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International symposium on Higgs boson and beyond standard model physics
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* Founded in 1954 by 12 countries
« Today: 22 member states
More than 7000 users
~1000 MCHF yearly budget
2400 permanent staff
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Particle physics looks at matter Astrophysics looks at matter in its |
in its smallest dimensions. largest dimensions.
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Human eye

Microscopes

Accelerators
The two frontiers of Physics

& detectors




Nearly 40 km of

The accelerator complex NSRS

proton source to

CMS LHC collisions
DTS ge
LHC
North Area
auce fff Beam 1 s Beam 2 ¥ LHcb

.

18
ey :

TI2 \

West Area CNGS Sl
AD Gran Sasso
4 =
p
BOOSTER ' SOLDE -
2 N <] |
X ToF )
Y Linac 2™ o
LINAC 3 - y--pe====s o 3
lons & v o ¢ LEIR pI’Oton
-' ------- B +
P path
p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
) ions P electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
P neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3

CE/RW
\

N







The LHC 150 tonnes helium

(~90 tonnes at 1.9 K)

cavities DUMP

Cleaning Cleaning

» " ATLAS & 1720 Power converters
> 9000 magnetic elements

2 counter-rotating beams 27 km circumference | 7568 Quench detection systems

14 TeV collision energy ~100 m underground | 1088 Beam position monitors
~4000 Beam loss monitors
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The LHC nominal cycle

LHC (1-RINE) - 88.524 s

Fill: 1418 E: 3566 Gev

N PHYSICS: B

| AN r:/ Ny Bunch Train Patters
| osermrue | 234 334 334 334 \

Fillng Scheme
1188 =
2 (246 + 26) + 126 + 3x (24 + 26) - 126 < 4x (24 + 26) + 13 +

\L 3x { 2x [ 3x (240 + 2¢) + 12e] « dx (24b + 2¢) + 13e } + 26e
936 bunches per ring)
. queeze
T, = 4 bunch gap in the PS (375ns)

1, - 2 missing bunches (9 Injection Kicker Rise fime - 225ns).
= 14 missing bunches (LHC Tnjection Kicker Rise Time = 1.125ps).

Filling E‘lﬁmhsivgh.dn{ . L)

% = 41 missing bunches (LHC Beam Dump Kicker Rise Tine =3.15s).

Bmax ~4.5 km p* =60cm

Pre-injection|
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LHC Runl

August 2008
First injection test

10t September
First beams
around the LHC

2008

19t September
‘Incident’
Accidental release

magnets

600 MJ stored in one
sector of LHC dipole

timeline

29th
® November
Beams back

30t March
Collisions at 3.5 TeV

of

28" June
1380 bunches (50ns)

November

lons

4t July

Higgs discovery

95% CL Limit on o/ag,

ATLAS Praiiminary CLs Limils
— Observed
- Expected Iun: 1023M0" )
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End of Runl
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394

LS1 timeline

120 mm

AV 180 mm

160 mm

170 mm

Bl The main 2013-14 LHC consolidations

10170 orbital welding
of stainless steel lines

Consolidation af the Installation of 5000
10170 13k lices, consolidated electrical
installing 27 000 shunts  insulation systems

1695 Openings and Complete
final reclosures of reconstructior
of these spli

the interconnections

ation of the
s in the 16
trical feed

3 quadrupole magnets 15 dipole magnetstobe  Installation of 612 Consa
10 be replaced replaced I of devices 1

to bring the total to
1344

18 000 electrical
Quality Assurance tests
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[=)
o
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] M Dipole consolidated W Dipole machined ‘

acceptance threshold

consolidated splices (6.6 pQ) ‘ ‘ machined splices (10.6 uQ)

41 46 51 56 6.1 66 7.1 76 81 86 9.1 9.6 10.110.6
Bins R-8 (1Q)




8th July
BCMS beam, smaller
emittances => 20%
luminosity gain

LHC Run2 timeline

3rd April Completion of PT campaign

11400
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10200
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RB Training Quenches - MP3

« HWC

target for. ..
556-2008
S67
§12
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581
523
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834

5th April First circulating beam
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30th March

