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ThelargeHadron Collider

CMS

LHC
2010 27 km)|

HiRadMat

TT66
hr MEDICIS
ISOLDE

....................

1o : ’ REX/HIE- : East Area
: & ISOLDE

: :
[ 20012015 | : /C :
; :

f

n_TOF &_ - — :

[ 2001 | K \ PS : ]

— -En e S O . S i A S G
LINAC

2020 [y S — 3 | CLEAR
: LEIR [ 2017 |

PR 2005 (78 m)

p H (hydrogen anions) P ions P RIBs (Radioactive lon Beams) P n (neutrons, ) p (antiprotons) p e (electrons) P p (muons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator Online // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //

n TOF - Neutrons Time Of Hight // HiRadMat - High-Radiation to Materials // Neutrino Platform

V TheLargeHadronCollider(LHGA & (0 KS ¢2NI RQa I NHSadG LI NGAOES |
V Accelerategprotons (or ions) and brings them intoe highest energy

A Protonsare accelerated and collided atanter-of-mass energy of 13.6eVat the currently ongoing run 3.
V There ardour maininteractionpointswherethe detectorsare placed, ATLASCMS LHCb, and ALICE

A Since | am part of the ATLAS experimérg, followingdiscussions a bitbiasedtoward ATLAS. 2/26



The AT lLA@SSi)etec:ttmr

barrel New Small Wheel (NSW)

barrel toroid magnet

muon chambers muon chambers

endcap
muon chambers

endcap toroid
magnet

solenoid magnet
barrel hadronic calorimeter

V Inner detector, consisting ofIBL,) pixel, SCTandTRTreconstructs charged particle trajectory and momentut
A Need to cope with ~10B1 channelsof readout

V Calorimeter, consisting oL Arcaloandtile hadronic calg measures energy deposit of the particles.
A Need to maintain extremely stable cooling and temperatcoatrol.
V Muon spectrometer consisting oMDT, RPCTGCNSWand MMG, reconstructs charged particle tracks
A Needto keepgas conditions stable, HV operations for many channels.
V A2 Tsolenoid magneisfor the inner detector, dargetoroidal system up to ~4 s forthe muon spectrometer



LHCPRlam @Qverview

LHC HL-LHC

EYETS 13.6 TeV LS3 13.6- 14 TeV
13 TeV — CTET] Y
Dlodes Consolidation
splice consolidation cryolimit LIU Installatlon

8 TeV ol Fer triblet HL-LHC
button collimators interaction inner triplet . N
7Tev R2E project regions Clvil Eng. P1-P5 pilot beam radiation limit installation

Illllllw
ATLAS - CMS .//—1
upgrade 1 5075
experiment Pg phase ATLAS - CMS % nominal Lumi
2 x nominal Lumi |
1

b I . ] HL upgrade
PR ominaiium  2nominalLumi, ALICE - LHCb o

75% nominal Lumi /_ upgrade I /
m N OW! m integrated

luminosity LKV
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY L€ PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. ‘ PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES

V Datataking of run 3 period is ongoing with excellent performance through the continuous improvements ¢
the beams and the detectors.
A Run 3 is a critical phase to maximize physics outptiile preparing for the HLHC transition.
A It will continue until June 2026and then long shutdown will begin for the HHQupgrades 4/26



LHCEBeam Parameters

- Instantaneous Luminosity ——

Protons in a bunch
Beam N [10%] 1.15 1.1 1.6 1.61b
current /— Number of bunches [1.4, 18]
2808 2544 2340 2340

Nznb fry ~— Relativistic Lorentz factor Ny
L = dme B F A function i 0.55 0.30.25 0.3 0.3
1 at the interaction point 6 3.75 1.8 1.5 1.5
Beam size\ . . -
Normalized emittance Peak L 1.0 1.9 21 2.2
fr: Revolution frequency (11246 Hz) [10%4 cmr?sd]
F: Fraction of beam overlap t SF{1 f >B5 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 with6 10 protons per bunch (ppband tried to increase t4.8 10 ppb.
A Found it is difficult to increaseeamintensity due to vacuum limitations in the beam line of beam1 side.

