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LHC data taking
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Run 1

Run 2 Run 3
mid-2026

H discovery

ȄÚǻƛɤƜɯ3Ì5 ȄÚǻɯƕƗɯ3Ì5 ȄÚǻɯƕƗȭƚɯ3Ì5

Å2024 excellent year for data taking
Åpp-operations:

L(2024)=122/fb, tot.  331/fb ȹȄÚɯȁƕƗɯ3Ì5Ⱥ
ÅRun III until mid 2026; HL -LHC until 2041
Å1347 collider-data papers

this talk

2012 2024



Higgs boson mass, widths & couplings
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125 040 ± 120 MeV (0.09%)
Fully driven by statistics
HL -LHC: go below 30 MeV!

Ḧ́ = 3.0 MeV + 2.0 -1.7 MeV (exp. 4.1 MeV)

from ratio of on/off -shell production (3.8 )

MH is a free parameter
ÅIngredient to couplings, 

BR, width, EWPO, MW, 
sin2ϛW

ÅBest single-channel 
measurement in 4
[2409.13663]

H cc ?! 
ÅML improvements in 

charm tagging (gNN)
ÅObs. (Exp.) 95% CL

1.1< c<5.5 ( c<3.5)
ÅSearched for in VH

(3.8 )

https://arxiv.org/abs/2409.13663


ÅSMEFT = |M SM + ϛMBSM| 2 = SM + ϛlinear + ϛ2 quadratic
-Linear term: Interference! Boost into rest frame; 9 helicity functions

ÅTriple angular observables integrate out unlessȱ
(Ingredient #1) we keep suitable products Ÿ CP sensitivity

Interference resurrection 
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ÅVH is a weak-sector BSM probe
-Use the SMEFT as
ÈɯɁÔÖËÌÓ-ÐÕËÌ×ÌÕËÌÕÛɂɯÔÖËÌÓɯ

-Include all symmetry 
preserving field monomials

known SM
particles

known SM
symmetries

unknown
coefficients

+4 more

CP sensitivity!



H+W/Z interpretation with ML
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H unitarizes SM at high energy
Åcancellations over many orders of 

magnitude BSM probes
ÅIngredient #2: Energetic 
ÖÉÚÌÙÝÈÉÓÌÚɯȃϛ2 combine?

ÅDeveloped ML algorithm fully 
aware of |M SM + ϛMBSM| 2

[MLST 2025, 2205.12976, CPC 2022]

ÅɁ,+ɯÖ×ÛÐÔÈÓɯ
ÖÉÚÌÝÈÉÓÌɂ

ÅƔɝɤƕɝɤƖɝ
Å high dim!
Å 48 features
Å 6 BSM effects

Å up to x8 sensitivity
[2411.16907]

Å Systematic 
optimality?

|M SMǶɯϛɯMBSM| 2

https://inspirehep.net/literature/2802606
https://inspirehep.net/literature/2087945
https://inspirehep.net/literature/1891548
https://arxiv.org/abs/2411.16907


-Success  = Theory+Exp
-"ÖÕÚÐËÌÙɯÒÐÕȭɯ1ÌÊÖɯÐÕɯƖɝ-channel

-Clean signature

-6 unknowns; 6 constraints

-Solve kinematic equations 

-4 solutions - 100x smearing and
Likelihood -weighted average 
[JHEP 02 (2019) 149] 
[Phys. Rev. D 100, 072002 (2019)]

Steps to precision: Top quark pairs
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-Exquisite precision Ÿ All purpose tool

-10% systematics on energetic quantities & diff. x-sec

-<5% on angles & in ratios

-6ÏÈÛɀÚɯÎÖÖËɯÛÏÌÖÙàɯËÐÙÌÊÛÐÖÕÚɯÛÖɯÉÌÚÛɯÌß×ÓÖÐÛɯÛÏÐÚɯ×ÙÌÊÐÚÐÖÕȳ

https://arxiv.org/abs/1811.06625
https://arxiv.org/abs/1907.03729


Top quark pair ɬsteps to precision

-Example: spin-correlation matrix in the tt rest-frame [Bernreuther et al. , 1508.05271]

-Transform observables so that dependence is linear (or simple known.) 

