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Lecture Pla

Overview of the 3 lectures in the next days
* Lecture 1: Introduction to Experimental

Particle Physics at the LI

C

_ecture 2: Measurements and test of the

Standard Model, (excluding the Higgs)

* Lecture 3: Searches beyond the Standard

Model at the LHC




Disclaimer:

ATLAS & CMS have very
similar results

Typically one chosen
for illustration

« Experiments at the LHC

» Experimental Challenges

» Experimental Objec
e SuMmmary
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BUSSTEPP!

This is a School on Theoretical and Experiment in HEP
Theory is no doubt extremely important

*The Standard Model, our present Standard Theory is a triumph !!

*The BEH mechanism, through the discovery of the Higgs Boson underlines
the power if theoretical insight!!

If Supersymmetry will be discovered this will be an unmatched theoretical
triumph!!

But none of the insight/believe in these theories would have happened
without experimental data. No sign of Supersymmetry found yet!!

Moreover experiments have over the past given a lot of ‘surprises’ and new
directions (particle generations, neutrino masses...)

Experimental Particle physics is (mostly) conducted at particle accelerators.
The most recent energy frontier instrument is the Large Hadron Collider LHC




Data and Theories

Before LHC




High Energy Physics E

First High Energy Physics High Energy Physics
Experiments: Experiments since mid 70’s:

Beam on fixed target! Colliding beams!
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Alpha Particles ;
Lead

Zinc Sulfide Coated Screen i i
. energia + energlia
Rutherford experiment (1909) = i M 08 energia

Centre of mass energy squared s=E,;m, Centre of mass energy squared s=4E,E,
...plus secondary beams such as neutrinos...
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Recent High Energy Colli_

Highest energies can be reached with proton colliders

Machine Year Beams Energy (vs) Luminosity
SPPS (CERN) 1981 pp 630-900 GeV | 6.10%0¢m-25-1
Tevatron (FNAL) | 1987 pp 1800-2000 GeV |103!-10%2¢m-2s-1
SLC (SLAC) 1989 e‘e 90 GeV 1039%¢cm-2s-!

LEP (CERN) 1989 ee- 90-200 GeV 1031-1032¢m-2s-1
HERA (DESY) 1992 ep 300 GeV 1031-1032¢m-25-1
RHIC (BNL) 2000 pp /AA | 200-500 GeV |1032cm-2s-!

LHC (CERN) 2009 pp (AA) |7-14 TeV 1033-103%cm-2s-1

Luminosity = number of events/cross section/sec

 Limits on circular machines

— Proton colliders: Dipole magnet strength —superconducting
magnets

— Electron colliders: Synchrotron radiation/RF power



Events/(20 GeV/c?)

Eventsf 10 GeVic?)

Some Discoveries/Measurements
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And Some NON-Disc

EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON
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Is the X(8.31 GeV) the LpYe>04 HI: analysis

Higgs particle? A lot of e ST -
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excitement summer 1984 . M, (GeV)

Excess of events at high Q2 in ep DIS at HERA, mainly in H1:
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
*4 events found with expected 2 events in ZEUS




In All: The Standard Model...

And beyond....??? The Experimentalist view ©
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Example: The Higgs

Technique: Produce and detect Higgs Particles at Particle Colliders

Experimental view...



This Search Requires.....

1. Accelerators : powerful machines

that accelerate particles to extremely
high energies and bring them into
collision with other particles

~ ! 2. Detectors : gigantic instruments

~" W that record the resulting particles as
they “stream” out from the point of
collision.

3. Computing : to collect, store,
distribute and analyse the vast
amount of data produced by these
detectors

& 4. Collaborative Science on
Worldwide scale : thousands of
“a scientists, engineers, technicians and
¥ support staff to design, build and
* operate these complex “machines”.




The Large Hadron Collider...




