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Introduction: LHC Performance Goals

' A proton beam energy of 7 TeV within the existing LEP tunnel with a 2\
circumference of 27 km and an arc length of 22km
>

Requires a peak magnet field in the dipoles of about

| ]

Bl Instantaneous luminosity: rate of events in detector = 'S e

rare events =» L >103cm?s! == | =10%cm3st?

B Integrated luminosity: total number of events L = OL(t)dt
300 fb* with 1barn = 10-28 m? and femto = 10-1°

World hadronic luminosity production prior to the LHC:
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LHC (Large Hadron Collider)

14 TeV proton-proton
accelerator-collider built in the

LEP tunnel
Lead-Lead (Lead-proton) collisions

1983 . First studies for the LHC project
1988 . First magnet model (feasibility)
1994 - Approval by the CERN Council
1996-1999: Series production industrialisation
1998 . Declaration of Public Utility &

Start of civil engineering
1998-2000: Placement of main production contracts
2004 . Start of the LHC installation
2005-2007: Magnets Installation in the tunnel
2006-2008: Hardware commissioning
2008-2009: Beam commissioning and repair

2010-2037: Physics exploitation

=» Significant Time scale extending well beyond that of a physicist career!!!
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Energy management challenges: Example LHC

Energy stored in the LHC magnet system [8.3 T]: ~10 GJoule
Worry about beam losses:

Failure Scenarios = Local beam Impact

=> Equipment damage

Lifetime & Loss Spikes =» Distributed losses
= Magnet Quench & QPS

=>» Machine efficiency

e.g. Cryo sectors: 95% availability requires 99% with 8 sectors

8 sectors =» [12 sectors =» 20 sectors]
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Machine Efficiency
LHC Cycle Flat Top

Dump

7000

6000
Train
Stable Beams injections

Injection
probe beam

Start Ramp

Probe beam mode

TIME

This becomes more challenging with increased Collider size and

Requires even more powerful injector complex!!!!

=>» ca. 50% in LHC operation including faults at best conditions!
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC

- 100 w2010, 7 TeV, 45.0 pb ' | | 100
le m— 2011, 7 TeV, 6.1 fb !

) m— 2012, 8 TeV, 23.3 fb !

> 8o — 2015, 13 TeV, 4.2 b ! 180
B 2016, 13 TeV, 40.8 fb '

0 ‘

£

E =>» Over 160 fbt at 13 TeV so far and 160
—d

o) .

Q 40 fb1 at 13.6 TeV with

= {40
o

@ ca. 70 fb-1 / year at hand!!!

< 120
0 Peak Luminosity close to 2 1034 cm-2s-11!!

(o)

=

= > 400 fb-! by the end of LHC Run 3 by 2026!!! -0

.

Date (UIC)
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Higgs Discovery in July 2012 and 2013 Nobel
Price for the
Brout — Englert — Higgs mechanism

But many questions remain and the search
continues!!!

.

= Higgs properties [coupling]
é =>» More than one Higgs?

=> BSM Physics? Dark Matter & Dark Energy?

= Need for more Data and Statistics!!
Doubling the Statistics requires 4 x more data!!!

...for _

that c 2 HL-LHC goal: 10 times the LHC data Volume
origin

which Implies overcoming several limitations in the existing LHC!!
disco

partic Not only experiments: cryo cooling of triplet magnets & radiation
at CEl damage in triplet magnets & machine efficiency!

=>» Need for an Upgrade!
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Need to overcome several limitations in the existing LHC machine!!!

=>High machine efficiency and reliability are key upgrade ingredients!
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Luminosity optimization:
I Luminosity

To cope

have been
strated in
the LHC!I!

