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Rappel : Le modèle standard
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Les particles et leurs propriétés
+

leurs interactions
=

le modèle standard

Modèle effectif ayant plusieurs lacunes connues, mais très 
prédictif, et qui fonctionne un peu trop bien.

• Asymétrie matière-antimatière de l'univers ; gravitation ; énergie noire ; matière noire ; 
masses des neutrinos ; paramètres arbitraires ; hiérarchie d'échelles inexpliquée



Le charme, la beauté

3

Aujourd'hui : autour de particules contenant de quarks c ou b :

En pratique (confinement), on étudie des hadrons, principalement
baryons ( ) et antibaryons ( ) -- comme le proton ( )
mésons ( )

Et ça nous convient ! Physique plus riche.

qqq q̄q̄q̄ uud
qq̄
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et depuis ?EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-277
LHCb-PAPER-2025-051

January 9, 2026

Evidence for the rare decay

B+→ ωpµ+µ↑

LHCb collaboration†

Abstract

A search for the rare decay B+→ ωpµ+µ→ is performed using proton-proton
collision data recorded by the LHCb experiment at a center-of-mass energy
of

↑
s = 13TeV, corresponding to an integrated luminosity of 5.4 fb→1. An

excess of events is found with respect to the background-only expectation,
with a signal significance of 3.5 standard deviations, in the low invariant-
mass region of m(ωp) < 2.8GeV/c2. The branching fraction is measured to
be Blow(B+→ ωpµ+µ→) =

(
1.70+0.65

→0.56(stat) ± 0.17(syst) ± 0.14(ext)
)

↓ 10→8, where

the last uncertainty is due to external inputs on B(B+→ J/εωp) ↓ B(J/ε→ µ+µ→).
With no significant signal observed in the high m(ωp) region above 2.8GeV/c2, an
upper limit is set to be Bhigh(B+→ ωpµ+µ→) < 2.8 (3.7) ↓ 10→9 at the 90% (95%)
confidence level.

Submitted to Phys. Rev. Lett.

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-267
LHCb-PAPER-2025-033

January 12, 2026

Search for lepton-number-violating

B→↑ D(↓)+µ→µ→
decays

LHCb collaboration†

Abstract

A search is performed for lepton-number-violating B→
→ D(↑)+µ→µ→ decays, using

data collected by the LHCb experiment in proton-proton collisions at a center-of-
mass energy of 13TeV, corresponding to an integrated luminosity of 5.4 fb→1. No
significant signal is observed, and upper limits are set on the branching fractions,
B(B→

→ D+µ→µ→) < 4.6 ↑ 10→8 and B(B→
→ D↑+µ→µ→) < 5.9 ↑ 10→8, at the 95%

confidence level.

Submitted to Phys. Rev. D

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.

ar
X

iv
:2

60
1.

07
65

7v
1 

 [h
ep

-e
x]

  1
2 

Ja
n 

20
26

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-276
LHCb-PAPER-2025-056

January 6, 2026

First evidence of the B0
s→ K↑ω+ε

decay

LHCb collaboration†

Abstract
The first search for the B0

s → K→ω+ε decay in the range 796 < m(K→ω+) <
1800MeV/c2 is performed using data from proton-proton collisions collected by the
LHCb experiment at centre-of-mass energies of 7, 8, and 13 TeV, corresponding
to an integrated luminosity of 9 fb→1. The photons are reconstructed through
their conversion into an electron-positron pair, which significantly improves the
mass resolution of the reconstructed decays with respect to decays with an un-
converted photon. A signal excess with a significance of 3.5 standard deviations
is measured, constituting the first experimental evidence for this decay. In the
range 796 < m(K→ω+) < 996MeV/c2, the ratio R between the branching frac-
tions of the signal decay and the favoured B0 → K→ω+ε decay is measured to
be R = (3.7± 1.2± 0.4)↑ 10→2 where the first uncertainty is statistical and the
second is systematic. This measurement is consistent with the value predicted
in the Standard Model. In the range 996 < m(K→ω+) < 1800MeV/c2, the ratio
R = (0.2± 2.7± 1.3)↑ 10→2 is measured.

Submitted to Phys. Rev. Lett.

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this Letter.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Phys. Lett. B. CERN-EP-2025-187
18th September 2025

Observation of 𝜴+𝜴→𝜶 production in 𝜷 𝜷 collisions

at
↑
𝜸 = 13 TeV with the ATLAS detector and

constraints on anomalous quartic gauge-boson

couplings

The ATLAS Collaboration

This Letter reports the observation of𝐿+
𝐿

→
𝑀 triboson production in 140 fb→1 of data collected

by the ATLAS detector from proton–proton collisions at a centre-of-mass energy of
↑
𝑁 =

13 TeV at the LHC. Events with an opposite-charge 𝑂𝑃 pair, a high transverse-momentum
photon, and significant missing transverse momentum are considered. The observed (expected)
significance of the signal is 5.9 (6.0) standard deviations. The measured fiducial cross-section,
defined for the 𝐿

+
𝐿

→
𝑀 ↓ 𝑂

±
𝑃
↔
𝑄𝑄̄𝑀 final state is 6.2 ± 0.8 (stat.) ± 0.6 (sys.) fb, in good

agreement with the Standard Model prediction of 6.1+1.0
→0.7 fb. Constraints on the Wilson

coe!cients of 13 dimension-8 operators describing physics beyond the Standard Model
through anomalous quartic gauge-boson couplings are derived using the e"ective

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Phys. Rev. D 112 (2025) 092015
DOI: 10.1103/15p2-bkg8

CERN-EP-2025-194
December 5, 2025

Search for electroweak-scale dijet resonances using
trigger-level analysis with the ATLAS detector in

132 fb−1 of 𝜴 𝜴 collisions at →𝜶 = 13 TeV

The ATLAS Collaboration

This article reports on a search for dijet resonances using 132 fb−1 of 𝐿𝐿 collision data
recorded at

→
𝑀 = 13 TeV by the ATLAS detector at the Large Hadron Collider. The search

is performed solely on jets reconstructed within the ATLAS trigger to overcome bandwidth
limitations imposed on conventional single-jet triggers, which would otherwise reject data
from decays of sub-TeV dijet resonances. Collision events with two jets satisfying transverse
momentum thresholds of 𝐿T ↑ 85 GeV and jet rapidity separation of |𝑁↓ | < 0.6 are analysed
for dijet resonances with invariant masses from 375 to 1800 GeV. A data-driven background
estimate is used to model the dijet mass distribution from multijet processes. No significant
excess above the expected background is observed. Upper limits are set at 95% confidence level
on coupling values for a benchmark leptophobic axial-vector 𝑂 ↔ model and on the production
cross-section for a new resonance contributing a Gaussian-distributed line-shape to the dijet
mass distribution.

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: JHEP 10 (2025) 093
DOI: 10.1007/JHEP10(2025)093

CERN-EP-2025-178
31st October 2025

Search for the production of a Higgs boson in
association with a single top quark in 𝜴 𝜴 collisions

at
→
𝜶 = 13 TeV with the ATLAS detector

The ATLAS Collaboration

A search for the production of a Higgs boson in association with a single top quark, tH, is
presented. The analysis uses proton–proton collision data corresponding to an integrated
luminosity of 140 fb−1 at a centre-of-mass energy of 13 TeV, collected by the ATLAS detector
at the LHC. The search targets Higgs-boson decays into 𝐿𝐿̄, 𝑀𝑀

→, 𝑁𝑁→, and 𝑂𝑂, accompanied
by an isolated lepton (electron or muon) from the top-quark decay. Multivariate techniques are
employed to enhance the separation between signal and background processes. The observed
signal strength, 𝑃tH , defined as the ratio between the measured cross-section and the predicted
Standard Model value, is 𝑃tH = 8.1 ± 2.6 (stat.) ± 2.0 (syst.). The significance of
the observed (expected) signal above the background-only expectation is 2.8 (0.4) standard
deviations. The corresponding observed (expected) upper limit at the 95% confidence level on
the tH cross-section is found to be 13.9 (6.1) times the value predicted by the Standard Model.
An interpretation with an inverted sign of the top-quark Yukawa coupling is performed, and
the signal strength and corresponding limit are reported.

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-287
2025/12/22

CMS-TOP-25-016

Characterization of the quantum state of top quark pairs
produced in proton-proton collisions at

→
s = 13 TeV using

the beam and helicity bases

The CMS Collaboration*

Abstract

Measurements of the spin correlation coefficients in the beam basis are presented for
top quark-antiquark (tt) systems produced in proton-proton collisions at

→
s = 13 TeV

collected by the CMS experiment in 2016–2018, and corresponding to an integrated
luminosity of 138 fb↑1. The tt system is reconstructed from final states containing
an electron or muon, and jets. Together with the previously reported results in the
helicity basis, these measurements are used to decompose the system into the Bell
and spin eigenstates in various kinematic regions. The spin correlation coefficients
are also used to evaluate properties of the tt quantum state, such as the purity, von
Neumann entropy, and entanglement. All results are consistent with standard model
predictions.

Submitted to Physical Review D

© 2025 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-206
2026/01/21

CMS-SMP-22-009

Measurement of the Zγ production cross section and
search for anomalous neutral triple gauge couplings in pp

collisions at
→

s = 13 TeV

The CMS Collaboration*

Abstract

A measurement of the fiducial cross section of the associated production of a Z boson
and a high-pT photon, where the Z decays to two neutrinos, and a search for anoma-
lous triple gauge couplings are reported. The results are based on data collected by
the CMS experiment at the LHC in proton-proton collisions at

→
s = 13 TeV during

2016–2018, corresponding to an integrated luminosity of 138 fb↑1. The fiducial Zγ
cross section, where a photon with a pT greater than 225 GeV is produced in associa-
tion with a Z, and the Z decays to a νν pair (Z(νν)γ), is measured to be 23.3+1.4

↑1.3 fb,
in agreement, within uncertainties, with the standard model prediction. The differ-
ential cross section as a function of the photon pT has been measured and compared
with standard model predictions computed at next-to-leading and at next-to-next-
to-leading order in perturbative quantum chromodynamics. Constraints have been
placed on the presence of anomalous couplings that affect the ZZγ and Zγγ vertex
using the pT spectrum of the photons. The observed 95% confidence level intervals for
CP-conserving h

γ
3 and h

γ
4 are determined to be (↑3.4, 3.5)↓10↑4 and (↑6.8, 6.8)↓10↑7,

and for h
Z
3 and h

Z
4 they are (↑2.2, 2.2)↓10↑4 and (↑4.1, 4.2)↓10↑7, respectively. These

are the strictest limits to date on h
γ
3 , h

Z
3 and h

Z
4 .

Submitted to the Journal of High Energy Physics

© 2026 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-270
2026/01/21

CMS-B2G-25-003

Combination of searches for heavy vector boson resonances
in proton-proton collisions at

→
s = 13 TeV

The CMS Collaboration

Abstract

A combined statistical analysis of searches for heavy vector boson resonances de-
caying into pairs of W, Z, or Higgs bosons, as well as into quark pairs (qq, bb, tt ,
tb) or lepton pairs (ω+ω↑, ων ), with ω = e, µ, τ , is presented. The results are based on
proton-proton collision data at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 138 fb↑1, collected by the CMS experiment from 2016 to 2018.
No significant deviation from the expectations of the standard model is observed. The
results are interpreted in the simplified heavy vector triplet (HVT) framework, set-
ting 95% confidence level upper limits on the production cross sections and coupling
strengths to standard model particles or the HVT bosons. The results exclude HVT
resonances with masses below 5.5 TeV in a weakly coupled scenario, below 4.8 TeV in
a strongly coupled scenario, and up to 2.0 TeV in the case of production via vector bo-
son fusion. The combination provides the most stringent constraints to date on new
phenomena predicted by the HVT model.