The Large Hadron Collider = a proton proton collider

7 TeV + 7 TeV
(3.5/4 TeV + 3.5/4 TeV)

NN Sl 1 TeV = 1 Tera electron volt
N = 10'2 electron volt
<ttwewm |
Primary physics targets
e Origin of mass
e Nature of Dark Matter
e Understanding space time
| « Matter versus antimatter
B o Primordial plasma

The LHC produced collisions from 2010 till beginning of 2013
LHC will restart in 2015 with collisions at an energy of 13 TeV a)




The LHC Machine and Experiments

LHC is 100m underground

LHC is 27 km long
Magnet Temperature is 1.9 Kelvin = -271 Celsius
LHC has ~ 9000 magnets

LHC: 40 million proton-proton collisions per second _
LHC: Luminosity 10-100 fb-/year (after start-up
phase)

Point Sl ———14 i

4
N om

eHigh Energy — factor 7 increase w.r.t. present accelerators
eHigh Luminosity (# events/cross section/time) = factor 100 increase |




The LHC Is an Extraordinary Machi.

The LHC is ...

IIIIIIIIII

Colder than the empty
space in the Universe: 1.9K &
ie above absolute zero

The emptiest place in our solar
system. The vacuum is better
than on the moon

Hotter than in the sun: temperature
in the collisions is a billion times
the one in the centre of the sun




The LHC iIs an Extraordi

CERN Accelerators

(not to scale)

Booster 0.999999c¢ by here

neuinngs o Gran Sasso (1)

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring

CNGS: Cern Neutrinos to Gran Sasso

Start the protons out here



LHC Parameters (Design-

Bunch Intensity 1.15 x 10"
Number of bunches 2808
emittance 5x101%m

B* fully squeezed 955 cm
beam size at IP 16 um
Crossing angle 285 prad
Bunch length 1.06 ns (7.5 cm)
Luminosity 1034 cm-2s
Total Beam energy 362 MJ per beam

Run-I: 7/8 TeV, less bunches per beam (factor 2),
higher bunch intensity (30%), lumi ~8.1033cm-2s1

Full list at: http://cern.ch/ab-div/Publications/LHC-DesignReport.html




The Cryodipole Magnets

e Superconducting (1.9 K) dipoles producing a field of 8.4 T —
current 11,700A = 2-in-1 magnet design

RIS L o Cost: ~ 0.5 million CHF each. LHC has 1232 of them

e Stored magnetic energy up to 1.29 GJ per sector.

e Total stored energy in magnets = 11GJ

e One dipole weighs around 34 tonnes
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Peak luminosity (10*? cm™2s™")
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LHC Performance (

For the record: Final p-p luminosity for 2012

LHC 2012 RUN (4 TeV/beam)

1 ! !

@ ATLAS
A CMS
O LHCb

O ALICE .
PRELIMINARY

Mar AprMay Jun Jul Aug Sep Oct ov Dec Jan
Month in 2012

(generated 2013-01-29 18:28 including fill 3453)

25

- 20

LHC 2012 RUN (4 TeV/beam)

! ! ! ! ! ! | ! 1 ! i

—o— ATLAS 23.269 fb™!
—— CMS 23.269 fb™!
[ |—0— LHCb 2.192 fb™'

—o— ALICE 9.678 pb™'
PRELIMINARY

Mar AprMay Ju Jul Aug p Oct Nov Dec Jan
Month in 2012

(generated 2013-01-29 18:28 including fill 3453)




LHC Performance (2(

CMS Integrated Luminosity, pp

Data included from 2010 03-30 11:21 to 2012 12- 02 15: 07 UTC
25

—_— 2010 7 TeV 44 2 pb—
— 2011, 7 TeV, 6.1 b !
— 2012, 8 TeV, 22.8 b !
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THE LAST PHYSICS BEAM OF LHC RUN 1 (2009 - 2013)

Fill: 3564

PROTON PHYSICS:

