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LHC data taking overview

• Run 3 dataset (13.6 TeV) 

• Being collected now 

• ~110 fb-1 good for physics in 
2022-2023-2024, expect >300 fb-1 
at the end of 2025 

• Run 2 dataset (13 TeV) 

• ~140 fb-1 good for physics 

• ~ 7M Higgs bosons produced 

• ~ 5000 reconstructed H→γγ

Excellent accelerator performance over many years
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Run 2: Higgs boson physics legacy
• Very broad ongoing Higgs boson physics program at CMS and ATLAS 

• Precision measurements: few-% level on some couplings, 0.1% on mH. 
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and performance

• Di-Higgs is reaching SM sensitivity with Run 2 data only 

• Improvements driven by better analysis techniques 

• Significant reduction in uncertainties on charm coupling
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HDBS-2021-07 ATLAS

Extended Higgs Sector

HDBS-2020-11 ATLAS
HDBS-2023-19 Combination of charged Higgs  searches ATLAS
EXOT-2022-13 ATLAS
HIG-24-002 CMS
HIG-22-004 CMS
SUS-24-001 CMS

EXOT-2018-55 Prompt Lepton-Jets ATLAS

Dark Sector

EXOT-2022-04 Long Lived Particles in the hadronic calorim. ATLAS                                            - displaced
SUS-23-004 CMS
SUS-23-012 CMS
SUS-23-018 CMS

SUS-24-004 pMSSM CMS

Supersymmetry
SUS-23-003 Compressed Supersymmetry CMS

ATLAS-CONF-2024-011 Run3 displaced leptons* ATLAS                                            - displaced
SUS-23-002 Supersymmetry w/ charged leptons and 

missing energy
CMS

ATLAS-CONF-2024-008 Vector Like Leptons (VLL) 4321 model (tau 
hadronic)

ATLAS

Heavy FermionsEXOT-2021-02 Combination of VLQ ATLAS
EXO-23-015 CMS                                   - displaced
B2G-22-005 CMS

EXO-23-010 CMS EFT

EXOT-2022-33 Low mass dijet + ISR gamma ATLAS

New Mediators
EXOT-2020-26 Dark Higgs via Z’ ATLAS

EXO-24-007 Low mass dijet+ISR CMS

EXO-22-006 CMS
EXO-22-013 t-channel scalar and vector leptoquark CMS Leptoquarks

300 600 900 1200 1500 1800 2100 2400 2700 30000 [GeV]

Explored energy range

dark matter

dark matter

∆m

up t 5 TeV

Run 2 searches overviewReference Topic Experiment Model
300 600 900 1200 1500 1800 2100 2400 2700 30000 [GeV]

Explored energy range

Run 2: searches overview

*(+ 1 result Run 3) 4/31

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-19/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-55/
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-24-004/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-002/index.html
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-02/
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-26/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-007/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-013/index.html
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Explored energy rangeExplored energy range

Run 2: searches overview

*(+ 1 result Run 3)

New summary plots from Leptoquarks and Dark Matter (ATLAS) 
and Heavy Resonances (CMS)  

Many standard summary plots in the public pages of ATLAS 
and CMS 

Many Physics Reports about BSM Run 2 physics @LHC 
submitted: state-of-the-art of a broad set of physics results and 
techniques in many areas of LHC BSM physics: CMS and ATLAS

4/31

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-012/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://atlaspo.cern.ch/public/summary_plots/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#2024_ICHEP
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• Previously search for boosted resonances reconstructed as 
large-radius jets with substructure 

• Now signal distinguished from the backgrounds using 
ParticleNet GNN discriminants 

• Stringent limits on universal coupling 
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2Run 2: impact of GNN tagging
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-030/
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Run 3: status of the art
•  Higher collision energy and aiming for 2 × larger dataset – There is much more to come!

