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THE STORY OF NEUTRINOS IS A
STORY OF SUCCESS!

- 1930 — Wolfgang Pauli Postulates the existence of Neutrinos

« 1956 — Discovery of Electron Neutrino by C. Cowan and F. Reines

« 1968 — Neutrino oscillation hypotesis by Pontecorvo

* 1962 — Discovery of the Muon Neutrino by Lederman, Schwartz & Steinberger

- 1998 — Discovery of Atmospheric Neutrino Oscillations by Super Kamiokande

- 2000 — Discovery of the Tau neutrino by DONUT at Fermilab

- 2001 — Discovery of solar neutrino oscillations by Sudbury Neutrino Observatory “I have done a terrible thing, | have postulated a
particle that cannot be detected”

— Wolfgang Pauli —



THE STORY OF NEUTRINOS IS A
STORY OF SUCCESS!

1930 — Wolfgang Pauli Postulates the existence of Neutrinos

1956 — Discovery of Electron Neutrino by C. Cowan and F. Reines

1958 — Neutrino oscillation hypotesis by Pontecorvo

1962 — Discovery of the Muon Neutrino by Lederman, Schwartz & Steinberger
1998 — Discovery of Atmospheric Neutrino Oscillations by Super Kamiokande
2000 — Discovery of the Tau neutrino by DONUT at Fermilab

2001 — Discovery of solar neutrino oscillations by Sudbury Neutrino Observatory

Now — Neutrino Astrophysics and Cosmology by Planck, ACT, SDSS, DESI, and many
other cosmological and astrophysical surveys
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WG, M. Forconi et al. — MNRAS 520 (2023) 2 « arXiv: 2210.14159
How MANY Vs ?
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How MANY Vs ?

NUMBER OF NEUTRINO SPECIES

The amount of the radiation energy density is commonly parameterized in terms
of the effective number of relativistic degrees of freedom

Q. ~Q (1+0.23N)

In the Standard model of cosmology and Particle physics N+ = 3.04. A larger
1/2
N, will increase H(z) [Q,, (1 + Z)4]

c

- CMB: a higher N ¢ at recombination implies:

1) Changing the matter-radiation equivalence and enhancing the early ISW.
This contributes to the primary anisotropy, increasing the first acoustic peaks.

2) Reducing the sound horizon and the angular scale of the acoustic peaks.
This gives a horizontal shift of the peak positions towards higher multipoles.
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How MANY Vs ?

Gariazzo, WG, et al « arXiv: 2404.11182
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How MASSIVE Vs ?

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured at terrestrial experiments indicate that at least two
neutrinos are massive:

- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?

_ Solar splitting: Amzzl = m22 - ml2 ~ 7.5 % 107> eV?
Since the sign of | Am321 | is unknown, two mass orderings are possible:

1) Normal Ordering (m; < m, < m;)

2) Inverted Ordering (m; < m; < m, )

Credit: Figure taken from S. Vagnozzi — Weight them all!
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How MASSIVE Vs ?

TOTAL NEUTRINO MASS AND ORDERING

Neutrino oscillations measured at terrestrial experiments indicate that at least two
neutrinos are massive:

- Atmospheric splitting: |Am321 | = |m32 — m12| ~2.55 % 1073 eV?

_ Solar splitting: Am221 = m22 - m12 ~ 7.5 % 107> eV?
Since the sign of | Am321 | is unknown, two mass orderings are possible:
1) Normal Ordering (m; < m, < m;)

2) Inverted Ordering (m; < my < m, )

It we set the mass of the lightest neutrino and set it to 77, = 0, within the two
orderings, we get a lowerlimit on the total mass from neutrino oscillations

1) Normal Ordering: Z m, > 0.06eV

2) Inverted Ordering: Z m,> 0.1eV

Credit: Figure taken from S. Vagnozzi — Weight them all!
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How MASSIVE Vs ?

EARLY UNIVERSE CONSTRAINTS

The total neutrino mass Z m,, impacts the CMB in various ways:

1) it boosts the late-time non-relativistic density, affecting the scale-angle
relations on the last scattering surface and the late ISW effects.

2) affects the non-relativistic transition of neutrinos by changing the pressure-to-
density ratio and causing metric fluctuations observable in the early ISW effect.

3) it reduces weak lensing effects on the CMB by suppressing the matter
power spectrum and CMB spectra at small scales.

) m, <0.24eV Planck - (TT TE EE) + lensing

Planck 2018 results. VI
[arXiv:1807.06209]
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How MASSIVE Vs ?

EARLY UNIVERSE CONSTRAINTS

The total neutrino mass Z m,, impacts the CMB in various ways:

1) it boosts the late-time non-relativistic density, affecting the scale-angle
relations on the last scattering surface and the late ISW effects.

2) affects the non-relativistic transition of neutrinos by changing the pressure-to-
density ratio and causing metric fluctuations observable in the early ISW effect.

3) it reduces weak lensing effects on the CMB by suppressing the matter
power spectrum and CMB spectra at small scales.

) m, <0.24eV Planck - (TT TE EE) + lensing

Planck 2018 results. VI
[arXiv:1807.06209]
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How MASSIVE Vs ?

LATE UNIVERSE CONSTRAINTS

How can we improve the CMB limit on Neutrinos?

1) Neutrinos will become non-relativistic particles, contributing to the matter
energy density at late times. Depending on their mass, they will alter cosmic
distances, measured by BAO and, in part, Supernovae.

2) Neutrinos will suppress structure formation, affecting other local observables
such as the matter power spectrum and weak lensing. We can examine the large-
scale structure of the Universe.
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How MASSIVE Vs ?

