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-LHC recall and Run 1

-LS1 status
-Run 2 (from LS1 to LS2) = 13-14 TeV
-LS2 and Run 3 = 300 fb1

-High Luminosity LHC project
-LHC Roadmap up 2035 = 3’000 fb-!

-Post-LHC machine
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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 the 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

2010-2035 : Physics exploitation
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June 1994

first full scale prototype dipole Jun? 2907 First sector cold

ECFA-CERN workshop
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394

2010-2012 (Run 1): LHC integrated luminosity

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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2010: 0.04 fb?
7/ TeV CoM
Commissioning

2011: 6.1 fbt

7/ TeV CoM

... exploring limits
2012: 23.3 fb!

8 TeV CoM

... production

7 TeVand 8 TeVin 2012
Up to 1380 bunches

with1.5 10 protons
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Long Shutdown 1

CE/RW
\

N/

LS1 starts as the shutdown to repair the magnet
Interconnects to allow nominal current in the dipole
and lattice quadrupole circuits of the LHC.

busbar from left s.C. cables flat copper profile  busbar from right W n W h | C h ’ | n ad d |t| O n ’
1tenance, consolidation,
s the whole accelerator
bad contact between U-shaped copper bad contact between . gy,

busbar and profile s.c. cables EX p e“ m en tal faC | I |t| eS .

interconnection copper (~220 nQ, see text)

All this In the shadow
Interconnects.
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LS 1 from 16th Feb. 2013 to Dec. 2014

PS Booster

beam to beam

available for works 2

B Shutdown
M Powering tests

B Physics
Beam commissioning
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LHC Injectors start-up

LHC-injectors ... getting ready for beams
PSB &PS : hardware tests started in April
Cold check-out phases well advanced
SPS: powering tests will start by end of June

January February March April May June July
AEITERERE AR 0|11 |12 13|14 [15|16 |17 |18 |19|2 2|2 A8|24|25)|26|2|28|28
Easter |
f | |
L2 - BRI e Tests Set up with bgam
I D_DMP
PSB N Hardware tests H Cold-check out Set up with beam
Lol W
i &) . .
L3 & = HardwareTests  Set up with beam1
v "
] " |
LEIR B o DS 3
§ . g Hardwarctest:E Cold-check out .
- - v
PS g % POPS % Hardware tests E Col ~check out Set up with beam
0 ' - — T —
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The main 2013-14 LHC consolidations

Opening:100% 100 % done 100 % done 100 % done

100 % done 100 % done
1695 Openings and Complete Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of reconstruction of 3000 10170 13KkA splices, consolidated electrical resistance of stainless steel lines
the interconnections of these splices

installing 27 000 shunts insulation systems measurements

80 fy? done
18 000 electric

O%don , 00 % done 90 % done
al 10170 leak tightness tests 3 quadrupole magnets 15 dipole magnets to be Installation of 612 Consolidation of the
Quality Assurance tests to be replaced replaced pressure relief devices 13 kA circuits in the 16
to bring the total to main electrical feed-
Done Done 1344 boxes




 SHUNTS

A

at
3
s

"%‘
49, \
o

b

’
[oe
4

w9

r'ed

s

0..
L]

'’

’
’

NISH

MACC PROJECT

4 Si
/.

30/04/2014



Superconducting Magnets And Circuits Consolidation

Dashboards
100%
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60% /_/
40% — Baseline (14.03.2013)
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20% g —===- Forecast
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The other activities

18 kV & 3.3 kV circuit breakers

LBDS Kickers
Va lt‘l’m P7 enclosure Lift

Survey ests Thermoswitch Tappings

Lonssaims - Maintenance

Coolmg towers __ Access

calimats Consolidation , hisdis
Optical-fibbers

lnﬁt&umenlatmn Upgrade

mp
/ - -
Helium spill test
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LS 1: LHC status

ENN  Frecariok oty http://cern.ch/lsldashboard ;
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| S1 status £ @™  \ogi Berra

LHC injectors getting
ready for beams

LHC: all signals are
green for beam on

January 2015
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B Physics

LHC schedule: Run2 and LS2
- Shutdown

LS2 starting in 2018 (July) => 18 months + 3 months BC Beam commissioning
- Technical stop