=>» Shielding, Additional Cooling and Removal of all active elements from the tunnel!!!
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Luminosity Limitation: Debris from the IP
Radiation damage to magnets at 300 fb-1

peak dose longitudinal profile (
30 . . . . .
7+7 TeV proton interactions
. IT quadrupoles -
23 ! MCBX-1 ——
2 | MCBX-2
220} } MQSX ]
SV & MCTX nested in MCBX-3
o) g MCSOX 777 }[\
S15f 7
il 1
o J
c
a |
5F ~ Q: 200 T/m
[ _ 2 MCBX:33T 1.5Tm
v = DI: 1.8 T 26 Tm
0 [ |): ! S ! ! = 1|55 = ) ) — T
20 30 35 40 45 50 55 60 70 30
distance from IP [m] distance to IP (m)
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HIL-LHC technical bottleneck:
Radiation damage to triplet magnets

Tungsten blocks

Need to replace existing triplet A
magnets with radiation hard system
(shielding!) such that the new magnet
coils receive a similar radiation dose
@ 10 times higher integrated

'nn. i allfaifaliiala

US-LARP MQXF
magnet design
Based on Nb,Sn

>|Requires larger aperture!j technology
> [New magnet technology!

Capillaries

> 70 mm at 210 T/m =>»150 mm diameter 140 T/m=>» Longer magnets
8 T peak field at coils =» 12 T field at coils (Nb;Sn)!!!

T
gc
=)
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High Field SC Magnets

Magnet development requires substantial R&D effort!!!

20
18
16
14
12
10

Central field (T)

o N B O @

1975

Dipole Field for Hadron Collider

HTS

1985 1995

2015 2025 2035

Year

@ Nb-Ti operating dipoles; ® Nb35Sn cos9 test dipoles

High
Luminosity
LHC
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Transition from Nb-Ti to
Nbs;Sn:  requires  similar
length of R&D!

HL-LHC led the R&D for 11-
15T magnets based on
Nb,;Sn technology:

=>» Started in early 2000

=>15-20 years R&D
program

= Ready by 2025

® Nb3Sn block test dipoles ¥ Nb35n cos3 LARP QUADs

courtesy: L. Rossi (CERN)
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Nb,Sn quadrupole: Transition from Prototype to Series
production

2o
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Nb,Sn quadrupole: Transition from Prototype to Series
production

JC A

Ql/Q3 FIRST IT

mi il

Now entering the phase of hardware productlon for most
equipment!!!

4 US [AUP] magnets passed successfully tests in 2020 and 2021
=» full project budget allocation in 2020

First CERN prototypes tested in 2020 and 2021. Third prototype
and 18t Series magnet successfully tested in 2022

.
< e | JJ_ N \ \‘ i ‘
= = o ) Lt Bl
Q2: IT QUAD prototype built
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HL-LHC Challenges: Crossing Angle 1
B Insertion Layout:

[P ca.130m =>» 150m

D2 DI ‘ D1 D2
\ Triplet Triplet
| ca.50m

B Parasitic bunch encounters:

Operation with ca. 2800 bunches @ 25ns spa | heed-or

colligan

=>» approximately 30 unwanted collision per
Interaction Region (IR).

=>» Operation requires crossing angle

Bl non-linear fields from long-range beam-beam interaction:

efficient operation requires large beam separation at unwanted collision
points =» Separation of 10-12c =» large triplet apertures for HL-LHC!!

s
EC
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HL-LHC Upgrade Ingredients: Crab Cavities

Bl GCeln@avitiesminosity F(b)
. BEAHEHONHAEL et of
geometrical reduction factor o, |
» Independent for each IP s jon
F=—2t_; Qo Eii/
V1+Q° 2s, o/ | ]
 Noise from cavities to beam "o [Toz o2l 06 ¢ 1 b
Beam size and losses?!? ﬂ ;
» Challenging space G oy Gab Cavity
constraints:

=> requires novel compact G vy

cavity design T -
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HL-LHC cavity designs

2 Designs with
Different Coupler concepts and
Deflection planes

RF Dipole: Waveguide or
waveguide-coax couplers

HOM
] Double Ys-wave:
R DO crab-cavity Coaxial couplers with
SRS s A ui,_:_"f Cryomodule for hook-type antenna

e SPS tests

Present baseline: 4 cavities / IP / side = 16 total
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Crab cavity crvo-module for installation in the SP

3 —

> N\ |
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First proton crabbing evet!

