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These are crucial times for High-
Energy Physics

In a data-driven field with critical 
theoretical guidance and support,  
we are exploring together how to 
best achieve the next big leap at the 
high precision and energy frontiers

While we continue to exploit the 
powerful tools we have in our hands, 
and successfully complete those 
under construction*

Update of the European Strategy for Particle Physics
Scientific mission for the 21st century 

*A sine qua non for the next-generation collider project!



This week has showcased the 
remarkable creativity and innovation 
in experiment and theory in advancing 
our understanding of fundamental 
physics at all scales

The deep ties between particle, 
nuclear, astroparticle physics, and 
cosmology are increasingly evident

Progress critically relies on our 
capability to design, build and operate 
the appropriate instruments pushing 
the boundaries of technology

Involved research communities are progressing much faster
Kyle Cranmer citing David Donoho [Link]

Measure what can be measured, and make measurable 
what cannot be measured           

Galileo Galilei

https://doi.org/10.1162/99608f92.b91339ef


2021 ECFA Cross-Community Detector Roadmap and 
implementation of Detector R&D (DRD) Collaborations 

Chris Parkes

Also HEP Software Foundation initiatives for SW & C  

DRD 1–8

1

• Research Examples & Emerging Themes
• Cross-community initiatives

• 8 Detector R&D (DRD) Collaborations  

• HEP Software Foundation, including

Chris Parkes, EPS HEP, Marseille,  July 2025

Detector & Computing: Research & Development

Chris Parkes, University of Manchester

First Stored 
memory computer 
Manchester, 1948

Gas Liquid Solid
State

Triggers & 
Tracking

Quantum Calorimetry Electronics
Processing

Mechanics 
& Cooling

Simulation Generators Analysis

Photon & 
PID

GRID

(Need to ensure solid funding structure)

Experimentation requires long-term 
investment at all levels: funding 
agencies, universities, labs, and     
in our community to support the 
careers and recognition of talent 
and leadership in detectors, 
software and computing. This 
includes support for construction, 
commissioning & operation, 
training, as well as for strategic   
and basic R&D

Physics is the science of precision
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Final result from Fermilab Muon g–2 experiment, 
after analysis of 2020–2023 data (Runs 4–6)

Ultimate precision — C o n g r a t u l a t i o n s !
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Muon g–2 Experiment at Fermilab
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[ωa/2π→ [ω̃′
p/2π→ [R′

µ × 1011 →
229 077] (Hz) 61 790 900] (Hz) 370 730 000]

Run-1 · · · · · · 25(161)(59)
Run-2/3 · · · · · · 87(75)(29)
noRF 0.504(42)(12) 20.0(0.5)(3.5) 43(68)(29)
xRF 0.626(55)(11) 38.9(0.7)(3.4) 126(90)(28)
xyRF5 0.500(56)(12) 10.9(0.7)(3.4) 90(91)(28)
xyRF6 0.509(64)(11) 03.6(0.9)(3.5) 148(103)(28)
Run-4/5/6 · · · · · · 90(42)(28)
Run-1-6 · · · · · · 88(36)(29)

TABLE II. Measurements of ωa, ω̃
′
p, and their ratiosR′

µ, with
ωa/2π and ω̃′

p/2π values shown as offsets from +229 077Hz
and +61 790 900Hz, respectively, and R′

µ×1011 values as off-
sets from 370 730 000. The Run-1 and Run-2/3 values have
been updated from [14] as described in the text. The uncer-
tainties are shown in the form ()stat.()syst..

a dispersion integral and showed a discrepancy with the
experimental value. However, a recent cross-section mea-
surement [97, 98] has increased the tension among the
experimental inputs, thus a prediction based on the dis-
persion integral was not included in their WP2025. Ef-
forts are continuing towards an evaluation of this leading-
order hadronic contribution using both lattice-QCD and
dispersion integral calculations.

In summary, we report the measurement of the muon
magnetic anomaly to a precision of 127 ppb using our
full six years of data. With over a four-fold improvement
in precision over the BNL E821 measurement [12], this
result represents the most precise determination of the
muon magnetic anomaly and provides a powerful bench-
mark for extensions of the SM.
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FIG. 3. Experimental values of aµ from BNL E821 [12] (blue
triangle), our Run-1 [13], Run-2/3 [14] and Run-4/5/6 (red
squares), those three results combined (red circle), and the
new experimental world average (purple diamond). The inner
tick marks indicate the statistical contribution to the total
uncertainties. Corrections to earlier results have been applied.

We thank the Fermilab management and staff for their
strong support of this experiment, as well as our univer-
sity and national laboratory engineers, technicians, and
workshops for their tremendous support. Greg Bock, Joe

Lykken, and Rick Ford set the blinding clock and dili-
gently monitored its stability. We also thank members of
the J-PARC Muon g→2/EDM experiment for the cross-
calibration efforts.
The Muon g→2 Experiment was performed at the Fermi

National Accelerator Laboratory, a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab
is managed by Fermi Forward Discovery Group, LLC,
acting under Contract No. 89243024CSC000002. Addi-
tional support for the experiment was provided by the
U.S. DOE Office of Science under the offices of HEP,
NP, ASCR, and the U.S.-Japan Science and Technol-
ogy Cooperation Program in HEP, the U.S. National
Science Foundation, the Istituto Nazionale di Fisica
Nucleare (Italy), the Science and Technology Facili-
ties Council (UK), the Royal Society (UK), the Na-
tional Natural Science Foundation of China (Grant No.
12475108, 12305217, 12075151), MSIP, NRF, and IBS-
R017-D1 (Republic of Korea), the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation, Ger-
many) through the Cluster of Excellence PRISMA+
(EXC 2118/1, Project ID 39083149), the European
Union Horizon 2020 research and innovation programme
under the Marie Sk#lodowska-Curie Grant Agreements
No. 101006726 and No. 734303, the European Union
STRONG 2020 project under Grant Agreement No.
824093, and the Leverhulme Trust, LIP-2021-014.

a Also at The Cockcroft Institute of Accelerator Science
and Technology, Daresbury, United Kingdom.

b Now at Virginia Tech, Blacksburg, Virginia, USA.
c Also at Università di Trieste, Trieste, Italy.
d Also at INFN Gruppo Collegato di Udine, Sezione di Tri-
este, Udine, Italy.

e Also at State Key Laboratory of Dark Matter Physics,
Shanghai, China; also at Key Laboratory for Particle As-
trophysics and Cosmology (MOE); also at Shanghai Key
Laboratory for Particle Physics and Cosmology, Shang-
hai, China.

f Also at Università di Napoli, Naples, Italy.
g Also at Lebedev Physical Institute and NRNU MEPhI,
Moscow, Russia.

h Also at Università di Pisa, Pisa, Italy.
i Also at Istituto Nazionale di Ottica - Consiglio Nazionale
delle Ricerche, Pisa, Italy.

j Now at Alliance University, Bangalore, India.
k Also at INFN, Sezione di Roma Tor Vergata, Rome, Italy.
l Now at INFN, Laboratori Nazionali di Frascati, Frascati,
Italy.

m Now at Istinye University, Istanbul, Türkiye.
n Also at University of Rijeka, Rijeka, Croatia.
o Also at Zhejiang Lab, Hangzhou, Zhejiang, China.
p Also at Shenzhen Technology University, Shenzhen,
Guangdong, China.

q Also at Novosibirsk State University, Novosibirsk, Rus-
sia.

r Also at Scuola Normale Superiore, Pisa, Italy.

New world average (dominated by Fermilab experiment)

= 116 592 072(15) 0 10()) (0.12 ppm !)

?

µ

µ

B field Within 1𝜎 of 4× less precise SM prediction based on 
Lattice QCD for LO-HVP (traditional data-driven HVP 
suffers from large discrepancies in low-energy cross-
section data) ® more to come (exp, Japan & theory)!

arXiv:2506.03069

Elia Bottalico, Saskia Charity, Alberto 
Lusiani, Graziano Venanzoni, Estifa'a Zaid

2505.21476


7

Final result from Fermilab Muon g–2 experiment, 
after analysis of 2020–2023 data (Runs 4–6)

Ultimate precision — C o n g r a t u l a t i o n s !

𝑎! ≡
𝑔! − 2
2 =

𝜔"
(𝜔#$ 𝑇%

𝜇#$ 𝑇%
𝜇&

𝑚!

𝑚'

Muon g–2 Experiment at Fermilab

7

[ωa/2π→ [ω̃′
p/2π→ [R′

µ × 1011 →
229 077] (Hz) 61 790 900] (Hz) 370 730 000]

Run-1 · · · · · · 25(161)(59)
Run-2/3 · · · · · · 87(75)(29)
noRF 0.504(42)(12) 20.0(0.5)(3.5) 43(68)(29)
xRF 0.626(55)(11) 38.9(0.7)(3.4) 126(90)(28)
xyRF5 0.500(56)(12) 10.9(0.7)(3.4) 90(91)(28)
xyRF6 0.509(64)(11) 03.6(0.9)(3.5) 148(103)(28)
Run-4/5/6 · · · · · · 90(42)(28)
Run-1-6 · · · · · · 88(36)(29)

TABLE II. Measurements of ωa, ω̃
′
p, and their ratiosR′

µ, with
ωa/2π and ω̃′

p/2π values shown as offsets from +229 077Hz
and +61 790 900Hz, respectively, and R′

µ×1011 values as off-
sets from 370 730 000. The Run-1 and Run-2/3 values have
been updated from [14] as described in the text. The uncer-
tainties are shown in the form ()stat.()syst..

a dispersion integral and showed a discrepancy with the
experimental value. However, a recent cross-section mea-
surement [97, 98] has increased the tension among the
experimental inputs, thus a prediction based on the dis-
persion integral was not included in their WP2025. Ef-
forts are continuing towards an evaluation of this leading-
order hadronic contribution using both lattice-QCD and
dispersion integral calculations.

In summary, we report the measurement of the muon
magnetic anomaly to a precision of 127 ppb using our
full six years of data. With over a four-fold improvement
in precision over the BNL E821 measurement [12], this
result represents the most precise determination of the
muon magnetic anomaly and provides a powerful bench-
mark for extensions of the SM.

	��� 	��� 	��� 	���
� � � �����
����

������	�
�����
����	�

��������

������

������������

FIG. 3. Experimental values of aµ from BNL E821 [12] (blue
triangle), our Run-1 [13], Run-2/3 [14] and Run-4/5/6 (red
squares), those three results combined (red circle), and the
new experimental world average (purple diamond). The inner
tick marks indicate the statistical contribution to the total
uncertainties. Corrections to earlier results have been applied.

