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THE LHC

Note: most slides from today lecture are taken from seminars and conference
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short LHC history

1983LEP Note 440S. Myers and W. Schnell propose
twin-ring pp collider in LEP tunnel with-B dipoles

1991 CERN Council: LHC approval in principle

1992Eo] Lolof experiments -
1993 SSg.terminati i

1994*CERN Council: LHC <3t J LEP Note 440

199598 cooperationwv.Japan, Indla Russia,Canada,&US
2000 L'EPI% rﬁﬁmrﬁbﬁﬂﬂnms FOR A LEP PROTON COLLIDER

2006 lasts.c dipole delivietad. scnei:

2008 first beam

2010 first collisions at 3.39eVbeam energy

2015 collisions at ~design energy

we are already late if we want >30 years
to get a new machine by ~2040!




A complex enterprlse
A Beyond the particle physics - x —

challenges associated with B ATAS Orne Ly T
the construction of the g T ey L
detectors and the analysis = * ,3"" E
of the data, building and £ - s B
operating the LHC machine ¢ N ool
was also an immense S o5t & . '
challenge involving alarge < 2 % .: .. .. .

25/02 29/03 01/05 02/06 04/07 05/08 07/09

number of skills. Py

A Such machine usually takes
several years to reach its
full potential and the
engineers running it
Improve its performance all
the time.

Referenceshttp://Ihc.web.cern.ch/lhc/LHE
DesignReport.htmand 5
« The LHC Machine, Lyndon Evans and Philip , T . i
Bryant2008JINST S08001 doi:10.1088/1748 02-Mar  02May 01-Jul 31-Aug 31-Oct  31-Dec
0221/3/08/S08001»
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http://lhc.web.cern.ch/lhc/LHC-DesignReport.html
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The Injection chain

A Particles can not directly be produced and accelerated
In the LHC, several preliminary steps are necessary.
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Proton source
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Linac

Evacuated Metal Cylinder

lon
Source

" Electric Fields in Cavity

@ & Accsys Technology, Inc.

A After the source the protons are
accelerated in a linac.

A As the protons gain speed they travel
longer distance in a RF cycle and
therefore the length of the tubes
must be increased.

A At the end of the Linac the protons
reach an energy of 50 MeV.
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Pre-acceleration rings

A At 50 MeV the energy of the protons is too low
to be injected in the LHC.

Several intermediate rings are necessary to bying LHC
their energy to the LHC injection energy.

A To save space the first of these rings, the PS Sps _
booster is made of 4 rings stacked on to each N~
other!

A All these rings use pulsed magnets which allow

to change the beam configuration ve uickly.
9 e s Bt U 0T

The PS was built in 1959, the PSB in 1972 and PP
the SPS in 1976.
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Why preacceleration rings?

A In a synchrotron the strength of the magnets must be increased
when the energy of the particles is increased.

A Itis cheaper to have magnets (and power supplies) with a limited
dynamic range.

A As the energy of the beam increases its emittance (and therefore it
Size) decreases.
Early accelerators in the acceleration chain must have a wide
aperture whereas the LHC has a small aperture (a bunch from the
Linac would not fit in the LHC).
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Protons bunch splitting

A Another purpose of the PS is to adapt the bunch structure from the
Linac to the requirements of the LHC.

A The RF of the PS is used to split 8 proton bunches into 84 bunches

1. Inject four bunches

0 0 0

Inject 4 bunches /\ /\ /\

Eject 48bunches |"?

Wait1.2 s for second injection
1.0

4—.0

108 :: 2. Inject two bunches

0 0
[\ [\ A

0.02 004 0.06 0.08 0.1 0.12
Time [us]



The LHC itself

LHC
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The LHC

A Circumference:
26659m

A Injection energy:
450 GeV

A 9300 magnets
(1232 dipoles, 858
i dzI R NHzLJ2 €

A Power consumption
180MW

/

CERN AC _ EI2-4A_V18/9/1997



LHC: highest energpp, AA, andpA collider

design parameters

c.m. energy = 14 TeV (p)

luminosity =10%* cm—2s!

