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Outline of lecture 2

* The LHC physics case
 The LHC proton collider

* The experiments
« Experimental challenges
 The machine start-up
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The LHC physics case
(1980-90)

J. Varela, The Big Bang factory, 2013 )



The Standard Model
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SM confirmed by data

mass -
charge -

spin -

name —

Quarks

Leptons
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Measurement Fit — 10™_QM/oMmea
o 1 2

m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952:0.0023 24959
ob bl 41.540=0.037  41.479
R, 20.767 = 0.025  20.742
A 0.01714 = 0.00095 0.01645
A(P) 0.1465 = 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R, 0.1721+0.0030  0.1723

o0 0.0992 = 0.0016  0.1038
AYS 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513=0.0021  0.1481
sin’e5r(Q,,) 0.2324 +0.0012  0.2314
m,, [GeV]  80.399=0.023  80.379
Ty [Gevl  2.085=0.042 2.092
m, [GeV] 1733 =11 173.4
July 2010 O 1 2

Confirmed at sub 1% level!




What’s missing?

A “funny” thing happened on the way to the modern
theory of quarks, leptons, force fields, and their
quanta:

The equations only made sense if all the

bosons, and all the quarks and leptons, had no
mass and moved at the speed of light!

J. Varela, The Big Bang factory, 2013 6



The Higgs field

Mass results from the
interaction of particles
with the Higgs field

J. Varela, The Big Bang factory, 2013 7



The Terascale

The Standard Model would fail at high energy
without the Higgs particle or other ‘new physics’

Based on the available data and on quite general
theoretical insights it was expected that the ‘new
physics’ would manifest at an energy around

1 Tera-electronVolt = 1012 electronVolt

accessible at the LHC for the first time

J. Varela, The Big Bang factory, 2013 8



The dark side of the Universe

Long standing problem:
We know that ordinary matter is only ~4% of the matter-
energy in the Universe.

What is the remaining 96%?

observed féﬁ%
#j_;éﬂ{r’?i

The LHC may help to
— solve this problem,

from

T~ “M»‘I‘uhm_inIOﬁUSﬁdiSR discovering dark matter

|
e R (kpc)

" MB33 rotation curve
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Timeline of the Universe

13.7 billion years

LHC recreates the conditions one
billionth of a second after Big Bang

J. Varela, The Big Bang factory, 2013 AsaTVAP science Tea
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Let there be light

How do we see an object

Light is reflected by objects and Light is not reflected by objects
detected in the eyes. An image smaller than the wave length
is reconstructed in the brain.

Waves Objects
Light beam /@
Observer s
(Detector) \\: /\
2y T
—O
Reflected light /\ . /(\

Wave length of visible light is ~ 0.5 micron
The energy of the photons is 2.5 eV  (p=1/A)

( 1 micrometer — 1 um - is one millionth of a meter)

J. Varela, The Big Bang factory, 2013 12



Particles and waves

Elementary particles have a mysterious behavior

In some situations particles behave like waves
QUANTUM MECHANICS

DeBroglie (1920):

A= 1/p A ave

< —>

Wavelength Momentum

(mass times speed) Wavelength

The larger is the energy (momentum)
the smaller is the wavelength

J. Varela, The Big Bang factory, 2013 13



Particle beam to ‘see’ the atom

Remember the Rutherford experiment and the discovery of

the structure of the atom in 1913
Energy of a’s is 2

Alpha particles million times larger than

I 5 MeV photons of light

Radioactive source
(Polonium) Gold foil

Atomic model incompatible The experiment revealed a very small
with the experimental results and high density nucleus inside the
atom

J. Varela, The Big Bang factory, 2013 14



The most powerful microscope

The LHC allows to see objects with 1029m

Light Atom Proton Quarks ?
10" m 1019m 105 m <10'8m 1020m
1 /1000 1 /100,000 1 /1000 1/100
Optical microscope LHC
1 eV 1013 eV
//
10 000 000 000 000

Ten million million times more resolution power

J. Varela, The Big Bang factory, 2013 15



E=m.c?