Submitted to the Journal of High Energy Physics

© 2026 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license
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Belle II Preprint 2025-029
KEK Preprint 2025-36

A search for feebly-interacting particles in B decays with missing energy at Belle
(The Belle and Belle II Collaborations)

M. Abumusabh , I. Adachi , L. Aggarwal , H. Ahmed , Y. Ahn , H. Aihara , N. Akopov , S. Alghamdi ,
M. Alhakami , A. Aloisio , N. Althubiti , K. Amos , N. Anh Ky , C. Antonioli , D. M. Asner ,

H. Atmacan , T. Aushev , R. Ayad , V. Babu , H. Bae , N. K. Baghel , S. Bahinipati , P. Bambade ,
Sw. Banerjee , M. Barrett , M. Bartl , J. Baudot , A. Beaubien , F. Becherer , J. Becker , J. V. Bennett ,
F. U. Bernlochner , V. Bertacchi , M. Bertemes , E. Bertholet , M. Bessner , S. Bettarini , V. Bhardwaj ,

F. Bianchi , T. Bilka , D. Biswas , A. Bobrov , D. Bodrov , A. Bondar , G. Bonvicini , J. Borah ,
A. Boschetti , A. Bozek , M. Bračko , P. Branchini , N. Brenny , T. E. Browder , A. Budano , S. Bussino ,

Q. Campagna , M. Campajola , L. Cao , G. Casarosa , C. Cecchi , P. Chang , P. Cheema , C. Chen ,
L. Chen , B. G. Cheon , C. Cheshta , H. Chetri , K. Chilikin , J. Chin , K. Chirapatpimol , H.-E. Cho ,

K. Cho , S.-J. Cho , S.-K. Choi , S. Choudhury , S. Chutia , J. Cochran , J. A. Colorado-Caicedo ,
I. Consigny , L. Corona , J. X. Cui , E. De La Cruz-Burelo , S. A. De La Motte , G. de Marino ,
G. De Nardo , G. De Pietro , R. de Sangro , M. Destefanis , S. Dey , R. Dhayal , J. Dingfelder ,
Z. Doležal , I. Domı́nguez Jiménez , T. V. Dong , X. Dong , G. Dujany , P. Ecker , D. Epifanov ,

R. Farkas , P. Feichtinger , T. Ferber , T. Fillinger , C. Finck , G. Finocchiaro , F. Forti , B. G. Fulsom ,
A. Gabrielli , A. Gale , E. Ganiev , M. Garcia-Hernandez , R. Garg , L. Gärtner , G. Gaudino , V. Gaur ,
V. Gautam , A. Gellrich , G. Ghevondyan , D. Ghosh , H. Ghumaryan , G. Giakoustidis , R. Giordano ,

A. Giri , P. Gironella Gironell , A. Glazov , B. Gobbo , R. Godang , O. Gogota , P. Goldenzweig ,
E. Graziani , D. Greenwald , K. Gudkova , I. Haide , Y. Han , H. Hayashii , S. Hazra , C. Hearty ,

M. T. Hedges , A. Heidelbach , G. Heine , I. Heredia de la Cruz , M. Hernández Villanueva , T. Higuchi ,
M. Hoek , M. Hohmann , R. Hoppe , P. Horak , X. T. Hou , C.-L. Hsu , T. Humair , T. Iijima ,

G. Inguglia , N. Ipsita , A. Ishikawa , R. Itoh , M. Iwasaki , P. Jackson , W. W. Jacobs , E.-J. Jang ,
Q. P. Ji , S. Jia , Y. Jin , A. Johnson , A. B. Kaliyar , J. Kandra , K. H. Kang , S. Kang , G. Karyan ,

F. Keil , C. Ketter , C. Kiesling , D. Y. Kim , J.-Y. Kim , K.-H. Kim , H. Kindo , K. Kinoshita ,
P. Kodyš , T. Koga , S. Kohani , K. Kojima , A. Korobov , S. Korpar , E. Kovalenko , R. Kowalewski ,
P. Križan , P. Krokovny , T. Kuhr , D. Kumar , K. Kumara , T. Kunigo , A. Kuzmin , Y.-J. Kwon ,
S. Lacaprara , T. Lam , J. S. Lange , T. S. Lau , M. Laurenza , R. Leboucher , F. R. Le Diberder ,
H. Lee , M. J. Lee , C. Lemettais , P. Leo , P. M. Lewis , C. Li , H.-J. Li , L. K. Li , Q. M. Li ,

W. Z. Li , Y. Li , Y. B. Li , Y. P. Liao , J. Libby , J. Lin , S. Lin , Z. Liptak , M. H. Liu , Q. Y. Liu ,
Z. Liu , D. Liventsev , S. Longo , A. Lozar , C. Lyu , J. L. Ma , Y. Ma , M. Maggiora , S. P. Maharana ,

R. Maiti , G. Mancinelli , R. Manfredi , E. Manoni , M. Mantovano , D. Marcantonio , M. Marfoli ,
C. Marinas , C. Martellini , A. Martens , T. Martinov , L. Massaccesi , M. Masuda , D. Matvienko ,

S. K. Maurya , M. Maushart , J. A. McKenna , Z. Mediankin Gruberová , R. Mehta , F. Meier ,
D. Meleshko , M. Merola , C. Miller , M. Mirra , K. Miyabayashi , H. Miyake , R. Mizuk , G. B. Mohanty ,
S. Moneta , A. L. Moreira de Carvalho , H.-G. Moser , M. Mrvar , H. Murakami , I. Nakamura , M. Nakao ,

Y. Nakazawa , M. Naruki , Z. Natkaniec , A. Natochii , M. Nayak , M. Neu , S. Nishida , R. Nomaru ,
S. Ogawa , H. Ono , F. Otani , G. Pakhlova , A. Panta , S. Pardi , K. Parham , J. Park , K. Park ,
S.-H. Park , A. Passeri , S. Patra , S. Paul , T. K. Pedlar , R. Pestotnik , M. Piccolo , L. E. Piilonen ,
P. L. M. Podesta-Lerma , T. Podobnik , C. Praz , S. Prell , E. Prencipe , M. T. Prim , S. Privalov ,
H. Purwar , P. Rados , S. Raiz , K. Ravindran , J. U. Rehman , M. Reif , S. Reiter , L. Reuter ,
D. Ricalde Herrmann , I. Ripp-Baudot , G. Rizzo , S. H. Robertson , J. M. Roney , A. Rostomyan ,
N. Rout , S. Saha , L. Salutari , D. A. Sanders , S. Sandilya , L. Santelj , C. Santos , V. Savinov ,
B. Scavino , S. Schneider , G. Schnell , M. Schnepf , K. Schoenning , C. Schwanda , A. J. Schwartz ,

Y. Seino , K. Senyo , J. Serrano , M. E. Sevior , C. Sfienti , W. Shan , G. Sharma , X. D. Shi ,
T. Shillington , T. Shimasaki , J.-G. Shiu , D. Shtol , A. Sibidanov , F. Simon , J. Skorupa ,

M. Sobotzik , A. So!er , A. Sokolov , E. Solovieva , S. Spataro , K. Špenko , B. Spruck , M. Starič ,
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Belle II Preprint 2025-030
KEK Preprint 2025-37

Measurement of inclusive B → Xuωε partial branching fractions and |Vub| at Belle II

M. Abumusabh , I. Adachi , K. Adamczyk , L. Aggarwal , H. Ahmed , Y. Ahn , H. Aihara , N. Akopov ,
S. Alghamdi , M. Alhakami , A. Aloisio , N. Althubiti , K. Amos , N. Anh Ky , C. Antonioli ,

D. M. Asner , H. Atmacan , T. Aushev , R. Ayad , V. Babu , H. Bae , N. K. Baghel , S. Bahinipati ,
P. Bambade , Sw. Banerjee , M. Barrett , M. Bartl , J. Baudot , A. Beaubien , F. Becherer , J. Becker ,
J. V. Bennett , F. U. Bernlochner , V. Bertacchi , M. Bertemes , E. Bertholet , M. Bessner , S. Bettarini ,
V. Bhardwaj , B. Bhuyan , F. Bianchi , T. Bilka , D. Biswas , A. Bobrov , D. Bodrov , G. Bonvicini ,

J. Borah , A. Boschetti , A. Bozek , M. Bračko , P. Branchini , R. A. Briere , T. E. Browder , A. Budano ,
S. Bussino , Q. Campagna , M. Campajola , L. Cao , G. Casarosa , C. Cecchi , P. Chang , P. Cheema ,
L. Chen , B. G. Cheon , C. Cheshta , H. Chetri , K. Chilikin , J. Chin , K. Chirapatpimol , H.-E. Cho ,

K. Cho , S.-J. Cho , S.-K. Choi , S. Choudhury , S. Chutia , J. Cochran , J. A. Colorado-Caicedo ,
I. Consigny , L. Corona , J. X. Cui , E. De La Cruz-Burelo , S. A. De La Motte , G. De Nardo ,
G. De Pietro , R. de Sangro , M. Destefanis , S. Dey , A. Di Canto , J. Dingfelder , Z. Doležal ,

I. Domı́nguez Jiménez , T. V. Dong , X. Dong , M. Dorigo , G. Dujany , P. Ecker , J. Eppelt , R. Farkas ,
P. Feichtinger , T. Ferber , T. Fillinger , C. Finck , G. Finocchiaro , F. Forti , B. G. Fulsom , A. Gabrielli ,

A. Gale , E. Ganiev , M. Garcia-Hernandez , R. Garg , G. Gaudino , V. Gaur , V. Gautam , A. Gaz ,
A. Gellrich , G. Ghevondyan , D. Ghosh , H. Ghumaryan , G. Giakoustidis , R. Giordano , A. Giri ,
P. Gironella Gironell , A. Glazov , B. Gobbo , R. Godang , O. Gogota , P. Goldenzweig , W. Gradl ,

M. Graf-Schreiber , E. Graziani , D. Greenwald , Y. Guan , K. Gudkova , I. Haide , Y. Han ,
H. Hayashii , S. Hazra , C. Hearty , M. T. Hedges , A. Heidelbach , G. Heine , I. Heredia de la Cruz ,
M. Hernández Villanueva , T. Higuchi , M. Hoek , M. Hohmann , R. Hoppe , P. Horak , X. T. Hou ,

C.-L. Hsu , A. Huang , T. Humair , T. Iijima , K. Inami , N. Ipsita , A. Ishikawa , R. Itoh , M. Iwasaki ,
P. Jackson , D. Jacobi , W. W. Jacobs , E.-J. Jang , S. Jia , Y. Jin , A. Johnson , M. Kaleta ,
A. B. Kaliyar , J. Kandra , K. H. Kang , S. Kang , G. Karyan , F. Keil , C. Ketter , M. Khan ,
C. Kiesling , D. Y. Kim , J.-Y. Kim , K.-H. Kim , H. Kindo , K. Kinoshita , P. Kodyš , T. Koga ,

