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Physics case for new High Energy Machines

—)
—)

Understand the mechanism Electroweak Symmetry Breaking

Discover physics beyond the Standard Model

Reminder: The Standard Model o o
- tells us how but not why 0 NW/
3 flavour families? Mass spectra? Hierarchy? o, /Q
- needs fine tuning of parameters to level of 10-30! 0
- has no connection with gravity. Dark matter, energy? —> L M-D1170005
- no unification of the forces at high energy o o SO0
Most popular extensions these days MSSM
0 World Average
If a Higgs field exists: -, |
- Supersymmetry W N
- Extra space dimensions 0
If there is no Higgs below ~ 700 GeV ‘

- Strong electroweak symmetry breaking around 1 TeV e
Other ideas: more gauge bosons/quark & lepton substructure,
Little Higgs models, Technicolor...



The Origin of Mass

A most basic question is why particles (and Peter Higgs

matter) have masses (and so different masses)

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert) &%\ \

mase | The Higgs (H) particle has been
(Gev/c?) searched for since decades at

200 accelerators, but not yet found...
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The LHC will have sufficient
energy to produce |t for sure, if it
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Higgs Mass?

4

A light Higgs implies that the Standard Model cannot be stable up to
the GUT (= Grand Unified Theory) or Planck scale (101° GeV)

800

L L L I B O B B The effective potential

blows up, due to heavy
top quark mass

Allowed corridor

but needs strong
fine-tuning...
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The electroweak vacuum

600 m, = 175 GeV
s
U
=)
- 400
=
200
MH=115Ge
;||,|_||||||||||||_
105 108 109 10l 10lo 1018
&= A [GeV]
Hambye =fl [Ge
Riesselmann 5

IS unstable to corrections
from scales A >> v= 246 GeV

= New Physics expected in O(TeV) range



" Dark Matter in the Universe _

Astronomers say that most of
the matter in the Universe is
invisible Dark Matter

‘Supersymmetric’ particles ?

We shall look for
them with the
LHC

Atoms
4.6%

Dark
Energy

72%
Dark 0

Matter
23%

LHC Entering Operation




Accelerators

Create (anti)particles that existed
~0.001 nanosecond after Big Bang

anti-particles

Do all the forces become one?
Extra hidden dimensions of space?
Where did all antimatter go?



Beyond the SM? Ask a Theorist

Grand s'uts)

SUPERSTRING
Unification

M-theory heterotic
G ‘olouoq, E.'E’/‘
Type-EA Type-I

Or maybe not...©

During the last 2-3 years

we —LHC experimentalists-

got more models to deal with
than we needed...

Some theorists found it a
challenge to invent a model
with signatures difficult for

the experiments:

heavy stable charged particles,
hidden valley models, Quirks...
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BSM Physics at the LHC: pp @ 7/14 TeV

New Gauge Bosons? Supersymmetry ZZ/WW resonances?

= LoFIOY

o Technicolor?
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Little Higgs?

T—=Zt =l blv

Extra Dimensions? Hidden Valleys?

Graviton

'/jl

| — [ A Conceptual Diagram

Evens/d0 Gaw/3oo tb'
Lo

1.5] T
N ~ |
6 % 0.5
‘1{% Ren O 0 500 anan I 20ng
? UNIVERSUM 3-brane Il blv mass (GeV) —

We do not know what is out there for us...
A large variety of possible signals. We have to be ready for that
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The LHC: a proton proton collider

. NN

N = e A y
PN "
R — 3< )
ST AN 2 -
NGRS ;‘j' )
Yy 7 ’;

ary physics targets
* Origin of mass
* Nature of Dark Matter
* Understanding space time
£ * Matter versus antimatter
=4 * Primordial plasma

The LHC will determine the Future course of High Energy Physics
The LHC started at 7 TeV Centre of Mass Energy on 30/3/10




The LHC Machine and Expernments

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)

\/
(2|

*High Energy => factor 7 increase w.r.t. present accelerators
*High Luminosity (# events/cross section/time) = factor 100 increase




Requirements for a New Collider

Hadron colliders are broad-band exploratory machines
May need to study W -W, scattering at a cm energy of ~ 1 TeV

= E, ~ 500 GeV 7’
> Egua~ 1 TeV
&> E. .. ~6TeV

proton

—> (14 TeV collider

= pp collisions at7 + 7 TeV

—_— (L~103%cm?s!