LHC Pagel E: 1380 GeV

t(SB): 00:48:06

BEAM DUMP

14-02-13 07:26:05

3.07e409 1(B2): 2.47e+09

-208158100-50 0 50 100150200
X

1 T 1 T 1 1 T 1 T
-208156-100-50 0 50 100150 200
X

BIS status and SMP flags

Comments (14-Feb-2013 06:46:45)
short physics fill with Roman Pots in

This is the last PHYSICS fill before LS1.

programmed dumped ~ 7:00
then quench test starting ~ 8:00

AFS: 50ns_1374b_1278 _36_1218_144bpil2inj

LHC being ‘upgraded’ and awakening as we speak...

PM Status B1

Link Status of Beam Permits

Global Beam Permit
Setup Beam
Beam Presence

Moveable Devices Allowed In

Stable Beams

ENABLED

PM Status B2

Bl B2
 true | true |

ENABLED

more in Lecture 3



Lch
ACQ




Schematic of a LHC |

Physics requirements drive the design!

Analogy with a cylindrical onion:

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

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

Such an experiment
has ~ 100 Million
read-out channels!!




The Higgs Hunters @ the LHC

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter
|

The ATLAS experiment

Total weight 14000 t C IVI S
Overall diameter 15 m ECAL 76k scintillating

: PbWO, crystals
Teralel Mogness Overall length  28.7m )

Solenoid Magnet  SCT Tracker,

- MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

The CMS experiment W & 55—

These experiments use different
technologies for their detector EeAL. | - poorrsomm

~1m?~66M ch

HCAL -Si Strips (80-180 um)
com ponentS Muons ~200 m?2 ~9.6M ch

MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers



Particles in Detect

Hadron
Calorimeter

Muon Spectrometer

[

Muon
= Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutr
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Kinematic Variables for p

» Transverse momentum, pr and E;=E sin®
— Particles that escape detection (0) have p;=0
— Visible transverse momentum =0 —_—
« Very useful variable!
+ Longitudinal momentum and energy, p, and E
— Particles that escape detection have large p,

— Visible p, is not conserved
* Not so useful variable

+ Angle:
— Polar angle 6 is not Lorentz invariant
. For M=0
— Rapidity: y g o
B e _ g2t o b
Pseudorapidity: 1 y AT, v=1 = —In(tan 2)

e Missing E; and P+. : Vectorial sum of all transverse momenta



Large Hadron Collider

_—
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Muon Detectors Electromagnetic Calorimeters
\\

\\
Solenoid “x\'\, Forward Calorimeters
\ \\
\\ \\ End Cap Toroid
\ \\ \ /
2 J o T
{
> “l,:‘ \ T‘L \\‘
Barrel Toroid Inner Detector e, P

Hadronic Calorimeters

Length =55 m; Width =32 m; Height = 35 m; but spatial precision ~ 100




CMS Detector Desig

Expression of Intent (EOI): Evian 1992

1. A robust and redundant Muon system

2. The best possible e/y calorimeter consistent with 1.

3. A highly efficient Tracking system consistent with 1. and 2.
4. A hermetic calorimeter system.

5. A financially affordable detector.




Compact Muon Solenc
Letter of Intent (LOI): LHCC, TDR in 1994
Strong Field 4T

sss m  COMpact design

4645 m

won S0lenoid for Muon P+
2mm  trigger in transverse
plane

Xy 2864

e Redundancy: 4 muon
stations with 32 R-phi
measurements

APJ/P,~ 5% @1TeV
for reasonable space
resolution of muon
chambers (200um)




SILICON TRACKER
Pixels (100 x 150 um?)
CMS Detector ..