Crabbing Voltage from Head-Tail Monitor
2018-05-23 17:02:39
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IR1 & IR5 Civil Engineeting:

-

New Underground areas for the HL-LHC:

=» Space for new HL-LHC equipment [e.g. cryo and power
converter]

= Removal of all active components from the tunnel area
[R2E and equipment failure due to radiation]

=» Remain accessible for equipment experts during beam operation
[Increase ring maintainability and decrease intervention times]

{ Sk e ke || e oo bwis pemoed eod e ket pyy o, = —l=
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IR1 & IR5 Underoround Civil Engineering: completed!
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HiLumM

LARGE HADRON COLLIDER

LHC HL-LHC

13 7oy AR 13.6 TeV 13.6 - 14 TeV
e

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation l
7 TeV ﬂ button collimators interaction o . inner triplet . Hlt. :.IHt-C
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit instaliation
2011 2012 2013 2014 2015 2016 2017 2020 2022 2023 2024 2025 2026 2027 2028 2029 I“II"
5to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes G ; : : HL upgrade
nominal Lumi M‘i‘_‘-ﬂl‘l ALICE - LHCb : 2 x nominal Lumi ;

75% nominal Lumi | |/_ upgrade : :
m l:!:'i:ﬂ integrated [AUUY fb!
m luminosity JELR{ R

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ) PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. H” PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS



Beyond HIL.-LHC

B 2031 after LS4: Full Energy Exploitation of the LHC?

I Beyond 2035: New project proposals!!!
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Thanks a lot for your attention!!!
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Back up slides
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LHC machine sectorisation

i
-

DC Power feed

e For superconducting magnets, no
DC powering across IPs

e Main DC power feed at even points
(MB, MQ), some DC power feed at
odd points

e 8 main dipole + 16 quadrupole

circuits in LHC

A

Octant

 Commissioning possible for
each sector independent of
other sectors

Sector

* More complex powering system

and tracking between sectors
Sector
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CERN acc

elerator complex

- -

-

CMS
North Area
ALICE LHCb
: ——— 1740
SPS
neutrinos
T2 TT10
AN ATLAS
I 1180 Gran Sasso
AD
e BOOSTER
G IO DN, |SOLDE
VAP <l East Area
n-Tok | ‘195928 - )
N p 3
LINAC 2 (] 3
neutrons Lei Q e
Y elr
HINAC 3 Q
» p (proton]) P ion » neutrons b p(antiproton] ——9— proton/antiproton conversion » neutrinos » electron
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Training quenches RB Circuits

RB training curves - HWC 2021 - by MP3
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Collision energy of (HL-)LHC is strictly linked to achievable current of the 1232 (= 8 x 154) LHC

main dipole magnets

No sign of permanent degradation.
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5 sectors reached 6.8 TeV equivalent, 3 sectors reached 7 TeV
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ldeal (HL-)LHC operation.... vs...

L[10°* cm™s]
20

no leveling w peak 2x10°> cm™s!

Event pile-up in experiments >200

15}

Levelling with
crab-cavity

10 |
leveling at 5x10%* cm2s! /

e e L

1x1034 cm2s-L nomln31

s
EC
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Start of HL-LHC exploitation and performance ramp-up

Year  ppb Virtual lumi.  Days in 0 Bt ¢ CC Max.

end

[10""] [10**cm~2s~!] physics [urad] [cm] [cm] PU
2029 1.8 4.4 90 380 70 30 exp 116
2030 2.2 9.7 120 500 100 30 on 132
2031 2.2 11.3 160 500 100 25 on 132
2032 2.2 13.5 160 500 100 20 on 132
2033-34 Long shutdown 4
2035 2.2 13.5 140 500 100 20 on 132
2036 2.2 16.9 170 500 100 15 on 132
2036 2.2 16.9 200 500 100 15 on 200
- 3500
w7 Sy
o 3000 ‘5
E 6 =
<° 2500 =
‘C 5 3
s 2000 =
> 4 £
w =
-g 3 1500 =
;E: o 1000 g
T 500 £
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Stored energies- the future
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Peak luminosities of Hadron colliders

| ! | ! | ! ] KEK-B A |
A
® pp,ep PEP-II

L

S 10 & —Proton / Anti-proton 1 Vshilsey,
a¥ 3 — Polarized Proton / Proton 1 Physics Uspekhi 55
. -~ Electron / Proton : (2012) 965
10'2 2 | 2 | 2 | L | L ] | |
1960 1970 1980 1990 2000 2010 2020 2030
Year
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SC Magnet
Current Density Across Entire Cross-Section TeC h NO I 0O Cl v
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