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. Demystifying the ghost particles
Flavor oscillations, New properties,
Masses (limits, toward cosmo measuremen

Astrophysical messengers
Solar interior, Geonus & Reactors, Superno
Cosmieray sources, Dark matter annihilatior

Workers in astrophysics & cosmology
Stellar cooling, Supernova explosions
Bigbang nucleosynthesis, Leptogenesis
Hot dark matter

Role model

Axions and other feebly interacting particles
(FIPs, WISPs, ALR$ can do similar things
Astrophysical constraints

Pest
Background for dark matter searches



Neutrino Fog for WIMP Dark Matter Detection
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https://arxiv.org/abs/2109.03116
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https://arxiv.org/abs/2109.03116

Aprile+, Xenon Collaboration, arXiv:2408.02877
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Tsinghua University

XENON

First Measurement of Coherent Elastic Neutrino Nucleus
Scattering of Solar 8B Neutrinos in XENONNT

Fei Gao, Tsinghua University
on behalf of the XENON Collaboration

15th International Workshop on the Identification of Dark Matter
July 8-12, 2024, L Aquila
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How feebly do neutrinos interact?

Neutron decay If decay)

0- 000

Inverseb decay (IBD)

—+|©

O|® | (p Cﬁi)ﬁ Q 5 P
: E pd Ef
W 0 , . (O
o I(e ° )'Or‘]éufﬁ) pmt A (-A

rMean free path offi_ (5 MeV) in water
fé Tié 11 HHHT
Bethe & Peierls

¢CKS abSdzi NAyYy 2 ¢
Nature 133 (1934) 532

If, therefore, the neutrino has no interaction with
other particles besides the processes of creation and

annihilation mentioned—and it is not necessary to

assume interaction in order to explain the function

of the neutrino in nuclear transformations—one can

Hans Bethe
19062005

Rudolf Peierls
19071995

Georg Raffelt, MPI Physics, Garching

conclude that there is no practically possible way
of observing the neutrino.

Dark Matter & Neutrinos, Paris IHPES May 2025




First Detection (1954 1956)

Clyde Cowan’ " Fred Reines

(180c 1974) ~ (1918¢ 1998) |
Nobel prize 1995 | |

Anti -Electron
Neutrinos

from @ o e C 3 Gammas
Hanford In coincidence
Nuclear Reactor

& Savannah River e . 3 e — e
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How do we see neutrinos? Let there be light!

7 @
Cherenkov Light Scintillation Light

lonizing radiation:

SomeYl U SNRAI f & o
Organic compounds dissolver
In mineral oi Large volume

wDirectional information wMore light (better energy resolution)
wDistinguishiQQ and’ wNo directional information
wGood for large energies wLowenergy nus (reactor, geo, solar)

wLarge bodies of water orice (>&®m  wJUNO (20 kt) commissioning (2025)

——
T

.........

(Water-based scintillator and

¢ combining with Cherenkov
vr KWVISNET under development)

Georg Raffelt, MPI Physics, Garching Dark Matter & Neutrinos, Paris IHPES May 2025



Where do Neutrinos Appear in Nature?

Nuclear Reactor .

Particle Accelerators

Earth Atmosphere
(Cosmic Rays

Earth Crust

(Natural Radioactivity

\

N’

Ordinary stars

a8 ' | Supernovae
“Ls . (Stellar Collapse)

Astrophysical
Accelerators

Cosmic Big Bang
(Today 33(/cm?3)



How are Neutrinos Produced?
Nuclear transmutation (stars, reactors, Earth)

FITJSr'gn EHAbucrglngcs:tars) m =" h Few percent of enerc
(Sun)
Fission (Reactors, Earth) " (Reactors, Earth
5 50 +0 "Aogt¢ " O wm g N MeV range

I decay of neutrorrich isotopes

t FANI LINPRAzOUAZ2Y O6GUKSNXIf €€ ySd

Bremsstrahlung 4 dod 4 K R Neutrinos (all flavors)
m (13iTig N A dogmant energy los:s

Q Pair annihilation m m°h N subMev¢ tens Mev
Pion decay (from higlenergy primary protons)
- IHT ™R T 2 a povA6 Neutrinos—Photons
N Z 0 g 27 or
= 7 oH FOm fy My i ¢ ae Lo
ey 3 AL TR AN Up to 13%eV

™ ZOoH hom hg NH Py from cosmic rays



Grand Unified Neutrino Spectrum (GUNS) at Eart

Vitagliang Tamborra& Raffelt, arXiv:1910.11878
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https://arxiv.org/abs/1910.11878

lceCube Neutrino Telescope at the South Pole

IceCube completed December 2010 Idea for DUMAND under sea
Cherenkov detector (1978)

T R e 1.26 kn?, 22 698 Optical Modules
LTI (discontinued 1995 after 1 string
som | , pllOt phase)