Mass is transformed in energy at power nuclear reactors
Energy is transformed in mass at accelerators

The kinetic energy of the beam [ Beam
particles is transformed in the mass %/ particle
of other particles created in the

collision /

Particles created in
the collision

The mass of particles is equal to energy necessary to produce them

Heavy particles need very high energy accelerators to be created

J. Varela, The Big Bang factory, 2013 16



Accelerators

Elementary particles are accelerated in electric fields

1 Volt
N > _ The electron
+ - gets an
I O— " energy
.| electron _of 1 electron-
volt (eV)

16 MV (Mega Volt)

\

Acceleration
region

LHC

LHC - Large Hadron Collider

Protons get an energy of 7 TeV
7.102 eV =
7 000 000 000 000 eV =
7 million million eV

J. Varela, The Big Bang factory, 2013 17



What type of accelerator ?

10000
< em Proton-proton collider
9; 1000 ) -
o)
2 1995:top Tevley o
P N The easiest path to explore a new
& 100 — @® | CP1 (cERN) 1989: 3families — .
= . energy domain
"E ‘OQ PETRA 1979: GLUON
@ sY)
= ®
g - m e - Search for the unexpected at ~ 1 TeV
% . oo (S‘PEfAIZ)
.E 1974y . . .
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© @ c'¢ COLLIDERS
® e¢-p COLLIDERS
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I I I I I

1960 1970 1980 1990 2000 2010 2020

Year of First Physics

In about one hundred years the energy of accelerators was
increased by a factor one million

J. Varela, The Big Bang factory, 2013 18



This research requires.......

J. Varela, The Big Bang factory, 2013

1. Accelerators : powerful machines
capable of accelerating particles to
extremely high energies and bring them
into collision with other particles

W 2. Detectors : gigantic instruments that

record the particles as they “stream” out
from the point of collision.

3. Computers : to collect, store,
distribute and analyse the vast amount of

data produced by the detectors

4. People : Only a worldwide collaboration
of thousands of scientists, engineers,
technicians and support staff can design,
build and operate such complex “machines’

3
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In 1995 the CERN Council approved
the construction
of the LHC accelerator
two large detectors (CMS and ATLAS)
and two smaller ones (ALICE, LHCDb)

Cost ~ 6 Billion CHF

J. Varela, The Big Bang factory, 2013 20



The User Community of CERN

MEMBER STATES
AUSTRIA

58

BELGIUM 98
BULGARIA 35
CZECH REPUBLIC 180
DENMARK 68
FINLAND 81
FRANCE 872
GERMANY 944
GREECE 91
HUNGARY 43
ITALY 1543
NETHERLANDS 163
NORWAY 70
POLAND 175
PORTUGAL 109
SLOVAKIA 46
SPAIN 270
SWEDEN 74

SWITZERLAND 344
UNITED KINGDOM 645

3909

OBSERVER STATES

INDIA 93
ISRAEL 64
JAPAN 182
RUSSIA 940
TURKEY 35
USA 1278

2592

J. Varela, The Big Bang factory, 2013

OTHER STATES

ARGENTINA
ARMENIA
AUSTRALIA
AZERBAIJAN
BELARUS
BRAZIL
CANADA
CHILE
CHINA
COLOMBIA

8
17
13

1
23
68

119

4
60
5

CROATIA
CUBA
CYPRUS
ESTONIA
GEORGIA
ICELAND
IRAN
IRELAND
KOREA
LITHUANIA

MEXICO
MONTENEGRO
MOROCCO
NEW ZEALAND
PAKISTAN
ROMANIA
SERBIA
SLOVENIA
SOUTH AFRICA
SRI LANKA

TAIWAN

THAILAND |

UKRAINE




The CMS Collaboration

Number of
Laboratories

Member States 59
Non-Member States 67
USA 49
Total 175
# Scientific
Authors
Member States 1084
Non-Member States 503
USA 723
Total 2310
Associated Institutes
Number of Scientists 62
Number of Laboratories 9

Belgium Buleari
Austria ulgaria
Finland
CERV
France
/ Germany
Russia P — Greece
. Hungary
Italy
Uzbekistan
Ukraine
Georgia
Belarus

Armenia
Turkey

Serbia
Pakistap

Lithuani

UK \ Poland
Portugal
Brazil
China, PR Spain

China (Taiwan)  gwitzerland

; Colombia
New-Zealand Mexico Korea Iran Croatia
Ireland India | Cyprus
Estonia

J. Varela, The Big Bang factory, 2013

2310 Scientific Authors
38 Countries
175 Institutions 22



The CMS collaboration

J. Varela, The Big Bang factory, 2013



The ATLAS Collaboration

ATLAS

37 Countries
169 Institutions
2500 Scientific Authors

ATLAS Members per Funding Ag
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Huge instruments now in place in
Switzerland and France outside Geneva:

The Large Hadron Collider

Large Is an understatement!
Hadrons referred to here are protons.
Collide is what it does.