WG, et. al— PRD 108 (2023) 10, 103539 - arXiv: 2307.14204

LATE UNIVERSE CONSTRAINTS

B Full lensing+BAO
B Full lensing+SN

How can we improve the CMB limit on Neutrinos? BN Full lensing+BAO+SN+DES

1) Neutrinos will become non-relativistic particles, contributing to the matter
energy density at late times. Depending on their mass, they will alter cosmic r
distances, measured by BAO and, in part, Supernovae. 08 - T

>m,[eV]

2) Neutrinos will suppress structure formation, affecting other local observables
such as the matter power spectrum and weak lensing. We can examine the large- 02

scale structure of the Universe. el ]
© 0.80 -
o}
Local probes are approaching a level of precision comparable to CMB. ol A ]
0.74 |- =+ -
Dataset > m, [eV] al | ]
ACT-DR6 < 3.32 = | | _
ACT-DR6 + BAO < 1.10 <
ACT-DR6 + BAO + DES < 0.773 30T T ]
igi_ggg + gig + ]S:)IES SN < 8;;; 616 68 70 7 0.2 04 0.6 0.|8 0.175 0.;30 0.50 0.35
_ 4 + + < 0. H 2myleV] o Qm
ACT+Planck lensing < 1.42 i 8
ACT+Planck lensing + BAO < 0.527
ACT+Planck lensing + BAO + DES < 0.664
ACT+Planck lensing + BAO + SN < 0.490

ACT+Planck lensing + BAO + DES + SN < 0.606
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DESI 2024 VI — [arXiv:2404.03002]

How MASSIVE Vs ?

—— CMB (no CMB lensing)
CMB
—— CMB + DESI BAO

MASS AND ORDERING AFTER DESI BAO 0.8 -

DARK ENERGY SPECTROSCOPIC INSTRUMENT (DESI) SURVEY YEAR 1 RESULTS

g
g
DESI 2024 VI: cosmological constraints from the &
measurements of baryon acoustic oscillations

| DARK ENERGY
SPECTROSCOPIC
INSTRUMENT

T T . T . T I .

U.S. Department of Energy Office of Science

The DESI collaboration

E-mail: spokespersons@desi.lbl.gov

ABSTRACT: We present cosmological results from the measurement of baryon acoustic oscilla- O ' T ’

tions (BAO) in galaxy, quasar and Lyman-« forest tracers from the first year of observations OOO 005 O ].O O 15 O 20
from the Dark Energy Spectroscopic Instrument (DESI), to be released in the DESI Data

Release 1. DESI BAO provide robust measurements of the transverse comoving distance and Z m U [eV]

Hubble rate, or their combination, relative to the sound horizon, in seven redshift bins from

over 6 million extragalactic objects in the redshift range 0.1 < z < 4.2. To mitigate confirma-

tion bias, a blind analysis was implemented to measure the BAO scales. DESI BAO data

alone are consistent with the standard flat ACDM cosmological model with a matter density

Qm = 0.295 + 0.015. Paired with a baryon density prior from Big Bang Nucleosynthesis and

the robustly measured acoustic angular scale from the cosmic microwave background (CMB),

DESI requires Hy = (68.52 + 0.62) kms~! Mpc~!. In conjunction with CMB anisotropies C S i O 07 2

from Planck and CMB lensing data from Planck and ACT, we find 2, = 0.307 £ 0.005 ® M B+ D E I- D R1 u ml/ < o ev

and Hy = (67.97 + 0.38) kms~! Mpc~!. Extending the baseline model with a constant dark

energy equation of state parameter w, DESI BAO alone require w = —0.99“:8:%3. In models
with a time-varying dark energy equation of state parametrised by wy and w,, combinations !

of DESI with CMB or with type Ia supernovae (SN Ia) individually prefer wy > —1 and 6 OSCi I Iation Expe ri ments NO: Z m. > 0.06 eV
wg < 0. This preference is 2.60 for the DESI+CMB combination, and persists or grows when v

SN Ia are added in, giving results discrepant with the ACDM model at the 2.50, 3.50 or

3.90 levels for the addition of the Pantheon+, Union3, or DES-SN5YR supernova datasets !
respectively. For the flat ACDM model with the sum of neutrino mass 3 m, free, combining

the DESI and CMB data yields an upper limit " m, < 0.072 (0.113) eV at 95% confidence

for a Y- m, >0 (3°m, > 0.059) eV prior. These neutrino-mass constraints are substantially

Oscillation Experiments 10: )’ m, > 0.1 ev

¢

relaxed if the background dynamics are allowed to deviate from flat ACDM.
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Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

?
How MASSIVE Vs @eNO @10 +ps X Opwar  * A

ACDM+> m,

MASS AND ORDERING AFTER DESI BAO T O T W~ === ) FS S

ACDM+> m,

Dataset combination > m, (eV) Bno.,1o

baseline (CMB + DESI) < 0.072 8.1
baseline + SNela < 0.081 7.0
baseline + CC < 0.073 7.3
baseline + SDSS < 0.083 6.8
baseline + SHOES < 0.048  47.8
baseline + XSZ < 0.050 46.5
baseline + GRB < 0.072 8.7 0

No (cosmo vs terrestrial) tension
W
|
)Q.

aggressive combination (baseline + SHOES + XSZ) I < 0.042eV 72.6

CMB (with ACT “extended” likelihood)+DESI < 0.072 8.0
CMB+DESI (with 2020 HMCode) < 0.074 7.5
CMB (with v1.2 ACT likelihood)+DESI < 0.082 7.4

baseline+CC -

CMB (ACT extended) + DESI 4R
T e

baseline+SNela -
baseline+SDSS [

baseline (CMB+DESI) -

— We pushed the mass limit as far as possible, considering different datasets.
— We quantified the Bayesian ratio between NO and 10: strong preference for NO.

— We quantified the tension between cosmological and terrestrial experiments
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How MASSIVE Vs ? DESI 2025 — [arXiv:2503.14738]
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U.S. Department of Energy Office of Science \\
i 0.2 - .
The DESI collaboration ..