1.15x10* p/bunch
2808 bunches/beam

ctant 3/

Cleaning

360 MJ/beam

0e=3.75 Mm
: (ILHC-B) b*=0.55m

g.=285 nrad

$
L)
§
(B physics)

S$*=16.6nm




Total Integrated Luminosity (b ')

Integratedpp luminosity

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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peak performance through the years

_

bunch spacing [ns
no. ofbunches 368 1380 1380

beta* [m]
ATLASNd CMS 3.5 1.0 0.6

max.bunch

intensity 1.2x 101 1.45x 101 1.7 x 10!
[protons/bunch]

normalized
emittance [mm- ~2.0 ~2.4 ~2.5
mrad|

'[Ocﬁ'z‘s"l‘]mmos“y 21x18 3.7x16°

>2x design when scaled toTe\M
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Quizz

A Suggest reasons to explain the limitations of
the parameters in the table.

bunch spacing [ns]

no. of bunches 368 1380 1380

beta* [m]
ATLASNd CMS

max.bunch intensity

3.5 1.0 0.6

1 1 1
[protonsibunch] 1.2x 10 1.45x 10t 1.7x 10
normalizedemittance
i ~2.0 ~2.4 Sol5
P
peak luminositycr<s 2.1x 162 3.7 x 163 7.7x 108

]
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Answer

A Bunch spacing: if the bunches are too close
they affect each other with their wake.

A Beta: if the bunches are too small, internal
ST¥FSOua o6aLl OS OKI N
0 dzy OKS & X

A Intensity: It is difficult to accumulate charge in

a bunch. Losses all along the injection chain
must be well controlled.
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| event from 2012 data with 25 reconstructed vertices
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CMS Average Pileup, pp, 2012
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LHCDb

LHC Pagel Fill: 2178 E: 3500 GeV

3500 GeV I(B1): 1.63e+14 I(B2): 1.6le+14

BCT Intensity and Beam Energy Updated: 01:38:32 In Updated: 01:38:33
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Comments 03-10-2011 01:37:51 : BIS status and SMP flags Bl B2
Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence

Moveable Devices Allowed In

**+ STABLE BEAMS ***

I CONGRATULATIONS TO LHCB 1!
I FOR THEIR 15T 1.00/fb 1!

Stable Beams

AF5. 50ns_1380b+1small_1318_39_1296_l144bpi

a® [Y2y(dX Lt!/ Qwmo

03-10-2011 01:38:33

PROTON PHYSICS: STABLE BEAMS

PM Status B1 ENABLED (gl B EI4THE ¥ ENAELED

luminositylevellingat

around 4e32 cmis?via
transverse separation
(with a tilted crossing

angle) f

not
completely
trivial!

first evidence for the
decayB;->nim

14 LHCb
12 10/ (TTeV) +1.1 o (BTeV) ]
BDT >0.7
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C Injector co

SPS: 26 to 450 GeV

PS:1.4 to 26 GeV

& De Man 1&062003 - proporions not 10 sodie %

M. Lamont

L PSB: 50 MeV

O to 1.4 GeV
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A good performance from the injectorsbunch intensity and emittance
ALINBLI NYGA2yS [2NByaGl Q f16Y AYLINBAaA
A peak luminosity around 5 x 30cm2s? at 3.2 TeV(2011)¢ nearly twice

design when scaled to &9eV
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proton-lead

A beautiful result in early 2013
AFTAYIE AYyGSAINI GSR fdzyYAyz2aainse

A injectors: average number of ions per bunch wéds4x1@ at start
of stable beams, i.e. arourtdiice the nominal intensity

M pen
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beam orbits at top energy with RF frequencies locked to Beam 1
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operational cycle

ERatatul
U

3000 A

2000 A

Beam dump
¥
3
o,
5
2 Ramp down/precycle

Ramp

Injection

22118

Squeeze Stable beams
? >
Collide

Rampdown 35 mins

Injection ~30mins

Ramp 12 mins

Squeeze 15 mins

Collide 5 mins

Stable beams 0¢ 30 hours

-3000

-2000

u

=1000 1]

Time [s]

1000 2000 3000

turn around 2 to 3 hours on a good day
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availability

AGCKSNBE FNB I €20 21 00KA yIrFas |dekar a- - Gl
A Pretty good availability considering the complexity and principles of operatiol

2012 Proton Run Efficiency
27.6%
I Access I Ramp
1 SetUp [ Squeeze
B Injection  EEE Physics 1Y R E——— 1
BCTh- oo | L ALE- Iogbook Faults {2
CMS oo R - Faults with Parent Th Major Event |14
Lch ..._.......E........_....... i T T T _3
13!8% Feedback -----f'----------- 10
ATLASER- - b Total Fault Duration = 26.63 % - {11
EP:J-'EE """"5"“""Totai"Fa'uIt'Duratian""z'"ﬁﬁ;g"d'ays“"""'5135 "
controls - Fault from TI Major Events= 8.2 days |,; §
15'0% BLM e —— t
Access 423 3
PSB No Beam 128 ¥
Beam Dump 135©
Collimation 35 i;
EN-EL 29 m
Vacuum 431
PS No Beam 148
2.1% Injection 447
Power Converters 172
QPs 168
3.0% RF 75
Miscellaneous 156
SPS No Beam 94
Cryo 4 4B
0 50 100 150 200 250 300 350 400
36.5% Fault Down Time (hrs)
SB Time: 73.2 days Total Time:! 200.5 days Cryogenlcs avallablllty In 2012: 93.7%