A Eventually decided to operate with4 10 ppb in beam1 and 1.8 10 ppb in beam?2
A Marginal benefit for the experiment side, but important milestdioe the beam sid¢owardsthe H:LHC
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ATLARunSProton-Proton Operatlons

Irl [T [ T l T I T l T I I I T T T ] c\o 100_ ! ATLAS onllne | L L ]
o) - - — n _
=300 _ - B 2011 pp Vs=7TeV 2012 pp Vs =8 TeV ]
B _ . 2015 \s =13 TeV e 2016 (s =13 TeV
> - ATI_'AS Is =13.6 TeV ] e 98— 07 EE i§=13 Tev _— 2018||:E \l§=13 TV
‘B L Online Luminosity m Q2 B .
0 250 . —] O e 2022pp VS=13.6TeV = 2023pp (s=13.6TeV |
E - |:| LHC Delivered ] E 9 6'_— 2024 pp Vs =13.6 TeV 2025pp Vs=136TeV -
3200 | |ATLAS Recorded . > | ——— i
o) e . ] = i
_.G_'J B Delivered: 319fb ] o 94 ]
@ 150 Recorded: 301fb™ 7 8 | 3
(®)] B ] ) -
& . o -
=100 = 2 92 ~
3 ] IS ;
= 50 = £ 90 ]
0_ I | | | | | | I | I I | | I I O 88— | l I I I : -
. 2 . 2 . ‘3 . ‘3 . A . A . 6 . 6 . 6 1 1 1 1 1 L 1 1 1 1 1 L 1 1 1 1 1 1 L
yan 2 AL\ 2 Yot 2 A\ 2 Yoo 2 A\ 2 Yoo 2 A\ 2 yan 2 0 20 40 60 80 100 120 140

Month in Year

Stable operation, 319 fbwas delivered an@01 fb! was recorded
A 119 fblin 2025 the best for whole period.

Data recording efficiency has been improving thanks to accumulated knowledge and operatioedise
A > 95% irR025 the best in run 3.

Integrated Luminosity [fb™]

6/26
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ATLASICM BunSintegrated Il.uminosity
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C M S B LHC delivered: 322.05 fb™'
CMS recorded: 295.67 fb™

ATLAS \s=13.6TeV
Online Luminosity

D LHC Delivered

N
9]
o
w
o
o

n
(&)
o

| ATLAS Recorded

B 200+
—  Delivered: 319 fb™

Total Integrated Luminosity [fb
S
o
|IIII|IIII|IIII|IIII|IIII|II

Total integrated luminosity (fbo™)

[ Recorded: 301fb™
150 - ecorde 150 -
100 100}
50— ] 50 |
0: ! | 1 | 1 | I | 1 | 1 I | | 1 |: oL | : ' . . . . . | . ' .
‘ya“‘{zljﬁ\‘,zl‘)af\‘rﬂ) )\J\‘(L%)a"\‘.z& ,)\3\‘2&36“‘26)\)\‘25530‘26 2022 ,2022 ,202'3 ,202‘3 ,2023 2023 209}( 20'29: 202& 202& 209,6 209,6 ,2025
Month in Year Date

CMS also recorded300 fb! with > 91% data taking efficiency
The difference in LHC delivered luminosity between ATLAS and CMS is from experiment specific things

commissioning and special runs 7126



ATLAS: Run 8rProtaProton Data Quality

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 -~ 03.1
2023 975 998 99.7 100 995 996 99.7 999 998 -- -- 100 100 - 94.6-
99.6 96.5

2024 99.7 99.7 998 999 998 993 100 99.8 99.8 100 100 98.3 96.6 995 938
2025 999 100 99.7 999 999 100 995 999 99.8 100 100 100 100 99.0 97.6

(2025 is until Oct 6) |
V Thedatapassesnultiple stages of data qualityalidation :
beforebeing used fophysics. ’Gﬁuﬂm ;
V Evaluatedime between declaration of stable bearaad “Soursss N !
dumphandshake Gorrl oo C;xmg;l (o)
Thesegood data recordingnd dataquality efficiency (ij &
arethe result ofthe tireless andsleepless=fforts — | 3|  EEED-°
i i W > Time

by everyoneinvolved

~minutes ~48 hours ~1 (As needed)
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LHC

Challenge: PieUp

Collision at ATLAS

V Multiple pp interactions occur within the same bunch crossing g :
A Theaverage number of simultaneous interactions quantified by>. 3 1200

V' Thecrosssection differencebetween an interesting physics process t
(e.g. Higgs production) and background activity can be as langena® £ eoo

A Degraderesolution by adding diffuse energy deposits. o

A Produce fake objectthat mimic physicsignatures faketriggers. %

V Qlibrationand sophisticated reconstruction algorithms agatical.