Combined Ramp & Squeeze

and final beta* 40 cm

40cm LHCB1
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10000 15000 20000 25000
ongitudinal location (m)

8th August
2173 bunches

21732173

T 2015
/ H-1
7th August l
10t April 25 ns operation th . o 2 .
6.5 TeV for the first time : - 26m\]une LHC design Iummosnyix}O ) Product!on_"
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Initial goals for Run2

Increase collision energy =13 Tev
Operate with 25 ns (estimated pile-up of 40 events/bunch crossing)
Increase total number of bunches = 2808 (288 trains)

Reduce beam size (7¥): start with a conservative approach (80 cm) then
envisage reduction later in 2015 - 40 cm

Peak luminosity = 1.3-1.7x1034 cm2 s1

2015 commissioning year (expected 10 fb-1)
2016 first production year (expected 40 fbt)
....(100-120 fb! for Run2)




Overall machine efficiency

B STABLE BEAMS
B FAULTS

B OPERATION

2015 efficiency

Performance of data
production
(no commissioning, MD, ...)




A feW prObIemS Weasel climbing on PS

electrical transformer power supply

SPS BEAM DUMP
e Limitation to 96 b/in;
=> 2173 bunches

INJECTION KICKER

Limit total intensity
(number of bunches vs intensity/bunch)
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MPS fault TS MD

The blg numbers “weasel” 5days 5days 5days

fault
6 days

—

e Peak lumi ity ~1. 34 cm-2g-1 |
: Dgfilvelrjergl?l?r?\lir)\/os?tj:g L £ \
« >20 fbl ATLAS & CMS ;\

. >%fb'1to LHCb : §

« ~7pbltoALICE 2 °F

« 3fbt (good) K 3 \
per (good) wee \\\

* Longestfill =37 h
e Max luminosity in one fill = 725 pb-!

Integrated Luminosity [fb™]




Total Losses 03375 (Cray / 8) 20042011 1635 09

Sete 48 P Seta &7 Socves 14 Sectee b 1 L

The essentials BovRel LD

> Enhanced system performance:
« Beam Instrumentation
« RF & transverse feedbacks
- Collimators i
) Vac“‘fm _ Base-Band-Tune ———
« Machine protection & beam dump system
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The essentials

§15 N — -:3_5 E
S 10 =E §
> Enhanced system performance: 20 ENE-
- Beam Instrumentation g | o \
- RF & transverse feedbacks goy = X T
* Collimators R B rzﬁzix:::'::::::::: it
+ Vacuum T EEER
) i A0 e b s =
. Machine protection & beam dump system o0 a0 &0 w0 fom 123r?1eE§§°°

- Aperture better than expected
- Feedbacks on orbit and tune provide stability oqrl Sorupole
- Good magnetic reproducibility o e /_\ o
- Optically good, corrected to excellent (< 2%) of T
- Excellent operation control...EXPERIENCE! £ .
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Performance increase & limitations

2016 PERFORMANCE INCREASE

» Smaller * (40 cm)
» Smaller emittance (BCMS scheme)
» Higher number of bunches

FURTHER PERFORMANCE INCREASE

Maximize number of bunches (once SPS dump exchanged)

Reduce Xing angle (following analysis of MD results)

Levelling in IP1/5 to reduce the initial particle losses

Further squeeze (flat beams, new optics) Turnaroundtime = 4h
Optimize fill duration (shorter turnaround) I N
Energy increase (toward 7 TeV)

»
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KNOWN LIMITATIONS

» E-cloud
» UFO
> Triplet, cryogenic limit ~1.7x1034 cm2s1 0

e Fill 4980 |
Fill 4990
Fill 5045 7
e Fill 5102
Fill 5105 | ]

Expected Integrated Lumi [fb'1Meek]

0 5 10 15 20 25 30 35 40
Fill Time [h]




Un-identified Falling Objects

# UFOs/hr
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i , Dust particle dynamics

o07 o4 S21 928 1005 1042 fore 106 itz ™ model predicts:

- Loss duration few ms Qi
Z/’E};;’ff,jmmmmmwm} ) 0.5 ms . Time evolution of loss ) FaSter. losse.s.for Iarger J
" 1bin = 40 ps .: beam intensities

