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The Large Hadron Collider

V The LargeHadronCollider(LHC)ƛǎ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ǇŀǊǘƛŎƭŜ ŀŎŎŜƭŜǊŀǘƻǊΦ
V Accelerates protons (or ions) and brings them into the highest energy.
Å Protons are accelerated and collided at a center-of-mass energy of 13.6 TeV at the currently ongoing run 3.

V There arefour maininteractionpointswherethe detectorsareplaced, ATLAS,CMS,LHCb, and ALICE.
Å Since I am part of the ATLAS experiment, the following discussion is a bitbiased toward ATLAS. 2/26



TheATLAS Detector

V Inner detector, consisting of (IBL,) pixel, SCT, and TRT, reconstructs charged particle trajectory and momentum.
Å Need to cope with ~100M channelsof readout.

V Calorimeter, consisting of LArcaloand tile hadronic calo, measures energy deposit of the particles.
Å Need to maintain extremely stable cooling and temperature control.

V Muon spectrometer, consisting of MDT, RPC, TGC, NSWand MMG, reconstructs charged particle tracks 
Å Needto keepgas conditions stable, HV operations for many channels.

V A 2 T solenoid magnetis for the inner detector, a large toroidal system up to ~4 T is for the muon spectrometer.



LHC Plan Overview

V Data taking of run 3 period is ongoing with excellent performance through the continuous improvements of
the beams and the detectors.
Å Run 3 is a critical phase to maximize physics output while preparing for the HL-LHC transition.
Å It will continue until June 2026, and then long shutdown will begin for the HL-LHC upgrades.

Now!
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LHC Beam Parameters
Design 2018 2024 2025

N [1011] 1.15 1.1 1.6 1.6 Ҧ
[1.4, 1.8]

nb 2808 2544 2340 2340

*̡ 0.55 0.3-0.25 0.3 0.3

nʁ 3.75 1.8 1.5 1.5

Peak L
[1034 cm-2s-1]

1.0 1.9 2.1 2.2

tŜŀƪ ғ˃Ҕ25 55 64 64

V LHC has been operating with a larger number of bunches and higher peak instantaneous luminosity than
its design values.

V The operation in 2025 started with 1.6 1011 protons per bunch (ppb) and tried to increase to 1.8 1011 ppb.
Å Found it is difficult to increase beam intensity due to vacuum limitations in the beam line of beam1 side.
Å Eventually decided to operate with 1.4 1011 ppb in beam1 and 1.8 1011 ppb in beam2.
Å Marginal benefit for the experiment side, but important milestone for the beam side towards the HL-LHC.



ATLAS Run3 Proton-Proton Operations

V Stable operation, 319 fb-1 was delivered and 301 fb-1 was recorded.
Å 119 fb-1 in 2025, the best for whole period.

V Data recording efficiency has been improving thanks to accumulated knowledge and operational expertise.
Å > 95% in 2025, the best in run 3. 6/26



ATLAS/CMS Run3 Integrated Luminosity

V CMS also recorded ~300 fb-1 with > 91% data taking efficiency.
V The difference in LHC delivered luminosity between ATLAS and CMS is from experiment specific things such as

commissioning and special runs.
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ATLAS Run 3 Proton-Proton Data Quality

V The data passes multiple stages of data quality validation
before being used for physics.

V Evaluated time between declaration of stable beams and
dumphandshake.

These good data recording and dataqualityefficiency
are the result of the tireless and sleeplessefforts
by everyone involved!

(2025 is until Oct 6)

Inner Detector Calorimeter Muon Spectrometer Magnets

Year Trig Pixel SCT TRT LAr Tile MDT RPC TGC MM sTGC Solenoid Toroid Others Total

2022 98.82 99.95 99.85 99.89 98.98 99.67 99.99 97.95 99.72 -- -- 100 100 -- 93.1

2023 97.5-
99.6

99.8 99.7 100 99.5 99.6 99.7 99.9 99.8 -- -- 100 100 -- 94.6-
96.5

2024 99.7 99.7 99.8 99.9 99.8 99.3 100 99.8 99.8 100 100 98.3 96.6 99.5 93.8

2025 99.9 100 99.7 99.9 99.9 100 99.5 99.9 99.8 100 100 100 100 99.0 97.6
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Upgrades, Improvements



Challenge: Pile-Up

V Multiple pp interactions occur within the same bunch crossing (pile-up).
Å The average number of simultaneous interactionsis quantified by ˃.

V The cross-section differencebetween an interesting physics process
(e.g. Higgs production) and background activity can be as large as млю.
Å Degrade resolutionby adding diffuse energy deposits.
Å Produce fake objectsthat mimic physics signatures, faketriggers.

V Calibrationand sophisticated reconstruction algorithms are critical.

6.8 TeV 6.8 TeV

LHC

Collision at ATLAS

proton

wǳƴм ό˃ Ґ пύ Run3 ό˃ Ґ спύ



L1Muon Upgrades

V New Small Wheel (NSW) was newly installed before the run 3.
Å Consists of sTGC(8 layers) and MicroMegas(8 layers)

V Coincidence with TGC reduces fake triggers.
Å 14 kHz (fake) trigger rate reduction canbe achieved!
Å While the drop of the efficiency is only 2%.