J. Varela, The Big Bang

factory, 2013 26



The LHC Accelerator

‘ Protons are accelerated by
%LHC Maching s powerful electric fields

marveL c‘)f technology

and are guided around their
circular orbits by powerful
superconducting dipole
magnets

Relative to Tevatron (Fermilab, USA)
Energy (14 TeV) X7
Luminosity (103*cm=2s1)  x 30

27
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= LA

Tiny bunches of counter-circulating protons.
Colliding head-on 40 million times each second-




J. Varela, The Big Bang factory, 2013

Collisions at LHC

7x10? eV Beam Energy
10% cm?2s'  Luminosity
2835 Bunches/Beam
10™ Protons/Bunch

<— >
7.5m (25 ns)

7 TeV Proton Proton
colliding beams

30



Accelerator challenges

= Superconducting dipoles 8.3 Tesla
» QOperating temperature 1.9K (-271 C)

= Stored energy per beam 350 Mega Joule
o energy of a train of 400 tons at 150 Km/h

= Machine with huge size
o Tunnel 27 Km
o More than 2000 dipoles
o More than 33,000 tonnes of ‘cold mass’
o 27 km of cryogenic distribution line
(100 ton liquid helium)

= |HC power consumption 120 MW
o the same as the Geneva canton

J. Varela, The Big Bang factory, 2013



Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Auxiliary
Bus Bar Tube

. Instrumentation
Prot%c_tlcén Feed Throughs
J. Varela, The Ig?g %ang factory, 2013
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/ Helium-II Vessel

Superconducting Bus-Bar
Iron Yoke

Non-Magnetic Collars
Vacuum Vessel
Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole




Superconducting magnetic dipole
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Cryogenics

About 100 years ago, in 1908,
Kamerlingh Onnes first liquefied
Helium (60 mlin 1 hour)

LHC today: 32000 liters of He
liquefied per hour by eight big
cryogenic plants

J. Varela, The Big Bang factory, 2013
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In the tunnel

-

J. Varela, The Big Bang factory, 2013 35



In the tunnel

400 M{-Iz RF systep'nﬁ
| cryo-mydules each Withe,
} four caviyjes m the L'-IC
stralght sé tlon*LP4

J. Varela, The B gf’
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In the tunnel
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It's empty!

Air pressure inside the two 27Km-long vacuum
pipes (10-13 atm) is lower than on the moon.

J. Varela, The Big Bang factory, 2013 38



It’s cold!

27 Km of magnets are kept at 1.9 °K, colder than outer
space, using over 100 tons of liquid helium.

J. Varela, The Big Bang factory, 2013 39



It’s Hot!

In a tiny volume, temperatures one billion times
hotter than the center of the sun.

CMS Experiment at the LHC, CERN

Datasgecorded: 2009-Dec-14 03:51:28.667244 GMT
Run: 124120

Event: 6613074

Lumi section: 22 o

@bit* 22389724

Crossinge A
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Forward Calorimeters
End Cap Torod

-~

' General Purpose:
pp, heavy ions




ALICE & LHCb

ALICE

[High-Multiplicity Detector]

-
....

Physics: Quark-Gluon Plasma ...

Height: 10 m
Length: 20 m
Weight: 5600 t

L)

Height: 16 m
Length: 25 m
Weight: 10000 t

LHCb

[Forward Spectrometer]
Physics: Matter/Antimatter-Asymmetry ...

J. Varela, The Big Bang factory, 2013 43



It’'s huge!

Largest, most complex Study tiniest particles
detectors ever built with incredible precision

J. Varela, The Big Bang factory, 2013 44



General purpose LHC experiments

Advanced detectors comprising many layers, each designed
to perform a specific task.

Together these layers allow to identify and precisely measure
the energies of all stable particles produced in collisions.