We thank the Fermilab management and staff for their
strong support of this experiment, as well as our univer-
sity and national laboratory engineers, technicians, and
workshops for their tremendous support. Greg Bock, Joe

Lykken, and Rick Ford set the blinding clock and dili-
gently monitored its stability. We also thank members of
the J-PARC Muon g→2/EDM experiment for the cross-
calibration efforts.
The Muon g→2 Experiment was performed at the Fermi

National Accelerator Laboratory, a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab
is managed by Fermi Forward Discovery Group, LLC,
acting under Contract No. 89243024CSC000002. Addi-
tional support for the experiment was provided by the
U.S. DOE Office of Science under the offices of HEP,
NP, ASCR, and the U.S.-Japan Science and Technol-
ogy Cooperation Program in HEP, the U.S. National
Science Foundation, the Istituto Nazionale di Fisica
Nucleare (Italy), the Science and Technology Facili-
ties Council (UK), the Royal Society (UK), the Na-
tional Natural Science Foundation of China (Grant No.
12475108, 12305217, 12075151), MSIP, NRF, and IBS-
R017-D1 (Republic of Korea), the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation, Ger-
many) through the Cluster of Excellence PRISMA+
(EXC 2118/1, Project ID 39083149), the European
Union Horizon 2020 research and innovation programme
under the Marie Sk#lodowska-Curie Grant Agreements
No. 101006726 and No. 734303, the European Union
STRONG 2020 project under Grant Agreement No.
824093, and the Leverhulme Trust, LIP-2021-014.

a Also at The Cockcroft Institute of Accelerator Science
and Technology, Daresbury, United Kingdom.

b Now at Virginia Tech, Blacksburg, Virginia, USA.
c Also at Università di Trieste, Trieste, Italy.
d Also at INFN Gruppo Collegato di Udine, Sezione di Tri-
este, Udine, Italy.

e Also at State Key Laboratory of Dark Matter Physics,
Shanghai, China; also at Key Laboratory for Particle As-
trophysics and Cosmology (MOE); also at Shanghai Key
Laboratory for Particle Physics and Cosmology, Shang-
hai, China.

f Also at Università di Napoli, Naples, Italy.
g Also at Lebedev Physical Institute and NRNU MEPhI,
Moscow, Russia.

h Also at Università di Pisa, Pisa, Italy.
i Also at Istituto Nazionale di Ottica - Consiglio Nazionale
delle Ricerche, Pisa, Italy.

j Now at Alliance University, Bangalore, India.
k Also at INFN, Sezione di Roma Tor Vergata, Rome, Italy.
l Now at INFN, Laboratori Nazionali di Frascati, Frascati,
Italy.

m Now at Istinye University, Istanbul, Türkiye.
n Also at University of Rijeka, Rijeka, Croatia.
o Also at Zhejiang Lab, Hangzhou, Zhejiang, China.
p Also at Shenzhen Technology University, Shenzhen,
Guangdong, China.

q Also at Novosibirsk State University, Novosibirsk, Rus-
sia.

r Also at Scuola Normale Superiore, Pisa, Italy.

New world average (dominated by Fermilab experiment)
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arXiv:2506.03069

Martin Lüscher: agreement of αs from Lattice 
QCD, anchored by π, K, D, B masses and 
decay constants, with direct αs measurements 
proves that QCD is indeed the theory of all 
strong interactions, not only at high energy

Within 1𝜎 of 4× less precise SM prediction based on 
Lattice QCD for LO-HVP (traditional data-driven HVP 
suffers from large discrepancies in low-energy cross-
section data) ® more to come (exp, Japan & theory)!

Elia Bottalico, Saskia Charity, Alberto 
Lusiani, Graziano Venanzoni, Estifa'a Zaid

2505.21476
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Link to paper

Final result from Fermilab Muon g–2 experiment, 
after analysis of 2020–2023 data (Runs 4–6)

In July 2024, a JILA team unveiled a strontium-87 optical lattice clock 
with 8.1×10–19 precision, half a second over the universe’s age. Such 
clocks may soon test general relativity and, harnessed with atom 
interferometry, detect gravitational waves and probe dark matter

New world average (dominated by Fermilab experiment)

Clara Murgui, Antoine Petiteau

Within 1𝜎 of 4× less precise SM prediction based on 
Lattice QCD for LO-HVP (traditional data-driven HVP 
suffers from large discrepancies in low-energy cross-
section data) ® more to come (exp, Japan & theory)!

Elia Bottalico, Saskia Charity, Alberto 
Lusiani, Graziano Venanzoni, Estifa'a Zaid

https://muon-g-2.fnal.gov/result2025.pdf
2505.21476


Energy frontier

ALICE ATLAS

LHCbCMS

Extremely successful LHC Run-2 physics programme 
with groundbreaking results by all LHC experiments

Run 3 data taking has now surpassed Run 2 and 
results are pouring in

2025 Breakthrough Prize 
in Fundamental Physics 
awarded to the ALICE, 
ATLAS, CMS, LHCb 
collaborations for results 
from LHC Run 2

For detailed measurements of 
Higgs boson properties confirming 
the symmetry-breaking mechanism 
of mass generation, the discovery 
of new strongly interacting particles, 
the study of rare processes and 
matter-antimatter asymmetry, and 
the exploration of nature at the 
shortest distances and most 
extreme conditions at CERN’s 
Large Hadron Collider.
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Energy-frontier physics relies on the LHC

ATLAS

LHCb

ALICE
14h 21m stable beams
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~8h luminosity levelling
2010 2011

2012 2015

2016

2017

2018

2022

2023

2024

Peak luminosity in 2024: 2.1 × 1034 cm–2s–1, pileup of 63, total delivered luminosity: 403 fb–1

Run 1 (2010–2012) LS1 (2013–2015) Run 2 (2015–2018) LS2 (2019–2022) Run 3 (2022–2026)

Long shutdown 2Long shutdown 1 Mid 2026: Begin of 
Long shutdown 3

2025

Superb LHC performance in 2024 — on track for a strong Run-3 finish

Treasure trove: ATLAS & CMS can each expect > 450 fb–1 of good-for-physics data from LHC Runs 2 + 3 

Helga Timko

(ongoing)
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Energy-frontier physics relies on the LHC

Huge effort ongoing to construct High-Luminosity LHC (HL-LHC) and experiment upgrades – a bright future
World’s flagship collider project during the next decade — 10 times current dataset (360M H, 240k HH (≫ 5s, < 30% on lHHH), 13B top, …)
Large-scale ATLAS & CMS upgrades under construction, ALICE & LHCb plan significant upgrades for Run 5

We are here

HL-LHC ®

Power of HL-LHC together with 
upgraded detectors & AI/ML: huge 
scientific opportunity for our field

3,000 fb–1 pp

Igor Altsybeev, Fabio Cerutti, Vladimir Gligorov, 
Roberto Salerno, Helga Timko 
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HL-LHC & detector upgrades are technology drivers

Nb3Sn technology for high-field superconducting 
magnets successfully demonstrated for HL-LHC!

Fully realistic inner triplet string test facility at CERN, from left to right: installation of superconducting link, installation of D1 and Q2a cryo-assemblies, tests to start in Oct 2025

Helga Timko



HL-LHC & detector upgrades are technology drivers

From left to right: ATLAS ITk Pixel modules, Strip module production cleanroom, HGTD front-end board, ALICE ITS3 prototype, Design of VELO modules with timing for LHCb Upgrade II)

From left to right: CMS muon MEo (GEM) assembly, outer tracker ladder with modules, HGCAL cassette and absorber

Fully realistic inner triplet string test facility at CERN, from left to right: installation of superconducting link, installation of D1 and Q2a cryo-assemblies, tests to start in Oct 2025



Progress in Higgs 
physics

Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)
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Key to many 
mysteries

Elegant —        
3 EW & 2 QCD 
parameters, 
governed by 
gauge symmetry 

Not so 
elegant —        
23 parameters, 
not governed 
by symmetries 
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Chiral gauge structure of weak interaction forbids bare masses; 
they arise only via the Higgs mechanism 𝑚! ∝ 𝑔!𝜐	— making SM 
particles naturally light (they “survive down to the EW scale”)

Since the Higgs has a bare mass, why isn’t it super heavy like, 
possibly, other left-right symmetric (eg, vector-like) particles?

This is the core conceptual challenge of the SM, calling for 
in-depth study of the scalar sector and potential TeV-scale 
extensions 

+ ….

Riccardo Rattazzi

Physics relies on separation of scales, but not possible with scalers

“Hierarchy Paradox”: ℒ = ℒ"#$ + %
&∗
ℒ"'( + %

&∗
" ℒ"')+…

• 𝑚∗ ≫ 𝑚"#$%: accidental symmetries (B, L, GIM) respected, but 𝑚&
'  unnatural

• 𝑚∗ ≈ 𝑚"#$%: 𝑚&
'  natural, but B, L, GIM difficult to maintain

Clash between simplicity and naturalness



Progress in Higgs 
physics

Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)
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The Brout-Englert-Higgs mechanism is real!
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ATLAS & CMS 
2022

Key to many 
mysteries

+ ….



Using 305 fb–1 of Run-2 + 3 data, ATLAS reports evidence for rare       
2nd generation H ® μμ, and released new result on loop decay H ® Z𝛾 

Run 3 data flowing in and being analysed

Significance: 3.4σ (2.5σ exp), μ = 1.4 ± 0.4
Reminder: CMS (Run 2): μ =  1.19 ± 0.43 (3.0σ) [arXiv:2009.04363]

Significance: 2.5σ (1.9σ exp), μ = 1.3
Reminder: ATLAS & CMS (Run 2): μ =  2.2 ± 0.7 (3.4σ) [arXiv:2309.03501]
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H ® μμ
H ® Z𝛾

Fabio Cerutti , Emanuele Di Marco, 
Tamar Zakareishvili, Alberto Zucchetta

arXiv:2507.03595 ATLAS-CONF-2025-007

Rarest visible Higgs decay 
seen so far: 0.010%
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Run 3 data flowing in and being analysed

New ATLAS result on HH ® bbgg with 308 fb–1 Improvements: more data (50%), better b-tagging (20%), analysis optimisation (10%), mbb kin. fit (5%) 

– 1.7 < 	𝜅( < 6.6	(95%	𝐶𝐿)
SM

𝑉 𝜙 = −𝜇. 𝜙 . + 𝝀 𝜙 / ∝ 6𝝀𝜐 =
3𝑚)

*

𝜐
H

H

H

𝜇)) = 0.9+,.,.,./

arXiv:2507.03495

Did the universe boil as it transitioned 
from the symmetric to the broken phase?

Fabio Cerutti, Emanuele Di Marco, 
Oleksii Kurdysh

= 𝜆/𝜆*+
𝜆#$	~	0.13	
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ATLAS and CMS released new Run-2 combinations

Comprehensive combinations of Higgs production and decay measurements using Run-2 data

Among the many results:

• Effective Higgs couplings to W: 4%,      
Z: 5%, g: 7%, Zg: 31%, gluon: 7%,      
top: 9%, bottom: 12%, t: 7%, μ: 21%  
(all assuming B BSM = 0, κc = κt) 

• Overall agreement with SM. Combined 
production & decay mode p-values: ATLAS / 
CMS = 0.85 / 0.006 (all categories)

• Comparable sensitivity to λHHH as HH

ATLAS-CONF-2025-006

CMS-PAS-HIG-21-018

• Up to O(100) cross sections measured 
simultaneously in ~1k categories

• O(10k) parameters, including non-Higgs 
“nuisance” parameters

Fabio Cerutti, Malgorzata 
Kazana, Emanuele Di Marco,          

Roberto Salerno, Zef Wolffs
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Testing the SM requires precise theory predictions
Ramona Gröber, Gregory Soyez

Current baseline prediction of ggF cross section [CERN-2017-002-M]

Recent advances include finite quark mass effects at NNLO and t+b interference

[arXiv:2407.12413]

Also: approximate N3LO PDF 
sets are becoming available

Cross section shrinks
Very active development area, first 
steps towards N4LO, matching to PS

Cross section and coupling measurements are compared to theory — whose uncertainties will dominate at the HL-LHC

NB: HEFT is directly inspired by Chiral Perturbation Theory (EPS-HEP prize winners Jürg Gasser, Heinrich Leutwyler): Goldstones from 
electroweak symmetry breaking in HEFT (longitudinal W and Z) behave like the pions in ChPT (HEFT is sometimes referred to as the 
electroweak chiral Lagrangian)

Kyle Cranmer — AI for amplitudes

Use generative AI to help compute multi-loop 
scattering amplitudes. Is there an opportunity 
ahead for these challenging QCD calculations?
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Higgs coupling to charm quarks

BR(H ® cc) 20 × smaller than H ® bb due to lighter charm quark, challenging to isolate experimentally
Best constraints so far from VH production: μVH × H ® cc < 11.5obs (10.6exp) / 14obs (7.6exp) (ATLAS / CMS) [arXiv:2410.19611 / 1912.01662 ]

Strong new result from CMS using ttH production and simultaneously measuring H ® bb / cc (as also done in VH)

C
M

S-
PA

S-
H

IG
-2

4-
01

8
A new kid in town

Felix Heyen, Daina Leyva Pernia, 
Emanuele Di Marco, Roberto Salerno

Type	equation	here.

