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Particles discovered 1898 - 1964
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Particles discovered 1964 - present:

The Quark Idea
(up, down, strange) I[Ehﬂr[:.:t]:rll:ltl-h:rm]-
1960 1970 1980 1990
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Ay 2012  Higgs

2015 Pentaquark

There is still a huge amount going on out there!
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Cracks? Dark matter?
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Cosmic acceleration

IceCube Lab
50 meters
IceCube Array
86 strings, 60 sensors each
5,160 optical sensors
1,450 meters Dee_pCore' .
6 strings optimized
for low energies
Eiffel Tower
4\ 324 meters
2,450 meters |
2,820 meters

bedrock 2 PeV neutrino "Big Bird"

o 2 AN RO

view 1 l - i T - = |
RE = —jki—t W/




More traditionally (for

NeUtnnOS 5ms of data at the NOvVA Far Detector
Each pixel is one hit cell
Color shows digitized from the light

< “Minnesota

Fenmlab

Chu:ago

52007 Europa Tech

inol -
. ot A 4 0oale” ll NOvA - FNAL E929
o e R, 0078 \_,.‘ Run: 18975/43
[Pointer 43°34'32.84" N 80°04'55.60"W_elev 271 m i Slnam:rm 11111111:100% Eyealt  545.86 km Event: 628855 / SNEWSBeatSlow
UTC Mon Feb 23, 2015 5
14:30:1.383526016  Several hundred cosmic rays crossed the detector

(the many peaks in the timing distribution below)

Rare decays of K mesons
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The first circular accelerator @V‘
* Lawrence and Livingston’s 80 keV cyclotron (1930) i

Ernest 0. Lawrence

8 Lyn Evans — EDMS 1121028



Cyclotron

Electromagnet

Alternating |
Current
Source

Electromagnet

cyclotron, built in 1934

.-

o |

Livingston and Lawrence standing beside the 2:_7;iﬁ‘Ch

-

Synchrocyclotron

DEFLECTING
ELEC;(RODE

VARIABLE TOP VIEW
FREQUENCY
SOURCE




THE PRINCIPAL MACHINE COMPONENTS OF AN

SYNCHROTRON

RADKIFRECUENCY CAVITY
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BENDING MAGNET

S FOCUSING MAGNET
VACUUM CHAMBER —

-
INJECTION

b

- COLLISIONS -

The basic principle of the Synchrotron is to maintain
the accelerated particles at a constant orbital radius.
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SPS dipoles




Quadrupoles

« A quadrupole magnet will focus in plane and de-focus in the other.

4
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Video 122"
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= * 2 xfour cavity cryomodule per beam

e 400 MHz
e 16 MV/beam

Niobium on Copper cavities @4.5 K

Cavity Equater Magnetic Field
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LHC vacuum

Beam vacuum ~1019 mbar (~3 million molecules/cm3)

Magnet cold bore at 1.9 K
Dia. 49/52 mm

/ Beam screen

5-20K
Dia. 44/46 mm

Cooling tubes
Dia. 3.7/4.5 mm

36 mm

Wall
pumping\‘

Cold

— Pumping is insured by cold surfaces for all gases except helium. Low
initial pressures are required before cool-down, and this is ensured by
turbo molecular pumps etc.

Warm
— Non-evaporable getter (NEG) provides most of the pumping capacity



Different approaches: @
fixed target vs collider )

Fixed target Storage ring/collider
Proton-Proton (2835 x 2835 bunches
Protons/bunch 10"
flccun ULATOR Beamenergy 7 TeV (7x10%Z eV
Luminosity 10 cm? s
Bunch - oy
RING %"}-f “’;_J Crossing rate 40 MHz
Proton
Collisions = 107 - 109Hz

Parton
(quark. gluon)

: Higas

%\

Particle i O gt
Zo
9
E jet
jet4

Ecv = \/2 (Epeamme? + m2c?) << ECM = 2 (Ebeam s 777’02)

Lyn Evans - EDMS 1057805

Higg 4 o
=

SUSY.....