Photons,
Electrons,
Muons,
Quarks
(as jets of particles)
Neutrinos
(as missing energy)

J. Varela, The Big Bang factory, 2013



Two concepts

CMS: Compact Muon Solenoid

Hight: 15 m
Length: 22 m
Weight: 12500 t

Hight: 25 m
Length: 40 m
Weight: 7000 t
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ATLAS detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

24 m <

7000 Tons

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

J. Varela, The Big Bang factory, 2013 47






Exploded view of the CMS detectors

SUPERCONDUCTING CALORIMETERS

COIL ECAL Scintillating PboWO, HCAL Plastic scintillator
Crystals | brass

. ot

‘ T sandwich

Total weight : 12,500 t
Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla

N |
) .‘lll

IRON YOKE

TRACKERs
MUON
il
\sEmm==aim
A%TS l\Sasmaasim
ol R
= YD =
| k ]
2 y ) S
Silicon Microstrips o 2 \ Liitrril 4
Pixels T || S Y stri
Drift Tube Resistive Plate Cathode Strip Chambers (csQ)
Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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CMS DETECTOR

TR RETURN 0KE CMS Detector
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobjum titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

J. Varela, The Big Bang factory, 2013 50
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I 1 1 I 1 1 1 1
om im 2m im 4m 5m 6m m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)

-~ = = - Neutral Hadron (e.g. Neutron)
""" Photon

el

Silicon
Tracker

Electromagnetic
)”' Calorimeter
Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS
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Extreme Engineering

Superconducting Magnets of ATLAS and CMS

Design Goal: Measure 1 TeV particles with < 10% resolution

12— ="

n | ,

100 | SDC-mogel ML

f % ATLAS -sol ]

—~ 80| s

> I |

§) ol F ALEPH ]

Rv S § " ’
£ T|ms ey

=  [TOPAZ ® DELPHI |

~ - m VENUS §

L 0 ATLAS Barrel|

L . . -

I ATLAS End-caps ]

0.0 ‘ ‘ |

10 100 1000 10000

Stored Energy (MJ)
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Superconducting cable

Al stabilized NbTi conductor.

Mechanically reinforced conductor to contain
magnetic forces.

J. Varela, The Big Bang factory, 2013 61



- s

.‘ | Superconductor solenoid at 3.8 Tesla




ATLAS Toroidal System




Silicon Tracker

Diameter 2.4m ————— I Silicon strip detector
Length 5.4m LT |

Volume 24.4m P |

Running temperature 100 xf‘ﬁu : e

Dry atmosphere for 10 years Y ool §

e Ef

[- I I — I‘ Pixel detector
| —— ——

Used to reconstruct the trajectories of
thousands of charge particles produced in the

collisions

214m? silicon sensors
11.4 million silicon strips
65.9 million silicon pixels

J. Varela, The Big Bang factory, 2013



Silicon Tracker

200 square meter of silicon wafers:
from cartoon to reality







Si sensors and electronics chain

|

|

lr=s = Ride on
Si Sensors 1w technology wave

75k chips using
0.25um technology

Optical
transmitter

100 ||||||||||||||||||||||||||||||||||||||||||||||| analogue
- | deconvolution mode — pre-rad . Detector optical |
— 1 Mrads | link
— 4 Mrads & 2
— 10 Mrads ]
— 20 Mrads i

— 20+anneal : |

IIIIIIIIIIIIIIIIIIIII|IIIIIIIiIIIIIIIiIIIIIIIII
0 40 80 120 160 200 240
J. Varela, The Big Bang factory, {3 gsec]




Cosmics in the Tracker

Example of Performance

A cosmic muon at -15°C Sectors 2,3 TEC+  warm, HV on, Peak
Validated clusters shown ] I8 Normal Strips Integral 483328
| Dead Strips Mean 1014.57
] , . RMS 60.84
25000 1 I Noisy Strips
0 >/ ndf 4315.590/ 114
Q Constant 2705376 £47.94
820000 Mean 101445+ 0.0
| 2 Sigma 56.1140.06
: G
| 515000
I 0*3 1 Normal Strips 99.852 %
@ ] (241 313 Strips)
] Dead Strips 0.116 %
510000 (275 Strips)
Z ] Noisy Strips 0.032 %
] 76 Strips
5000- J & (76 Sirps)
T T I T T

0""I'_' L e AL B B
0 500 1000 1500 2000 2500 3000
Normed and Scaled CMS Noise [electrons]

The Quality of the CMS Tracker is Excellent:

 Dead or Noisy Strips <3 /1000
- Signal: Noise > 25:1

J. Varela, The Big Bang factory, 2013 68



ECAL Electromagnetic Calorimeter

—!