  

• Higgs and EW processes (HIG-23-014, HIG-24-013, SMP-24-005, 
SMP-24-001, SMP-22-017,  TOP-22-012,  TOP-23-008)   

• First w/ parking (BPH-23-008)  

• Two searches (EXO-23-014, EXO-23-013) 

• Higgs and EW processes (STDM-2023-16, 
STDM-2022-17,TOPQ-2023-21,HIGG-2022-12) 

• Search: ATLAS-CONF-2024-011 

•  Run 3 results twiki

ATLAS: CMS: 

6/31

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-005/
https://cds.cern.ch/record/2900127/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html
https://arxiv.org/abs/2303.10680
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/
http://cds.cern.ch/record/2905292
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithRun3Data
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Run 3: Boosting the sensitvity with new triggers
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An example: Search for displaced leptons in 13 TeV and 13.6 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
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High Luminosity (HL) LHC timeline

•Targeting ~3000 fb-1 of data or 180 million Higgs 
bosons  

•50 fb−1for LHCb 5 fb−1 for ALICE, Pb–Pb (13 nb−1 ) 
and p–Pb ( 50 nb−1 ) 

•HL-LHC represents the 
ultimate evolution of LHC 
machine performance: 
operation at up to    
L=7.5·1034 Hz/cm²  

8/31
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Raising the challenge
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•Pileup (PU) conditions particularly challenging for data-taking: detector irradiation, higher 
occupancy, higher trigger rates

• Much higher collision rates will far exceed the capabilities of the existing detectors

ref.

9/31

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults


Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024

•Pileup (PU) conditions particularly challenging for data-taking: detector irradiation, higher 
occupancy, higher trigger rates

• Much higher collision rates will far exceed the capabilities of the existing detectors

� �� �� �� �� ���

0HDQ�QXPEHU�RI�LQWHUDFWLRQV�SHU�FURVVLQJ

�

�

�

�

�

�

�

�

�

5H
FR
UG
HG
�OX
P
LQ
RV
LW\
��I
Eೋ
{��

��
�

͖SSLQ ������7H9�� ������PE
͖SSLQ ����7H9�� ������PE
͖SSLQ ���7H9�� ������PE
͖SSLQ ���7H9�� ������PE

&06 �����������7H9����͏!� ���
�����������7H9����͏!� ���
���������7H9����͏!� ���
���������7H9����͏!� ���
���������7H9����͏!� ���
���������7H9����͏!� ���
��������7H9����͏!� ���
��������7H9����͏!� ���

�

�

�

�

�

�

�

�

�

200

ref.

200

•Primary goal at HL-LHC is to maintain the current 
excellent detectors performance in terms of 
efficiency,  resolution, and background rejection 
for all final state particles and physics observables 
used in data analyses.

140-200 vertices in beam-spot space [5 cm]

ref.

Raising the challenge
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
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Main priorities at HL-LHC 

• Phase-2 improvements in detectors, triggers and reconstruction will extend sensitivity in 
precision measurements and new physics searches 

•Higher order theory calculations and larger MC samples required to fully exploit the HL-LHC

more radiation damage  

harsher radiation(~ 1016  neq/cm2 ; 10 MGy)  

higher rate of data

degrade the identification and the 
reconstruction of the hard interaction 

increase the rate of false triggers

good reconstruction efficiency 

Increase detector granularity 

Sophisticated detector

Increase data acquisition bandwidth 

Increase processing power for online reco

Spatial overlap of tracks and energy deposits:

Higher collision rate:

10/31
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The Physics Landscape at HL-LHC
Precision Measurements of the Higgs Boson (couplings and rare decays) 

Searches for New Physics Beyond the Standard Model (SUSY, Dark Matter, Exotic signatures) 

Precision Tests of the Standard Model (Top quark, EW tests) 

Rare Processes and Flavour Physics (FCNSs, CP violation) 

Heavy Ion Collisions (QGP, UPC)

•LHC experiments have an ambitious physics program ahead:

•New techniques and detectors will extend analyses sensitivity:
Advanced Detector Technologies → improved tracking, calorimeters, and timing detectors  

Machine Learning and AI → will help in handling the vast amounts of data generated and in 
identifying rare events more efficiently.

