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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)
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L Detector design

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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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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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

.......




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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ECAL Endcap Electronsand photon detection:
1 crystal shape { RS IT
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ECAL Barrel &5
17 xtal shapes

Preshower
based on Si sensors

e | e RIPY
M T, L 4‘ /fﬁ/// 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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|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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;-Ig.ll Muon detectors
g’m ‘ant Tibes oo PO |1

o T —— Drift Tubes (DT)

Cathode Strip Chambers (CSC)
> Resistive Plate Chambers (RPC)

n=2.1
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Trigger and readout electronics

Underground caverns

ZOEE) !

UXC 55

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

2004: CMS detector cavern
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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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Experimental challenges
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ligh collision rate

Luminosity:

L = 10% cm™=s™
— 10" HzZ/mb

Cross section:
o~ 100mb

w N=Lo~1GHz

However:
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120 |

¥=22 (best fif)
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Bunch crossing rate: 40 MHz
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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
] 0 I

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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High radiation levels
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cquiring and recording data of interest

4 Detectors Analogy with a 100 M pixel 3-D
coLLisionRATE | Lt 1 1 digital camera:
Charge  Time  Pattern
100 kHz e % 40 Million photos/sec
LEVEL-1 TRIGGER Energy  Tracks

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
dfladled  t&  ondisk
| [ | I
Gigabit/s SERVICE LAN | Computing services} ~ 15 PBlyear

Couse on Physics at the LHC 2016 31
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6 LHC Vs=14TeV L=10tm’s’ Event Rate

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

Two-level trigger
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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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Trigger computer farm
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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

Couse on Physics at the LHC 2016 34



>

1 '
|
=
-— _—

~—]
-
iz
L

74
.

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

Couse on Physics at the LHC 2016 35



Detector commissioning
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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)
LHC Pagat 1.: 108 Ri- 2800 A S-O%201818:27:61 TRG "Running 3 Calibration| 379.676E+3 97.52 16.62 LHC RAMPING false
BEAM SETUP: FLAT TOP (@ Running 9| [ EcalCalibrati] 379.676E+3 97.56 2.02 PHYSICS DECLARED true

=

3500 GV toserto RN 17serr0 DAQ Running 0 A| 262.205E+3 112.70 20.95 PIX_HV_ON B C.iibCyc ON
- = ¥ DQM | Running 0 Express| 48.716E+3 37.87 7.55 TK_HV_ON true
DT Runni 11| [ALCAPHISYM|  7.090E+3 5.53 0.02 | S Saninonn |
il * #Wv1(GT) | 3909384
ECAL Running HLTMON|  3.303E+3 2.02 039 s
ES Running ALCAPO| 684.000E+0 0.38 0.00 v1 Rate 1.044 kHz
HCAL Running 32| | OnlineErrors| 26.000E+0 0.03 0.01 o -
X occ. %
PIXEL Running RPCMON| 15.000E+0 0.00 0.00 Pendng Lol oo

e — RPC Running Error 0.000E+0 0.00 0.00 114131 in

e Uk S b P SCAL Running A
Iy e G L Goal = PacmE e R - #Frag. in RU ;
Preguring to mave ol | o’ b - TRACKER RHAEIG c0la30lane g FBO

Beas revence T Max| 103 Max
Movaatle Devices Adcwred In CASTOR Running 3
tazte Dears Min 42 Min

T s 1 s o1 [T 5o = (I

[Rate(kHz) | Stored | Accepted% | CPU% ] / Time

BnW (MB/s)E'E EvSize (kB)

1000% 11E+6 501 Eﬂ 496.7

DeadTime(AB) [.7"%] - Events in BU

—~€PHusage :

<tv> 0

_éepted

Pending Reg. Reeiv.-Disc.

%tored events : o <#P>23.8 235 P.M-m

|
#Running FUs I8 T 167 AM-m
4704 l A ‘l || <FU-CPU>
100.00% | I [ 147 %
100
Acc.Rate | 1043.792 Hz |

BnW MB/s> Disks usage t % log scale <SM-CPU>

47.4 577 %

EventRate Hz Free space TB

0 — — . i Hi . : s Time 2 2t ‘
0703710 03710 i03/10 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

Rate

Rate (kHz)
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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
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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

AR AR AR RSN RARRN R :
; Bl ';azvm f , ,, .. ATLAS
10 mw 23?3{3} 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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%100 CMS 2010 Preliminary
§10°¢
m I~

10‘% —— Data
10° H‘L\h ECAL Barrel
102E
+ 1'
1L ‘h }
| i
10756 78 10 12 14 16 18 20
energy (GeV)
CMS Preliminary Data Js=7 TeV
~ 9000 A R e e
aouu: M = 537.37 + 0.53 MeV -

Photon Pairs / 0.010 Ge

c=61£01% ]
s/B :

=0.34

+2a

04 05 06 07 08

Ll
0.9 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(e) =0.79 GeV, 3 TRT high-threshold hits

