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Outline

• LHC: from Higgs discovery to today

• LHC and HL-LHC schedule

• HL-LHC Physics Prospects

• Challenges of high luminosity and innovation to address 
these challenges

• Summary
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Large Hadron Collider

A pp collider that also allows for rich B-physics and Heavy Ion programs
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LHC: Celebrating 10 years

• >10 years of exemplary running
• pp collisions at center-of-mass energies of 7,8, and 13 TeV
• >150 fb-1 at 13 TeV
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Higgs Discovery 
Over 7 years since the discovery of the Higgs boson!
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Higgs: Since the discovery

Signal strength (Run 1 plus part of Run 2): 
• ! = 1.32+0.28-0.26 (ATLAS) 
• ! = 1.26+0.31-0.26 (CMS) 

Probing rarest production mode (ttH) 

Probing one of most rare decay modes  BR(Hà"")= 2x10-4

Significance of the signal 0.8σ (expected 1.5σ). 
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Highlights – SM measurements

In some cases measurements are more 
precise than theory 

Sub-pb x-sections
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Highlights – BSM Searches

Sensitivity to Gluinos up to 2 TeV
Squarks up to 1.5 TeV
Stops up to 1.2 TeV

* depending on model assumptions
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LHC Timeline
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Luminosity Increase

Di-Higgs (a probe into the Higgs potential) to illustrate the point:

x B(!!"")= 
0.264%

Need attobarns of luminosity to make ~ 100 events. 10% 
of that after acceptance/efficiency
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CERN Yellow Report Obviously 
cannot 

cover all of 
these topics

SM & TOP - CERN-LPCC-
2018-03 

Standard Model & TOP - CERN-LPCC-2018-03

Higgs – CERN-LPCC-2018-04

BSM – CERN-LPCC-2018-05

Flavor – CERN-LPCC-2018-06

Heavy Ion – CERN-LPCC-2018-07

https://cds.cern.ch/record/2650160/
https://arxiv.org/abs/1812.07831
https://cds.cern.ch/record/2650162/
https://arxiv.org/abs/1812.07831
https://arxiv.org/abs/1812.07638/
https://arxiv.org/abs/1812.06772/
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Assumptions Used in YR18

Statistical uncertainties will shrink. Systematic uncertainties will become a 
limiting factor for many analysis 

• Statistics-driven sources: data → √L, simulation → 0 
• Theory uncertainties typically halved

• Uncertainties on methods kept as latest published results 
• Intrinsic detector limitations stay ~constant 
• Luminosity uncertainty 1% 
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Higgs Couplings

Precision on kappas of 2-4% can be 
reached with 3 ab-1 for the non-
statistically dominated modes 

Measurements become 
systematically limited rather quickly

Approaching Higgs factory 
projections
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Higgs to Unknown Coupling

Higgs to Dark Matter connection

CMS VBF analysis BR<3.8% @ 95%CL 

B(BSM) < 2.5% can be achieved from the Global Couplings (some model 
assumptions)

Run2 Limit ~20% @ 95%CL (dominated by VBF) 

VH? ttH? 
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Higgs Self-Coupling

Understanding the Higgs 
potential through self-coupling:
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Vector Boson Scattering
WLWL Unitarized by the Higgs?

We need to improve systematics to 
observed the evidence!
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Bosons – single, double, triple

Same vertex

I think we can do even better than this!
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Electroweak Fits
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Top Mass

Challenges:
• Jet and Lepton energy scale (including 

MET)
• Efficient b-tagging for combinatorics
• Trigger 

Pile-up makes things harder !

Summary from CMS Lepton + JETs – conceptually simple
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Top Mass

Lepton+jets: 0.51→0.31 → 0.17 
GeV uncertainty

0.17/173=0.001 (permil level!)
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W mass
Low PileUp run at 14 TeV. 2x106 W’s per week.
• ~10 weeks of running —> ~3-4 MeV (stat only)
• Experimental systematic assumed to be at same level as statistical
• PDF uncertainty ~4MeV with ultimate PDF) 

Goal Δm(W)~7 MeV (coverage + combination + ultimate PDF) 
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Strong SUSY

Excluded with 36 fb-1

Discovery reach

Gains due to luminosity 
are not huge
Systematics do matter!

