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ASTROPARTICLES, GRAVITATION AND COSMOLOGY ! DARK MATTER
NEUTRINO PHYSICS | ULTRA-RELATIVISTIC NUCLEAR COLLISIONS | QCD
AND HADRONIC PHYSICS | TOP AND ELECTROWEAK PHYSICS | FLAVOUR

PALAIS DU PHARO PHYSICS AND CP VIOLATION ! HIGGS PHYSICS | BEYOND THE STANDARD
MODEL | QUANTUM FIELD AND STRING THEORY | DETECTORS | DATA

MARSEILLE, FRANGE couciion ano 01 . auaNtum TEGHOLOGIES N HEP | Al FoR HES

Amazing science week that featured

* 102 posters

e 526 parallel talks
* 38 plenary talks
e 7 prizes
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Update of the European Strategy for Particle Physics
Scientific mission for the 21st century

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®

A sine qua non for the next-generation collider project!
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Kyle Cranmer citing David Donoho [Link]

Involved research communities are progressing much faster

Galileo Galilei

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

This week has showcased the
remarkable creativity and innovation
iIn 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


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

Experimentation requires long-term
o R investment at all levels: funding
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e agencies, universities, labs, and
in our community to support the
careers and recognition of talent
and leadership in detectors,

| software and computing. This
2021 ECFA Cross-Community Detector Roadmap and

implementation of Detector R&D (DRD) Collaborations includes Support for Construction,
(Need to ensure solid funding structure) Comm|SS|On|ng & Operation,

DRD 18 training, as well as for strategic

| Quantum | calorimetry | Feorones [ YSERENES and basic R&D
Also HEP Software Foundation initiatives for SW & C

Chris Parkes

Physics is the science of precision




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

ions!

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

B field

Muon g—-2 Experiment at Fermilab

New world average (dominated by Fermilab experiment)
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Within 10 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)!
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Final result from Fermilab Muon g-2 experiment,
after analysis of 2020-2023 data (Runs 4-6)

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

Muon g—-2 Experiment at Fermilab

New world average (dominated by Fermilab experiment)

0 = Ju — 2 Qg /'lzla(Tr) my
H 2 6{9 (Tr) Up Mg
= 116 592 072(15) - 107! (0.12 ppm 1)
arXiv:2506.03069
I I I I | I I I I | 1 1 1 I | I I I I |
BNL E82 : 2 i
Run-1 : 0 |
Run-2/3 : 0 |
Run-4/5/6 +—0—+
Run-1-6 +—o—+
Exp. average +——+
! ! ! ! ] ! ! ! ! ] ] ] ] ! ] ! ! ! ! ]
20.0 20.5 21.0 21.5

a,- 10° — 1165900

Within 10 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
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Lusiani, Graziano Venanzoni, Estifa'a Zaid

Final result from Fermilab Muon g-2 experiment, New world average (dominated by Fermilab experiment)
after analysis of 2020-2023 data (Runs 4-6)
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Clara Murgui, Antoine Petiteau

In July 2024, a JILA team unveiled a strontium-87 optical lattice clock
with 8.1x107'° 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

J
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v I I I I | 1
20.0 20.5
ay - 10° — 1165900
B field Within 10 of 4% less precise SM prediction based on

Muon g-2 Experiment at Fermilab 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)!


https://muon-g-2.fnal.gov/result2025.pdf
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2025 Breakthrough Prize
in Fundamental Physics
awarded to the ALICE,
ATLAS, CMS, LHCb
collaborations for results
from LHC Run 2

Energy frontier

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

ALICE ATLAS
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.

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




Energy-frontier physics relies on the LHC

Helga Timko

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

Peak luminosity in 2024: 2.1 x 103* cm=s™", pileup of 63, total delivered luminosity: 403 fb

2025 ((;ngomg)

Mid 2026: Begin of
Long shutdown 3

450 T T T T T T T T T T T T T
I -1
CMS 2010, 7 TeV, 45.0 pb 2024
__400f e 2011,7 TeV, 6.1 fb' 1
A m— 2012, 8 TeV, 23.3 fb!
350} s 2015, 13 TeV, 4.3 fo~! I
> »
= 2016, 13 TeV, 41.6 fo 2023 |
ol 300} s 2017, 13 TeV, 49.8 fb
= m— 2018, 13 TeV, 67.9 fb™ 2022
5 250} 2022, 13.6 TeV, 41.5 b / 1
B 00 e 2023, 13.6 TeV, 32.7 b 2018 /
© I m— 2024, 13.6 TeV, 122.2 fp™
(@)} —1
& 150/ 2025, 13.6 TeV, 23.9 fb 0017 |
£
© 100} | 1
©
" sl 2012 | | 2015
5010 2011 /. Long shutdown 1 s L‘ong shutdown 2
0 —_| I 1 L I
7SN A U VA S S S S A S 0 (AL VAL S S A N A AR N 5 A
Date
| Run1(2010-2012) ||LS1(2013-2015) || Run 2 (2015-2018) | LS2 (2019-2022) || Run 3 (2022-2026) |

Treasure trove: ATLAS & CMS can each expect > 450 fb~' of good-for-physics data from LHC Runs 2 + 3
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Energy-frontier phySiCS relies on the LHC Igor Altsybeev, Fabio Cerutti, Vladimir Gligorov,

Roberto Salerno, Helga Timko

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 (> 5c, < 30% on Ayyy), 13B top, ...)
Large-scale ATLAS & CMS upgrades under construction, ALICE & LHCb plan significant upgrades for Run 5

202 2022 2023 2024 2025 2026 2027 2028 2029
3[FIMAM 3] 3]A[S[OINID| 3] FIM[AM[ 3] 3 [AS[ON]D| 3] FIM[AIM] 3[ 3] ATS[OIN[D] 3[ FIMAM] 3 [ 3] A[S[OIN[D| 3 [ FIM[AIM] 3] 3 [ A[S[O[NID{ 3] FIM]AM[ 3] 3 [A]S[OIN[D| 3] FIM[AIM] 3 3 ]ATS[OIN[D] 3 [ FIM AIM] 3[ ] A[S[O]N[D] 3 [FIMAM] 3 [ 3 [A[S[O[N]D]
A

Run 3 H Long Shutdown 3 (LS3)
We are here
L
2030 2031 2032 2033 2034 2035 2036 2037 2038
J[FIMAM] [ 3[AS[O[N[D] 3[ FIMIAIM[ 3| 3[A[S[O]N[D] 3] FIM[AIM] 3] 3] A[S[O]N[D] 3] FIM[AM] 3] 3 A[S|OIN[D| 3 [ F[M[AIM] 3] 3 Al S[OINID| 3] FIM[AM] 3 [ )] ATS[ONID{ | FIM[AIM] 3[ 3 |A]S[OINID| 3 [ FIM|AIM[ 3| 3 [AS[O[N[D] 3 [ FIM[AIM[ 3 [ 3 [A[SIO]N[D)
HL-LHC - Run 4 L54 | Run
2039 2040 2041 3,000 fb~" pp
3[FIMAM]3[3]AlS[OIN[D] 3] FIMIAIM] 3 3]A[S|ONID| 3[FIM[AIM] 3 [ |AlS|OIN[D] Power of HL-LHC together with
ey upgraded detectors & Al/ML: huge
EVETS E erifssioring witiibear scientific opportunity for our field
Hardware commissioning