30 fbt | 2005 | 2016 217 2018 1 2019 |
Q11Q2 Q3 Q4 | Q1 rQZ QS!Q4 Ql! QZ Q3 rQ4 Ql | 1Q2 | Q3 Q4 | Q1 rQZ Q3tQ4 Ql
LHC YETS EYETS YETS
LS 2
Injectors Run 2

(Extended) Year End Technical Stop: (E)YETS

Run 2:
Start with 13 TeV
and later decision towards 14 TeV

according to magnet training
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Expectations after Long Shutdown 1 (2015)

. ISI Batch Compression and
Collisions at least .at 13 TeV c.m. Verging and snlting (BCMS)
- 25 ns bunch spacing

Using new injector beam production scheme (BCMS),
resulting in brighter beams.

e B =£0.5m (was 0.6 min 2012)
« Other conditions:
— Similar turn around time
— Similar machine availability
« Expected maximum luminosity: 1.6 x 10%*cm=2 s1+ 20%
— Limited by inner triplet heat load limit, due to collisions debris

Courtesy of the LIU-PS project team

Number Intensity | Transverse Peak Int. yearly

of per bunch | emittance luminosity luminosity
bunches

25 ns BCMS 2508 1.15 x 101 1.9 um 1.6x10%% cm=2s?1  ~43 ~42 fb?
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Potential performance

Number Ib Collimat ' Peak Lumi Int. Lumi
of LHC or [fb1]
bunches [lell] scenario

25 ns 2760 1.15 S1 (2.8) 9.2e33 21 24
29NS o508 115 sS4 19 16e3s 43 42
low emit (1.4)
53 1.7e34 76
50 ns 1380 1.6 S1 1'7 levelling  levelling ~45*
(1.7 09e3s 40
50 ns 1.6
low emit 1260 1.6 S4 (1.2) 2.2e34 108
13 TeV All numbers approximate
*1.1 ns bunch length * different operational model — caveat - unproven

» 150 days proton physics, HF = 0.2
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LS2 : (mid 2018-2019), LHC Injector Upgrades (LIU)

LINAC4 — PS Booster:

— H-injection and increase of PSB injection energy from 50 MeV to 160 MeV, to
increase PSB space charge threshold ~

— New RF cavity system, new main power converters
— Increase of extraction energy from 1.4 GeV to 2 GeV

PS:
- Increase of injection energy from 1.4 GeV to 2 GeV to increase PS
space charge threshold
— Transverse resonance compensation
— New RF Longitudinal feedback system
- New RF beam manipulation scheme to increase beam brightness

Sci

SPS

— Electron Cloud mitigation — strong feedback system, or coating of the vacuum system
— Impedance reduction, improved feedbacks
- Large-scale modification to the main RF system

These are only the main modifications and this list is far from exhaustive
Project leadership: R. Garoby and M. Meddabhi
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LHC schedule: LS3 2and Run 3

LS2 starting in 2018 (July)
LS3 LHC: starting in 2023
Injectors: in 2024

=> 18 months + 3 months BC
=> 30 months + 3 months BC
=> 13 months + 3 months BC

(Extended) Year End Technical Stop: (E)YETS

B Physics

- Shutdown
Beam commissioning
- Technical stop

30 fbt | 2005 | : 91_?__ S 2L 2018 1 2 91_?__ S -2 S .
Q11Q2 Q3 Q4 Q1! QZ Q3tQ4 Ql | QZ Q3! Q4 Ql | 1Q2 | Q3 Q4 Q1! QZ Q3tQ4 Q1| QZ Q3! Q4 Q11Q2 Q3 Q4
LHC YETS EYETS YETS YETS
LS 2
|njectors Run 2 Run 3
® PHASE 1
_______ 2022
a1 (a2 ]a3 104
LHC ETS
Injectors
*~—>
300 fb1
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LS3 : HL-LHC installation
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The European Strategy for Particle Physics

N\

EurFapean Strategy
artic 1Sl

Update 2013

c) Europe’s top priority should be the exploitation of the full potential of the
LHC, including the high-luminosity upgrade of the machine and detectors with a

view to collecting ten times more data than in the initial

design, by around 2030. This upgrade programme will also provide
further exciting opportunities for the study of flavour physics and the quark-
gluon plasma.