We present baryon acoustic oscillation (BAO) measurements from more than 14 million galaxies 08 00 0 b 5 0 '16 0 '15 0 '2 0
and quasars drawn from the Dark Energy Spectroscopic Instrument (DESI) Data Release 2 (DR2), y y y y y
based on three years of operation. For cosmology inference, these galaxy measurements are combined Z m [ eV]
with DESI Lyman-a forest BAO results presented in a companion paper. The DR2 BAO results v

are consistent with DESI DR1 and SDSS, and their distance-redshift relationship matches those
from recent compilations of supernovae (SNe) over the same redshift range. The results are well
described by a flat ACDM model, but the parameters preferred by BAO are in mild, 2.30 tension
with those determined from the cosmic microwave background (CMB), although the DESI results
are consistent with the acoustic angular scale 6, that is well-measured by Planck. This tension § :

is alleviated by dark energy with a time-evolving equation of state parametrized by wo and w,, ® CM B+DESI-DR2: m < ().()64 ev
which provides a better fit to the data, with a favored solution in the quadrant with wo > —1 v

and w, < 0. This solution is preferred over ACDM at 3.1c for the combination of DESI BAO

and CMB data. When also including SNe, the preference for a dynamical dark energy model

over ACDM ranges from 2.8 — 4.20 depending on which SNe sample is used. We present evidence [
from other data combinations which also favor the same behavior at high significance. From the

combination of DESI and CMB we derive 95% upper limits on the sum of neutrino masses, finding
> - m, < 0.064 eV assuming ACDM and ) m, < 0.16 €V in the wow, model. Unless there is an
unknown systematic error associated with one or more datasets, it is clear that ACDM is being
challenged by the combination of DESI BAO with other measurements and that dynamical dark
energy offers a possible solution.

Oscillation Experiments 10: )’ m, > 0.1 ev

¢
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How MASSIVE Vs ?

POSSIBLE IMPLICATIONS

Model Data set > m, (20)
ACDM + > m, CMB < 0.175 eV
CMB+DESI < 0.065 eV

CMB+DESI+PP < 0.073 eV

CMB+DESI+DESy5 < 0.091 eV

ACDM+)  m,+Aiens CMB < 0.616 eV
CMB+DESI < 0.204 eV

CMB+DESI+PP < 0.255 eV

CMB+DESI+DESy5 < 0.287 eV

wow,CDM+Y " m,, CMB < 0.279 eV
CMB+DESI < 0.211 eV

CMB+DESI+PP < 0.155 eV

CMB+DESI+DESy5 <0.183 eV

— Undetected systematics in DESI BAO Data (e,g, BAO at z~0.7 in 30 tension with SDSS)

40 million

galaxies and quasars

covering0<z<4

3 million QSOs

1.0<z<40

16 million ELGs

06<z<16

13 million

Bright galaxies
00<z<04

WG & E. Di Valentino — in preparation

DESI-DR2

No-lrg2 (z=0.706)

No-lrg3elgl (z= 0.934)

No-lya (z=2.330)

No-elg2 (z=1.321)

No-bgs (z=0.295)

No-gso (z=1.484)

No-Irgl (z=0.510)

Am, = 0.010 eV

Am, = 0.007 eV

Am, = 0.002 eV

Am, = 0.002 eV

Am,= —0.002 eV

Am,= —0.002 eV

Am,= —0.004 eV

0.02

0.04
>m, [eV]

0.06

0.08




How MASSIVE Vs ?

ACT-DR4 - : :
Planck-PR4 (HiLLiPoP) |
POSSIBLE IMPLICATIONS Planck-PRA (Camspec) - e
Planck-PR3 (CamSpec) - i —e—
Model Data set > m, (20) olamck-PR3 (Pl i A
ACDM + > m, CMB <0.175 eV |
CMB-+DESI < 0.065 eV —
0.7 0.8 0.9 1.0 1.1 1.2 1.3
CMB+DESI+PP < 0073 eV Alens
CMB+DESI+DESy5 < 0.091 eV
ACDM+)>  my+Alens CMB < 0.616 eV
CMB+DESI < 0.204 eV -
CMB+DESI+PP < 0.255 eV 2
CMB+DESI+DESy5 < 0.287 eV = ,
woweCDM+> " m,, CMB < 0.279 eV 0.0 T o1 0.2 0.3
CMB+DESI < 0.211 eV 1.30 ! 1.30
: CMB+DESI
CMB+DESI+PP < 0.155 eV 1.25 1.25
CMB-+DESI+DESy5 <0.183 eV 1.20- o * 1.20
1.15- i — 1.15
$1.10 1.10
<
1.05 1.05
— Undetected systematics in DESI BAO Data (e,g, BAO at z~0.7 in 3o tension with SDSS) 1.00- 100}
— Undetected systematics in CMB Data (e.g., lensing anomaly). 0.957 0.95
>9%0 T o1 0.2 0377 [PIPra

va [eV].




How MASSIVE Vs ?

POSSIBLE IMPLICATIONS

Model Data set > m, (20)
ACDM + > m, CMB <0.175 eV
CMB+DESI < 0.065 eV

CMB+DESI+PP < 0.073 eV

CMB+DESI+DESy5 < 0.091 eV

ACDM+)> ~ my+Alens CMB < 0.616 eV
CMB+DESI < 0.204 eV

CMB+DESI+PP < 0.255 eV

CMB+DESI+DESy5 < 0.287 eV

woweCDM+> " m,, CMB < 0.279 eV
CMB+DESI < 0.211 eV

CMB+DESI+PP < 0.155 eV

CMB+DESI+DESy5 <0.183 eV

— Undetected systematics in DESI BAO Data (e,g, BAO at z~0.7 in 3o tension with SDSS)

— Undetected systematics in CMB Data (e.g., lensing anomaly).