“—— Dump trigger

0.0755 0.076 0.0765 o077 0.0775 0.078
Time l-c]




Electron cloud

When operating with small bunch
spacing an avalanche-like
process, (Electron Cloud) can
develop in the beam chamber due geam

SCrggn

to the Secondary Emission from . T .
the chamber’s wall ' '

Typical e~ densities1010-1012 m—3

Electron bombardment of a surface

Conseqauences: proved to reduce drast?cally the
d secondary electron yield (SEY)

— impact on beam quality
(instabilities, emittance growth,
particle losses)

— bad vacuum N Observations confirmed a clear
— excessive energy deposition improvement of beam quality
thanks also to scrubbing

This technique (scrubbing) provides a
mean to suppress e-cloud build-up
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LHC 2016 schedule ...still 58 days of pp

physics ahead!!

July Aug Sep
Wk 27 28 29 30 31 32 3 34 35 36 37 38 39
MO 4 11 18 25 1 8 15 22 29 5 12 19 26
Lo
Tu MD 2 05
n o+
TS2 x 2
We ‘g B
Th | MD 1 | Jeune G <
Fr
Sa
beta* 2.5 km MD 3
Su dev. -
End of run
[06:00]
Oct Nov Dec
Wk 40 41 42 43 44 45 46 47 48 49 50 51 52
MO a3 10 17 24 31 7 14 21 28 5 \ 12 19 26
Tu |/ MD4 | lons Extended year end
We TS3 setup technical stop
Th lon run Lab closed
Fr MD 5 (p-Pb)
Sa
Su | Pb MDI Xmas New Year

Matteo Solfaroli, Weihai — 14t Aug 2016




LHC Run 2 schedule

2015 2016 2017 2018

JIFIM|AM|{]J|]|A|S|OIN|D|]J|FIM|AM|]|]|A|S|O|N|D|]|FM|AM|] ]I|A|S|O|N|D|J|FIMAM|]|]|A|S|O|N|D

Shutdown/Technical stop
Protons physics
Commissioning

Ions

EYETS — Extended Year End Technical Stop — 20 weeks
 CMS pixel upgrade
* Push 2 sectors towards 7 TeV
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Future projects

1E+36
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HL-LHC L= NN G sif b s )
4pxb xe,

» Maximize beam intensity _
=>» Injector complex (upgrade LIU)

> Minimize beam emittance

> Minimize beam size (beta*) = Wide aperture triplet magnets (Nb,sn)

> Compensate for ‘F’ =» Crab Cauvities
E— Protons per bunch 2.2 x 104
Cr:ﬁw ;:} Beta* 15 cm
Peak luminosity 5 x 1034 cm—2s?
Crossing angle 590 prad
= St Geometric reduction factor 0.305
h J: Normalized emittance 2.5 micron
Virtual luminosity 24 x 1034 cm=2s?
Crab cavity test in the Levelled luminosity 5 x 1034 cm2st
SPS foreseen for 2018 Levelled <pile-up> 140

CE/RW
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HL-LHC luminosity reach

® Peak luminosity =Integrated luminosity

. ] Intensiiy || New - 2500 :;
| Low-B* | o] - =
K o L | quads | ||| [ 5
= R O e R L E ~ 2000 2
S 30E+434 it N W) o ) e I=
> A R b e A e e ] E
2 - 1500
o o Lo o . [ k
S 20E+34 - R S i ©
£ o :.:':'lJi N _ - 1000 %
= Design LHC || | J 7o) Gl ] Cavity | - E
e N 10 e s e s s 500
NAd L . -
0.0E+00 &+ — =+ 0
10 11 12 13mibadindsd 4o 20 2001 20 23 24 25 26 2
Cryogenic limit of Year 5x1034 cm=3s! - levelled

triplet magnets very high pile up ~140




HE-LHC / FCC

“Natural” continuation of LHC
and HL-LHC programs

Step-wise approach - each step
deployed and operated in a (big)
accelerator:
» HL-LHC: Nb,;Sn technology:
« 11 T dipoles in dispersion
suppression collimators
« 12-13 T field low-£ quads for
ATLAS and CMS IR’s