. Microstrips (80-180um)
Compact Muon Solenoid ~200m?  ~9.6M channels
CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)
~76k scintillating PoWO, crystals

PRESHOWER
Silicon strips
~16m? ~137k channels

~13000 tonnes

SUPERCONDUCTING
NI(0)1)]
Niobium-titanium coil

rying ~18000 A FORWARD
CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL) ek caniel:
nnes Brass + plastic scintillator MUON CHAMBERS
~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers

Endcaps: 473 Cathode Si'p % 432 Resistive Plate Chambers




CMS Experiment at the LHC, CERN| MS
Sun 2010-Jul-18 11:13:22 CET|--
Run 140379 Event 136650665/
C.O.M. Energy 7.00TeVI£

¥RO%- o)




General Purpose Detecto

ATLAS A Toroidal LHC ApparatuS CMS Compact Muon Solenoid

In total about
~100 000 000 electronic channels
Each channel checked
20 000 000 times per second (collision rate is 20 MHz, 40 MHz soon)
Amount of data of just one collision
>1 000 000 Bytes
Trigger (online event selection)
Reduce 20 MHz collision rate to ~300 Hz data recording rate
Readout to disk
Few 100 collisions/sec = petaBytes of data/year




From Collisions to Pape
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Example: CMS Central Tracker.

Pixel Detector =

« 200 m? silicon strip detectors
(~ tennis court)
~ 107 read-out channels

« 70 million pixels for pixel
detector




Example: The CMS Calorimeter

ECAL: Barrel 36 super modules/1700 crystals
Endcaps detectors completed in summer 2008
Total of ~70000 crystals for this detector

Lead tungstanate.
Transparent like glass
Heavy as lead!!

Central ECAL installation in CMS

Hadronic Calorimeter
(brass/scintillator) completed in 2006
Lowering in the experimental hall

»




Calorimeter Resolution: e-

 Excellent energy resolution of EM calorimeters

for e/y and of the tracking devices for . in
order to extract a signal over the backgrounds.

H — yy bad resolution g — Ns_ Ny=signal events
Ns  Ng= background events

/" H — yy good resolution
1-2% for CMS

background from

/ pp —vy

Example : H —>YY

v

7Y
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« Calorimeter jet (cone)

«+ jetis a collection of eneray deposits with a
given cone R: R=1/4¢’ + 4’

+ cone direction maximizes the total E; of the jet
« various clustering algorithms

= correct for finite energy resolution
- subtract underlying event
- add out of cone energy

e Particle jet

+ a spread of particles running roughly in the
same direction as the parton after hadronization



Example : CMS Muon Detecto

250 Drift tube chambers
172,000 channels

468 Cathode strip chambers Ug |
500,000 channels Sl

912 Resistive plate chambers | |
160,000 channels H |

Total area ~ 6000 m? ie like a B}

football field i)

T ] —R kH'

',3....,__:1




Muon Measuremd

Elements of Muon Detection

calorimeter

tracker

Measure p,, in
solenoid field

Absorb hadrons
E . from ionization

Measure p,, using
(a) toroid field
solid or air core

or (b) solenoid

return field

Detector Layer —
multiple planes of
(a) coordinate
measurements
(b) fast counters







Event Filtering: the Trigger

Bunch crossing rate is 20 MHz Event size ~1 Mbyte
2007 technology (and budget) allows only to write a few 100 Hz
of events to tape — need a factor ~10° online filtering!!

The trigger is a function of :

lost forever!!

!!I REJECTED /
T(“ [Ee==n) I )* T written to disk for

offline analysis

Event data & Apparatus
Physics channels & Parameters

The event trigger is one of the biggest challenges at the LHC
— Based on hard scattering signatures: jets, leptons, photons,

missing E,...




3 kHz

Trigger

40 MHz

Detectors

Front end pipelines
100 kHz

Readout buffers

- Switching network

Processor farms

7+ 0(100) Hz

Reduce the data
volume In stages

40 MHz

Detectors

Front end pipelines
100 kHz

Readout buffers

Processor farms

0(100) Hz

Somewhat outdated numbers here



The LHC Data Challenge-

30Km

LHC data analysis requires a
computing power equivalent to
~100,000 of today's fastest PC

Processors

=> Requires many cooperating —
computer centres, as CERN can only » GRID Computing

provide ~20% of the capacity




Object Reconstruction:

CMS sil'nulation
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Important! Experiments are not like Monte Carlo Generators: often no unique
assignment of particle type/fakes/backgrounds!!