25 T -
ad® [lY2YyuzZ



some Issues In 20112 operation

Radiation to electronics

A concerted program of
mitigation measures

UFOs
20 dumps in 2012
time scale 56200 us

Beam induced heating
A Local nonconformities
(design, installation)

Ainjection 6aKASEt RAYy3>
protection worry about 6.5TeV A premature dump rate
devices and 25 ns spacing down from

A sync. Light : 12/fbtin 2011
mirrors to 3/fb1in 2012

Avacuum I (o] [} [msoww) |[)[@a] [Csm )

assemblies

~400 hours

. ===Run 2011
Downtime

=Run 2012

——=After LS1
(Target)
+-Expected Number of Dumps by Arc UFOs
Expected Number of Dumps by MKI UFOs
- ~Signal/Threshold factor

arc UFOs at 7 TeV:

4x peak energy deposition
5x less quench margin

— 20x signal/threshold

> 100 beam dumps?

0
Q.
£
S
(a]
Q
L.
o
e
Q
o
E
©
£
w
w
1]

- e : Annual Cummulated Luminosity
0 1000 2000 3000 4000
Flat top energy [GeV]



another issue in 20312 operation

Electron cloud

A beam inducedmultipactoring process, depending on secondary emission yield
A LHC strategy based on surface conditioning (scrubbing runs)

Aworry about 25 ns (more conditioning needed) and 6IBV(photoelectrons)

25-ns scrubbing in 201t decrease of SEY

24-25/10

6max,init

)

max, final

SECONDARY [ELECTRON YIELD

ENERGY(eV)

Figure 12: Variation of the S.E.Y. of copper G. |adar0|a, GRumolo

with the incident electron dose 36 I I L !

10 20 30 40
Time [h]




Electron cloud effec

Bunch

A Radiation from a bunch can -
extract electrons (and ions) N
from the beam pipe and from .o ST Photons

Y.

residual gas in the vacuum.

A These electrons fall back and
get re-absorbed with a certain
time constant.

A However if the bunch
frequency is too high these
electrons (and ions) will
accumulate in the beam pipe

and shield the beam from the . B -

Electrons * e ®

magnetic elements. .

A Special coatings, beam pipe
geometries and bunch

Electrons

repetition patterns can mitigate .
this problem to some extent.
A This is one of the main Magnet

limitations to increasing the
Nicolas Delerue, LAL (CNRS) Zoomonth. _. ._




I _ r ‘.\“'( R »
A faulty busbar (SC splice) in a magnet This burnt through beam vacuum and
interconnect failed, leading to an electric arc cryogenic lines, rapidly releasing ~2 tons c¢
which dissipated some 275 MJ liquid helium into the vacuum enclosure

R. VVeness
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The main 2013-14 LHC consolidations

1695 Openings and Complete reconstruc- Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of tion of 1500 of these 10170 13kA splices, consolidated electrical resistance measure- of stainless steel lines
the interconnections splices installing 27 000 shunts insulation systems ments

A .'f"

L

18 000 electrical Qual- 10170 leak tightness tests 4 quadrupole magnets 15 dipole magnets to be Installation of 612 pres- Consolidation of the
ity Assurance tests to be replaced replaced sure relief devices to 13 kA circuits in the 16
bring the total to 1344 main electrical feed-

boxes



2015¢ post LS1

A energy:.6.5 Te\{magnet retraining)

A bunch spacing25 ns
I pile-up considerations
A injectors potentially able to offer

nominal intensity with even lower
emittance

Number Ib Emit PeakLumi Int. Lumi

of LHC LHC [cm-2s] ~Pileup | peryear
bunches | FTlell] [um] [fb1]
52 ~45

25NS o550 115 1.9 1.7e34
low emit

BCMS = Batch Compression
and Merging and Splitting

expected maximum luminosity
from inner triplet heat load
(collisions debris).7x1034cm?s1+20%



Linac4(160 MeVH instead of 56MeV p)

358.8 MHz

Linac4 could double the beam brightness injected into the booster,
but there may be other bottlenecks downstream (e.qg. PS injection)



