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The High Luminosity LHC program

Current schedule:

- Recent update 

extends Run3, shifts 

and extends LS3.  

- Start of HL-LHC 

data taking foreseen 

in 2030 
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Challenges/opportunities of HL-LHC

 3x increase of peak luminosity

 Data equivalent to 3000 fb-1 

in 10 years of operation

 Upgraded detectors to cope 

with higher pileup and 

radiation damage 

 Enhanced sensitivity to rare 

processes and potential new 

signals, improved precision 

studies
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 Detectors with improved granularity and 

timing capabilities to mitigate increase in PU 

conditions (x3 current LHC Runs)

 New silicon tracker to cope with the higher 

dose expected (x10!)

 Additional muon chambers 

 On-detector electronics, the entire trigger and 

data acquisition system, will undergo a 

complete overhaul to address the larger event 

size and acquisition rate

Phase-II Upgrade in a nutshell (CMS & ATLAS) 
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*taken from DIS24 Arnab’s talk

https://lpsc-indico.in2p3.fr/event/3268/contributions/7448/attachments/5316/7977/ArnabPurohit_DIS2024_Final.pdf
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 Few physics benchmarks in which HL-LHC will 

dominate the state-of-the-art for decades 

 Center-of-mass-energy of 14 TeV, two luminosity 

scenarios: intermediate 2 ab-1, nominal 3 ab-1

 Method: scale yields from Run 2 analyses

 Scenario “S2” with reduced systematic uncertainties

 Experimental uncertainties reduced according to the 

origin

 Theoretical systematic uncertainties halved

 Negligible contributions from limited Monte Carlo 

simulation event counts

European Strategy for Particle Physics Update – HL-LHC Input
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arXiv:2504.00672

 In the Higgs self-coupling studies “S3”considers Run 

3 advancements

 Scenarios based on the best available knowledge

→ advancements can exceed expectations 

https://arxiv.org/pdf/2504.00672


1. Precision Higgs Physics and Rare decays

 Constraint on charm yukawa coupling 

 Observation of 𝐻 →  𝜇𝜇/𝑍𝛾

2. Higgs self-couplings

 HH observation and trilinear self-coupling 

measurment  

 HHH searches and quartic self-coupling 

constraint 

 Constraining BEH potential and a first order 

phase transition 

Outline of this talk

3. Searches for a BSM heavy scalar 

 Interplay with precision measurements

4. Precision measurment of mH and mtop

 EW vacuum stability

5. Top quark studies

 Rare process: 4 top cross section measurement 

 EFT bounds from top processes 
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 Expected indipendent observation from both experiments of these two rare 

channels, with coupling precisions 3% (𝜅𝜇) and 7% (𝜅𝑍𝛾)

 𝐻 →  𝜇𝜇 first test of Higgs interaction with 2nd generation → expected 30% 

impr. on dimuon mass resolution due to detector upgrade
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1) Rare Higgs decays: 𝐻 →  𝜇𝜇 and 𝐻 → 𝑍𝛾 

H → Zγ 

ATL-PHYS-PUB-2025-014 CERN-CMS-NOTE-2025-007

arXiv:2504.00672
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 Latest projections include recent improvements in b-/c-jet tagging techniques driven by Machine Learning

 1.6 sigma signficance expected for ATLAS+CMS, constraining |𝜅𝑐| < 1.5 at 95% C.L 

 This include only VH, but recent analysis at Run 2 prove ttH can provide a more stringent constraint!
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1) Higgs coupling to charm quark

ATL-PHYS-PUB-2025-012

https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842
https://cds.cern.ch/record/2927842


 Direct probe of the Higgs trilinear 

coupling (𝜿𝟑) and of the Brout-

Englert-Higgs (BEH) potential 

 Characterized by a very small 

cross section, 𝜎(ggHH) ~ 37 fb-1
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2) Di-Higgs boson physics

arXiv:2504.00672

 Benefit from the increased luminosity, ~ 105 HH 

events with 3 ab-1  of lumi

 Projections in scenario S3 include significant 

advancements in jet and tau tagging from Run 3 

 Expected observation already with 2 ab-1 from 

ATLAS+CMS

https://arxiv.org/pdf/2504.00672


 A precision on 𝜿𝟑 below 30% can be achieved with 3 ab-1 in S3 scenario (previous projections reported 50%!)

 The coupling VVHH (𝜅2𝑉) can be accessed via VBF HH studies → expected ~13% precision with 3 ab-1 in the 

S3 scenario using only 4b channel
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2) Di-Higgs boson physics

arXiv:2504.00672

https://arxiv.org/pdf/2504.00672
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2) Constraining the BEH potential

arXiv:2504.00672

 Projected limits on 𝜅3 are used to derive constraints on 

BSM scenarios with deformations of the SM BEH 

potential that allow a strong First Order Phase Transition 

(FOPT), explaining matter-antimatter asymmetry

 With 3 ab-1 potentially able to exclude all FOPT scenarios 

across the four tested alternative potentials (main 

assumption: large energy scale of New Physics)

 Unique opportunity to 

address questions on 

the origin of the 

universe

https://arxiv.org/pdf/2504.00672


 Direct access to the quartic self coupling (𝜅4)

 Tiny cross section (𝜎(ggHH) ~ 0.079 fb-1)

 Projections based on the 6b channel (ATLAS Run 2 analysis)