“-_-_-__':"".‘-" :

o -

rY el .
\ | /"
y LA

ECAL Endcap |
1 crystal shape =

=

. VoV al S .
ACTION
Wl P
vy .
> v

Preshower
#"| based on Si sensors

Design Goal: Measure the energies of
photons from a decay of the Higgs boson

to precision of = 0.5%
,;\‘2‘4\9;"b
& 0 / Parameter Barrel Endcaps
Preshower (ES)
‘ # of crystals 61200 14648
P Volume 8.14m3 2.7m3
— Xtal mass (t) 67.4 22.0

J. Varela, The Big Bang factory, 2013



| " | Timeline of the LHC Experiments: a typical example

Development of Lead Tungstate
Scintillating Crystals for the CMS
Electromagnetic Calorimeter

~ 15 years !l

ldea (1993 — few yellowish cm3 samples) _}b» /, '} .' =
— R&D (1993-1998: improve rad. hardness: purit stoichi;)metry, defect;)
— Prototyping (1994-2001: large matrices in test beams, monitoring)
— Mass manufacture (1997-2008: increase industrial capacity, QC)
— Systems Integration (2001-2008: tooling, assembly)
— |nstallation and Commissioning (2007-2008)

— Data Taking (2009 onwards)
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Assembling the Calorimeter

CERN PHICMA, "\ ' :
5 Feb. 2004% \ N\ \ :
CMS ECAL Submodules:\

Submodule N
2X5 crystals O\ &P

—_—

Supev A‘module
1700 crytsals

Total 36 Supermodules
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“ . The Calorimeter installed in the Experiment
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i - ECAL trlgger and readout electronics

Underground caverns

709560

UXC 55

Detector

18 Crates

216 Electronic boards

3000 0.8 Gb/s optical links
2500 1.2 Gb/s electrical links
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Electronics systems

Electronics systems in the Service Cavern. ar tiglgér‘-ﬁg"tes
About 150 racks occupy two floors. il | "%
Most electronics was designed and built
specifically for the experiment

|
| -
- i
= || u
- (1

TTC Racks 1™




Electronlcs systems

qubal %
Trlgger C ate ik

| 1 ey

IfMM cratés '




HCAL Hadronic Calorimeter

Detection of hadrons:
- protons, neutrons, peons, etc.

» CMS HCAL has three components:
« Barrel HCAL (HB)
 Endcap HCAL (HE)

* Forward HCAL (HF)

» Plastic scintillator and brass

= Quartz fibers and steel
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Muon detectors

[l Drift Tubes A epC
o I S i TC Drift Tubes (DT)

|
oo I I — ||

’ Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)
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Surface Site in 2000




Civil engineering challenges

.

IS A sheet of water runs at -40 m !

Vi

% w = shaft excavation
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. 'i 205: Superconducting solenoid installed
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2005-06: Muon chambers inserted in iron yoke
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Surface Hall in Feb 2006
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HCAL barrel test assembly
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Magnet test on the surface

2006




Surface Hall: Endcaps
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2004: CMS detector cavern

4 \ m———
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Lowering CMS to
the underground
cavern begins:

November, 2006

CMS
A Compact Solenoidal Detector for LHC
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CMSPARA-001-11/07/97  xasw
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2007: Lower

A Compact Solenoidal Detector for LHC
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First barrel “wheel”

CMS
A Compact Solenoidal Detector for LHC
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Cables, Pipes and Optical Fibers




Insertion of the Tracker

Tracking SystemEIen=ie= = WREGRIEL=. 1"
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2008: CMS closing up...
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Sep 2008: CMS detector ready for beams
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Simulation of proton-proton collision
making two dark matter particles
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High collision rate

180 ‘ . Cosmic ray ‘:
— Y=22(bestfi) data Y,
Luminosity: 60 ---- +l1o TN

L = 1034 cm2s™! o
- 107 Hz/mb 20}

Cross section:

80 :
o= 100mb : g
60
- =
@)
40 b - E
_ — [ PP ) (&)
- N=Lo~1GHz wf "G 28 2 ]
0 -lllll 1 1 Illllll 1 1 Illllll 1 1 lllllll 1 1 llllll-
10 102 103 104 10°
However: /5 (GeV)

Bunch crossing rate: 40 MHz

- Interactions/crossing ~ 25 —_ Thisisa
real challenge !
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Bunch crossing frequency

