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Unfairly brief account of a challenging exercise by two WGs: 

Neutrinos & Cosmic Messengers (~61 inputs) 

Members: S. Bolognesi, S. Dolan, V. Domcke, I. Esteban, J. Formaggio, M.C González-García, A. Heijboer,

 PH, A. Ianni, J. Kopp, E. Resconi, M. Scott, V. Sordini

Dark Matter & Dark Sectors (114 inputs)

Members: 

A. Chou, C. Doglioni, E. Castorina, F. Calore, M. McCullough,J. Monroe, J. Pradler,J.Vogel, M.Ovchynnikov, 

B. M. D’Onofrio,P. Agnes,T. Pollmann,Y. Ema



Open Questions in Physics:massive neutrinos

Neutrino physics = νSM in the making 

= new Higgs-Lepton couplings+…
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Open Questions in Physics: Baryons

4

LSM + Gravity 6= Cosmos

<latexit sha1_base64="A1EjoViAfsaN77YgcNX3oEhGRik=">AAACIXicbVDLSgMxFM34tr6qLt0EiyAIZUYUXRZd6EJB0dZCZxgyadqG5jEmmUIZxk9x46+4caGIO/FnzIxdaOuBwOGce7k5J4oZ1cZ1P52p6ZnZufmFxdLS8srqWnl9o6FlojCpY8mkakZIE0YFqRtqGGnGiiAeMXIX9U9z/25AlKZS3JphTAKOuoJ2KEbGSmH5OPU5Mj2MGLzIwtRXHN5cZnAPPhT8TKEBNcMM+oLcw0I6lZpLnYXlilt1C8BJ4o1IBYxwFZY//LbECSfCYIa0bnlubIIUKUMxI1nJTzSJEe6jLmlZKhAnOkiLhBncsUobdqSyTxhYqL83UsS1HvLITuZx9LiXi/95rcR0joOUijgxROCfQ52EQSNhXhdsU0WwYUNLEFbU/hXiHlIIG1tqyZbgjUeeJI39qndQPbw+qNRORnUsgC2wDXaBB45ADZyDK1AHGDyCZ/AK3pwn58V5dz5+Rqec0c4m+APn6xtBbaOY</latexit>

Baryons<-> matter-antimatter asymmetry 

new sources of CP violation+new non-equilibrium 
dynamics in the Early Universe (eg. more weakly  
interacting particles,…) generic in

L⌫
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Open Questions in Physics:Dark Matter
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LSM + Gravity 6= Cosmos
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A consistent need of a gravitating non-relativistic, 
non-interacting matter component across scalesDark matter and dark sector

• Evidence of Dark matter (DM) in different scales:

• Unknown new physics needs not be simple = “Dark sector”

• We know its energy density, but not its mass and interaction,

though theory-driven representative models exist.

Diverse/complementary efforts to cover diverse mass ranges.

  ρχ = mχnχ ≃ 0.4 GeV/cm3

1.2. Midi: clusters of galaxies 21

Figure 1.3: Bullet cluster. The collision of a pair of clusters of galaxies, with the colored map repre-
senting the X-ray image of the hot baryonic gas. This is displaced from the distribution of the total mass
reconstructed through weak lensing, shown with green contours. The white bar corresponds to the length
of 200 kpc. From Clowe et al. (2006) in [13].

1.2.1 Weak gravitational lensing: the bullet cluster and cosmic shear
Today, one of the most striking evidences for the presence of DM on the length scales of galaxy clusters
comes from the observations of a pair of colliding clusters known as the bullet cluster located 3.7 Gyr
away, with a catalog name 1E0657-558 (or 1E0657-56) and first observed in detail in 2006, as well as
from similar systems [13]. Most of the baryonic mass in the bullet cluster is in the form of hot gas whose
distribution can be traced through its X-ray emissions. The distribution of the total mass, visible and
dark, was independently measured through weak lensing.

The special feature of the bullet cluster system is that the visible matter and Dark Matter are spatially
separated, see fig. 1.3. The interpretation is the following: in the past, each of the two clusters of galaxies
was an ordinary system, with the visible matter and DM mixed together. The two objects collided 150
million years ago. Visible matter interacts significantly with itself, so that the hot gas from the two
clusters experienced a collisional shock wave. DM, on the other hand, experienced negligible collisions
with itself and with normal matter, such that the DM clouds of the two systems simply passed through
each other. This led to the present separation of the visible and dark matter components, apparent in
fig. 1.3.8 After the observation of the bullet cluster, many similar systems have been studied. Harvey et
al. (2015) [13] report the results on 72 of them and conclude that the existence of DM can be established
with a significance of more than 7�.

This kind of observations puts a severe strain on alternative interpretations where DM is replaced by
a modification of gravity. Such modifications cannot get spatially separated from normal matter (unless
they too introduce something that effectively behaves as DM), so that the anomalous lensing signal would

8Detailed studies reconstruct an initial relative velocity of about 3000 km/s before the collision between the
two clusters. This had been claimed to be unusually high: according to the tails of velocity distributions in
⇤CDM cosmology, the probability of observing such an event had been claimed to be too low (⇠ 10�5 assuming a
reasonable amount of matter inhomogeneities) [15]. Hence the bullet cluster, in this specific aspect of the relative
speed, had been used as evidence against Dark Matter. Later studies, however, have disputed the claim and found
probabilities that are in agreement with ⇤CDM cosmology [15].
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1.3. Maxi: the Universe 25

Figure 1.5: The power spectrum of the CMB acoustic peaks (middle row, left) is extracted from the map
of temperature anisotropies (top left). The matter power spectrum (middle row, right) is extracted
from extensive galaxy surveys (top right) as well as from other mapping probes. The same quantities
in absence of DM are illustrated in the bottom row. Figures: from [3, 19]; courtesy of M. Blanton and
SDSS; created with the Camb web interface.
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Figure 1.5: The power spectrum of the CMB acoustic peaks (middle row, left) is extracted from the map
of temperature anisotropies (top left). The matter power spectrum (middle row, right) is extracted
from extensive galaxy surveys (top right) as well as from other mapping probes. The same quantities
in absence of DM are illustrated in the bottom row. Figures: from [3, 19]; courtesy of M. Blanton and
SDSS; created with the Camb web interface.



