The LHC proton collider

Couse on LHC Physics 2015 1



Couse on LHC Physics 2015



experiments layout
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Tiny bunches of counter-circulating protons.
Colliding head-on 40 million times each second:.»|




Collisions at LHC

7x10? eV Beam Energy
10%*cm?s'  Luminosity

2835 Bunches/Beam
10™ Protons/Bunch
i - ::‘7.5m (25 ns)
——————

7 TeV Proton Proton
colliding beams
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Accelerator challenges
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Relative to Tevatron (Fermilab, USA)
Energy (14 TeV) X 7
Luminosity (103*cm=s1) X 30

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

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

= More than 2000 dipoles
= 100 ton liquid helium
= |LHC power consumption 120 MW
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Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Protection
Diode

Helium-Il Vessel
Superconducting Bus-Bar
Iron Yoke

Non-Magnetic Collars
Vacuum Vessel

Radiation Screen

Thermal Shield

The
15-m long

Bus Bar Tube

Instrumentation

LHC cryodipole
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In the tunnel

Beam/delivery *
towards
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In the tunnel
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It’'s empty!

Alir pressure inside the two 27Km-long vacuum
pipes (1013 atm) is lower than on the moon.
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27 Km of magnets are kept at 1.9 °K, colder than outer
space, using over 100 tons of liquid helium.
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In a tiny volume, temperatures one billion times
hotter than the center of the sun.

CMS Experiment at the LHC, CERN

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

Event: 6613074

Lumi‘section:

Qebit?

Crossinge




The Experiments
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Gl A ATLAS V19T
Forward Calorimeters
End Cap Toroid

-~

General Purpose:
pp, heavy ions

Shielding

Detector characteristics

Width:  22m
Diameter: 15m
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Sl It’s huge!
L 1 P
Largest, most complex Study tiniest particles
detectors ever built with incredible precision

(people)
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World-wide collaborations

%’ 38 Nations
~3500 physicists

__________________________________________________________________
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i ll!! 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)

Ay
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L Detector design
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Design guided by physics
Search and measure the Higgs boson
Search and measure Supersymmetry

Search for any other new physics at high p+
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ATLAS: A Toroidal LHC ApparatuS
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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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Exploded view of the CMS detectors

CALORIMETERS

ECAL Scintillating PboWO, HCAL Plastic scintillator
Crystals

‘ P brass.
, il sandwich

Total weight : 12,500 t

Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla

IRON YOKE

--—
—rrT1 4
T L L

Silicon Microstrips Co— iy~
Pixels E

=10
.-....

Y strips

Drift Tube Resistive Plate Cathode Strip Chambers (csQ
Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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CMSDETECTOR

STEEL RETURN YOKE ( :M S D t t
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS e eC O r

Overdl diameter : 15.0m Pixel (100x150 pm) ~16m2~66M channels
Overdl length :28.7m Microstrips (80x180 um) ~200m2~9.6M channels
Magneticfield :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

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

PRESHOWER
Silicon gtrips~16m2~137,000 channels

FORWARD CALORIMETER
Seel + Quartz fibres~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PoWO4crystals

HADRON CALORIMETER (HCAL)
Brass+ Plagtic scintillator ~7,000 channels
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ATLAS detectors

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

7000 Tons

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Detection of hadrons, e*, y and p*

S
Muon
e Electron
Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

Electromagnetic

}”' Calorimeter
Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenoid
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Iron return yoke interspersed
with Muon chambers

.......
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1993-2008: detector R&D and constru
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Superconducting cable

Al stabilized NbTi conductor.

Mechanically reinforced conductor to contain
magnetic forces.

. Sccable
© ST23983898132848
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d at 3.8 Tesla
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ATLAS Toroidal System
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L Silicon Tracker
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Diameter 2.4m

Length 5.4m
Volume 24.4m°>

Running temperature 10%
Dry atmosphere for 10 years

II Silicon strip detector
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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
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Silicon Tracker

200 square meter of silicon wafers: from
cartoon to reality
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ECAL Endcap Electronsand photon detection:
1 crystal shape { RS IT
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ECAL Barrel §gw
17 xtal shapes

Preshower
based on Si sensors

}W'W}fﬂ['/ | fV—___:ﬁ L'_ _4‘ ///ﬁ/// Design Goal: Measure the energies of

i I:s%{"?_}’jﬁ&m,:f-"'-,«»-»;»/-/--, ;, I/I/.I,I —
/M *%/f % / KWW/%{///. i photons from a decay of the Higgs boson
to precision of < 0.5%

Parameter Barrel Endcaps
Preshower (£3) # of crystals 61200 14648
Volume 8.14m?3 2.7m?3
Xtal mass (t) 67.4 22.0
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S Submodule

2)?5 crystals
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Module

400 crystals
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Supermodule
1700 crytsals

Total 36 Supermodules




» Assembl of front-end electronics
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|ICAL Hadronic Calorimeter

i
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 1 P
£ [ Drift Tbes A o 0| et
“ . H o — 1 Drift Tubes (DT)
Cathode Strip Chambers (CSC)

Resistive Plate Chambers (RPC)

n=2.1
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Trigger and readout electronics

Underground caverns
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Electronics systems in the Service Cavern. Bl
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About 150 racks occupy two floors. [z
Most electronics was designed and built |

specifically for the experiment

PCEVME
controlle



http://oracmsbackup.cern.ch:7777/portal/page/portal/cms_page1/USC%20rack%20status/S1

Surface Hall in Feb 2006
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CMS detector cavern

2004

42
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@il 2007: Lowering one of six huge disks

CMS NN 1
A Compact Solenoidal Detector for LHC N |

CMS-PARA-001-11/07/97 s







ep 2008: CMS detector ready for beams
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Simulation of proton-proton collision
making two dark matter particles
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ligh collision rate

Luminosity:

L = 10% cm™=s™
— 10" HzZ/mb

Cross section:
o~ 100mb

w N=Lo~1GHz

However:

180

160
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120 |

Cosmic ray 7

¥=22 (best fif) data A

e 10 —
.......... ¥=10 A
]

'.".
Illll;\ll

} 3

Z ]

@) N

E .