Event Rate = L.c.BR
e.g. H(1 TeV) » ZZ - 2e+2u or 4e or 4
For L ~1034, Evts/yr =1034 1037.103.10" ~ 10 /yr !l




1982 .

1983

1996

2000 :

2002
2003

2008

The LHC: > 25 Years Already!

LHC History

First studies for the LHC project

: ZO/W discovered at SPS proton antiproton collider
1989 :
1994 .
1996 .

Start of LEP operation (Z boson-factory)
Approval of the LHC by the CERN Council

Final decision to start the LHC construction
: LEP operation > 80 GeV (W boson -factory)
Last year of LEP operation above 100 GeV

. LEP equipment removed

: Start of the LHC installation
2005 :

Start of LHC hardware commissioning

. Expected LHC commissioning with beam

ECFA 84/85

1984 N 0

1984: cms energy 10-18 TeV
Luminosity 103'-1033cm-2s-"

1987: cms energy 16 TeV
Luminosity 1033-1034cm-2s-"

Final: cms energy 14 TeV
Luminosity 1033-1034cm2s"



The Accelerator Scheme .

CERN Accelerators

(not to scale)

Linac

’

Booster

l
PS
5’55

!

LHC — -

neuinnes © Gran Sasso (1)

0.999999c by here

0.87c by here

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

Gran Sasso (1)
730 km

0.3c by here

Kadolf LEY, F'S Diviscn, CEXN, 02 09 96

Revised sned adspted by Astonells Del Rowo, ETT Div,
6 collaborsson with B Oestorges, S5 Div, aad

0, Manglenki, PS Div. CERN, 23,0501

Start the protons out here



The Cryodipole Magnets

e Superconducting (1.9 K) dipoles producing a field of 8.4 T
e Cost: ~ 0.5 million CHF each. We need 1232 of them
UL  Total stored energy in all magnets = 11GJ

= energy of an Airbus 380 flying at 700 km/hour

d * One dipole weighs around 34000 kg

\/ “\\ 7 / Helium-I1 Vessel
Spool Piece | 4

Bus Bars G - ' Superconducting Bus-Bar

- 1

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

. Instrumentation
Protection
Diode Feed Throughs



. Energy in the Magnets/beam

Comparison...

The energy of an A380 at
700 km/hour corresponds
to the energy stored in the
LHC magnet system :
Sufficient to heat up and
melt 12 tons of Copper!!

* 90 kg of TNT ‘
The energy stored in one . -
LHC beam corresponds * 8 litres of gasoline

approximately to... + 15 kg of chocolate
It's how ease the energy is
released that matters most !

14
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LHC Story: Beam Halo and Splashes on 10/9/08

A

b, & <D &

CMS '

< ATI AC

M LMY
? CVDEDIMENT
AL SLAT L "

http://atlas.ch

" 7
— A
",
o[ o
s Bl Lt ' A
. - « g

First LHC activity in the detectors in Sept. 2008, followed by the LHC accident



LHC Story: First Collisions in Nov. 2009

23/11 First ‘trial’ collisions in the experiments
A run with collisions at Vs = 900 GeV or 2.36 TeV in December 2009

LHCb Event Display

23.11.2009 17:39:29
Run 62558 Event 278

7 ) EXPERIMENT

2009-11-23, 14:22 CET
i Run 140541, Event 171897

Candidate
Collision Event
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30/3/10: Experiments are waiting for 7 TeV...

== Ehe New ork Times =77

12:58
7 TeV collisions!!!

Geneva

Togesodmriger WISSEN

U U —

Cern-Experiment gelungen — «neue Ara der
Physi




First Collisions at 7 TeV

Multi Jet Event at 7 TeV

A Brave New World....




CMS Experiment at the LHC, CERN CMS
Sun 2010-Jul=18 11:13:22 CE'l
Run 140379 Event 136650665
C.OM. Energy 7.00TeV¥Z
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L nb!

