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THE HL-LHC UPGRADE AND 
PHYSICS PROGRAM
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• Accelerator upgrades
• CMS and ATLAS physics program and

upgrades❖

v Talk neglects LHCb, ALICE, heavy ion running
v I am a member of the CMS collaboration.



CELEBRATING THE LHC
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• >10 years of exemplary running
• pp collisions at center-of-mass 

energies of 7,8, and 13 TeV
• >150 fb-1 at 13 TeV

Beam 1 Beam 2

LHC proton 
path



LHC PHYSICS ACCOMPLISHMENTS
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• Higgs discovery
• Precision measurements 

of top and W masses



LHC PHYSICS ACCOMPLISHMENTS
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• Competitive searches for 
dark matter

• Relegation of SUSY to an 
“also ran” as an explanation 
for the hierarchy problem 



LHC PHYSICS ACCOMPLISHMENTS
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Standard Model put to a wide variety of precision tests



LHC FUTURE
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Can the LHC give us more?

Expect 150 fb-1 more in Run 3

Beyond that, not as it is.  Integrated 
luminosity doubling time is 10 years, 
and no student should be willing to do 
a 10 year thesis.



LHC UPGRADE PLANS
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We are 
here

Run 3

HL-LHC
HE-LHC????

I’ll talk a little on Run 3, as these improvements also help HL-LHC running.



RUN 3
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LS2
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We are 
here

• Increase center of mass energy 
from 13 to 14 TeV

• 50% higher instantaneous 
luminosity

• Double size of sample in shorter 
time (300 fb-1)

• Upgrade detectors
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• All dipole magnets were trained for 6.5 TeV operation in 
2015. 

• Will be trained for 7 TeV during the shut down

Magnet training campaign to 
6.5 TeV (2015)

MAGNETS



HIGHER INTENSITY
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Parameter` Design 2018 Run 3

Bunch population Nb (1011 p) 1.15 ~1.1 ~1.7

No. bunches k 2780 2556 ~2600

Emittance e (mm mrad) 3.5 ~1.8 1.5 - 2

b* (cm) 55 30 / 25 100 - 25

Full crossing angle (µrad) 285 320 - 260 340 - 260

Peak luminosity (1034 cm-2s-1) 1.0 ~2.1 3 - 4
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Plans to ramp up the instantaneous luminosity during the 2021-2023 run
Limit on Nb of 1.7 due to limitations from RF system, beam dump system, 
heating of equipment, beam stability.



HL-LHC
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HL-LHC
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The groundbreaking ceremony for the 
launch of the civil engineering works 
took place on Friday 15 June 2018 
with the presence of the CERN 
management, the French and Swiss 
Authorities and the CERN Council.

HL-LHC

• 3-4E34→5E34 cm-2s-1(or maybe 
even 7-7.5E34 cm-2s-1)

• 250 fb-1/year (300-350 fb-1)
• 3000-4000 fb-1

• 25 → 140 (200) pileup



HL-LHC
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• 10 Tesla quadrupoles
• Crab Cavities

Higher intensity 
beams



QUADRUPOLES
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In particular, the new main quadrupole magnets, 
that will sit in the insertion regions on either 
side of the ATLAS and CMS detectors, exploit a 
key innovative technology providing fields 
beyond 10 Tesla. They are built from niobium-tin 
(Nb3Sn), using a unique design that allows the 
peak magnetic field strength to be increased by 
around 50% compared with the current LHC 
dipoles, bringing it from about eight to about 12 
tesla (T).

Need stronger focusing magnets to get higher instantaneous 
luminosities 



USA LARP
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LARP

18

Talk by Giorgio Apollinari at 
HEPAP meeting 2016



AND OTHER MAGNETS
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15-18 Oct 2018 https://home.cern/news/news/accelerators/halfway-high-luminosity

About one hundred magnets of eleven different types

The dipole magnets at the interaction points, which divert the beams before 
and after the collision point, are being developed in Japan and Italy. One 
short model has been successfully tested at KEK in Japan and a second is in 
the process of being tested. INFN, in Italy, is also assembling a short model. 
Finally, progress is being made on the development of the corrector 
magnets at CERN and in Spain (CIEMAT), Italy (INFN) and China (IHEP), 
with several prototypes already tested. In 2022, a test line will be installed in 
hall SM18 in order to test a magnet chain at the interaction point.