19



10000 | Discovery on the Energy Frontier

1000 | Hadron colliders

(top quark Tevatron)

SC cable ‘

Lepn Lepton colliders
(W, Z bosons) SppS

Constituent Center of Mass Energy

100 } SLC, LEP (Nv =3)
Stochastic ‘¢gmmmam SLED
PETRA, PEP (gluon)
10
SPEAR (Charm quark, T lepton)
1 Wakefields, impedances Enabling concepts
, i.x'fol}iding| beams | | | : | : | | |
1960 1970 1980 1990 2000 2010 2020 2030

’ _ Year of First Physics
Strong focusing

Figure 6-1. The so-called Livingston plot illustrates how history of discovery on the energy frontier has
been enabled by the history of invention (red arrows) in accelerator science and technology.



i ISR

1971 to 1984, proton-proton, maximum centre of mass energy of 62 GeV

S e —

Interaction point
with crossing angle

21



Gargamelle/PS

e
1974: discovery of weak RS ¢ cotsen
neutral currents s |



i

S. Van Der Meer CERN/ISR-PO/72-31

L, FINAL NOTE

This work was done in 1968. The idea seemed too far-fetched
at the time to justify publication. However, the fluctuations upon which
the system is based were experimentally observed recently. Although it
may still be unlikely that useful damping could be achieved in practice,

1t seems useful now to present at least some quantitative estimation of

. the effect. I o .

transverse
pick-up

With a mild push from friends and
s colleagues, Simon finally published

the first internal note on stochastic

cooling in 1972 (van der Meer 1972).

Lyn Evans - EDMS 993926 23



@ The control room of the anti-proton
accumulator (AA) in 1981

Lyn Evans - EDMS 993926
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1983: discovery of W*,W- and Z° at the SPS




1. 48 18 million Zs
s | 80,000 Ws

l

Run 16249 Event 18898 2 Nov 2000 07:59:18

- 1% CFRN 5L 02-08-%5%
LEP Run 68032 datza of:02-08-97

-%§ STABLE BEAMS ¥k-

E = 100. 818 €eV/c Beam In Coast:
Beams e+ B-

PR & ufe 2940. & 2345, 9
tault? h &. 30 7. 38

LUMINGSITIES i3 OPAL DELFPHL
L(L) cm-2%s5-1 63. 5 J 55. 6 45. 0
fLLLY nb-1 11.5 €. 7 12.2
Bkg 1 d. 80 : 0. 00 1.82
Bkg 2 a. 86 Q. %6 2.28

COMMENTS 02-03-99 t1:2
COLLIMATORS AT PHYSICS SCTTINGS

FIRSYT PHYSICS AT 109 BEV
WHAT ABOUT THAT?22?

Centre—of-Mass Enefg



Electron and low intensity hadron accelerators

Accelerator

Antiproton Accumulator
Antiproton collector
Antiproton Decelerator

Low Energy Antiproton Ring

Cambridge Electron Accelerator

SLAC Linac

Fermilab Booster

Fermilab Main Injector

Fermilab Main Ring

Bates Linear Accelerator

Continuous Electron Beam
Accelerator Facility (CEBAF)

ELSAZ
MAMI
Tevatron

Universal Linear Accelerator
(UNILAC)

Schwerionensynchrotron (S1S18)

J-PARC Main Ring

ALBA

Location

CERN
CERN
CERN
CERN

Harvard University and MIT,
Cambridge, MA

SLAC National Accelerator Laboratory

Fermilab

Fermilab

Fermilab

Middleton, MA

Thomas Jefferson National
Accelerator Facility, Newport News,
VA

Physikalisches Institut der Universitat
Bonn, Germany

Mainz, Germany
Fermilab

GSI Helmholtz Centre for Heavy lon
Research, Darmstadt, Germany

GSI Helmholtz Centre for Heavy lon
Research, Darmstadt, Germany

Tokai, Ibaraki

CELLSIE
Cerdanyola del Vallés, Catalonia,
Spain

Years of
operation

1980-1996
1986-1996
2000-present
1982-1996

1962-197414]

1966—present

1970-present
1995-present

1870-1995

1867-2005

1995—-present

1987-present

1975—Present

1983-2011

1974—Present

1980-Present

2009—Present

2010-Present

Shape
and size

Storage ring

236 ft diameter synchrotron!®!