S. Kohani , K. Kojima , A. Korobov , S. Korpar , E. Kovalenko , R. Kowalewski , P. Križan ,
P. Krokovny , T. Kuhr , Y. Kulii , D. Kumar , K. Kumara , T. Kunigo , Y.-J. Kwon , S. Lacaprara ,

T. Lam , L. Lanceri , J. S. Lange , T. S. Lau , M. Laurenza , R. Leboucher , F. R. Le Diberder ,
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P. Križan , P. Krokovny , T. Kuhr , Y. Kulii , D. Kumar , K. Kumara , T. Kunigo , A. Kuzmin ,
Y.-J. Kwon , S. Lacaprara , K. Lalwani , T. Lam , J. S. Lange , T. S. Lau , M. Laurenza , R. Leboucher ,

F. R. Le Diberder , H. Lee , M. J. Lee , C. Lemettais , P. Leo , P. M. Lewis , C. Li , H.-J. Li ,
L. K. Li , Q. M. Li , S. X. Li , W. Z. Li , Y. Li , Y. B. Li , Y. P. Liao , J. Libby , J. Lin , S. Lin ,
Z. Liptak , M. H. Liu , Q. Y. Liu , Y. Liu , Z. Liu , D. Liventsev , S. Longo , A. Lozar , T. Lueck ,
T. Luo , C. Lyu , J. L. Ma , Y. Ma , M. Maggiora , S. P. Maharana , R. Maiti , G. Mancinelli ,

R. Manfredi , E. Manoni , M. Mantovano , D. Marcantonio , S. Marcello , C. Marinas , C. Martellini ,
A. Martens , T. Martinov , L. Massaccesi , M. Masuda , D. Matvienko , S. K. Maurya , M. Maushart ,
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Long-range transverse momentum correlations and radial flow in Pb→Pb
collisions at the LHC

ALICE Collaboration*

Abstract

This Letter presents measurements of long-range transverse-momentum correlations using a new
observable, v0(pT), which serves as a probe of radial flow and medium properties in heavy-ion col-
lisions. Results are reported for inclusive charged particles, pions, kaons, and protons across various
centrality intervals in Pb→Pb collisions at

↑
sNN = 5.02 TeV, recorded by the ALICE detector. A

pseudorapidity-gap technique, similar to that used in anisotropic-flow studies, is employed to sup-
press short-range correlations. At low pT, a characteristic mass ordering consistent with hydrody-
namic collective flow is observed. At higher pT (> 3 GeV/c), protons exhibit larger v0(pT) than
pions and kaons, in agreement with expectations from quark-recombination models. These results
are sensitive to the bulk viscosity and the equation of state of the QCD medium formed in heavy-ion
collisions.

*See Appendix B for the list of collaboration members
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Coherent J/! photoproduction at midrapidity in Pb–Pb collisions at→
sNN = 5.02

→
sNN = 5.02→
sNN = 5.02 TeV

ALICE Collaboration*

Abstract

The coherent J/! photoproduction cross section is measured for the first time at midrapidity in
peripheral to semicentral Pb–Pb collisions at

→
sNN = 5.02 TeV. The centrality differential cross

section d∀/dy is reported for the centrality range 40–90%, together with the doubly-differential cross
section d2∀/dydpT, extracted in two peripheral centrality classes. The J/! mesons are reconstructed
in the dielectron channel, in the rapidity interval |y|< 0.9 using the ALICE central barrel detectors.
The J/! cross section at midrapidity is statistically compatible to the earlier ALICE measurement at
forward rapidity and at the same centre-of-mass energy, and shows only a mild centrality dependence
over the covered range. Several sets of theoretical calculations taking into account the hadronic
overlap in the collisions but ignoring possible final-state effects from a hot expanding medium are
found to give a fairly good description of the current measurements within uncertainties.

*See Appendix A for the list of collaboration members
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Article

Joint neutrino oscillation analysis from the 
T2K and NOvA experiments

The NOvA Collaboration*✉ & The T2K Collaboration*✉

The landmark discovery that neutrinos have mass and can change type (or !avour) as 
they propagate—a process called neutrino oscillation1–6—has opened up a rich array  
of theoretical and experimental questions being actively pursued today. Neutrino 
oscillation remains the most powerful experimental tool for addressing many of these 
questions, including whether neutrinos violate charge-parity (CP) symmetry, which 
has possible connections to the unexplained preponderance of matter over antimatter 
in the Universe7–11. Oscillation measurements also probe the mass-squared di"erences 
between the di"erent neutrino mass states (∆m2), whether there are two light states 
and a heavier one (normal ordering) or vice versa (inverted ordering), and the structure 
of neutrino mass and !avour mixing12. Here we carry out the $rst%joint analysis of 
datasets from NOvA13 and T2K14, the two currently operating long-baseline neutrino 
oscillation experiments (hundreds of kilometres of neutrino travel distance), taking 
advantage of our complementary experimental designs and setting new constraints 
on several neutrino sector parameters. This analysis provides new precision on  
the m∆ 32

2  mass di"erence, $nding 2.43 × 10 eV−0.03
+0.04 −3 2 in the normal ordering and 

−2.48 × 10 eV−0.04
+0.03 −3 2 in the inverted ordering, as well as a 3σ interval on δCP of [−1.38(, 

0.30(] in the normal ordering and [−0.92(, −0.04(] in the inverted ordering. The data 
show no strong preference for either mass ordering, but notably, if inverted ordering 
were assumed true within the three-!avour mixing model, then our results would 
provide evidence of CP symmetry violation in the lepton sector.

The standard model of particle physics, extended to include neutrino 
mass, describes three-flavour eigenstates of neutrinos (νe, )µ, ντ) that 
are related to three mass eigenstates (ν1, ν2, ν3) by the 3+×+3 complex 
Pontecorvo–Maki–Nakagawa–Sakata unitary mixing matrix UPMNS 
(refs.+15–17). This mixing, together with non-zero neutrino mass, allows 
for the phenomenon of neutrino oscillation, in which, during propaga-
tion, the flavour content of a neutrino evolves at a rate that depends 
on neutrino mass-squared splittings ( m m m∆ , −ij i j

2 2 2 ) and the UPMNS 
matrix elements. Apart from these oscillation parameters, the rate 
depends on neutrino energy E) and neutrino propagation distance L 
(baseline). Although experiments studying this process in recent dec-
ades have provided insights into the details of neutrino masses and 
mixings12, many open questions remain.

The mixing matrix UPMNS is typically parameterized in terms of three 
mixing angles (θ12, θ13, θ23) and at least one complex phase δCP (ref.+12). 
It is unknown whether sin+δCP is non-zero; if it is, neutrinos—and thus 
leptons—violate charge-parity (CP) symmetry and thereby provide a 
source of matter–antimatter asymmetry in nature17, which is of great 
interest given the connection between CP violation and the unexplained 
matter dominance in the Universe7–11. Separately, oscillation experi-
ments have established that the mass-squared splitting m∆ 32

2  is roughly 
30 times larger in magnitude than m∆ 21

2 , but the sign of the former is 
at present unknown. That is, ν3 may be heavier or lighter than the ν1–ν2 
pair, with these two options termed, respectively, the normal ( m∆ > 032

2 ) 
and inverted ( m∆ < 032

2 ) mass orderings. Knowledge of the mass  

ordering can constrain experimental searches and theory development 
in a wide range of physics, including absolute neutrino mass measure-
ments18, neutrinoless double beta decay searches to investigate the 
nature of neutrino mass19, models of supernova explosion and detec-
tion20,21, and the cosmological evolution evidenced in cosmic micro-
wave background and large-scale structure measurements22. For the 
mixing angles, current data suggest θ23 is near 45°, a notable value 
hinting at a µ/τ flavour symmetry17. Improved precision on this and 
other mixing angles is essential for gaining a clearer view of flavour 
mixing and to probe the validity of the three-flavour model.

Long-baseline accelerator neutrino oscillation experiments are well 
suited to address the above questions. In these, a high-intensity neu-
trino beam enriched in muon neutrinos ()µ) or muon antineutrinos ()µ) 
is produced at a particle accelerator and directed through the crust of 
Earth towards a massive far detector located hundreds of kilometres 
away. Note that the word ‘neutrino’ is used to mean both neutrino and 
antineutrino unless stated otherwise. The far detector measures the 
event rates of )µ and νe—the latter primarily from )µ+-+νe oscillation—as 
a function of neutrino energy, from which the oscillation parameters 
above can be determined. These experiments use near detectors, sited 
a short distance from the beam source, in which oscillation effects are 
negligible and a very high neutrino event rate can be measured. The 
near detectors provide vital control measurements that substantially 
mitigate large systematic uncertainties in the initial neutrino flux, 
neutrino-on-nucleus interaction cross-sections and in some cases 
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Search for the charmonium semi-leptonic weak
decay J/ω → D↑

s e
+εe + c.c.

The BESIII collaboration

E-mail: besiii-publications@ihep.ac.cn

Abstract: Using a data sample of (10087±44)→106 J/ω events collected with the BESIII
detector at a centre-of-mass energy of

↑
s = 3.097 GeV, a dedicated search for the charmo-

nium semileptonic weak decay J/ω ↓ D→
s e

+εe + c.c. is performed. No significant signal is
observed. An upper limit on the branching fraction is set at B(J/ω ↓ D→

s e
+εe + c.c.) <

1.0 → 10→7 at the 90% confidence level. This result improves upon previous constraints
by an order of magnitude, representing the most stringent experimental limit to date. It
thus provides a critical test of Standard Model predictions and new physics scenarios in
heavy-quark dynamics.

Keywords: e+e→ experiment, charmonium, semi-leptonic decay
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Search for heavy neutral leptons in

B-meson decays

LHCb collaboration†

Abstract

A search for long-lived heavy neutral leptons produced in B-meson decays and
decaying to a µ±ω→ final state is performed with data collected by the LHCb
experiment in proton–proton collisions at a centre-of-mass energy of 13 TeV, corre-
sponding to an integrated luminosity of 5 fb↑1. The results are interpreted in both
lepton-number-conserving and lepton-number-violating scenarios. No significant
excess is observed. Constraints are placed on the squared mixing element |UµN|

2

to the active muon neutrino, under the assumption that couplings to other lepton
flavours are negligible, in the mass range of 1.6–5.5 GeV.

Submitted to JHEP

© 2025 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.

ar
X

iv
:2

51
2.