•Theoretical and computational advances:

Improved theoretical models and higher-order calculations (PDFs and QCD effects) 

Advanced simulations and modeling of particle interactions

11/31
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•LHC experiments have an ambitious physics program ahead:

•New techniques and detectors will extend analyses sensitivity:
Advanced Detector Technologies → improved tracking, calorimeters, and timing detectors  

Machine Learning and AI → will help in handling the vast amounts of data generated and in 
identifying rare events more efficiently.

•Theoretical and computational advances:

Improved theoretical models and higher-order calculations (PDFs and QCD effects) 

Advanced simulations and modeling of particle interactions

•LHC experiment pushed very hard the performance studies while 
preparing TDRs and legacy documents (see bibliography) 

•Recently the community is clearly focussing on prototyping and 
building these beautiful detectors  

•In this talk I will highlight some examples of niche physics cases that 
I find elegant and emblematic in the context of showing the huge 
potentiality of the upgraded LHC detectors in few years from now 

The Physics Landscape at HL-LHC
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• Assumptions on uncertainties: 

Theory uncertainties reduced by a factor of ~ 2 (higher-order calculation as well 
as reduced PDF uncertainties) 

Limited number of simulated events neglected 

Detector performance as good or better than now, but with harsher pileup 
conditions 

Experimental uncertainties reduced by 1/√ℒ  

Luminosity uncertainty: 1%

Methods for HL-LHC prospect studies
• MC event Generator + Fast detector simulation 

• Start from published LHC Run 2 results, adapt to HL-LHC conditions 
•

12/31
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Standard Model Physics
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Higgs boson properties and couplings
•Essential task to test the self-consistency of the SM  at HL-LHC  

•Sensitivities at 3000 fb−1 extrapolated from Run 2 measurements 

•Most couplings measurements expected to be limited by 
uncertainties with HL-LHC datasets: precision < 4%

•Estimates include improved acceptance 
and performance of the detectors

•H→µµ and H→Zɣ still limited by stat. uncertainty

•Very interesting prospects to probe Yukawa 
couplings to 2nd generation fermions

ref. 14/31

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
http://www.apple.com/uk
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C-Challenging Higgs Physics at HL-LHC 
•𝐻 → 𝑐𝑐 direct measurement: small branching fraction + very large 

QCD

•Jets b/c-tagged using a multivariate discriminant 

•Analysis simultaneously measure the 𝑉𝐻(𝐻 → 𝑏𝑏) 
and the 𝑉𝐻(𝐻 → 𝑐𝑐) processes 

• With further improvements could be in reach at HL-LHC!

• 95% CL expected upper limit on σ x BR: 
@ ATLAS Run 2: 31 x SM 
@ ATLAS HL-LHC: 6.4 x SM

ATLAS: µ(VH, H→cc) = 1.0 ± 2.0 (stat.) ± 2.5 (syst.) 

CMS: µ(VH, H→cc) = 1.0 ± 0.6 (stat.) ± 0.5 (syst.)

ref.
15/31
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Higgs self-coupling @HL-LHC

16/31

Ref.

https://indico.cern.ch/event/1253590/contributions/5814406/attachments/2873037/5030762/FutureColliders-Willocq-LHCP2024-v3.pdf


Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024

Standard Model Effective Field Theory (SMEFT)

• LHC analyses enable to accurately place limits on Wilson Coefficients (ci )

17/31
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• LHC analyses enable us to accurately place limits on Wilson Coefficients (ci )

• A single operator can influence many processes, and multiple operators can affect one single process.