» LHC has 3564 bunches (2835 filled with protons)

= Crossing rate is 40 MHz

= Distance between bunches: 27km / 3600 = 7.5m

= Distance between bunches in time: 7.5m / ¢ = 25ns
= Proton-proton collision per bunch crossing: ~ 25

LEP: ete Crossing rate 30 kHz

K > 1 I U
22ys
SPS-pp Crossing rate 280 kHz
| I I I

Tevatron pp Crossing rate 2.5
I

396ns

LHC: pp Crossing rate 40 MHz

I 01T I 1T 1T 1T 1
25ns
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Event pileup

» Proton bunches have a cigar shape, about 5 cm long and 20 microns diameter

= Each bunch has 1.5 10" protons

= At each crossing of bunches, about 25 collision occur

» The particles produced ( 30x25 = 750 charged particles) are “seen” by the detector

as a single image (event)

21 pilleup events

Tracking threshold in pr~ 100-MeV. Fake rate < 1%
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High radiation levels

Length [cm]
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Acquiring and recording data of interest

s Detectors nal with a 100 M pixel 3-D
e Analogy with a 100 M pixel 3
COLLISION RATE JEE digital camera:
Charge  Time Pattern
100 kHz Ny, 40 Million photos/sec
LEVEL-1 TRIGGER ey Tracks

Each photo (~ MB)

1 Terabit/s ) . :
(50000 DATA CHANNELS) taken in ~ 500 different parts
F - put together using a
: telecommunications ‘switch’
500 Gigabit/s - analysed in a CPU
(in a farm of ~ 50000 cores)
\ \ Only a few hundred photos/sec stored
&8 8 on disk.
11|
Gigabit/s SERVICELAN | Computing services] ~ 15 PBlyear
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Two-level trigger

o
barn

mb

nb

pb

LHC Vs=14TeV L=10*cm’s’ Event Rate

; Eventrate gy iGH
inelastic Level-1 input
O
k— bb .Z
MHz CSD'
Level-2 input
jets »
Level-3 ....
.7 kHz
o Wooelgcted events * \
o 2,19 archive 4
ot
p— H
99> Hgy 1
, mg/2 O
I g L
aG-aarty 1 =
1
HSM_)W h—)W ARL_)ZK mHz 5.
(1]
Hg 22
Y uH
* Zyp3dy scalar 1Q Z;2 :Sz
50 100 200 500 1000 2000  10°

jet Er or particle mass (GeV)
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Ionba

Trigger system decide if
the event is interesting
to be recorded

Two-step process:
- Level 1: dedicated
hardware processors

- High level: computer
farm

110



Trigger computer farm
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The LHC Computing Grid

The Grid unites computing resources of
particle physics institutions around the world

The World Wide Web (invented
at CERN) provides seamless
access to information that is
stored in many millions of
different geographical locations

The Grid is an infrastructure that
provides seamless access to
computing power and data
storage capacity distributed over
the globe

J. Varela, The Big Bang factory, 2013
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Worldwide LHC Computing Grid connects
100,000 processors in 34 countries with
e Ultra-high-speed data transfers

factory 2018




Detector commissioning and
rediscovery of the SM

MTCC |

"Rediscovery"”

fea MAAAC [ ddic
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2009: First p-p collisions at LHC

November 23, 2009 December 14, 2009 March 30, 2010
First collisions at 900 GeV First collisions at 2.36 TeV First collisions at 7 TeV

CMS Experiment at LHC, CERN
Data recorded: Tue Mar 30 12:58:43 2010 CEST
{ | Run/Event: 132440/ 2731900
Lumi section: 124
| Orbit/Crossing: 32261678 / 1

First collision at 7 TeV in CMS




Jet event in CMS

Multi Jet Event at 7fleV




LHC Page 1: stable beams

Fill: 1729 E: 3500 GeV 22-04-2011 00:02:58

PROTON PHYSICS: STABLE BEAMS

Energy: 3500 GeV 5.50e+13 1(B2): 5.54e+13

1930 om-2s- 1)

Wlenuny

Lumisoury

;

0

1400 1600 ik

“ AN [ 9 "
400 1600 1800  2E00 s e ——

Comments 22-04-2011 00:02:52 BIS status and SMP flags
** Stable Beams ** Unk Status of Beam Permits
Global Beam Permit
Setup Beam

