'no masses from CM B i € (radiation, e:weexl;gt}elr, et:]asryi/)n: jgledc Zsark matter, v)
1 + ( + )/ Zoq mMatter-radiation equality redshift
Zeq = \Wp We )/ Wr
. o _—,,0 0 0
independent of m, Wy, = wp + we + w, today

\ /

mass of species relativistic at recombination
affects late time evolution only
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https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011

. w; density of ies i,
. Neutr'no masses from CM B i € (radiation, err:wzl;gt}elr, el:]asryi/mg, jglilc Zsark matter, v)
1 + ( + )/ Zoq mMatter-radiation equality redshift
Zeq = \Wp We )/ Wy
. o _ ,,0 0 0
independent of m, Wy, = wp + we + wy today
\ /

mass of species relativistic at recombination
affects late time evolution only

/ \
small effects on the SW plateau Effects on the early ISW effect
(cosmic variance, degeneracies...) AG > m, o
G (o.1 eV) °
14
effects on the position of peaks 12
0s = rs(nes)/Da(nes) "
Zee  dz
Da = o HE) 6
(this effect can be com- 4
pensated reducing Hp) 2
Q[correlation mu—Ho] % 500 400 800 800 10001200

i
[Lesgourgues—+, Neutrino Cosmology]
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https://www.cambridge.org/us/academic/subjects/physics/particle-physics-and-nuclear-physics/neutrino-cosmology?format=PB&isbn=9781108705011

B Free-streaming - |

damping in the perturbations
due to free-streaming

N . )
Growth equation: § ++: 4 Gnp O

Non-cold relics =——

Hubble drag “pressure gravity
Jeans scale: pressure=gravity
47rGNp
c2(1+ z)2
k < ky k > ky
growth of density perturbations no growth can occur

neutrino free-streaming scale

my, Q
ke z)_\/>(l+zovy( ):0.7(1 V)”l—i—M h/Mpc

p energy density of a given fluid oy, (z) v velocity dispersion
6 = 8p/p perturbation (single fluid) H = H(z) Hubble factor at redshift z
¢s sound speed of the fluid h reduced Hubble factor today
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B Free-streaming - |l

Damping occurs for all k 2 ka

Knr: corresponding [Lesgourgues+, Neutrino Cosmology]
to v non-relativistic transition (fixed h, wWm, wp, WA)
1.05
PmV>0(k) T T T T T
Plot: ———— 1
Pmu=0(k) 095
0.9
= top to bottom: m, =0.05eV £ oss
to m, = 0.5 eV T o
0.75
.AP:_SQV2 Zml,(y o
P Qum 0.01 eV 065 - m,=00501,015 .,050eV
1 1 1 1 1
S 102 107 10° 10’
k (h/Mpc)

Expected constraints from future surveys:
= Planck CMB + DES: o(m,) ~ 0.04-0.06 €V [Font-Ribera+, 2014]
= Planck CMB + Euclid: o(m,) ~ 0.03 €V [Audren+, 2013]
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. Zm and CMB [Planck Collaboration, 2018]
v

0.84
TT,TE,EE+lowE+lensing ——
+BAO ----: 0.82
+Nefr ---- '
__ 70
T - 0.80
2 68 ¥m, <0.12 eV (95% CL
= - 0.78
T 66 - S
£ : - 0.76
= B : o e
£ 647 Vel 0.74
62 0.72
60 ; : : : 0.70
0.0 0.1 0.2 0.3

with BOSS DR16 BAO:

Xm, [eV] Tm, < 0.09 eV (95% CL)
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Playing with priors
Bayes theorem:
m(6|M)

p(0|d, M) = 5(9)ﬁ

posterior depends on prior!

parameters 6, model M, data d (6| M) prior p(0|d, M) posterior L(0) likelihood Z nq Bayesian evidence
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B Playing with priors
Bayes theorem:
m(6|M)

p(0|d, M) = E(G)ﬁ}

posterior depends on prior!

