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LHC

Run3 highlights
(machine view)

M. Solfaroli
on behalf of all LHC teams
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Outline

ÅRun3 year-by-year

ÅRun3 struggles/achievements 
(a selection of a few)

ÅThe high intensity test

ÅLS3
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Where it all started (6.8 TeV training)

2021/2022 powering tests campaign:

> 41ô000 tests(incl. IST)

Circuit type # quenches

RB 707

RQ 52

IT 11

IPQ 148

IPD 11

IT corr 98

600 A 296

80 -120 A 84

60 A 54

S23

Å A23R2 diode exchange

Å RF finger discovered 

during the 2021 beam test

S78

Å Magnet B28L8 exchange

LMC#439
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https://indico.cern.ch/event/1158294/contributions/4863918/attachments/2442112/4184829/2022-05-11%20LMC-MP3%20after%20LS2-Verweij.pdf
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LHC in 2021

LMC#427

A beam test was performed 19-31 October 2021 with the goal to:

Å Circulate the two beams at injection

Å Ramp to 6.8 TeV was not possible due to delay in S23 and S78 sc circuits availability 

(diode & magnets exchanged respectively)

Å Verify machine apertureïlocal & global

Å Pre-commission the key systems

Å Provide first collisions to the experiments

ÅGoals achieved (including a bonus ramp to 3.5 TeV)

ÅAll systems tested

ÅSome problems identified:

Å Orbit perturbation due to TL correctors pulsing 

with SPS in economy mode

Å RQTL7.R3.B1 - RQTL7.R3.B2 swap

Å First signs of anomaly in loss maps of B1V, 

signature of a ñthin targetò at location 21L3

https://indico.cern.ch/event/1091521/contributions/4589536/attachments/2338964/3987221/LMC-BeamTest_03112021.pdf
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LHC in 2022

Å 70.5 days of pp physics

Å Good production with 1.2-1.4e11 ppb

Å NO Pb physics (test)

Å LHCf, VdM runs

Å Important scrubbing sessions

Å Main source of downtime:

Å RF discs

Å VeLo installation

Å E crisis

1 fb-1

39.7 fb-1
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LHC in 2023

Å 54.5 days of pp physics

Å Production with 1.6e11 ppb

Å RF foil damage on VeLo

Å 32.5 days of Pb physics

Å VdM, 90m, (last!) high beta, pp 

reference runs

ÅMain source of downtime:

Å IT.L8 vacuum

Å 4L1

Å IP8 ïinjection protection collimator

0.5 fb-1

31.8 fb-1
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LHC in 2024

Å 146.5 days of pp physics

Å Stable production with 1.6e11 ppb

Å Inner Triplets Reverse Polarity-Vertical Xing (RP-V) in P1

Å 18 days of Pb physics

Å VdM, pp reference run

Å 6 MD sessions

Å NO major sources of downtime!

11 fb-1124.3 fb-1
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LHC in 2025

Å 142 days of pp physics

Å Stable production with 1.6e11 ppb

Å Attempt to push to 1.8e11 ppb at the end of the year

Å limited for B1 due to 6L2 non conformity

Å IT polarity to NOM-H in P1 RP-V in P5

Å Č Flat optics down to 60/18 cm

Å Compromise between magnet protection and preservation of P1 FWD 

physics (PPS pots rotation)

Å 21+5 days of Pb physics

Å OO & pO, NeNe runs

Å VdM run

12.7 fb-1125.5 fb-1
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LHC in 2026

Å 27.5 days of pp physics

Å Stable production with 1.8e11 ppb

Å Č Flat optics down to 50/15 cm (HL-LHC final value)

Å 21 days of low-mu run

Å 17.5 days of Pb physics

Å VdM, 1.2 TeV runs

Å High intensity test

Å Quench campaign

Å Source of downtime: coll & cryo compressor exchange

15.7 fb-131.2 fb-1
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LHC performance

>0.5 ab-1

~50% of which 

delivered in the 

last 3 years
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Run3 in numbers

Year
Days of 

pp

Delivered lumi 

(ATLAS/CMS) [fb-1]

Delivered lumi 

(LHCb) [fb-1]

Delivered lumi (ALICE)

[pb-1]

2022 70.5 39.7 (0.56/day) 1 (0.02/day) 34.3 (0.49/day)

2023 54.5 31.8 (0.58/day) 0.5 (0.01/day) 14.5 (0.27/day)

2024 146.5 124.3 (0.85/day) 11 (0.08/day) 67.5 (0.46/day)