INTERNATIONAL CONTRIBUTIONS
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CROSSING ANGLE
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Even now, the LHC needs a beam crossing angle to aviod parasitic encounters between 
bunches not in the interaction region 

This will just be worse at HL-LHC

2q

2018 operation point

~40% loss due 
to geometric 

effect
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CRAB CAVITY
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CRAB CAVITY
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The crab cavities, used to rotate 
the beams of protons, have been 
successfully tested on 23 May 
2018 – a world first. The test 
took place using a beam from the 
SPS and showed that bunches of 
protons could be tilted using 
these superconducting 
transverse radiofrequency 
cavities. These cavities will play an 
important role to increase the 
luminosity in the HL-LHC, which 
will be commissioned after 2025 
and will increase the luminosity 
of the LHC by a factor of five to 
ten.

They are made of high-purity niobium 
superconducting material, operating at 2 
kelvins (-271°C), in order to generate 
very high transverse voltage of 3.4 million 
volts.

https://home.cern/news/news/engineering/worlds-first-crabbing-proton-beam



LUMINOSITY LEVELING
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2020 ONWARD NEED ROBOTS DUE 
TO HIGH ACTIVATION LEVELS
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Yearly dose limit of 5 rem 
in about 5 days work

4000 fb-1



PHYSICS
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PHYSICS
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Right now, LHC primary* source of information on:

• Direct searches for new heavy particles (Fermi/Ice Cube/etc are currently 
direct competitors in this area, especially searches for dark matter particle)  

• Precision measurements of the Higgs boson (has this field to itself until at 
least 2030?)

• Precision measurements of EWK parameters and closure test (W mass, 
top mass, Higgs mass).  Has top mass to itself for a long time.  (some 
information from AMO, etc).

• Some topics in rare b decays and other topics in b physics (CP-violation, 
etc) (SuperKEKB)

Provides important information on a host of other topics as well (proton 
structure,  heavy ions, the tau lepton, the charm quark, etc)

2018
LHC LS2

2023 
LHC LS3

2026 
HL-LHC

2030 
CEPC?

2039 
CEE-ee?

2040 HE-
LHC?

2043 
FCC-hh?

ILC??

* well, what do you expect somebody who has worked 20 years on LHC to say?



CERN YELLOW REPORT
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Many new projections on physics reach came available in the past two months in anticipation 
of the CERN Yellow Report https://cds.cern.ch/record/2651134?ln=en

Obviously 
cannot cover 
all of these 

topics

http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/FTR/index.html

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhy
sicsStudies

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies


PHYSICS AT HL-LHC WORKSHOP
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Also see summary and combinations in Final Report of the Workshop on "Physics at HL-
LHC, and perspectives on HE-LHC” at 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop#Final_reports
submitted to the European Strategy

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop


HIGGS IMPORTANT
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CMS-PAS-FTR-18-019

!" =
$%%%
$%%%&'

+ ATLAS
→ 4σ

Combinations from 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop#F
inal_reports



NEW CMS SEARCH PROJECTIONS
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Particle Current limit 
(TeV)

Reference 
(arXiv)

Reach 
(TeV)

reference

MSSM H→ττ, tanβ=26 1.25 1803.06553 2.0 CMS-PAS-FTR-18-017

Heavy composite majorana
neutrino

4.6-4.7 1706.08578 8.0 CMS-PAS-FTR-006

Randall-Sundrum gluon 4.55 1810.05905 6.6 CMS-PAS-18-009

Higgsino-like 
charginos,neutralinos

O(160) 1801.01846 O(0.35) CMS-PAS-18-001

direct "̃ production 0.1 LEP 0.65 CMS-PAS-FTR-18-010

Leptoquark → te and tμ 1.4 1809.05558
1803.02864

1.8 CMS-PAS-18-008

Dark matter-dark mediator 
mono-Z vector, 0.25,1

0.7-1.8 1711.00431
1712.02345

0.6-1.5 CMS-PAS-18-007

Similar laundry list from ATLAS, but I’m too lazy to turn it into a chart



TOP MASS
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Older result, but fun to look at, as it will last a long time even if a new machine is built 
but also because it challenges the detector

CMS-PAS-FTR-16-006

See also challenging W mass projection 
by ATLAS ATL-PHYS-PUB-2018-026

Lepton+jets 0.51→0.31 → 0.17 GeV 
uncertainty
0.17/173=0.001



TOP MASS
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Challenges
• Need very well understood jet energy scale, neutrino (MET), and 

lepton energy scale
• Need efficient b tagging to reduce combinatorics of jet assignment 

and reduce backgrounds
• Need to get events that where the objects all have moderate pT to 

tape

These challenges become even more challenging in the presence of 
pileup.  