14
55

1v
1 

 [h
ep

-e
x]

  1
6 

D
ec

 2
02

5

Model-independent extraction of form factors and jVcbj in B̄ → Dl− ν̄l
with hadronic tagging at BABAR

J. P. Lees , V. Poireau , V. Tisserand , E. Grauges , A. Palano , G. Eigen , D. N. Brown , Yu. G. Kolomensky ,
M. Fritsch , H. Koch , R. Cheaib , C. Hearty , T. S. Mattison , J. A. McKenna , R. Y. So , V. E. Blinov ,
A. R. Buzykaev , V. P. Druzhinin , E. A. Kozyrev , E. A. Kravchenko , S. I. Serednyakov , Yu. I. Skovpen ,

E. P. Solodov , K. Yu. Todyshev , A. J. Lankford , B. Dey , J. W. Gary , O. Long , A. M. Eisner , W. S. Lockman ,
W. Panduro Vazquez , D. S. Chao , C. H. Cheng , B. Echenard , K. T. Flood , D. G. Hitlin , Y. Li , D. X. Lin ,
S. Middleton , T. S. Miyashita , P. Ongmongkolkul , J. Oyang , F. C. Porter , M. Röhrken , B. T. Meadows ,
M. D. Sokoloff , J. G. Smith , S. R. Wagner , D. Bernard , M. Verderi , D. Bettoni , C. Bozzi , R. Calabrese ,
G. Cibinetto , E. Fioravanti , I. Garzia , E. Luppi , V. Santoro , A. Calcaterra , R. de Sangro , G. Finocchiaro ,
S. Martellotti , P. Patteri , I. M. Peruzzi , M. Piccolo , M. Rotondo , A. Zallo , S. Passaggio , C. Patrignani ,
B. J. Shuve , H. M. Lacker , B. Bhuyan , U. Mallik , C. Chen , J. Cochran , S. Prell , A. V. Gritsan , N. Arnaud ,

M. Davier , F. Le Diberder , A. M. Lutz , G. Wormser , D. J. Lange , D. M. Wright , J. P. Coleman ,
D. E. Hutchcroft , D. J. Payne , C. Touramanis , A. J. Bevan , F. Di Lodovico , G. Cowan , Sw. Banerjee ,

D. N. Brown , C. L. Davis , A. G. Denig , W. Gradl , K. Griessinger , A. Hafner , K. R. Schubert , R. J. Barlow ,
G. D. Lafferty , R. Cenci , A. Jawahery , D. A. Roberts , R. Cowan , S. H. Robertson , R. M. Seddon , N. Neri ,
F. Palombo , L. Cremaldi , R. Godang , D. J. Summers ,* G. De Nardo , C. Sciacca , C. P. Jessop , J. M. LoSecco ,
K. Honscheid , A. Gaz , M. Margoni , G. Simi , F. Simonetto , R. Stroili , S. Akar , E. Ben-Haim , M. Bomben ,
G. R. Bonneaud , G. Calderini , J. Chauveau , G. Marchiori , J. Ocariz , M. Biasini , E. Manoni , A. Rossi ,
G. Batignani , S. Bettarini , M. Carpinelli , G. Casarosa , M. Chrzaszcz , F. Forti , M. A. Giorgi , A. Lusiani ,
B. Oberhof , E. Paoloni , M. Rama , G. Rizzo , J. J. Walsh , L. Zani , A. J. S. Smith , F. Anulli , R. Faccini ,
F. Ferrarotto , F. Ferroni , A. Pilloni , C. Bünger , S. Dittrich , O. Grünberg , T. Leddig , C. Voß , R. Waldi ,
T. Adye , F. F. Wilson , S. Emery , G. Vasseur , D. Aston , C. Cartaro , M. R. Convery , W. Dunwoodie ,
M. Ebert , R. C. Field , B. G. Fulsom , M. T. Graham , C. Hast , P. Kim , S. Luitz , D. B. MacFarlane ,
D. R. Muller , H. Neal , B. N. Ratcliff , A. Roodman , M. K. Sullivan , J. Va’vra , W. J. Wisniewski ,

M. V. Purohit , J. R. Wilson , S. J. Sekula , H. Ahmed , N. Tasneem , M. Bellis , P. R. Burchat , E. M. T. Puccio ,
J. A. Ernst , R. Gorodeisky , N. Guttman , D. R. Peimer , A. Soffer , S. M. Spanier , J. L. Ritchie , J. M. Izen ,
X. C. Lou , F. Bianchi , F. De Mori , A. Filippi , L. Lanceri , L. Vitale , F. Martinez-Vidal , A. Oyanguren ,
J. Albert , A. Beaulieu , F. U. Bernlochner , G. J. King , R. Kowalewski , T. Lueck , C. Miller , I. M. Nugent ,

J. M. Roney , R. J. Sobie , T. J. Gershon , P. F. Harrison , T. E. Latham , and S. L. Wu

(BABAR Collaboration)

(Received 29 November 2023; accepted 28 June 2024; published 20 August 2024)

Using the entire BABAR ϒð4SÞ dataset, the first two-dimensional unbinned angular analysis of the
semileptonic decay B̄ → Dl−ν̄l is performed, employing hadronic reconstruction of the tag-side B meson
fromϒð4SÞ → BB̄. Here,l denotes the light charged leptons e and μ. A novel data-driven signal-background
separation procedure with minimal dependence on simulation is developed. This procedure preserves all
multidimensional correlations present in the data. The expected sin2 θl dependence of the differential decay
rate in the Standard Model is demonstrated, where θl is the lepton helicity angle. Including input from the
latest lattice QCD calculations and previously available experimental data, the underlying form factors are
extracted using both model-independent (BGL) and dependent (CLN) methods. Comparisons with lattice
calculations show flavor SU(3) symmetry to be a good approximation in the BðsÞ → DðsÞ sector. Using the
BGL results, the CKMmatrix element jVcbj ¼ ð41.09$ 1.16Þ × 10−3 and the StandardModel prediction of
the lepton-flavor universality violation variable RðDÞ ¼ 0.300$ 0.004, are extracted. The value of jVcbj

*Deceased.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

PHYSICAL REVIEW D 110, 032018 (2024)

2470-0010=2024=110(3)=032018(17) 032018-1 Published by the American Physical Society

Aucune nouvelle particule élémentaire, mais une progression continue.
• Nous développons nos connaissances dans le cadre du MS
• Nous faisons des tests du MS de plus en plus précis
• Plusieurs percées, découvertes, et résultats marquants ( , 
oscillations (et CP?) de neutrinos, tetra+pentaquarks, couplages , ...)

g − 2
Hff



Stratégie

Trois approches complémentaires :

•Mesures et découvertes de physique qui rentre dans le 
cadre du Modèle Standard

•Mesures de précision de processus permis par le MS, mais 
sensibles à de nouveaux phénomènes (NP) au delà du MS

•Mesures d'observables censées être strictement nulles 
dans le MS

Nous verrons quelques exemples parmi de nombreux 
résultats expérimentaux du domaine.

6



Avec quel appareil ?

7

protons

protons

LHC : collisions  de 13,6 TeV 
(ou d'ions lourds)

pp

LHCb : un détecteur et une grande 
collaboration internationale...



LHCb : détecteur
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protons protons

20 mètres

10
 m

èt
re

s

Conçu pour les études de hadrons 
lourds : ...bq̄, bqq, cq̄, cqq,



LHCb : collaboration

9

Une fraction des membres de LHCb

 Un détecteur et une grande collaboration internationale.
LHCb comprend aujourd'hui 1839 membres dont environ 1130 
physicien.ne.s de 108 instituts de 27 pays. Nous avons publié 795 articles 
(plus 27 en revue).

Le ou la Physics Coordinator est responsable de la production scientifique 
de la collaboration. J'étais élu PC en 2018 (mandat de deux ans).

⇒



Stratégie

Trois approches complémentaires :

•Mesures et découvertes de physique qui rentre dans le 
cadre du Modèle Standard

•Mesures de précision de processus permis par le MS, mais 
sensibles à de nouveaux phénomènes (NP) au delà du MS

•Mesures d'observables censées être strictement nulles 
dans le MS
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Études de hadrons
•Comment étudier des quarks, si on ne peut pas les 

produire en isolation ? Les propriétés de hadrons !

•Dont : spectroscopie hadronique.

•Connexion profonde à la nature des quarks, à la 
théorie des groupes, et à la MQ. Par exemple :

11

b s d Combien de particules  distinctes 
sans excitation orbitale ni radiale existent ?

Ξ−
b (bsd)

Astuce : les quarks sont de spin 1/2



Les baryons Ξ−
b (bsd)

12

b s d Combien de particules  distinctes 
sans excitation orbitale ni radiale existent ?

Ξ−
b (bsd)

• Quarks = fermions => Fonction d'onde antisymétrique sous échange 

• Spatiale symétrique (L=0), couleur antisymétrique (QCD) 
=> (spin x saveur) forcément symétrique. On peut décomposer en b+(sd) :

|ψ⟩ = |ψspatiale⟩ |ψspin⟩ |ψsaveur⟩ |ψcouleur⟩

sd diquark: (↑↓) sd diquark: (↑↑)

bsd : ↑(↑↓) bsd : ↑(↑↑)bsd : ↓(↑↑)

diquark spin 0
total : 1/2 + 0 = 1/2

diquark spin 1
total : spin : 1/2 + 1 = { 1/2 , 3/2}

}}
État fondamental, 

découvert en 2007.
Deux états nouveaux, 

pas encore connus à l'expérience

Calcul de septembre 2013 
(constituent quark model)

Ξ−
b Ξ′￼−

b Ξ*−
b
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Les baryons Ξ−
b (bsd)

Ξ−
b Ξ′￼−

b

Ξ*−
b

Ξ′￼−
b

sd diquark: (↑↓) sd diquark: (↑↑)

bsd : ↑(↑↓) bsd : ↑(↑↑)bsd : ↓(↑↑)

diquark spin 0
total : 1/2 + 0 = 1/2

diquark spin 1
total : spin : 1/2 + 1 = { 1/2 , 3/2}

}}
État fondamental, 

découvert en 2007.

Ξ−
b Ξ′￼−

b Ξ*−
b

Deux états nouveaux, 
découverts par nous en 2014.

Calcul de septembre 2013 
(constituent quark model)

https://arxiv.org/abs/1604.03896
https://arxiv.org/abs/1411.4849


Le baryon Ξ++
cc (ccu)

•Plusieurs baryons connus à l'expérience
• ... dont, entre autres, les baryons  et 

•Selon le modèle des quarks, toutes combinaisons des quarks 
 doivent exister.

•Cependant, aucun baryon  contenant deux quarks lourds 
(b ou c) n'était connu jusqu'en 2017* !
• Faux positif de  par la collaboration SELEX in 2002 avec de 

propriétés peu plausibles, non-confirmé par nous en 2013, mais difficile à 
exclure formellement sans observer un 

•Observation très souhaitable :
•Reconfirmation du modèle des quarks, pour de raisons scientifiques
• Input aux modèles et calculs de QCD... 

... notamment de hadrons exotiques : structure de 

Ξ (ssu/ssd) Ω (sss)

{u, d, s, c, b}
qqq

Ξ+
cc

Ξcc

cc(q) ∼ cc(qq)

14* Mais un cousin : la résonance pentaquark exotique  découvert par LHCb en 2015P+
c (cc̄uud )

JHEP 1312 (2013) 090

https://arxiv.org/abs/1310.2538


Le baryon Ξ++
cc (ccu)

•Et voilà !  ; signification 

•Découvert par nous en 2017, exploitant les données LHCb de 
2016, profitant de plusieurs améliorations du système de 
déclenchement, lecture, et analyse prompte (RTA).

•Durée de vie  (désintégration faible). Masse enfin mesurée :

Nsig = 313 ± 33 > 12σ

≫ 0
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m(Ξ++
cc ) = 3621.40 ± 0.72 ± 0.27 ± 0.14 (Λc) MeV/c2

https://arxiv.org/abs/1707.01621


Stratégie

Trois approches complémentaires :

•Mesures et découvertes de physique qui rentre dans le 
cadre du Modèle Standard

•Mesures de précision de processus permis par le MS, mais 
sensibles à de nouveaux phénomènes (NP) au delà du MS

•Mesures d'observables censées être strictement nulles 
dans le MS

16



Mesures de précision, sensibles aux NP
•Jargon : transformée de CP (charge, parité). 