Last update: November 24



HL-LHC & detector upgrades are technology drivers

Helga Timko
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ht: installation of superconducting link, installation of D1 and Q2a cryo-assembilies, tests to start in Oct 2025 \

Q1-3:132.6 T/m
MCBXFA/B: 21T 2545Tm
DI1: 56T 35Tm
D2:45T 35Tm
Q1 Q2a Q2b Q3 D1 MCBRD: 265T 5Tm D2 Q4
O C00 @ 10 M0  NbgSn technology for high-field superconducting
B g s & s B _‘ magnets successfully demonstrated for HL-LHC!
% oS % a3 © % ol
2I0 - 4I0 S 6IO I 8I0 ' I(I)O - 12IO 140 - 16I0 ' lEIiO
distance to IP (m) E. Todesco
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HL-LHC & detector upgrades are technology drivers

]l” .g Mﬂ A

II"I E

FuIIy reallstlc inner trlplet string test faC|I|ty at CERN, from Ieft to rlght mstallatlon of superconductlng link, mstallatlon of D1 and Q2a cryo- assemblles tests to start in Oct 2025 \
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Chiral gauge structure of weak interaction forbids bare masses;
they arise only via the Higgs mechanism m; < g;v — 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”: £ = L4%% + — £3=5 4 — pd=6,

* M, » Myeax: accidental symmetries (B, L, GIM) respected, but m% unnatural

* M, = Myeax. My Natural, but B, L, GIM difficult to maintain

Clash between simplicity and naturalness

Progress in Higgs

physics

Key to many
mysteries

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

Not so

elegant —
23 parameters,
not governed

by symmetries

14
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= Progress in Higgs
physics

The Brout-Englert-Higgs mechanism is real!

CMS Preliminary 138 b1 (13 TeV)
E> |> 1 00 _\l | 1 1 LI II T ! L 1 1 LI II t T ot otcce 021 | -
> F my = 125.38 GeV wZ // :
= L psm =0.12 > 1 BLes D
1 _
s 10
£ >
LL
X 10°2L =
= O Observed 3§ ATLAS & CMS I \ F F m~
T 68%CL (stat @ syst) 1 2022 = ——
| 95%CL(stat@syst) | < ‘A
_ — SM prediction ;
10 3E_P | Vector bosons E ‘ *‘ trb% -kh;c-
E/ mm 3 generation fermions E M "i | e ‘
F | | 2nd generation fermions | F.".
1 .5 1 | LI | T 1 T | T T L |
: 1.1 B
7 C 1
z ! L
- — —3 1.0— f
ke 1.0 1 ][ - 1 ! B Key to many
§ [ i mysteries
| 0.9
0.5 L | L L | | L L Ll L Ll | L L Ll | Il
107" 100 10! 102
Particle mass (GeV)




Run 3 data flowing in and being analysed Fabio Cerut, Emanuele Di Marco,

Tamar Zakareishvili, Alberto Zucchetta

Using 305 fb~! of Run-2 + 3 data, ATLAS reports evidence for rare

2nd generation H — pp, and released new result on loop decay H —» Zy H---- H---- W OH--- {j&i
arX|v 2507.03595 ATLAS- CONF 2025- 007 "
> 2200 :_ L L L L L ‘ D t T T _: > T T T T T T T —
[0} E a a = () - Shaw
S 5000 E- ATLAS ) . Total pof E 3 1SO: ATLAS Prellmlnary1 _+ Data E
N Jgoo F. Vs=13/13.6 TeV, 140/165 fb _ E ~ 160 Vs=13TeV, 139 fb’ Signal + Back =
) E H—uu — Signal pdf E %) =~ /s=13.6 TeV. 165 b’ S !gna + Background o
S 1400 K. Inclusive, In(1+S/B) weighted = 2 = H— Zy all categories Backaround =
o 1200 F = s 120 In(1+8_/B4g) Weighted sum 9 =
[0 - = I
% 1000 £ = V\]100_ HoZ Rarest visible Higgs decay
‘© 800 [ — 80 14 seen so far: 0.010%
- o ;
= 3 40 =
200 - -
ot ' ' ' ' ' ' ! ! ! S 20 Yet unmeasured field tensor: |H?|A,, Z*Y —
. 10 [ T T T T T T T T T ] - | L | | | -
o) = - _ T
B2 54 -
1 %) | -
S5 = P

L M NI NI NI NI MR L1 NI B R
115 120 125 130 135 140 145 150 155 160
m,, [GeV]

Significance: 3.40 (2.50 exp), u=1.4 + 0.4
Reminder: CMS (Run 2): u = 1.19+0.43 (3.00) [arXiv:2009.04363]

+0.6

Significance: 2.50 (1.90 exp), = 1.3 =

Reminder: ATLAS & CMS (Run 2): u = 2.2+0.7 (3.40) [arXiv:2309.03501]
16



Run 3 data flowing in and being analysed

Fabio Cerutti, Emanuele Di Marco,
Oleksii Kurdysh

New ATLAS result on HH — bbyy with 308 fb~ improvements: more data (50%), better b-tagging (20%), analysis optimisation (10%), my kin. fit (5%)
YY

5

Sum of weights / 2.5 GeV

arXiv:2507.03495

T I T T T T I I T T T T

ATLAS
Vs=13/13.6 TeV, 140/ 168 fb™
HH — bbyy

¢ Data

Cont. background

- Signal + background

Total background

L N B RN B
- ATLAS

— Vs =13/13.6 TeV, 140/ 168 fb~"

HH - bbyy, Koy =1 Observed

68% CL: Ky € [-0.4,5.1]
95% CL: Ky € [-1.7, 6.6]

I 1 I I I I I I r

---- Expected
—— Observed

log(1+Sg,,/ B) weighted sum .
=0 9+1.4 Expected F
Hap = Y-9-11 68% CL: K € [-0.6,5.4] //
95% CL: K, & [-1.8, 6.9]
e 95%CL ] W
SM |
-1.7< k), < 6.6 (95% CL)
s | S B o lEB%CL
= | | +|+ +|+¢+|?.*E [ | | ]
110 120 130 140 150 160 0=—= 0 6 8
m,, [GeV] Kx = 4/Asm
Asy ~ 0.13
//’ H
e 3m2 Did . . . .
_ 2 2 4 H id the universe boil as it transitioned
[ V($) = —uslol* + 4| } H------- & X 6Av = —, fromthe symmetric to the broken phase?
\\ H

17
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ATLAS and CMS released new Run-2 combinations

Fabio Cerutti, Malgorzata
Kazana, Emanuele Di Marco,
Roberto Salerno, Zef Wolffs

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

CMS Preliminary 138 fb~' (13 TeV)
; O Observed —— SM prediction H
[ ggH T 68% CL (stat @ syst) 68% CL in SM prediction H
[ [0 68% CL (syst) I
S STXS stage 0, [yl < 2.5, My = 125.38 GeV
B psw = 0.01

i VBF

3 = V(qQ)H E
= W(Rw)H 3
B m  ZwH  tH tH ]
o E
F — WW 5

_0_
T
—r—
zZy
%
—~ 2
i
T

CMS-PAS-HIG-21-018

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

* O(10k) parameters, including non-Higgs
‘nuisance” parameters

ATLAS-CONF-2025-006

"""" I "|""|""|""I""|' T
—e— . .
ATLAS Preliminary
= Run2: Vs =13 TeV ,36.1- 140 fb™ —
—e— Run 3: {s = 13.6 TeV, 165 fb
B m,, =125.09 GeV, IyHI <25 |
—_ Leptons Quarks
—— [ B
B Force carriers Higgs boson |
—Q—1
PR -
IR A Lo Y——
—e— —®— Run 2
I ¢ Run 2 + Run 3 _
— —— SM prediction
"""""""""""""""""" <>"""'""""""""""“" -
A D T B [ DT [T B
0.8 1 1.2 1.4 1.6

