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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 of the LHC 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

LHC accelerator status and prospects

Frédérick Borry A 27 km circumference collider...
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LHC 2010-2012: arich harvest of collisions

CMS Integrated Luminosity, pp
> ~30 fb-
Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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7 TeV and 8 TeV in 2012

Up to 1380 bunches
With 1.5 10! protons
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Run 1 (2010 — 2012)

» Foundations well proven at 4 TeV

Magnets, vacuum, cryogenics, RF, powering, instrumentation,
collimation, beam dumps etc.

» Huge amount of experience gained
Operations, optics, collimation...

» Healthy respect for machine protection

Technology: beautiful,
when well done!
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Main bend power converters:
tracking error between sector
12 & 23 in ramp to 1 1 TeV

LHC accelerator status and prospects
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28t October
20 13 = 2015 Physics with record number of bunches
Peak luminosity 5 x 1033 cm?s1

April “13 to Sep. ‘14

.-‘ The main 2013-14 LHC cunsnllidali()ns ‘ 2 2 4 4
e — First Stable Beams

=

13-14 Aug 14-Apr

isions with stable bsams

10 50 10th April g oot
Pb-Pb at Vs, = 5.02 TeV

Dipole training campaign  Beam at 6.5 TeV
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2015 LHC Luminosity at 13 TeV
ATLAS
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First circulating beams in LHC in 2016
on Easter Friday 25t March 2016

LHC accelerator status and prospects
CE/RW Frédérick Bordry 8
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LHC Start-up 2016

Performance over the last 24 Hrs Updated: 08:38:36
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Friday 25" March First circulating beam

Saturday 26" March First ramp to 6.5 TeV

Sunday 27" March Squeeze to 0.4 m and optics measurements
Thursday 315t March Optics correction at 6.5 TeV (flat-top+squeeze)
Wednesday 6™ April Nominal bunch to flat-top

Friday 8™ April Nominal bunches into collisions

Tuesday 12t April Quiet beams

Sunday 17" April Aperture measurement (collision)

Thursday 215t April 72 bunch injection to 444 bunches/beam
Friday 22nd April First Stable Beams — 3 bunches/beam

LHC accelerator status and prospects

CE/RW Frédérick Bordry
\ Higgs Hunting 2016
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LHC April — May 2016

Mon 25t April  Start scrubbing

Tues 26" April 1668+1884 bunches Vacuum leak on SPS
dump
Weds 27t April Stable Beams 12 bunches. POPS — capacitor bank
Thu 28" April Beam back (PS on rotating
machine)
Fri 29t April Stable Beams 49 bunches Weasel

Transformer Pt8

Thu 5t May Beam back
Fri 20" May Stable Beams 1177 bunches

Sat 215t May Fill 4947 lost after 35.5 hours
Thu 26" May  POPS back in action

Lost around 2 weeks to technical faults
Limitation number of injected bunches to avoid stressing SPS beam dump

LHC accelerator status and prospects

Frédérick Bordry B I k M
Higgs Hunting 2016 aC a.y !

2nd September 2016 - Paris



Overcome a few problems

WEASEL PS MAIN POWER SPS BEAM DUMP
SUPPLY  Limited to 96
bunches per
Injection
« 2076 bunches per
beam cf

LHC accelerator status and prospects
CE/RW Frédérick Bordry 11
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P8 Transformer 66 kV/18 kV
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Verbois — 400KV
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A \
o& Tests divers

Eviter les dégats de fouines

Contre les fouines avides de ronger,
toute une panoplie de méthodes, plus ou
moins efficaces, sont mises en oeuvre.
Aucun moyen ne garantit une protec-
tion totale. Néanmoins, diverses recom-
mandations vous montrent comment
éloigner les fouines par des procédés
simples.

Les assurances sont mises a contribution
Certes, le nombre de cas annoncés dimi-
les frais de-

dire que le coGt moyen

les compagnies d
nt débourser des

CERN Frédérick Bordry
Higgs Hunting 2016
2nd September 2016 - Paris
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' hew schedule

Scrubhing
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Overall machine efficiency

B STABLE BEAMS
B FAULTS

B OPERATION

2015 efficiency

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

LHC accelerator status and prospects
Frédérick Bordry

Higgs Hunting 2016
2nd September 2016 - Paris



Fill length in 2016

Q Fills with >= 1800 bunches: average is doubled wrt 2015 and runl.