.« Bl

i
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First Astrophysical Point Sources at IceCube

+75° o Neutrino event IC170922A
(22 Sept 2017)

C -
c N 290 TeV
S o e I Ra RN
= 5e " S
E Ty pKS 1424+240 28N YA De?
U """"";"';'@'_:'"{' -------------------- s “‘ R N
8 B sz 0506+0
Wl ke % S Sl e o i S C S 44 AL Tl el N
24h nght Ascen5|on 12h Oh

Neutrino emission from the nearby
Active Galaxy NGC 1068 (14.4 Mpc)
AGN obscured by accretion torus

Declination [deg]

NGC 1068

41.0 40.6 40.2
Right Ascension [deg]

Hot spot at NGC 1068

lceCube @ Neutrino 2024 Global Significance 4.0
Update of Science 378 (2022) 538 ~ 80 excess events, 13 years data

Georg Raffelt, MPI Physics, Garching Dark Matter & Neutrinos, Paris IHPES May 2025



Cherenkov HigHenergy Neutrino Telescopes

Growing
200 PeV even &%, BakalGVD
13 Feb 2023 2 Growing

Site chosen

2 LRIDENT

[ &5 | T+ | X

Per year aboutp &t ‘ - Y Full size since 2010
Y pTmy Il 1 Diffuse flux (2013), first sources
X PTt A 1 Extension planned (Gen2)
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https://baikalgvd.jinr.ru/
https://www.pacific-neutrino.org/
https://icecube.wisc.edu/
https://trident.sjtu.edu.cn/en

Grand Unified Neutrino Spectrum (GUNS) at Eart

Vitagliang Tamborra& Raffelt, arXiv:1910.11878
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https://arxiv.org/abs/1910.11878

Predicting Atmospheric Neutrinos (1936)

Instead [of protons and neutronsPauli's
hypothetical 'neutrinos' should contribute
substantially to the penetrating radiationThis
IS because in each shower ... neutrinos shoul
be generated which then would lead to the
generation of small secondary showers. The
cross section for the generation of these
secondary showers would likely not be much
smaller than 16*° cm2. Contrary to the low
energy neutrinos fronb decay one should be
able to detect the energetic neutrinos from
cosmic rays via their interactions.

Werner Heisenberg
Zur Theorie der Schauerbildung in der Hohenstrahlung
Zeitschrift fur Physik 101 (1936) 533

Slide adapted from Christian Spiering



ChaseWitwatersrandlrvine (CWI) Caoll.
Mine in South Africa, 8800 mwe

[ Alj dzA R
| 2NAT 2y i

Detection of First Atmospheric Neutrinos 1965

Kolar Gold Field (KGF) Collaboration

(JapanindiaUK group), 7500 mwe

AOAYUOUATE I @d2NI FAGAO aO0OAYUATL
0N} O &

neon
flash tubes

JUBLIILE
2.5 cm lead

telescopes 1 and 2
(2m in line of sight)

Slide adapted from Christian Spiering

CflakK Gdz:Sa

photomultipliers

telescopes 3, 4 and §
(2 m in line of sight)
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DETECTION OF THE FIRST NEUTRINO IN NAT[JRE
| ON

23R> FEBRUARY 1965
. IN
EAST RAND PROPRIETARY MINE

THIS DISCOVERY TOOK PLACE IN A LABORATORY SITUATED
TWO MILES BELOW THE SURFACE OF THE EARTH ON
76 LEVEL OF EAST RAND PROPRIETARY MINE, MANNED
BY A CROUP OF PHYSICISTS FROM THE CASE INSTITUTE OF TECHNOLOCY U.S :
AND THI: UNIVERSITY OF THE WITWATERSRAND JOHANNESBURC.

THE PROJECT WAS SPONSORED BY :~
UNITED STATES ATOMIC ENERCY COMMISSION
E.R.P.M. AND RAND MINES CROUP
€ASE INSTITUIE OF TECHNOLOCY
UNIVERSITY OF THE WITWATERSRAND
Ivl. & O.F.S. CHAMBER OF MINES
AND CONVERTED FROM PROPOSAL TO REALITY
WITH THE HELP OF THE OFFICIAIS AND MEN
OF THE HERCULES SHAFI OF E.R.P.M.

6" DECEMBIR 1967
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MARCH 1, 1939 PHYSICAL REVIEW VOLUME 55

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

The combination of four protons and two Hans Bethd
electrons can occur essentially only in two ways. 19062005
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, v3.