3 km linear
accelerator

Circular Synchrotron

Circular Synchrotron
Circular Synchrotron

500 MeV recirculating linac
and storage ring

6 GeV recirculating linac
(upgrading to 12 GeV)

Synchrotron and stretcher

multilevel racetrack microtron

Superconducting Circular
Synchrotron

Linear (120 m)

Synchrotron with 271 m
circumference

Triangular, 500m diameter

Synchrotron with 270 m
circumference

Accelerated
particle

Antiprotons
Protons and antiprotons

Antiprotons
Electrons

Electron/
Positron

Protons

Protons and antiprotons

Protons and antiprotons

Polarized electrons

Polarized electrons

(Polarized) electrons
Polarized electrons
Protons

lons of all naturally
oceurring elements

lons of all naturally
occurring elements

Protons

(Polarized) electrons

Kinetic
Energy

26 GeV

6 GeV

50 GeV

8 GeV
150 GeV

400 GeV (until 1979), 150

GeV thereafter

1 GeV

6 GeV

3.5 GeV
1.5 GeV accelerator

980 GeV

U: 50-1000 MeViu
Ne: 50-2000 MeV/u
p: 4,5 GeV

30 GeV

3 GeV



Fixed target

Proton Synchrotron

Proton Synchrotron Booster

Super Proton Synchrotron

Alternating Gradient Synchrotron

Lepton colliders

PEP-II SLAC
KEKB KEK
DA®ME Frascati, ltaly
CESR-c Cornell University
VEPP-2000 BINP, Novosibirsk
BEPC II China

Hadron colliders

Relativistic Heavy lon Collider (RHIC)

Some others

Brookhaven National Laboratory, New York | 2001-present

polarized proton mode

Relativistic Heavy lon Collider (RHIC)

Brookhaven National Laboratory, New York | 2000—-present

ion mode

Large Hadron Collider (LHC)
proton mode

CERN

Large Hadron Collider {LHC)
ion mode

CERN

Circular ring
CERN 1958-present
(600 meters around)
CERN 1972—-present Circular Synchrotran
CERN 1980-present Circular Synchrotron
Circular ring
BNL 1960-
(808 meters around)
1998-2008 Circular, 2.2 km g GeV | 3.1 GeV BaBar
1999-2009 Circular, 3 km 8.0 GeV | 3.5 GeV Belle
1993- Circular, 88m 0.7 GeV | 0.7 GeV KLOE &
2002-2008 Circular, 768m 6 GeV 6 GeV CHESS, CLEO-c
2006- Circular, 24.4m 1.0 GeV | 1.0 GeV SND, CMD-3
2008- Circular, 240m 3.7 GeV | 3.7 GeV Beijing Spectrometer |l
Hexagonal rings Polarized Proton/
’ 100-255 GeV PHENIX, STAR
(3.8 km circumference) Proton
d-1 a7 AT
Eacu29+_mcu29+;
Hexagonalfings | g3, o, 167, 7a.. | 385100 GOV 1 o o PHENIX, BRAHMS, PHOBOS
(3.8 km circumference) ! per nucleon
197Au?9*-197Au?9+;
238, 82+ 238 o2,
2008-present c ”f‘ larrings Proton/ ?'5 eV ALICE, ATLAS, CMS, LHChb, LHCf, TOTEM
(27 km circumference) Proton (design: 7 TeV)
2008-present Circular rings 208 ans 2085 50, 2.76 TeV ALICE, ATLAS, CMS

(27 km circumference) per nucleon



e+ one-:4o0n7 GeV -to produce a huge number of B mesons




What seest thou else
In the dark backward and abysm of time?



Heike Kamerlingh Onnes

“Door meten tot weten”
To knowledge through
measurement

Lyn Evans - EDMS 1057805
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Discovery of suoerconduciivity

On 8 April 1911, Kamerlingh Onnes found that at 4.2 K the resistance
in a solid mercury wire immersed in liquid helium suddenly vanished.

0.020 / |' c.o02 ”IMX
0015 Hg J 00015 i
I " _Aoorsw
/‘
] e e
I
0010 - leifel
/ 005 %)
/ / )f"
/ w7 00005 :
0005 / — —
/ -~ g < T(:.‘r-e H
A‘l:l,."' \ H i
: el 0009 410 :"20 4%30 “J
Q000 = 4°.00 . . . a0 450
o° 5° 10" 15" 20°

Thus the mercury at 4 2°K has enfered a new state, which, owing to its
particular electrical properties, can be called the state of superconductivity.

