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Abstract:

Cosmic surveys offer a unique window into fundamental physics, particularly the physics of light particles such as neutrinos. As a
striking example, the recent results from the Dark Energy Spectroscopic Instrument (DESI) have placed surprisingly stringent
constraints on the sum of neutrino masses, nearly excluding the entire range of masses consistent with neutrino oscillation
measurements. In this colloquium, | will review what we have learned about cosmic neutrinos from maps of the universe. | will

then discuss this confusing situation, the status possible explanations for the current data, and the implications for Beyond the
Standard Model physics.
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Cosmology & New Physics

Cosmic Neutrinos
Neutrino Mass &« Cosmology

No /s is Good News
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¥ Physics & Cosmology

Cosmology fundamentally tied to model building
. Cosmological Constant

- Dark Matter / Dark Sectors

- Solution to strong CP problem (axion)

. Cosmological solutions to Hierarchy Problem
- Relics from new symmetries (e.g. gravitino)

- Origin of structure, baryogenesis, B-fields, ...
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¥ Physics & Cosmology

Observations are relevant to:

. Cosmological Constant

. Dark Matter / Dark Sectors

- Solution to strong CP problem (axion)

. Cosmological solutions to Hierarchy Problem
- Relics from new symmetries (e.g gravitino)

- Origin of structure, baryogenesis, B-fields, ...
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arXiv: 1907.04473
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Dark Sector Candidates, Anomalies, and Search Techniques
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¥ Physics & Cosmology

Cosmology competes head to head with the lab
. Detect dark matter at 1200

. Detect cosmic neutrino background at 300
Neither has been seen in the lab

Superior sensitivity arises because of

(1) high T / number density in early universe

(2) large gravitational influence at recombination
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Dark Sectors

Gravitational Signatures
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We see these dark sectors through gravity

Can’t hide the signature by changing the coupling
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Cosmic Neutrinos

Pirsa: 24110064 Page 15/100




Pirsa: 24110064 Page 16/100




&

Equilibrium :
2 b H T2
['~G%T° > H ~ ——
F Mpl

Decoupling: T ~ Gg?/My, = O(1 MeV)
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mic Neutrino Background

Cosmology sensitive to the neutrino energy density

Conventional to define

Perfect decoupling : Neg = 3.
Imperfect decoupling + QED :  N.g = 3.0440 £+ 0.0002

Bennett et al. (2020)
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Cosmic Neutrinos
& the CMB
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Angular scale
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Cowic Sound

d, — 2V3d, ~ V?®

dy = A coschkT + B SteC kT

Absence of sine term comes from producing
fluctuations long before recombination
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“Inflation”. Sound waves at
statistical initial recombination.
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Courtesy of thecmb.org
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Diffusion!
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mic Microwave Background

Damping drives the constraints for ACDM + Ng

Neg = 2.99 £ 0.17 (TTTEEE + BAO + kk)

Planck 2018
What is the meaning of this measurement?
Measurement is interesting (my definition)

A different result can arise from plausible BSM physics
without contradicting other measurements / experiments
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Light Relics

Any light thermalized particle looks like a neutrino

If a light particle decouples at temperature Tr

Only diluted by annihilation after decoupling

Light relics degrees of freedom

Standard Model degrees of freedom
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Light Relics
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E.g. Tris sensitive to any standard model coupling

Neg constrains many couplings simultaneously
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Neutrinos fluctuations move faster than sound

relativistic

Coulomb fluid

‘\ c

- Gravity

/

Neutrinos Dark Matter
UV, = C VDM ~ 0
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Information propagates ahead of the sound horizon

baryon-photon
fluid

Gravitational force of neutrinos

regenerates sine
CT

dy = AgcoscskT + By sincgkT
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Supersonic signal is equivalent to a phase shift
cos(krg) — cos(krs + ¢) o~ B/A

Cannot be produced by other components of the universe

1
27T

Bashinsky & Seljak (2003); Baumann, DG, Meyers, Wallisch (2015)
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Neutrinos produce a unique shift in the CMB
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Neutrinos produce a unique shift in the CMB
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Neutrinos produce a unique shift in the CMB
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This phase shift is detected in the CMB