]

10

I\III\\lII\I
ATLAS Online

2011-12: (u)/uMPV =18/14
Vs=7,8TeV, 2645
2015-18: (u)/uMPV = 34/29
Vs =13 TeV, 147 f"

2022-25: (uy/ Hypy = 56/63
Vs = 13.6 TeV, 300 i’

20 30 40 50 60 70 80

Mean Number of Interactions per Crossing



L1MuenUpgrades

4
12m

0
BOL

B 4

BML

&5

RPC BIS 7/8 -

—

Tile Calorimeter

V New Small Wheel (NSW)as newly installed before the run
A Consists 0§ TGS layers) andicroMegas(8 layers)

V Coincidence with TGC reduces fake triggers.
A 14 kHz(fake) triggerrate reduction canbe achieved!
A While the drop of the efficiency @nly 2%

dN/dn

TGC Big Wheel

Efficiency

500

400

300

200

NSW Tile

woolFy .

:_ Data 2025, 13.6 TeV - Without TGC-NSW coincidence —
- L1_MU14FCH With TGC-NSW coincidence
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L1Calo dpgraces

> [T ~v 60— 717 ]

g 1 = - ATLAS Preliminary ]

o 4 & 50 (s=13.6 TeV -

~— B n n'e - =

= L . ] B e ]

0.8 o N - eFex E;>25GeV, wlldentlflcatlon. - 3

r " Run3 . - 40— Legacy ET>22GeV, isolated i =

e L1_EM22VHI R 2 ] C : - i

0.6 = L1_eEM26M . un - 30 o —

r 0 ] B Run2 e .

0.4 ATLAS Preliminary — 20 ' -

i * LHC Fill 8695 ] N RU rB ]

- ¢ Vs=13.6 TeV . B : ]

0.2r- . w/o OVL o 101~ —

. 0_| 111 ‘ | - d.l 11 | | I T | 111 | | | | | I I | | 0: 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 -| 1 1 1 1 :
Trigger Tower (Run2) arguper Cell (Run3) © 1 20 30 40 50 6 70 0 0.5 1 1.5 2 2.5

poeRenes Instantaneous Luminosity [10** cmr2s]

Run2 Trigger Towef E = 0.1x0.1) was used asiait.
Run3 Trigger Tower is divided into ten finer segmewtd|edSuper Cell
[HPossible by the improved readout and the upgraded processors introduced in the-Rifagade.

V The improved granularity allows more selective triggering, maintaining performance at higlppile
A Muchsharper turron thanks tomore detailed shower shapes and isolation variables

A 5kHz rate reductiorwas achieved for the electron/photaniggers. 12/26



Improvement iin llceveéhng anchinjection

Leveling Scheme

V

1.

V

Vv
2.
V

V

E

Luminosity levelling i® keep the luminosity stable over time
compromisingmaximizedntegrated luminosityand the various limitations
such as reducing the detector damag#prdabletriggers
| * leveling
Controls the luminosity bghanging the beam focuat the interaction poini
A{GFNIOAY3I FTNRBY fFNABSN i FX NBRAL
Clean and stable waio control luminositybut complexoperation.
Separation levelling
Controlsthe luminosity bya transverse offset between the two beams
A Starting from larger separation, reducing it gradually during the fill.
Simple and highly flexible, allowing fast luminosity contral the cost of
larger beambeam effects.
Il O2YO0AYlIUOA2Y 2F | F

t @St Ay |y

Injection Scheme

V

Bunch Compression Merging Scheme (BCM%n injection scheme that
reduces the beam emittancey splitting, compressing, and merging
bunchesgnabling higher luminosity and longer levelling

- Leveling Scheme
p” leveling

) / Separation
fs leveling
Xing angle /E p.. =

crab cavity- .

/

- BCMS (PS injection scheme) —

[ ‘! ‘f

18 36 72

Normal 6
BCMS 8\44\412\424\148

Compression merging

A\

T T
500 1000

T >
0 500 1000 1500 2000
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V The yellow area is the luminosity delivered by the LHC, while the grey area shows that recorded by ATLA
A Greylyellow corresponds to data taking efficiencghe visibleyellow region corresponds to the deadtime

V The number of yellow vertical lines becomes smaller, the period of operation at high luminosity becomes

V Also, the intervals between thidls becomeshorterby better control of machine$2015: 2.5hH2025: 4..5h).
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Incidents

We have been operating for > 10 years, everything should be running smoothly without incidéntreally

Examples:

V ATLAS runontrolwhich controls detectorsvasshutdownby accident (an example btiman errorg
A Need restarting the run control, data loss for 30 mins.
A Thishappered for the first time.