Parameter value

Among the many results:

Effective Higgs couplings to W: 4%,
Z: 5%, Y- 7%, Zy: 31%, glUOﬂ: 7%,
top: 9%, bottom: 12%, t: 7%, W: 21%
(all assuming Bgsy = 0, K¢ = Ky)

Overall agreement with SM. Combined

production & decay mode p-values: ATLAS /
CMS = 0.85/0.006 (all categories)

Comparable sensitivity to A,y as HH

18



Testing the SM requires precise theory predictions

Ramona Gréber, Gregory Soyez

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

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

o = 48.58 pb 5 52P) FE780) (theory) & 1.56 pb (3.20%) (PDF+ay,)

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

Oggr = 48.81(1)1-55(N3LO HEFT) — 0.161533(NNLO ) — 1.74(2) 953 (NNLO ¢ x b) pb. | [ariv2407.12413]

Also: approximate N3LO PDF
sets are becoming available

Cross section shrinks 1.000 % il 1 - Kyle Cranmer — Al for amplitudes
Very acnve deve|opment area, f|rst 0.975 - T T | Use generative Al to help Compute mU|t|'|00p
steps towards N4LO, matching to PS s T scattering amplitudes. Is there an opportunity

0.950 - T 1 17 ahead for these challenging QCD calculations?

0.925 -

Ratio to MSHT20xNNPDF40 _nnlo

0.900 - 1
| | | | 1 1 | | |

MSHTXNNPDFnnlo MSHTxNNPDFan3lo NNPDFan3lo M in3lo
PDF4LHC21 MSHTXNNPDFnnlo(ged) MSHTXNNPDF NNPDF MSH

NB: HEFT is directly inspired by Chiral Perturbation Theory (EPS-HEP prize winners Jirg 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)



Higgs coupling to charm quarks

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

BR(H — cc) 20 x smaller than H — bb due to lighter charm quark, challenging to isolate experimentally
Best constraints so far from VH production: Wy .y -, cc < 11.54p5 (10.6yp) / 14455 (7.66xp) (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)

CMS Preliminary 138 fb~" (13 TeV)

%) L L

- 6] _

S10°F ¢ Data B {H(H—cT) (us= - 1.6)

I | CJ Background ftH(H-cB) (Hsm=1.0)
105 7~ Bkg uncertainty |
104k ¢
103
102} :

i P B R R R L ! L1

91'2:”‘tfﬁ(ﬁw—)‘(w‘{e‘)‘ék"H‘ - o

I — —CC) (Mit= —1.6) + BKg 3 i

3 11— fH(H-cT) (usu=1.0) + Bkg 2%

_c:»1 Nz R s s PV 727774 LA

g | ' ¥ :

m 0.9f A

= TR N RS SRS SRS S EEN S SN

£ 45 40 85 30 25 20 -15

o log10(S/B)

CMS-PAS-HIG-24-018

CMS Preliminary 138 fo~! (13 TeV)
L AL L RN BN
¢ Observed 68% expected
Type equation here. - Median expected 95% expected
Combined
Exp. 5.6 i lk.| < 3.5 (2.7 exp) (Fork, =1)
Obs. 9.3 i Strongest constraint to date
ttH(H - cc) | =
Exp. 8.7 E A new kid in town
Obs. 7.8 !
VH(H-ct) i
Exp. 7.6 !
Obs. 14 i
‘ P IR H e Lo A
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5

95% CL upper limit on Py
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i i Status: June 2024
Standard Model Production Cross Section Measurements s e

_8_ 1011 ::: \'::L:-:’ ATLAS Preliminary Theory E I ectr D ‘ H E I t

S "at V5=5,7,8,13,13.6 TeV
106 P TX(e\' .

o
ot o e LHC pp V5 =13 TeV
105 uue(so 25 Gev' - B -
pr>100 GeV A

LHC pp V5 =8 TeV

10 om e A Data 20.2 - 20.3fb
pr> LHC pp Vs=7 TeV
10 e B2, 32;1 ooy oo BB Daa 45-491b
o oox o Tem Huge harvest of results delivering (i) high precision
. B fEg Begg¥E o measurements of fundamental SM parameters,
10 R L T i) improving our understanding of process dynamics,
nes @ T 73 eom 3 wupgell ‘ . ; .
L B oy g 5 ogrialie, & and (iii) looking for ripple effects from new physics
L i . ook = Bl |
10 ¥ - R N T“.r;‘ Huﬁw . AuZmnA ug—w
1073 ) Bt l e i L ¥ ‘; ’ ;Z
o H—yy ) (:Z:v; z o

tty Vi tHE Vi WVjj
tot. tot. VBF tot. EWK (o, EWK EWK



Measuring fundamental SM parameters

Josh Bendavid, Kenneth Long, Menglin Xu

. . . . CMS 138 fb” (2016-2018, 13 TeV)
Several new high-precision measurements from CMS and LHCb during 2024 / 2025 < [ ‘ E
[ - Fit (CT182)
. 11— Data —
W mass a patrticular tour de force i
- 10 %107 : . - ‘16.87b"‘ (13TeY) :
8 ool pra i v | r
CMS axivosa12 13872 § o P o Nt arXiv:2408.07622 (CMS), arXiv:2410.02502 (LHCb) I
1 | 1 | - j —
I f my in MeV o Total uncertainty = +
0.2 0.05F E
ER%C‘]ErOO(QV\geZ?_).%(g(I)tOO‘] | 80353 + 6 00 Statistical uncertainty (L O;ﬁv ot 4#¢ o, ##A’ bybbpye %, un 'fﬁ“
LEP combination 80376 + 33 | | E""Oozsij = S9NV Modelure. | 3 o 8—0.05% ‘ ‘ + + E
Phys. Rep. 532 (2013) 119 1 0000 g LEP and SLD ;gf;t(’;%gg; . 0 %0 40 60
DO 80375 + 23 So.ge75F ‘ thd' pt. &2/ 2 B IY1-M bin
+ o e ——
PRL 108 (2012) 151804 B TEEE e o
CDF 80433.5 + 9.4 ] A ——
Science 376 (2022) 6589 T Ry
—
LHCDb 80354 + 32 e P N .
JHEP 01 (2022) 036 "
ATLAS M — .
= 80366.5 + 15.9 =i ATLAS 7 TeV LHCDb also realised
arXiv:2403.15085 JHEP 09 (2015) 049 )
CMS 803602 + 99 F-.-' LHCb‘7 and 8 TeV a flrSt LHC Z'maSS
This work Fevtron combinaton measurement with
80300 80350 80400 80450 cwssy 93 MeV precision
(S . .
S EPIC 78 (2018) 701 — consistent with
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£ | Electoweak Fit (. Haller eraly
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Longitudinal vector boson scattering