[Planck 2018]: prior
0 < X¥Xm, < O(1) eV

strongest upper limit (95%):
Xm, < 113 meV
(CMB+lens+BAO+SN)

corresponding to
Ym, < 53.6 meV (68%)

below minimum for NO!
does it make sense?

parameters 6, model M, data d (6| M) prior p(0|d, M) posterior L(0) likelihood Z nq Bayesian evidence
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B Playing with priors

Bayes theorem:

p(01d. ) = £(0) "G

[Wang+, 2017]
degenerate (DH)
vs normal (NH)

vs inverted (IH) hierarch
posterior depends on prior! (1) Y
(i.e. change the prior lower bound)

— vpyACDM
+0.06eV prior
----- +0.10eV prior
i| — vyyACDM
— vy ACDM

Different limits if you consider
simply Xm, > 0 or you take into
account oscillation results. . .

2. m, posterior

Ll L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

¥m,,
L(0) likelihood Z nq Bayesian evidence

parameters 6, model M, data d
S. Gariazzo

(6| M) prior p(0|d, M) posterior
“Neutrino mass bounds from cosmology’




B Cosmological neutrino mass bounds in 2022 (95% CL)
0251 e

Planck18

024 e

TT+lowE+lens+BAO DR12

Zmup

Planck18+lens+BAO DR12
[Planck 2018]

0.1 -t- ACDM+Ym,
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https://doi.org/10.1051/0004-6361/201833910

B Cosmological neutrino mass bounds in 2022 (95% CL)

0254 e
Planck18
ACDM+X m,, +wp+w,
024 e
Ym, > 0.1eV
0154 | e
g ACDM+Xm, 4wy
N TT+lowE+lens+BAO DR12 Ym, > 0.06 eV
Planck18+lens+BAO DR12
[Planck 2018] ACDM+Em,, +Qy
01 J _AC_DM—i__Z_n:'ll - ACDMA4Smy, +Nogg ~ |[-=-=-=—===-= ===
Xmy >0 ACDM+Xm,,
[di Valentino+, PRD 106 (2022)]
Planck18+lens+BAO DR16
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https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevD.106.043540

B Cosmological neutrino mass bounds in 2022 (95% CL)

0.25 B
Planck18
ACDM+X m,, +wp+w,
0.2 B
Ym, > 0.1eV
0.15 B
E: ACDM+Xm,, +wp
N TT-+lowE+lens+BAO DR12 Ym, > 0.06 eV
Planck18+lens+BAO DR12
[Planck 2018] ACDM+Em,, +Qy
marginalized
01 J _AC_DMT_Z_”:'M - ACDMA4Smy, +Nogg  [m=-=---—=-—-=-=—-~=--
Xmy >0 ACDM+Xm,,
[di Valentino+, PRD 106 (2022)]
Planck18+lens+BAO DR16
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B Constraints on the sum of neutrino masses [PRD 108 (2023)]

— ACT marg. —— SPT marg. = Planck marg.
ACT models SPT models

P/Pmax

\

0.2 0.3 0.4 0.5
Zmu [eV]
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https://doi.org/10.1103/PhysRevD.108.083509

[arxiv:2404.03002]

B DESI BAO data from DR1
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https://arxiv.org/abs/2404.03002

B DESI BAO data from DR1 [anxiv:2404.03002]

K 061 Il CMB (no CMB lensing) .
1.0 — glltig (no CMB lensing) OMB ?_
& 0.5+ y =
CMB + DESI BAO N CMB + DESI BAO ;ﬁ
0.8 +
— 0.41 =
g 0.6 i %
Qf : X 0.3 a
~ S
& A
0.4 0.2
0.2 0.1
0.0 ‘ \\ ‘ 00— ‘ ‘
0.00 0.05 0.10 0.15 0.20 62 64 66 68
Smy V] Hy [kms™! Mpc™]