What Next for CERN? HiLumi-LHC (HL-LHC)

The High-Luminosity LHC

* major “upgrade” of the LHC, starting operations ~2030 and running until 2041
+ based on cutting-edge Nb;Sn technology that didn’t exist when the LHC was built

With ~10 times increased luminosity compared to the LHC

* in many ways, we are just at the start of the LHC/HL-LHC journey
Meanwhile the detectors and triggers will become ever more capable

 the upgrades of ATLAS and CMS are central to the HL-LHC programme
And never forget the people

« Brilliant young researchers, aided by Al tools, will give ever greater power

The HL-LHC is an incredil:;Ié scientif'it':' oppouﬁify

- a lot more data, even better detectors, new techniques
- real discovery potential!

Mark Thomson | CERN: Future Vision and Priorities 18 May 2026
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HL-LHCc modifications

IR upgrade ——
(detectors lowb .
| az O I\-5 -
a few hightfigltd
dipoles "eteyaam

ALICE~2()22

T2\,

2006 Gran Sasso

e

N LINAC 3
lons



It is also a major international collaboration

N
ﬁ;ﬁ Mark Thomson | CERN: Future Vision and Priorities 18 May 2026
7
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(HL-)LHC Time Line

interconnectsto 1000.0
overcomeenergy / - —
limitation (LHC ﬁ -

incident of Sept. \ Integrated

Fa

radiation |

2008) and R2E 1000 , 14 | Shutdown
= == | o to overcome
£ | 12| beam
> Vg - (Vg 5| . :
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Longshutdown3

Long Shutdown 3 is coming...

We are here > + 4 years

2025 - 2026 2027 2028 2029

LHC
SPS
AWAKE
PS
ISOLDE

PSB
L3
L4

- Long Shutdown (LS) (Re)Commissioning -Operation -Year End Technical St&ps
LS 3 start Inj. ration restart LHC restart
= AWAKE: 02.06.2025 = L4: May2028 = 1stsectors cooldown: Early 2029
= |SOLDE: 0812.2025 = PSB: May 2028 = Final HW Com (P1&5) : January 2030
= LHC: 29.06.2026 = PS: July2028 (% = Caverns closure : Mid-May 2030
= |njectors: 31.08.2026 = SPS: April/May 2029 (*) = Beamvacvalvesop: End-May 2030

= L3: 30.11.2026 (*) To be optimised

ﬁ_‘"“ii Mark Thomson | CERN: Future Vision and Priorities 18 May 2026 4
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Low B (pp)
High Luminosity

-

Mowt LT

6.5 KW@4.5K
cryoplant

2 x 18 kW @4.5K
cryoplantsfor IRs

Octant 3 _.".




HL-LHC Officlal Beam Parameters

Parameter nominal 25ns 50ns 6210 % and 49 10 4
N 1.15E+11 2 AE+1T 3.55 =1t p/beam

ny 2808 2808 1404

beam current [A] 0.58 e 0.89

x-ing angle [ nrad] 300 590 590

beam separation

[s] 10 12.5 11.4

b* [m] 0.55 0.15 0.15

e, [mm] 3.75 2.5 3.0

e [eVs] 2.51 2.5 2.5

energy spread 1.20E -04 1.20E -04 1.20E -04

bunch length [m] 7.50E -02 7.50E -02 7.50E -02

IBS horizontal [h] 106 20.0 20.7

IBS longitudinal [h] 60 15.8 L342

Piwinski parameter 0.68 CH 2.9

geom. reduction 0.83 0.35 0333

beam -beam / IP 3.10E -03 3.9E -03 5.0 -03 (Leveled to 510 >* cnr? s+4
Peak Luminosity 110 34 7.410 34 8.510 34 and 2.5 1034 cm2 s™)
Virtual Luminosity 1.2 10 2100 26, 10 S

Events / crossing  (peak & leveled 210 475 140 140



luminosity leveling at the HLHC

example: maximum pile up 140

L [1034 Cm‘zs-l] (Sine~85 mbarn)
20
\ no leveling w peak 2x10°> cm=~s!
15} ;
10 .
-‘ leveling at 5x10°* cm2s!
S 9

- nominal

> 4 6 8 10 12 14

¢ [h]



luminosity leveling at the HLHC
example: maximum pile up 140

L[10%** cm™?s!]