𝜅, < 3.5	(2.7	exp)
Strongest constraint to date

(For 𝜅! = 1)



Electroweak, top, 
QCD at the LHC

Huge harvest of results delivering (i) high precision 
measurements of fundamental SM parameters,        
(ii) improving our understanding of process dynamics, 
and (iii) looking for ripple effects from new physics
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Measuring fundamental SM parameters 

Several new high-precision measurements from CMS and LHCb during 2024 / 2025
W mass a particular tour de force

arXiv:2412.13872
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LHCb also realised 
a first LHC Z-mass 
measurement with 
9.3 MeV precision 
consistent with 
LEP (σ = 2.1 MeV) 

[arXiv:2505.15582]

2.2 Results 10
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Figure 4: Comparison of the constraints on MH obtained indirectly from individual observables with the
fit result and the direct LHC measurement. For the indirect determinations among the four observables
providing the strongest MH constraints (namely sin2✓`e↵ , MW , A0,b

FB and A`) only the one indicated in a
given row of the plot is included in the fit. The results shown are not fully independent.

from the ATLAS MW and Tevatron sin2✓`
e↵

measurements are in agreement with the direct MH

measurement.

An important consistency test of the SM is the simultaneous indirect determination of mt and MW .
A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 5 for the scenarios
where the direct MH measurement is included in the fit (blue) or not (grey). Both contours agree
with the direct measurements (green bands and ellipse for two degrees of freedom).

Figure 6 displays ��
2 fit profiles for the indirect determination of some of the electroweak ob-

servables.4 The results are shown for fits including (blue) and excluding (grey) the direct MH

measurement highlighting the strong impact of the MH measurement on the fit constraints. The
direct measurement of each observable with its 1� uncertainty are indicated by the data points at
��

2 = 1. The detailed predictions of the fit are given in Table 1.

The fit indirectly determines the W mass to be

MW = 80.3535± 0.0027mt
± 0.0030�theomt

± 0.0026MZ
± 0.0026↵S

± 0.0024�↵had ± 0.0001MH
± 0.0040�theoMW

GeV ,

= 80.354± 0.007tot GeV , (2)

and the e↵ective leptonic weak mixing angle as
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± 0.000012MZ
± 0.000021↵S

± 0.000035�↵had ± 0.000001MH
± 0.000040

�theo sin
2✓`e↵

,

= 0.23153± 0.00006tot . (3)

4The indirect determination profiles are obtained by excluding the input measurement of the respective observable
from the fit (see figure legends).
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0.23152 ± 0.00031

0.23147 ± 0.00050

0.23140 ± 0.00036

Josh Bendavid, Kenneth Long, Menglin Xu
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Longitudinal vector boson scattering

*M.S. Chanowitz, M.K. Gaillard 
(LBL), NP B 261, 379 (1985) [Link]

Mary K. Gaillard (1939 – 2025) 

Light Higgs and W±W± VBS consistent with SM suggests weakly coupled 
Higgs dynamics

But strongly coupled resonances may still appear in the TeV regime!

Signal DNN score
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Significance for at least one WL: 3.4σobs (4.0σobs)

Josh Bendavid, Fabio Cerutti, Vadim Kostyukhin

Higgs boson restores unitarity of longitudinal vector boson scattering (VBS) at high energy
Goldstone boson equivalence theorem*: at E ≫ mV, amplitude of VLVL ® VLVL ~ GG ® GG ∝ − ⁄𝑚0

1 𝜐1, a process 
directly determined by EWSB 

ATLAS reported first evidence for one longitudinally polarised W boson in W±W± ® W±W± VBS

https://lib-extopc.kek.jp/preprints/PDF/1985/8509/8509215.pdf
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Top–antitop production at threshold

ar
Xi

v:
25

03
.2

23
82

ATLAS-CONF-2025-008
ATLAS used NRQCD 
model for threshold 
contribution (also 
alternative models  
studied)

Observed significance  
of 7.7σ for a cross 
section of 9.0 ±1.3 pb 
(With CMS signal model 
ATLAS finds: 13.4 ±1.9 pb)

Josh Bendavid, Fabio Cerutti, Haifeng Li, 
Roberto Salerno, Christian Schwanenberger 

CMS observed enhancement near tt production threshold — observation confirmed by ATLAS at EPS 
Strong interaction predicts colour-singlet quasi-bound tt states (there is no self-annihilation, top decays before)
The effect can be computed in non-relativistic QCD (NRQCD); it behaves like a pseudoscalar, but is not an s-channel resonance

–

–

(> 5.0σ)

Elusive attraction among 
top-quark pairs 

https://arxiv.org/abs/2411.18962
https://arxiv.org/abs/2411.18962
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Top–antitop production at threshold

ATLAS used NRQCD 
model for threshold 
contribution (also 
alternative models  
studied)

Observed significance  
of 7.7σ for a cross 
section of 9.0 ±1.3 pb 
(With CMS signal model 
ATLAS finds: 13.4 ±1.9 

ar
Xi

v:
25

03
.2

23
82

ATLAS-CONF-2025-008

Josh Bendavid, Fabio Cerutti, Haifeng Li, 
Roberto Salerno, Christian Schwanenberger 

CMS observed enhancement near tt production threshold — observation confirmed by ATLAS at EPS 
Strong interaction predicts colour-singlet quasi-bound tt states (there is no self-annihilation, top decays before)
The effect can be computed in non-relativistic QCD (NRQCD); it behaves like a pseudoscalar, but is not an s-channel resonance

–

–

(> 5.0σ)

Extremely challenging measurement of a subtle signal in a difficult modelling environment.  
This observation will spur further theoretical and experimental progress at the tt threshold–

Elusive attraction among 
top-quark pairs 

https://arxiv.org/abs/2411.18962
https://arxiv.org/abs/2411.18962
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Rare processes

LHC experiments push intensity frontier to ever rarer processes — with help from machine learning
Each of them probes new, often deep facets of the SM. Here: first observation of tWZ (left) and tt𝛾𝛾 (right)
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σ(tWZ) = 248 ± 52 fb (5.8σ significance)
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σfid(tt𝛾𝛾) = 2.4 ± 0.5 fb (5.2σ significance)

Alberto Belvedere, Josh Bendavid,                   
Jose Enrique Palencia Cortezon, Amartya Rej

arXiv:2506.05018



Searches

New annual conference dedicated to direct new physics searches. 
First edition Oct 20–24, 2024 at CERN [Link]

No BSM physics seen at the LHC yet, crucial to 
pursue broad and deep searches during Run 3 
and beyond

– Follow-up on excesses from Run-2 searches

– Benefit from new triggers, reconstruction, and 
analysis techniques in Run 3

– Systematically tackle missed opportunities, 
benefitting from > doubled data sample

Tamara Vazquez Schröder

https://indico.cern.ch/event/1522665/
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Several (non-significant) excesses seen in Run-2 data, for example in this search: 

Follow-up on Run-2 excesses
Yanlin Liu, Tamara Vazquez Schröder
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CMS saw global 
(local) 2.8σ (3.8σ) 
excess at             
mX = 650 GeV   
mY = 90 GeV 
[arXiv:2310.01643]

Not seen by 
ATLAS in Run 2
[arXiv:2404.12915]

New ATLAS result using Run-2 (140 fb–1) and 59 fb–1 of Run-3 data
S

CMS excess not confirmed in this search, nor a previous ATLAS excess 
at (mX, mS) = (575, 200) GeV

Preliminary
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Compressed electroweak SUSY spectrum featuring degenerate neutralinos / charginos (higgsinos) — hard to tackle, experiments 
pushing the limits of their reconstruction

Exploiting new techniques
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EXO-23-017
Soft 2l and 3l

SUS-24-003
Soft lepton+track

SUS-24-012
Isolated Soft Track

arXiv:2309.16823
Disappearing Track

Radiative corrections

CMSPreliminary

 (13 TeV)-1129-138 fb

Comprehensive set of analyses 
targeting ultra-compressed spectra 

Disappearing track

Isolated soft track

Soft di-electron

Soft 
µ+track

Samuel Bein, Pantelis Kontaxakis, 
Tamara Vazquez Schröder

Low-momentum 
isolated tracks
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At Venice symposium, we heard about the following preliminary plots on indirect DM 
detection limits compared to future collider facilities [Link to slides by Tim Cohen]

Indirect detection — thermal wino / higgsino

PPG BSM: T. Cohen and A. de Cosa

Wino

4

Note: thermal wino as dark matter is ruled out by indirect detection

Thermal wino ruled 
out by HESS and 
negative Ferm-LATi 
gamma-ray data 

Pure wino* Pure higgsino*

*Majorana fermion triplet *Dirac fermion doublet

https://agenda.infn.it/event/44943/contributions/266615/attachments/137400/206567/WIMPs_PPGBSM_Venice.pdf
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X17

Puzzle from measurements of internal pair conversion process 7Li + p ® 8Be*(18.1) ® 8Be + 𝛾*(® e+e–)
Since 2016, ATOMKI data show a persistent excess in e+e– angular distributions consistent with a ~17 MeV particle                                       
at rate vs. 𝛾 of ~ 6×10–6 (challenging measurement due to low energy of emerging e+ / e−). Follow-up studies with                                                          
refined analyses and other nuclei confirm the anomaly. No SM explanation exists for such a phenomenon. 
Many groups looking at this anomaly. Two reports this week:

Paolo Valente, Cecilia Voena

MEG II (PSI) [arXiv:2411.07994] 
Dedicated 4-week run in Feb 2023 with 1.08 MeV proton on Li target, 
measuring outgoing 8Be* de-excitation photons and e+, e− 

PADME (Frascati) [arXiv:2505.24797] 

Try to directly produce X17 by hitting thin 
(0.1 mm) diamond target with 283 MeV 
e+ beam and measure outgoing e+, e− 

No excess found by MEG II

Small excess seen, global significance ~2σ at 16.9 MeV
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Lepton flavour violation

Puzzle from measurements of Internal pair conversion process 7Li + p ® 8Be* ® 8Be + 𝛾*(® e+e–)
Since 2016, ATOMKI data show a persistent excess in e+e– angular distributions consistent with a ~17 MeV particle at 
rate vs. 𝛾 of ~ 6×10–6 (challenging measurement due to low energy of emerging e+ / e−). Follow-up studies with refined 
analyses and other nuclei confirm the anomaly. No SM explanation exists for such a phenomenon. 
Many groups looking at this anomaly. Two reports this week:

Paolo Valente, Cecilia Voena

MEG II (PSI) [arXiv:2411.07994] 
Dedicated 4-week run in Feb 2023 with 1.08 MeV proton on Li target, 
measuring outgoing 8Be* de-excitation photons and e+, e− 

PADME (Frascati) [arXiv:2505.24797] 

Try to directly produce X17 by hitting thin 
(0.1 mm) diamond target with 283 MeV 
e+ beam and measure outgoing e+, e− 

No excess found by MEG II

Small excess seen, global significance ~2σ at 16.9 MeV

Main program of MEG II: search for charged-lepton-
flavour violating decay μ+ → e+𝛾 
Look for monoenergetic & back-to-back e𝛾 coincidence peak; 
main background from accidental coincidence

New result using data from 2021 & 2022 (analysis of 
2023 and 2024 data ongoing)

New limit [arXiv:2504.15711] 
B(μ+ → e+𝛾) < 1.5×10–13 (90% CL) 

Tim Gershon, Atsushi Oya



Hadrons & Flavour

La Cité Radieuse (1952) – Le Corbusier

Hadron spectroscopy became a renrewed field 
since the first observation of the exotic X(3872) by 
Belle in 2003, and was revolutionised at the LHC, 
mainly (but not only) by LHCb 

Flavour physics remains key in our comprehensive 
programme testing the SM and beyond
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Hadron spectroscopy
Roberto Salerno
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hadronic molecules bound 
by light meson exchange, 
but too heavy to be cccc 
ground state

Angular analysis prefers 
JPC = 2++, suggesting 
tightly bound tetraquarks
(On the contrary, narrow-width 
Pcc appear to be ΣcD(*) or ΞcD 
molecule) 
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All-charm tetraquarks

10LHCC Open Session: CMS Status Report

Expect more detailed studies of X family 
with enhanced dataset available from 

Run-3 dataset!