•Asymétrie de CP = les lois de physique traitent différemment 
particule et antiparticule.

•Le MS permet des asymétries de CP, mais dans 
un cadre précis et avec un taux global faible.

•LHCb étudie de nombreuses asymétries de CP, cherchant des 
incohérences avec le MS.

CP(i) = ī

17

Processus : i → f Processus : i → f̄

MQ : ⟨ f | Ô | i⟩ = A MQ : ⟨ f̄ | Ô | i⟩ = A

Si  : violation de la symétrie CP !|A |2 ≠ |A |2

Notation : asymétrie =  (laissant tomber des facteurs)
|A |2 − |A |2

|A |2 + |A |2

Interactions du modèle standard 17
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e
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ū ū

(a) (b) (c) (d)

Figure 1.8 – Des diagrammes de Feynman.

Par analogie avec la lumière, nous appelons cette charge la couleur, et ses trois valeurs rouge, vert, et bleu ; comme pour
la lumière, la somme des trois vaut une charge nulle (dite blanche/neutre). Les antiquarks ont des charges opposées ; par
exemple la charge nette d’un quark rouge et un antiquark antirouge est zéro/neutre. Le porteur de la force forte s’appelle le
gluon, et nous lui voyons dans la Fig. 1.4. Le gluon lui aussi a une charge de couleur, de la forme (couleurA+anticouleurB)
pour A 6= B, et peut donc interagir directement avec d’autres gluons d’une manière non-linéaire. On remarque que les
règles du jeu sont très loin de ceux de la force EM, et que nos intuitions développés en étudiant la force EM sont parfois
trompeuse.

En pratique, on ne trouve jamais un quark isolé ; les quarks et les antiquarks se rassemblent vite dans des objets de
couleur neutre, comme par exemple le proton. On voit tout de suite que les combinaisons quark-antiquark (de couleur
rouge-antirouge, bleu-antibleu, ou vert-antivert) ou de trois quarks (rouge-bleu-vert) sont permises 15. Parce qu’ils n’ont
pas de charge nette de couleur, ils ne ressentent pas la force forte des sources externes à premier ordre 16. Ces objets
s’appellent des hadrons, et nous allons en parler en détail dans un autre chapitre. On peut créer des paires quark-
antiquark à partir d’une annihilation électron-positron (Fig. 1.8 (c)), mais, s’ils ont suffisamment d’énergie, en général
ces deux objets élémentaires vont ensuite produire chacun une gerbe (jet) de plusieurs hadrons 17.

Supposons que nous avons ainsi produit un K�. Cet hadron se compose d’un quark s et un antiquark ū. Il est instable,
et va ensuite se désintégrer par l’interaction faible. Un des canaux possibles est K� ! ⇡�⇡0 dont le diagramme se trouve
en Fig. 1.8 (d). Notez bien qu’une des intersections faibles est la suivante : s ! uW�. Le quark a donc passé de la deuxième
famille (s, c) à la première (d, u). Contrairement au secteur leptonique, la passage entre familles n’est pas interdit pour
l’intersection W q q0. Pour l’intersection leptonique de Fig. 1.3 (c) il n’y avait que trois possibilités (W e ⌫e, W µ ⌫µ,
W ⌧ ⌫⌧ ) et ils avait tous les trois le même coefficient, ⇠ gw/

p
8. Par contre, pour les quarks, qui passent par l’intersection

de Fig. 1.3 (d), il y a neuf transitions possible, et chaque combinaison a son propre coefficient, ⇠ Vq q0gw/
p
8, où Vq q0 est

une matrice 3 ⇥ 3. Elle s’appelle la matrice CKM (Cabibbo-Kobayashi-Maskawa). D’un point de vue mathématique, elle
décrit le mélange entre les trois familles de quarks. Dans le MS, l’origine de ce mélange est le fait que les états propres
de l’interaction faible, |q0i, ne sont pas identiques aux états propres de la masse (c’est-à-dire du hamiltonien), |qi. Par
convention, nous exprimons le mélange dans le secteur d, s, b :

0

@
d0

s0

b0

1

A = VCKM

0

@
d
s
b

1

A ⌘

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A (1.1)

Dans le MS, la matrice VCKM est forcement unitaire (V †
CKMVCKM = 1) pour que l’interaction faible conserve le nombre

net de quarks, et donc le nombre baryonique. Il arrive que la matrice VCKM est diagonale à premier ordre 18 : Vud ⇡
Vcs ⇡ Vtb ⇡ 1, |Vcd| ⇡ Vus ⇡ 0,23, et les magnitudes de tous les autres éléments sont inférieures à 0,05. Vous trouverez les
valeurs expérimentales des éléments de la matrice dans la revue CKM du PDG. On peut l’écrire sous la forme suivante
(dite de Wolfenstein) :

VCKM =

0

@
1 � �2/2 � A�3(⇢ � i⌘)

�� 1 � �2/2 A�2

A�3(1 � ⇢ � i⌘) �A�2 1

1

A + O(�4) (1.2)

où �, A, ⇢, et ⌘ sont des paramètres réels (avec A ⇠ 1, et � et ⇢ et ⌘ ⇠ 10�1). La composante imaginaire de la matrice
est faible mais non-nulle. Elle donne lieu à un phénomène qui s’appelle la violation de CP (CPV, voir section 7.1). Dans
le MS, les valeurs des éléments de la matrice CKM proviennent des paramètres libres du modèle, et rien n’impose que la
matrice soit presque diagonale, ni presque réelle. L’on ne sait pas si cette structure est fortuite ou imposée par des lois
plus fondamentales.

15. Les sommes linéaires de ces combinaisons sont elles aussi de couleur neutre, donc permises, mais beaucoup plus rares.
16. Attention : ceci veut dire que la somme de plusieurs interactions individuellement attractives peut être nulle. L’origine mathématique de

cet effet est la structure de groupe de la force forte, avec ses trois charges.
17. Sauf certains cas spécifiques. Par exemple, on pourrait produire certaines résonances hadroniques si la masse invariante du système e

+
e
�

est égale à la masse de la résonance.
18. Une autre structure aurait été possible ; par exemple, la matrice équivalente du secteur neutrino (matrice PMNS) a des éléments hors-

diagonal supérieur à 0, 5.



Asymétrie de CP : particules charmées
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Voici deux désintégrations possibles d'un méson D0 = cū

ū

c

s
ū

u
s̄

W+

ū

c

u

ū

s

s̄

MS (arbre) MS (pingouin)

K+

K+

K�

K�

D0 D0

D0 = |cūi , D0
= |c̄ui

⇡+ =
��ud̄

↵
,⇡� = |dūi

K+ = |us̄i ,K� = |sūi

MQ :  est la somme de tous chemins possibles, 
Asymétrie due à une différence de phase. Grosso modo :

A A = ∑ Ai

|A1e
i(✓+�) +A2|2 � |A1e

i(✓��) +A2|2 6= 0

<latexit sha1_base64="nYvxM4hAS8C+pOO13A0BI9P25gU="></latexit>



Asymétrie de CP : particules charmées
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Voici trois désintégrations possibles d'un méson D0 = cū

ū

c

s
ū

u
s̄

W+

ū

c

u

ū

s

s̄

MS (arbre) MS (pingouin)

K+

K+

K�

K�

D0 D0

Un processus hors MS 
(R-parity violating SUSY)

ū

c

s
ū

u
s̄

ẽ

K+

K�

D0

L

Chang et al, arXiv:1201.2565

MQ :  est la somme de tous chemins possibles, 
La présence de NP peut modifier l'asymétrie (effet d'interférence).
Questions clés :
•La précision expérimentale, permet-elle à l'observer ?
•La précision théorique, suffise-t-elle à l'identifier ?

A A = ∑ Ai

http://arxiv.org/abs/1201.2565


Mesures de ΔACP

•Problème : Comment distinguer  de  ?

•Solution : Étiquetage via  (ou ...)

•Problème : Présence d'autres asymétries de production (  vs 
) et de détection (  vs )

•Solution : Mesurer la double différence 

D0 → K−K+ D0 → K+K−

D*+ → D0π+

D*+

D*− επ+ επ−

ΔACP = AK+K− − Aπ+π−

20

Af =
Γ(D0 → f ) − Γ(D0 → f̄ )
Γ(D0 → f ) + Γ(D0 → f̄ )



Mesures de  de LHCbΔACP
• LHCb-CONF-2011-023 : -- 0.037/fb, tag 

• PRL 108 111602 (2012) : -- 0.6/fb, tag 

• LHCb-CONF-2013-003 : -- 1.0/fb, tag 

• PRL 116, 191601 (2016) :  -- 3/fb, tag 

• PRL 122, 211803 (2019) :  -- (3+6)/fb, tags  : découverte ! 

(−0.28 ± 0.70 ± 0.25) % D*+

(−0.82 ± 0.21 ± 0.11) % D*+

(−0.34 ± 0.15 ± 0.10) % D*+

(−0.10 ± 0.08 ± 0.03) % D*+

(−15.4 ± 2.9) × 10−4 D*+, μ 5.3σ

21

D'autres mesures liées de LHCb, par des collègues :
• PLB 723 (2013), 33 :  -- 1/fb, tag muon

• JHEP 07 (2014) 041 : -- 3/fb, tag muon

• PLB 767 (2017), 177 -- 3/fb, tag ,  isolée

• PRL 131 (2023) 091802 -- 6/fb, tag ,  isolée

(+0.49 ± 0.30 ± 0.14) %
(+0.14 ± 0.16 ± 0.08) %

D*+ AK−K+

D*+ AK−K+
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PRL 116, 191601 (2016) PRL 116, 191601 (2016)
Signal : 7.7M Signal : 2.5M

D*± D*±

http://cdsweb.cern.ch/record/1349500
https://arxiv.org/abs/1112.0938
http://cds.cern.ch/record/1521995
http://arxiv.org/abs/1602.03160
http://arxiv.org/abs/1903.08726
https://arxiv.org/abs/1303.2614
https://arxiv.org/abs/1405.2797
https://arxiv.org/abs/1610.09476
https://arxiv.org/abs/2209.03179
http://arxiv.org/abs/1602.03160
http://arxiv.org/abs/1602.03160


Mesures de  de LHCbΔACP
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LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 7Angelo$Carbone

CP#violation#key#dates

1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
collaborations

1963
Cabibbo Mixing
N. Cabibbo

1973
The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
CP violation in $#
meson decays
LHCb collaboration

TODAY

Valeur élevée : à voir s'il cache de NP, ou si le MS peut l'expliquer.

• LHCb-CONF-2011-023 : -- 0.037/fb, tag 

• PRL 108 111602 (2012) : -- 0.6/fb, tag 

• LHCb-CONF-2013-003 : -- 1.0/fb, tag 

• PRL 116, 191601 (2016) :  -- 3/fb, tag 

• PRL 122, 211803 (2019) :  -- (3+6)/fb, tags  : découverte ! 