>= 1800 bunches All fills

[ Mean 10.4h
—1 13.5h

[ IMean 122h
— 1 26.7h

No. of fills
w
No. of fills

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

LHC accelerator status and prospects
Frédérick Bordry
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UFOs — 2015 and beginning 2016

2015 2016
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fill number (# bunches]

Arc UFOs : rates similar to end of 2015
- did not lose conditioning over the YETS stop

LHC accelerator status and prospects
Frédérick Bordry
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Electron cloud

 Still high electron cloud and high heat loads
« Within cryogenics limits and no more scrubbing (below the threshold)
« Beam parameters adjusted, stable operation
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Peak and Integrated luminosity overview
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Integrated luminosity

Over 25 fb-1 in both ATLAS and CMS @

30

3
un

Projection

I3
L]

Hat's off to QPS, power
converters, R2E,
Cryogenics,
Infrastructures, etc ...
all equipment teams ...
and operation crew

Integrated luminosity [fb1]
S &

un

2011 Impossible
2015 without a terrific
O — - -
20-Apr 14-May 7-Jun 1-Jul 25-Jul 18-Aug 11-Sep 5-Oct 29-Oct 22-Nov team Spl rlt
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LHC: new schedule approved on 315t August

Initial LHC SCHEDULE

- o E— LHC Proton Run

e 2016 is reduced by
one week: one
week investment
for energy increase

New Schedule S~

we— = ———r=e——u The restart date in

‘:F’: _ U e 2017 is unchanged

Su |PbmD | Xmas | | New Year

I:lTechnical Stop I:l Machine development w
Recommissoning with beam I:ls;necial physics runs

Training of 2 sectors towards 7 TeV (max 2 weeks)

1]

LHC accelerator status and prospects
Frédérick Bordry
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LHC EYETS approved on 31t August

Sector 12| Sector23 | Sector 34 | Sector 45 | Sector 56 -I Sector 67 | Sector 78 | Sector 81 |
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Run 2 lon runs in 2016 (p-Pb) and 2018 (Pb-Ph)

2015 2016 2017 2018

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

il EYETS

Shutdown/Technical stop

Protons physics Extended Year End Technical Stop — 20 weeks
Ico°nr2m'ss'°"'"9 General maintenance: LHC and injectors

CMS pixel upgrade;
Push 2 sectors towards 7 TeV

Peak luminosity to ~1.7e34 (limited by inner triplets)
~ 40-45 fb-1/year in 2017 and 2018 (goals will be fixed at Chamonix 2017)

Prepare for HL-LHC and post-LS2 LIU era
Prepare for 7 TeV operation

LHC accelerator status and prospects
Frédérick Bordry

Higgs Hunting 2016
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Euanpean Strategy
- AMC

The European Strategy for Particle Physics

Update 2013

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)

LHC accelerator status and prospects
Frédérick Bordry

Higgs Hunting 2016
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Goal of High Luminosity LHC (HL-LHC):

The main objective of HiLumi LHC Design Study is to determine a hardware
configuration and a set of beam parameters that will allow the LHC to reach the
following targets:

Prepare machine for operation beyond 2025 and up to 2035-37

Devise beam parameters and operation scenarios for:

#enabling a total integrated luminosity of 3000 fb-1
#implying an integrated luminosity of 250-300 fb-! per year, >
#design for p ~ 140 (~ 200) (= peak luminosity of 5 (7) 1034 cm-2s-1)

#design equipment for ‘ultimate’ performance of 7.5 1034 cm—?s
and 4000 fb-?

=> Ten times the luminosity reach of first 10 years of LHC operation

LHC accelerator status and prospects
Cw Frédérick Bordry

\ Higgs Hunting 2016

2nd September 2016 - Paris
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LHC Upgrade Goals: Performance optimization

Luminosity recipe :

ﬁevxF(fb eS.)

L= -
4,0Xb xe
=>» 1) maximize bunch intensities => Injector complex
=>2) minimize the beam emittance LIU < IBS

=>3) minimize beam size (constant beam power); => triplet aperture
=>4) maximize number of bunches (beam power); =»25ns
=>5) compensate for ‘F’; =>» Crab Cavities

=>»6) Improve machine ‘Efficiency’ => minimize number of
unscheduled beam aborts

LHC accelerator status and prospects
Frédérick Bordry

Higgs Hunting 2016
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Luminosity Levelling, a key to success

L[10° cm™s]
20

s » High peak luminosity

no leveling w peak 2x10* ems’! » Minimize pile-up In

| experiments and provide
“constant” luminosity

15

10 |
leveling at 5x10* cms™

- nominal

, e L [10°* cm™s]
2 4 6 8 10 12 14 ¢[h] 20
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15 2x10%em s l‘ I l\
I

. \ \ \ \
+ Obtainabout3-4fblday ©w \ |\ 1\ |\
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The HL-LHC Project

4C PROJECT N UNDERGROUND

Poumt 5

* New IR-quads Nb;Sn
(inner triplets)

 New 11 T Nb,;Sn
(short) dipoles

« Collimation upgrade
« Cryogenics upgrade
« Crab Cauvities
« Cold powering
« Machine protection

LHC accelerator status and prospects

Frédérick Bordry
Higgs Hunting 2016
2nd September 2016 - Paris




Project Landmarks

“CRAB” CAVITIES

16 superconducting ,.crab®
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before
collisions.