T —
Integrated Luminosity @ 7 TeV

CMS values Similar ones for ATLAS

[132330] Total lntegrated Lum|n05|ty 2010 (Mar 30 10:00 UTC - Aug 30 10:49 UTC)

4000

— Dellvered 3608.68 nb™!

— Recorded 3294.86 nb™' | : : :
3500 : B R R R R EEEEEEEEEEEEEE Skt

£~1031cm'25'

3000

2500

2000

1500 -

1000

29/03 30/04 01/06 03/07 _ o0ajos ~05/09 (*) Stable beams Only
Date

* Max Lumi now ~ 1.1¢103'cm-2s""
e Aim for this year 103?cm=s1. .. 24



Last week’s running...

24-Aug-2010 17:39:13 Fill #: 1301 Energy: 3500 GeV I{(Bl): 5.22e+12 I(B2): 4.94e+12
ATLAS ALICE CMS LHCb

Experiment Status PHYSICS STANDBY PHYSICS

Instantaneous Lumi (ub.s)”~-1 9.218 0.096 10.108 8.338
BRAN Luminosity (ub.s)”-1 8.636 0.104 7.896 7.029

Fill Lumiosity (nb)~-1 - 0.0 1.9 1.7
BKGD 1 0.047 0.015 19.608 0.188

BKGD 2 10.000 0.218 0.002 5.317
BKGD 3 17.000 0.005 0.003 0.098

LHCb VELO Position Gap: 58.0 mm STABLE BEAMS TOTEM:

Performance over the last 24 Hrs Updated: 20:42:57

6E12 T
SE12—F 3000
s

Z 4E12- 3
@ -2000 =
£ 3E12- 5
= | ]

2E12 1000 &

1E12

- T
T T T T T T T T 0
23:00 02:00 05:00 08:00 11:00 14:00 17:00 20:00

— I(B1) — I{B2) — Energy

11031 cm2s-! instantaneous luminosity reached!

Only a factor 10 to go to the end-year goal.
=> Bunch trains! Getting > 300 colliding bunches in CMS/ATLAS

25
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LHC Physics Program

Discover or exclude the Higgs in the mass region up to 1 TeV.
Measure Higgs properties

Discover Supersymmetric particles (if exist) up to 2-3 TeV

Discover Extra Space Dimensions, if these are on the TeV scale, and
black holes?

Search other new phenomena (e.g. strong EWSB, new gauge
bosons, Little Higgs model, Split Supersymmetry)

Study CP violation in the B sector,B physics, new physics in B- decays
Precision measurements of my,,, m,,, anomalous couplings...

Heavy ion collisions and search for quark gluon plasma

QCD and diffractive (forward) physics in a new regime
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Physics Roadmap for 2010-2011

4+ and then move to 13-14 TeV..

First Higgs discovery sensitivity

Explore SUSY fo masses up to TeV
1fb-1

Precision SM measurements
Running LHC at o
7 TeV Sensitivity to 1-1.5 TeV resonances — lepton pairs

100 pb-1 Explore low mass SUSY region, beyond the tevatron
Higgs background studies

we®
"
.

1-10 pb-1 || Search for very striking new physics signature
Use SM processes as "standard candles”
Test beam, cosmic Initial detector & trigger synchronisation,
runs, pre-alignment & commissioning, calibration & alignment, material
calibration, “

v

extensive )
simulations ... time
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Proton-proton collisions and PDFs

—

Parton Distribution Functions: the probability of finding
a parton with momentum fraction x in the proton