Open Questions in Physics:Dark Matter

Dark Matter physics = DSM in the making 
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+LDM
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⇢� = n�m� ' 0.4GeV/cm3
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= O(�, .., SM)
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Dark sector could be as rich, diverse, complex as the SM !

(locally)



Massive Neutrinos 

Imperial College London

Neutrino Oscillation

• Impressive progress in measuring oscillation 

parameters

• Most parameters measured with few percent 

precision (note, have taken 1/6 of 3𝜎 range as error for dCP and theta23)

• Open questions:

• Octant of 𝜃23
• Mass ordering

• CP violation?

• Value of 𝛿𝐶𝑃
• Unitarity of PMNS

• Other new physics?
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Current knowledge

NuFit 6.0, JHEP 12 (2024) 216
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0.8%

See also F. Capozzi et al., Phys. Rev. D 104, 8, 083031

 P. F. de Salas et al., JHEP 02, 071 (2021)

Major open questions for future  
oscillation experiments: 

• neutrino ordering 
• CP violation 
• ≤% precision in all parameters 
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NO/NH IO/IH
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New Neutrino Oscillation Experiments

  

Neutrino oscillation experiments
- Accelerator neutrino, long-baseline experiments:

- controlled production of n and n + near detector → CPV and MO, precision PMNS (q23, Dm2
23) 

- T2K, NOVA → HyperKamiokande, DUNE 

SuperKamiokande 
volume x8
(water Cherencov)

T2K beam 
X2.6 power

- Very long baseline

- Wide-band energy beam 
(~few GeV)

- LAr technology: strong CERN 
contribution with protoDUNE

- Start beam in 2031 with staged approach

Proven technology 
boosted by factor ~20

Starts of data taking 
in 2028 

3High complementarity

- T2K, NOVA → HyperKamiokande, DUNE (both experiments have ~40/50% European collaborators)
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• Two new complementary LBL accelerator neutrino projects:

  

Neutrino oscillation experiments
- Accelerator neutrino, long-baseline experiments:

- controlled production of n and n + near detector → CPV and MO, precision PMNS (q23, Dm2
23) 

- T2K, NOVA → HyperKamiokande, DUNE 
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Proven technology 
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Starts of data taking 
in 2028 

3High complementarity

- T2K, NOVA → HyperKamiokande, DUNE (both experiments have ~40/50% European collaborators)

• One new reactor neutrino project:

  

- Reactor neutrinos 

- large statistics of ne

- DayaBay, RENO, Double Chooz short baseline: q13

- long baseline (KamLand) JUNO: q12, Dm2, 
MO from “phase” of vacuum oscillation

20kTon liquid scintillator
Starting data taking now!
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• Two atmospheric neutrino projects:

  

- Atmospheric neutrinos

- large stat ‘for free’ but no control on flux: 
sensitivity to MO, q23, Dm2

23

IceCube DeepCore 10Mton + 
Upgrade 2MTon

Km3Net: deploying on-going 
→ ORCA 7MTon 

Mediterranean sea

Antarctic ice
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- far detectors of LBL (eg SuperKamiokande) 
+ low-E dense detectors in observatories: 
huge statistics (MegaTons)
with limited PID and resolution 
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Neutrino Oscillation Experiments: major discoveries in next decade

  

Mass Ordering

Dm2
3i in ne and nm disapp (in vacuum)

JUNO + LBL(T2K/NOVA) 2-3 s ~2026

Various oscillations effects are sensitive to MO

Various ~3s hints in the next 5 years: 

agreement or tensions?

(Systematic bias or New Physics hints?)

First clear unambiguous MO determination 

from DUNE beam n

Also 5s expected ultimately from atmospherics 

(ORCA, IceCube, HK) and JUNO

→combination of experiments allowing over-

constraints and x-checks.
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ESPP 
Preliminary

Mass ordering
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Leptonic CP violation 

Imperial College London

Neutrino Oscillation

• Impressive progress in measuring oscillation 

parameters

• Most parameters measured with few percent 

precision (note, have taken 1/6 of 3𝜎 range as error for dCP and theta23)

• Open questions:

• Octant of 𝜃23
• Mass ordering

• CP violation?

• Value of 𝛿𝐶𝑃
• Unitarity of PMNS

• Other new physics?
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Current knowledge

NuFit 6.0, JHEP 12 (2024) 216

3.7%
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3.1%

2.3%

1.3%

16.4%

2.5%
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See also F. Capozzi et al., Phys. Rev. D 104, 8, 083031

 P. F. de Salas et al., JHEP 02, 071 (2021)

<% precision in mixings/masses

-> 0.5%

-> 0.3%
-> 0.2%

Challenges: systematics in fluxes & xsec!

Dedicated projects@accelerators:

NA61/SHINE, NuScope, NuSTORM,…

-> 1%

  

Hic sunt leones!