HL-LHC from a study to a PROJECT
300 fb'1 — 3000 fb!

including LHC injectors upgrade LIU

(Linac 4, Booster 2GeV, PS and SPS upgrade)
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“...exploitation of the full pote
high-luminosity upgrade of th
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HL-LHC

Kick-off meeting: 11" Nov. 2013
(Daresbury)

http://cern.ch/hilumilhc
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http://cern.ch/hilumilhc

The HL-LHC Project

1C PROJECT N UNDERGROUND

Poumt 5

New IR-quads Nb;Sn
(inner triplets)

New 11 T Nb,Sn
(short) dipoles

Collimation upgrade
Cryogenics upgrade
Crab Cavities

Cold powering
Machine protection

Major intervention on more than 1.2 km of the LHC
Project leadership: L. Rossi and O. Brlning
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Sqgueezing the beams: High Field SC Magnets

Quads for the inner triplet .,  Feldprosressinaccelerator magnets
Decision 2012 for low-f quads | e
Aperture & 150 mm - 140 T/m 2 b
(Bpeak =12.3 T) et . o - -

6 HERA .~~~ # Field (1)
(LHC: 8 T, 70 mm)) R S

=

SPS & Main Ring (resistive)

More fOCUS Strength’ u1975 19:85g 19I95 20.05 2015 ear
B* as low as 15 cm (55 cmin LHC) Y

thanks to ATS (Achromatic Telescopic Squeeze) Optics
In some scheme even £* down to 7.5 cm are considered

- Dipoles 11 T for LS2

- Dipoles for beam recombination/separation

capable of 6-8 T with 150-180 mm aperture
(LHC: 1.8 T, 70 mm)

Cﬁw LHC status & prospects
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Courtesy: G. Ambrosio FNAL
and G. Sabbi, LBNL

LOS of LARP

A \\ A\

LQS01a: 202 T/mat 1.9K
LQSO01b: 222 T/m at 4.6 K g q
227 T/m at 1.9 K

——— ' Wizl o //
_ LQS02: 198 T/m at 4.6 K 150 A/s
CE/RW 208 T/m at 1.9 K 150 A/s
\ . . .

> limited by one coil \d June 2014

Target:
200 T/m gradient at 1.9 K

LQS03: 208 T/m at 4.6 K
210 T/m at 1.9 K
1st quench: 86% s.s. limit




LS2 : collimators and 11T Dipole

* |S22017-18: Point-X,7 & IR-2
* LS3 2020+: IR1,5 as part of HL-LHC

Q7 M8 ABRT

halo

VB BNIR? \ a1
MBAIRY

M8 B1ZR7

-

DO

L !

L TR
11T Nb,Sn [BdL=119.2Tm @ |, = 11.85 kA
in series with MB with 20 % margin

LS2: 12 coldmass + 2 spares = 14 CM

11 m Nb,Sn LS3: 8 coldmass + 2 spares = 10 CM
Total 24 CM
5.5 m Nb,Sn 5.5 m NbySn m LS2: 24 coldmass + 4 spares = 28 CM

A —— LS3: 16 coldmass + 4 spares = 20 CM
c 3m .
5.5 m Nb,Sn 5.5 m Nb,5n

 S—
Total 48 CM
LHC status & prospects
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—

Nb,Sn 11T Dipole R&D

Single aperture model Twin aperture model
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Crab Cavities, Increase “Head on”

Aim: reduce the effect of the crossing angle

Without crabbing Without crabbing

N

ISl 1od in SM18 for RF

! 1"
_‘L__.l._ < B
\ ! R
P — .,
et Al S
¥
o
" |
v
"
.

New crossing strategy under study to soften the pile-up density:
some new schemas have interesting potential as “crab-kissing”, to be
discussed with all experiments

3 proto types available
Cavity tests are on-going £
Test with beam in SPS foreseen in
2015-2016 ‘
Beam test in LHC foreseen in 2017

| a|,=et y-2) normalized angle for B1 | | a7t :{y-2) normalized angle for B2 |

T
o]
[ ]

*f
g
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Setting up International collaboration

Baseline layout of HL-LHC IR region

Q1-3:140 T/m
MCBX:22T 25/45Tm
D1:56T 35Tm

D2:35T 35Tm
|Q1 = Q2a sz” Q3 D1| Q4 120 T D2 %+ Q4
- —
= E un§| |:| - i Ly
T
*'_ il
20 4IO - 6I0 - 8IO - 1(I)0 - 1é0 - 1;10 - 1éO - 1EIEO

distance to IP (m)

with national laboratories but also involving industrial firms
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Luminosity Levelling, a key to success

L [10°* em%s] . : : :
e High peak luminosity

\ no leveling w peak 2x103* cm'zs"§ * Minimize pile-up Iin
15| f . .

| experiments and provide
“constant” luminosity

10 |
leveling at 5x10% cm2s!