Generic LHC Collision

Proton
NCAZ !
% 09 H1 PDF 2000 @10 Gev?
08 SN ZEUS-S PDF
0.6 lOO - I i I I l I l :
05 - xg(x0.05) = .
B o(g99 — H) [ph] ]
Proton 04 | \ \/E — 14 Te\‘?'
03 xS(x0.05) |
LN MESE
HEKA F, 10 3 Alekhin ------ ]
i? ‘ ﬂm:ﬂff x?é%fgglq‘i:};m —— ZEUSNLO QCD fit
E—? L A, T 0.0004 —— H1PDF 2000 fit X B
= 5‘.’.! :!T 1 Fﬂi')).‘o)%fmz o H194-00 L 1.1
LIV t L x=0.000 a (prel.) 99/00
-.-".':. ' x=0.0013 . ::;ulsglﬁ/w 1k 1.05
[ a:-‘f;_: . .'. 00021 BCDMS E 1 !
M * fen 4 o g - —
Structure function .55 o F 0.5
“.";-"'.". "=.. =0.005 i 09 B ..lEjOO
[ ek .l. -’ i
measurements eg e - o
s e 100 1000
from HERA Tt e My [GeV]
[ ¢ o ast® aag 0021 . . . )
: e g o Simple spread of existing PDFs gives
...-.w.:'.o.! x=0.05
= ug gUemm B s x=0. 0 H 1
e up to 10% uncertainty on Higgs cross
e a8ty e g g4 x=0.13
1 B A S BT

section. Possible gain ~ factor of 2

NS with final HERA data (PDF4LHC)

1 10 10’ 10° 10’ 10°
2 2
Q7 (GeV?)




Cross sections at the LHC

S LHC Vs=14TeV L=10%**cm™2s™ rate ev/ve:aTr
barn g1 ! T T T T T ; L 10

IR 1% T AU NS N U O 0 10 1 A A ) 16
& inelastic LVA input GHz =10

15

mb g . o " “Well known”
E o R i e e S S S ~<MHz 10 ™

2 processes, don’t need
1 to keep all of them ...

< kHz 10 1°

l-"b SR S S T B femmeened SRS SO S S S [ SR fomeann ie-

Ll
-t
(=]

nb

-—Hz 10

pb

New Physics!!
. This we want to keep!!

mHz 10

fb

------------- \JuHz 10
scalar LQ i

P
500 1000 2000 5000
particle mass (GeV)
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pp Interaction Rate

—

Table 2. Measurements of the total pp or pp cross-section for
/5 = 546 GeV and expectations for the LHC.

NG Experiment O |mb]

546 GeV  UA4 619 £1.5
CDF 61.26 + 0.93

1.8TeV  CDF 80.03 £ 2.24
ET10 72.8 +3.1
E811 71.42 £ 241

14 TeV (extrapolation [10] to LHC) 1115+ 1,273
TOTEM 7?7 £1

The total pp cross section at the LHC is about 100 mb.
unit:barn | b= 1028 m?

100 mb = 1022 m2= 1025 cm?

pp — anything (by strong int.)
Rate = Lo = (10* em™2s7')(102° cm?) = 107 s-1

The pp interaction rate is about | GHz.

Bunches in the LHC every 25 ns =Bunch crossing rate = 40MHz
= 25 events per bunch crossing at top luminosity



ﬁ

Proton-proton Collisions

Most interactions due to collisions at large distance between incoming
protons where protons interact as “ a whole ”
— small momentum transfer (Ap = i /AX )

—particles 1n final state have large longitudinal momentum but small
—transverse momentum (scattering at large angle is small)

* s —

<p;>=500 MeV  of charged particles in final state

Most energy escapes down the beam pipe.

These are called soft events...

A minimum bias data event sample 1s dominated by soft events



_gummary pp collisons

Protons have structure

Underlying event
“Hard™ Scattering
outgoing parton

proton proton

underlying event

o(pp~X) [mb]

underlying event
initial-state
radiation
final-state
radiation

outgoing parton

Pile-up

- complicati

Lo T T

E K".‘I"' ng 1',}4_ Ge?a I. Par-‘.on
PO\ . distributions
0.6 — : | —
04 E
0.2 — _
“1'3—3 10—2 10~1 100

x

Scatterina cross sections for various SM processes:

Huge cross sections

10
1
2 l [ | 09 —_
10 : I o(tot) 10 To
10! ! ! 108 ¢
100 | Tevatron : LHC ( _) 107 ‘r
. o(bb g
101 k< o(ets) ' 106
Pry>0.01E o, : pr>30 GeV 3}
1072 <@ 105 3
10—3 104 7
-
10~4 103 »
1075 102 =
o
10-6 ol ¢
10~7 , - 100 @
—_ 7 f_"’ﬁh - — fu]
1078 7 82D h (129 Gev)—§ 1071 3
-9 i l/f\/ll/l Ll | —2
10 100 101 2 10