Strong EU (and CERN) physics expertise 

12

Lesson from present generation of 
experiments: known unknowns + 
unknown unknowns → biases
Especially away from QE peak 

  

Flux tuning: NA61/SHINE at CERN

Hadroproduction from proton scattering in the target: 
complex nuclear&hadronic physics
 
→ crucial direct tuning by NA61/SHINE
(e.g improved the flux uncertainty by factor ~2 during T2K era)

The dominant flux uncertainty for CPV & MO (n/n and wrong sign contamination) comes from low energy hadron 
rescattering  which escape (de)focusing 
 → proposal of new low-E beamline at SPS for NA61 

n background 
in n flux

10

        ESPP
Preliminary



β-decay/e-capture
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Neutrino mass scale 

m⌫e =

sX

i

|Uei|2m2
i

<latexit sha1_base64="SpgGp11IlorTIddQA5qpKIkKWG0=">AAACE3icbVBNSwMxEM36WetX1aOXYBHEQ9ktFb0IRS8eK1gVuu2STadtaJJdk6xQtvsfvPhXvHhQxKsXb/4b09qDtj4YeHlvhsy8MOZMG9f9cubmFxaXlnMr+dW19Y3Nwtb2tY4SRaFOIx6p25Bo4ExC3TDD4TZWQETI4Sbsn4/8m3tQmkXyygxiaArSlazDKDFWCgqHIkh9mQSQ4VPs6ztlUl8nImB4WA9SYNmwVcb22SpnQaHoltwx8CzxJqSIJqgFhU+/HdFEgDSUE60bnhubZkqUYZRDlvcTDTGhfdKFhqWSCNDNdHxThvet0sadSNmSBo/V3xMpEVoPRGg7BTE9Pe2NxP+8RmI6J82UyTgxIOnPR52EYxPhUUC4zRRQwweWEKqY3RXTHlGEGhtj3obgTZ88S67LJa9SOrqsFKtnkzhyaBftoQPkoWNURReohuqIogf0hF7Qq/PoPDtvzvtP65wzmdlBf+B8fAP7jZ45</latexit>

2025 2030 2035 2040

Year

0.01

0.1

1

10

100

m
∫

e
KATRIN

Project 8

HOLMES

ECHo

PTolemy

(mmin
Ø )NO

(mmin
Ø )IO

ESPP preliminary

Present

Future

163Ho

Laboratory Challenges: atomic tritium, ab-initio e-capture, scalability

Cosmology: strong limit driven by tension of LCDM with data !
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Neutrinos exploration of new physics

11

Neutrino masses suggest the existence of a new physics scale

mν ∼
m2

f

ΛNP
?
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 Neutrino Exploration of New Physics

ββ0ν

12

Baryon # violating, 
Non-standard Nu interactions, 
Non-unitarity PMNS,…

Neutrino Experiments  = Huge detectors + Low Background + Intense Beam Dumps

6



Neutrinoless Double Beta Decay: 

13

Different isotopes/technologies/challenges: 

Te Liquid Scin. SNO+ 

Xe   Liquid Scin. Kamland-Zen  
        liquid Xe TPC nEXO 
        gas Xe TPC NEXT* 

Ge Legend* 

Mo bolometers: CUPID*, Amore 

* in underground labs in Europe

  

Technologies
- Te (CUORE* bolometers → SNO+ in LS): large natural abundance (30%), low Qbb

- Xe: low Qbb

- Kamland-Zen LS: easy scalability but limited resolution (240 → 120 keV)
- liquid TPC: EXO → nEXO, XLZD: improved resolution (~50 keV) and multivariate 

analysis
- gas TPC (NEXT*): good resolution (12 keV), backgr. rejection with topological cuts

- Ge (GERDA, Legend*): very low Qbb but amazing resolution (2 keV), difficult scalability
- Mo bolometers (CUPID*, Amore): high Qbb, good resolution (8 keV), difficult scalability

Technological comparison:
half-life for fixed mbb x background x DE

→ exposure needed for a fixed sensitivity 

25* Underground laboratories in Europe

ESPP Preliminary
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Higgs, EWPT

FCNC, LFV...

Neutrino experiments have provided  the most stringent limits to SMEFT via  
B violating searches: p-decay, n-nbar oscillations,  

14

  

Beyond 
oscillations: 

Baryon Number 
Violation

Proton decay: 
>1034 years → >1035 years

Neutron-antineutron oscillations: 
unique sensitivity at ESS with a new 
proposed experiment (HIBEAM)

14

⌧p > 1034y ! 1035y

<latexit sha1_base64="lT+rOJEFXbZMbS2gqYlGJ2Tv5fo="></latexit>

B,L 
violation

p-decay & B violating processes
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 Neutrino Exploration of New Physics

Feably Interacting 

Neutrino Portal = Low scale Type I seesaw 

15

• Light neutrino masses+ heavier neutrinos  
(light sterile neutrinos  or HNLs) 

• Generation of a matter/antimatter 
asymmetry, implications in cosmology, 
stellar evolution, etc  

Baryogenesis 2HNL Model

HK
(ND280)

DUNE (ND-LAr)

Light mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2

LHNR

aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.
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gχ

freeze-outfreeze-in

Ωχh2

T

 : smallgχ

 : largegχ

T ∼ mχ

Light mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =
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|H |2 S, |H |2 S2
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aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.
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 : smallgχ

 : largegχ
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BSM Benchmark

Neutrino Exp Fixed target
Colliders
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70 Chapter 3. What? Main paradigms regarding the nature of Dark Matter
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Figure 3.2: Possible range for the DM mass, and some notable candidates. The edges of the shaded
areas correspond to the lower and upper bounds in eq. (3.1).