BPH-24-003

+
Run-3 will bring significantly larger sample 
statistics thanks to improved triggers

Run-3 provides much 
larger sample thanks to 
improved triggers and 
parking stream

CMS revealed family of 3 all-charm X resonances in J/ψJ/ψ ® 4μ mass spectrum [arXiv:2506.07944]
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Several 4- and 5-valence quark states found, majority by LHCb, and certainly not the end of the story…
Resonances with heavy quarks reduce the amount of open decay channels and thus have smaller width                            
® easier to discover if enough energy, luminosity, and momentum resolution

Hadron spectroscopy 

Several other states discovered in e+e– 
collisions (not included in figure), e.g., 
Zc(3900)+ and Zb(10610)+ cc/bbud states 
discovered by Belle

See this instructive CERN Courier article     
by Marek Karliner and Jonathan Rosner 
(Jonathan sadly passed away just recently) 

Who finds the Tbb (bbud) first ? 
Attraction between two heavy quarks         
∝ α.'m/	® large negative binding energy, 
so expected to have mass below BB 
threshold and thus weakly decaying 
(contrary to Tcc(3875)+, which has less 
binding energy and decays strongly)

Tim Gershon, Vladimir Gligorov

– –

https://cerncourier.com/a/inside-pentaquarks-and-tetraquarks/
https://chicagojewishfunerals.com/funeral-detail-page/?case=D2DC18E5-CEBC-4AA0-A47F-722166C85CC7&fbclid=IwQ0xDSwKjFOhleHRuA2FlbQIxMQABHsMyurUwXM_e3eGdUhlHFSgKHeFfsXh_VCNPbdHfMkrs4cYH9MaElASUMXPY_aem_rf8L-21gmAicSUK3RciWeg
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CP violation in charm sector (up-type quarks) is mostly expected to be very small (< O(10–3) in SM
First observation by LHCb in 2019 from ΔACP between D0 → K+K– and D0 → π−π+ decays = (−15.4 ± 2.9)×10−4 [arXiv:1903.08726] 
which is about six times larger than theoretical bounds (but difficult calculations)

CP violation in charm
Tim Gershon, Vladimir Gligorov, Ludovico Massaccesi, Giovanni Punzi 

New measurements by Belle II and LHCb Echange & loop diagrams only,     
may enhance CPV to ~1% [Link]

Combination 
of Belle and 
Belle II data

LHCb 2024 dataset ®

https://arxiv.org/abs/1508.00074
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First observation of CP violation in baryon decay by LHCb
Direct CPV requires interference of diagrams with non-zero differences of weak and strong phases

CP violation in baryons
Tim Gershon, Xueting Yang

Figure 1: Illustration of the !0
b production in a pp collision and decay into the

pK→ω+ω→ final state. The two inset diagrams on the left illustrate the fundamental tree-type
and loop-type quark-level processes that mediate the ω0

b → pK→ε+ε→ decay, where the quarks
eventually form the p, K→, ε+ and ε→ hadrons detected by the LHCb experiment.

included if not otherwise specified. The constituents of the ω0
b baryon are similar to those

of the proton (made of uud quarks), with one of the u quarks replaced by a b quark. The
amount of CP violation in ω0

b decays is quantified by the asymmetry, ACP , defined as the
relative di!erence between the rates, ”, of the ω0

b decay and the CP -conjugated ω0
b decay,

ACP ↑ ”(ω0
b → pK→ε+ε→)↓ ”(ω0

b → pK+ε→ε+)

”(ω0
b → pK→ε+ε→) + ”(ω0

b → pK+ε→ε+)
. (1)

According to the Standard Model, this asymmetry arises from the interference between
the “tree” and “loop” quark-level amplitudes [22] of the ω0

b baryon decay, mediated by the
weak interaction, as illustrated by the Feynman diagrams in Fig. 1. These two complex
amplitudes [23] are associated with phases (referred to as weak phases) derived from
the products of CKM matrix elements VubV

↑
us and VtbV

↑
ts. The di!erence in weak phases

between the two amplitudes plays a crucial role in CP violation. Additionally, strong
interactions between quarks can introduce a possible strong-phase di!erence between
the two amplitudes. The weak phases change sign from ω0

b to ω0
b decays, whereas the

strong phases are the same. For sizeable CP violation to occur, the two amplitudes
must have similar magnitudes and substantial di!erences in both weak and strong phases.
However, while the weak phases are defined by the CKM mechanism, the strong phases and
magnitudes of the amplitudes are process-dependent and are challenging to calculate due
to low-energy strong-interaction e!ects [24]. Studies on multibody B-meson decays suggest
that interactions among final-state particles in the decay can significantly enhance the
strong phase [25–27]. The ω0

b → pK→ε+ε→ decay can proceed through a rich spectrum of
hadrons, such as excited nucleons decaying to the pε+ε→ final state, which may create the
necessary conditions for the manifestation of significant CP asymmetries [28]. Moreover,
the size of the CP asymmetry may vary across the phase space [29], defined in terms
of two-body and three-body masses of the final states, allowing enlarged e!ects to be

2

CP violation due to interference 
between tree and penguin diagrams

Precise amount of CPV very hard to 
predict, but interestingly smaller in 
baryon than similar meson systems

Note that baryogenesis requires 
proton decay and CPV, but not 
necessarily in the baryon sector

s

W ∝ 𝑉01𝑉02∗

W ∝ 𝑉41𝑉42∗
s

decays, along with remaining background components including the ω0
b → pK→ε+ε→

decay, random combinations of final-state particles, partially reconstructed ϑ0
b decays and

those involving misidentified particles. Extended unbinned maximum-likelihood fits to the
mass spectra are performed to extract the signal yields. In these fits, all identified contri-
butions are modelled using empirical functions or distributions based on simulations, with
the distribution for each component assumed to be identical for baryon and antibaryon
decays. The yields are determined to be N(ϑ0

b → pK→ε+ε→) = (4.184± 0.025)↑ 104

and N(ϑ0
b → pK+ε→ε+) = (3.885± 0.023)↑ 104, giving a yield asymmetry of

AN = (3.71± 0.39)%.
The measured yield asymmetry AN di!ers from the CP asymmetry ACP due to several

biasing e!ects. First, due to the nonzero net baryon quantum number in pp collisions,
the production cross-section of the ϑ0

b baryon is slightly higher than that of the ϑ0
b

baryon [34], resulting in a production asymmetry. Second, since particles and antiparticles
have di!erent behaviours when they interact with the detector material, which is made
of matter rather than antimatter, a small detection asymmetry arises. These e!ects,
collectively referred to as nuisance asymmetries, are measured to be around 1%, depending
on the momenta of the beauty baryon or the final-state particles, and must be subtracted
from AN .

The decay ϑ0
b → ϑ+

c ε
→ with ϑ+

c → pK→ε+ is used as the control channel to subtract
the nuisance asymmetries. It proceeds through a single dominant quark-level process,
therefore CP violation is not expected. Consequently, the yield asymmetry in the control
channel is primarily due to the nuisance asymmetries, measured as AN = (1.25± 0.23)%.
Mass distributions for the control channel are shown in Extended Data Fig. 1. The
di!erence between nuisance asymmetries in the signal channel and the control channel is
measured to be 0.01%, demonstrating an e!ective cancellation between the two decays.
Details on the measurement of nuisance asymmetries are given in the Methods section.

The CP asymmetry of the signal decay is obtained from its yield asymmetry by sub-
tracting the control-channel yield asymmetry and the di!erence in nuisance asymmetries,
leading to the measurement

ACP = (2.45± 0.46± 0.10)% .

The first uncertainty arises from the sample sizes of both the signal and control channels,
while the second is due to nuisance asymmetries and the choice of ϑ0

b and ϑ0
b mass-fit model.

This CP asymmetry di!ers from zero by 5.2 standard deviations, marking the observation
of CP violation. The robustness of the measurement is confirmed across di!erent data
collection periods, LHCb magnetic-field configurations a!ecting the trajectory of charged
particles, varied event-selection scenarios, and di!erent momentum intervals for beauty
baryons, among other factors. The results are consistent across the di!erent subsamples
and align with previous measurements that used a fraction of the data and employed
di!erent event selections [35].

The ϑ0
b → pK→ε+ε→ decay occurs primarily via hadronic resonances that decay into

two or three final-state particles. Identified resonances include excited baryons in the pK→,
pε+, pε→, or pε+ε→ mass spectra, denoted as R(pK→), R(pε+), R(pε→), and R(pε+ε→),
respectively. Additionally, excited strange mesons, R(K→ε+ε→), R(K→ε+), and light
unflavoured mesons, R(ε+ε→), are also observed. The production mechanisms for these
resonances are complicated, and the associated strong phases and relative strengths of
tree and loop amplitudes are expected to vary among resonances. This variability leads

4

Derived from uncorrected yield 
difference: AN = 3.71 ± 0.39 % 
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CKM unitarity
Tim Gershon, Vladimir Gligorov

A tribute to the monumental work by LHCb on improving the apex measurements of the CKM unitarity triangle 
Leading measurements of 𝛾, currently also world’s most precise measurement of sin2β

Constraints from various B ® DK analyses Constraint versus time
And much more to expect 
from LHCb Upgrade II

LHCb Upgrade II Scoping Document

https://cds.cern.ch/record/2903094?ln=en
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New measurements of inclusive |Vub| from B ® Xuℓ𝜈 (first!) and exclusive |Vcb| from B ® Dℓ𝜈 by Belle II 
Competitive precision, results confirm (but do not yet resolve) current puzzle between inclusive and exclusive measurements

|Vcb| and |Vub| (puzzle)
Tim Gershon, Karim Trabelsi

(exclusive)
New Belle II 
results

arXiv:2506.15256 
and preliminary
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Luminosity frontier (nano beams, powerful injector linac) — production so far behind expectation due to machine problems                                                         
(sudden beam losses, low injection efficiency and reduced beam squeezing due to beam-beam interactions)
Hope to fix SBL problem with improved vacuum seals. Aim: > 1035 cm–2s–1 in 2025 with further increases up to 2.4×1035 cm–2s–1 

Plan to upgrade superconducting final focusing magnet system (QCS) in ~2032 with stronger field (Nb3Sn) closer to IP (not approved yet)

Roadmap for SuperKEKB / Belle II
Karim Trabelsi

Roadmap

8

1) Ｂ→Kνν excess? 
(C9

U in B->Kll angular distribution 
anom. in LHCb ) 

2) R(D) – R(D*) final examine
hint of new physics (H+-? LQ?)