(−0.28 ± 0.70 ± 0.25) % D*+

(−0.82 ± 0.21 ± 0.11) % D*+

(−0.34 ± 0.15 ± 0.10) % D*+

(−0.10 ± 0.08 ± 0.03) % D*+

(−15.4 ± 2.9) × 10−4 D*+, μ 5.3σ

}par 
nous

mandat PC

Illustration : A.Carbone

http://cdsweb.cern.ch/record/1349500
https://arxiv.org/abs/1112.0938
http://cds.cern.ch/record/1521995
http://arxiv.org/abs/1602.03160
http://arxiv.org/abs/1903.08726


Stratégie

Trois approches complémentaires :

•Mesures et découvertes de physique qui rentre dans le 
cadre du Modèle Standard

•Mesures de précision de processus permis par le MS, mais 
sensibles à de nouveaux phénomènes (NP) au delà du MS

•Mesures d'observables censées être strictement nulles 
dans le MS

23
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Figure 2: Spectra of the mass di↵erence �m ⌘ m(⌅0
b ⇡) � m(⌅0

b ) � m⇡ in data after the full
selection, for the opposite-sign (OS) sample (black points with error bars) and same-sign (SS)
decays (red, hatched histogram). The blue curve is a fit to the OS data. The ⌅ 0�

b and ⌅⇤�
b peaks

are at �m ⇡ 3.7 and 24MeV/c2, and the �m resolution at these points is approximately 0.2 and
0.5MeV/c2, respectively; the ⌅⇤�

b also has a non-negligible natural width of � ⇡ 1.7MeV [23].
Inset: detail of the region 2.0 < �m < 5.5MeV/c2.

function for the SS data in bin i, and the corresponding likelihood Li(!) is evaluated.
The overall likelihood is obtained by combining all bins as L(!) =

Q
i Li(!).

A test statistic � is defined based on the likelihood ratio approach as
� ⌘ 2 lnL(!̂)� 2 lnL(0), where !̂ is the best-fit value of ! and is estimated from a
likelihood scan. Only the physical domain ! � 0 is considered, and consequently !̂ is
expected to be zero approximately half of the time under the null hypothesis. The best-fit
value for the data is found to be !̂ = 0 and the test statistic is therefore � = 0.

Since no evidence of BNV oscillations is found, an upper limit at the 95% confidence
level is placed on ! following the CLs method [33, 34]. Ensembles of parameterised simu-
lations, referred to as pseudoexperiments, are generated for a range of di↵erent oscillation
angular frequencies !. The pseudoexperiments include variation of e�ciency with decay
time, decay time and mass resolution, combinatorial background, and misclassification
of OS candidates as SS via the misreconstruction described earlier. To incorporate the
associated systematic uncertainties, the input parameters used to define the distributions
(the masses and yields of the resonances, the natural width of the ⌅⇤�

b , the background
yield and shape parameters, and the signal misclassification rate) are varied randomly
within their uncertainties for each pseudoexperiment. Each pseudoexperiment is analysed
in the same way as data, and its test statistic � computed. Coverage tests with pseu-
doexperiments indicate that the procedure overcovers for small values of !, with 100%
coverage at ! = 0, and that the coverage converges asymptotically to 95% as the true
value of ! increases.
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Oscillations baryon-antibaryon

•Il faut distinguer baryon et antibaryon à 
l'instant de production. Comment faire ?

•Vous vous souvenez des barons  ?

• Ils permettent de distinguer  de  à l'instant de production : 

 vs 

Ξ(′￼,*)−
b

Ξ0
b Ξ0

b

Ξ(′￼,*)−
b → Ξ0

bπ
− Ξ(′￼,*)+

b → Ξ0
bπ+
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•Non-conservation du nombre net de baryons : 
nécessaire (Sakharov) mais jamais observée.

•Mécanisme non testé jusqu'en 2017 : oscillations de baryons lourds

Figure 1: Examples of six-fermion B and/or L violating processes. (a) Three-generation fermionic core interaction. (b) Proton decay
process, where the suppression induced by the SM-like flavor transitions ensures a lifetime compatible with current limits. (c) Unsuppressed
flavor-diagonal B and/or L violating process accessible at the LHC.

are mostly diagonal. Second, the U(1) factors correspond-
ing to the conventional B and L charges are accidentally
conserved at the classical level and turn out to be broken
by the SM dynamics through quantum e�ects. Yet these
anomalous B ≠ L conserving interactions are extremely
suppressed at low temperatures [2]. So, even though NP
scenarios may in principle introduce many new sources of
breaking of the full flavor group, they cannot be generic:
any new SU(Ng)5 breaking term is required by flavor ex-
periments to be roughly aligned with the SM ones and any
new breaking of U(1)B,L must pass the stringent bounds
on the proton lifetime.

To introduce our strategy, let us first assume the exact
conservation (flavor-blindness) by the NP of the SU(Ng)5

part of the full flavor symmetry group, but not its in-
variance under the U(1) factors. It turns out that the
U(1)B and/or U(1)L may be broken, but only in a very
specific way. Indeed, the only SU(Ng)5 flavor invariants
are either identical fermion–antifermion pairs (”b

a Â̄aÂb)
which conserve B and L, or the combinations of Ng iden-
tical fermions, antisymmetrized over their flavor indexes
(e.g., ‘abcÂaÂbÂc when Ng = 3). Thus, flavor-blind BLV
interactions are possible, yet only if they respect the se-
lection rules: Nc �B œ Ng Z together with �L œ Ng Z,
where Nc is the number of QCD colors and Z the set of
integers [3]. Remarkably, with Ng = Nc, �B can take
any integer value. Assuming Ng = Nc = 3 and impos-
ing the SM gauge and Lorentz invariances imply that the
simplest flavor-blind BLV processes involve at least twelve
fermions [3], i.e., as many as for the anomalous B ≠ L
conserving interaction of the SM [2].

A strict flavor-blind setting is, however, not realistic
as the SU(3)5 flavor symmetry is already broken in the
SM by the fermion mass spectrum. Interestingly, if the
NP dynamics does not introduce new significant sources
of flavor symmetry breaking, which is well supported ex-
perimentally, then the selection rules given above are unaf-
fected, but six-fermion interactions (see Fig. 1(a)) become
allowed [3]. As a result, the simplest possible BLV interac-
tions are characterized by (�B; �L) = (0; ±6), (±1; ±3),
(±1; û3), (±2; 0).

2.1. Low-energy constraints

The absence of new significant SU(3)5 symmetry break-
ing sources in the NP dynamics ensures not only that any
TeV-scale NP scenario passes the constraints from flavor

factories, but also that the expected proton lifetime re-
mains above the current experimental limits. First, it au-
tomatically forbids the four-fermion operators [4] which
induce (�B; �L) = (±1; ±1) transitions that are very
much constrained at low energies. Second, low-energy
constraints on six-fermion e�ective operators are satisfied
thanks to their high dimensionality (leading to a suppres-
sion factor (mnucleon/1 TeV)10 ¥ 10≠30 for decay rates),
and to the presence of antisymmetric contractions in flavor
space. At first sight, these contractions require all the fla-
vors, including the heaviest, to be simultaneously present,
so that (di)nucleon decays or neutron–antineutron oscilla-
tions would end up kinematically forbidden. In fact, the
presence of the SM flavor breaking terms allows for mix-
ings so that BLV processes among light quarks and leptons
are not strictly forbidden (see Fig. 1(b)). However, as long
as flavor mixings remain SM-like, the flavor suppression
is such that all the experimental constraints are satisfied,
even with NP at the TeV scale [3].

2.2. Non-local fermionic channels

At TeV colliders, there is no need to call in for flavor
mixing suppressions since heavy fermions can be produced
directly. So, flavor-diagonal BLV transitions, i.e., transi-
tions involving all three generations and surviving in the
limit where all Yukawa couplings are simultaneously diag-
onal, are readily accessible (see Fig. 1(c)). In other words,
BLV interactions are flavor-diagonal when explicitly anti-
symmetric in flavor space. Furthermore, since low-energy
constraints are compatible with new dynamics at the TeV
scale, such processes could be resonant (i.e., non-local) at
colliders. Were they not resonant, no signal would actually
be visible, essentially because local interactions involving
at least six fermions are extremely suppressed by powers
of the NP scale and by phase space.

We therefore assume that NP is at the TeV scale and
that BLV transitions can be mediated by resonant states
promptly decaying into SM fields. Restricting ourselves
first to the minimal content of six SM fermions that would
actually be seen in detectors once NP states have decayed,
we only get a handful of field combinations allowed by the
overall color and electric charge conservation as well as by
flavor-diagonality (see the second column of Table 1). In
a resonant regime, the underlying NP dynamics can no
longer be approximated as local and each of these mini-
mal fermionic cores can actually be considered as the rep-
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Oscillations baryon-antibaryon
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•Non-conservation du nombre net de baryons : 
nécessaire (Sakharov) mais jamais observée.

•Mécanisme non testé jusqu'en 2017 : oscillations de baryons lourds
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[Phys. Rev. Lett. 119 (2017) 181807]

1a) Baryon à l'instant de production
1b) ... identifié via le pion produite en même temps
2)  Oscillation baryon → antibaryon
3a) Antibaryon à l'instant de désintégration
3b) ... identifié via les charges des produits

(1)

(2) (3)

Contrôle 
(sans oscillation)

https://arxiv.org/abs/1708.05808


... et non seulement !

•Je n'ai pas pu parler
•d'autres études d'asymétries des CP, et d'oscillations de mésons
•de mesures de précision de désintégrations rares
•d'études d'ions lourds

•des découvertes de pentaquarks, et de plusieurs tetraquarks dont , ...

• ... et ça c'est seulement LHCb, sans parler du reste du domaine !

•Nous vivons une ère de mesures de précision de la physique des 
particules. J'attends avec hâte les prochaines découvertes.

ccc̄c̄
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2025-277
LHCb-PAPER-2025-051

January 9, 2026

Evidence for the rare decay

B+→ ωpµ+µ↑

LHCb collaboration†

Abstract

A search for the rare decay B+→ ωpµ+µ→ is performed using proton-proton
collision data recorded by the LHCb experiment at a center-of-mass energy
of

↑
s = 13TeV, corresponding to an integrated luminosity of 5.4 fb→1. An

excess of events is found with respect to the background-only expectation,
with a signal significance of 3.5 standard deviations, in the low invariant-
mass region of m(ωp) < 2.8GeV/c2. The branching fraction is measured to
be Blow(B+→ ωpµ+µ→) =

(
1.70+0.65

→0.56(stat) ± 0.17(syst) ± 0.14(ext)
)

↓ 10→8, where

the last uncertainty is due to external inputs on B(B+→ J/εωp) ↓ B(J/ε→ µ+µ→).
With no significant signal observed in the high m(ωp) region above 2.8GeV/c2, an
upper limit is set to be Bhigh(B+→ ωpµ+µ→) < 2.8 (3.7) ↓ 10→9 at the 90% (95%)
confidence level.

Submitted to Phys. Rev. Lett.

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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CERN-EP-2025-267
LHCb-PAPER-2025-033

January 12, 2026

Search for lepton-number-violating

B→↑ D(↓)+µ→µ→
decays

LHCb collaboration†

Abstract

A search is performed for lepton-number-violating B→
→ D(↑)+µ→µ→ decays, using

data collected by the LHCb experiment in proton-proton collisions at a center-of-
mass energy of 13TeV, corresponding to an integrated luminosity of 5.4 fb→1. No
significant signal is observed, and upper limits are set on the branching fractions,
B(B→

→ D+µ→µ→) < 4.6 ↑ 10→8 and B(B→
→ D↑+µ→µ→) < 5.9 ↑ 10→8, at the 95%

confidence level.