— New Physics Beyond ACDM (e.g., Dynamical Dark Energy)

B DESI+CMB+Pantheon+
DESI+CMB+Union3
B DESI+CMB+DESY5
\\. --- DESI+CMB

06 —-04 —02 0.0

CMB+BAO (ACDM)

CMB+BAO (wow,CDM)

0.0 0.1 0.2 0.3

va [eV]




OUTLOOKS AND CONCLUSIONS

Neutrino Cosmology

Cosmology is a powerful tool for constraining neutrino properties such as v-species, mass, and ordering.
Caveat: weak-to-relevant dependence on the overall cosmological model.

Neutrino Species

Most recent BBN data are in good agreement with 3-v families, constraining AN, < 0.3

Most recent CMB data are in good agreement with 3-v families, constraining AN, < 0.3
Modest dependence on the overall model of cosmology!

Neutrino Mass & Ordering

* Post-DESI neutrino mass limits strongly disfavor the IO (assuming ACDM cosmology)
. Post-DESI neutrino mass upper limit Z m, < 0.064 eV is extremely close to the lower limit Z m, > 0.06 eV by oscillation experiments!

Status and Prospects

Possible systematics in DESI BAO data (e.g., DESI datapoint at z=0.706)
Possible systematics in CMB data (e.g., lensing anomaly)
Possible hints of New Physics (e.g., Dynamical Dark Energy)

Conservative Cosmological mass limit: Z m, < 0.2 eV (but significant model dependence: within a factor of 3)

Thank You!
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NEUTRINO COSMOLOGY
BEFORE DESI BAO

TOTAL NEUTRINO MASS AND ORDERING

Most constraining limits from independent CMB experiments

Dataset Y. m, [eV]
Most constraining * 0.0866
Planck+lensing+BAO 0.12
ACT+WMAP+BAO 0.16
SPT+WMAP+BAO 0.20

ACT-DR6+Planck-lensing+BAO+SN 0.49

* From Planck + lensing + pantheon-plus + DR12 (BAO+RSD) + DR16 (BAO only)
as reported in Di Valentino et al. [arXiv: 2106.15267]

ACDM+Zmy+...

ACDM + ) m,

\
Joint Limits on Neutrinos & A;
va <0.166 eVand A, =1.071 £ 0.040 (Planck+BAO+SN)

va <0.176 eVand A, =0.916 £ 0.074 (SPT+WMAP+BAO+SN)
va <0.184 eVand A, =1.00 = 0.08 (ACT+WMAP+BAO+SN)

|
|
|
|
Joint Limits on Neutrinos & as

va < 0.0908 eV and as = — 0.0044+0.0066 (Planck+BAO+SN)
va <0.20 eVand as=0.0117+0.0076 (ACT+WMAP+BAO+SN)
‘ va <0.22 eV and as =0.0054+0.0092 (SPT+WMAP+BAO+SN)

\
Joint Limits on Neutrinos & w
Zmu <0.14 eVand w= —1.046 + 0.033 (Planck+BAO+SN)

>m, <0.24 eV and w= —1.036 + 0.037 (ACT+WMAP+BAO+SN)
>m,<0.26 eV and w= —1.024 + 0.037 (SPT+WMAP+BAO+SN)

|
|
|
|
Joint Limits on Neutrinos & Qi

va <0.11 eV and Qr=0.0009 £ 0.0019 (Planck+BAO+SN)
va <0.26 eV and Q,=0.0013 = 0.0030 (SPT+WMAP+BAO+SN)
‘ va <0.27 eV and Q,=0.0027 = 0.0032 (ACT+WMAP+BAO+SN)
\
\
\
\
Joint Limits on Neutrinos & Negs
va < 0.0968 eV and N =3.06 £ 0.17 (Planck+BAO+SN)
‘ va < 0.155 eV and Negs=2.78 £ 0.25 (ACT+WMAP+BAO+SN)
va <0.24 eV and Ngg = 3.20 £ 0.31 (SPT+WMAP+BAO+SN)
\
\
\

|
Joint Limits on Neutrinos &} QCD Axions

>m, <0.16 eV and m, < 0.28 eV (Planck CMB + BBN + BAO)
Zmu <0.43 eVand m,<1.11 eV (ACT-DR6+Planck-lensing+BAO+SN)
| va <0.55eVand m,<1.62 eV (ACT-CMB+BBN+BAO)

!
!
\
\

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

> m, <0.49 eV (ACT-DR6+Planck-lensing+BAO+SN)
va < 0.53 eV (ACT-DR6+Planck-lensing+BAO)
Zm., <1.42 eV (ACT-DR6+Planck-lensing)
\
\
\
\
\
\

SPT Based Limits (ACDM)
>m, <0.197 eV (SPT+WMAP+BAO+SN)

va < 0.37 eV (SPT+WMAP+Planck lensing)

‘ > m, <0.74 eV (SPT+WMAP)

\
\
\
|
ACT Based Limits (ACDM) 1

>m, <0.16 eV (ACT+WMAP+BAO)
‘ Sm, <12 eV (ACT+WMAP)
>m, <1.47 eV (ACT)

|

|

|

|
Planck Based Limits (/\CDMI)

va <0.12 eV (Planck TT TE EE + lowE + lensing + BAO)
va < 0.24 eV (Planck TT TE EE + lowE + lensing)
‘ > m, <0.26 eV (Planck TT TE EE + lowE)

Most constraining Limit |

> m, <0.0866 eV (Planck+BAO+SN)

0.06 05 1 2 3 5
va[eV]
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Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]
NEUTRINO COSMOLOGY