Conceptually simple
• Pick out jets from top decay (not trivial due 

to extra jets)
• Pair up the right jets to each top
• Calculate mass



UNCERTAINTY DETAILS
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Source

Value ( GeV)

Comment8 TeV, 14 TeV, 14 TeV

19.7 fb
�1

0.3 ab
�1

3 ab
�1

Method calibration ±0.04 ±0.02 ±0.02 MC stat. ⇥4

Lepton energy scale +0.01 ±0.01 ±0.01 unchanged

Global JES ±0.13 ±0.12 ±0.04 3D fit, differential

Flavor-dependent JES ±0.19 ±0.17 ±0.06 3D fit, differential

Jet energy resolution �0.03 ±0.02 < 0.01 differential

Emiss

T
scale +0.04 ±0.04 ±0.04 unchanged

b tagging efficiency +0.06 ±0.03 ±0.03 improved with data

Pileup �0.04 ±0.04 ±0.04 unchanged

Backgrounds +0.03 ±0.01 ±0.01 cross sections

ME generator �0.12 ± 0.08 – – NLO ME generator

Ren. and fact. scales �0.09 ± 0.07 ±0.06 ±0.06 NLO ME generator,

MC stat.

ME-PS matching +0.03 ± 0.07 ±0.06 ±0.06 MC stat.

Top quark pT +0.02 < 0.01 < 0.01 improved with data

b fragmentation < 0.01 < 0.01 < 0.01 unchanged

Semileptonic b hadron decays �0.16 ±0.11 ±0.06 improved with data

Underlying event +0.08 ± 0.11 ±0.14 ±0.09 improved with data,

MC stat.

Color reconnection +0.01 ± 0.09 ±0.05 < 0.01 improved with data

PDF ±0.04 ±0.03 ±0.02 improved with data

Systematic uncertainty ±0.48 ±0.30 ±0.17

Statistical uncertainty ±0.16 ±0.04 ±0.02

Total ±0.51 ±0.31 ±0.17



CURRENT DETECTORS
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ATLAS
• Rad hard liquid argon calorimeter
• Several different tracker 

technologies

CMS
• Crystal ECAL, scintillator-based 

sampling HCAL
• All silicon tracker



YIKES!!!
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23→200 pileup

It won’t quite melt, 
but…



UPGRADES
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• Add timing detectors to cope with increased pileup, which 
affects lepton identification (via isolation), b tagging 
effectiveness (via primary vertex reconstruction and 
combinatorics), JES

• Increase granularity of tracker to preserve reconstruction 
efficiency in high pileup environment.  While replacing 
everything, extend angular coverage and reduce material 
(ATLAS moving to all silicon)

• Increase trigger capabilities to preserve trigger thresholds.  
Especially add fast tracking in trigger

• Replace fried detectors (endcap calorimeters for CMS) and 
improve them while at it.



VERTEX TIME
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Two vertices with the same 
position can have creation 
times that different by 10s of 
ps.

As the bunches pass through each 
other, collisions occur at different 
times as well as positions



TIMING DETECTORS
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CMS
For charged particles
• coverage eta<3
• Barrel LYSO:Ce crystals + SiPMs
• Endcaps Silicon sensors (LGAD)
For neutral
• Improved timing in Barrel EM calorimeter 

(<30 ps E>25 GeV start of run)
• Improved timing in new endcap 

calorimeter (15 ps for 12 MIPS)

ATLAS
For charged particles
• Coverage 2.4<eta<4
• 2 layers of Silicon sensors (LGAD)



REDUCING PILEUP VIA TIMING
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• Most pileup for charged tracks can be removed using z
• However, some additional part can be removed using t



NEUTRALS?
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Can even use this technique to find the vertex for the photons in Higgs → !! events.  
For each cluster, for each z position, calculate the creation time that goes with it and 
the cluster time.  Look for vertex that gives same creation time for both clusters.