Entries / 0.025

TR

200
180
160
140
120
100
80
60
40
20

%

II|I I||||||||J|||||||I|||

0.1

T high-threshold hit fraction

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

ATLAS Preliminary

ATLAS

III|II|III|III.|III|IIIII]L|II|III|I.I]'
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Jets and missing energy

§'F o Jot roducion - Dota 201 5= Tev Missing Transverse Energy
52 E Antit jots R=0.5 —— PYTHIA
T r EM scale o' > 206eV - RN EREEREEEE S R RE R :
5; 0= <28 ATLAS preliminary 8 10° ATLAS Prehmmary
- ; h) ys=7 TaW
: ATLAS £
10.;3_ - - T ? - ta
; Jet P distribution i 10 o
C o ]
s 1 Calorimeter
- 107
il = 10 f
: i3
i 1....|.. Ly 1”H_|t
1w T T T T U 5 10 15 20 25 30 35 4[] 45 50
(] 50 100 150 200 250 300 250 400 EN= [GeV)
EM scale p!" [GeV]
DI Iet maSS > CMS Preliminary 2010
FT T LN B B BN B ] ) =7TeV -
% - v | | CMS prellenary 2010 . O] 106 e
Q : \F—?TQV :;J" . Simulation
% ol pie)>25GeV | = 10° .
s 0 inGon) < 3 2 .
o | - Data w10t Particle Flow
i [ simulation (o]
1k CMS ) 10° _
- 0
: =
i Z 10 E
107F 10 =
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1 it 444,
10? 0 20 40 60 80 100 120 140
0 100 200 300 400 500 500 700 801 Pf ET [GeV]
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Rediscovery of resonances

g
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| 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)

CMS
CMS Preliminary, Ns=7 TeV o) = 3
& - W A imi .
5] : [ CMS 95%CL limit
; 2 12 5 10 E | 5 Z : : CMS measurement (stat@syst) E
CMS e/m+jets+btag 164+ 3+12 + 7 5 S % 1 9 o y 3
TOP-11-003 (L=0.8-1.09/pb) (val + stat. + syst. + lum) = ] g_o—; g —— theory prediction ]
N < 10°E ] o =] 3 E
CMS dilepton (ee,mm,em) 170+ 4+ + 8 xe] E - T ; 3
TOP-11-005 (L=1.14/fb) (val £ stat. + syst. + lum) 5] s 22 Wy ; : : o
¢ 10°F =& SN 2 I T R R =
CMS all-hadronic 9 ' 136+20+% + 8 » E L > sy T 3
TOP-11-007 (L=1.09/fb) (val £ stat. + syst. £ lum) 8 5 - =4j T ; FWW ; .
5 1OF 5 4 o Wz 5
CMS dilepton (mt) T 149+24+%0 + 9 s E j 3 77 =
TOP-11-006 (L=1.09/fb) (val £ stat. + syst. £ lum) (@) 10 } } oo } H(127) }
=] E w : : w '
[$] = o 1 , 1 = —»7Z ' 3
CMS 2010 combination a) 154+17 + 6 3 - Er >30 GeV y Er>10GeV . | | ¢ : .
arXiv:1108.3773 (L=36/pb) 8 (val £ tot. + lum.) o 1 ! Il <2.4 | ARG >0.7 | /777N
: e E | AU R S
CMS e/m+ets+btag =l 150+ 9+ £ 6 C § | . 4 | PR
arXiv:1108.3773 (L=36/ph) = (val £ stat. + syst. + lum) 101 E ! 36 pb + 36 pb ! 1.11fb r 4.7 =
x' 5 5 5 5 5
CMS dilepton (ee’mm,em) 'é_ 1 168 + 18 + 1: + 7 cn;:-iizg\?\;}:-):(i(znz PLB701(2011)535 CMS-PAS-EWK-11-010  CMS-PAS-HIG-11-025
arXiv:1105.5661 (L=36/pb) 2— (val + stat. + syst. £ lum)
CMS e/m+jets T I73tl4t 0t 7
arXiv:1106.0902 (L=36/pb) (val £ stat. + syst. £+ lum)
Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009 u F ab u I O u S ag r e e m e n t
MSTW2008(N)NLO PDF, scale A PDF(TO% C.L) uncTrtainty

0 50 100 150 200 250 300 - LOtS Of data
s(t) (pb) ... on to the Higgs...
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The Standard Model at LHC

Hadron interactions

QCD and parton densities

Monte Carlo generators

Luminosity and cross-section measurements
Minimum bias events

Jet physics

W and Z physics
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Kinematical variables

PT

X4P X500 Proton
o

Proton

Relevant kinematic variables:

e Transverse momentum: pr

e Rapidity: y = ¥2-In (E-p2)/(E+p2)
¢ Pseudorapidity: n = -In tan 120
e Azimuthal angle: ¢

Schematic
proton-proton scattering

Pseudorapidity




Ill Invariant mass

pl" ml p3, m3 —

Invariant Mass:

2 2
M* = (p1 + p2) P, m, Py m,
= (F1 + EQ)Q — (p1 +52)2
= m7i +m5 + 2B, Ey(1 — 3132)

Center of mass energy

Center-of-mass Energy:

Eem = [(E1 4+ E2)” — (P1 + D2)?]