AFTER DESI BAO 4500 -
4000 - N
)
£ 3500 7
TOTAL NEUTRINO MASS AND ORDERING = 3000 ] — Pancias
% - 2?\18511?5:%125221 with SHOES Mp)
Q2500 - XSZ
ACDM-‘;—Z my GRB |
2000 | ¢ DESI (Call?t)rated Wl.th Planck r)
Dataset combination Zmy (eV) BNO’IO + 2]()388 (calibrated with Planck r,)
1500 -
baseline (CMB + DESI) < 0.072 8.1 4500 -
baseline + SNela < 0.081 7.0 4000 -
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o,
baseline + SDSS < 0.083 6.8 2. 3000 -
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— We pushed the mass limit as far as possible, considering different datasets. -
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Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]
NEUTRINO COSMOLOGY

AFTER DESI BAO ® NO ® IO + Do X Qpmap *x A

TOTAL NEUTRINO MASS AND ORDERING

ACDM+> m,

Dataset combination > m, (eV) Bno.,1o

baseline (CMB + DESI) < 0.072 8.1
baseline + SNela < 0.081 7.0
baseline + CC < 0.073 7.3
baseline + SDSS < 0.083 6.8
baseline + SHOES < 0.048  47.8
baseline + XSZ < 0.050 46.5
baseline + GRB < 0.072 8.7

No (cosmo vs terrestrial) tension
W
*
X %
X
Xt

aggressive combination (baseline + SHOES + XSZ) I < 0.042eV 72.6

CMB (with ACT “extended” likelihood)+DESI < 0.072 8.0
CMB+DESI (with 2020 HMCode) < 0.074 7.5
CMB (with v1.2 ACT likelihood)+DESI <0082 74

haseline+cc

baseline+GRB Jr
el ercHOES xSy | e

baseline+SDSS e

CMB+DESI (HM2020) -

baseline (CMB+DESI) -

CAVEATS ACDM+Y"m,

Dataset combination > m, (eV) Bno.10

PR4 (1o0llipop+hillipop) +DESI < 0.080 6.4

PR4 (lollipop+hillipop) +SNela < 0.090 6.4 —

PR4 (lollipop+hillipop) +DESI4+SDSSQE < 0.090 5.7
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HANDLE NEW PHYSICS WITH CARE!

Neutrino cosmology after DESI: tightest mass upper limits, preference for the normal
ordering, and tension with terrestrial observations

Jun-Qian Jiang,»'? * William Giare,3 ? Stefano Gariazzo,* % 6 7 Maria Giovanna Dainotti,”® % 19:9 Eleonora Di
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The recent DESI Baryon Acoustic Oscillation measurements have led to tight upper limits on the
neutrino mass sum, potentially in tension with oscillation constraints requiring » m, 2 0.06eV.
Under the physically motivated assumption of positive > m,, we study the extent to which these
limits are tightened by adding other available cosmological probes, and robustly quantify the prefer-
ence for the normal mass ordering over the inverted one, as well as the tension between cosmological
and terrestrial data. Combining DESI data with Cosmic Microwave Background measurements and
several late-time background probes, the tightest 20 limit we find without including a local Hy prior
is > m, < 0.05eV. This leads to a strong preference for the normal ordering, with Bayes factor rela-
tive to the inverted one of 46.5. Depending on the dataset combination and tension metric adopted,
we quantify the tension between cosmological and terrestrial observations as ranging between 2.5¢0
and 50. These results are strenghtened when allowing for a time-varying dark energy component
with equation of state lying in the physically motivated non-phantom regime, w(z) > —1, highlight-
ing an interesting synergy between the nature of dark energy and laboratory probes of the mass
ordering. If these tensions persist and cannot be attributed to systematics, either or both standard

neutrino (particle) physics or the underlying cosmological model will have to be questioned.
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STATISTICAL METRICS

Q- STATISTICS

statistic evaluates the “cost” of explaining datasets to-
gether (i.e. with the same parameter values) as opposed
to describing them separately (i.e. each dataset can chose
its own preferred parameter values). Given two datasets
A and B, the test statistics is computed as:

= — ZInEAB(éAB)

A . 5)
+2InL4(04) +2InLp(0p), ®)

where 0 denotes the parameter values which “best” de-
scribe dataset D, and L denotes the likelihood for the
datasets given the parameter values. In the context of

Bayesian analyses, 0p is set to the “maximum a posteri-
ori” parameter values (MAP, the point at which the pos-
terior assumes its maximum value), which in general does
depend on the prior choice: see Refs. [215, 216], where
the corresponding test statistics is denoted by Qpmap
(difference of log-likelihoods at their MAP point).

A-STATISTICS

The parameter differences test statistics instead mea-
sures the distance between posterior distributions for the
parameters 6 of two different datasets [217, 218]. We de-
fine the difference as A8 = 01 — 02, where 61 and 62 are
two points in the shared parameter space. If A and B
are independent datasets, the posterior distribution for
A@ is given by the following:

Pa(AG) = / PA(6)Ps(6 — A9) db. (6)

The probability for a given parameter shift between the
two posteriors is given by the following integral:

A = Pa(AG)dAD . (7)
Pa(A0)>Pa(0)

Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

SUSPICIOUSNESS

Finally, for what concerns the Bayesian suspiciousness,
the starting point is the Bayesian evidence ratio, defined
as follows:

_ ZaB
R = Z.2, (8)

where the numerator corresponds to the evidence when
the datasets A and B are described by the same set of
parameters 6, whereas in the denominator different pa-
rameters may be preferred by the two datasets.!®> As
discussed in Ref. [216], R depends on the prior volume in
such a way that small values of R, indicative of a possi-
ble tension between datasets, can be artificially increased
by increasing the prior volume. This is the reason why
we do not directly use the Bayesian evidence ratio in
what follows. We instead adopt the information ratio
I, based on the Kullback-Leibler divergence, to remove
the prior dependence. In particular, we start from the
log-information ratio, given by:

InIl =Dg+ D —Dag, (9)

where the Kullback-Leibler divergence is defined as:

Dp = /dOPD In (Z—D) | (10)