Submitted to Phys. Rev. D

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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CERN-EP-2025-276
LHCb-PAPER-2025-056

January 6, 2026

First evidence of the B0
s→ K↑ω+ε

decay

LHCb collaboration†

Abstract
The first search for the B0

s → K→ω+ε decay in the range 796 < m(K→ω+) <
1800MeV/c2 is performed using data from proton-proton collisions collected by the
LHCb experiment at centre-of-mass energies of 7, 8, and 13 TeV, corresponding
to an integrated luminosity of 9 fb→1. The photons are reconstructed through
their conversion into an electron-positron pair, which significantly improves the
mass resolution of the reconstructed decays with respect to decays with an un-
converted photon. A signal excess with a significance of 3.5 standard deviations
is measured, constituting the first experimental evidence for this decay. In the
range 796 < m(K→ω+) < 996MeV/c2, the ratio R between the branching frac-
tions of the signal decay and the favoured B0 → K→ω+ε decay is measured to
be R = (3.7± 1.2± 0.4)↑ 10→2 where the first uncertainty is statistical and the
second is systematic. This measurement is consistent with the value predicted
in the Standard Model. In the range 996 < m(K→ω+) < 1800MeV/c2, the ratio
R = (0.2± 2.7± 1.3)↑ 10→2 is measured.

Submitted to Phys. Rev. Lett.

© 2026 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this Letter.
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Submitted to: Phys. Lett. B. CERN-EP-2025-187
18th September 2025

Observation of 𝜴+𝜴→𝜶 production in 𝜷 𝜷 collisions

at
↑
𝜸 = 13 TeV with the ATLAS detector and

constraints on anomalous quartic gauge-boson

couplings

The ATLAS Collaboration

This Letter reports the observation of𝐿+
𝐿

→
𝑀 triboson production in 140 fb→1 of data collected

by the ATLAS detector from proton–proton collisions at a centre-of-mass energy of
↑
𝑁 =

13 TeV at the LHC. Events with an opposite-charge 𝑂𝑃 pair, a high transverse-momentum
photon, and significant missing transverse momentum are considered. The observed (expected)
significance of the signal is 5.9 (6.0) standard deviations. The measured fiducial cross-section,
defined for the 𝐿

+
𝐿

→
𝑀 ↓ 𝑂

±
𝑃
↔
𝑄𝑄̄𝑀 final state is 6.2 ± 0.8 (stat.) ± 0.6 (sys.) fb, in good

agreement with the Standard Model prediction of 6.1+1.0
→0.7 fb. Constraints on the Wilson

coe!cients of 13 dimension-8 operators describing physics beyond the Standard Model
through anomalous quartic gauge-boson couplings are derived using the e"ective

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Phys. Rev. D 112 (2025) 092015
DOI: 10.1103/15p2-bkg8

CERN-EP-2025-194
December 5, 2025

Search for electroweak-scale dijet resonances using
trigger-level analysis with the ATLAS detector in

132 fb−1 of 𝜴 𝜴 collisions at →𝜶 = 13 TeV

The ATLAS Collaboration

This article reports on a search for dijet resonances using 132 fb−1 of 𝐿𝐿 collision data
recorded at

→
𝑀 = 13 TeV by the ATLAS detector at the Large Hadron Collider. The search

is performed solely on jets reconstructed within the ATLAS trigger to overcome bandwidth
limitations imposed on conventional single-jet triggers, which would otherwise reject data
from decays of sub-TeV dijet resonances. Collision events with two jets satisfying transverse
momentum thresholds of 𝐿T ↑ 85 GeV and jet rapidity separation of |𝑁↓ | < 0.6 are analysed
for dijet resonances with invariant masses from 375 to 1800 GeV. A data-driven background
estimate is used to model the dijet mass distribution from multijet processes. No significant
excess above the expected background is observed. Upper limits are set at 95% confidence level
on coupling values for a benchmark leptophobic axial-vector 𝑂 ↔ model and on the production
cross-section for a new resonance contributing a Gaussian-distributed line-shape to the dijet
mass distribution.

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Submitted to: JHEP 10 (2025) 093
DOI: 10.1007/JHEP10(2025)093

CERN-EP-2025-178
31st October 2025

Search for the production of a Higgs boson in
association with a single top quark in 𝜴 𝜴 collisions

at
→
𝜶 = 13 TeV with the ATLAS detector

The ATLAS Collaboration

A search for the production of a Higgs boson in association with a single top quark, tH, is
presented. The analysis uses proton–proton collision data corresponding to an integrated
luminosity of 140 fb−1 at a centre-of-mass energy of 13 TeV, collected by the ATLAS detector
at the LHC. The search targets Higgs-boson decays into 𝐿𝐿̄, 𝑀𝑀

→, 𝑁𝑁→, and 𝑂𝑂, accompanied
by an isolated lepton (electron or muon) from the top-quark decay. Multivariate techniques are
employed to enhance the separation between signal and background processes. The observed
signal strength, 𝑃tH , defined as the ratio between the measured cross-section and the predicted
Standard Model value, is 𝑃tH = 8.1 ± 2.6 (stat.) ± 2.0 (syst.). The significance of
the observed (expected) signal above the background-only expectation is 2.8 (0.4) standard
deviations. The corresponding observed (expected) upper limit at the 95% confidence level on
the tH cross-section is found to be 13.9 (6.1) times the value predicted by the Standard Model.
An interpretation with an inverted sign of the top-quark Yukawa coupling is performed, and
the signal strength and corresponding limit are reported.

© 2025 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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CERN-EP-2025-287
2025/12/22

CMS-TOP-25-016

Characterization of the quantum state of top quark pairs
produced in proton-proton collisions at

→
s = 13 TeV using

the beam and helicity bases

The CMS Collaboration*

Abstract

Measurements of the spin correlation coefficients in the beam basis are presented for
top quark-antiquark (tt) systems produced in proton-proton collisions at

→
s = 13 TeV

collected by the CMS experiment in 2016–2018, and corresponding to an integrated
luminosity of 138 fb↑1. The tt system is reconstructed from final states containing
an electron or muon, and jets. Together with the previously reported results in the
helicity basis, these measurements are used to decompose the system into the Bell
and spin eigenstates in various kinematic regions. The spin correlation coefficients
are also used to evaluate properties of the tt quantum state, such as the purity, von
Neumann entropy, and entanglement. All results are consistent with standard model
predictions.

Submitted to Physical Review D

© 2025 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members
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CERN-EP-2025-206
2026/01/21

CMS-SMP-22-009

Measurement of the Zγ production cross section and
search for anomalous neutral triple gauge couplings in pp

collisions at
→

s = 13 TeV

The CMS Collaboration*

Abstract

A measurement of the fiducial cross section of the associated production of a Z boson
and a high-pT photon, where the Z decays to two neutrinos, and a search for anoma-
lous triple gauge couplings are reported. The results are based on data collected by
the CMS experiment at the LHC in proton-proton collisions at

→
s = 13 TeV during

2016–2018, corresponding to an integrated luminosity of 138 fb↑1. The fiducial Zγ
cross section, where a photon with a pT greater than 225 GeV is produced in associa-
tion with a Z, and the Z decays to a νν pair (Z(νν)γ), is measured to be 23.3+1.4

↑1.3 fb,
in agreement, within uncertainties, with the standard model prediction. The differ-
ential cross section as a function of the photon pT has been measured and compared
with standard model predictions computed at next-to-leading and at next-to-next-
to-leading order in perturbative quantum chromodynamics. Constraints have been
placed on the presence of anomalous couplings that affect the ZZγ and Zγγ vertex
using the pT spectrum of the photons. The observed 95% confidence level intervals for
CP-conserving h

γ
3 and h

γ
4 are determined to be (↑3.4, 3.5)↓10↑4 and (↑6.8, 6.8)↓10↑7,

and for h
Z
3 and h

Z
4 they are (↑2.2, 2.2)↓10↑4 and (↑4.1, 4.2)↓10↑7, respectively. These

are the strictest limits to date on h
γ
3 , h

Z
3 and h

Z
4 .

Submitted to the Journal of High Energy Physics

© 2026 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members
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CERN-EP-2025-270
2026/01/21

CMS-B2G-25-003

Combination of searches for heavy vector boson resonances
in proton-proton collisions at

→
s = 13 TeV

The CMS Collaboration

Abstract

A combined statistical analysis of searches for heavy vector boson resonances de-
caying into pairs of W, Z, or Higgs bosons, as well as into quark pairs (qq, bb, tt ,
tb) or lepton pairs (ω+ω↑, ων ), with ω = e, µ, τ , is presented. The results are based on
proton-proton collision data at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 138 fb↑1, collected by the CMS experiment from 2016 to 2018.
No significant deviation from the expectations of the standard model is observed. The
results are interpreted in the simplified heavy vector triplet (HVT) framework, set-
ting 95% confidence level upper limits on the production cross sections and coupling
strengths to standard model particles or the HVT bosons. The results exclude HVT
resonances with masses below 5.5 TeV in a weakly coupled scenario, below 4.8 TeV in
a strongly coupled scenario, and up to 2.0 TeV in the case of production via vector bo-
son fusion. The combination provides the most stringent constraints to date on new
phenomena predicted by the HVT model.

Submitted to the Journal of High Energy Physics

© 2026 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license
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Belle II Preprint 2025-029
KEK Preprint 2025-36

A search for feebly-interacting particles in B decays with missing energy at Belle
(The Belle and Belle II Collaborations)

M. Abumusabh , I. Adachi , L. Aggarwal , H. Ahmed , Y. Ahn , H. Aihara , N. Akopov , S. Alghamdi ,
M. Alhakami , A. Aloisio , N. Althubiti , K. Amos , N. Anh Ky , C. Antonioli , D. M. Asner ,

H. Atmacan , T. Aushev , R. Ayad , V. Babu , H. Bae , N. K. Baghel , S. Bahinipati , P. Bambade ,
Sw. Banerjee , M. Barrett , M. Bartl , J. Baudot , A. Beaubien , F. Becherer , J. Becker , J. V. Bennett ,
F. U. Bernlochner , V. Bertacchi , M. Bertemes , E. Bertholet , M. Bessner , S. Bettarini , V. Bhardwaj ,
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Q. Campagna , M. Campajola , L. Cao , G. Casarosa , C. Cecchi , P. Chang , P. Cheema , C. Chen ,
L. Chen , B. G. Cheon , C. Cheshta , H. Chetri , K. Chilikin , J. Chin , K. Chirapatpimol , H.-E. Cho ,

K. Cho , S.-J. Cho , S.-K. Choi , S. Choudhury , S. Chutia , J. Cochran , J. A. Colorado-Caicedo ,
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P. Križan , P. Krokovny , T. Kuhr , D. Kumar , K. Kumara , T. Kunigo , A. Kuzmin , Y.-J. Kwon ,
S. Lacaprara , T. Lam , J. S. Lange , T. S. Lau , M. Laurenza , R. Leboucher , F. R. Le Diberder ,
H. Lee , M. J. Lee , C. Lemettais , P. Leo , P. M. Lewis , C. Li , H.-J. Li , L. K. Li , Q. M. Li ,
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Measurement of inclusive B → Xuωε partial branching fractions and |Vub| at Belle II
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Long-range transverse momentum correlations and radial flow in Pb→Pb
collisions at the LHC

ALICE Collaboration*

Abstract

This Letter presents measurements of long-range transverse-momentum correlations using a new
observable, v0(pT), which serves as a probe of radial flow and medium properties in heavy-ion col-
lisions. Results are reported for inclusive charged particles, pions, kaons, and protons across various
centrality intervals in Pb→Pb collisions at

↑
sNN = 5.02 TeV, recorded by the ALICE detector. A

pseudorapidity-gap technique, similar to that used in anisotropic-flow studies, is employed to sup-
press short-range correlations. At low pT, a characteristic mass ordering consistent with hydrody-
namic collective flow is observed. At higher pT (> 3 GeV/c), protons exhibit larger v0(pT) than
pions and kaons, in agreement with expectations from quark-recombination models. These results
are sensitive to the bulk viscosity and the equation of state of the QCD medium formed in heavy-ion
collisions.