-Experimentally, need determine a slope in the unfolded distribution

-Curvature regularization constrains the 2 nd derivative; regulator ŸȆɯŸϪ2 fit

-ATLAS lab -frame SC meas. later understood via scale unc.

-Much smaller theory/modeling uncertainties in the rest frame
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Rest-frame

D = -1/3Tr[C] = -(Cnn+Crr+Ckk)/3

https://arxiv.org/pdf/1508.05271


Å -ÖÞɯÛÏÈÛɯÞÌɀÝÌɯÔÌÈÚÜÙÌËɯÛÏÌɯÚ×ÐÕ-
ÊÖÙÙÌÓÈÛÐÖÕɯÔÈÛÙÐßȮɯÞÏÈÛɀÚɯÕÌßÛȳ

Å PeresɬHorodecki criterion 

Ÿ Entanglement!

(Cnn etc. are diagonal entries)

Entanglement of top quark pairs (2Љ)
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high-mass
entanglement

near ɬ
threshold 

entanglement

Å Entanglement at low & high m( tt) 
Å low m(tt) region [Rept.Prog.Phys. 87 (2024) 117801]

Å Ɂ$ÕÛÈÕÎÓÌÔÌÕÛɯÞÐÛÕÌÚÚɂȯɯ
Steepness of cos ȹɝ+Ȯɝ-) spectrum

Å > 5.1 at low m( tt)
Å Main uncertainties: Toponium (!)

https://arxiv.org/pdf/2406.03976


A near-threshold pseudo-scalar structure

Deficit in simulationat low mass

ÅMeasure in bins of spin-
correlation observables

ÅConsistent with low -M
pseudo-scalar (1S0

[1]) state 
[HIG -22-013] at ~340 GeV

Color -singlet bound state?

ÅMeas.: ϦȹϚt) = 7.1 ± 0.8 pb

ÅNRQCD 6.43 pb
[PRD 104, 034023 (2021)]

Interpret with caution! Nevertheless: a new research program for the future.
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!κI Ҧ tt

t́ simulated with [Eur. Phys. J. C 85 (2025) 157]

https://inspirehep.net/files/5d8ec488cb1ea00470ee5c6ff6ea228c
https://arxiv.org/pdf/0812.0919
https://arxiv.org/abs/2411.18962


-Interpretation in CP -odd Ϛt vs. Ϫt CP-even scalar [TOP-24-007] 

-Removing generator mass cut, refined modeling systematics 

observation with >5 10

CP-odd

C
P-

e
v
e
n

A near-threshold pseudo-scalar structure

https://arxiv.org/pdf/2503.22382


Where to go with this?

-The low-mass signal is an 
experimental feat 

-Ɂ.×ÌÙÈÛÐÖÕÈÓÓàɯËÌÍÐÕÌËɂȯ
QCD enhancement over 
fixed-order predictions

-Theory is actively developed 
- BR(ϚtŸϖϖ) Ḑ2 × 10Ǹƙ

[2412.18527]

~50 evts in Run II+III ?!

-ZZ (stat limited), hX (?), 
WW (?), gg (.. not)

-3S1
[1] ϫt
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[2411.17955]

-Quality of the predictions & modeling will improve
-ɁÕÖɯÛÏÌÖÙàɯÊÖÕÚÌÕÚÜÚɂɯȻref]

--+.ȮɯÐÕÛÌÙÍÌÙÌÕÊÌȮɯÔÈÛÊÏÐÕÎȮɯȱ

-New techniques needed for the experimental challenge

-I think a rich subfield will develop, to be explored together

Simulation with [Eur. Phys. J. C 85 (2025) 157]

plot removed

https://arxiv.org/abs/2412.18527
https://arxiv.org/abs/2411.17955
https://indico.cern.ch/event/1473617/contributions/6296622/attachments/3005779/5298170/topws_quovadis_20250130.pdf
https://arxiv.org/abs/2411.18962