Y m, < 0.072 eV (95%, DESI BAO+CMB)

close to disfavoring normal ordering minimum value
>my, ~ 0.06 eV
at 95%!
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. . Craig+, JHEP 09 (2024
B Negative neutrino masses? [[G,fe'ni, arxiv:2407.(07872)3%

"Effective v mass 2, " by extrapolating the effect of Xm, on lensing

“Negative neutrino mass”: increased matter clustering
compared to a model with only massless neutrinos

—— ACDM+Ym, .
—— ACDM+(3"m, > 0)
—— ACDM+Y i,

P/Pmax

—0.400 —0.200 0.000 0.058 0.200

22 my [eV]

Planck 2018 CMB, ACT+-Planck lensing, DESI BAO
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https://doi.org/10.1007/JHEP09(2024)097
https://arxiv.org/abs/2407.07878

B Negative neutrino masses?

[Craig+, JHEP 09 (2024)]
[Green+, arxiv:2407.07878]

S. Gariazzo

"Effective v mass 2, " by extrapolating the effect of Xm, on lensing

- ACDM+ Y m,
L ACDMA (S, > 0)
 ACDM+Y i,

TR

Yo,

0.30 032 0775 0R00 082 0850 04

G s 60 10 028
D Ss

Planck 2018 CMB, ACT+-Planck lensing, DESI BAO
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https://arxiv.org/abs/2407.07878

— terrestrial —— futureNO —— NO
— current — future 0 --- 10

1.0 4 L L L

4 Constraining the mass ordering

1073 1072 107! 10°
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B Can current data tell us the neutrino mass ordering?
1| [Hannestad, Schwetz, 2016]: extremely weak (2:1, 3:2) preference for NO
(cosmology + [Bergstrom et al., 2015] neutrino oscillation fit)
Bayesian approach;

2 [Gerbino et al, 2016]: extremely weak (up to 3:2) preference for NO
(cosmology only), Bayesian approach;

3 [Simpson et al., 2017]: strong preference for NO
(cosmological limits on 3" m, + constraints on Am3; and |Am3;|)
Bayesian approach;
[Schwetz et al., 2017], “Comment on ..."[Simpson et al., 2017]: effect of prior?
5 [Capozzi et al., 2017]: 20 preference for NO
(cosmology + [Capozzi et al., 2016, updated 2017] neutrino oscillation fit)
frequentist approach;
6 [Caldwell et al.,, 2017] very mild indication for NO
(cosmology + neutrinoless double-beta decay —+ [Esteban et al., 2016]
readapted oscillation results)
Bayesian approach;
1 [Wang, Xia, 2017]: Bayes factor NO vs 10 is not informative
(cosmology only).
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[Schwetz et al., 2017], “Comment on ..."[Simpson et al., 2017]: effect of prior?
5 [Capozzi et al., 2017]: 20 preference for NO
(cosmology + [Capozzi et al., 2016, updated 2017] neutrino oscillation fit)
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B Parameterizing neutrino masses [SG+, JCAP 03 (2018) 11]

[Simpson et al, 2017] [Caldwell et al, 2017]
[use mi, my, ms3 (3M)J {use Miightest Am3;, |Am3| (MA)}
Alternatively:

> My, Am%lv ’Amgﬂ (ZA)

‘ intuition says: > /A is closer to observable quantities! Better than 3M? ’

Cosmology measures Y. m,, oscillations Am3,, |Am3, |

[MA should be equivalent to ZA]

Should we use linear or logarithmic priors on my (mhghtest)?J

Can data help to select 3M or MA/EA, linear or log?
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B Mass ordering and Bayesian analyses JCAP 10 (2022)]