Beam Presence
AUtOfT\ath LUb‘I LEVEUNG in IPB Moveable Devices Allowed In

World record for luminosity for
hadron machine

Stable Beams
AFS: 50ns_480b+1small_424 12 468 36bpi1Sin] PM Status B1 PM Status B2




March 30, 2010: CMS Page 1

30/03/10 Session DAQ state Run Number Lv1 rate Ev. size DeadTime(AB) Acc. Hz(%) <HLT CPU>
Tue 13:17:05 126284 Running 132440 1.044 kHz 495.9 kB 0.0% 1043.8(100.0 1.47%

lhcl Data to Surface SM streams Data Flow
Sub-System  State FRL FED IN Stream No.Events Rate (Hz) BnW (MB/s)

s I Running soereess]  ors2] 166l LHC RAPING _flse

EC e G I Running EcalCalibrat] 379676603 97.56] 200 PHYSICS_DECLARED true

1.88e+10 “ 1.74e410 :Running PIX_HV_ON o Calib(:yc ON
 Running ssrieens|  srer| 755 TN e

Bl Running [ 11 11 ALCAPHISYM|  7.090E+3 5.53 0.0 SV1(CT) 3909384

ECAL i Running o] [ ovon] ssoens|zoel 039 | ,

S I g 2o 30| [ aLcam[casoooeso] —oas] ooo] | WARate| 1.044khz |

HCAL [l Running z6000er0|  o03| ool

PXEL ] Running 0Er0[ 000 0.00] | pynginguat

RPC {1 Running
SCAL Running
TRACKER [i] Running
CASTOR [}l Running

Fill: 1005 E

LHC O3 C : 77600, 7043 2 2t

[Rate(kHz) | Stored | Accepted% | CPU%

i Hiusage
_i....Aqcepted
Rate

Stored|events <#P>23.8 235 P.M-m
#Running FUs 167 AM-m
CPU>

Rate (kHz)
SUELEREISN

AccRate | 1043.792 Hz

Disks usage ¥ % log scale

EventRate Hz Free space TB

364.1 229
Stored 1092490

UTC time 30/03/10 11:17:05 Local time: Geneva 13:17, Los Angeles 04:17, Chicago 06:17, Moscow 15:17, Beijing 20:17




Experiment control rooms

Cessy: Master Control Room Fermilab: Remote Operations Center

Meyrin: CMS Data Quality Monitoring Center Any Internet access

e —

B

CMS Experiment

J. Varela, The Big Bang factory, 2013 119



unforgettable moments

120
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... and happy in the end!
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Tracking performance

Pixel cluster charge

(¢}

MS preliminary 2010 \5=7 TeV
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\s=7TeV

—4— Data2010

- Minimum Bias MC

Average Number of Pixel Hits

235 2 15 -1 056 0 05 1 15 2 25
n
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CMS

ATLAS

dE/dx Estimator [MeV/cm)

=] =]
— o N
3 noooo

High-threshold probability
o

de/dx in the strips

1 0 i CMS Preliminary 2010 : Data with\s = 7 TeV
E . T: = Fit to reference Data
o . 10°
95 '::: = Extrapolation
8 £y :
- ol ad
U3 ¥ omemmnm 1
= '
= 10°
SE
N 102
3t
2; 10
1 ;— e T
0 AT 1
0051152253354455
TRT Det.
- ATLAS preliminary tog b i
-+ Electron candidates b4 3o ? B
- = Generic tracks i 1
- ¢ Electrons (MC) . -
- o Generic tracks (MC) 1 f .
P e g -
! TRT end—cap 1
Ll P | sl )
10 10* y-factor 10° 10*
1 10 1 10
Pion momentum (GeV) Electron momentum (GeV)

122



Tracking: secondary vertices

Basic variables relevant for B-tagging are well described by the simulation

CMS Preliminary 2010

I [TTTT IH'DAT . 1 / ~
B "aztsm . ATLAS
1of e EE‘TSPS{ , w 1 EXPERIMENT

3,

Decay length = 3.7 mm
Decay length signficance = 22
Lifetime = 3.1 ps

Vertex mass = 2.5 GeV
Number of tracks = 5

MC Normalized to Data

30 20 10 O 10 20 30
3D IP significance

CMS Preliminary 2010
T | T T T | T T T |

T \
"

it
§ 103; CMS ~ . .
s . = Secondary vertices compatible
(©) i ] . .
= 1% - ; with heavy flavor production
. -