20 f

" no leveling w peak’ ' ‘
15 \ 2x10%cm s I\ l\ I\
-\ 1\ \ 1\
10 \ \ \ 1\
| | \
\leveling at \ I I
T
< . EOEC I > \ Ii‘i—l | average no level
average level

0 5 10 15 20 25 30 t[h]



luminosity & integrated luminosity
during 30 h at the HLHC

example: maximum pile up 140

6

5 LT10P* em*s']

4

3 ]

integrated | Rl
2 with 40% of
efficiency

l turn- ~250 fbl/year

arounc ]

AAAAAAAAAAA

...........

5 10 15 20 25 30 t[h]



final goal : 3000 fBO € H N oJ

# LHC IntL (fbA-1) M HL-LHC IntL (fbA-1)
3500
3000 - | Full project | .l
2500 am
|
2000 -
1500 e
Enhancedconsolidation *
_ - veo?®
o®
ote?
2010 2015 2020 2025 2030 2035
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HL LHC

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab” cavities for
tunnels and 2 shafts near the ATLAS and CMS experiments to
ATLAS and CMS. tilt the beams before collisions.

AW
WG o

FOCUSING MAGNETS

12 more powerful quadrupole magnets

for the ATLAS and CMS experiments,

designed to provide the final focusing
of the beams before collisions.

ATLAS

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.
tunnels near ATLAS and CMS.

Nicolas 46
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some HELHC ingredients

new finalquadrupoles 11-T dipoles for dispersion SC link @)

ANb;Sninstead of Nb-Ti & | suppressors , A move radiation

Alarger aperture 991 ANb,Sninstead ofNb-Ti [* = sensitive power
allowing smallerb* A provide space for extrs NE converters away from

T T collimators catching off | = 78| machine

_energy protons oriond s -/ I| | A first prototype, 20 m

at ALICE, collimator  |f 7« 2 ™ G 20 KA, under test at

sections, ATLAS & CMp . =4 — 4| CERN!

LQS03 (90 mm ap., 3.7 m long).
208 T/m@4.6 K210 T/m@1.9 K

Quench current (A)

L
1.9K| 4.5K

| & MBHSPO1 A also of interest for
& MIBHSPO2 E
electrical power

R
E 11500 ', je "
s 11112:::‘: J u n e 2 O J ’ ; & c H
' 20 30 4 50 60 distribution
0 2 4 6 8 0 2

Quench number

HQO2a (120 mm, 1.5 m long): 1-m inodel tes’Fed |n|Apr|I 2014, tests of novelMgB,
150 T/m@4.6 K170 T/m@1.9 K | Bnom=11 T achieved! and HTS(YBCO and

Goal: 150 mmap, 140 T/m | Next: 2m single bore, then 2n-1 BSCClcables
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HiLuM

LARGE HADRON COLLIDER

=

LHC HL-LHC

13 1oy EER 13.6 TeV
e

13.6 - 14 TeV
energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation A
7 TeV 8 TeV button collimators interaction ) inner triplet Joimiic
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2o | anas | awes | zoeo znes | zoea [l

5 to 7.5 x nominal Lumi

ATLAS - CMS
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HLLHC opticss s

Achromatic Telescopic Squeeze (ATS), «fully proven
MDs(b* = 15 cm «easy», room fdr* ~ 10-12 cm)
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typical ATS collision optics with IR1 & IR5 squeezed dowbtal0 cm




schematic of crab crossing

ARF crab cavity deflects head and tail in opposite direction so tha
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Abunchcentroidsstill cross at an angle (easy separation)

Alst proposed in 1988, used in operation at KEKB since 2007

until recently plan wado vary crab cavity voltage foleveling, but this would change
size of luminous region & is disliked by experiments (instead levelingpbgr offset?)



luminosity reduction due to crossing angle
IS more pronounced at smallér
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HL-LHC needs compact crab cavmes

only 19 cm beam separation, but long bunches

Final down-selected compact cavity designs for the LHC upgrade: 4-rod
cavity design by Cockcroft I. & JLAB (left), | /4 TEM cavity by BNL (centre),
and double-ridge | /2 TEM cavity by SLAC & ODU (right).

Prototype compact Nb-Ti crab cavities for the LHC 4- rod caV|ty (Ieft) and
double-ridge cavity (right).



HLLHC preliminary budget estimat

HL-LHC impr. cons + full performance

EMcons EPcons B Mperf BPperf

140,000

120,000

100,000

80,000 -

kCHF

60,000 -

40,000 -

20,000

0
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

YEAR

Improving Full Total HL-LHC
Consolidation performance

Pers (MCHF)
[FoTvcr)




LHC BEAM INSTRUMENTATION



Beam Profile Monitoring using WHecanners