Global Event Recon

.Using all information of the detector together for optimal measurement

h . - - —
:H HCAL :

[" > Clusters
detector

ECAL
Clustérs

= Optimal combination of information from all subdetectors
= Returns a list of reconstructed particles
= ¢,|,Y, charged and neutral hadrons
= Used in the analysis as if it came from a list of generated particles

= Used as building blocks for jets, taus , missing transverse energy , isolation and
PU particle identification
Adapted in CMS



B-quark Taggl
Generally: look for jets with displaced vertices (or leptons) from B-meson decays

b-tag efficiency =

Select b-enriched samples using tt sample
* t=> Wb~ 100% - tagging top = tagging b
* Select pure b sample by using tt event topologies

— 1(2) high p; leptons, E,, m, & m, constraints

— 70-80% b-purity after selection

* CMS study 1(10) fb!
— Efficiencies 40% to 60%
(at E;,. > 100) GeV

— Uncertainty 4-6% for large
data samples |:>

LELELE ILELELEN UL L LA LA L DL LN LR BLELEL B
0.14 [ [ —s— absolute uncertainty for 1 o'

| =-® absolute uncertainty for 10 fb'!
- | —®*— relative uncertainty for 1 fb"' S
@ rglative uncartainty for 10 fio!

0.08F CMS .
- " i
0.06 \\ =

-Tag Uncertainty Barrel
=]
T

* ATLAS study 100 pb

- o ]

— Similar efficiencies, purities © 0.047 g .
— Estimated uncertainty ~10% 0.02] & e e .
u_ Lovo byw by by by w o 147

RPN BT B 1
40 60 80 100120140160180200
Calibrated E; b-Jet




Tau-finding

Hadronic tau decays are narrow low multiplicity ‘jets’

hadron hadron+strip 3 hadrons

All di-tau final states used in Higgs search

B mu + had

“ e+ had
e+ mu

B mu + mu

Tau reconstruction: hadron+tstrip
i Particle-flow based algorithm to reconstruct
] different hadronic tau decay modes

3.2 6.2%

T, identification: efficiency ~ 60%
fake rate ~ 1%

The T, mass distribution used to control
%.ﬂ 0.2 04 06 08 1.0 1.2 14 16 1.8 E:.ﬂ the tau Eﬂergy—scﬂle within 3% &
m(z,) [GeV] reconstruction of decay modes




Operation of the expriments

LHC: pp collisions Luminosity:
5fb! @7 TeV
20 fbl @ 8 TeV

CMS: sub-detector operation

rrrrr[rrrrrorprrrpror

Pixels

Strips
Preshower
ECAL Endcap
ECAL Barrel
HCAL Outer
HCAL Forward
HCAL Endcap
HCAL Barrel

muon RPC

muon DT

|IIIl|IIII|IIIl|\

muon CSC

= C
Q 35; ATLAS Online Luminosity Vs=8TeV
> 30i [ ] LHC Delivered Al
§ =[] LHC Delivered Stable
'E 25 [ ATLAS Ready Recorded
3¢
E 20—
S
g 15c
= u
T 100
= :

S
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0
29/0326/0424/0521/0619/0716/0813/0911/1007/1105/12
Day in 2012

ATLAS p-p run: April-December 2012

Inner Tracker

Calorimeters Muon Spectrometer

MDT RPC

Magnets

ATLAS: sub-detector
operation efficiency
in 2012

Pixel SCT TRT LAr Tile CSC TGC Solenoid Toroid

95.9 954 99.8 99.1 99.6 99.6 99.8 100. 99.6 99.8 99.5

All good for physics: 95.8%

Luminosity weighted relative detector uptime and good quality data delivery during 2012 stable beams in pp collisions at
Vs=8 TeV between April 4" and December 6™ (in %) — corresponding to 21.6 fb™! of recorded data.