Lyn Evans - EDMS 1057805 33



Fast forward to the LHC
- the superconductor

Niobium-titanium Rutherford cable

Strand

Used 1200 tonnes/7600 km of cable

Filament

34



Critical surface of nioblum-titanium

&
o - Clo
<
> | T~ (Q%)

* Niobium-titanium NbTi is the standard
‘work horse’ of the superconducting
magnet business

* Picture shows the critical surface,
which is the boundary between
superconductivity and normal
resistivity

» Superconductivity prevails everywhere
below the surface, resistance
everywhere above it

Current density (KA.mm?2) —>



ain components - dipole
magnets

36



Number of dipoles
Dipole field at 450 GeV
Dipole field at 7 TeV
Bending radius

Main Dipole Length

1232
0.535T
8.33T

2803.95m

14.3 m

Horizontal force
component per
guadrant (nominal
field) 1.7 MN/m

Force tends to “open”

the magnet, hence the

Austenitic steel collars
37



June 1994

first full scale prototype dipole Juné 2907 First sector cold

ECFA-CERN
workshop

Oue Chawn el T,

April 2008
Last dipole down

Modocaty
Medarale Modgrate 0”\,
3. E 8. B E
) _ :
1994 project [7 maRrs 2005
approved by ' DIPOLE
council (1-in- n°e€
2)
SsC Main contracts
cancelled signed

o | ]| l

First set of twin 1 m
prototypes
Over 9 T

November 2006
1232 delivered

September 19,
2008 38
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Superfluid helium

To produce the high magnetic fields we need very high
currents...

Make use of the remarkable properties of He Il

Superfluid helium:

— Very high thermal conductivity (3000 time high grade copper)

— Very low coefficient of viscosity... can penetrate tiny cracks,
deep inside the magnet coils to absorb any generated heat.

— Very high heat capacity...stablizes small transient temperature
fluctuations



Video 144"



Pressure [kPa]

Phase diagram of Helium

10000 | ,
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TN
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- N Y
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- He Il He |
CRITICAL
100 F-—-m-m-mem e - e _eT . _POINT- 4
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Cooling magnets with superfluid

saturated He ll, flowing

-

magnet

pressurized He |l, static /
m

heat exchanger tube

sc bus bar connection

helium vessel

45



QURA

[E—

QUIC

QURC QURC

M T
Sector 7-8 Sector

,33;" 24 km of superconducting magnets @1.9 K
& |l

o » 88 tons of superfluid heliumat 1.9 K
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1720 Power converters

> 9000 magnetic elements

7568 Quench detection systems
1088 Beam position monitors
~4000 Beam loss monitors

LHC:- 27%kni

3

150 tonnes helium, ~90 tonnes at 1.9 K
250 MJ stored beam energy in 2016
1.2 GJ magnetic energy per sector at 6.5 TeV




Aim of the game

We want to deliver maximum number of
collisions at the maximum beam energy for
maximum physics reach







Lots of bunches

In 2016 the LHC operated with
~2200 bunches per beam.
The bunches are spaced by 25 ns.

| Typically

Each bunch contains around
120,000 million protons

~40 cm
| \ ~1 102 mm
i : at 6.5 TeV
i ~25 ns | '
| - > |
i ~7.5m i
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N1 particles in beam 1 Area A N2 particles in beam 2

Number of potential collisions per unit area = Nilv 2



Squeeze

Interaction o
Poirit

Relative beamn sizes around [P1 (Atlas) in callision

Focus beam down to very small sizes in the experiments
using quadrupole magnets



Video 58”



120,000,000,000 protons a bunch
~40 collide at each bunch crossing

40 micron

~
J

~40 collisions per crossing
11,000 crossings per second per bunch
2200 bunches

~1000 million collisions per second
—

LHC BEAM HUMAN HAIR

€PM25
Combustion particles, organic
HUMAN HAIR compounds, metals, etc.

50-70um <2.51m (microns) in diameter
(microns) in diameter

90 um (microns) in diameter
FINE BEACH SAND




A day in the life of the LHC

Beam dump

Energy [Gev]

~

Ramp down/precycle

3000 A

Ramp

2000 A

Injection

22222}

Squeeze Stable beams
I >
Collide

Ramp down 35 mins
Injection ~30 mins
Ramp 17 mins
Squeeze 15 mins
Collide 1 min
Stable beams 0 - 20 hours

-3000 -2000

L

0

Time [s]

1000

2000

3000

TURN AROUND TIME ~3 hours




August 2008
First injection test

2008

, o November 29,

b ¢ September 10,

First beams around

September

19, 2008
Disaster
Accidental
release of 600
MJ stored in one
sector of LHC
dipole magnets

2009
Beam back

March 30,

2010
First collisions at

PRELIMINARY (:10% scale}

-©- ATLAS
-El- AucE*®

CMS | TOTEM
+@+ LHCb

October 14
2010
1e32
248 bunches

£ ATLAS Preiiminary

— Observed
---- Expected

Wtic

95% CL Limit on olog,,
=

CLs Limits

June 28 2011
1380 bunches

November 2010

lons

6 June, 2012
6.8e33

6.6 fb1

4 July, 2012
[ ]

18 June, 2012

to ATLAS & CMS

LHC Run 1 .