2025 142 125.5 (0.88/day) 12.7 (0.09/day) 59.4 (0.42/day)

2026 27.5 31.2 (0.95/day) 5.7 (0.17/day) 32.1 (0.97/day)

TOT 446.5 352.5 31.1 207.8

Ånx36b, nx48b, hybrid: very diverse beam types

Å1.8e11 ppb - Run3 goal accomplished (steadily increasing bunch intensity)

Å30 MGy ïestimated damage limit for IT quads

Å300 fb-1ïRun3 goal exceeded

Å15 cm ïsmallest beta-star ever reached
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IONS
2026

target
2026

target

2026

target

2026

target

2023 2024 2025 2026 Total Run 3

ATLAS 1.91 1.82 2.90 2.90 9.52

ALICE 1.96* 1.98 2.09 1.96 7.99

CMS 2.02 1.90 2.75 2.96 9.64

LHCb 0.25 0.51 0.94 0.93 2.62

Delivered integrated luminosity (nb-1)

All experiments have extended their Pb-Pb 

data sets by large factors in Run 3

R. Bruce @LMC#530

In total, since the start of LHC:
Å >12 nb-1 at ATLAS/CMS
Å 9.5 nb -1 at ALICE
Å 2.9 nb -1 at LHCb

https://indico.cern.ch/event/1697952/contributions/7140181/attachments/3302207/5907589/2026.06.24--LMC--2026_ion_run_summary.pdf
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Availability (& flexibility)
ÅAvailability is THE key factor for accelerator performance

Åétogether with flexibility!!

ÅAccelerator Fault Tracking (AFT) systems allows for 

analysis and cataloguing of down time

ÅAutomatic fault recording system improved data quality

ÅGlobal effort by the entire community to ensure 

correctness of the data

L. Felsberger

ÅAvailability factor constant across Run3 
(when excluding the few long faults)

ÅSTABLE BEAMS fraction maintained >50% 

besides long fault and steadily improved

during Run3
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Levelling

Xing angle‍ᶻ(sizeatIP) Separation

Baseline
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Levelling

Xing angle‍ᶻ(sizeatIP) Separation

Baseline2022

2023

2024

2025

2026
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e-cloud and heat load

ÅTotal intensity limited by heat load in Sector 78 

throughout the run

ÅSeveral beam types used to optimise performance 

while maintaining heat load under control

ÅDedicated scrubbing sessions, followed by 

continuous scrubbing by operating the machine 

with high intensity

ÅGreat effort to maximise performance while 

maintaining availability

ÅSignificant data acquired (MD) on heat load 

dependence on intensity at 6.8 TeV to improve 

understanding and benchmark simulations

ÅProblem will be solved/mitigated thanks to Beam 

Screen Treatment during LS3 L. Mether
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Hierarchy control

Challenging optics control, sensitive to beam intensity, 

leading to degraded/broken collimator hierarchy:

Å2022: TDI becoming primary at injection

Å2024: at small beta*, linked with two-high intensity-beam effect

Å2025/2026: at start of ramp linked to octupoles polarity (B1)

Å All case mitigated by adjusting 

non linearities (phase knob, 

octupoles, chromaticity, spurious 

dispersion, etc.)

Å Shows a need for review of 

machine protection strategy, as 

identified only during operations
D. Mirarchi @ HL-LHC2025

https://indico.cern.ch/event/1559978/contributions/6664803/attachments/3146020/5585383/Run4_comm_input_DM.pdf
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Inner Triplet polarity
Å The main quadrupoles of the Inner Triplet assembly have an estimated 

radiation limit, beyond which the insulation is expected to degrade

Å Spreading radiation across different points of the magnet is possible via 

optics and crossing angle choice

Å Xing angle sign change (IP1) applied since the start of LHC

Å There are potentially four configurations for each IP: Nominal vs Reversed 

Polarity optics & H-V crossing angle

Å Xing angles need alternate planes for LRBB compensation

Å In case of rotation of Xing plane (IP1H+IP5V) flat optics is needed to reach 

high performance, due to beam screen asymmetry

Å Significant impact on optics design, settings generation and recommissioning

Å No (visible) damage occurred (even on those magnets where the limit was surpassed)

2024

RP (no Xing change) in P1

2025/26

Nominal polarity in P1 and RP in P5, with Xing plane flip
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RF fingers

When it started

(May 2023)

Å Dumps at beginning of the ramp by slow 

losses left of IP1 (peak in Q3L1)

Å Losses not synchronised with IP7 losses

Å Indication that losses are from both beams

Å Sign of degraded situation while injecting

ǒ Interconnect of beam pipe segments
ƺ flexible - thermal contraction/expansion and movement

