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HL-LHC
5 x 1034 cm-2s-1

2.2 x 1011 ppb
ʲϝ Ґ мр ŎƳ

300 fb-1/year
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LHC design
1 x 1034 cm-2s-1

1.15 x 1011 ppb
ʲϝ Ґ рр ŎƳ
30 fb-1/year

LHC today
2.2 x 1034 cm-2s-1

1.6 x 1011 ppb
ʲϝ Ґ слκму ŎƳ

110-120 fb-1/year

Lepton Photon
2025

Setting the scene: The LHC and HL-LHC plan



Lepton-Photon 2025             Markus Zerlauth, CERN

!ƴŘ ƛǘΩǎ ōŜŜƴ ǉǳƛǘŜ ŀ ǊƛŘŜΗ
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Run 3 continues breaking records!!

Routine operation at 2x design luminosity
Average production rate of 0.83 fb-1 in 24 h 
Peak production rate of 1.5 fb-1 in 24 h
Accumulated 415 fb-1 @13 TeV + 30 fb-1 at 7 TeV
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LHC + HL-LHC performance critically depend on the injectors
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Smaller transverse 
emittance and thus 
brighter beam with BCMS

Reduced transverse tail 
content over 2024 in 
the PS and the SPS

Hybrid beam: used in 2023

ÅLƴǘŜǊƭŜŀǾƛƴƎ άу ōǳƴŎƘŜǎ п ŜƳǇǘȅ ǎƭƻǘǎέ όуōпŜύ ǿƛǘƘ ǎǘŀƴŘŀǊŘ нр ƴǎ ōŜŀƳ

Å As a mitigation of e-cloud and cryoheat load

Standard 25 ns beam: used early 2024

Å Used for beam commissioning with 3x36b trains

Å Intensity: (1.6-1.65)x1011 p/b at injection

BCMS beam: used since mid-2024

Åt{ ǇǊƻŘǳŎƛƴƎ ǘƘƛǎ ƘƛƎƘ ōǊƛƎƘǘƴŜǎǎ ōŜŀƳ ǳǎƛƴƎ ǘƘŜ άōŀǘŎƘ ŎƻƳǇǊŜǎǎƛƻƴΣ 
ƳŜǊƎƛƴƎΣ ŀƴŘ ǎǇƭƛǘǘƛƴƎέ ǎŎƘŜƳŜ

Å Intensity: (1.6-1.65)x1011 p/b at injection

Å Longest batches: 3x36b (2024) and 4x36b (2025)

Å Significant work on reducing tails and emittance blow-up

LIU beams from the injector complex



Lepton-Photon 2025             Markus Zerlauth, CERN 8

Ion luminosity production in 2024

Bunch intensity Max. stored beam energy

2023 1.6Ҏ108 Pb/bunch 17.3 MJ

2024 2.3Ҏ108 Pb/bunch 26.9 MJ

HL-LHC 1.8Ҏ108 Pb/bunch 20.5 MJ

Luminosity production

Å Proton-proton reference run (7 days) completed

Å ALICE, ATLAS, CMS

ÅReached target of 1.9 nb-1, 2h levellingat 6.4x1027 cm-2 s-1

ÅAlmost same luminosity in 2024 as 2023, in half the time

ÅMean daily production: 142 µb-1

ÅHL-LHC projection was: 118 µb-1

Å LHCb

ÅAbout double the luminosity in 2024 than in 2023, in half the time

ÅMean daily production: 37 µb-1

ÅHL-LHC projection was: 20 µb-1
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Special Ion run in 2025

Eight-day Oxygen and Neon run

Å Tight schedule to commission and produce data with p-O, O-O, Ne-Ne

Excellent availability and luminosity beyond expectations
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Lepton Photon
2025

LHC program in 2025 ςpp and PbPbphysics
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LHC program in 2026 ςǇƘȅǎƛŎǎ ŀƴŘ wǳƴ п ǇǊŜǇŀǊŀǘƛƻƴǎΧ
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ÅMany questions remain! (Higgs properties/couplings?, more than just 1 
Higgs? Beyond SM physics? Dark Matter/energy?)