This huge range can be conceptually split in three main qualitatively different regions, illustrated in
fig. 3.2: fields, particles and macroscopic objects. Fundamentally, particles and waves (fields) are the
same objects, since Quantum Field Theory unifies them in a common description. From a practical point
of view, however, descriptions using particles or waves are different enough to be useful in different regimes
(see section 3.4). As a rule of thumb, Dark Matter behaves as a classical field if M ⌧ eV, and as a particle
if heavier than the inverse Bohr radius M � ↵me ⇠ keV. Dark Matter with de Broglie wavelength much
smaller than atoms interacts with atoms individually, as a particle. In the opposite limite DM undergoes
collective interactions with ordinary materials. The particle/wave transition similarly occurs in galaxies,
where the observed DM density can be reproduced by particles lighter than about an eV only if many
quanta occupy the same phase space volume, as we discuss shortly below. In this case DM can be
described by a classical field. This is in complete analogy with electro-magnetism, where in the limit of
many photons these are more simply described by classical electric and magnetic fields. Similarly, DM
could be a massive boson that, in dense environments, is more simply described through a classical field.

In other words, from the outset we do not know whether DM physics belongs to astrophysics, particle
physics or classical field theory. The three possibilities are described in more details in the following
sections:

1. Section 3.1 and section 3.2 discuss DM as composite objects heavier than the Planck scale. Pri-
mordial black holes are one possible candidate.

2. Section 3.3 discusses DM as a new particle with mass M . In this case a plausible argument (see
section 4.1) favors M ⇠ TeV — the mass range currently explored by colliders and many other
experiments — but the possible candidate masses span many orders of magnitude below and above
TeV.

3. Section 3.4 discusses DM as waves of ultra-light bosons, a possibility that is now also very actively
investigated.

3.1 DM as very massive macroscopic objects
DM could be made of Massive Astrophysical Compact Halo Objects (MACHOs4), i.e., ordinary astro-
physical objects of macroscopic mass M , such as large planets, small dead stars or stray black holes [83].
These objects do not emit light and therefore fulfill the definition of dark matter. The MACHOs that
are composed of baryonic matter and were created in the late Universe, like all the other astrophysical
objects (the most natural expectation), require a large baryonic abundance, which contradicts the bounds

4The name was coined in the early ’90s (see K. Griest (1991) in [83]), in witty opposition to WIMPs, cf. section
9.3.3.

Dark Matter

Models of DM has been proposed at widely different scales

Most relevant for particle physics are those below Planck scale: 

Classification

1. Ultralight mass range . 

2. Light mass range . 

3. Heavy mass range . 

4. Ultraheavy mass range 

mχ ≲ eV

keV ≲ mχ ≲ GeV

GeV ≲ mχ ≲ 10 TeV

TeV ≪ mχ

We classify models and methods by mass ranges.

Cirelli et al, 2406.01705
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WIMP window closing:indirect detection
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P. Agnes, status and prospects of direct detection  

~0.1 GeV/c2  < mχ < 10 GeV/c2  

15

A lot of complementary activities, exploiting different techniques and targets  

Summary for DM-nucleon scattering:  

Thresholds goal at < ~100 eV  

Light targets have more favourable kinematics 

Backgrounds (radiological are no more dominant)

+ inelastic (Migdal)

WIMP window closing:direct detection

N’

χχ

N

Snowmass Cosmic Frontier Report,  
arXiv:2211.09978

H
ow

 do w
e get here?

Direct Detection Status & Prospects 
ESPP submissions from large collaborations, networks

  Jocelyn Monroe                                                                                                                                           June 26, 2025  p.21

   P. Agnes

P. Agnes, status and prospects of direct detection  

Sensitivity projections

14

Currently excluded at 90%CL 

Argo is a foreseen future 
LAr detector, 500 t (10x 

DarkSide-20k) 

Both targets 
≲ 2040

P. Agnes, status and prospects of direct detection  

Current status, mχ >10 GeV/c2, SI
Dual-phase TPC to detect prompt de-excitation (S1) and 
delayed electroluminescence  (S2) — typical drift times ~ ms  

3D vertex reconstruction (< cm)  

Noble liquids particularly suitable (purity, scalability, 
transparency) 

— ionisation energy ~ 10 eV 

— background discrimination based on S2/S1 and pulse 
shape discrimination (PSD) using time profile of scintillation 
pulse 

Typically operated in combination with anti-coincidence 
external veto systems for radiogenic and cosmogenic 
background sources

9

• Threhsold at 5 keVNR (LXe) or 50 keVNR (LAr)  
• Large exposures achievable

Noble Liquids (Xe, Ar)
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Light DM: direct detection

P. Agnes, status and prospects of direct detection  

mχ < 0.1 GeV/c2  

20

Small exposure can be competitive  

Large number of new ideas and techniques  

DM-nucleon 

Push threshold at the eV and below 

Non-radiological backgrounds 

DM-electron

ER

N’

χχ

N

Snowmass Cosmic Frontier Report,  
arXiv:2211.09978Light Dark Matter  

area of growth since ESPP2019

how do we get here?