3) New CP violation in quark sector? 
4) Search for LFV  using tau 
5) Dark Photon/ Dark Matter 
6) Check Vacuum Polarization  

for lattice studies (muon g-2)
7) New hadronic state of 

quark / gluon 

Interesting Topics
we can cover

2 cases shown 
with / without  QCS  Upgrade

Long-term roadmap, distinguishing 
two cases depending on the QCS 
upgrade scenario
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Ultra rare kaon decays
Tim Gershon, Sophie Renner, Angela Romano

NA62 at CERN’s SPS observed K+ ® π+ 𝜈𝜈 (2016–18, 2021–22 data) [arXiv:2412.12015]

GIM and CKM suppressed, dominated by Z penguin and contributions from box diagram: 
BSM ~ 8 × 10–11 (compare: Bs ® μμ ~ 4 × 10–9)

Total of 51 events observed for 18    background events expected > 5σ 
More to come: NA62 continues running until 2026 (when the rare kaon physics programme ends at CERN)

+3
–2

—

𝐵.5)6–.5.. 𝐾8 → 𝜋8𝜈�̅� = 13.0(9.589.9×10())

CP-conserving 
(contributions from top and charm loops)

CP-violating 
(dominated 
by top loops)



Quark matter

Neutron star mergers

Phase diagram 
of hadronic 
matter 

Baryon	
chemical	
potential	(net	
baryon	density)

Isospin	chemical	potential	
(up/down	or	p/n	imbalance)

At LHC, QGP shows > 10 GeV/fm³ energy density, 
deconfinement, jet quenching, near-perfect fluidity,  
thermal hadronisation, and collective effects even             
in small systems

HI collisions cannot be explained by the superposition of 
nucleon–nucleon collisions ® strong collective phenomena

Crossover

Observation 
of 4He in pp 
collisions

Urs Wiedemann
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Transverse energy density profile in PbPb collisions at LHC has characteristic spatial 
fluctuations (“flow”) quantified by Fourier harmonics vn of particle distributions

Collective dynamics translates spatial into momentum anisotropy, which is well reproduced by hydrodynamic 
models for light hadrons: quarks and gluons form a collective medium that flows as a relativistic fluid with 
exceptionally low viscosity-to-entropy ratio (10 times less than any other known form of matter)

Collective response (v2) smaller for c and b-hadrons ® heavy quarks participate less in flow of fluid 
(longer thermalisation time of heavy quarks)

Anisotropic flow 
Igor Altsybeev, Francesco Prino, Urs Wiedemann

The ALICE experiment: a journey through QCD ALICE Collaboration

!/s in the TRENTo+VISHNU approach is roughly a factor of two smaller than the earlier calculation,
which leads to a larger value of v3/v2. The lower value of !/s is related to the implementation of
bulk viscosity in recent hydrodynamic calculations, as concluded to be needed for very central Pb–Pb
collisions [284]. These improvements might also have a contribution from advancements in the initial
state modelling, which will be discussed in Chap. 4. The first measurements of the anisotropic flow power
spectra up to the ninth order are shown in Fig. 26 for the 10–20% centrality interval in Pb–Pb collisions.
As mentioned, higher order anisotropic flow coefficients are more sensitive to viscous damping, and the
dampening rate depends on !/s. In addition to TRENTo+VISHNU, these data are also compared with the
EKRT predictions. The EKRT model [285, 286] describes anisotropic flow measurements equally well
as TRENTo+VISHNU although requiring higher shear viscosity since it does not include bulk viscosity.
However, even in its most recent implementation [287], it has difficulties describing average transverse
momentum measurements of identified particles at the LHC, due to the assumption of ∀/s = 0. More
broadly, all of these investigations regarding the hydrodynamic response rely on a realistic description of
the initial state to extract QGP properties, and this will be addressed further in Chap. 4.

Finally, an extraction of the QGP speed of sound was performed with the ALICE data and hydrodynamic
model comparisons using charged hadron →pT↑ [289] measurements. The value squared of the speed of
sound obtained from Pb–Pb collisions at

↓
sNN = 2.76 and 5.02 TeV is (0.24 ± 0.04) c2. This number
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Figure 24: Comparisons of ALICE measurements of identified particle →pT↑ and charged hadron vn coefficients in
Pb–Pb collisions at

↓
sNN = 5.02 TeV (left) and Xe–Xe collisions at

↓
sNN = 5.44 TeV (right) [257, 279–281] to

hydrodynamic calculations [48, 49].
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The ALICE experiment: a journey through QCD ALICE Collaboration

!/s in the TRENTo+VISHNU approach is roughly a factor of two smaller than the earlier calculation,
which leads to a larger value of v3/v2. The lower value of !/s is related to the implementation of
bulk viscosity in recent hydrodynamic calculations, as concluded to be needed for very central Pb–Pb
collisions [284]. These improvements might also have a contribution from advancements in the initial
state modelling, which will be discussed in Chap. 4. The first measurements of the anisotropic flow power
spectra up to the ninth order are shown in Fig. 26 for the 10–20% centrality interval in Pb–Pb collisions.
As mentioned, higher order anisotropic flow coefficients are more sensitive to viscous damping, and the
dampening rate depends on !/s. In addition to TRENTo+VISHNU, these data are also compared with the
EKRT predictions. The EKRT model [285, 286] describes anisotropic flow measurements equally well
as TRENTo+VISHNU although requiring higher shear viscosity since it does not include bulk viscosity.
However, even in its most recent implementation [287], it has difficulties describing average transverse
momentum measurements of identified particles at the LHC, due to the assumption of ∀/s = 0. More
broadly, all of these investigations regarding the hydrodynamic response rely on a realistic description of
the initial state to extract QGP properties, and this will be addressed further in Chap. 4.

Finally, an extraction of the QGP speed of sound was performed with the ALICE data and hydrodynamic
model comparisons using charged hadron →pT↑ [289] measurements. The value squared of the speed of
sound obtained from Pb–Pb collisions at

↓
sNN = 2.76 and 5.02 TeV is (0.24 ± 0.04) c2. This number
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Figure 24: Comparisons of ALICE measurements of identified particle →pT↑ and charged hadron vn coefficients in
Pb–Pb collisions at

↓
sNN = 5.02 TeV (left) and Xe–Xe collisions at

↓
sNN = 5.44 TeV (right) [257, 279–281] to

hydrodynamic calculations [48, 49].

54

The ALICE experiment: a journey through QCD ALICE Collaboration

!/s in the TRENTo+VISHNU approach is roughly a factor of two smaller than the earlier calculation,
which leads to a larger value of v3/v2. The lower value of !/s is related to the implementation of
bulk viscosity in recent hydrodynamic calculations, as concluded to be needed for very central Pb–Pb
collisions [284]. These improvements might also have a contribution from advancements in the initial
state modelling, which will be discussed in Chap. 4. The first measurements of the anisotropic flow power
spectra up to the ninth order are shown in Fig. 26 for the 10–20% centrality interval in Pb–Pb collisions.
As mentioned, higher order anisotropic flow coefficients are more sensitive to viscous damping, and the
dampening rate depends on !/s. In addition to TRENTo+VISHNU, these data are also compared with the
EKRT predictions. The EKRT model [285, 286] describes anisotropic flow measurements equally well
as TRENTo+VISHNU although requiring higher shear viscosity since it does not include bulk viscosity.
However, even in its most recent implementation [287], it has difficulties describing average transverse
momentum measurements of identified particles at the LHC, due to the assumption of ∀/s = 0. More
broadly, all of these investigations regarding the hydrodynamic response rely on a realistic description of
the initial state to extract QGP properties, and this will be addressed further in Chap. 4.

Finally, an extraction of the QGP speed of sound was performed with the ALICE data and hydrodynamic
model comparisons using charged hadron →pT↑ [289] measurements. The value squared of the speed of
sound obtained from Pb–Pb collisions at

↓
sNN = 2.76 and 5.02 TeV is (0.24 ± 0.04) c2. This number
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Figure 24: Comparisons of ALICE measurements of identified particle →pT↑ and charged hadron vn coefficients in
Pb–Pb collisions at

↓
sNN = 5.02 TeV (left) and Xe–Xe collisions at

↓
sNN = 5.44 TeV (right) [257, 279–281] to

hydrodynamic calculations [48, 49].
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Transverse energy density profile in PbPb collisions at LHC has characteristic spatial 
fluctuations (“flow”) quantified by Fourier harmonics vn of particle distributions

Understanding of underlying thermalization process would benefit from low-pT (< 1 GeV) data:                
well measured for light flavour hadrons, but not yet for heavy flavour hadrons and baryons

Anisotropic flow 
Igor Altsybeev, Marcello Di Costanzo, Francesco Prino, Urs Wiedemann

Low pT: mass ordering, described by hydrodynamic models
High pT: baryon/meson grouping (flow mostly driven by quark 
content (quark coalescence), not mass)

ma
ss	
or
de
rin
g

First prompt charm-baryon 
v2 measurement in heavy-
ion collisions by ALICE

First evidence for charm baryon/meson splitting at high pT
TAMU model with quark coalescence describes the trend 
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Transverse energy density profile in PbPb collisions at LHC has characteristic spatial 
fluctuations (“flow”) quantified by Fourier harmonics vn of particle distributions

Understanding of underlying thermalization process would benefit from low-pT (< 1 GeV) data:                
well measured for light flavour hadrons, but not yet for heavy flavour hadrons and baryons

Anisotropic flow 

ma
ss	
or
de
rin
g

Retractable silicon vertex detector 
at 5 mm (15 mm during injection) 
from beam, giving < 10 µm pointing 
resolution for pT >  200 MeV in high-
multiplicity environment at ALICE3 

ALICE 3: a next-generation heavy-ion detector for LHC Run 5 and beyond Nicola Nicassio

Figure 2: Left: Sketch of the ALICE 3 vertex detector for stable beam (top) and at beam injection (bottom).
Center: Expected pointing resolution for electrons as a function of 𝐿𝐿 . Right: Expected relative 𝐿𝐿 resolution
for pions as a function of 𝐿𝐿 assuming B = 0.5T (red) and B = 2T (blue).

3. ALICE 3 detector concept and R&Ds

All the measurements planned to address ALICE 3 physics goals set strong requirements
on vertexing, tracking, particle identification and rate capabilities. The combination of these
requirements led to the state-of-the-art detector concept shown in Fig. 1. The key requirements are
a retractable vertex detector with an unprecedented pointing resolution, a compact and lightweight
all-silicon tracker combined with a superconducting magnet system, extensive identifications of
𝑀, e±, 𝑁±, 𝑂±, K± and p± with di!erent dedicated subsystems, large pseudorapidity acceptance
(|𝑃 | < 4) and continuous read-out combined with online processing. The importance of the ALICE
3 upgrade mostly relies on the combined progress in e!ective statistics (luminosity → acceptance)
and pointing resolution. Fig. 1 shows the overall expected improvement by orders of magnitude in
the detector capabilities from ALICE 1 (Runs 1 and 2) to ALICE 2 (Run 3), ALICE 2.1 (Run 4) and
ALICE 3 (Runs 5 and 6). In the following, the main features of the di!erent ALICE 3 subsystems
are outlined and some of the corresponding ongoing R&D activities are presented.

3.1 Vertexing and tracking

The heart of ALICE 3 is a silicon vertex detector designed to provide a pointing resolution
𝑄𝑀𝑁𝑂 better than 10 𝑁m for 𝐿𝐿 larger than 200 MeV. The required 𝑄𝑀𝑁𝑂 can be only achieved
by using ultra-thin silicon sensors, featuring an unprecedented low material budget of 0.1% of a
radiation length, and with the first tracking layer placed at a radius of 5 mm from the beam axis at
top energy. However, a wider aperture of ↑15 mm is required at injection energy, demanding for
a retractable detector design. The current baseline consists of wafer-sized, bent Monolithic Active
Pixel Sensors (MAPS) with 10 𝑁m pixel pitch arranged in 3 barrel layers and 3 forward disks at
each end-cap installed in a secondary vacuum inside the beampipe and mounted such that they can
be retracted during LHC injection and placed close to the interaction point for data taking, as shown
in Fig. 2. The resulting pointing resolution for electrons as a function of 𝐿𝐿 is also shown. The
main R&D challenges concern mechanical supports, cooling and radiation tolerance of the sensors.