ÅThe main objective of the HL-LHC is to determine and build a hardware 
configuration and a set of beam parameters that will allow the LHC to 
reach the following targets:

Prepare machine for operation beyond 2025 and up to the early 2040s

Devise beam parameters and operational scenarios for:

# enabling at total integrated luminosity of 3000 fb-1

# implying an integrated luminosity of > 250 fb-1 per year, 

# design oper. for ˃ of 140 (Č peak luminosity 5 x 1034 cm-2 s-1)

Goal of HL-LHC upgrade project

Implies overcoming several limitations in the existing LHC!!!
Cryocoolingof triplet magnets & radiation damagein triplet magnets & machine 

efficiency!

But also for the experiments!!

Č Need for an Upgrade!
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Run3  operation
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Approval of 
HL-LHC Project

EU funded HiLumi
Design Study

HL-LHC OperationWe are here

< 1 year until start of Long Shutdown 3

> 80% of the project budget of ~1.5B USD already committed

The project is ready to start installation in mid 2026!
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HL-LHC technology landmarks

No accelerator upgrade 
project has so many 
challenging novelties covering 
such a broad technology 
spectrum

Technology intensive project!

Major upgrades in P1 and P5, 
large fraction of LHC will
remainunchanged
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distance from IP [m]

peak dose longitudinal profile

7+7 TeV proton interactions
IT quadrupoles

MCBX-1
MCBX-2

MQSX
MCTX nested in MCBX-3

MCSOX

Q2

27 MGy

MCBX3 

20 MGy

Cold bore 

insulation

å 35 MGy

ATLAS

CMS

Epoxy and most insulation materials 
will become brittle at these 
radiation levels and loose their 
mechanical integrity!!!

HL-LHC Technical Challenges: Triplet Magnets

Operation beyond 2026:

Requires replacement of LHC Triplet magnets

10 x the luminosity Č Requires new, more radiation resistant 
triplet magnets.

Need for shielding and larger crossing angle results in aperture of 
150 mm, requiring novel Nb3Sn superconductors
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Second short (1.5 m) under 

preparation for test at CERN

Insertion of coil package inside

mechanical structure of the first IT quad

prototypes (4.2 m long) in LBNL-USA

Development of Nb3Sn Triplet Magnets: 2 decade long joint 
effort between CERN and US LARP/AUP
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MQXFB04: fully qualified for HL-LHC ṉ
MQXFB06: fully qualified for HL-LHC ṉ

MQXFB07: fully qualified for HL-LHC ṉ

MQXFBP2: being prepared for the HL-LHC string
MQXFB03: ready to be tested in Q2 conf.

MQXFB05: fully qualified for HL-LHC ṉMQXFBP3: in the HL-LHC string

MQXFB10: magnet assembledMQXFB08: start of cold tests MQXFB09: cold mass finished

Acknowledgement: Susana Izquierdo Bermudez

2 more magnets to build (B11-B12)
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New interaction region layout
ÁNew insertion and final focusing magnets 
Á Main quadrupole magnets MQXFA (Q1, Q3) from AUP and MQXFB (Q2) from CERN

Á Superconducting separation and recombination dipoles, D1 from Japan and D2 from Italy and 
correctors from China 

Á Higher Order Corrector package (CP)  and orbit correctors (MCBX) from Italy and Spain
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New HL-LHC insertion region magnets 
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Geometric Luminosity Reduction Factor:

ÅChallenging space constraints ς194 mm 

separation between the 2 beams

Č requires compact cavity design

Crab Cavities:

effective cross section

   

b *

F(b* )

Full Crossing angle:

285 mradLHC TDR

-> 329 mradin LHC op

-> 500 mradHL TDR

DQW RF-Dipole 

HL-LHC Technical Challenges: Crab Cavities

nomLHCnom HL-LHC earlyLHC
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Crabcavitycryo-modules for installation in the SPS

RFD cryomodule assembled in UK and being tested in

M7 bunker (SM18-CERN) in 2024 before installation in SPS 

in YETS 2024 / 2025
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Å Operation with levelled lumi calls for longer physics fills
Å Low radiation areas for electronics
Å Accessibility of equipment -> increased maintainability
Å But up to 100m between PC and magnets!

HL-LHC Technical Challenges: Machine Efficiency