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 > m,, amplitude of V|V, - V.V, ~GG — GG x —m% /v?, a process 6%?

directly determined by EWSB

ATLAS reported first evidence for one longitudinally polarised W boson in WxW=* —» W=W= VBS

%) R L I L R RN RN RN AR LR
E 90 ATLAS ® Data B W EW
5 80F Vs=13TeV, 140 fo™ Ml W;WjjEW I W;Wsj EW
E - WiWj fit B WWej Int W*W+jj QCD
7O SR:DNN___ bin2 B wzacD — BE WZEW
60 [ Post-Fit Non-prompt Conversions
50 E_ . Other prompt 7/7. Tot. Uncert.
40
30
20
10
0 B b e aeim e e e :
5 12 )
QO ]
0.6 =

0O 01 02 03 04 05 06 0.7 0.8 09 1
Signal DNN score

arXiv:2503.11317

| \\/['j

Mary K. Gaillard (1939 — 2025)

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

Measurement

o (WFWjj) = 0.88 +0.30 fb

SM prediction
o (WyWwHjj) = 1.18 £0.29 b

Significance for at least one W : 3.40,ps (4.00ys)

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!
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https://lib-extopc.kek.jp/preprints/PDF/1985/8509/8509215.pdf

To p—antitop prOd UCtion at th reShOId 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

section of 9.0 +1.3 pb
(With CMS signal model
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Top—antitop production at threshold

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

CMS 138 fb~! (13 TeV)

| 4x10° ATLAS-CONF-2025-008

c\_l > . T T T T T T T T T

t Data mmm tX Unc. |8 & [ ATLASPreliminary —theoco  m VVets ATLAS used NRQCD
tt B Other N Q12f Vs=13TeV, 140.1 fb" o Zues ¢ paa - model for threshold

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

m -
+ 1.1} Postfit (FO pQCD + BG + 1) g w00 + E R S S — S SO
8 ,,“‘J O;ﬁl-‘-l_‘; :;o--O-L_- — ol 8 —0o :;.-'-*-I_A_ -:;I"_’_L_ i . :;o-l-h__ :-‘-r‘-l_n_é
© L v 4 hd 4 £ il i h N M _
S LTI I O S T D
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- L T4 s i E I - o +-
IS R e e e s e
2 0.9{"_ M oM =B.8:1ipb (>500) = oo A T T T T S e
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~ mit [GeV] mi [GeV]

Elusive attraction among
top-quark pairs
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Rare processes

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

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 ttyy (right)

Events
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=
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SR, tWZ ()X WVV(V) W XG
¢ Data 7~ Postfit Unc.

b/b

£ 9000000/

04 05 06 07 08 09 1
tWZ output node

o(tWZ) = 248 + 52 fb (5.80 significance)

CMS-PAS-TOP-24-009

Events

Data / Pred.

arXiv:2506.05018
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60 Post-it e

:
1.25 //}

A

0.75
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BDT Output

Orq(ttyy) = 2.4 £ 0.5 fb (5.20 significance)
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New annual conference dedicated to direct new physics searches.
First edition Oct 20-24, 2024 at CERN [Link]

Searches

Tamara Vazquez Schroder

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


https://indico.cern.ch/event/1522665/

Follow-up on Run-2 excesses

Yanlin Liu, Tamara Vazquez Schréder

Several (non-significant) excesses seen in Run-2 data, for example in this search:

Events /(1 GeV)

b
g
S .7 b
X . b
"""""""" Y
H A
g
Y

CMS 138 fo' (13 TeV)
Fror o T rrrrrrrrro E
7 (Spin- 0) X — HY — yybb CATO 3
£ my =650 GeV ¢ Data .
Bme=12SGeV _____ S+B fit B
- my =90 GeV :
5 — B component
: C B :
457 +2 0 =
3 ° 7;
2; 3 ° —:
1 ,' '

HHllHHHliﬂﬂiﬂlltlttttttﬂttttttt

B component subtracted -

,7
b
HI\H‘H\ L1l

New ATLAS result using Run-2 (140 fb~') and 59 fb~' of Run-3 data

CMS saw global
(local) 2.80 (3.80)
excess at

my = 650 GeV
my = 90 GeV
[arXiv:2310.01643]

Not seen by

i ATLAS in Run 2

[arXiv:2404.12915]
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Exploiting new techniques

Samuel Bein, Pantelis Kontaxakis,
Tamara Vazquez Schroder

Compressed electroweak SUSY spectrum featuring degenerate neutralinos / charginos (higgsinos) — hard to tackle, experiments

pushing the limits of their reconstruction

o PP—Toies Tghe Xk Tk (Higgsino)m(z) = m(x;) + 24 m(z:%,)
> imi .
o 4-CMS Preliminary gt gi-electron
g 3 I~ ....’~
A~~~ ." 1
N3 129-138 fb™' (13 TeV)
> 2| Soft : —— Observed Limit
53 o
= pHtragk et o 7 Expected Limit
g ...... i, Soft 2| and 3|
1 EX0-23-017
......... Soft lepton+track
........ SUS-24-003
N Isolated Soft Track
. Isolated soft track K SUS-24-012
Comprehensive set of analyses os5fE>" A Disappearing Track
targeting ultra-compressed spectra 04 e arXiv:2309.16823
’ t ----------- Radiative corrections
0.3 ...............................................................................................................................................
0.2 Disappearing track
1 1 1 1 | 1 1 1 1 | 1 1 1 1

150

tracker

soft
displaced
pion

Low-momentum
isolated tracks
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Indirect detection — thermal wino / higgsino

Collider

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]

Pure wino*

Pure higgsino*

Pure Wino - 20 Sensitivity Reach

SM DM
e
°
[0}
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o
£
SM DM

<:I

Indirect Detection

Pure Higgsino - 20 Sensitivity Reach

4 90% Direct Detection Projection

Thermal WinO rUled 4 Indirect Detection |

1 Indirect Detection Cored Profile | | NFw Profile out by HESS and Ioc 0Ty ]
--------------------------------------------------------------------- negative Ferm-LATi
{ MuC 10 TeV
| gamma-ray data { MuC 3 TeV | soft track |
{ MuC 3 TeV |
{ FCC-hh 85 TeV |
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HL-LHC | 20, Disappearing Tracks|
HLLHC | 20, Disappearing Tracksf [ ~—mmmmemERmmOTTT T Kinematic ii_n;iE:_JE_/_Z
—————————————————————————————————————————————————————————————— e et {MuC 10 Tev |
I ™MuC 10 Tev ] Kinematic Limit: v's/2 20, Indirect Reach
20, Indirect Reach Ty I
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{ CLIC1500 |
{criciso0 Il
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E £
e 1 £ 5
R £
. [= .
“| ESPP 2026: Preliminary ESPP 2026: Preliminary)|
107! 10° 10t 107! 100 10!
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*Majorana fermion triplet

*Dirac fermion doublet
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https://agenda.infn.it/event/44943/contributions/266615/attachments/137400/206567/WIMPs_PPGBSM_Venice.pdf

X17

Paolo Valente, Cecilia Voena

Puzzle from measurements of internal pair conversion process ’Li + p — 8Be*(18.1) — 8Be + y*(— e*e")