2 4 6 8 10
no. of tracks at SV
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CMS 2010 Preliminary
CMS M sc
—— Data

ECAL Barrel

1076 78 10 12 14 16 18 20
energy (GeV)

CMS Preliminary Data \s=7 TeV
RS RAARS LA LA RAAAS R

9000~ /
sooof M = 537.37 + 0.53 MeV
F 06=6.1+01% .
Z SIBt2a=o'34 ]

. ‘.“-
4000 25.5k n>vyy pairs -

04 05 06 07 08 09 1
Invariant Mass of Photon Pairs [GeV]
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Photons and electrons

pr(e*) = 1.75 GeV, 11 TRT high-threshold hits
pr(€) = 0.79 GeV, 3 TRT high-threshold hits

TRT high-threshold hit fraction

200 - T T T T
180 e Data 2009 A\ s = 900 GeV)

o — Non-diffractive minimum bias MC
160F [JHadrons

3 Electrons from conversions
140

120
100
80
60
40
20

Entries / 0.025

ATLAS Preliminary

ATLAS

lllll llllllllllllllllllllll llllllllll‘

|||r IIIVIIIIIIIII||ITIIlI
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Jets and missing energy

Inclusive Jet Production —&— Data 2010 S =7 TeV

Missing Transverse Energy

§ AntiKt jots R=0.6 —— PYTHIA S T T T T T
- EM scale p';' > 20GeV & 10° ATLAS Preliminary
3 Iy*“|<2.8 ATLAS preliminary NG=7Tov
~::_ . . . e Data
vE Jet P distribution ATLAS =
s Calorimeter
10";—
.;: 0 5 10 15 20 25 30 35 40 45 50
107 TT [T T T T [T 11717 | E';‘I”[Ge\/]
50 100 150 200 250 300 350 400
EM scale p!" [GeV]
- ,I,D,I-,I,e,t Irlr?alsllsI I E 106 \(‘7§M=S7P.|I::I\ilminary201o_;
% - CMS preliminary 2010 ~ .Simulation
©, \s=7TeV 1 -'g 10°
% Job pe)> 25 GeV | o - data
0 0§ Get) < 3 I 104 : E
L - Data 1 5 Particle Flow -
[ simulation _ CMS g 103 _§
Us E c :
: E 210
107 E 10 f[”'f g1 _§
' z 1 L
g 0 20 40 60 80 100 120 140
102 Pt E, [GeV]

0 100 200 300 400 500 600 700 80t
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Rediscovery of resonances

3
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L 12001 CMS preliminary Yield: 17375 + 153 N
o [ 900Gevand236TeV [ Mean: 497.7 + 0.1 MeVic?
= r Core : 4.5+ 0.1 MeV/c? |
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Jhp’ s decaying into muons

Gaussian-mean mass: 3.0630.02 GeV

— T LI B S A B B A L TTT TTTI T Y ™ H . +
T AR Prrmminary NU S Resolution: 0.08+0.02 GeV
gzs{ I Number of signal events: 49+12
g: ‘ N _(76112) — 30_"']"'|"'l"'l"‘l"'l"'l"'l"'_
a0 sig — @ - ATLAS Preliminary .
g = (3095 % 0007) Gev 2 25 -4 Data with Poisson Errors —
$ | 1 o=@25:63)Mev 8 T :
s S/B ~ 1.1 S L, -
£ - .
G 15 =
105 + + -
s s ﬁ& 4
O:I 11 I 1 |14|'| 11 | | I — I L - | L1 | L1 I l+l 11 I:
24 26 28 3 32 34 36 38
Invariant Mass p'u [GeV]
CMS ATLAS
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W and Z bosons

.| CMS Experiment at LHC, CERN {
i| Run 133875, Event 1228182 ‘

Muon p;=38.7 GeV/c
MEr=37.9 GeV
M= 75.3 GeV/c?

/-ee:

Mass= 91.2 GeV/c2

J. Varela, The Big Bang factory, 2013

A1 EXPERIMENT

| CMS Experiment at LHC, CERN
‘ Run 133877, Event 28405693

il Lumi section: 387

Sat Apr 24 2010, 14:00:54 CEST

Electrons p;=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

N
l

S (]
i = \.\
\

/

-~

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -042

E, ™= 26 GeV

M, =57 GeV
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End of Lecture 2