  Jocelyn Monroe                                                                                                                                           June 26, 2025  p.24

~tonne x year

~g x day

P. Agnes, status and prospects of direct detection  

DM-electron — scattering

23

DM electron SI scattering (heavy mediator and light mediator) New analysis strategies, and novel technologies for dedicated experiments

C. O’Hare, https://github.com/cajohare

P. Agnes, status and prospects of direct detection  

~0.1 GeV/c2  < mχ < 10 GeV/c2  

15

A lot of complementary activities, exploiting different techniques and targets  

Summary for DM-nucleon scattering:  

Thresholds goal at < ~100 eV  

Light targets have more favourable kinematics 

Backgrounds (radiological are no more dominant)

+ inelastic (Migdal)

https://github.com/cajohare
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Collider complementarity
χ

χ

p

  Jocelyn Monroe                                                                                                                                           June 26, 2025  p.28

ESPP2019 vs. ESPP2026 

M. D’Onofrio
Big advances in LHC dark matter searches!

Caveat: model dependence In conversion

ESPP2019
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.
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ESPP2019 vs. ESPP2026 

M. D’Onofrio
Big advances in LHC dark matter searches!

Caveat: model dependence In conversion

ESPP2019
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Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

ESPP2019
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Higgs Portal 
Scalar DM

Higgs Portal 
Majorana DM
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Introduction

Exclusion potential V

Inelastic DM

• �
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Introduction

Accelerator-based experiments II

3. Beam type:

• l = e,µ

(NA64,LUXE,. . . )
• h = p,Pb, . . .

(NA62,. . . )

4. Location:

• CERN (MAPP,. . . )
• Fermilab

(DUNE,. . . )
• DESY (LUXE)
• . . .

5. Timeline:

• Associated with existing colliders/facilities (< 20 years) (SHiP, . . . )
• Associated with future colliders/facilities (@FCC-hh, ILC-BD,. . . )

Maksym Ovchynnikov Accelerator-based probes June 23, 2025 3/28

Vast array of probes.  Future colliders extend 
intensity to new frontiers.

Elastic DM Photon Portal
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Fixed Target+LHC FPF  complementarity

Elastic DM Vector Portal 
Inelastic DM Vector Portal 

Light mass range: experiment
• Light but weakly coupled. Precision is crucial.

• Astrophysics/cosmology relevant, especially for mχ ≲ 10 MeV .

• DM direct detection (DD) with lower threshold/lighter target:

e.g.

Erecoil ∼
m2

χ

mtarget
v2 ∼ 0.1 keV ( mχ

1 GeV )
2

( 10 GeV
mtarget )

for mχ ≪ mtarget .

Decay/scattering signals:

Missing energy signals: X

Disclaimer: showing only non-exhaustive lists. 

Target
Beam

Dirt Decay volume

μ, π, . . .

X

Detector
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70 Chapter 3. What? Main paradigms regarding the nature of Dark Matter
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Figure 3.2: Possible range for the DM mass, and some notable candidates. The edges of the shaded
areas correspond to the lower and upper bounds in eq. (3.1).

This huge range can be conceptually split in three main qualitatively different regions, illustrated in
fig. 3.2: fields, particles and macroscopic objects. Fundamentally, particles and waves (fields) are the
same objects, since Quantum Field Theory unifies them in a common description. From a practical point
of view, however, descriptions using particles or waves are different enough to be useful in different regimes
(see section 3.4). As a rule of thumb, Dark Matter behaves as a classical field if M ⌧ eV, and as a particle
if heavier than the inverse Bohr radius M � ↵me ⇠ keV. Dark Matter with de Broglie wavelength much
smaller than atoms interacts with atoms individually, as a particle. In the opposite limite DM undergoes
collective interactions with ordinary materials. The particle/wave transition similarly occurs in galaxies,
where the observed DM density can be reproduced by particles lighter than about an eV only if many
quanta occupy the same phase space volume, as we discuss shortly below. In this case DM can be
described by a classical field. This is in complete analogy with electro-magnetism, where in the limit of
many photons these are more simply described by classical electric and magnetic fields. Similarly, DM
could be a massive boson that, in dense environments, is more simply described through a classical field.

In other words, from the outset we do not know whether DM physics belongs to astrophysics, particle
physics or classical field theory. The three possibilities are described in more details in the following
sections:

1. Section 3.1 and section 3.2 discuss DM as composite objects heavier than the Planck scale. Pri-
mordial black holes are one possible candidate.

2. Section 3.3 discusses DM as a new particle with mass M . In this case a plausible argument (see
section 4.1) favors M ⇠ TeV — the mass range currently explored by colliders and many other
experiments — but the possible candidate masses span many orders of magnitude below and above
TeV.

3. Section 3.4 discusses DM as waves of ultra-light bosons, a possibility that is now also very actively
investigated.

3.1 DM as very massive macroscopic objects
DM could be made of Massive Astrophysical Compact Halo Objects (MACHOs4), i.e., ordinary astro-
physical objects of macroscopic mass M , such as large planets, small dead stars or stray black holes [83].
These objects do not emit light and therefore fulfill the definition of dark matter. The MACHOs that
are composed of baryonic matter and were created in the late Universe, like all the other astrophysical
objects (the most natural expectation), require a large baryonic abundance, which contradicts the bounds

4The name was coined in the early ’90s (see K. Griest (1991) in [83]), in witty opposition to WIMPs, cf. section
9.3.3.

Dark Matter: Ultralight DM benchmark (< eV)

Axions

Categories of Axion Search Experiments

► Light-Shining-Through-Wall-Searches 
(no DM assumption)
- Laboratory-based experiments producing 

and detecting axions

► Helioscopes (no DM assumption)
- Laboratory-based solar searches

► Haloscopes
- Microwave cavities
- Dish antennas/dielectric and plasma 

haloscopes (higher ma)
- Lumped element detectors (lower ma)

Julia Vogel | Ultralight Dark Matter and Dark Sector 4

Light-Shining-Through-Wall

Helioscopes

Haloscopes

Previous prospects 

Julia Vogel | Ultralight Dark Matter and Dark Sector 

Physics Briefing Book: 
Input for the European 

Strategy for Particle 
Physics Update 2020 

(arXiv:1910.11775)