Since 2016, ATOMKI data show a persistent excess in e*e~ angular distributions consistent with a ~17 MeV particle n  Be* Z,
at rate vs. y of ~ 6x10-6 (challenging measurement due to low energy of emerging e+ / e-). Follow-up studies with :{ﬂ(- . && - =
refined analyses and other nuclei confirm the anomaly. No SM explanation exists for such a phenomenon. @ C

Many groups looking at this anomaly. Two reports this week:

MEG Il (PSI) [arxiv:2411.07994] PADME (Frascati) [arxiv:2505.24797] e} e
Dedicated 4-week run in Feb 2023 with 1.08 MeV proton on Li target, Try to directly produce X17 by hitting thin X17
measuring outgoing 8Be* de-excitation photons and e*, e~ (0.1 mm) diamond target with 283 MeV
e* beam and measure outgoing e*, e~ e -
TEisE Projected limits at 90% C.L. le—5 . 1x10_3
1.75 — Ruze limit < 1.8e-06 | 12 o [ g 5 [ cruetempenmens =
—— Riys limit < 1.2¢-05 0.8 %::::: B
1.50 @ ATOMKI (stat. + syst.) - ]
I 90% CL UL: B-only ]
1.25 0.6/ — «=-= CLs Median —
[ [ CLs %20 7
- O CLs =10 ]
S 1.00 04— T N/ o Nt e Bkg stat only _
o [ —— Observed limit I ]
0.75 0.2 —
0.50 o 1 I S R
3 -w,. :‘W
0.25 ‘;’10‘1 %, .,'\r'. o Global probability
No excess found by MEG I n_10_2 % e Local probability
16.5 16.6 16.7 - 1[?/.'2V/C2] 16.9 17.0 17.1 16 16.5 17 175 18 185
x7 M, (MeV)

Small excess seen, global significance ~20 at 16.9 MeV 31



Lepton flavour violation

Paolo Valente, Cecilia Voena

_ @? AR Ti hon, Atsushi
Main program of MEG II: search for charged-lepton- S 'm Gershon, Atsushi Oya
flavour violating decay p* — ety £ 10l
Look for monoenergetic & back-to-back ey coincidence peak; = :
main background from accidental coincidence 1 New limit (ariv:2504.15711]
New result using data from 2021 & 2022 (analysis of B(u* — e*y) <1.5x107" (90% CL)
2023 and 2024 data ongoing) 107

10-2;

-10
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Hadron spectroscopy

Roberto Salerno

CMS revealed family of 3 all-charm X resonances in J/YJ/P — 44 mass spectrum (arxiv:2506.07944]

Also seen by ATLAS & LHCb

MS /

135 b (13 TeV)

350 —
- X(6600) / ¢ Data -+~ Signal
- X(6900
300— ( ) — Full model ---+ X(6600)
> N
O N — Backaround = e
3 250 Background X(6900)
8 - [ ---- Nonresonant -= X(7100)
O 200—
g N
7} L
2 - |
< 150
S -
2 u
© 100 0 voioeih o IS
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50 H- .
07 SN
0 " EECATT] T TR TP SPUI VOO ARUTHvO e Rt ool coste Dok retes e STed
7.5 8 8.5 9
m,, [GeV]

Te]

Tightly bound tetraquark in
same confinement volume ?

Ihy pu~
o""

..4.0\ h

Molecule, like a deuteron
(molecular hexaquark)?

135 b (13 TeV) + 180 fb™' (13.6 TeV)

CMS Preliminary

@

Run-2 Run-3

-

Run-2

7.5
My, [GEV]

Since J/ does not couple
to light quarks, X unlikely
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
P.c appear to be >.D™ or =.D
molecule)

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

Tim Gershon, Vladimir Gligorov

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
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Date of arXiv submission

Who finds the T,, (bbad) first ?

Attraction between two heavy quarks

o agmq — large negative binding energy,
so expected to have mass below BB
threshold and thus weakly decaying
(contrary to T¢(3875)*, which has less
binding energy and decays strongly)

See this instructive CERN Courier article
by Marek Karliner and Jonathan Rosner

(Jonathan sadly passed away just recently)

Several other states discovered in ete”
collisions (not included in figure), e.g.,
Z-(3900)* and Z,(10610)* cc/bbud states
discovered by Belle
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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

CP violation in charm

Tim Gershon, Vladimir Gligorov, Ludovico Massaccesi, Giovanni Punzi

CP violation in charm sector (up-type quarks) is mostly expected to be very small (< O(1078) in SM

First observation by LHCb in 2019 from AA» between D° — K*K- and D° — 11+ decays = (-15.4 + 2.9)x 10~ [arXiv:1903.08726]
which is about six times larger than theoretical bounds (but difficult calculations)

F(D0 — KgKg) — F(EO — KgKg)
(D% — K9K?) +T'(DY — KIKY)

Echange & loop diagrams only,
may enhance CPV to ~1% [Link]

New measurements by Belle Il and LHCb AP (K?K?)
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https://arxiv.org/abs/1508.00074

CP violation in baryons

Tim Gershon, Xueting Yang

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
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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
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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 y, currently also world’s most precise measurement of sin23

Constraints from various B — DK analyses Constraint versus time
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https://cds.cern.ch/record/2903094?ln=en

IVl and IVl (puzzie)

Tim Gershon, Karim Trabelsi

arXiv:2506.15256
and preliminary

New measurements of inclusive IVl from B — X, v (first!) and exclusive IVl from B — D{v by Belle Il

Competitive precision, results confirm (but do not yet resolve) current puzzle between inclusive and exclusive measurements
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Roadmap for SuperKEKB / Belle Il

Karim Trabelsi

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: > 103° cm=2s-' in 2025 with further increases up to 2.4x103%5 cm=2s-1
Plan to upgrade superconducting final focusing magnet system (QCS) in ~2032 with stronger field (Nb;Sn) closer to IP (not approved yet)

e 7 [ - T T ]
n N . —
a Peak luminosity ]
g 6 - [ ;:/ L%C;S upgrade z/cz SGZCS upgrade ] ________________________ / / ____________ _:
e Integrated luminosity  (delivered) :
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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* — mm* vv (2016-18, 2021-22 data) [arxiv:2412.12015]

GIM and CKM suppressed, dominated by Z penguin and contributions from box diagram: u,ct
Bsu ~ 8 x 10~ (compare: B; — pp ~4 x 1079)

d W

] KOTO direct exclusion @ 90% CL

e -

N\ 2 a;};;‘;n__NT\r bound
‘—"‘— 1
CP-violating | A |
(dominated 1 T : < :
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10710+ | 8 |
f g
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(contributions from top and charm loops)
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Total of 51 events observed for 183 background events expected > 50
More to come: NA62 continues running until 2026 (when the rare kaon physics programme ends at CERN)
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At LHC, QGP shows > 10 GeV/fm? energy density,
deconfinement, jet quenching, near-perfect fluidity,

Phase diagram " guarksgltion thermal hadronisation, and collective effects even

of hadronic p HIC plasma i Il t

attor in small systems

Urs Wiedemann

HI collisions cannot be explained by the superposition of

color
superconductors nucleon—nucleon collisions — strong collective phenomena
(YCvys1) #0
HUs % E \V/ E
Compact Stars Baryon Rl ALF Ekf sfo\;mance * Data E
E pp Vs=13.6 Te . 3
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Anisotropic flow