_’: 4 =) 1)
N, N,

phase +1.1 phase __ +0.29
N fr — 2'3—0.4 Neff o 2'68—0-33

e

Follin et al. (2015) Baumann, DG, Meyers, Wallisch (2015);
Brust, Cui, Sigurdson (2017)
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nature

SPACE AND CHIME
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Ba yon Acoustic Oscillations (BAO)

Most surveys are driven by dark energy science
Goal: map the BAO peak over cosmic time

“Baryons” photons

Courtesy of Martin White
Pre-CMB - Photons support sound wave
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Ba /on Acoustic Oscillations (BAO)

Most surveys are driven by dark energy science
Goal: map the BAO peak over cosmic time

“Baryons” photons

Courtesy of Martin White
Post-CMB - Photons free-stream
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Ba yon Acoustic Oscillations (BAO)

Signal is frozen in distribution of galaxies / matter

0) [Mpc?]

P(k z=

+  SDSS DR7 (Reid et al. 2010)
*  LyA (McDonald et al. 2006)
|-+ ACT CMB Lensing (Das etal. 2011)
@ ACT Clusters (Sehgal et al. 2011)
o CCCP Il (Vikhlinin et al. 2009) R S e e '0'25'
b :

BCG Weak lensing
= (Tinker et al. 2011)

*  ACT+WMAP spectrum (this work)

10-2 10-!
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Figure from Hlozek et al.
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BA __hPhase Shift
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BA __hPhase Shift

Applying same idea to BOSS data
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Positive phase shift seen with' 99.5% confidence

Baumann et al. (2018)
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We have very strong evidence for cosmic neutrinos

- Detect cosmic neutrino background in CMB at 200
-CMB + BBN at 300

- Phase shift in CMB measured at 100

- Phase shift seen in BAO at 30

The phase shift is unique to neutrinos

Not mimicked by other components or nonlinear physics
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Neutrino qMass

= 2015 NOBEL PRIZE IN PHYSICS
Neutrinos have mass Fa
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Ne t[ino Mass

Cosmology mostly cares about the sum of mass
0, h? ~ g*Tg’ Z m,

normal hierarchy (NH) inverted hierarchy (IH)

?”21 N ‘”'12

Vy Vr

Zm" > 58 meV Zmy > 100 meV

Image via Fermilab *
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Ne t[ino Mass

We know neutrinos were relativistic at recombination

i

37, :
fthey werent, ¢, ~ — <1 7 Ta<a
m,

1
_571-_

0.0 0.2

Phase shift doesn’t arise when non-relativistic

TCMB (Zrecomb.) ~ 0.25eV Z my < 0.26 eV (95%)
RPlanglc TEEE (Z2018]

We can still improve by going to lower redshift
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Ne t[ino Mass

NR neutrinos are a small component of matter

Qm = chm ‘|‘ Qb _|‘ Qr/

= g0

Q. 58 meV

Most observables, the neutrinos contribute f,, x O(1)

Few observables will be sensitive to the minimum sum
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Ne“trinoMass

Massive neutrinos free stream / suppress growth
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Image from Agarwal & Feldman (2010)
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Ne t[ino Mass

Massive neutrinos free stream / suppress growth

6, % 8.7 x 10-3¢ (58mev) Cam ~ 0

14+2z\ Y m,
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Ne t[ino Mass

Gives a free streaming scale kg, =

Linear solution one small scales k& > k.

202
b, =0 boo =" > v=3— f, +O(f2)

1. Neutrinos redshift like matter but don’t cluster

Pm[mu 7é O] =~ (1 o QfV)Pm[mu 7é 0]
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Ne t[ino Mass

Gives a free streaming scale kg, =

Linear solution one small scales k& > k.

202
b, =0 boo =" > v=3— f, +O(f2)

2. Dark matter clusters more slowly (log enhanced!

1 4+ 2nR
14+ z

) P [, # 0]

Pulmy # 0] % (1~ =, log
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Ne t[ino Mass

Massive neutrinos free stream / suppress growth
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DG & Meyers (2022)
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Ne t[ino Mass

Leads to a large suppression of power on small scales

1.00

0.99 1
0.98 1

0.96

g 0.951

094 — 3" my, = 60 meV

3 m, = 90 meV

0.93 { = > m, =120meV
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1072 10!
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Factor of ~10 makes detecting minimum mass possible

DG & Meyers (2022) .
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DG & Meyers (2022)

k [hMpc!]