—— L [10°% em2s]
2 4 6 8 10 12 14 ¢[h] 20, N

- nominal

e
is \;’zfzrglzzi‘zﬂeﬂ*{\ |"\ l'\\
+ Obtainabout3-4fblday o\ N
(40% stable beams) o Nemmal N\ Y
+ About 250 t0 300 foHyear S mt— SR
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Baseline parameters of HL for reaching 250 -300 fb-l/year

# Bunches

p/bunch [10%]

25 ns Is the option

However:

50 ns should be kept as alive and g, [eV.s]
possible because we DO NOT have
) G, [cm]
enough experience on the actual
limit (e-clouds, lyzqm) Ogpip [107]
ygx,y [Mm]

B* [cm] (baseline)
X-angle [urad]
Loss factor

Peak lumi [1034]

Continuous global
optimisation with LIU

Virtual lumi [1034]

[h] @ 5E34

Tleveling

#Pile up @5E34
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2808 1404

2.0 (1.01A) | 3.3(0.83 A)

2.5 2.5

7.5 7.5

0.1 0.1

2.5 3.0
15 15
590 (12.5 c) | 590 (11.4 o)

0.30 0.33
6.0 7.4

22.7

20.0

7.8 6.8
247
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LHC roadmap: schedule beyond LS1

LS2 starting in 2018 (July) => 18 months + 3 months BC Bl Physics

) ] B Shutdown
LS3 LHC. starting In 2023 => 30 months + 3 months BC Beam commissioning
Injectors: in 2024 => 13 months + 3 months BC g Technical stop
(Extended) Year End Technical Stop: (E)YETS
30 fbt | 2005 | 016 | WV 208 | 2019 | 20 L 021
Ql1Q21Q3 ! Q4 | Q1 | QZ 1Q31a4|Q1 ] 102103 | Q4 Ql1Q21Q3! 104 |Q1 | QZ 1Q31Q4|Q1 | Q2 | Q3 | Q4 Q1102 103! ' 04
LHC YETS EYETS YETS LS 2 YETS
@ PHASE 1
_______ 2022 | 2023 | 02 | 2025 | 0% | 207 | 2028
Q1 | QZ Q3104 |Q1 ! Q2 | 03[0 QliQZiQS’iCM erQZ 103104 |Q1'! Q2 | Q3IQ4 QliQZEQ3iQ4 Ql | QZ 103104

LHC ETS
Injectors

LS 3 . Run 4
[ ]

o————> 300 fb- o PHASE 2
2029 2030 2031 2032 2033 2034 2035

....................... S —— ....1_...4

a1 /a2 {0304 a1 a2]a3 a4 a1 [a2]a3 a4 ]a1 [a2]a3 04 ]a1}az2]a3 04 ]a1 a2]a3 04 a1 Q2 03 04

o LS I Run 5 LS5 I
Injectors

> 3’000 fb!

Cﬁw LHC status & prospects LHC schedule approved by CERN management and LHC experiments
Frédérick Bordry

\ chole 31
S Large Hadron Collider Physics (LHCP) confe?‘e’%gekeﬁle\%r?orpsz%gq %ecgbq jcal coordinators (December 2013)



“to propose an ambitious post-LHC accelerator project at

CERN by the time of the next Strategy update”

CERN should undertake design studies for accelerator projects in a global context,

with emphasis on proton-proton and electron-positron high-energy frontier
machines. These design studies should be coupled to a vigorous accelerator R&D

programme, including high-field magnets and high-gradient

accelerating structures, in collaboration with national institutes,
laboratories and universities worldwide.