http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394
http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394

September 10" 2008
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We delivered 5.6 fb! to Atlas in 2011 and all we got
was a blooming tee shirt




2e2y candidate with m;,, = 123.9 GeV

pr(eepp)= 18.7,76,19.6,79 GeV, m(e'e)= 879 GeV, m(p'p) =19.6 GeV
' A QATLAS

EXPERIMENT
http://atlos.ch
Run 25118
Event: 12611416
Date:




July 4t 2012: discovery of Higgs at the LHC



Higgs production H,,f" Higgs decay to photons
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2013 - 2015

28t October
Physics with record number of bunches

April “13 to Sep. “14 Peak luminosity 5 x 1033 cm2s-1

34 June 2 2 4 4

First Stable Beams

B The main 2013-14 LHC consolidations

13-14 Aug 14-Apr 15

; th . Col ‘\'w'&.::rjs with stable beams
10™ April Pb-Pb at Vs, = 5.02 TeV

Dipole training campaign Beam at 6.5 TeV




2016 - Overcome a few problems

WEASEL PS MAIN POWER SPS BEAM DUMP

SUPPLY Limited to 96 bunches per
injection
Max. 2220 bunches per
beam instead of 2750




Design luminosity reached
"10“'l

Thanks'!

A%
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LHC integrated luminosity by year

W w
o 9}

N
(9]

[EY
u

Integrated luminosity [fb™]
5 3

Projection 2016

2011 ,,—;/"/,_/_—
- 2015

7-Jun

1-Jul

25-Jul 18-Aug 11-Sep 5-Oct 29-Oct

2016 was huge!

22-Nov

71



What did we accomplish so far ?

Three main results from LHC Run-1

We have consolidated the Standard Model
(wealth of measurements at 7-8 TeV, including the rare, and very sensitive
to New Physics, B, = uy decay)

- it works BEAUTIFULLY ..

We have completed the Standard Model: Higgs boson discovery
(almost 100 years of theoretical and experimental efforts !)

We have NO evidence of new physics

Note: the last point implies that, if New Physics exists at the TeV scale and is discovered
at /s ~ 14 TeV in 2015++, its spectrum is quite heavy -> it will require a lot of luminosity
(= HL-LHC 3000 fb!) and energy to study it in detail = implications for future machines
(e.g. most likely not accessible at a 0.5 TeV LC)

F. Gianotti, RLIUP, 28/10/2013




TEV—-> LHC > ILC

Tevatron
HERA
LEP2

—
Precision




Linear Colliders

e+ bunch
I LC Damping Rings IR & detectors compressor

e- source

&= Blikek e+ source
compressor positron 2 km
main linac
11 km

central region
5 km

electron
main linac
11 km

2 km

Centre of mass energy 500
~n\/

— o - i | -~ ol - ot - i
i e e e
= g T et T g o= Ty

e e e i
CLIC — up to 3 TeV center of mass

The Linear Collider Collaboration bring the ILC and CLIC together under one roof.
Headed by former LHC Project Manager Lyn Evans...



ILC cryoodule




to 100 km FCC
FCC-hh 16 T 100 TeV
+ FCC-ee and FCC-he

Y g}




CepC/SppC study (CAS-IHEP) 54 km (baseline)
e'e’ colllsmns ~2028 pp colllsmns ~204 |

e P i T
- .; 5 N
I -
g . 1
Vi Y
.

€asSy aCCessS

300 km east
from Beijing
- 3 h by car
N7 4 1 h by train
- f’”t‘%”iﬁif;““i:’i’” GEBCo
BT RO 210 oot A Goggle earth

3 " YitangWang hinese Toscana’ ,

@‘ Future Circular Collider Study
o ) Michael Benedikt 9

Academic Training 2 February 2016




* The matter content |¢ Expermments at
of the Universe ~ particle colliders

Learn particle physics from the Universe
Use particle physics to understand the Universe

: v i
43 .’ = o

John E||IS




Conclusion

We still live in exciting times!

Peter Higgs, Francois Englert y Sergio Bertolucci, director de investigacion del CERN, participan en un encuentro cientifico en
la Facultad de Ciencias de la Universidad de Oviedo. Foto: © Ivan Martinez/FPA

"Much more interesting to live no knowing than to have
answers which might be wrong." Richard Feynman