H4+H=D+e¢" (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as

catalysts, according to the chain reaction wFirst mention of neutrino
C24+H=NB+4~, N83=Cl34 ¢+ emission from stars
13 — N 14 . .
N HoOnsl ouenuse @  wNeutrino losses discusse
NS4 H = Ciz+ Het. although overestimated

Georg Raffelt, MPI Physics, Garching Dark Matter & Neutrinos, Paris IHPES May 2025



Dark Matter and Ne'uUiﬁéé.,' IH P,-Paristp_g May 2025

.t - : Py
Ay Wy .:’ g | . _,, ‘*
i ! 3 4

\N o

Neutrm@%s

. ”‘*”3

.t
. .. . e b ';. "’ v - .‘ ) Y
: \. - 5 1 ,- k 2 : ¢ X - ) - - :
- ol 1 _ =% | ol R ”
y ) ' i < 3 v ; e“ x:; i
| INg‘ j sy - 5 - . - 4. % .",' ‘s" g . ‘ %
Excellence Cluster o, Vbt P & UNG — SFB 1258 | Neutrinos
4 \ ¢ ISPERS . Dark Matter

N A21106 Y‘,‘;‘;‘. . MAX NANC.K IFhLng-IF:L-I‘-{gII Messengers

Georg G Raffelt, I\/Iai?lancklnstltutfur Phy3|k Garchlng




EVOLUTION OF STARS

Planetary Nebula Compact
Remnants:
Small Star Red Giant White Dwarf
‘ — — —— 4
' RD 5000 km

Supernova 0 =120 $
RD 12 km
Neutron Star

D My Red Supergiant
Large Star =2

N

few-tenso
EA

Stellar Cloud
with
Protostars

BRO 25% (?)

http://earthspacecircle.blogspot.com/2013/07/stella@volution.html ~ Black Hole


http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

EVOLUTION OF STARS

Planetary Nebula Compact
Remnants:

Small Star Red Giant "

White Dwarf

® — L e
gl /a M« \ O D@,
A pbs ¢ p kg \ RD 5000 km

Surface F keV
Surface T eV (IR to UV) Nuclear density
Inner T~ 1¢100keV

: i Supernova D =1620 ¢
o 30 ‘. : 0 Mm@l Red Supergiant Inner T~30 MeV / lear]ﬁ\ l;zr
| it Large Star o 7 o PO
% - few-tenso
few km
Stellar Cloud
with .
Protostars —

BR® 25% (?)

http://earthspacecircle.blogspot.com/2013/07/stellaavolution.html Black Hole


http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

Particles from the Sun:  §Number countsn globular clusters

{ Direct search { Brightness of tip of redjiant branch (TRGB)

T Backreaction on Sun | 1 White dwarf luminosity functior

g 9 Period decrease of variable WI
mall Star Red Giant |
1 TWD Initiatfinal mass function
/‘—>‘—> X {EoS w/ axions——> @

.S
' "

DM axion conversion |
pulsar magnetosphere

Nus from SN 1987A & future SN
1 Explosion energy
f Radiation from aII past SHe

Red Superglant Neutron Star

i Large Star :
: 1 Cooling speet
T E0S w/ axion:
—
Stellar Cloud Superradiance

with
Protostars

Corecollapse supernova ~ Black Hole



Particles from the Sun

| 2002 Solar Neutrinos (R.Davis, M.Koshi
A " 2015 Solar Nu Oscillations (A.McDonalc

Search for solar axions
with CAST and future IAXO

No excess in XENONI
arxXiv:2207.11330
Bounds on axions,
dark photons, neutrinc
dipole moments

Events/(t-y-keV)

0 5 10 15 20 25 30

Georg Raffelt, MPI Physics, Garching 26 Dark Matter & Neutrinos, Paris IHPES May 2025


https://arxiv.org/abs/2207.11330

Hydrogen Burning

H H
PRI Chain
)i& f () Positron
Q

VA AN L
o e @ @
8

H@ @ H

Y Gamma Ray

V  Neutrino

E
O CNO Cycle Coﬁ\
B

Image Wikipedia

é

ap+2e ‘He{@@) +2 +26.7 Mev "
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Solar Neutrinos from Nuclear Reactions

1012 ¢
B 2l
é 1010 E
‘T E 7Be
(/)] -
o« q08F" N
=
S,
§ 106 150
™
@]
=
3 10%
prd
©
B 10%E

"Be

Vitagliano, Tamborra & Raffelt, arXiv:1910.11878

j All components of pp

= chains (blue) have

E been measured

1 Very recently direct

] experimental evidence
for CNO fluxes (orange)

In Borexino
arXiv:2006.15115 (06/2020)
Nature 587 (202D577

and arXi2205.15975

Favorshigher flux,
' YR iighélza / k& h

abundance

o
—

30
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&b dzOf S NE @aod ¢ KSN

wHydrogen burning
Effectively protoaneutron conversion
TN ¢@ (AC
Chargedcurrent electronrneutrino production
Other flavors (or sterile) by flavor conversion

wAdvanced burning phases
Effectively combine alpha particleq (Ato larger nuclei, eg helium burning
o|°% #
Noprotony Sdzi N2y O2YyOSNARAAZY ySOSaal NB:

wNeutrinos from neutralcurrent processes in pairs of all flavors
eg photo production
Qe Q 7
wAnalogous for axions or other particles
Q0 Q