Igor Altsybeev, Francesco Prino, Urs Wiedemann

Transverse energy density profile in PbPb collisions at LHC has characteristic spatial
fluctuations (“flow”) quantified by Fourier harmonics v,, 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 (v,) smaller for ¢ and b-hadrons — heavy quarks participate less in flow of fluid

(longer thermalisation time of heavy quarks)

arXiv:2211.04384
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Anisotropic flow

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

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

Understanding of underlying thermalization process would benefit from low-p; (< 1 GeV) data: First prompt charm-baryon
well measured for light flavour hadrons, but not yet for heavy flavour hadrons and baryons vV, measurement in heavy-
ion collisions by ALICE
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Anisotropic flow

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

Absorber
Magnet

Transverse energy density profile in PbPb collisions at LHC has characteristic spatial =
fluctuations (“flow”) quantified by Fourier harmonics v, of particle distributions FCT

Understanding of underlying thermalization process would benefit from low-p; (< 1 GeV) data:
well measured for light flavour hadrons, but not yet for heavy flavour hadrons and baryons
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AR BT R E R  ST A R RS R During injection
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Low pt: mass ordering, described by hydrodynamic models 4
High pr: baryon/meson grouping (flow mostly driven by quark g’r’;‘;';t'li'ns) Closed IRIS (Giabie beams)
content (quark coalescence), not mass)
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Neutrinos

Huge progress during the last 25 years since the discovery of
neutrino oscillation — precise measurements of PMNS matrix

0.8 — e!ements (2.1/3.1/1.3% for ;912 /13, 23) @nd mass-squared
0.2 differences (2.5 / 0.8% for Amj3, ;3,)
;1 :| Am3|/108 | | y | which sign? The big remaining questions:
? i | | /,,/,/I\\ | » Are neutrinos their own anti-particles (Majorana, lepton-
045 e Y \ number violating)?
0.15 * What is the neutrino mass ordering (normal or inverted)?
10 * What is the neutrino mass scale?
0,0421 * How do neutrinos get their mass?
0 » Is there CP violation in neutrino sector?
2 2 ‘which sine? What can we learn about the Ny sector?
‘989000 2005 2010 20'15 20'20 2094 + What is the role of neutrinos in the early universe?

Neutrinos are also probes for astrophysical and cosmological

Peter Denton, CIPANF 2025 phenomena, and for new physics (eg, neutrino portal)



Mass nature of neutrinos

Enrique Fernandez-Martinez, Giovanna Saleh, Kate Scholberg

Neutrinoless double B decay (AL =2) — non-zero Majorana mass term and constraint on neutrino mass scale

Use naturally occurring isotopes with energetically forbidden v[3 but allowed 2v33 decays: 35 known candidates (3¢Xe, 13°Te, 1°°Mo, 75Ge, %S, ...)
Several new results, here the first from 61 kg yr LEGEND-200 data (LNGS) using 7$Ge — 7$Se + 2e~ + (2v), building upon GERDA

arXiv:2505.10440

All HPGe detectors [61 kg yr] E analysis window  2upp decay of e
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F (7] -] i
[ sS4 ¥ ]
Critical to further improve nuclear matrix element calculations and uncertainties i Normal ordering  mgg upper limit at 90% CL
(better agreement among groups since inclusion of short-range contributions) e i z"F’:PA j_ 'EBD"’L'Z E
Lol L M|
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Lightest neutrino mass (meV)

-1
(T10/v2ﬁﬁ) — GOVBB(Q5,7) - |M0VBB|2 . |(mﬁ’ﬁ)|2 where: |(mpg)| = |ZvUe2vmv
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Accelerator neutrinos: long baseline

Katarzyna Kowalik, Kate Scholberg

Oscillation probabilities of v, disappearance and v, appearance in v, & v,beams at L/E, ~ 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+)
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 '
Ocp = 0 excluded IO

0.65 -

preliminary joint fit in 2024 ]

at 3.60 ]

0.60 —

Here, updated results from y
NuFit 6.0 (Oct 2024) 0.55

[arXiv:2410.05380]

0.45 =
Both experiments have more B NOvA 1 ¢ ]
data under analysis and 0.40 W omK 4 b ~2.00 tension (fixed 813) between the
continue running until end of ——— NOVWA + T2K 1 two present &cp measurements ’
2026 (NOVA) and 2028 (T2K) 0350 T e T N T e
0 90 180 270 360 0 90 180 270 360
dcp ocp

Sln2923
@)
e}
L L DL LU L R R B
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Atmospheric & high—E neutrinos

Victor Carretero, Annarita Margiotta, Kate Scholberg

KM3Net — ORCA (oscillation analysis): south of Toulon in KM3Net — ARCA (high-E v’s): south-east of Sicily 3,450 m
Mediterranean sea. Status: 28 detection unit (DU) strings (25%), depth, 33 DUs (14%), big campaign to install ~20 additional DUs
completion around 2028 (ORCA: 7 Mton seawater) L "
250 KM3NeT/ORCA Preliminary, 715 kt-y RN, Detected highest-energy
e AL IR LA L B L L 1 W 1ttt .
[ ] | n rin ver m r
: 90% C.L. NO 1 eutrino ever measured
3.25F —- NOvA 2022 -+++ TceCube 2024 (NO) - Hypotheses about origin:
- T2K 2023 === KMB3NeT 21 Mt-y (NO) 1 — Galactic origin unlikely (no potential
3.00F SK 2023 = KM3NeT 715 kt-y 7 R accelerators)
— — - MINOS+ 2018 hor:;gsma — Possibly Blazar (AGN with relativistic jets)
= 2.75F - muon track — Cosmogenic origin not excluded
™ N 71
| - ] u
E 2.50F -
NO‘TD‘ : : (
El 2.25F - 10 1 .
[ ] Yet unexplored region | Uppor ims
C . of the energy spectrum == 1043230213
2.00 ~ -] 107 7., 8 \10‘6;'..°"' loeCube fits
" ] < Tt L ce 00 M‘..-"".‘ == NST (2022)
) —'—-@ ANTATE e asasns . ““.\ =
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C ] 3 -+ - SPL 68% HESE (2021)
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Collected 2.7 Mt-y of data in total,

updated analysis expected soon 10* 10° 0 W0 10° 10" 10'° 10"
Neutrno anegy (GeV) 50



Atmospheric & high—E neutrinos

Victor Carretero, Annarita Margiotta, Kate Scholberg

KM3Net — ORCA (oscillation analysis): south of Toulon in
Mediterranean sea. Status: 28 detection unit (DU) strings (25%),

completion around 2028 (ORCA: 7 Mton seawater)

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

\
104 : ©
Accelerator v LHC v Astrophysicalv ©
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5 ¢ CCFR 97: v,/ DONUT: vetbe ] 7 e T N
. . QA3 A e e T X
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by FASER and SND =
W
o)
®FASERV 24: v,+D, @FASER 24:v, AFASER 24: v+, IceCube 17: v,+b,
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1 , '
103 104
Neutrino Energy E, [GeV]
SinZ 923 l F\F*7 == - Cosmogenc band /
[ | p(vu) ~ Zzotizg Pev Sources band
Collected 2.7 Mt-y of data in total, i) v
updated analysis expected soon 10¢ 10 10 W 10° 10° 10'° 10"
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Upcoming large-scale experiments