First combination from an experiment including top, Higgs, vector boson 
and jet measurements in an EFT interpretation

CMS-PAS-SMP-24-003

SMEFT: Impact of precision on BSM @LHC

18/31
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SMEFT: Impact of precision on BSM @HL-LHC

19/31
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SMEFT: Impact of precision on BSM @HL-LHC
Higgs differential cross sections 
• High pT region sensitive to BSM effects 
• Directly benefits from statistical power of HL-LHC

19/31
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Beyond Standard Model Physics
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New massive resonances decaying into 
Higgs boson pairs

•Spin-0 and 2 new particles  X→HH→4b 

•𝐻 → 𝑏𝑏 are highly Lorentz-boosted: two b 
reconstructed as a single large-radius jet

Xb

b

b

b

GGF Spin-2 graviton masses of up to about 3 TeV  VBF: cross section an order of magnitude smaller 
not yet explored

Mass reach x 2 w.r.t. Run 2
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Search for direct pair production of top 
squarks at HL-LHC

•Three and four bodies decays studies 
under the assumption:

• Analysis strategy similar to the Run 2 one in final states with two leptons, jets and missing 
transverse momentum

•At HL-LHC the Fake Non Prompt  background rejection 
will  benefit from higher granularity improved isolation 
performance

•Different kinematic variables are exploited to separate 
the signal from the SM background and cuts optimized 
w.r.t. Run 2
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Search for direct pair production of top 
squarks at HL-LHC

•Three and four bodies decays studies 
under the assumption:

• Analysis strategy similar to the Run 2 one in final states with two leptons, jets and missing 
transverse momentum

•At HL-LHC the Fake Non Prompt  background rejection 
will  benefit from higher granularity improved isolation 
performance

•Different kinematic variables are exploited to separate 
the signal from the SM background and cuts optimized 
w.r.t. Run 2

• Three and four bodies decays studies under the assumption:

• Require exactly two signal leptons and use MET significance and n(b)jets in the selection. 

ref.

• Sensitivity estimates conservative: 
assumed Run 2 objects 
reconstructions same trigger 
thresholds
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The HL-LHC photon collider @ ALICE
•Ultra-peripheral collisions (UPCs) of heavy ions: light-by-light 

scattering, axion-like particle 

•ALICE 3 can access invariant masses below 5 GeV: 

 s, t and u–channel play an important role  
 largest theoretical uncertainties in the calculation 
of the muon anomalous magnetic moment 

• π0π0 dominant background below 2 GeV (final 
state with four photons of which only two are 
detected)

•Final state:  two photons emitted back-to-back

Below 0.5 GeV/c2, signal is dominant
ref.
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A new approach in BSM searches @ ALICE
•ALPs via the γγ → a → γγ process naturally couple to 

photons via an effective Lagrangian  

•ATLAS and CMS: limited abilities to light masses 
due to the difficulties in the triggering and 
reconstruction of photons with transverse 
energy below 2 GeV

ALICE 3: unique opportunity to fill the gap 
in the intermediate ALP mass range from 

50 MeV to 5 GeV

•Two-dimensional parameter space of the axion mass 
ma and the coupling w/ photons

ref.
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Boosting Dark Photon Sensitivity @ LHCb
•Dark Photon A’, mediator of a new U(1) dark force kinetically mix with the photon: 

observed in final states produced by the EM current

•Two free parameters: mixing term ε2 and mass of A′, mA′

prompt and displaced searches 
using D∗0  
inclusive dimuon production 
light meson decays:  

    π0 → e+e−γ  
η → e+e−γ 

•Three core capabilities of LHCb: excellent secondary vertex resolution, particle 
identification, and real-time data-analysis.

ref.
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Long Lived Particles @ LHCb

•Huge potential for  low mass and low lifetime

•LLP decaying within the VELO: 
Excellent spatial and momentum resolution  and 
reconstruction of displaced vertices

•Below 25 GeV  final state reconstructed as a single jet (merged jet)w/ substructure

•Exploring downstream tracks (outside VELO):  
new trigger strategies 
add Magnet Stations to improve low momentum resolution 
removal of neutral particles from the jet reconstruction (Machine Learning)  
fast-timing capabilities of the TORCH to suppress combinatoric background

ref.