V There were power cuts several timdsge to lightnings, ground faufan example oinfrastructure issue¥
A Need restarting of detectors, magnets
A In one instance, the incomplete recoverytbé MDTwent unnoticed,andunfortunatelyan elevatorwas
alsoout of work, whichmadeaccess difficult, resulting in 6 hours of dédas(~0.5 fb?).

V LArcalorimeter power supply failure (an exampleagfing
A Power supply coverinty 64 regionof LArcalorimeter went down suddenly.
A Happened at thdinal pp runin 2025 the power supply will be replaced during the end of year shutdow
A This lapperedfor the first time as well.

We cannot avoid these issues and detector agBigiJoperation crews and experts have been very quick to reat
and avoid larger data loss! 16/26



SomerRecardsin 2025

. e I S o Y " fo ", B, SN SO SU——, (. S, S T e, S e e e  ——— [
V LHC delivered a recored.33fbL for 7 days 35" ATLAS Oniine Luminosity Re cord week 7
1 . \ [ [ ] LHC Delivered All : A2
A >1.0fb/dayin average. mg 80E~" [T LHC Delivered Stable
A LHOhadover 85% availabilityand % |7 [ ATLAS Ready Recorded
closeto 75% time in stabldeams > = ' ' '
. @ .
A ATLASecorded9.0fb ! with 96.1% o 20
data taking efficiency 5 15l
: L : : (o] =si /i SRS S B B
V Maximum stable luminosity delivered in -
one fill/day, longest time in stable beams f SETIE it
7 days were also record. o )T S S R S SN | VI R B S S
9/09 30/09 01/10 02/10 03/10 04/10 05/10 06/10
Run3 Records
Peak Stable Luminosity Delivered 2.43x103% cm2s1 Fill 11085 25/09/19 00:43
Maximum Average Events per Bunch Crossing 153.3 Fill 11165 25/10/08 19:37
Maximum Stable Luminosity Delivered in one fill 1392.3pb! Fill 10709 25/06/11 06:30
Maximum Stable Luminosity Delivered in one day 1677.7 pb! Saturday 30 August, 2025
Maximum Stable Luminosity Delivered for 7 days 9.33fb1 Monday 29 September, 2025 - Sunday 05 October, 2025
Longest Time in Stable Beams for one fill 1day, 10 hrs, 7 min Fill 9639 24/05/16 15:31
Longest Time in Stable Beams for one day 23 hrs, 59 min Friday 17 May, 2024
Longest Time in Stable Beams for 7 days 5 days, 5 hrs, 23 min Monday 29 September, 2025 - Sunday 05 October, 2025




CMSLLDBPatacScouting p

Physics results alreaghublished! EXG25-010)

Normal trigger path

CMS Preliminary 3.7 fb~! (13.6 TeV)
I 5 L B B A B
40 MHZ: 100 kHZ O(l)kHZ o 102k * Observed 1 station / BX i
o] - Median expected --- 4 stations / 3 BXs 7
S i 68% expected --- 3 stations /2 BXs ]
-"é’ 95% expected 2 stations / BX
= 10"} 3 stations / 4 BXs E
ClL) r - a 3
o - -
o 8 -
3 - -
O -- ——
(TI) 10 Fo== — __- | T e — -
32 - - — “5m
o) -
Lo -
10" | e = -
L1DS path A f
*kz model independent -
= fiducial cross section

40 MHZ m—_—- 0 G2 03 04 05 06 07 08

B
V Bandwidthlimits the amount of data that can be collected at the trigger.

V Toovercome this limit, triggersrdy record trigger leveinfo (i.e. reduced data size/event) are implemented
A TriggerLevel Analysis (TLA, ATLAS), Data Scouting (DS, CMS
A Allows to usdower p;threshold.

V CMS started. 1IDSin a part of detectoregions,collectingall bunchcrossings (BXs) with 40 Mhith prescale
A Allows reconstruction oflow particlespassing detectors across multiple BXs. 18/26
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