Georg Raffelt, MPI Physics, Garching Dark Matter & Neutrinos, Paris IHPES May 2025



Thermal Neutrinos: Production Processes

| S N 5521

vy > e I I
Photoproduction (Compton) Bremsstrahlung (electron—ion) Recombination (free-bound)
v v
€ >
v v
v
Y B > e I
v
€ > > €

Plasmon decay Bremsstrahlung (electron—electron) Deexcitation (bound—bound)

Figure 1. Processes for thermal neutrino pair production in the Sun.

Vitagliano, Redondo & Raffelt, arXiv:1708.02248

Dark Matter & Neutrinos, Paris IHPES May 2025
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https://arxiv.org/abs/1708.02248

Grand Unified Neutrino Spectrum (GUNS) at Eart

Vitagliang Tamborra& Raffelt, arXiv:1910.11878
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https://arxiv.org/abs/1910.11878

Temperature in the Sun

Virial Theorem (O ) -0 O

Approximate Sun as a homogeneous
sphere with

Mass U pBow p T C
Radius Y B p MAI
Gravitational potential energy of a
proton near center of the sphere

(0O ) — o® E A6

Thermal velocity distribution

(O ) -Q%¥ -0 O Central temperature from
Estimated temperature standard solar models

Y pREAG6 Y p® @ pT+ pHTEAG

Georg Raffelt, MPI Physics, Garching

Dark Matter & Neutrinos, Paris IHPES May 2025



Virial Theorem¢ Dark Matter in Galaxy Clusters

A gravitationally bound
system of many particles
obeys the virial theore

¢(O ) 8O O
G U ‘00 a>
‘|

o0 (1 )

Velocity dispersion
from Doppler shifts
and geometric size

Coma Cluster
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VoLUME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OCTOBER 1983

Experimental Tests of the ‘“‘Invisible’’ Axion

P. Sikivie
Physics Deparvtment, University of Flovida, Gainesville, Flovida 32611
(Received 13 July 1983)

Experiments are proposed which address the question of the existence of the “invisible”
axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.

X-ray
detector
Axion 500 s
Vs eeenee ) _________________________________ ) o
% Flight time
Sun Earth
N o Phon s, = 1071 Gy | Large coherence length overcomes

Axion-Electron g, = 1071

-1

small coupling

Axionphoton conversion in feld similar to
neutrino flavor oscillation, PRD 37 (1988) 12
Can be enhanced with gas filling

van Bibber+ PRD 39 (1989) 2089

9
m % year |

Primakoff

L (107 keV~!

dd
dE

0 https://cajohare.github.io/IAXOmass/
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https://cajohare.github.io/IAXOmass/

RochesteiBrookhaverA~ermiLab
Lazarus+ PRL 69 (1992) 2333
Few hours of data, fixed magnet

O mxpm' A

Let's point a magnet
at the sun...

Moriyama+ [hepex/9805026]
‘O M prmn ' A
See also Ohta+ [1201.4622]

CAST (1992021)

Stearable, 9.26 m long, 9 Tesla
Anastassopoulos[1705.02290]

0 ™o pm A

CAST Movie on YouTub r

https://youtu.be/XY2IFDXz8a



https://www.youtube.com/embed/XY2lFDXz8aQ?fs=1

(Baby) IAXO Sensitivity Forecast

_— ‘BabyIAXO z B

— =
1o~ o TAXO =
19 [ L N
10 = : @@ 5
B . b?}r? _
1079 H”!‘ 0&0 =
1014 | Discovery potential
= i for QCD axions
1075 & Vw E
10_16 i I:Lflllllll | IIIIIII| | IIIIIII| | IIII|,|,|J | IIII|,|,|] | IIII|,|,|] | IIIIITU
1072 107% 1077 107% 107° 107%* 1072 1072 107! 1 10

ma(eV)

Physics potential of the International Axion Observatory (IAXO)
JCAP 1906 (2019) 047, arXiv:1904.09155

Georg Raffelt, MPI Physics, Garching Dark Matter & Neutrinos, Paris IHPES May 2025



https://arxiv.org/abs/1904.09155

Solar Neutrino Limit on Solar Energy Losses

Selfconsistent models of the presekay Sun provide a simple powkaw connection
between a new energy losg (e.g. axions) and the solar neutrino flux frofh B

Schlattl, Weiss & Raffelt, hg/9807476 Gondolo & Raffelt, arXiv:0807.2926
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B 7Y
o, 0\ °
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_l Solar models with SNO-#lthvor
measurements imply roughly
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