The LHC Detectors are Major Challeng.

e CMS/ATLAS detectors have about 100 million read-out channels

e Collisions in the detectors happen every 25 nanoseconds

e ATLAS uses over 3000 km of cables in the experiment

e The data volume recorded at the front-end in CMS is 1 TB/second
which is equivalent to the world wide communication network traffic

e Data recorded during the 10-20 years of LHC life will be about all the
words spoken by mankind since its appearance on earth

e A worry for the detectors: the kinetic energy of the beam is that of
a small aircraft carrier of 10 tons going 20 miles/ hour

Object Weight (tons)
Boeing 747 [fully loaded] 200
Endeavor space shuttle 368
ATLAS 7,000
Eiffel Tower 7,300
USS Jonn McCain 8,300
CMS 12,500







LHCb: Bottom and Char

LHCb Integrated Luminosity

€ i53E ] ] 1 i
p 2'2: Delivered in 2012 (4 TeV): 2.209 /b
"5 2 o Recorded in 2012 (4 TeV): 2.082 ifb
4 e E Recorded in 2011 (3.5 TeV): 1.107 ffb
L - LY K _§' "B:_ Recorded in 2010 (3.5 TeV): 0.038 /b
im— SPLVS -, o M2 3 1f
§o Wisgnel . . ECal LB WE
I3 ORI o 1.5
] E
o.af
——  osf
" DAé—
. 02b
O Gros 1o ' sooe 007 a8 s gaite a2

Date

A 10im 1=m M

7%+ Forward acceptance (2 < 1 < 5) and down to very low p;

* Precise vertexing (VELO) — hit resolution of down to
4 um achieved; measurements 8mm from beam-line

* RICH system providing hadron id between 2 and 100 GeV/c

* High performance muon system



ALICE: Heavy lon Physics at the

Pixel ) W=
“ACORDE | W _

2 s‘,», ‘,'- hy
~<y Collaboration:
> 1000 Members

Detector:
Size: 16 x 26 meters = 100 Institutes
Weight: 10,000 tons j§ > 30 countries




A Few Smaller Experiments: TOT

TOTal and Elastic cross
section Measurement

TOTEM: measuring the total, elastic and
diffractive cross sections

Add Roman pots (and inelastic telescope)
to CMS interaction regions (200 m from IP)
Common runs with CMS planned

RP1 RPZ RPS REE

QT Q2 @3 o1 TAN\ D2 Q4 Q5\“/ Q6

LHCHT:

of LHC

| [ e ] HHHHH% j — == =4
=TT iy ai I

photons and neutral pions
In the very forward region

Add a EM calorimeter at
140 m from the Interaction
Point (of ATLAS)

measurement of

I. P (140 maway)

120
r —— best fit with stat. etror band
incl. both TEVATRON points
| — total error band of best fit:
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MOEDAL: Monopole and Exotics Detectc

-----

Heavy particles which carry “magnetic charge”
Could eg explain why particles have “integer
electric charge”
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Summary: Challenges

High event rate and pile-up

— High granularity: typically 10x more channels compared
to detectors before the LHC

Timing/synchronization of 108 channels is non trivial
Event size (> 1 Mbyte)/Computing

— Limit event rate to a few 100 Hz, use the Grid
Trigger reduce event rate from 40MHz to 100 Hz

— Multi-layered trigger system and pipelined electronics

Detectors need excellent hermeticity (missing E+), lepton
identification, B & Tau identification, jet measurements...

Detectors must be radiation hard and reliable for ~ 10-20
years...

We have these detectors: Let’s look at measurements in Lecture I1I