1
2

Particle 2 at rest:

\/S = Ecm — [m% + m% + 2E1m2]%

Particle Collider:
[E1 = By p1 = —pa; my = mg = 0]

Ecm = 2K
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Cross section: >j<
Matrix element

Dy, My Ppo> My o
Phase space
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P3, 13

Differential

. Matrix element
Cross Section:

(2m) 4|2

do =
4\/(291 - p2)? — mims3
X dq)n(pl + P25 P3, - -, pn—|—2)
n-body
phase space dd, = ... n
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Proton-Proton Scattering @ LHC

ol /] ([

Proton 7= Z/dmd% fi(z1, Q%) fi(z, Q%) 6(Q%)

p Hard Process
LiP1 [caloulable] Product g(z, Q%)
P2 Product

Proton
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Proton
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§!Proton-Proton Scattering @ LHC

Proton

pl:F:..

filz;)
(

PDF
> S

p2 == %,

Proton

o= / dzydzy fi(x1, Q) fi(x, Q) 6(Q?)
i

XipP1

P2

® Hadronization

Hard Process
[calculable]

Hadron-Jets
Leptons

VVV

Hadronization

[ohenomenological]
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Lepton-proton scattering

Electron (e*)

k' Electron (%)

K

Sk Y 2 2
Cross Section: Q=-g

do ~ doe. x FQJ Quark

4r[0(2/q4 x-z eé q(x) X X Quark

Proton
S I: Remnant

PI’OtOﬂ Structure function

describes proton structure
probability to find quark with mom. fraction x



Structure Function F,

Naive
— . QPM —
© A
Xq(x)
Electron-Quark do(eq) 4mo?
scattering dg? — a* 4 ’ ;|1U/l§d>
(spinless Case) Rutherford scattering e >
on pointlike target
q do(ep) _ 475&2[262 +o?] = 4o’
g 5 T T4 uT¥dl T T g
dq q q

With
quark-quark
interactions

do(ep) _ 4maZ ooy L e2d(x) +...]

Xq(x)

dx dg? o4
Aol F(X)

QPM: Structure Functions F2 independent of Q?

1/3
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Three

Proton valence quarks F2 (X)

1/3 1

Three bound
Proton valence quarks

:
: § 3

1/3 1

Bound valence
Proton quarks + gluon radiation

valence

small X

1/3 1
[see e.g. Halzen/Martin]



Scaling violation

Fo(x,Q?)

—
1

0.5}

Deuteron x=0.008
A SLAC 0.0
x=0.
| BCDMS// o
.

Q2 [(GeV/c)?)

0.1

® NMC
A SLAC

LI ]

Deuteron ‘

0O BCDMS

IIItllII L

L1 1 1111 J Lol b L1l

1

10

Q2 [(GeV/c)3)
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Scaling violation

Proton quark dominated: Proton gluon dominated:
Q* T = F2 | for fixed x QT = F2 T for fixed x

Q?-evolution described by DGLAP Equations
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Proton parton densities

H1 and ZEUS HERA I+Il Combined PDF Fit

H1 and ZEUS Combined PDF Fit

10 \ I | | ' I ' ' '
(x0.05) Q2 = 10000 GeV? @ Q2 = 10000 GeV2
I " —— HERAPDFL.5 (prel.)
0.8 B exp. uncert. h
:XS (x 0.05) |:| model uncert. xS

0.6

0.4

0.2

[ parametrization uncert.

" HERAPDF1.0

|| HERAPDF1.0 (HERA I)
HERAPDF1.5 (prel.)

(HERA I+II)
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Q? [GeV?]

- ———

Particle production @ LHC o

X1
109 T |||||I'I'| T |||||I'l'| T ||||I'I'I'| T |||||Il'| T ||||l'l'l'| T T 1117
LHC parton
» = (M/14 TeV) exp( +y) kinematics X2
108 Q=M M =10 TeV P
107
0 b o] pp > Xv 4+ remnants
Xm: particle with mass M
10° b ] e.g. Higgs
.| ) 41 M2=xixe-s
10" M=100GeV /@ °. ‘
i ' Ry i.e. to produce a particle with mass M
0 i ' at LHC energies (Js = 14 TeV)
~ X = Jxixe= M/ys
N 2 : /6- [X1 = xe: mid-rapidity]
10° : : : :
E M =10 GeV
: fixed |
10' E target LHC needs:
- Knowledge of parton densities
- Extrapolation over orders of magnitudes
100 L Illlu.d L IIIII"] L Illllu] L1l L IIIII||] L Illlud L_L1ll
107 10 107 10t 107 107 10t 100

M2
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End of Lecture 2

Couse on Physics at the LHC 2016
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