2%



L1Calo Upgrades

Run2: Trigger Tower (ʹȄ=˒ 0.1x0.1) was used as a unit.
Run3: Trigger Tower is divided into ten finer segments, called Super Cell.
Ҧ Possible by the improved readout and the upgraded processors introduced in the Phase-I upgrade.

V The improved granularity allows more selective triggering, maintaining performance at high pile-up.
Å Much sharper turn-on thanks tomore detailed shower shapes and isolation variables.
Å 5 kHz rate reduction was achieved for the electron/photon triggers.

Trigger Tower (Run2) and Super Cell (Run3)
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Run3
Run2 Run2

Run3



Improvement in Leveling and Injection
Leveling Scheme
V Luminosity levelling is to keep the luminosity stable over time,

compromisingmaximized integrated luminosityand the various limitations
such as reducing the detector damage,affordabletriggers.

1. *̡ leveling
V Controls the luminosity by changing the beam focus at the interaction point.
Å {ǘŀǊǘƛƴƎ ŦǊƻƳ ƭŀǊƎŜǊ ʲϝΣ ǊŜŘǳŎƛƴƎ ƛǘ ƎǊŀŘǳŀƭƭȅ ŦƻǊ ǘƘŜ ōŜŀƳ ŘŜƎǊŀŘŀǘƛƻƴΦ

V Clean and stable way to control luminosity but complex operation.
2. Separation levelling
V Controls the luminosity by a transverse offset between the two beams.
Å Starting from larger separation, reducing it gradually during the fill.

V Simple and highly flexible, allowing fast luminosity controlat the cost of
larger beam-beam effects.

É ! ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ʲϝ ƭŜǾŜƭƛƴƎ ŀƴŘ ǎŜǇŀǊŀǘƛƻƴ ƭŜǾŜƭƛƴƎ ƛǎ ǳǎŜŘ ŀǘ ǘƘŜ !¢[!{Φ

Injection Scheme
V Bunch Compression Merging Scheme (BCMS) is an injection scheme that

reduces the beam emittance by splitting, compressing, and merging
bunches, enabling higher luminosity and longer levelling.



V The yellow area is the luminosity delivered by the LHC, while the grey area shows that recorded by ATLAS.
Å Grey/yellow corresponds to data taking efficiency, the visible yellow region corresponds to the deadtime.

V The number of yellow vertical lines becomes smaller, the period of operation at high luminosity becomes longer.
V Also, the intervals between the fills become shorter by better control of machines(2015: ~2.5hҦ2025: ~1.5h).

2023.Jun.6

4h

2025.Jun.11
(This fill is the
highest lumi/fill)7h

Improvements in a Single Fill
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Operation in 2025



Incidents
We have been operating for > 10 years, everything should be running smoothly without incident? - Not really

Examples:
V ATLAS run control which controls detectorswas shutdownby accident (an example of human errors)
Å Need restarting the run control, data loss for 30 mins.
Å Thishappened for the first time.

V There were power cuts several times due to lightnings, ground fault (an example of infrastructure issues)
Å Need restarting of detectors, magnets
Å In one instance, the incomplete recovery of the MDT went unnoticed, andunfortunatelyan elevator was

alsoout of work, which made access difficult, resulting in 6 hours of data loss(~0.5 fb-1).

V LArcalorimeter power supply failure (an example of aging)
Å Power supply covering 1/64region of LArcalorimeter went down suddenly.
Å Happened at the final pp run in 2025, the power supply will be replaced during the end of year shutdown. 
Å This happened for the first time as well.

We cannot avoid these issues and detector aging, BUToperation crews and experts have been very quick to react
and avoid larger data loss! 16/26



Some Records in 2025
V LHC delivered a record ~9.33 fb-1 for 7 days.
Å > 1.0 fb-1 / day in average.
Å LHC had over 85% availability and

close to 75% time in stable beams.
Å ATLAS recorded 9.0 fb-1 with 96.1%

data taking efficiency.

V Maximum stable luminosity delivered in
one fill/day, longest time in stable beams for
7 days were also record.

Record week
(Fills from Sep 29 - Oct 6)
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CMS L1 Data Scouting
Physics results already published! (EXO-25-010)

model independent
fiducial cross section

V Bandwidth limits the amount of data that can be collected at the trigger.
V Toovercome this limit, triggers only record trigger level info (i.e. reduced data size/event) are implemented.
Å Trigger Level Analysis (TLA, ATLAS), Data Scouting (DS, CMS)
Å Allows to use lower pT threshold.

V CMS started L1DSin a part of detectorregions,collecting all bunch-crossings (BXs) with 40 MHz with prescale.
Å Allows reconstruction of slow particlespassing detectors across multiple BXs.

40 MHz 100 kHz O(1)kHz

40 MHz

Normal trigger path

L1DS path

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-010/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-010/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-010/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-010/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-25-010/