► ESPP Update 2020

5

Axion Searches

Julia Vogel | Ultralight Dark Matter and Dark Sector 11

► Large parts 
of QCD band 
can be 
studied in 
coming 
decades

► Significant 
European-
leadership 
and/or 
involvement

► Complementary 
experimental 
approaches are 
crucial to cover 
full viable axion 
parameter 
space

► Mixture of large-
scale and 
smaller-scale 
experiments

► ALP searches in
parallel
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Cosmic Messengers (CRs, em, , GWs) ν

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 2

• Probe extreme astrophysical environments: 

cosmic accelerators – driven by black holes, 

or BSM sources & relics

• Access highest energy scales ( 1020 eV )

• Large length/time scales: rare processes 

and Cosmic Relics

Astrophysical messengers

LSS

CMB
Cosmic Messengers

 

Valerie Domcke - CERN

Cosmic Relics

2 / 25

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 4

Introduction: Known sources..
• GW: many events detected; conjunction with other

messengers is rare

• Gamma rays: many sources (Fermi, HESS, LHAASO)
EM/hadronic origin 

• CR: 4σ sigma (post trial) for excess from Cen A at 
E> 2.8 1019 eV 

• Neutrinos: most ‘IceCube’ neutrinos unassociated
first exceptions: Blazar TXS 0506+056, Galaxy NGC 1068, 
Galactic plane

Many (common) sources still to be found. 

Much astro- and particle- physics to be done

Nuclei

neutrinos

gamma

(Astrophysical Journal, 935:170, 2022, update ICRC 2023) 



Neutrinos as cosmic messengers
Cosmic neutrinos have been instrumental in establishing    properties (solar, atmospheric, cosmic ) 
and a model of the sun. Neutrinos at the highest energies are starting to point to sources. Other known 
neutrino fluxes await discovery (DSNB, cosmogenic,…) 
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano et al, arXiv: 1910.11878 
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Diffuse SuperNovae background
Crucial insights in star formation history -> present 
models of DSNB flux differs by order of magnitudes!

Consistent excess from SK (both 
pure water and Gd loading): 2.3s ! 

SK-Gd has realistic possibility for discovery!
-> next generation dominated by HK and JUNO (50-100 events each)

Check 
number of 
eventS

DSNB around the corner ?

     HE Cosmic Neutrinos (PeV) 
• Running:  IceCube, KM3NET-ARCA, 

GVD 
• Under construction: P-One  

UHE Cosmic Neutrinos  
(PeV-EeV+) 

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 15

Global neutrino telescopes

• 0.5 km3 and growing, running
• Confirms Cosmic IceCube flux

(25 up-going cascades over bg=6)

• Use Canadian deep sea network
• Aim for multi-km3

• Explorer under construction

GVD @ lake BaikalP-One (#53)

• R&D for 3 Chinese projects
• Hunt, Trident, Neon
• 7.5 – 30 km3 / 21-55k Modules

Global Neutrino Network

New detection strategies for the highest energies: radar, radio,lunarAart Heijboer – 22-6-2025 - COSMIC MESSENGERS 20

The highest energy ν: projects

KM3-230313A*

• Current best limits from IceCube

& Auger

• One neutrino from KM3NeT

• Next: RNO-G & PUEO

Further future

• Proposals to improve current

sensitivity by 2 orders of mag.

• ~guaranteed to see neutrinos

• cosmogenic neutrinos very likely
Add hunt 

etd here

* Combined KM3NeT, Auger, IceCube flux estimate 

* Joint flux with PAO&IC
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Gravitational Waves as cosmic messengers

Cosmic Messengers

 

Valerie Domcke - CERN

Gravitational waves

13 / 25

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 26

Detections so far
Ligo-Virgo-KagraPulsar timing arrays

ApJ 966:105 
Prediction for 
supermassive
Black-hole binaries

• Evidence of nHz stochastic background
in multiple experiments

• Compatible with SMBHBs.. or from primordial
universe.

• Future upgrades expected, SKA.

• Detectors working as one collaboration 
• Since 2015: Hundreds of mergers of NS and BH
• Science includes: Strong-field tests  of General 

relativity, discovery  20 Msun Black holes.
• O4 ongong,  O5 in 2028

100Hz

nHz

Cosmic Messengers

 

Valerie Domcke - CERN

Gravitational waves

Possible cosmological sources

Phase transitions
Cosmic strings
Inflation

PTA SGWB
hint

Prospects for Stochastic Gravitational Wave Background Searches

13 / 25

Extending spectral coverage: 
atom interferometers + 
R&D for higher frequencies…

ESPP Preliminary

Stochastic GW ?

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 28

Atom interferometers
• Multi-purpose instruments (low-mass DM + 

GW); strong synergy with particle physics.

• Fill the gap between Lisa and ET. ~ 0.1 Hz

• Network 100 m instruments under 
construction with European participation 
(e.g. MIGA in France, PX46 LHC shaft at CERN). 

• Vision: 1 km instrument operating by 2035.
in conjunction with Lisa & ET (AION-km) 

• Future: space-based (AEDGE)

Observe same objects subsequently in
Multiple detectors.

EW
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Understanding cosmic accelerators 

Cosmic Messengers

 

Valerie Domcke - CERN

Cosmic Rays

2503.16173

X-sections as the limiting factor
(e.g. antiproton production):

sought precision to match current %-level mesurements 

direct detection
(galactic)

indirect detection
(extra-galactic)

11 / 20

• Synergies w accelerator physics:  need to understand particle/antiparticle production and 
propagation (LHCb-SMOG, ALICE, AMBER, NA61/SHINE, n-TOF, TOTEM, FASER, SND, FPF) 

Cosmic Messengers

 

Valerie Domcke - CERN

Cosmic Rays

2503.16173

X-sections as the limiting factor
(e.g. antiproton production):

sought precision to match current %-level mesurements 

direct detection
(galactic)

indirect detection
(extra-galactic)

11 / 20
Cosmic Messengers

 

Valerie Domcke - CERN

Cosmic Rays

2503.16173

X-sections as the limiting factor
(e.g. antiproton production):

sought precision to match current %-level mesurements 

direct detection
(galactic)

indirect detection
(extra-galactic)

11 / 20

• Spectrum at all CMs and energies crucial for modelling cosmic accelerators 

Aart Heijboer – 22-6-2025 - COSMIC MESSENGERS 22

Photons
• Many observatories from radio to gamma-ray 

and a lot of data coming in the next years.