Spp g A ]

c -

g % S B R

-IIIII 1 ] IIIIIII 1 (] IlIIIII [ | IIIIIII 1 1 IIIIII:
10 102 103 104 10°

Vs (GeV)

Bunch crossing rate: 40 MHz

~. Interactions/crossing ~ 25 —_ Thisisa
real challenge !
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Bunch crossing frequency
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» 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
< > I I

22pus
SPS-pp Crossing rate 280 kHz
] I 0

Tevatron pp Crossing rate 2.5
i 0

396ns

LHC: pp Crossing rate 40 MHz

I &I 1T T T 0T T T T T 1
25ns
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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 pileup events

Tracking threshold in pr~ 100-MeV. Fake rate < 1%
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ligh radiation levels
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0 500 1000 1500 2000 Length [cm]

2.13E+07 1.00E+03 1.00E+02 1.00E+01 1.00E+00 1.00E-01 1.00E-02 0.0

Radiation Dose [Gy/year]
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cquiring and recording data of interest

4 Detectors Analogy with a 100 M pixel 3-D
COLLISION RATE C{L—i JT—[L P digital camera:
arge ime attern
100 kHz e % 40 Million photos/sec
LEVEL-1 TRIGGER oy

Each photo (~ MB)

1 Terabit/s - taken in ~ 500 different parts

(50000 DATA CHANNELS)
- 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
dfledled 1%  ondisk
| [ | I
Gigabit/s SERVICE LAN | Computing services} ~ 15 PBlyear

Couse on LHC Physics 2015 53



.'5?'1
1

-

6 LHC Vs=14TeV L=10tm’s’ Event Rate

barn
armpdienald b _._S Trigger system decide If
_._’
™

Two-level trigger
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L

3

b O G‘" the event is interesting
s = to be recorded
Level-2input gp @

Level-3 ... »
oW R -
JE Selkcted events » v
. 2,10 arghive

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

nb

- High level: computer
farm

pb

jet Er or particle mass (GeV)
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Triggers and event selection

= Select processes that produce particles with high
transverse energy

= Examples at 5.x103%3 cm~2st
 Single lepton and photon triggers (P ~ 30 GeV)
« Multiple lepton and photon triggers (P ~ 15 GeV)
* Missing transverse energy (P ~ 50-100 GeV)
* Multiple jet triggers (P ~ 50-100 GeV)
= About 100 trigger conditions in L1 trigger table

= About 400 trigger conditions in HLT trigger table
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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
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Detector commissioning

Evanta /|

L1

o= T M

% e 01 o 0z 0 W<

"Rediscovery"”
e CRAC (dotoo

Cardidalis
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LHC Page 1: stable beams
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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)
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=
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|
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Experiment control rooms

Cessy: Master Control Room Fermilab: Remote Operations Center

P T
TRy el
>

Any Internet access

CMS Experiment
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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

First collision at 7 TeV in CMS




unforgettable moments

i

63
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1 Tracking: secondary vertices
1 P
Basic variables relevant for B-tagging are well described by the simulation
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CMS Preliminary 2010

R RN RN SRR R E
; Bl ';azvm f , ,, .. ATLAS
10'e S o) /] L EXPERIMENT

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

e CMS ; . _

5 . Secondary vertices compatible

= oF . with heavy flavor production
10L ]

2 4 6 8 10
no. of tracks at SV
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Photon Pairs / 0.010 Ge

gme : CMS 2010 Preliminary
"ol CMS ¢

10.E —— Data

10° ECAL Barrel

10’E

10 .

i LY
EJMMJJDMI::LJ.A
10 b

energy (GeV)
CMS Preliminary Data Js=7 TeV
AR B e e

©
o
o
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I

. M = 537.37 £ 0.53 MeV -
E 6=61+01% -
; s/iB :

=0.34

+2a

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

TR

Photons and electrons

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

200
180
160
140
120
100
80
60
40
20
0

0
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0.1
2015

T high-threshold hit fraction

o Data 2009 f s = 800 GeV)
— Mon-diffractive minimum bias MC
JHadrons
= Electrons from conversions

ATLAS Preliminary

ATLAS
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Jets and missing energy
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Rediscovery of resonances

g
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W and Z bosons

Run Number: 152409, Event Number: 5966801

= Date: 2010-04-05 06:54:50 CEST
.| CMS Experiment at LHC, CERN
i Run 133875, Event 1228182

Sat Apr 24 2010, 09:08:46 CEST

Muon p;=38.7 GeV/c
ME;=37.9 GeV | — —

MT=75.3Gevy e \ : AN |
/ \ 3 i W-ev candidate in

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

nle+) = -042

E,™ =26 GeV

M, =57 GeV

| CMS Experiment at LHC, CERN
{| Run 133877, Event 28405693
il Lumi section: 387 — =8

Sat Apr 24 2010, 14:00:54 CEST /’ e
|
4
N

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

/—ee;

Mass= 91.2 GeV/c2

Couse on LHC Physics 2015 68



| Rediscovery of the Standard Model at LHC

1947 1964 1974 1977 1983 1995

1933
— A———f I >
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Standard Model at 7 TeV (2010-2011)
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...and many more physics results
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End of Lecture 2
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