High -ÔÈÚÚɯÛÖ×ɯØÜÈÙÒɯ×ÈÐÙÚɯȹƖɝȺ
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ÅWhat about the tails of ttɉΨЋɊȩ

linear feature correlation in ttόнҚύ
Typically use only 1 or 2 features!

spin correlation 

polarisation

rapidities

momenta/
masses

charge asymmetries

spin correlation

charge asymmetry

energetic
observables

Қ

Қ

p p

ṃ72 features
ṃ15 SMEFT POIs

59 POIs [JHEP10(2010)085]

+
2

=

Standard Model Effective Theory

https://arxiv.org/abs/1008.4884


Unbinned modeling in 3 -steps

1. +ÌÛɀÚɯÞÙÐÛÌɯÈÕɯÜÕÉÐÕÕÌËɯadditivemodel

2. The experimentalist/theorist (not the framework) decides on specification
33ȹƖɝȺɯÏÈÚɯƝƔǔɯ×ÜÙÐÛà: A single EFT process and a number of small backgrounds (DY, NPȮȱȺ

3. Form the ratio & learn the factors!
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SMEFTnormalisation 
όάƪ-ŦŀŎǘƻǊǎέύ

systematics

1) SMEFT learning2) systematics learning

3) classifiers 

[ƛƪŜƭƛƘƻƻŘ Ǌŀǘƛƻ Ҧ ƻǇǘƛƳŀƭ ǘŜǎǘ ǎǘŀǘƛǎǘƛŎΗ  Adding systematics or processes ŘƻŜǎƴΩǘ ƛƴǾŀƭƛŘŀǘŜ partial training! 
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What are the gains?

ÅSystematics-free analysis of 8 WC with 18 
features shows ~x5 sensitivity gain
ML4EFTR. Ambrosio, J. Hoeve, M. Madigan, J. Rojo, V. Sanz 
[2211.02058]

ÅDeveloped techniques to learn systematics
[RS, Mach. Learn. Sci. Technol. 6 015007 (2025)]

ÅNew project starting soon @ HEPHY on ttɉΨЋɊ
[PAT7453824]

ÅTested technology on HŸⱲⱲcross section
ÅFAIR Universe Higgs Uncertainty Challenge [2410.02867]

ÅVery steep learning curve!

ÅCurrently at the top of the leader board 

ML systematic 
effects 

Effects on limits

(preliminary)

https://arxiv.org/abs/2211.02058
https://arxiv.org/abs/2406.19076
https://www.fwf.ac.at/forschungsradar/10.55776/PAT7453824
https://arxiv.org/pdf/2410.02867


Four top quark production
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Å Complex final state
Ɩɝ22ɤƗɝɤƘɝ

Å Observation in 2023

tttt = 13.4 + 1.0 ɬ1.8 fb
[Phys. Lett. B 847 (2023) 138290]

Å/ÙÖÊÌÚÚɯÖÉÚÌÙÝÌËɯȁɯƙin 2023
Å Probe forces among top quarks
Å Color singlet/octet, different 

chiralities, CP-even and odd
Å (Pseudo-/) Scalar & vector 

mediator resonances 
Å Yukawa-coupling modifications

probe indirect effects from H
Å Equal BSM footing with EFT

CP-even t-H coupling
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https://www.sciencedirect.com/science/article/pii/S037026932300624X?via%3Dihub


CMS global EFT fit
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Combination of Higgs, EW, Top, QCD, EWPO
to globally constrain non -resonant BSM: SMEFT
[SMP-24-003]