ƺ well conductive - limit machine impedance

ǒ òRF fingers" in interconnection modules (PIMs)
ƺ flexible metal sheet fingers "sliding" over beam pipe

ƺ welded on one end, tightened on the other with a 

spring

ǒ Thermal run-away or non-conform vacuum 

interconnection modules
ƺ Improper contact Ÿ increased heating

ƺ Ÿ "burns" the spring Ÿ worse contact

ƺ Failures in 2023 and 2025

ƴ concerned modules exchanged
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Edge welded bellow
Connect collimator vacuum vessel with mechanical tables

Developed for axial displacements, transversal in collimator

Highest fatigue on inner weld of most separated membranes 

4 failures during Run3

This table assumes that TCTPV.4L2.B1 and V.4R8.B2 will be replaced in LS3 with low cycling spares  

Task Force established: proposed an optimized mixed strategy combining targeted production of new units 

with staged refurbishment and replacement, based on detailed risk analysis and mitigation 

D. Mirarchi @LMC#530

https://indico.cern.ch/event/1697952/contributions/7140183/attachments/3302295/5907545/Final_Report_CollTF_LMC_DM.pdf
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MDs
TWOCRYST:

Å Several MDs performed with the goal to 

demonstrate feasibility for a new LHC experiment

Å Diverse physics program completed in 2025/26

New collimation optics in LHC successfully validated:

Å Cleaning performance improved by a factor of ~2 across beams/planes

Å (B2V): simulated 61% ïmeasured 52%

Å Impedance improved

Å Lifetime, optics, cleaning checked - No indications of operational show-stoppers

Å TCT losses increase (expected), impact on experiment measured, analysis ongoing

Towards HL-LHC in the longitudinal plane
ÅMore accurate bunch length control along the cycle

Å Mitigated de-bunching at injection and start-of-ramp losses

Å Improved model of longitudinal impedance and beam stability limits

P. Hermes, B. Lindstrom, H. Timko

First observation of double 

channeling at LHC

(up to 2 TeV)

RF power at injection with novel phase-modulated capture

Just a very minor selection 

of an enourmous worké
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High intensity 

ÅBeyond hardware validation, many studies:

Åe-cloud: improved heat-load projections

ÅBeam stability: reducing non-linearities for better beam 

lifetime

ÅCollisions and beam-beam studies

ÅCollimation studies: halo and collimation hierarchy

ÅRF studies: first version of SPS/LHC RF phase modulation

ÅTested several beam types at HL-LHC intensities (STD 

Nx72, BCMS 5x48 & 4x36, 8b4e 2x56) S. Kostoglou

Primary goal: Validate hardware compatibility with HL-LHC beam conditions 

before LS3 and identify limitations due to beam-impedance induced heating
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High intensity (identified issues)

ID800 chambers 4R2/4L2

ÅNO signs of conditioning Č Possible limitation for HL-LHC operation

Å Not observed in the phase1 test (May 2026), as visible only with both beams

Å LS3 intervention needed

Å Proposal for smaller-aperture chamber satisfying ZDC requirements, to be studied

TCLD

ÅHigher vacuum activity than in 2026 for 11R2 and 11L2

Å Mitigation implemented in 2026 (smaller COLLIMATOR gaps)

Å Some conditioning observed but difficult to extrapolate to operation

Å Investigation approved for LS3

SPS ramp/FT instability

ÅMitigation found after the start of LS3, studies for better understanding planned for LS3

Å Demonstrated need for bunch-by-bunch transverse beam profile diagnostics in the SPS cycle
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LS3

LS3 start

Á CTD: 02.06.2025 V

Á ISOLDE: 08.12.2025 V

Á LHC: 29.06.2026 V

Á Injectors: 31.08.2026
V

Á L3: 30.11.2026

Injectors Operation restart

Á L4 : March 2028

Á PSB : May 2028

Á PS : Aug 2028

Á SPS : April/May 2029

LHC restart

Á 1st sectors cooldown : Early 2029

Á Final HW Com (P1&5) : January 2030

Á Caverns closure : Mid May 2030

Á Beam valves opening : End May 2030

We are here

Courtesy of JPh Tock
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LS3 @ LHC (a flavour)

Warm-up status 28.08.2026:

ÅCompleted for 6 sectors, on-going for the 2 last ones

TAN removal via ALICE shaft

Courtesy of JPh Tock
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LS3 2 months down, 45 to go!

2-3 days ahead of schedule in average Courtesy of JPh Tock