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

Long baseline accelerator and reactor experiments progressing with construction — amazing physics perspectives

Sanford
Underground
Research —
Facility ==

Fermilab

1.2 MW neutrino beam

Upgradable to 2.4MW
PIP-II project baselined

LBNF/DUNE status (1,300 km baseline, 2-3 GeV v 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

Hyper-Kamiokande

Mt. Noguchi-Goro
2,924 m

Intermediate Detector

IWCD - water CherenRov

Mt. Nijugoryama

I 1,700 m below sea level

Neutrino Beam

i 1km

'
)

Hyper-Kamiokande status (295 km baseline, x8 volume of Super-K,
x2.6 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

JUNO status (reactor v detector)

* Medium baseline: 53 km from two reactors, mass
ordering from precise measurement of fine v,
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




U pcom I n g Ia rge-scale experl me nts Justyna tagoda, Laura Pérez Molina, Kate Scholberg, Runze Zhao

~

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

Justyna tagoda

p
These detectors will also have significantly enhanced sensitivity to proton decay

Hyper-K sensitivity to p — e+ (30) decay in 20 years: 1x10% yr (current SK limit: > 2.4x1034 yr)

Expected 90% limits Expected 90% limits

p-ovK*

—e—JUNO 20 kton, 3¢
.. =———g— HK 186 kton HD , 3¢
DUNE 40 kton, staged , 3c

" e SK+SKGd 27 kton , 3¢

- poetn
* =——e— HK 186 kton HD , 3¢
DUNE 40 kton, staged , 3¢

 —o— SK+SKGd 27 kton , 3¢

/B [years]

/B [years]



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112011

Neutrino mass ordering and CP violation

Pilar Hernandez

When will we know?

2024 2030 2036 2042 2048 2032 2036 2040 2044

7— v mass ordering — 100 — Ocp ¢

o HK-10y ; : |
i i 1 801 HK-7y-30 DUNE-14y-30 |
: DUNE-3y JUNO-20y o — —

5.‘““““““““"“““““""“-‘ “““ S MO known

Zb 4r - ] g . HK-5y-50 DUNE-10y-50

L o B — —_—
- JUNO-7 = I

3 -~ -~ ' _____ Y § 40 =}
r 1 &N .

2 ENuFit24  ORCA i i

F ESPP ] o ESPP ]
! Preliminary ] i Preliminary

0 L1 I I | | ] 0 1 | 1
2024 2030 2036 2042 2048 2032 2036 2040 2044

Year Year
Vertical bar width due to uncertainty in PMNS elements, primarily 6.3 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
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R I g ht- h a n ded ne Utrl n os Enrique Fernandez Martinez

Simplest massive neutrino extension: add Majorana Ng to SM — basis of high-scale seesaw and leptogenesis scenarios

N 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 Ov(33

<« v oscillation & kinks in B spectrum | meson decays peak searches | fixed target & collider searches | indirect probes —

/

10~2 \ s §
(2001)) A
4 W
1073 vy .
—4 ATLAS tf i
10 (2024) EE
105 -] Constraints on
1 SM extension
_ 1 with single NV
1076 e with R
0 o g thatis SM
LSND 1 o
10_7 (EMA ET AL) B - S|ng|et and
ATLAS W= 3 mixes with ve
10_8 (BAROUKI ET AL) ?_
A 3
10_9 PIENU a .
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Cosmolo ]
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Dark matter & Axions

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 scalée (up to annihilation unitarity limit of ~100 TeV)

The DM sector may be complex!

“ 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”
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Dark matter halo — operating xenon experiments

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

Paloma Cimental, Amy Cottle,
Clara Murgui Galvez

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

XENONNT at LNGS,

Italy, 5.9 t active mass

Latest Sl result with 4.2 txyr exposure:
(LZ and XENONNT continue running until 2028)
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Latest Sl result with 3.1 / 1.54 txyr exposure for
XENONNT [2502.18005] / PandaX-4T [2408.00664]:

PandaX-4T at cuuL,

China, 3.7 t active mass

— XENONNT (this work)
—— XENONNT 2023

— 17 2023
—— PandaX-4T 2025

10—45

10—46 .

WIMP-nucleon cross-section oS! [cm?]

WIMP mass Mpm [GeV/c?]

10747 ¢
ouL(Mpm > 1TeV/c?) =
—-46 2 Mpm
3.7%x107*°cm Mrrave
1048 P ——— s
10 102 103

XENONNT and PandaX-4T report first evidence
of nuclear recoils from solar neutrinos (boron-8)

with a dark matter detector

arXiv:2408.02877
Ll SNO, 2013

{ XENONI1T, 2021

XENONNT, 2024
—— .
(This Work)

1 1 1 1

0 5 10 15 20
8B neutrino flux [10% cm—2571]

arXiv:2407.10892

|—0—| B16-GS98 prediction

XENONIT

-]

PandaX-4T (2023)

PandaX-4T (paired & US2 combined)

0 5 10 15 20 25
Solar 3B v flux [x10%cm—2s~1]

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

Zoe Balmforth, Clara Murgui Galvez

DarkSide-20Kk at LNGS, ltaly, Global consortia projects PandaX-xT at CJUL, China, staged
50 (20) t active (fiducial) Ar mass, well
advanced, begin data taking 2027/28

« XLZD (XENON, LZ, DARWIN), 60 t active Xe mass growth of PandaX-T to 43 t fiducial Xe mass

 ARGO at SNPLAB (300 t fiducial)

These experiments will need to deal with
neutrino fog

Exclusion 90% C.L.

pMSSM11 [EPJ C 78 256 2018]

All experiments include
DM, 2vBf3, Supernovae
alert, Sun v, etc. in their
physics programs

SN LZ 90%CL excl [2207.03764]
LZ 2.7 y (15.3 t yr)

=== XENONNnT 5 y (20.2 t yr)

=== DS-20k Fid. 5 y (100 t yr)

===« DS-20k Fid. 10 y (200 t yr)
DS-20k Ext. 10 y (460 t yr)

==: ARGO Fid. (3000 t yr)

=== XLZD (1000 t yr)

1
My [TeV/c?]
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Axions

Clara Murgui Galvez, Fabrice Hubaut

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

Haloscopes (relic axions)

Primakoff effect to resonantly
convert axions to photons in a
strong magnetic field

Signal power o g, - V - B

Cryoenic environment O(100 mK)
to minimise thermal noise, ultra-
low-noise amplifier, quantum
sensing

Helioscopes (solar axions)

IAXO (DESY, prototype
BabylAXO under construction):
meV ~ eV mass range

Light shining through
wall (lab axions)

ALPS, ALPS-Il (DESY
OSQAR (CERN)

i

B-field —>
Y

Axion ™~

Power

Frequency

IRV ~ .Ma
ton frequency: v, = m, = 240 MHz oV

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

ADMX (B = 7.6 T, Seattle) [new result: arXiv:2504.07279]
HAYSTAC (8T, 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

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



Axions

Clara Murgui Galvez

Current status (Helioscopes closeup) and future (full range) — very encouraging, but more work ahead!
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https://github.com/cajohare/AxionLimits/blob/master/docs/ap.md
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and Cosmology

ACDM 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 la observations, and

today’s energy density

{ 4
It achieves this without a clue about the nature of DM and dark - "'<* AV F
energy, and the mechanism for inflation. ACDM assumes a J e e
cosmological constant dark energy (A) with energy density that R % L7:/5 P rhc

is constant in space and time

T %; ‘60 %5 ¢ 'f’l‘\,C.
But there are some troubling signs... * lb plz _V(¢> = A (?)
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Gravitational waves (GW)

Antoine Petiteau, Aditya Vijaykumar

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

01+02+03 = 90, O4a* = 81, O4b* = 105, O4c* = 16, Total = 292
300 {* O4a, 04b, and O4c entries are preliminary candidates found online.