•Long Lived pions predicted by Hidden Valley scenarios decaying hadronically into 2 jets
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New timing detectors at LHC

• Significant reduction of beamspot uncertainty w/ tens ps target resolution  
Remove pileup tracks and rejects spurious secondary vertices 
Extend the physics reach in precision measurements 
Provides a new capability for LLP searches and Particle ID

Mip Timing Detector @CMS High-Granularity Timing Detector @ 
ATLAS TORCH @ LHCb ALICE3
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Detection of late photons with CMS MTD
•New 30 ps Mip Timing Detector (MTD)  essential to properly 

determine the primary vertex time and particles’ time of flight

•Weighted vertex time resolution: estimating number of tracks in 
barrel/endcap

•Signatures 
with delayed 
photons: 
(ECAL time 
resolution: 30 
ps)

large gain in sensitivity w.r.t. 
ECAL only scenario

ref.

28/31

https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf


Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024

Detection of late photons with CMS MTD
•New 30 ps Mip Timing Detector (MTD)  essential to properly 

determine the primary vertex time and particles’ time of flight

•Weighted vertex time resolution: estimating number of tracks in 
barrel/endcap

•Signatures 
with delayed 
photons: 
(ECAL time 
resolution: 30 
ps)

large gain in sensitivity w.r.t. 
ECAL only scenario

ref.

28/31

https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf


Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024

CMS MTD as a time-of-flight detector
•Turn the MTD into a time of flight detector and look for anomalous 

moving particles (slow velocities, q!=1, large mass)

•Promising 
performance 
through the 
entire HL-LHC 
data taking 
period 
expected

•Complement Muon Detector based searches at short lifetimes

ref.
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Mass reconstruction of SUSY particles
•Precision timing gives β of the Long Lived Particle (LLP)

•By measuring the energy and momentum of the visible products of 
the LLP decay one can boost the visible system tot he LLP frame:

•By assuming the mass of the invisible system once 
can compute the mass of the LLP particle:

•New potentialities for new timing detectors!
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Towards a new era
•HL-LHC will significantly increase physics reach of LHC experiments across Higgs, SM, and BSM 

•Challenging experimental conditions w/ unprecedented pileup 

•Extensive detector upgrades will preserve performance 

•Gains from high luminosity and new clever algorithms  

•HL-LHC will provide a massive amount of new knowledge  and we are expecting to exceed 
expectations!

Standard model: ultimate precision and rare processes 
Higgs: precise determination of the H(125) properties and searches 
Direct searches: discover new physics or close a few chapters 
Flavour: high/low pT complementarity 
Heavy Ion: precise differential measurements 
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Recent efforts for HL-LHC projections


• European Strategy Update (2018-2020)


• CERN Yellow report (CERN-2019-007)


• Snowmass White Paper Contribution, 2022


• ALICE 3 LoI: arXiv:2211.02491
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SMEFT: global fits

ATL-PHYS-PUB-2022-037

Target is to perform a global fit of many operators with many input physics measurements 

• Ultimately in the future try to simultaneously fit dim-6 and dim-8 operators with many measurements 
• Significant step towards this direction performed by ATLAS in 2022 
• Dim-6 fit using Higgs+Diboson+EWPO data

Great care taken to get details right: 
• Indirect impact of operators on BRs 
• Take propagator effects into account 
• Handle acceptance effects in certain 
Higgs decay kinematics 
• Consider impact of certain operators 
on Fermi constant

ATL-PHYS-PUB-2022-037

17/29

https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf


Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024



Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024



Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024 69



Livia Soffi - Standard Model and Beyond at HL-LHC: Experimental talk - LNF 2024 70