December 2015:
short Nb;Sn dipole reached 11.3 T

March 2016:
short Nb;Sn quadrupole reached 18 kA

CE/RW
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HE-LHC | _FCC

Collision energy [TeV] 25 100
Circumference [km] 27 80/100
Dipole field [T] 16 16 or 20
Injection energy [GeV] 450 3000

Peak luminosity [cm2s?] 34 x 103 30 x 1034
#event/bunch crossing 1070 upto 1020
Stored energy [GJ] 1.4 8.4



Pre-Feasibility Study for
an 80-km tunnel at CERN

LAYOUT OPTIMIZATION

Distance (km)
0,000 T
Fig. 6
o ICEIWATER FLOW
Geneva bl V12Ut~ o
» A r o W o SN 03
_ o H
i) F}
E H
0200 i
3
M
0,260 e E
~170 m/mer ;
e U0: Molasse bedrock
0.3% Sk 300
vertical exaggeration: ~20x

—Quaternary
—Lake
200m —Molasse
200m Calcaire
—Urgonian
700m = - alignment
Ze0am —Shaft
A 500m &
Ed
£ 400m
300m
200m
100m
Om
Okm 10km 20km 30km TOkm 80km 90km

40km 50km 80km
Distance along ring clockwise from CERN (km)




Conclusions

» The tremendous LHC performance is due to

outstanding design and excellent preparation
» Superb models
» Brilliant performance of all system
» Impressive work
» Huge amount of experience and understanding

» There is still much to do
» Keep improving models and knowledge

> QOvercome limitations
> Push further

» A bright future is in front of us
» Increase LHC performance
» HL-LHC
» FCC/HE-LHC...

Thank you for the attention!
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The LHC nominal beam e T

« 1.15e! p/bunch

90 Kg
of TNT

Energy per beam
~ 360 MJ

747 @take off '
@take o Magneth energy

per sector (.5 Tev)
1.2 GJ



F C C Circumference 80 or 100 km

Among the many challenges: Maximum dipole field 200r16T

« Synchrotron radiation heat load Injection energy > 3.0 TeV

« Collimation Maximum energy 100 TeV

* Interaction region quadrupoles Peak luminosity 5y 103 cm-2s-1
* Arc quadrupoles (naive scaling Stored beam energy EE——

gives 1593 T/m at 50 TeV)

LHC nominal beam
90 kg of TNT

FCC beam ~2 tons of TNT




Operational challenges — UFO

Implemented in dust particle
dynamics model, which predicts o
(among others):

- Loss duration of afewms &

- Losses hecome faster for //
f 4

larger beam intensities

Beam \
Loss 1'al‘r.%/MaX‘ loss

ceramic tube

0.8+

Despite several corrective measures
have been implemented during LS1,
UFOs could become critical during
Run2 due to:

e Much lower BLM threshold

0.6-

0.4f

0.2-

8’.8600 0.0605 0.0610 0.0615 0.0620 0.0625 ()

« UFO activity increases by about 5-

Beam loss rate as a function of time for different 10 times with 25ns operation

macroparticle masses. Beam intensity: 1.6-10% p

CE/RW
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ULQO (unidentified Lying Object)

Aperture restriction measured at injection and 6.5 TeV in 15R8

— 250
Presently running with orbit bumps >~15§_
-3 mm in H, +1 mm in V, to optimize F ) e e e = = = = -
available aperture 1o/ il 1 \
UFOs stopped after second beam 5 ‘ ‘
screen warm-up oF | i |
Behaviour with higher intensities looks -SF "\ ‘ ‘ H H } ,
OK _102_ \ ____7/:\_- /
150
...stability of the object remains a concern -202— { D. Mirarchi ]
95t | P . = —

1 I- 1 OI | 0 1 0 20
X [mm]




2015 scrubbing strategy ! &&——=—
§
1 1 0 10 20 30
Approach Wlth two scrubblng phases Non adiabatic splitting at SPS injection
Phase#l Phase#2

(50 ns and 25 ns beam for 50 ns operation) (25 ns and doublets for 25 ns operation):
50 ns beam - ~1000 bunches 25 ns beam - >2000 bunches
« Excellent beam lifetime, no e-cloud  Injection phase limited by cryo

and vac (TDI and MKI) for B2
25 ns beams = ~1000 bunches ( )

« Beam degradation important, slow Doublet beams - ~250 bunches
improvement (main limitation was « Larger e-cloud, fast beam quality
MKI vacuum) , 2% 5 -

@ 2000 |- [ — | A R ®
G b S : i .
€ 1500 | o | P O
2 oo B P 3 B T
S 500 [ B o R e ® .