— oscillation Am? alone should not generate a difference

® Am? ¢ +M,<0.12eV W caseA W caseC W caseE
X  +KATRIN * +M,<0.09 eV B caseB B caseD
moderate
(s30) I B-1417
5r 99.2% #99.3% i
(2.660) (2.700)
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] D
Q g4t $982% 98.1% 7
IEJ (2.370) (2.340)
n B=225
!3 3k L o5 7% A
l\? weak 1(2.030)
< (s20) * B=82
B=63 89.1%
N” 2F 86.2% F=th (1.60;) B=53 g:;,: 7
%Q B=38 (1.480) 59.8% #84.1% P A
35 o, (1.630) 5271410 e 1430
€2 B=3.9(1.260) Y 3
9 1F Soen o] $73.3% (1.230)
£ (1:270)
o kinconclusive e SR B=09
(slo) B=06 \J o o Xagiv
o oh392% Ea_.sl%o B=08
_1 o 41.2 34.5% i
A, B, C: D, E:
Gauss. prior on ||near prior on
Inmy, Inmy, Inms, . Miightest/ Y. My

different prior ranges or sampling
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B Mass ordering and Bayesian analyses

=InZyo — InZjo

|n BYith Ax?

S. Gariazzo

NO, 10

® Am?+Axi, 4 +M,<0.12eV m caseA m caseC W caseE

X  +KATRIN * +M,<0.09 eV B caseB B caseD

strong
9 (=s40) J

L B=3907.6
B =3549.6
§99.97% #99.97%
8 (3.630) (3.660) 1
.B=15254 B=1409.4
99.93% 99.93%
7+ (3.410) (3.390) T
B=619.2
+99.8%
(3:150)
B=2252 _

|('n<03de)rate B=1725 ®  %99.6% o At

<30 $994%  g_3416 (2850) (2.700) #(2.720)
5F B=105.1 (2760) 9969, | % (2700 1

®  xselx (2.870) G750 $5-986

B=108.6 (2:600 §98.7% 99.0%
4 199.1% (2.480) (2.570) 4
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B Can a cosmological limit on ¥ m, disfavor [Q? [PV 40 (2023)]
/

standard factor

Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)
NO: £m, > 0.06 eV Current: ¥m, < 0.1 eV (95%) 10: £m, > 0.1eV

~ ~

Future sensitivity: o(Xm,) =~ 0.02 eV
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B Can a cosmological limit on ¥ m, disfavor [Q?  [PPY 40 (2023)]
/

standard factor

Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)

[Is there a tension between cosmology and oscillations?}

or will there be a tension?
several possible tests can be considered, similar results

Ym, <0.1eV (95%) @ current m NO

¥m, =0.06+0.02¢eV (lo) @ future NO A IO
Ym, =0.00+0.02¢eV (lo) @ futureO

o
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currently only mild tension between cosmology and oscillations

future 0 can be at ~ 2 — 30 tension with NO, = 40 with 10
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M Can a cosmological limit on ¥ m, disfavor 10?7 [PPY %0 (2023)]
4 )
preference for NO vs |07

Cosmology measures w, = £, h]

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

[Is there a tension between cosmd e currentcosmo terr. + future 0
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several possible tests can be cor - ® ‘
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[JHEP 02 (2021)]

. Mass Ordermg results http://globalfit.astroparticles.es/

Bayes theorem for models:
8t strong
[p('/\/”d) X ZM’]T(M)] moderate
7t weak S
Bayesian evidence: 6 inconclusive R 30
< 30
Zu= [ LOO)d ol
@ 4
Bayes factor NO vs 10: p {
3
[BNO,IO = Zxo/ Zlo] i <20
2t = "
Posterior probability: 1
Pxo = Bnojgo/(Brnoio +1) . Slo
Po = 1/(BNO,IO + 1) C I I
B G L
No from Pxo = erf(N/v/2) " * * %

7(M) model prior L(0) likelihood
p(M|d) model posterior Q A4 parameter space, for parameters 6
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B What do we learn on neutrino masses from cosmology?
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Effects

of neutrino masses in cosmology
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C Effects of neutrino masses in cosmology
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