The vertex detector is complemented by an outer tracker consisting of 8 cylindrical layers and
9 forward disks at each end-cap equipped with equipped with MAPS having a pixel pitch of 50 𝑁m,
with a material budget thickness of↑1% of a radiation length per layer, and installed in a volume of 80

3

During stable beams
ALICE3 detector model

® ALICE3 upgrade

Low pT: mass ordering, described by hydrodynamic models
High pT: baryon/meson grouping (flow mostly driven by quark 
content (quark coalescence), not mass)

Igor Altsybeev, Marcello Di Costanzo, Antonin Maire, Francesco Prino

During injection



Neutrinos

Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)
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Neutrinos

Kamioka, Japan

Huge progress during the last 25 years since the discovery of 
neutrino oscillation — precise measurements of PMNS matrix 
elements (2.1 / 3.1 / 1.3% for θ12 / 13 / 23) and mass-squared 
differences (2.5 / 0.8% for Δ𝑚1%/3ℓ

1 )

The big remaining questions:

• Are neutrinos their own anti-particles (Majorana, lepton-
number violating)?

• What is the neutrino mass ordering (normal or inverted)?
• What is the neutrino mass scale?
• How do neutrinos get their mass?
• Is there CP violation in neutrino sector?
• What can we learn about the NR sector?
• What is the role of neutrinos in the early universe?

Neutrinos are also probes for astrophysical and cosmological 
phenomena, and for new physics (eg, neutrino portal)Peter Denton, CIPANP 2025
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Neutrinoless double β decay (∆L = 2) — non-zero Majorana mass term and constraint on neutrino mass scale
Use naturally occurring isotopes with energetically forbidden 𝜈β but allowed 2𝜈ββ decays: 35 known candidates (136Xe, 130Te, 100Mo, 76Ge, 82Se, …)
Several new results, here the first from 61 kg yr LEGEND-200 data (LNGS) using &'5)Ge → &(

))Se+ 2𝑒6 + (2�̅�), building upon GERDA

Mass nature of neutrinos

5

Figure 1. The energy spectrum of the first LEGEND-200 data set, corresponding to 61 kg yr of germanium exposure, above the 39Ar
𝐿! = 565 keV. The gray histogram shows events passing quality and muon anti-coincidence cuts and with energy deposited in one single HPGe
detector. The main radioactive background contributors are indicated in green. The red histogram shows the subset of events passing the LAr
anti-coincidence cut and pulse shape discrimination. The inset shows a close-up around the region of interest for 0!¨¨ decay with finer binning.
The expected contribution from the 2!¨¨ decay of 76Ge (𝑀2¨

1/2 = 2.022 → 1021 yr [46]) corresponds to the solid blue line. The events used to set
a constraint on the 0!¨¨ decay rate are contained by the analysis window, marked in green. Only two significant ΅ peaks (shaded areas) are
expected within this window, and the corresponding 10 keV wide energy regions are excluded from the statistical analysis.

with the HPGe signal, SiPM traces are analyzed to reconstruct
the time and amplitude of each pulse. Low-amplitude pulses
from transient noise in the SiPMs are discarded, with a rejec-
tion threshold varying between channels, typically around 0.5
photo-electrons (p.e.). The coincidence window is defined as
[↑1, 5] !s relative to the onset of the HPGe rising edge. Events
are excluded from the analysis if the sum of the amplitudes
across all SiPM channels exceeds four p.e., or if the multiplicity
(i.e., the number of channels with a signal above threshold)
exceeds four, considering only pulses within the coincidence
window. This cut results in a survival fraction of signal events
of (93.3 ± 0.5)%, as determined using forced trigger events
and 40K full energy peak (FEP) events, where no coincident
light is expected.

The shape of the rising edge of HPGe signals is analyzed to
further identify background events. We use two PSD techniques
to identify signal-like event topologies in detectors featuring a
small p+ electrode: first, 𝑁/𝑂 measures the maximum current
amplitude (𝑁) over the charge amplitude (𝑂) [48, 49]. Second,
late-charge (LQ) measures the area above the last 20% of the
charge signal normalized by the charge amplitude [8]. For
signal-like events, these parameters are normally distributed,
with mean and standard deviation measured using the 1593 keV
double escape peak (DEP) induced by the 2614 keV 208Tl ¨
ray from the calibration sources, a SSE-enriched event sample.
Both PSD estimators are corrected for correlations with drift
time [50] and energy.

𝑁/𝑂 is used to reject MSEs, which exhibit lower 𝑁/𝑂 values
than SSEs. The cut threshold is tuned to achieve 90% survival
fraction of 208Tl DEP events. ΅ and ῭ particles incident on
surfaces can also be rejected by PSD. Events near the p+
electrode result in high values of 𝑁/𝑂 and LQ. Events near
the n+ and passivated surfaces produce low values of 𝑁/𝑂 and
high values of LQ. For Mirion IC and BEGe detectors with

a narrow passivated groove between the p+ and n+ electrode,
a value of 𝑁/𝑂 three standard deviations above the mean
is used to reject these events. For Ortec detectors with a
wide passivated surface (PPCs and one IC), a value of LQ
three standard deviations above the mean is used. Five IC
detectors with abnormally wide p+ pads (indicated as IC2) had
a significant population of MSE that passed the 𝑁/𝑂 cut. For
these detectors LQ values three standard deviations above the
mean are also used to reject MSEs. The Coax detectors exhibit
di!erent pulse-shape characteristics than detectors featuring a
small p+ electrode, severely reducing the e!ectiveness of 𝑁/𝑂
and LQ cuts. Following the procedure in [48], an artificial
neural network is employed to reject MSEs, while a rise time
cut is applied to eliminate fast events originating from the p+
electrode.

The 0%῭῭ decay survival fraction is corrected for several
systematic e!ects. We correct for dependence on energy, mea-
sured using a 56Co source with multiple DEPs ranging from
1013 to 2429 keV [8]. We also correct for the di!erences in
spatial distribution between DEP events (concentrated near
surfaces) and ῭῭ events (uniformly distributed in the bulk)
by measuring the detection e"ciency for 2%῭῭ events in an
energy range of 1.0–1.3 MeV. These corrections reduce the
0%῭῭ decay detection e"ciency (reported in Table I) by a few
percent. Finally, we add uncertainties related to weekly shifts
in the DEP e"ciency and energy dependence. Data from peri-
ods characterized by significantly unstable PSD performance,
amounting to 13.2 kg yr, are only used to determine event
multiplicity.

After data selection, the total exposure used for analysis
amounts to 61 kg yr. The energy spectrum, after applying the
LAr anti-coincidence and PSD cuts, is shown in red in Fig. 1. A
remarkably low background level is observed across the entire
energy range, above the 2%῭῭ decay events. At 𝐿!!, the LAr

arXiv:2505.10440

nuclear matrix elements (NMEs) [42–49]. The range of
inferred upper limits on the effective Majorana mass is
mββ < ð210–350Þ meV assuming an axial vector coupling
constant gA ¼ 1.27. If we include the first shell model
calculation recently published for 100Mo [50], the range of
limits extends tomββ < ð210–610Þ meV. The lower limit is
derived from an energy density functional considering the
nuclear deformation and pairing fluctuation [44], while the
upper limit is based on a shell model that explicitly includes
the short-range correlations [50]. Upper limits on the
effective Majorana mass from existing experimental data
and NMEs are shown in Fig. 5.
AMoRE-II is under preparation at Yemilab [54] with a

muon rate about a quarter of that at Y2L [55]. We have
developed an LMO detector module with improved energy
resolution and alpha background rejection [56,57]. The
background level for AMoRE-II is projected to be less than
10−4 counts=keV=kg=yr based on radioassay data and
GEANT4 simulations [58]. The discovery sensitivity is
projected to be approximately 4.5 × 1026 yr for five years
of data collection.
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Oscillation probabilities of 𝜈μ disappearance and 𝜈e appearance in 𝜈μ & 𝜈μ beams at L/E𝜈 ~ 500 km/GeV sensitive to 
mixing parameters, mass ordering, and CP violation (Neutrino beam characterised by near detector)

Long-term program: MINOS, K2K, OPERA (past, 2000–2015) ® T2K, NOvA (present, 2015–2028) ® Hyper-K, DUNE (future, 2028+)

Accelerator neutrinos: long baseline
Katarzyna Kowalik, Kate Scholberg
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Figure 6. 1ω and 2ω allowed regions (2 dof) for T2K (red shading), NOvA (blue shading) and
their combination (black curves). Contours are defined with respect to the local minimum for IO
(left) or NO (right). We fix sin2 ε13 = 0.0222, sin2 ε12 = 0.31, !m2

21 = 7.5→10→5 eV2 and minimize
with respect to |!m2

3ω|.

(ϑCP, sin2 ε23) plane from the global analysis of all data are shown in Fig. 7, which resemble
to a large extent the features from the combination among T2K and NOvA discussed above.
We observe, in particular, non-trivial correlations between these two parameters and the
MO. For IO, the preference for ϑCP ↑ 270→ is highly significant, whereas for NO a more
complicated structure in the (ϑCP, sin2 ε23) plane, with several local minima, emerges. The
octant degeneracy for ε23 is present with !ϖ2 < 4 for both mass orderings and both data
variants, showing local minima around sin2 ε23 ↓ 0.56 and 0.47.

An obvious question to address is whether T2K and NOvA are in tension with each
other at a worrisome level. Consistency among di!erent data sets can be quantified with
the parameter goodness-of-fit (PG) [39]. For a number N of di!erent data sets i, each
depending on ni model parameters, and globally depending on nglob parameters, it can be
shown that the test statistic

ϖ2
PG ↔ ϖ2

min,glob ↗

N∑

i

ϖ2
min,i = min

[ N∑

i

ϖ2
i

]
↗

∑

i

ϖ2
min,i , (3.3)

follows a ϖ2 distribution with n ↔
∑

i ni ↗ nglob degrees of freedom [39].
Applying this test to the full NOvA and T2K samples (including both appearance and

disappearance data for neutrinos and antineutrinos) we obtain the values in Table 3. We
carry out the analysis separately for each mass ordering, in all cases fixing !m2

21 and ε12
to their best fit. In the results reported in the upper part of the table ε13 is varied in the
minimization, so nT2K = nNOvA = nglob=T2K+NOvA = 4 (i.e., !m2

3ω, ε23, ϑCP, and ε13). In
the lower part ε13 is kept fixed to its best fit so nT2K = nNOvA = nglob=T2K+NOvA = 3.
From the table we read that, as expected, agreement is better in IO, where irrespective
on ε13 the samples are compatible at the 0.5ω level or better. In NO, compatibility arises

– 11 –

~2.0σ tension (fixed θ13) between the 
two present δCP measurements 

Here, updated results from 
NuFit 6.0 (Oct 2024) 
[arXiv:2410.05380]

NOvA: 810 km / 2 GeV (0.8° off-axis NuMI beam, 1.0 MW in 2024), T2K: 295 km / 0.6 GeV (2.5° off-axis J-PARC beam, 0.76 MW), different matter & CP effects

NOvA and T2K released 
preliminary joint fit in 2024 δCP = 0 excluded 

at 3.6σ

Both experiments have more 
data under analysis and 
continue running until end of 
2026 (NOvA) and 2028 (T2K)



KM3Net – ORCA (oscillation analysis): south of Toulon in 
Mediterranean sea. Status: 28 detection unit (DU) strings (25%), 
completion around 2028 (ORCA: 7 Mton seawater)

Atmospheric & high–E neutrinos

KM3Net – ARCA (high-E 𝜈’s): south-east of Sicily 3,450 m 
depth, 33 DUs (14%), big campaign to install ~20 additional DUs 

Victor Carretero, Annarita Margiotta, Kate Scholberg

Mild preference for IO

Collected 2.7 Mt-y of data in total, 
updated analysis expected soon

Yet unexplored region 
of the energy spectrum

𝑝 𝜇 = 1206)8?%%8	PeV
𝒑 𝝂𝝁 ≈ 𝟐𝟐𝟎6𝟏𝟏𝟎?𝟓𝟕𝟎	𝐏𝐞𝐕

Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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Hypotheses about origin: 
– Galactic origin unlikely (no potential 

accelerators)
– Possibly Blazar (AGN with relativistic jets)
– Cosmogenic origin not excluded