2100l 02 O03a03b O4a / O04b O4c

80

Cumulati

(4] 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

LIGO-G2302098(5c0987b1), updated on 30 March, 2025 Time ( DayS) Credit: LIGO-Virgo-KAGRA Collaboration

With Einstein and Cosmic Explorer expect to collect
> 10° BH-BH, BH-NS, and NS-NS merger events

Extraordinary scientific potential also with LISA
(38 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

arXiv:2111.03634, arXiv:2404.04248

causes

Supernova theory predicts

no BHs in this range.
Were these formed from -~
two smaller BHs merging?

these local
peaks?

i i

20 40
my [M @]

= BROKEN POWER Law + Dip

In light grey: posteriors

+ T |
5 N 10

. my [J[;v]

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)
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Gravitational waves (GW)

Antoine Petiteau, Jishnu Suresh, Sonali Verma

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)

 § '

|d"be produced by mady close by (~ light-day)
: “holes orbiting each otfier due to eal
mergers in the hearts of dlstant galaxies [link]

It could also be stochastic background from cosmological origin: first or
phase transition, cosmic strings, primordial black holes, -..

ImpoFtan’t to understand astrophysical stochastic background before probing

" the cosmological'one

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

Correlation coeefficient

0.8

0.61
0.41
0.21
0.0

-0.2

-0.44

-0.6

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

European Pulsar Timing Array NANOGrav
08FT T T T T T T T
06 ]
_04f N %Iﬂ 1 .
i 0.2 =
“E J:I_ T E
20 40 60 80 100 120 140 160 180 04 'o ' 30 ' 60 9 ' 120 ' 150 180I

Angular separation (deg) Separation Angle Between Pulsars, &, [degrees]

—— HD 4+ DR2full 4+ DR2new

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 ~30 evidence, but
significance is noise model dependent.
Important to analyse the combined data
(IPTA) to better understand the signal

Articles: arXiv:2306.16213, 2306.16214, 2306.16215,
2306.13611, Nature news1, news?2
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Size of Universe relative to today

Is dark energy weakening?

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)

Comoving distance from Earth Dy [Gpc]
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Is dark energy weakening?

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)

Evolving EOS model:
w(a) = wy + we (1 —a)

(p = wp. ACDM (const. neg.
press.) if wg = -1, w, =0,
a=(1+2)1)

arXiv:2503.14738

B DESI+CMB+Pantheon+

DESI4+CMB+Union3
I DESI+CMB+DESY5
~ --- DESI+-CMB

06 -04 —02

Wo

0.0

Main conclusions from cosmological analysis:

2.30 tension among ACDM fits of BAO and CMB data
3.10 evidence for dynamical dark energy from DESI+CMB
Adding SNe, discrepancy of 2.8—4.20, depending on data used

All datasets favour wg < —1 and w, < 0, indicating weakening
dark energy today

No indication of deviation from General Relativity

However:

w < —1 hard to achieve with standard dark energy models;
perhaps exotic dark energy or modification of gravity

Models other than ACDM are strongly constrained
CMB alone sees no deviation from ACDM (Planck, ACT)
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Is dark energy weakening?

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)
arXiv:2503.14738

Evolving EOS model: gl * _____________________________________________________ Main conclusions from cosmological analysis:
w(a) = wp + wy (1 —a) ACDM/ : Bl DESI+CMB+Pantheon+ « 2.30 tension among ACDM fits of BAO and CMB data
(p = wp. ACDM (const. neg. ! DESI+CMB+Union3 . 3.10 evidence for dynamical dark energy from DESI+CMB
pressl) if Wy = _1, Wy = 0’ i - DESI+CMB+DESY5 . . .
a=(1-2"1 i - - DESL+CMB » Adding SNe, discrepancy of 2.8—4.20, depending on data used
—1 i +  All datasets favour wy < —1 and w, < 0, indicating weakening
§ i | dark energy today
i « No indication of deviation from General Relativity
o i However:

| 5. x « w < —1 hard to achieve with standard dark energy models;

i SN, perhaps exotic dark energy or modification of gravity

i *  Models other than ACDM are strongly constrained

_3l : : : — «  CMB alone sees no deviation from ACDM (Planck, ACT)
-1.0 —0.8 —0.6 —-04 —-0.2 0.0
Wo
Hubble tension: Ho = (68.50 + 0.58) km s~! Mpc~' (DESI + BBN) *SHOES: Hubble telescope measurement based on
D|d new physics a|ter the Sound HO — (674 + 05 ) km S—1 MpC—1 (CMB) SN la’'s |Umin08ity-ca|ibrated aga?ﬂst intermediate—
horizon in the early universe (used 1 1 > 50 tension dlstanc? cepheids, which are calibrated against 4
o calibate both CMB and BAOs)? HO = (73_1 7 + 0_86) km s Mpc (SN la, SHOES*) nearby “geometric anchors” whose distance is known
Very difficult analysis, not the final word JWST with better resolution will provide further clues
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Absolute neutrino masses and mass ordering

Julian Bautista, Enrique Fernandez

Martinez, Adrien La Posta

Solid / model-

Best current direct limit m,,, < 450 meV (KATRIN 2024 at 90% CL, using high-activity | independent

tritium source and precision spectroscopy of B-decay close to kinematic endpoint)

OvBB limit: | X, UZ,m,| < 28-122 meV (KamLAND-Zen at 90% CL, assuming
mediation by light Majorana neutrinos)

Cosmological limits (95% CL):

Y, m, < 89 meV (CMB (Planck, ACT))
v ity ACDM
Y, my, < 53xcpMm (< 177w0waCDM) meV (CMB & BAO (DESI DR2), mild tension strengthens limit)

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

Solid / model-

Lower limit from oscillation data: independent

Yvm, > 58n0 (98109) meV (NuFit-6.0)

Normal Ordering Inverted Ordering

m? | U, )

. . . Am3,
Inverted ordering under tension in ACDM, am2 >0 I_:,,,l
but too early to conclude (Kate Scholberg: consider
using lab v results as input to cosmological analyses) Up| Ua U, Am}, <0
(Note: various assumptions in all these constraints, well IAm§1
documented in corresponding literature; if a conflict occurs, this y_yy:'”' Y

e y7 T

may be a hint for new physics!)
Very small (<20) preference for NO in global fit
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Euclrd c,'omplete Einstein ring |n NGC 6505 590M "
light-years from Earth [arXIV 2502. 06505, L|nk] oS ..
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https://www.esa.int/Science_Exploration/Space_Science/Euclid/Euclid_discovers_a_stunning_Einstein_ring
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