 Expected limit on HHH cross section for the S3 scenario is 

86 times the SM expectation 

 With this precision, ATLAS and CMS will start excluding 

portions of the region allowed by the unitarity limit
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2) Triple Higgs boson production

arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


3) Searches for a BSM heavy scalar

 Search for a heavy scalar, S, extending the 

Higgs sector 

 Projections based on CMS full Run 2 results 

for the search 𝑆 → 𝐻𝐻 in the channels 

𝑏 ത𝑏𝑏 ത𝑏, 𝑏 ത𝑏𝛾𝛾, 𝑏 ത𝑏𝜏𝜏

 Possibilty to exclude a significant region of the 

model parameter space

 Other signatures, 𝑆 → 𝑍𝑍 and 𝑡 ҧ𝑡𝑆 → 𝑡 ҧ𝑡𝑡 ҧ𝑡 , are 

also explored
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


3) Interplay between precision measurement and direct searches

 Minimal extension of the SM, featuring a real singlet 

scalar S coupling to SM via the Higgs portal

 Despite the simple model, rich phenomenology 

 HL-LHC projections of ATLAS+CMS direct searches 

and precision measurements proved powerful in 

excluding model parameter configurations that would 

allow a strong FOPT

 It show the complementarity of measurements and 

searches
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


4) mH , mtop and the EW vacuum stability

 Projection of mtop measurments from tt+jets 

events

 Achievable precision on mtop of 200 (600) MeV 

with (without) profiling of the uncertainties

 Projection of mH measurment from 𝐻 → 𝑍𝑍 → 4ℓ 

(with ℓ = 𝑒, 𝜇)

 Precision of 38 (26) MeV with ATLAS (CMS), 

hence a combined precision on mH of 21 MeV

 With the full HL-LHC dataset, ATLAS+CMS may be 

able to make a conclusive statement on the 

stability of the vacuum
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


 Four top quark production recently observed by 

ATLAS and CMS 

 The process is extremely sensitive to new physics 

 The projected experimental precision on the 

process cross section is ~6%, well exceeding 

theory uncertainties 

 Four top quark production is sensitive to top 

yukawa 

 Can be used to significantly constaint EFT 

operators linked to scenarios with enhanced 

interactions between third-generation quarks 

5) Rare top quark processes
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


 Possibility to probe EFT operators related to the 

electroweak dipole moments of the top quark

 In processes like 𝑡 ҧ𝑡𝛾 and 𝑡 ҧ𝑡𝑍 the transverse 

momentum distribution of the photon/vector 

boson is sensitive to these EFT parameters 

 Results expressed in terms of limits on the new 

physics energy scale Λ

 Might be the ultimate results for some time (as 

FCC-ee might not run at the top pole)

5) EFT bounds from top quark processes
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


Bonus: A word on LHCb at HL-LHC & Upgrade II
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arXiv:2503.23087

arXiv:1808.08865

CKM test 

(dedicated talk)

Searches for 

new feebly 

interacting 

particles
Constraints on 

rare decays 

EW and high-pT 

measurements: 

 W mass

 t ҧt cross section

 Higgs studies 

through VH 

production

https://arxiv.org/pdf/2503.23087
https://arxiv.org/pdf/1808.08865
https://indico.cern.ch/event/1440982/contributions/6592601/


Summary

 Updated physics goals of HL-LHC, testing specific physics 

benchmarks

 Provided a more realistic assessment of the HL-LHC physics 

reach, including what we learned/are learning in Run 3

 Proved that HL-LHC will leave a lasting impact on the future 

directions of High Energy Particle Physics 

 HL-LHC will be a brighter torch lighting the path to new physics!

Thanks for the attention!
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Physics Motivation

 Despite striking Standard Model (SM) success, many 

reasons to believe it is incomplete

 Several big questions unexplained in the SM framework

❖ What is Dark Matter?

❖ Is the Higgs boson solely responsible for Electroweak 

Symmetry Breaking (EWSB) and the origin of mass?

❖ Are fundamental parameters finely tuned?

❖ What is the origin of the matter-antimatter asymmetry? 

❖ Do quarks and leptons have substructure?

  Several big ideas → Many Beyond SM (BSM) theories 

22

arXiv:1311.0299
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https://arxiv.org/abs/1311.0299


1) Di-Higgs boson physics
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 Recent projections for ESPPU (for 𝐻 → 𝛾𝛾/𝑍𝛾/𝜇𝜇/𝜏𝜏 

and V𝐻 → 𝑏 ത𝑏) combined with previous projections for 

other channels to extract the Higgs coupling 

modifiers, 𝜿

 Precision on 𝜿𝝁 and 𝜿𝒁𝜸 improved of 30% wrt 

previous projections, while other couplings show 

small changes 

 Theory uncertainties are still dominant for most 

couplings

 Reduce them below the 50% assumed in S2 

would enhance the precision on the couplings 
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1) Higgs couplings to SM 
arXiv:2504.00672

https://arxiv.org/pdf/2504.00672


5) Diboson scattering

 Independent test of the Electroweak Simmetry 

Breaking mechanism 

 Projections based on CMS Run 2 analysis predicts a 

combined ATLAS+CMS precision of:  

 2.9% on WW

 17.5% on WLWL → expected observation with full 

HL-LHC dataset 

 5.9% on WZ
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arXiv:2504.00672

https://arxiv.org/pdf/2504.00672
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