Detected highest-energy 
neutrino ever measured
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KM3Net – ORCA (oscillation analysis): south of Toulon in 
Mediterranean sea. Status: 28 detection unit (DU) strings (25%), 
completion around 2028 (ORCA: 7 Mton seawater)

Atmospheric & high–E neutrinos

KM3Net – ARCA (high-E 𝜈’s): south-east of Sicily 3,450 m 
depth, 33 DUs (14%), big campaign to install ~20 additional DUs 

Victor Carretero, Annarita Margiotta, Kate Scholberg

Mild preference for IO

Collected 2.7 Mt-y of data in total, 
updated analysis expected soon

Yet unexplored region 
of the energy spectrum

𝑝 𝜇 = 1206)8?%%8	PeV
𝒑 𝝂𝝁 ≈ 𝟐𝟐𝟎6𝟏𝟏𝟎?𝟓𝟕𝟎	𝐏𝐞𝐕

Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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Above TeV energies, cosmic-ray 
neutrino backgrounds for astrophysical 
neutrino searches arise mainly from 
charm decays, whose flux and cross 
section can be measured at the LHC 
by FASER and SND
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Long baseline accelerator and reactor experiments progressing with construction — amazing physics perspectives

Upcoming large-scale experiments
Justyna Łagoda, Laura Pérez Molina, Kate Scholberg, Runze Zhao

LBNF/DUNE status (1,300 km baseline, 2–3 GeV 𝜈 energy beam, LAr-TPC)

• Excavation of far detector caverns at SURF completed April 2024
• Cryostat steel in South Dakota, vertical drift prototype operating at CERN
• Start beam in 2031 with staged approach

PMT test system at Kamioka

Hyper-Kamiokande status (295 km baseline, ×8 volume of Super-K, 
×2.6 T2K beam power, new intermediate Water Cherenkov detector)
• Site excavation completed, > 10K of 20K PMTs delivered and tested
• 1.3 MW beam power by reducing cycle time, operation start in 2028

IWCD – water Cherenkov

JUNO status (reactor 𝜈 detector)

• Medium baseline: 53 km from two reactors, mass 
ordering from precise measurement of fine 𝜈e 
disappearance pattern

• 20-kton liquid scintillator (central detector) neutrino 
observatory located near Kaiping, southeast China

• Installation completing, commissioning ongoing, 
start of data taking end of 2025

• Challenge: control uniformity and response of 
gigantic detector

_



Upcoming large-scale experiments

These detectors will also have significantly enhanced sensitivity to proton decay
Hyper-K sensitivity to p ® e+π0 (3σ) decay in 20 years: 1×1035 yr (current SK limit: > 2.4×1034 yr)

Justyna Łagoda

Justyna Łagoda, Laura Pérez Molina, Kate Scholberg, Runze Zhao

Expected 90% limits Expected 90% limits

Large-scale long baseline accelerator and reactor experiments progressing with construction

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112011
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When will we know?

Neutrino mass ordering and CP violation

Imperial College London

Future determination of mass ordering
• Experiment sensitivity versus 

time, width from uncertainty on 
other oscillation parameters
• Primarily sin2 𝜃23

• Early 2030s:
• Many experiments with 3𝜎 

sensitivity
• Multiple neutrino sources and 

methods to determine MO

• DUNE has 5𝜎 sensitivity shortly 
after beam starts
• Assumes sin2 𝜃23 = 0.58, 

expect less sensitivity for 
smaller values 

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 16

Vertical bar width due to uncertainty in PMNS elements, primarily θ23 If CPV large, discovery in 2–4 years (starting 2030~2032) depending on 
systematics, but knowing MO is important in degenerate regions
If CPV small, systematics may be the ultimate limitation to discovery

ESPP 
Preliminary

ESPP 
Preliminary

𝜈 mass ordering δCP

Pilar Hernandez
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Right-handed neutrinos
Enrique Fernández Martínez 

Simplest massive neutrino extension: add Majorana N R to SM — basis of high-scale seesaw and leptogenesis scenarios
N R do not need to be super heavy. With increasing mass, probed via direct searches (see below) and indirectly through PMNS unitarity, 
precision tests, flavour violation, as well as constrains from cosmology and 0𝜈ββ

arXiv:2304.06772, https://github.com/mhostert/Heavy-Neutrino-Limits 

Constraints on 
SM extension 
with single N R 
that is SM 
singlet and 
mixes with 𝜈e

¬ 𝜈 oscillation & kinks in β spectrum  |  meson decays peak searches  |   fixed target & collider searches  |  indirect probes ® 

https://github.com/mhostert/Heavy-Neutrino-Limits
https://github.com/mhostert/Heavy-Neutrino-Limits
https://github.com/mhostert/Heavy-Neutrino-Limits
https://github.com/mhostert/Heavy-Neutrino-Limits
https://github.com/mhostert/Heavy-Neutrino-Limits


Dark matter & Axions

“ DM is a fantastic particle physics problem with strong 
complementarity among the different experimental searches 
and phenomenological constraints, as well as the technological 
developments — it brings the communities together ”

Source: INSPIRE

Overwhelming evidence of DM from gravitational 
observations at different times and scales                            
— strong evidence for particle nature

Huge range of possible forms across almost the entire 
mass scale (up to annihilation unitarity limit of ~100 TeV)

The DM sector may be complex!



Dark matter halo — operating xenon experiments

XENONnT at LNGS, 
Italy, 5.9 t active mass

PandaX-4T at CJUL, 
China, 3.7 t active mass

arXiv:2408.02877

arXiv:2407.10892

First detection of elastic NRs from astrophysical neutrinos, 
first measurement of the coherent elastic neutrino-nucleus 
scattering (CE𝜈NS) process with Xe target, first step into 
the “neutrino fog” by DM experiment

XENONnT and PandaX-4T report first evidence 
of nuclear recoils from solar neutrinos (boron-8) 
with a dark matter detector

Paloma Cimental, Amy Cottle, 
Clara Murgui Galvez

LUX-ZEPLIN (LZ) at SURF, 
South Dakota, USA , 7 t active mass

arXiv:2410.17036

Latest SI result with 4.2 t×yr exposure: Latest SI result with 3.1 / 1.54 t×yr exposure for 
XENONnT [2502.18005] /  PandaX-4T [2408.00664]:

57

(LZ and XENONnT continue running until 2028)

Looking for nuclear recoil of target from elastic collision with dark matter particle

Neutrino fog
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Dark matter halo — future
Zoe Balmforth, Clara Murgui Galvez

Global consortia projects
• XLZD (XENON, LZ, DARWIN), 60 t active Xe mass

• ARGO at SNPLAB (300 t fiducial)

These experiments will need to deal with 
neutrino fog

PandaX-xT at CJUL, China, staged 
growth of PandaX-T to 43 t fiducial Xe mass

DarkSide-20k at LNGS, Italy, 
50 (20) t active (fiducial) Ar mass, well 
advanced, begin data taking 2027/28

All experiments include 
DM, 2𝜈ββ, Supernovae 
alert, Sun 𝜈, etc. in their 
physics programs 



QCD axion is primary target, but ALPs also possible; relic density suggests ma ~ O(45 – 65) μeV ~ O(9 ~ 13) GHz
Large variety of operating and planned experiments!

Axions

Haloscopes (relic axions)
Primakoff effect to resonantly 
convert axions to photons in a 
strong magnetic field
Signal power ∝ 𝑔23' 9 𝑉 9 𝐵' 
Cryoenic environment O(100 mK) 
to minimise thermal noise, ultra-
low-noise amplifier, quantum 
sensing

Clara Murgui Galvez, Fabrice Hubaut

Compton frequency: 𝜈* ≈ 𝑚* ≈ 240	MHz 1 +"
,-.

Tuneable high-Q microwave cavity resonator 
(challenge: high mass ® small cavity)

ADMX (B = 7.6 T, Seattle) [new result: arXiv:2504.07279]
HAYSTAC (8 T, Yale) [new result: arXiv:2409.08998]
QUAX (8.1 T, Frascati)
CAST-CAPP (8.8 T,  CERN)
RADES (11.7 T, CERN)
…

MADMAX 
prototype 
at CERN

Helioscopes (solar axions)
IAXO (DESY, prototype 
BabyIAXO under construction): 
meV ~ eV mass range

Light shining through 
wall (lab axions)
ALPS, ALPS-II (DESY 
OSQAR (CERN) 
…

HAYSTAC–2024

New concepts (future): 
MADMAX (DESY, dielectric disks to boost axion signal)

ALPHA (Yale, plasmonic resonance via multiple thin wires)
In both concepts, spacing of disks / wires determines 
resonance frequency



Current status (Helioscopes closeup) and future (full range) — very encouraging, but more work ahead!

Axions
Clara Murgui Galvez
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Cioran O’Hare [Link to figures]

𝑔DEE~𝑚D/ΛFGH1

https://github.com/cajohare/AxionLimits/blob/master/docs/ap.md


Gravitational Waves       
and Cosmology

Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)

1
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ΛCDM is a remarkable six-parameter model describing 13.8 B 
years of cosmic evolution: from inflation over CMB anisotropies 
to large-scale structure formation, SN Ia observations, and 
today’s energy density

It achieves this without a clue about the nature of DM and dark 
energy, and the mechanism for inflation. ΛCDM assumes a 
cosmological constant dark energy (Λ) with energy density that 
is constant in space and time

But there are some troubling signs… 

+	…
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Gravitational waves (GW)

Total of 292 GW events detected (and continuing), 
GW science is becoming statistical
Basic distributions such as mass and mass differences of 
binary mergers under scrutiny

What 
causes 

these local 
peaks?

Supernova theory predicts 
no BHs in this range. 

Were these formed from 
two smaller BHs merging?

Top: Distributions deviate from 
smooth power law seen in stars 
more massive than the Sun

Left: Electromagnetically 
detected compact objects show 
“gap” (i.e. no objects) between 
~2 Msun and ~5 Msun
With GWs, there is small but 
nonzero rate in this region 
(could be of exotic origin)

arXiv:2111.03634, arXiv:2404.04248

In light grey: posteriors

Antoine Petiteau, Aditya Vijaykumar

With Einstein and Cosmic Explorer expect to collect 
> 105 BH-BH, BH-NS, and NS-NS merger events

Extraordinary scientific potential also with LISA                  
(3 spacecrafts on heliocentric orbits separated by 2.5 
millions km) in the 0.02 mHz ~ 1 Hz range. Approved 
and under construction. Expected launch: 2035
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Evidence for stochastic gravitational wave background in the nHz range                                                
by four groups analysing radio astronomy pulsar (dense neutron stars) data (Pulsar Timing Array experiments)

Gravitational waves (GW)
Antoine Petiteau, Jishnu Suresh, Sonali Verma

Illustration of gravitational waves caused by orbiting supermassive black hole pairs [found here]

For an isotropic GW background, characteristic spatial 
correlation (Hellings-Down curve) — tricky analysis

Articles: arXiv:2306.16213, 2306.16214, 2306.16215, 
2306.13611, Nature news1, news2

4 The NANOGrav Collaboration

(a) (c)

(b) (d)
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.

Angular-separation–binned inter-pulsar correlations, The dashed 
black line shows the Hellings–Downs correlation pattern              
[Left: arXiv:2306.16214, right: arXiv:2306.16213]

Both collaborations find ~3σ evidence, but                                     
significance is noise model dependent.                                             
Important to analyse the combined data                                                 
(IPTA) to better understand the signal

Astro versus Cosmo

The stochastic background could be produced by many close-by (~ light-day) 
pairs of supermassive black holes orbiting each other due to earlier galaxy 
mergers in the hearts of distant galaxies [link]

It could also be stochastic background from cosmological origin: first order 
phase transition, cosmic strings, primordial black holes, …

Important to understand astrophysical stochastic background before probing 
the cosmological one

A&A proofs: manuscript no. eptadr2_gwb_25psr

Fig. 5: Binned overlap reduction function. Blue is for DR2full while orange is for DR2new. The left panel shows violins of the
posterior of the correlation coefficients averaged at ten bins of angular separations with 30 pulsar pairs each. The black line is the
HD curve based on theoretical expectation of a GWB signal. The grey histogram is the arbitrarily normalised distribution of the
number of pulsar pairs at different angular separations. The right panel is the corresponding 2D posterior for the amplitude and
spectral index of the common correlated signal, showing 1/2/3 ω contours.