Page 62/100



Images from ESA
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nological Observables

Hard because we don’t measure ki
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mological Observables

To determine f,,, we need to measure 3 numbers:

(1) Matter power spectrum - via CMB lensing

Plensing X (th2)2 X As(]- o 5f1/)

(2) €),,, : High accuracy matter abundance - BAO

(8) A, : Primordial Amplitude of Fluctuations - CMB

With planned observations: 1-3 are easiest-hardest
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No /s is Good News

arXiv: 2405.00836 w. N. Craig, J. Meyers, S. Rajendran
arXiv: 2407.07878 w. J. Meyers
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mological Observables

To determine f,,, we need to measure 3 numbers:

(1) Matter power spectrum - via CMB lensing

Plensing X (th2)2 X As(]- o 5f1/)

(2) €),,, : High accuracy matter abundance - BAO

(8) A, : Primordial Amplitude of Fluctuations - CMB

With planned observations: 1-3 are easiest-hardest
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DESI was supposed to be the final piece of the puzzle:

E.g. This kinds of figures are everywhere

10°

103 102
Mhightest (eV)
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DESI is here, and there is no sign of neutrino mass
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i
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~=1 DESI + CMB[HiLLiPoP]

DESI (2024)
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0.2

> m, <0.071eV (95%)
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Hints of the same issue were present in eBOSS

—— Planck

—— Planck + BAO

—— Planck + BAO + RSD
Planck + BAO + RSD + SN

>
=
o
1]
o
5}
_
o

Zmy < 134 meV (95%)

0.05 0.10

>m, [eV]

Here negative mass is inferred from Gaussian fit
eBOSS (2020) .
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Negative Mass Analysis

Extend analysis to negative “neutrino mass”: E My

Defined only as a change to the lensing power spectrum
CP m (1= iy, x F(k; Y m,))Cf? ="
The shape is defined to be symmetric
Fk; Y ) = F(ki— ) m,)

Not defined for average density €2, = Qcam + b
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Negative Mass Analysis

—— ACDM+Ym,
ACDM+(Y 7, > 0)
—— ACDM+3 1,

—0.400

—0.200

> - m, [eV]

0.000 0.058

Z My, < —1567 32 meV
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To measure f,, , we need {1, A,
Most obvious concern is the primordial amplitude

Reionization scatters photons like frosted glass

—9
Onsmallscales A.e™ "

On large scales A,

Same as measuring optical depth
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Optical Depth

History of the 7 Measurement

LU N B S S S S S Sy B B p e | T ) LI B BN B B S B S

LB B B
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2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
year
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Optical Depth
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Optical Depth

History of the 7 Measurement
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Optical Depth

B Planck 2018
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Planck + 1o
best-fit ACDM
BGS

LRG

LRG
LRG+ELG
ELG

QSO

= Planck + 1o
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Ora_e)ga Matter

To measure f,, , we need {1, A,

In principle, it could be due to BAO data
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)ega Matter
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Access lensing seen

PlanckT&E+SPTod+BAOT
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Access lensing seen in all surveys

PlanckT&E+BAOQO
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BSM Implications
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Future Data

The current situation is unlikely to change for a long time
e Optical depth won’t be measured until LITEbird (2032]
e DESI/Euclid unlikely to help

e Wait for Simons ; CMB-S4 lensing for E-B maps

What does this mean in practice?

(1) It very very likely to be consistent with Z m, =0
(2) ltis likely that ) 7, <0
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Neutrino Decay

Most of the mass is in the heaviest neutrino

We can get ride of this via decay
Aij Aij

Ly D — 2 ViV @+ 5 L vivsvid + h.c.