“Stop” to illustrate the point:
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Electroweak SUSY

3 to 5 orders of 
magnitude
lower than strong 
production
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Electroweak SUSY
Higgsino-like Cross-section

Wino-like projections in backup
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Effects of PDF
Exercise trying to quantify the precision of the PDF at the end of the HL-LHC running 
and use them in the systematic estimate of the experimental extrapolations 

Scenario A(C) corresponds to factor 5(2) reduction of uncertainties on exp. inputs. 
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Heavy Ion Program
The integrated luminosity target of 13 nb−1 by the end of Run 4 
represents a seven-fold increase with respect to Run 2. 

Details in: CERN-LPCC-2018-07

https://arxiv.org/abs/1812.06772/
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Luminosity Evolution

More Luminosity = More Pileup 
40→200 pileup

Major Reconstruction Challenges

It won’t quite melt, but…
Major Detector Technology challenges
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Detector Upgrades
• Increased luminosity leads to higher PU and radiation. This 

affects lepton identification (via isolation), b tagging 
effectiveness (via primary vertex reconstruction and 
combinatorics), Jet Energy Scale, etc

• Need radiation hard and granular detectors (ATLAS and 
CMS trackers, CMS endcap calorimeter)

• Need timing as additional event info (dedicated timing 
detectors)

• Need breakthroughs in triggers – tracking at 40 MHz, 
advanced L1 algorithms (with Particle Flow, PU mitigation,
Machine Learning) 
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Innovative Detectors
CMS: Streaming  tracker data at 40MHz 

CMS Endcap Silicon Calorimeter:

Leap forward in 
imaging calorimetry! 
• High granularity 

(200kà6M 
channels) in 3D and 
good timing 
resolution

• Suitable for PF
reconstruction

ATLAS Itk – all silicon tracker

• LYSO:Ce crystals and Silicon sensors (LGAD)
• Aiming 30-50 ps resolution!

Precision Timing detectors:
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Innovative Triggering

PUPPI Pile-Up subtraction (see backup)

Large FPGAs
High speed serial links (25G)
Algorithms optimized for HW
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Substructure techniques 
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HL-LHC Computing a Major Challenge

Data volumes: 50x

Example R&D: Exploring Heterogeneous Cloud
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Summary
• HL-LHC dataset will enable unprecedented sensitivity to 

very rare phenomena

• Precise tests of the Standard Model. Significantly 
extended reach for BSM physics

• Innovative detectors and reconstruction techniques will 
allow to mitigate the impacts of high PU

• To achieve ultimate performance, we need to improve 
systematic uncertainties in many measurements, including 
experimental, theory and PDF uncertainties

• Construction of HL-LHC has started and we are looking 
forward to this exciting physics program 
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Energy Increase
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Phase-II CMS Upgrades
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Electroweak Production of SUSY

Currently probe up to 500-600 GeV
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Innovation – substructure techniques 

Enabling technology for 

many searches with 

boosted signatures 

arXiv:1603.00027
several community direct 
offshoot papers

Double-b tagging
Optimized double b-tagging to dig out 
boosted Higgs and Z boson topologies! 
(no more subjet paradigm)

Advanced machine learning and deep 
learning applications
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Electroweak Constraints
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Innovation – pileup mitigation
✦ As the pileup challenge continues to grow, need new tools:
✦ PileUp Per Particle Identification

A general framework, that assigns on a per particle basis 
a weight for how likely a particle is to be from pileup

key insight: using the QCD ansatz (e.g. radiation profile) to 
infer neutral particles as pileup

Commissioned for analyses in 2016

LV charged
LV neutral
PU charged
PU neutral
chosen
removed

1. use tracking info
2. look around neutrals
3. remove “0” neutrals

lost wide-angle 
neutral

4. assign fractional weight
to ambiguous cases

recluster event, new 
jet!