Fig. 6: Constraints on the overlap reduction function from the
optimal statistic. Blue and orange points indicate the results for
DR2full and DR2new respectively. The correlation coefficients
for each pair of pulsars are weighted and averaged following the
description in Allen & Romano (2022) and grouped in the same
way as those in Figure 5 for comparison. The HD correlation is
plotted as a black line for reference.

4.3. Significance tests

To quantitatively estimate the significance of the hypothesis that
a GWB signal with HD correlation is present in the data, the null
hypothesis distribution need to be constructed. Many repetitions
of an experiment need to be performed in order to define a strict
p-value. This is, unfortunately, not possible for PTAs. Thus, we
can only attempt to find a good proxy to estimate the true statis-
tical p-value for the null hypothesis. In the following, we refer
to the estimated value from our proxy methods as p-values for
simplicity. The respective distributions can be constructed in two
different ways, by introducing random phase shifts in the Fourier
basis of the common red noise process (Taylor et al. 2017) or
by moving the positions of the pulsars in the sky via a random
scramble (Cornish & Sampson 2016). The aim of both methods

is to effectively destroy the distinctive cross-pulsar correlations,
unique to the GWB signal, while retaining the individual pulsar
noise characteristics. One should emphasise that both methods
should be robust against any mismodelled features in the data
set, therefore they, in general, provide more conservative esti-
mates of the significance in comparison to the possibly oversim-
plified noise simulation bootstrapping.

The distributions of BFs under the null hypothesis (PSRN +
CURN) were constructed for DR2full and DR2new using about
200 and 2000 phase shifts, respectively and are displayed in the
upper panel of Figure 7. The DR2full measured BF from Ta-
ble 5 lies within the 2ω range of the null hypothesis distribu-
tion with a p-value of 0.04. The p-value for the BF derived with
the DR2new data set reaches a statistically interesting value of
0.0005, which corresponds to the 3ω level of significance (’ev-
idence’). The analysis was performed using both ENTERPRISE
and FORTYTWO and shows consistent results between the two
software packages. This significance test was repeated for the
OS S/N values for the HD correlation and results are shown in
the bottom panel of Figure 7. For DR2full a p-value of 0.07
is found. None of the 10000 realisations produced a S/N that is
comparable to what has been found in DR2new. Therefore, only
an upper limit can be set for the p-value < 0.0001, which corre-
sponds to a significance of > 3.5ω.

Figure 8 shows the null distribution obtained with sky scram-
bles in the OS analysis in the top panel. A matching threshold of
0.2 for any two sky scrambles was imposed to produce about
5000 samples. A large difference particularly in the high S/N
tail of the density functions can be found between DR2full and
DR2new. The p-value for DR2full of 0.08 is comparable to that
obtained with the phase shifts. This could indicate that in the low
S/N regime, both methods produce reliable null distributions. In
the high S/N regime, however, with DR2new the sky scramble
p-value of 0.004 is not consistent with the phase shift method.

The bottom panel of Figure 8 compares p-values from sim-
ulations, theoretical computation and the two methods. A null
distribution was generated using a set of realistic simulations re-
sembling the statistical properties of the real DR2new data set
and with the injected CURN only. The noise parameters as well

Article number, page 10 of 23

European Pulsar Timing Array NANOGrav

https://www.nature.com/articles/d41586-023-02167-7
https://arxiv.org/abs/2306.16213
https://arxiv.org/abs/2306.16213
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https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.13611
https://arxiv.org/abs/2306.13611
https://arxiv.org/abs/2306.13611
https://www.nature.com/articles/d41586-023-02167-7
https://www.nature.com/articles/d41586-023-02167-7
https://www.nature.com/articles/d41586-023-02203-6
https://www.nature.com/articles/d41586-023-02203-6
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Is dark energy weakening?

arXiv:2503.14738

Left: illustration how DESI 
BAO measurements 
constrain the expansion 
history of the Universe

Luminous red galaxies

Emission line galaxies

Quasars

Bright         
galaxy sample
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FIG. 5. The first eight panels show the multipole moments of the DESI DR2 correlation functions of galaxies and quasars,
where the upper and lower subpanels display the monopole and quadrupole moments, respectively. The filled circles correspond
to the data measurements and the lines show the best-fit BAO model. We use a solid line for model fits to those samples used
in our analysis, and a dashed line otherwise. Error bars represent 68% confidence intervals. The last panel (bottom right)
shows the autocorrelation of the Lyω forest (upper sub-panel), and the cross-correlation between the Lyω forest and the quasars
(bottom sub-panel), where the 2D clustering information has been compressed into a single wedge. The solid line in this panel
is the baseline model, while the dashed line includes a broad-band polynomial variation that provides a slightly better fit, but
does not significantly shift the BAO position (see [61] for details).

Right: monopole (top) and 
quadrupole (bottom) moments of 

measured correlation functions 
of galaxies and quasars (last is 

autocorrelation of Lyα forest)

Julian Bautista, Camille Bonvin, Adrien La Posta

DESI DR2 (3 years) results on Baryon Acoustic Oscillation (BAO) — standard cosmological ruler (~ 150 Mpc today) 
~14 million redshifts analysed (~40 million to come)
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DESI DR2 (3 years) results on Baryon Acoustic Oscillation (BAO) — standard cosmological ruler (~ 150 Mpc today) 

Is dark energy weakening? 

Main conclusions from cosmological analysis:
• 2.3σ tension among ΛCDM fits of BAO and CMB data
• 3.1σ evidence for dynamical dark energy from DESI+CMB
• Adding SNe, discrepancy of 2.8–4.2σ, depending on data used
• All datasets favour 𝜔4 < −1 and 𝜔2 < 0, indicating weakening 

dark energy today 
• No indication of deviation from General Relativity 

However: 
• 𝜔	 < −1 hard to achieve with standard dark energy models; 

perhaps exotic dark energy or modification of gravity
• Models other than ΛCDM are strongly constrained
• CMB alone sees no deviation from ΛCDM (Planck, ACT)

ΛCDM 

arXiv:2503.14738

Julian Bautista, Camille Bonvin, Adrien La Posta

~14 million redshifts analysed (~40 million to come)

Evolving EOS model: 
𝜔 𝑎 = 𝜔8 + 𝜔D(1 − a) 

(p = 𝜔𝜌. ΛCDM (const. neg. 
press.) if 𝜔/ = −1, 𝜔* = 0, 
𝑎 = (1 + 𝑧)01) 
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Is dark energy weakening? 

Evolving EOS model: 
𝜔 𝑎 = 𝜔8 + 𝜔D(1 − a) 

(p = 𝜔𝜌. ΛCDM (const. neg. 
press.) if 𝜔/ = −1, 𝜔* = 0, 
𝑎 = (1 − 𝑧)01) 

Main conclusions from cosmological analysis:
• 2.3σ tension among ΛCDM fits of BAO and CMB data
• 3.1σ evidence for dynamical dark energy from DESI+CMB
• Adding SNe, discrepancy of 2.8–4.2σ, depending on data used
• All datasets favour 𝜔4 < −1 and 𝜔2 < 0, indicating weakening 

dark energy today 
• No indication of deviation from General Relativity 

However: 
• 𝜔	 < −1 hard to achieve with standard dark energy models; 

perhaps exotic dark energy or modification of gravity
• Models other than ΛCDM are strongly constrained
• CMB alone sees no deviation from ΛCDM (Planck, ACT)

H0 = (68.50 ± 0.58) km s−1 Mpc−1 (DESI + BBN)
H0 = (67.4 ± 0.5 ) km s−1 Mpc−1 (CMB)
H0 = (73.17 ± 0.86) km s−1 Mpc−1 (SN Ia, SH0ES*)

> 5σ tension

*SHoES: Hubble telescope measurement based on 
SN Ia’s luminosity-calibrated against intermediate-
distance cepheids, which are calibrated against 4 
nearby “geometric anchors” whose distance is known

JWST with better resolution will provide further clues

Did new physics alter the sound 
horizon in the early universe (used 
to calibate both CMB and BAOs)?

Very difficult analysis, not the final word

Hubble tension:

ΛCDM 

Julian Bautista, Camille Bonvin, Adrien La Posta

arXiv:2503.14738

DESI DR2 (3 years) results on Baryon Acoustic Oscillation (BAO) — standard cosmological ruler (~ 150 Mpc today) 
~14 million redshifts analysed (~40 million to come)



67

Absolute neutrino masses and mass ordering

Best current direct limit 𝑚AI < 450	meV (KATRIN 2024 at 90% CL, using high-activity 
tritium source and precision spectroscopy of β-decay close to kinematic endpoint)   

0𝜈ββ limit: | ∑A𝑈BA* 𝑚A| < 28– 122	meV (KamLAND-Zen at 90% CL, assuming 
mediation by light Majorana neutrinos)

Lower limit from oscillation data: 
∑A𝑚A > 58CD 98ED 	meV (NuFit-6.0)

arXiv: 2503.14744

arXiv:2406.13516

Cosmological limits (95% CL): 
∑A𝑚A < 89FGHI	meV (CMB (Planck, ACT))
∑A𝑚A < 53FGHI < 177JJJKGHI 	meV (CMB & BAO (DESI DR2), mild tension strengthens limit) Sensitivity to mv from small-scale structures 

and reduced lensing of CMB photons
Why never a hint on 𝒎𝝂𝒆 > 𝟎 from cosmology? 
Planck 2018 (and WMAP) “increased lensing” anomaly pushes 𝑚-$ < 0, effect reduced in subsequent analyses

Inverted ordering under tension in ΛCDM,                   
but too early to conclude (Kate Scholberg: consider 
using lab 𝜈 results as input to cosmological analyses)

(Note: various assumptions in all these constraints, well 
documented in corresponding literature; if a conflict occurs, this 
may be a hint for new physics!)
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Very small (<2σ) preference for NO in global fit

Julian Bautista, Enrique Fernández 
Martínez, Adrien La Posta 

https://arxiv.org/abs/2406.13516
https://arxiv.org/abs/2406.11438
https://arxiv.org/abs/2406.11438
https://arxiv.org/abs/2406.11438
https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380
https://arxiv.org/abs/2410.05380
https://arxiv.org/pdf/2503.14454
https://arxiv.org/abs/2503.14744


68

Euclid’s view of the Perseus cluster (first data release in 2025) “First look” image composed of 678 images captured by the 
Vera C. Rubin Observatory LSST 

And in future: SKA (radio observations), CTA (cosmic gamma rays), … Stephanie Escoffier, Elizabeth Johana Gonzalez, Bruno Sanchez
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Euclid’s view of the Perseus cluster (first data release in 2025) “First look” image composed of 678 images captured by the 
Vera C. Rubin Observatory LSST 

And in future: SKA (radio observations), CTA (cosmic gamma rays), …
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Euclid: complete Einstein ring in NGC 6505, 590M 
light-years from Earth [arXiv:2502.06505, Link]

Elizabeth Johana Gonzalez, Bruno Sanchez

Stephanie Escoffier 

https://www.esa.int/Science_Exploration/Space_Science/Euclid/Euclid_discovers_a_stunning_Einstein_ring
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The future will be sharp
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Thank you all for the amazing science, 
inspiring talks, and a memorable                   
EPS-HEP 2025 conference in Marseille!