SUPERCONDUCTING LINKS

Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service
tunnels near ATLAS and CMS.

COLLIMATORS
15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

BENDING MAGNETS
4 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new
collimators.

CERN Novembre 2015




Squeezing the beams: High Field SC Magnets

Quads for the inner triplet e oo Progressinaccelerstormagnets
Decision 2012 for low-8 quads :: HLLHC
Aperture & 150 mm — 140 T/m 10 L byse s,
(Bpeak ®12.3 T) s Nbm ——
operational field, designed for 13.5 T | & .. Y= - ¢ Freldm
4 - e o
=> Nb,Sn technology | :s="
o SPS & Main Iitl\g{resmh\rle] | |
(LHC 8 T’ 70 mm ) 1975 1985 1995 2005 2015 year

Btriplet Sigma B*
triplet

LHC accelerator status and prospects
Frédérick Bordry
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First short model magnet MQXFS1 (1.5 m)
Inner triplet Quad final cross section (& =150 mm)

CERN - US LARP collaboration

Design and ND3SnN coils by CERN and
LARP together (50%-50%)

Full collider characteristics.
Final length will be 3 to 5 times more

CERN Frédérick Bordry ; “ 32
) Higgs Hunting 2016 S~ 1 -
2nd September 2016 - Paris s
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First short model magnet MQXFS1 (1.5 m)
Result of the first energization @ FNAL

Quench Current (A)

19000

Ultirmate current
18000
17000
16000

15000 ! : !
Nominal operation (7 TeV, p*=15 cm) gradient : 133 T/m

14000
& MOXF51 1.9
13000

12000
0 2 = 6 B 10 12 14 16 18

Quench i

Next: thermal cycle and memory test (and more...)

LHC accelerator status and prospects
Frédérick Bordry
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HL-LHC Upgrade Ingredients: Crab Cavities

Geabr@tivétiesminosity
. ROEHELOM ERHRE of
geometrical reduction factor

 Independent for each IP
1 q.S.

J1+Q? 0 25,

 Noise from cavities to beam?!?

F =

* Challenging space constraints

HWSR, SLAC-LARP DR, UK. TechX

Frédérick Bordry
Higgs Hunting 2016
2nd September 2016 - Paris
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Excellent first results: e.g. RF dipole > 5 MV
Y4 w and 4-rods also tested (1.5 MV)

1.0E+10 - ﬁ' :
LARP
iu o ooo .o»%‘ L "':*é"‘} e, X RF-DIp&* prototype
2 Kresult | | Eh.- # b Ep—
i AL S .
L) ooy : :
S1.0E+09 - ®oq, ! :
LY ... : : l
4.2 Kresult — “®ei -
I | %ea 1 Quench
: :
: :
I I 1Fi
) Delayen ODU : | Initial goal was 3.5 MV
i i however AV > 5-6 MV would
HOEr08 : s IR Bl c2se integration
0.0 1.5 3.0 45 6.0 7.5 V1 (MV)

LHC accelerator status and prospects
Frédérick Bordry
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In-kind contributions and collaborations || Discussions are ongoing
for design, prototypes, production and tests

with other countries, e.g

Q1-Q3 : R&D, Design, Prototypes
and in-kind USA
D1 : R&D, Design, Prototypes
and in-kind JP
MCBX : Design and Prototype ES
7 HO Correctors: Design and
B Prototypes IT
Q4 : Design and Prototype FR

CC : R&D, Design and in-kind USA CC : R&D and Design UK
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Conclusions

LHC is operational at 13 TeV c.m. and with 25ns beams

2016 : production mode at 13 TeV ; > 25 fb-1

25 ns operation

B"=40cm in ATLAS and CMS ; 3m in LHCb ; 10m in ALICE
Going towards combining ramp & squeeze
Rapid intensity ramp up in spite several technical problems

Nominal design luminosity 1x10%*cm= s-treached and exceeded (1.2 103%)
-Optimisation of the integrated luminosity (availability ~ 65 %)

RUN 2 goal : > 100 fb1 and
to reach 300 fb! at the end of RUN 3

LHC Injector Upgrade (LIU => LS2)
and High Luminosity LHC (HL-LHC =>LS3)
well defined and now in construction phase
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CERN

Thanks for your attention .

www.cern.ch