*See Appendix B for the list of collaboration members
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Coherent J/! photoproduction at midrapidity in Pb–Pb collisions at→
sNN = 5.02

→
sNN = 5.02→
sNN = 5.02 TeV

ALICE Collaboration*

Abstract

The coherent J/! photoproduction cross section is measured for the first time at midrapidity in
peripheral to semicentral Pb–Pb collisions at

→
sNN = 5.02 TeV. The centrality differential cross

section d∀/dy is reported for the centrality range 40–90%, together with the doubly-differential cross
section d2∀/dydpT, extracted in two peripheral centrality classes. The J/! mesons are reconstructed
in the dielectron channel, in the rapidity interval |y|< 0.9 using the ALICE central barrel detectors.
The J/! cross section at midrapidity is statistically compatible to the earlier ALICE measurement at
forward rapidity and at the same centre-of-mass energy, and shows only a mild centrality dependence
over the covered range. Several sets of theoretical calculations taking into account the hadronic
overlap in the collisions but ignoring possible final-state effects from a hot expanding medium are
found to give a fairly good description of the current measurements within uncertainties.

*See Appendix A for the list of collaboration members
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Article

Joint neutrino oscillation analysis from the 
T2K and NOvA experiments

The NOvA Collaboration*✉ & The T2K Collaboration*✉

The landmark discovery that neutrinos have mass and can change type (or !avour) as 
they propagate—a process called neutrino oscillation1–6—has opened up a rich array  
of theoretical and experimental questions being actively pursued today. Neutrino 
oscillation remains the most powerful experimental tool for addressing many of these 
questions, including whether neutrinos violate charge-parity (CP) symmetry, which 
has possible connections to the unexplained preponderance of matter over antimatter 
in the Universe7–11. Oscillation measurements also probe the mass-squared di"erences 
between the di"erent neutrino mass states (∆m2), whether there are two light states 
and a heavier one (normal ordering) or vice versa (inverted ordering), and the structure 
of neutrino mass and !avour mixing12. Here we carry out the $rst%joint analysis of 
datasets from NOvA13 and T2K14, the two currently operating long-baseline neutrino 
oscillation experiments (hundreds of kilometres of neutrino travel distance), taking 
advantage of our complementary experimental designs and setting new constraints 
on several neutrino sector parameters. This analysis provides new precision on  
the m∆ 32

2  mass di"erence, $nding 2.43 × 10 eV−0.03
+0.04 −3 2 in the normal ordering and 

−2.48 × 10 eV−0.04
+0.03 −3 2 in the inverted ordering, as well as a 3σ interval on δCP of [−1.38(, 

0.30(] in the normal ordering and [−0.92(, −0.04(] in the inverted ordering. The data 
show no strong preference for either mass ordering, but notably, if inverted ordering 
were assumed true within the three-!avour mixing model, then our results would 
provide evidence of CP symmetry violation in the lepton sector.

The standard model of particle physics, extended to include neutrino 
mass, describes three-flavour eigenstates of neutrinos (νe, )µ, ντ) that 
are related to three mass eigenstates (ν1, ν2, ν3) by the 3+×+3 complex 
Pontecorvo–Maki–Nakagawa–Sakata unitary mixing matrix UPMNS 
(refs.+15–17). This mixing, together with non-zero neutrino mass, allows 
for the phenomenon of neutrino oscillation, in which, during propaga-
tion, the flavour content of a neutrino evolves at a rate that depends 
on neutrino mass-squared splittings ( m m m∆ , −ij i j

2 2 2 ) and the UPMNS 
matrix elements. Apart from these oscillation parameters, the rate 
depends on neutrino energy E) and neutrino propagation distance L 
(baseline). Although experiments studying this process in recent dec-
ades have provided insights into the details of neutrino masses and 
mixings12, many open questions remain.

The mixing matrix UPMNS is typically parameterized in terms of three 
mixing angles (θ12, θ13, θ23) and at least one complex phase δCP (ref.+12). 
It is unknown whether sin+δCP is non-zero; if it is, neutrinos—and thus 
leptons—violate charge-parity (CP) symmetry and thereby provide a 
source of matter–antimatter asymmetry in nature17, which is of great 
interest given the connection between CP violation and the unexplained 
matter dominance in the Universe7–11. Separately, oscillation experi-
ments have established that the mass-squared splitting m∆ 32

2  is roughly 
30 times larger in magnitude than m∆ 21

2 , but the sign of the former is 
at present unknown. That is, ν3 may be heavier or lighter than the ν1–ν2 
pair, with these two options termed, respectively, the normal ( m∆ > 032

2 ) 
and inverted ( m∆ < 032

2 ) mass orderings. Knowledge of the mass  

ordering can constrain experimental searches and theory development 
in a wide range of physics, including absolute neutrino mass measure-
ments18, neutrinoless double beta decay searches to investigate the 
nature of neutrino mass19, models of supernova explosion and detec-
tion20,21, and the cosmological evolution evidenced in cosmic micro-
wave background and large-scale structure measurements22. For the 
mixing angles, current data suggest θ23 is near 45°, a notable value 
hinting at a µ/τ flavour symmetry17. Improved precision on this and 
other mixing angles is essential for gaining a clearer view of flavour 
mixing and to probe the validity of the three-flavour model.

Long-baseline accelerator neutrino oscillation experiments are well 
suited to address the above questions. In these, a high-intensity neu-
trino beam enriched in muon neutrinos ()µ) or muon antineutrinos ()µ) 
is produced at a particle accelerator and directed through the crust of 
Earth towards a massive far detector located hundreds of kilometres 
away. Note that the word ‘neutrino’ is used to mean both neutrino and 
antineutrino unless stated otherwise. The far detector measures the 
event rates of )µ and νe—the latter primarily from )µ+-+νe oscillation—as 
a function of neutrino energy, from which the oscillation parameters 
above can be determined. These experiments use near detectors, sited 
a short distance from the beam source, in which oscillation effects are 
negligible and a very high neutrino event rate can be measured. The 
near detectors provide vital control measurements that substantially 
mitigate large systematic uncertainties in the initial neutrino flux, 
neutrino-on-nucleus interaction cross-sections and in some cases 
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Search for the charmonium semi-leptonic weak
decay J/ω → D↑

s e
+εe + c.c.

The BESIII collaboration

E-mail: besiii-publications@ihep.ac.cn

Abstract: Using a data sample of (10087±44)→106 J/ω events collected with the BESIII
detector at a centre-of-mass energy of

↑
s = 3.097 GeV, a dedicated search for the charmo-

nium semileptonic weak decay J/ω ↓ D→
s e

+εe + c.c. is performed. No significant signal is
observed. An upper limit on the branching fraction is set at B(J/ω ↓ D→

s e
+εe + c.c.) <

1.0 → 10→7 at the 90% confidence level. This result improves upon previous constraints
by an order of magnitude, representing the most stringent experimental limit to date. It
thus provides a critical test of Standard Model predictions and new physics scenarios in
heavy-quark dynamics.

Keywords: e+e→ experiment, charmonium, semi-leptonic decay
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Search for heavy neutral leptons in

B-meson decays

LHCb collaboration†

Abstract

A search for long-lived heavy neutral leptons produced in B-meson decays and
decaying to a µ±ω→ final state is performed with data collected by the LHCb
experiment in proton–proton collisions at a centre-of-mass energy of 13 TeV, corre-
sponding to an integrated luminosity of 5 fb↑1. The results are interpreted in both
lepton-number-conserving and lepton-number-violating scenarios. No significant
excess is observed. Constraints are placed on the squared mixing element |UµN|

2

to the active muon neutrino, under the assumption that couplings to other lepton
flavours are negligible, in the mass range of 1.6–5.5 GeV.
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Using the entire BABAR ϒð4SÞ dataset, the first two-dimensional unbinned angular analysis of the
semileptonic decay B̄ → Dl−ν̄l is performed, employing hadronic reconstruction of the tag-side B meson
fromϒð4SÞ → BB̄. Here,l denotes the light charged leptons e and μ. A novel data-driven signal-background
separation procedure with minimal dependence on simulation is developed. This procedure preserves all
multidimensional correlations present in the data. The expected sin2 θl dependence of the differential decay
rate in the Standard Model is demonstrated, where θl is the lepton helicity angle. Including input from the
latest lattice QCD calculations and previously available experimental data, the underlying form factors are
extracted using both model-independent (BGL) and dependent (CLN) methods. Comparisons with lattice
calculations show flavor SU(3) symmetry to be a good approximation in the BðsÞ → DðsÞ sector. Using the
BGL results, the CKMmatrix element jVcbj ¼ ð41.09$ 1.16Þ × 10−3 and the StandardModel prediction of
the lepton-flavor universality violation variable RðDÞ ¼ 0.300$ 0.004, are extracted. The value of jVcbj

*Deceased.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

PHYSICAL REVIEW D 110, 032018 (2024)

2470-0010=2024=110(3)=032018(17) 032018-1 Published by the American Physical Society



27

t̃



Succès à l'UFR ?
•1999-2003 : PhD (Oxford)

•2003 : Postdoc, puis Assistant Research Scientist (Iowa)

•2008 : STFC Advanced Fellow (Oxford)

•2013 : MdC (UPMC/SU)

•2016 : HDR

•2018-2020 : Physics Coordinateur LHCb ; Attaché 
Scientifique au CERN

•2020 : MdC

•2022 : MdC

•2023 : MdC

•2023 : Prix SFP Joliot-Curie

•2024 : MdC

•2025 : MdC
28



29

Calcul de septembre 2013

J'avais raté un point pertinent. 
Pouvez-vous l'identifier ?



30

•Nature 643 (2025) 1223 : Observation of charge-parity symmetry 
breaking in baryon decays
•  : 

•PRL131(2023) 091802 : Measurement of the time-integrated CP 
asymmetry in  decays
•
•  [ ]

•Anomalies ( ) : nouvelles de BABAR ? (Hitlin, FNAL 2025)
•Anomalies ( ) :
• Progrès théorique (PRD 107, 014511, JHEP 09 (2022) 133)
• arXiv:2512.18053 :  (5D angular+BR)
•Ajustements globaux : tension importante et significative ?

•PRL 132 (2024) 051802 :  [LHCb avg]
•PRL 134, 101801(2025) : CPV en  ? ( )
•Énorme progrès en  (LHCb-CONF-2025-003)

Λ0
b → pK−π+π− ACP = (2.45 ± 0.46 ± 0.01) %

D0 → K−K+

ad
K−K+ = ( 7.7 ± 5.7) × 10−4

ad
π−π+ = (23.2 ± 6.1) × 10−4 ρ = 0.88

b → qτν̄
b → sℓ+ℓ−

B0 → K*0μ+μ−

ϕs = − 0.031 ± 0.018 rad
B+ → J/ψπ+ 3.2σ

γ
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https://arxiv.org/abs/2207.13371
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