(B @ e c . : : ® :




Possible energy increase

RB Training Quenches - MP3
» Ramp the current until 1400 e

single magnet quenches - gﬁ%iﬁ’u!
- “training quench” 12
» 164 quenches needed In 5452008
2015 to reach 6.5 TeV s
» Up to 49 quenches in a .
single sector 0 10 2 30 0

581
Circuit Quench Number

10800

10200

Quench Current [A]

523
578
545
534

50

» Cryogenics recovery time: 6 — 8 hours
» 2 sectors will be likely used as a type test before the EYETS
to estimate the time needed to commission the LHC to 7 TeV




M KIS Vacuum level prevents
further injection

Total intensity
limitation
High number of
bunches vs high
Intensity/bunch

2.0e+003
41e070

16010 Vacuum spikes
216010 during injeCtion

37011
7760111 |

- M A

1

4 Ted \
ATeIM

270

Beaml

1223 AM

17e011 4
08/0416 10:44 PM

10:54 PM 11:04 PM 1114 PM 11:24 PM 11:34 PM 1144 PM 11:54 P 1204 &M 127134




Crab cavities

« Create a oscillating transverse electric field
 Kick head and talil of the bunch in opposite directions
« Serving to mitigate the effect of the crossing angle at the IP

Figure 4. Electric (left) and magnetic (right) field
distributions inside the DQWCC.




Collimators upgrade

Completely new layouts \
Novel materials.

IR1+IR5, per beam:

4 tertiary collimators

3 physics debris collimators
fixed mask

L _TCLa TR

( . . TELAGRI

lon physics debris: [ e

| [ Tcscmsma

i i TCRGRS | TCSGASRA

DS collimation B v—
3 TCSGALS TCSG.5L3 cleaning
TCEGASLS | L3

TCSGESLS |
TCLAARLE |

TCLABSLS |
TCLA :"LE_",\

TCLATLE

S. Redaelli,
Chamonix 2016, 28-01-2016

56 new collimators to
be produced by LS3 in
the present baseline!

TCRDELT
_FERCHLT
A TcReaLr

LHC Collimulion

Project

/Cleaning: DS coll. + 11T
dipoles, 2 units per

TCEGEABLT
TCEG BSLT

TCSG.BALT

Betatron
cleaning

TC2G.BERT
TC2G.DERT
TCSG.EERT
TCSG.ERT
TCLAMERT
. TCLABERT
~-ICLA CERT
TCLADERT
TCLAATRT

wex| Low-impedance, high

<] robustness secondary

.| COllimators
Y LT




R2E SEU Failure Analysis - Actions

" acoh = 2008-2011
Downtime = Analyze and mitigate all safety
60
" ~250 h relevant cases and limit global
(= Downtime :
€ & 4 | impact
= "'.9 ~ '
a - & Relocation R i = 2011-2012
540 g' | Q(o\ & Shielding~ = Focus on equipment with long
: | 1 ] g 1§
Eaa ‘; t?s . E.'q.mrjml. e:nt | downtimes; provide shielding
3 TP . . = LS1(2013/2014)
c [ :
- 20 =  Relocation of power converters
Ll
7 = |S1-1L1S2:
10 = Equipment Upgrades
: = LS3 -> HL-LHC
0.0 10.0 20.0 30.0 40.0 s0.0| =  Remove all sensitive equipment
Annual Cumulated Luminosity from underground installations




Topographical constraints, cmritical areas

Fi__

Fig.7 Fig. 6

ICE/WATER FLOW.

Lac Léman e e .
300-372m/mer | _ ="

Plaine du genevois
350 — 550 m/mer

Lake crossing

Vallée flu Rhone
~3300lm/mer

Plateau du Mont ibn
550 — /860 |
£

"T‘Vaﬁon d Usses
380 — 500'm/mer