Using the log-information ratio we can cancel the prior
dependence of the Bayesian evidence ratio R and define
the suspiciousness parameter S as follows [219]:

nS=mnhR—-InI. (11)

T — s
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LENSING ANOMALY
VS NEUTRINO MASS

Model Data set > m, (20)
ACDM + > m, CMB <0.175 eV
CMB+DESI < 0.065 eV

CMB+DESI+PP < 0.073 eV

CMB+DESI+DESy5 < 0.091 eV

ACDM+) ~ m,+Aiens CMB < 0.616 eV
CMB+DESI < 0.204 eV

CMB+DESI+PP < 0.255 eV

CMB+DESI+DESy5 < 0.287 eV

wowaCDM+> " m,, CMB < 0.279 eV
CMB+DESI < 0.211 eV

CMB+DESI+PP < 0.155 eV

CMB+DESI+DESy5 <0.183 eV
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POSITIVE OR NEGATIVE MASS BOUNDS? 0.10

0.08 1

0.06 1

0.04 1 /’ — > m, = —160 meV
’ / — > m, = 58 meV

/ —— Y m, = 100 meV

=== 1.045 Q,,h?

-== 0.983 Q,,h?

-== 0.971 Q,,h?

No vs is Good News 0,021
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Baltimore, MD 21218, USA Figure 2: Comparison of the fractional change to the CMB lensing power spectrum from changes
to Q,,h?% and the introduction of a non-zero neutrino mass.
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Abstract

The baryon acoustic oscillation (BAO) analysis from the first year of data from the Dark

: : . . —— ACDM+)_m,
Energy Spectroscopic Instrument (DESI), when combined with data from the cosmic mi-

—— ACDM+(S 1, > 0)

crowave background (CMB), has placed an upper-limit on the sum of neutrino masses,
—— ACDM+> m,

> - m, < 70 meV (95%). In addition to excluding the minimum sum associated with the
inverted hierarchy, the posterior is peaked at ) S m, = 0 and is close to excluding even the
minumum sum, 58 meV at 2¢. In this paper, we explore the implications of this data for

cosmology and particle physics. The sum of neutrino mass is determined in cosmology from
the suppression of clustering in the late universe. Allowing the clustering to be enhanced,

we extended the DESI analysis to > m, < 0 and find > m, = —160 £+ 90 meV (68%),
and that the suppression of power from the minimum sum of neutrino masses is excluded

P/ Ppax

at 99% confidence. We show this preference for negative masses makes it challenging to
explain the result by a shift of cosmic parameters, such as the optical depth or matter
density. We then show how a result of > m, = 0 could arise from new physics in the
neutrino sector, including decay, cooling, and/or time-dependent masses. These models
are consistent with current observations but imply new physics that is accessible in a wide
range of experiments. In addition, we discuss how an apparent signal with ) m, < 0 can _(),'400 _()_'2()() 0.000 0.058 0.200
arise from new long range forces in the dark sector or from a primordial trispectrum that Z m [eV]

resembles the signal of CMB lensing. v
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POSITIVE OR NEGATIVE MASS BOUNDS?

Living at the Edge:
A Critical Look at the Cosmological Neutrino Mass Bound
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Centre national de la recherche scientifigque (CNRS) et Université de Montpellier,
Place FEugene Bataillon, 34095 Montpellier Cédex 05, France

(Dated: October 29, 2024)

Cosmological neutrino mass bounds are becoming increasingly stringent. The latest limit within
ACDM from Planck 2018+ACT lensing+DESI is > m, < 0.072¢eV at 95% CL, very close to the
minimum possible sum of neutrino masses (> S m, > 0.06 eV), hinting at vanishing or even “negative”
cosmological neutrino masses. In this context, it is urgent to carefully evaluate the origin of these
cosmological constraints. In this paper, we investigate the robustness of these results in three ways:
i) we check the role of potential anomalies in Planck CMB and DESI BAO data; ii) we compare the
results for frequentist and Bayesian techniques, as very close to physical boundaries subtleties in the
derivation and interpretation of constraints can arise; iii) we investigate how deviations from ACDM, A | e R S T TP
potentially alleviating these anomalies, can alter the constraints. From a profile likelihood analysis, —0.6 —0.4 —0.2 0.0 0.2 04 0.6
we derive constraints in agreement at the ~ 10% level with Bayesian posteriors. We find that the va (eV)
weak preference for negative neutrino masses is mostly present for Planck 18 data, affected by the
well-known ‘lensing anomaly’. It disappears when the new Planck 2020 HiLLiPoP is used, leading to
significantly weaker constraints. Additionally, the pull towards negative masses in DESI data stems
from the z = 0.7 bin, which contains a BAO measurement in ~ 3o tension with Planck expectations.
Without this bin, and in combination with HiLLiPoP, the bound relaxes to >  m, < 0.11eV at 95%
CL. The recent preference for dynamical dark energy alleviates this tension and further weakens the
bound. As we are at the dawn of a neutrino mass discovery from cosmology, it will be very exciting
to see if this trend is confirmed by future data.

CamSpec22-PR4

HiLLiPoP23-PR4 Planck13-PR1 T
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BACKGROUND EXPANSION

1 3G
R,uv o Eg,uyR T Ag/,w =

|
~

H?*(7) = Hg [Q,, (1+2*+Q, - (1+2)°+ QA]

(2, is a Cosmological Constant term. Assumption is not free from limitations:

 Asymptotical cosmology: A positive A implies living in an asymptotically de
Sitter universe, which seems to contrast with several theories/models of
quantum gravity proposing instead an asymptotically anti-de Sitter universe

* Physical interpretation: Based on QFT calculations, one would expect a

zero-point energy density 100 to 10720 orders of magnitude larger than what is
iInferred by cosmological data

« Why Now?: Why are we so lucky to live precisely in the cosmic epoch when
such a constant component came to be dominant?