HFM - FCC HGA - CLIC

10000 —
= LHC@6.5TeV/beam I ——YBO: Parallel to t=pe plane,
F B=7.76 T=80% of Ic. L}::: 25;-]-3:-? Plane 42K
L Thobin” Dot == =YBOD: Perpendicular to tape
_""'—--.._._‘_I I '. [Esrter Tl plang, 42K
r i
YBCOB| Tape Plane | e 221 2: Round wire, 2 K
LY =t & M\\“‘———-—..._=
A-"‘l b
-l'\‘ w=ize=MNb35n: High Energy Physics,
1000 % ] ! 42k
—_— FH ﬁi-..; i g NB-Ti [LHC) 13 K
E
£ [ - e s e
£ \ LVAN N ikl s - T SEASRRRNERER
= \ \
P
100 Mb-Ti, 1.9 K RRP Mk 5n 2212
oL
i
Matimal Ty for gt Caompited foco 437 filaweer GI-ST
LHT 33T stndest 5202 and smand with Ag allay
rocusking fof CERN: Y o urer sheark resed ar
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Farrall GEE]
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Applied Field (T)
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Malta Workshop: HE-LHC @ 33 TeV c.0.m.

14-16 October 2010

0 20 4 60 50 100 120 140 160

VN mE

Magnet design (20 T):
very challenging but not
iImpossible.

300 mm inter-beam

Multiple powering in the same

180 200 220 240 260 280 300

80

60 -

magnet (and more sectioning

NbzSn
lowj

Nb,Sn
highj

Nb,Sn
highj

for energy)

40 -

y (mm)

Work for 4 years to assess
HTS for 2X20T to open the

Nb,Sn|| NbySn

highj

way to 16.5 T/beam .

Material N. turns | Coil fraction | Peak field | Joerar (A/mm?) o |
AL L L 2 = N s [
Dipole Field for Hadron Collider

20 HE-LHC
18 o
16 HTS e
= 14 =
= HL-LHC
o 12 Nb,Sn e
= 10 -
= o
£ 8 N e
3 6 -
Tevatron =%
4 .“*__.- HERA, RHIC
2 e
0 SPS5 & Main Ring [resistive)
1975 1985 19495 2005 2015 2025
Year

Otherwise limit field to 15.5
T for 2x13 TeV

Higher INJ energy is
desirable (2xSPS)

120

beam screen at 60 K.

mping time.

ching 2x1034 appears reasonable.
handling for INJ & beam dump:
ice more room for LHC kickers.




"High Energy LHC"

First studies on a new 80 km with 20T magnets

tunnel in the Geneva area

« 42 TeV  with 8.3 T using we N =, w
present LHC dipoles |

=80TeV with16T based | ..~~~ 0w
on Nb,;Sn dipoles ,’/ N A

=100 TeV  with 20 T based iy ! o
on HTS dip()IeS ' ﬁ
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80-100 km tunnel infrastructure in Geneva area —

design driven by pp-collider requirements (FCC-hh)
with possibility of e+-e- (FCC-ee) and p-e (FCC-he)

FCC (Future Circular Colliders)
CDR and cost review

for the next ESU (2018-2019)
(including injectors)

Ain Department

16 T = 100 TeV In 100 km

20T = 100 TeV in 80 km d” N
i

[ LHC status & prospects
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Future Circular Collider Study e,
Kick-off Mé eting

Jura

12-15 February 2014 o |

i i G 4\ CBlanchard, A. AP
U n |Ver5|ty 40 ¥ 2 G Doglioni, (a%, 4 Canton of Geneva %

Switz ndc i M. Koratzinos :
tzerlane N | ‘:I
M. Benedikt, E. Delucinge, WY ¥

6 ; ‘
J. Gutleber, D. Hudson, " L
C. Potter, F. Zimmermann | oo e oame & !

SCIENTIFIC ORGANIZING e Y i ot
COMMITTEE % # 80-100 km long
FCC Coordination Group 1 . it
A. Ball, M. Benedikt, A. Blondel, ‘ V

F. Bordry, L. Bottura, O. Briining, S ¢

P. Collier, J. Ellis, F. Gianotti,
B. Goddard, P. Janot, E. Jensen,
J. M. Jimenez, M. Klein, P. Lebrun, S wmom ™
M. Mangano, D. Schulte, &
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