This can be used to improve the resolution of the Higgs → !! peak. 
Not useful for neutrals from pileup events.



PILEUP
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Can reduce pileup from 
charged particles from 
about 30% to about 8% 
at highest pileup density



LEPTON IDENTIFICATION
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Vulnerability of lepton identification variables to pileup.  
• Purple=no pileup,
• brown is with 200 pileup (endcap calorimeter)



LEPTON ISOLATION
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At fixed rejection, 
improvement in 
efficiency especially at 
high pileup density

CMSAre the muon 
candidates (red 
tracks) isolated?



B TAGGING
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Again, at fixed 
rejection, improvement 
in tagging efficiency

Are 
these b’s?

Atlas simulated ttbar CMS



MET
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Line density (events/mm)
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TRACKER UPGRADE
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CMS looks similar if you take off your glasses



TRIGGER
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CMS-TS-2018-007

Many improvements to the trigger.  Perhaps 
the most interesting is the addition of 
tracking trigger.



TRIGGER
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ATLAS
• Hardware trigger after level 1 after 
LS2

• Hardware tracking using full silicon 
readout after level 1 after LS3

• Possible regional tracking at L0
• Full calorimeter granularity at level 1

CMS will have one as well after LS3.



RATES
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Red is track 
only

Track trigger can bring substantial 
improvements to electron and MET 
triggers.
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CMS ENDCAP CALORIMETER

51

Replace with a detector inspired by work of CALICE 
collaboration 
(https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome) 
and “Particle Flow Calorimetry and the PandoraPFA
Algorithm arXiv:0907.3577
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CMS ECAL 

Light output reduction of 
crystal calorimeter. Yikes!!

https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome


Active Elements:
• Hexagonal modules based on Si sensors

in CE-E and high-radiation regions of CE-H
• “Cassettes”: multiple modules mounted on

cooling plates with electronics and 
absorbers

• Scintillating tiles with SiPM readout in
low-radiation regions of CE-H

Key Parameters:
• CE covers 1.5 < h < 3.0
• ~215 tonnes per endcap
• Full system maintained at -30oC
• ~600m2 of silicon sensors
• ~500m2 of scintillators
• 6M si channels, 0.5 or 1 cm2 cell size
• ~27000 si modules
• Power at end of HL-LHC: ~110 kW 

per endcap

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 25 X0 & 
~1.3l
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 24 layers, ~8.5l

~2m

~2
.3

m

HGCAL

CMS-TDR-019



HGCAL PERFORMANCE
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CONCLUSIONS
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• HL-LHC
• Many prototypes of HL-LHC magnets already working well.
• Crab cavity rotation of proton beam demonstrated this summer
• HL-LHC construction started.
• A coordinated international effort is making HL-LHC possible

• Experiments
• Will have exciting new timing detectors for pileup reduction
• Track triggers will maintain thresholds and allow triggering of new 

signatures
• Extended tracking coverage will improve particle ID close to beam pipe
• A high granularity calorimeter will be part of CMS

• Physics
• HL-LHC will enable more precise tests of standard model and significant 

improvement of reach for new physics



BACKUP
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TOP MASS
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1205.6497

V = µ2 Φ 2 + λ Φ 4

Φ = 1
2

0
v + H (x)

⎛

⎝⎜
⎞

⎠⎟

MW = 1
2
gv  MZ =

1
2
gZv  mH = −2µ2

1205.2893

Systematic uncertainty relating MC top 
mass used in fitting to one corresponding 
to a well defined renormalization 
scheme/pole mass O(few hundred Mev)



HE-LHC
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MAGNETS
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What if the new high field technology (16 Tesla field) developed for the HL-LHC 
quadrupoles were used for dipoles?

! ∝ #
$ = 16

8.4 14 = 27 -./

• And, while you are replacing everything, upgrade 
instantaneous luminosity by x4

• So can shoot for 14 ab-1 over 20 years
• Technically, could start in 2040



HE-LHC
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