Non-standard component?
—e.g., scalar field(s), fluid(s), etc. —

Modified Gravity?

\ 3nG
G =

v L

1%
ct *

H* () =H; |Q,-(1+2*+Q, - (1+2)°+ Qpp(2)

Qpp(2) is a generic DE component with

» Energy density: pyp(2)
» Pressure: Pp(2)

. Equation of State (EoS): w(z) =

As for inflation, we get an accelerated phase of expansion if w(z) < — 1/3
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| 3G
Rﬂy — Eg””R + Ag,m/ — I

H* () =H; [Q,-1+2"+Q, (1 +2)°+Q,| H* () =H; |Q,-(1+2*+Q, - (1+2)°+ Qpp(2)

Distance Duality Relation COS"\O'OQiCﬂl Distances

\ Z
D;(z) = (1 +2)*D,(2) J dz’ H(z')™

| [
Luminosity Angular Diameter Expansion History of the Unierse
Distance Distance



BAO (Models vd Data)

b
MEASURING COSMIC DISTANCES 251 '
F
20 1
Baryon Acoustic Oscillations ° . :
.‘Qﬁ
- The comoving angular diameter distance D,,(z) = D,(z)(1 + z), i.e., the spatial
distance between two objects in the direction perpendicular to the line-of-sight; 107
_ _ _ _ _ _ — ACDM b Du2NrVZ)
- The line-of-sight distance D(z) = ¢/H(z), i.e., the distance along the line-of- b DUDIrVE) b ZDDrE)
sight between an observer and an object; > 0 10 1 > s
Redshift
- The volume-averaged distance D\(z) = [zDH(z)DA%[(z)PB, i.e., the quantity to
which isotropic BAO measurements are sensitive.
* Require calibration: all the distances relative to the sound horizon at the Drag SN (Models vs Data)

epoch

Type la Supernovae

D
. Distance Moduli: 1(z)" = 5log;, ( 15(Z)> -3
pC

- Require calibration: ;(z)°* = m(z) — M where m(z) is the observed magnitude
of SN at that given z while M is the absolute magnitude defined as the apparent
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BAO (Models vd Data)

MEASURING COSMIC DISTANCES

Baryon Acoustic Oscillations

Distance/(rsVz)

- The comoving angular diameter distance D,,(z) = D,(z)(1 + z), i.e., the spatial

distance between two objects in the direction perpendicular to the line-of-sight; Y com b Dy2rE)
. . . : : : -—- BE0S:wo=—-0.8 ¢ zDH(2/(rsVZ)
- The line-of-sight distance D(z) = ¢/H(z), i.e., the distance along the line-of- b D)
sight between an observer and an object; > A 9 T 9 g
Redshift

- The volume-averaged distance D\(z) = [zDH(z)DA%[(z)PB, i.e., the quantity to
which isotropic BAO measurements are sensitive.

- Require calibration: all the distances relative to the sound horizon at the Drag SN (Models vs Data)
epoch
26
24 A
3 22
Type la Supernovae S
S 20 -
D;(z) 7
. Distance Moduli: 1(z)" = 5log;, = -5 = 18-
10 pc
16 -
- Require calibration: ;(z)°* = m(z) — M where m(z) is the observed magnitude M
- EOSI Wp= — 0,
of SN at that given z while M is the absolute magnitude defined as the apparent 14 - }  Pantheon+
magnitude at 10 parsec 0.0 0.5 1.0 1.5 2.0 2.5

Redshift (z)



B CPL: Planck+DESI
B CPL: Planck+DESI+PantheonPlus
B CPL: Planck+DESI+DESYS

EVIDENCE (?) FOR -
DYNAMICAL DARK ENERGY

Chevallier-Polarski-Linder

w(a) =wy+w, - (1 —a)

ournal of €Cosmology and Astroparticle Physics mm £XP: Planck+DESt+Pantheonbiu
An IOP and SISSA journal of % N

Robust preference for Dynamical Dark Energy in DESI Y Exponential
BAO and SN measurements w(a) = (wy—w,) +w, - !~
—2
William Giaré 7,%* Mahdi Najafi,’c Supriya Pan",%¢ Eleonora Di Valentino ¢
and Javad T. Firouzjaee®*/ —3
ABSTRACT: Recent Baryon Acoustic Oscillation (BAO) measurements released by DESI, 1 — -
when combined with Cosmic Microwave Background (CMB) data from Planck and two mmm |BP: Planck+DESI+DESYS
different samples of Type Ia supernovae (Pantheon-Plus and DESY5) reveal a preference for 0 N
Dynamical Dark Energy (DDE) characterized by a present-day quintessence-like equation
of state that crossed into the phantom regime in the past. A core ansatz for this result is g —1 \ JassaI'Bagla'Padmanabhan
assuming a linear Chevallier-Polarski-Linder (CPL) parameterization w(a) = wg + w,(1 — a)
to describe the evolution of the DE equation of state (EoS). In this paper, we test if and -2 W(Cl) =Wy + w, Xa (l — Cl)
to what extent this assumption impacts the results. To prevent broadening uncertainties
in cosmological parameter inference and facilitate direct comparison with the baseline CPL _3
case, we focus on 4 alternative well-known models that, just like CPL, consist of only two 1
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ABSTRACT: Recent Baryon Acoustic Oscillation (BAO) measurements released by DESI,
when combined with Cosmic Microwave Background (CMB) data from Planck and two
different samples of Type Ia supernovae (Pantheon-Plus and DESY5) reveal a preference for
Dynamical Dark Energy (DDE) characterized by a present-day quintessence-like equation
of state that crossed into the phantom regime in the past. A core ansatz for this result is
assuming a linear Chevallier-Polarski-Linder (CPL) parameterization w(a) = wg + we(1 — a)
to describe the evolution of the DE equation of state (EoS). In this paper, we test if and
to what extent this assumption impacts the results. To prevent broadening uncertainties
in cosmological parameter inference and facilitate direct comparison with the baseline CPL
case, we focus on 4 alternative well-known models that, just like CPL, consist of only two
free parameters: the present-day DE EoS (wg) and a parameter quantifying its dynamical
evolution (w,). We demonstrate that the preference for DDE remains robust regardless of the
parameterization: wg consistently remains in the quintessence regime, while w, consistently
indicates a preference for a dynamical evolution towards the phantom regime. This tendency
is significantly strengthened by DESY5 SN measurements. By comparing the best-fit x?
obtained within each DDE model, we notice that the linear CPL parameterization is not the
best-fitting case. Among the models considered, the EoS proposed by Barboza and Alcaniz
consistently leads to the most significant improvement.
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Dynamical Dark Energy Beyond Planck? Constraints from multiple CMB probes,