• Indirect Dark Matter detection 

• Directly related to cosmic accelerators : Gamma
• Cosmic accelerators HAWK Lhaaso, Hess, Magic, Veritas, 

soon: CTA
• Galactic sources up to PeV energies; hadronic origin?

• Photon spectrum at all wavelengths is 
crucial for multi-messenger modeling of
cosmic accelerators

• Rely crucially gamma and x-ray satellites 
now: Fermi, Swift, 2027 : HERD, Cosi

S. Gao, A. Fedynitch, W. Winter, and M. Pohl 

Nature Astronomy 3 no. 1, (Nov, 2018) 88–92.

Example: Modeling TXS- 0506+056

swift
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Conclusions
• The extension of the SM with massive neutrinos is incomplete: links to new physics and the matter-

antimatter asymmetry compelling

• Neutrino experiments are unique facilities to search for new physics (both at high energy and feably 
interacting sectors): eg. proton decay, light sterile neutrinos, heavy neutral leptons,..

• Dark Matter remains the biggest conundrum in our understanding of the cosmos.  A dark extension of 
the SM could take many faces: diversity and complementarity of experimental approaches is crucial  
(new avenues in direct DM detection, cosmic messengers and colliders/accelerators)

• Cosmic messengers provide essential information on neutrino and dark matter properties, and are 
unique probes of the most powerful cosmic accelerators. Cosmic relics/backgrounds from the Big 
Bang (eg. BBN,CMB,LSS) provide a window on the Early Universe (future C B and GWB can bring 
us to pre-BBN times)

• Neutrino/Dark Matter/Cosmic messenger & collider/accelerator science not only target the same 
fundamental physics questions, but can complement and enhanced each other’s physics reach  

• There are also strong technological synergies: cryogenics, detector technologies, large project 
management, data simulation and analysis methods & tools.

ν

A flourishing experimental program is underway: major discoveries and high-impact science expected 
in the next decade. Any discovery will require confirmation by different experiments and techniques 
with independent systematics !
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Fate of the Ino

Great deal of complementarity between colliders 
and (present) indirect detection.  Long live the 
Ino?
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Cosmic Horizons

Boyarsky+ 1807.07938

Cosmology, such as structure formation, crucial to 
explore light dark sectors (Pradler).
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Self-Annihilation Searches: 
Invisible Final States  

Amole et al., arXiv:1902.04031

Aprile et al., arXiv:1902.03234W
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New explorations in neutrino physics

O(100 evts) TeV-neutrinos from the LHC detected by FASER & SND

Coherent Neutrino Scattering  Eν< 50MeV (nuclear recoils < keV)

• σν@TeV 
• Neutrino flux: forward charm
production, gluon PDF
• LFU 

SM and BSM CE⌫NS Neutrino Interactions

Standard Model NC Electromagnetic Interactions

Z

να να

N (A,Z) N (A,Z)

γ

να νβ

N (A,Z) N (A,Z)

BSM Vector Mediator BSM Scalar Mediator

Z ′

να νβ

N (A,Z) N (A,Z)

Φ

να νβ

N (A,Z) N (A,Z)

C. Giunti � New Physics Searches with CEvNS (Theory) � Neutrino 2022 � 4 June 2022 � 4/29

D. Freedman ‘74

Complementary to Icecube/KM3NET
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SMEFT: non-standard neutrino interactions 

The most general d=6 SMEFT  is very complex and constraining it from data under  
no flavour assumptions a daunting task: neutrino constraints are important !
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[ĉlu]ee11

�1.0

�0.5

0.0

0.5

1.0

�0.25 0.00 0.25
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Figure 2: Correlations for the SMEFT operators that are affected by NSI constraints, with the
same color code as Fig. 1. The addition of NSI bounds [40] to the global SMEFT fit [16] not
only improves the bounds for some operators, but also introduces new and strong correlations
between them.

outlined by Ref. [16] using COHERENT data. More interestingly, they provide constraints
to the new operator combinations given by Eqs. (72)-(73). Furthermore, it also generates
correlations where there were previously none, as can be seen in Fig. 2. For example, [ĉeq]ee11
was uncorrelated with other semileptonic operators prior to the inclusion of oscillation data,
while it is strongly correlated afterwards. This remarkable increase in the correlations within
the coefficients in a global analysis implies that the global bounds on individual WC are more
difficult to saturate, as precise cancellations between different operators are required.

We summarize our results in Table 3 with the constraints on the operators that are most
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Standard explanation to neutrino anomalies: LSND/MiniBoone, Reactor, Gallium,… 
     
• MiniBoone/MicroBoone: tensions arising in data (more by SBN@FNAL) 

Light Sterile Neutrinos

• Reactor anomaly dissolving in flux systematics 

• L/E dependence not observed by 5/6 experiments (NEOS, STEREO, PROSPECT, DANSS, 
SOLID, Neutrino4) 

• Gallium anomaly still there but light sterile neutrino explanation excluded by KATRIN ! 

required for comparison. While KATRIN directly probes sin2(✓ee), oscillation experi-
ments typically report the e↵ective mixing angle, defined as sin2(2✓ee) = 4 sin2(✓ee)(1�
sin2(✓ee)). The relevant mass splitting is approximated by �m

2
41 ⇡ m

2
4 � m

2
⌫ , valid

to within approximately 2⇥ 10�4 eV2 [39]. Figure 3 assumes 0  m
2
⌫ < m

2
4, ensuring

that m
2
⌫ remains positive and below the sterile-neutrino mass squared. Alternative

assumptions, including those with free m
2
⌫ , are discussed in Methods Section 12.