The heaviest neutrino(s) aren’t cosmologically relevant

2
] 1 —15
V2 7% 10V 8 x (ngev) ( (;,\2 )

E mb’j _> m]_ —|_ m2
=i
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Neutrino Decay

Coupling has to be large enough to decay by z ~ 100

But, needs to be free streaming at 1100 < z < 10000

4x107 <A A<4x10710

Large window of viable parameter space
Most stringent constraint is from CMB phase shift

Similar story for annihilation (diagonal couplings)
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Neutrino Cooling

The signal is due to free streaming

Cooling would move signals to smaller scales

&
Cooling ”ﬁ 'A;QMJ’”

\.. !
- +

A a R

kts(2) = 0.04hMpc ™! ( 2 My ) y ( 1.95 K 1 )

58meV T,(z=0)1+4+z2
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Neutrino Cooling

The signal is due to free streaming

Cooling would move signals to smaller scales

1.00

Pirsa: 24110064 Page 88/100



Pirsa: 24110064

Neutrino Cooling

Cooling doesn’t change number density p, ~ m,n,
Need a heat sink: dark matter is a good candidate
LD gndNN + gydxx + m*¢* + my NN + MARLN + m, xx
Coupling to right-handed neutrinos is weakly constrained
Requires scattering to be inelastic:
e Include dark matter - dark radiation coupling

o Dark matter either degenerate internal states
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Dark Energy

Dark energy is known to relax neutrino mass constraints
- We need BAO to measure (2,
- Degenerate with dynamical dark energy

DESI sees some preference for DDE

24

-=-- DESI BAO
! DESI BAO + CMB
: I DESI BAO + PantheonPlus
2L, DESI BAO + Union3
\|‘ 1 DESI BAO + DESY5

\

Il DESI BAO 4+ CMB + PantheonPlus
DESI BAO + CMB + Union3
I DESI BAO + CMB + DESY5

-1.0 -0.8 —0.6 -0.4
Wo
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Dark Energy

Dark energy can also give enhanced growth function

9y, H(a) [ da’
Dla)= /0 (a'H (

2 Ho @) /Ho)*

Increasing clustering requires

H(a < 1) < Hycpm(a < 1)

Most of the time this means violating the NEC

But, for w0 and wa, expect regions with extra growth
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Dark Energy

Problem: CMB lensing dominated by high redshifts

1.100 T T 1.100

1.075 1 1.075

1.050 1 1.050 -

< 1.025F 1 X qo025f

B a; E

() L 'Q«
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O porst 1 E 0975
Al

0.950 - 7] 0.950
0 .95 S——
o .05

0,925 . . =5 e 5 0.925

0.900 55 10-2

k(hMpc™h)
Dark energy can have a large affect on growth at z=0

Leaves little imprint in CMB lensing
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Dall_(\ Energy

Adding DE increases error / leaves preference Z My, < 0

wyw,COM+3" 7,

1 1 ‘ i I
—0.4 —0.2 0.0 0.2

2. My
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Dark Energy

More negative with the NEC (non-phantom DDE)

BN ACDM+3m,
ACDM+(3 v, > 0)
ACDM+Y 1,

BN NPDDE+CDM+3 "1,
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The key observable is the CMB lensing power spectrum

— No lensing

ACDM+Y 7,

ACDM+3Y" 7y + Ajens
ACDM+3" 71, + Blons
ACDM+3 " 7, no ACT

ACDM+3 %, no C%¢

_ W 4pt lensing

~ No 4pt lensing

—0.400 —0.200 e
>y [eV]
Preference dominated by 4pt lensing information
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Increase the apparent lensing with primordial trispectrum

C(#) = Ca(@) + ViLle(@)o(T)

/ — —
<C;;‘1C;;'2Cg3 Cg4> = v, P (k1) Pe (k3) P ( ki + ng + permutations

Need a power spectrum P, (k) ~ P, (k)
General trispectra are weakly constrained by CMB

Model does not need to be tuned to avoid constraints
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Lots of wavs to aenerate such trispectra

reheating surface

B

end of inflation
T?a

Baumann et al. (2022)

particle
production

particle
decay
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CMB + BAO shows a preference for » ~m, <0

Due to apparent access in 4pt lensing signal
Not easily explained by known systematics
Present in the data for a long time

Very likely to persist with more DESI data
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Cosmology is more sensitive than lab to comic neutrinos

« Many BSM ideas could explain this signal

Vanishing mass Z m, = 0 points to neutrino sector

Decays/annihilation/cooling are viable
Negative mass requires non-neutrino enhancement

Primordial non-Gaussianity is one easy possibility
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Thank you
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