DESI BAO and Type-Ia Supernovae
William Giare!: *

(Dated: September 26, 2024)

Baryon Acoustic Oscillation (BAO) measurements from the Dark Energy Spectroscopic Instrument
(DESI) collaboration, when combined with Planck satellite Cosmic Microwave Background (CMB)
data and Type Ia Supernovae, suggest a preference for Dynamical Dark Energy (DDE) at a sig-
nificance level ranging from 2.50 to 3.90. In this work, I test whether, and to what extent, this
preference is supported by CMB experiments other than Planck. I analyze the Atacama Cosmology
Telescope (ACT) and South Pole Telescope (SPT) temperature, polarization, and lensing spectra
at small scales, eventually combining them with Planck or WMAP 9-year observations at large an-
gular scales. My analysis shows that ACT and WMAP data, when combined with DESI BAO and
Pantheon-plus Supernovae, yield independent constraints with a precision comparable to Planck.
Notably, in this case, the cosmological constant value is recovered within two standard deviations. A
preference for DDE reappears when Pantheon-plus is replaced with distance moduli measurements
from the Dark Energy Survey Supernova program (DESy5). However, it remains less pronounced
compared to the Planck-based results. When considering SPT data, no clear preference for DDE
is found, although the parameter uncertainties are significantly larger compared to both Planck-
and ACT-based constraints. Overall, CMB experiments other than Planck generally weaken the
evidence for DDE. I argue that the subsets of Planck data that strengthen the shift toward DDE are
the temperature and E-mode polarization anisotropy measurements at large angular scales £ < 30.

POSSIBLE CAVEATS:

DESI BAO are preliminary measurements released after 1year of observations
Some BAO and/or SN catalogs are argued to be affected by possible systematics
Preference weekend by CMB data other than Planck

Planck large-scale (E-mode polarization) measurements strengthen the preference
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The accelerated expansion of the Universe presents one of the most compelling challenges in con-
temporary cosmology, traditionally explained by a cosmological constant (A) within the ACDM
paradigm. However, recent observational advancements have opened the door to more complex sce-
narios, including Dynamical Dark Energy (DDE) characterized by a time-varying equation of state.
This focus review examines the robustness of the evidence for DDE as derived from the Chevallier-
Polarski-Linder (CPL) parameterization (w(a) = wo + wq(1 — a)), leveraging the latest constraints
from the Dark Energy Spectroscopic Instrument (DESI). By synthesizing data from DESI Baryon
Acoustic Oscillations (BAO) with complementary probes such as Planck Cosmic Microwave Back-
ground, PantheonPlus, Union3, and DESY5 Type Ia supernovae, and Cosmic Chronometers, we as-
sess the statistical significance and consistency of DDE signals across different dataset combinations.
Our analysis highlights the varying degrees of preference for DDE, particularly in scenarios including
DESI-BAO and supernovae, where transitions from past phantom-like to present quintessence-like
behaviors are observed. These findings underscore the pivotal role of DESI in advancing our un-
derstanding of the Dark Energy sector and pave the way for future explorations into alternative
cosmological models.

CMB

UPS and DOWNS:

- The strength of the preference can change significantly with the specific
dataset...
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- ... but it is found in (independent) most constraining combinations
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Interacting Dark Energy after DESI Baryon Acoustic Oscillation measurements
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We investigate the implications of the Baryon Acoustic Oscillation measurements released by the
Dark Energy Spectroscopic Instrument (DESI) for Interacting Dark Energy (IDE) models charac-
terized by an energy-momentum flow from Dark Matter to Dark Energy. By combining Planck-2018
and DESI data, we observe a preference for interactions exceeding the 95% confidence level, yielding
a present-day expansion rate Ho = 71.44+1.5 km/s/Mpc, in agreement with SHOES. This preference
remains robust when including measurements of the expansion rate H(z) obtained from the relative
ages of massive, early-time, and passively-evolving galaxies, as well as when considering distance
moduli measurements from Type-la Supernovae sourced from the Pantheon-plus catalog using the
SHOES Cepheid host distances as calibrators. Overall, high and low redshift data can be equally or
better explained within the IDE framework compared to ACDM, while also yielding higher values
of Hp in better agreement with the local distance ladder estimate.
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IMPRINTS IN THE EARLY UNIVERSE

Planck 2018 results. VI
[arXiv:1807.06209]
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NUMBER OF NEUTRINO SPECIES

The amount of the radiation energy density is commonly parameterized in terms
of the effective number of relativistic degrees of freedom

Q. ~Q (1+0.23N)

In the Standard model of cosmology and Particle physics N4 = 3.04. A larger
1/2
N, will increase H(z) [Q,, (1 + Z)4]

c

- CMB: a higher N ¢ at recombination implies:

1) Changing the matter-radiation equivalence and enhancing the early ISW.
This contributes to the primary anisotropy, increasing the first acoustic peaks.

2) Reducing the sound horizon and the angular scale of the acoustic peaks.
This gives a horizontal shift of the peak positions towards higher multipoles.
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