For comparison, the exclusion contour from the first two KATRIN campaigns
(KNM1-2) is also shown in light blue [26]. The improvements in KNM1-5 reflect
a six-fold increase in statistics and substantial improvements in the control of
systematics.
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Fig. 3: 95% C.L. exclusion curves in the (�m
2
41,sin

2(2✓ee)) plane obtained from the
analysis of the first five KATRIN campaigns with a fixed m⌫ = 0 (black). The light
and dark green contours denote the 3+1 neutrino oscillations allowed at the 95% C.L.
by the reactor and gallium anomalies [3, 9]. The green star symbol represents the best-
fit point from the BEST, GALLEX, and SAGE experiments.

KATRIN’s findings significantly constrain the parameter space associated with
the Reactor Antineutrino Anomaly (RAA) [3]. Although a region with small mixing
angles remains viable, a large portion of the RAA parameter space is excluded. Addi-
tionally, this KATRIN result challenges most of the parameter space favored by the
gallium anomaly, recently reinforced by the BEST experiment [8, 9]. In particular,
the combined best-fit point from the BEST, GALLEX and SAGE experiments, at

11
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TABLE XIV. Results of all six Ga source experiments.

Experiment R
SAGE-Cr [24] 0.95 ± 0.12
SAGE-Ar [25] 0.79 ± 0.095 (+0.09 / -0.10)
GALLEX-Cr1 [27] 0.953 ± 0.11
GALLEX-Cr2 [27] 0.812 ± 0.11
BEST-Inner 0.791 ± 0.05
BEST-Outer 0.766 ± 0.05

FIG. 12. Ratios of measured and predicted 71Ge production
rates in all Ga source experiments. The combined result is
shown as a blue band.

�i =
q
�2

i,others
+ (0.032⇥Ri)2 , (23)

and the combined result R0 is obtained by the sum
R0 =

P
i
(wi · Ri), where wi = (�0/�i)2 and �0 =

1/
pP

i
(1/�2

i
). The result is given as R0 ± �0 = 0.81 ±

0.03. The total uncertainty is 4.0%.
If we consider the correlation between systematic un-

certainties, the average value of R0,Cr is obtained first,
and then combined with the SAGE-Ar experiment after-
ward. The uncertainty from the cross section evaluation
is the only significant contribution to the correlated un-
certainty, and hence the combined result of all six gallium
anomaly experiments is given as

R0 =
⇣ �R

�Cr

⌘2

·RCr +
⇣ �R

�Ar

⌘2

·RAr ± �R, (24)

where �R = 1/
p

(1/�2

Cr
+ 1/�2

Ar
), RCr =

P
Cr

i
(wi · Ri),

wi = (�0/�i,others)2, �0 = 1/
qP

Cr

i
(1/�2

i,others
) and

�Cr = �0 + 0.032 · RCr, with the uncertainty of the to-
tal Cr measurements is obtained by summing over. The
combined result of all six measurements is obtained as
R0 = 0.80± 0.047. The total uncertainty is 6.1%, which
is larger than the uncorrelated estimation. The result is
illustrated in Fig. 12 as a blue band.

FIG. 13. Exclusion contours of all gallium anomaly experi-
ments: two GALLEX, two SAGE and two BEST results. The
blue solid line and the blue dotted line show the 2� and 3�
confidence level, respectively. The figure also presents the ex-
clusion contours from Prospect [61], DANSS [62], Stéréo [63],
KATRIN [64], the combined analysis of RENO and NEOS
data [65], reactor anti-neutrino anomalies (RAA) [22], inter-
pretations of the MicroBooNE result for the oscillation hy-
pothesis with fixed mixing angle (sin22✓) and profiled over
the angle [30], and the model-independent 95% upper bound
on sin22✓ from all solar neutrino experiments [66]. The 2�
allowed region of Neutrino-4 [67] is also presented and the
grey shading represents the merged exclusion of the very short
baseline (VSBL) null results.

Fig. 11 presents the combined result from all gallium
source experiments; SAGE, GALLEX and BEST, con-
sidering the correlated cross section uncertainties. The
best-fit result from the combined analysis of all Ga source
experiments is sin22✓ = 0.34+0.14

�0.09
, �m2 = 1.25+1

�0.25
eV2.

Fig. 13 compares the combined result from all gal-
lium anomaly experiments to some other sterile neu-
trino search experiments. The exclusion curves of
Prospect [61], DANSS [62], Stéréo [63], KATRIN [64],
the combined analysis of RENO and NEOS data [65].
One can see that the gallium anomaly result is still in
a strong tension with these experiments except a tiny
region above 8 eV2. The interpretations of the Micro-
BooNE result for the oscillation hypothesis either fixed
or profiled over the mixing angle (sin22✓) [30] are also pre-
sented. These results do not either favor or exclude the
allowed region for the gallium anomaly experiments. The
95% allowed region from the reactor antineutrino anoma-
lies (RAA) [22] is also illustrated in the figure. One can
see that the tension between the Ga anomalies and the
RAA still persists. The figure also shows the 2� allowed
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