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Physics Potential of the HL-LHC

Sensitivity scales with luminosity:  

For measurements: 
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More realistic estimates
Huge effort by the LHC  
Collaborations + Theory to  
estimate the physics potential 

‣ Cumulated in CYRM-2019-007 
• Standard model 
• Higgs physics 
• BSM searches 
• Flavour physics 
• Heavy ions 

‣ Existing analyses derived  
expected sensitivities  
• Higher luminosity 
• Better systematic uncertainties 

Roman Kogler Dispelling the √L myth of the HL-LHC3

CERN Yellow Report,  
Vol. 7 (2019)



More realistic estimates
Huge effort by the LHC  
Collaborations + Theory to  
estimate the physics potential 

‣ Cumulated in CYRM-2019-007 
• Standard model 
• Higgs physics 
• BSM searches 
• Flavour physics 
• Heavy ions 

‣ Existing analyses derived  
expected sensitivities  
• Higher luminosity 
• Better systematic uncertainties 

Roman Kogler Dispelling the √L myth of the HL-LHC3

CERN Yellow Report,  
Vol. 7 (2019)

Somewhat bleak outlook for collider physics



Example: Four tops
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 scalingL

-1CMS 2018, 35.9 fb

-1CMS 2023, 138 fb

[CMS, EPJC 78 (2018) 140]

[CMS-PAS-FTR-18-031]
‣ σ(tttt) ≈ 13 fb  
‣ same-sign 

dileptons and 
multileptons 

‣ extrapolation to 
HL-LHC reaches 
4.1σ for 
optimistic 
uncertainties

https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211
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‣ σ(tttt) ≈ 13 fb  
‣ same-sign 

dileptons and 
multileptons 

‣ extrapolation to 
HL-LHC reaches 
4.1σ for 
optimistic 
uncertainties

[CMS-PAS-FTR-18-031]

[CMS, PLB 847 (2023) 138290]

2023: Updated 
methods and 
systematics: 
MVA lepton ID,  
BDTs to isolate 
signal

https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211
https://doi.org/10.1016/j.physletb.2023.138290


Example: Top quark mass

Precision: New Techniques
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https://doi.org/10.1103/PhysRevLett.124.202001


What do we expect?
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Achievement in precision
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Top Electroweak Interactions
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BSM effects in top-EW section poorly constrained 
‣ pp → tWZ powerful probe of BSM effects 
‣ Recent “evidence” for tWZ production by CMS 
‣ Can constrain SMEFT Operators (A. Belvedere’s talk on Saturday)

[CMS,PLB 855 (2024) 138815]

https://doi.org/10.1016/j.physletb.2024.138815


Top Electroweak Interactions
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Higgs Physics
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Figure 4. Constraints from a global fit, as described in the text, on the SILH-basis operators OW and
OHW . The blue-shaded area shows constraints from inclusive measurements, while the red-shaded area
refers to constraints including di↵erential pT,H measurements. Evaluating these constraints at various
integrated luminosities, ranging from 100 fb�1 to 3000 fb�1 highlights that di↵erential measurements
are needed to resolve the blind direction residual to inclusive measurements, thereby improving in the
direction cW ' �cHW over any anticipated

p
L scaling.

of the dimension six amplitude with the Standard Model, i.e.

|M|
2 = |MSM|

2 + 2 Re {MSMM
⇤
d=6}+O(1/⇤4). (4.2)

Including Higgs production modes, where the Higgs boson is produced in association with

jets, top quarks or gauge bosons, results in a finite transverse momentum distribution. Thus,

the fit can explore the sensitivity of Higgs boson measurements in exclusive phase space

regions. We bin the Higgs boson’s transverse momentum in each production channel in five

100 GeV bins, from 0 to 500 GeV. To tension the theoretical predictions with experimental

data, we rely on measurements obtained by ATLAS and CMS and their respective systematic

and theoretical uncertainty projections. Concretely, we include unfolded pT,H distributions

for the production processes pp ! H, pp ! H + j, pp ! H + 2j, pp ! t̄tH and pp ! V H.

Decay modes of interest, included in the fit, are H ! b̄b, H ! ��, H ! ⌧+⌧�, H ! 4l,

H ! 2l2⌫, H ! Z� and H ! µ+µ�. For bins to be included in the fit, we require

Nevents = ✏p✏d�(H +X)BR(H ! Y Y )L & 5 , (4.3)

where ✏p and ✏d refer to the reconstruction e�ciencies specific to the respective production and

decay modes. A detailed description of e�ciencies, acceptances, and systematic uncertainties
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Blind directions in SMEFT fits: compensating effects

Differential 
measurements 
lift degeneracy 



BSM Searches

Roman Kogler Dispelling the √L myth of the HL-LHC12

[CMS-PAS-B2G-22-005]

NEW

‣ Excited top 
quark search 

‣ t* → tg 
‣ l+jets 
‣ See F. Labe’s 

talk on Sat.  
(BSM)



BSM Searches

Roman Kogler Dispelling the √L myth of the HL-LHC13

[CMS-PAS-B2G-22-005]

NEW

Sensitivity improved by factor of 10!

Expected from √s scaling: factor 2

‣ Excited top 
quark search 

‣ t* → tg 
‣ l+jets 
‣ See F. Labe’s 

talk on Sat.  
(BSM)



Conclusions

‣ We live in exciting  
(particle physics) times 

‣ Times will continue  
to be exciting 

‣ Unprecedented physics  
potential of the HL-LHC 

‣ Precision of future  
analyses has been  
underestimated,  
expect to increase much  
better than √L 

‣ New techniques, uncovered corners of phase space, theory 
developments and bright ideas will shape the field

Roman Kogler Dispelling the √L myth of the HL-LHC14

Further reading: arXiv:2402.07985

https://arxiv.org/abs/2402.07985