Å 64 individual measurements, 
42 eigenvectors constrained simultaneously

Å h Ÿ‎‎STXS, leading sensitivity to 11 
coefficients

https://cds.cern.ch/record/2911229/files/SMP-24-003-pas.pdf
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BSM energy scale
ȁɯƖƔƔɯ3Ì5ɯȹÍÙÖÔɯÔÜÓÛÐÑÌÛȺ

BSM energy scale
ȁɯƗɯ3Ì5ɯȹÍÙÖÔɯÛÛÛÛȺ



The mass of the W boson
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Å With M H and M t known, 
the SM is over-constrained

Å ͅÙis mostly affected by 
M t and MH

Å Lack of consistency would 
be a sign of BSM

Å Data set 16.8/fb at 13 TeV with ~25 PU
Å Highly binned measurement in pT( ), Ϛ( ), q
Å Difficulty: In -situ constraint of PDFs, pTȹɝȺɯÊÈÓÐÉÙÈÛÐÖÕɯ)ɤ, 

validation Z, modeling (helicity fractions, scales, non -pert.) 

MW = 80 360.2 ± 9.9 MeV [Nature sub.] [press release]

Å Important uncertainties: 
Scale of pT (4.8MeV), PDF (4.4 MeV)

https://arxiv.org/pdf/2412.13872
https://home.cern/news/press-release/physics/cms-experiment-cern-weighs-w-boson-mass


CMS  upgrades for HL -LHC
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[CMS-TDR-020]

[CMS-TDR-014]

CMS-TDR-019

[L1: CMS-TDR-021]
[DAQ/HLT: CMS-TDR-022]

[CMS-TDR-016]

HEPHY Tracker/HGCalgroup

HEPHY Tracker/HGCalgroup

https://inspirehep.net/files/0e509a7ebc799efe1a6a914c9873d16d
https://inspirehep.net/files/8f82fb529d70aed03e77640c3453d3af
https://inspirehep.net/files/7ed947b22660641ced12fd630f40fa84
https://inspirehep.net/files/f96f925080108949b5cc608ebcf43546
https://cds.cern.ch/record/2759072/files/CMS-TDR-022.pdf
https://inspirehep.net/files/06706ccc57cf0fbd95863a67a750bfdb


ÅIn traditional analyses, we
Åa) predict S-matrix elements 

Åb) sample from |M| 2 c) compute observables (e.g. peak position) d) compare with data

ÅNew paradigm: Energy correlators (EEEC) [2201.08393]

Å#ÌÍÐÕÌɯɁÊÈÓÖÙÐÔÌÛÌÙɂɯÊÌÓÓÚɯÈÛɯÚ×ÈÛÐÈÓɯÐÕÍÐÕÐÛàɯ

ÅCompute the expectation of the operator product

ÅThis is an experimentally trivial representation of the data: triplets!

ÅThe energy correlator is parametric in the directions! 
For example, can compute an arbitrary Lorentz-invariant substructure observable

20

M t from track -based energy correlators

https://inspirehep.net/literature/2015392


ÅTrack-based Mt measurement 
with the double - and triple -
energy correlator with
ÅɁÐÕɯ×ÙÐÕÊÐ×ÓÌɂɯÛÏÌÖÙÌÛÐÊÈÓɯÊÖÕÛÙÖÓ

ÅFWF Project with UNIVIE & DESY
[PAT2312224]

ÅSeveral aspects understood: 
ÅWhich correlators to use, how & 

where to integrate

ÅCalibration on M W [2311.02157] 

ÅFeasibility study [ 2407.12900]

ÅNext steps: 
ÅUnfolding of triplet kinematics

Å 3D or 5D? Unbinned -ML?

ÅReal-world demonstration

ÅUncertainty projection
ÅRun II+III: 500 MeV

ÅHL -LHC:   300 MeV
21

M t from track -based energy correlators

https://www.fwf.ac.at/forschungsradar/10.55776/PAT2312224
https://arxiv.org/pdf/2311.02157
https://arxiv.org/pdf/2407.12900
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