Eem (TeV)



Proton —(anti) Proton Colliders

Discoveries are possible
Discovery of the Z and W bosons in UA1/UA2 (1983)

And the top quark in 19995, see later

'Picture’ of the first

PP = Z + X
— e+e- + X-

event in the UA1
detector at the SppS,
for a centre of mass

energy (Vs) = 630 GeV

(3074/1983)

Success story of the
SppS machine at CERN
rebuilt from a fixed
target machine to a
collider
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Precision measurements @ proton colliders

2009

Excellent results in each
channel

= Dilepton

= Lepton+jets

= All-hadronic

* Combine them to improve
precision

= |nclude Run-| results
= Account for correlations
* Uncertainty: 1.2 GeV

= Dominated by systematic
uncertainties

Tevatron p anti-p collider today

Mass of the Top Quark (*Preliminary)

_ o
CDF-l di-l 167.4 +10.3+4.9
‘ o
DO-1 di-l 168.4 +12.3+ 3.6
. » - -
CDF-II di- 171.2+27+29
) , ——
DO-11 di-l 1744+ 3.2+ 2.1
—_—
CDF-l 14 176.1+ 5.1+ 5.3
DO-1 1+j 180.1+39+ 36
a A - -
CDF-Il 1+] 1722+1.0+ 13
- , -0
DO-lla I+ 171.5+151+15
2 _ -8
DO-1Ib 1+ 173.0+1.3+1.7
. o
CDF-l all- 186.0+10.0+ 5.7
‘CDF-Il all-j 176.9+26+ 3.3
: g -
CDF-Il trk

“Tevatron July'08

I

153562+ 30
1724+0.7+1.0

(stat) = (syst)
*Idof = 6.9/11.0 (81%)

L g

150 160

170 180 190 200
LW (GeV/c2)






The Four Main LHC Experiments

ATLAS CMS

Muon D\elec!ors Electromagnetic Calorimeters va er

. Forward Calorimeters = - — central detector
Solenoid ~ y -

End Cap Toroid

Barrel Toroid Inner Detector Shielding Iatics

ALICE

e

TR -

Tracking system



din

...dlN

real life..

Eg... ATLAS & CMS construction started >10 years ago



A Few Smaller Experiments: TOTEM & LHCf

TOTal and Elastic cross

TOTEM: measuring the total, elastic and section Measurement

diffractive cross sections

Add Roman pots (and inelastic telescope) s mAN -
to CMS interaction regions (200 m from IP) e e O
Common runs with CMS planned o Opp [Mb]
RP\1 RP2 RP3 R4 | 77
QT Q2 Q3 TAN D2 Q4 Q5\“Z Q6 i . e
D1 — e = » a0 L
IP5 & Hﬁﬂﬂﬁﬂﬁﬂﬂﬂr" ‘Z —=HH+ i 5 gt
AN % i =iy 5 e
Js[GeV]
LHCf: measurement of b atomen 7 S NPT —
photons and neutral pions Connection with
in the very forward region cosmic rays
of LHC LN P —
9 $‘)\;\.&'/
Add a EM calorimeter at \
140 m from the Interaction
Point (of ATLAS) ot \

107 10" 10" 10'2 10" 10™ 10" 10" 10" 10" 10'° 10%° 107’
Energy (eV)



moedal: MOnopole and Exotics Detector
at the LHC

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

q m

mm

Direct Monopole

production
g m
RE:1: B
L2 10w | .
§ 10 | CDF {5=1.96 TeV ]
§ o Erer
— CDF\Expt. E
10% " re=14Tevx 10%0m2s" (@107shyr =5 ) pi ______ 1 Remove the sheets after some
1040 |- - . . ] 1 )
\ running time and inspect for ‘holes
1 ull

10 102 108
Monopole mass GeV/c?

-
o
S
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Muon Detectors Electromagnetic Calorimeters
\\

\\ Forward Calorimeters

End Cap Toroid

i Inner Detector ) ieldi
B!, Tordia Hadronic Calorimeters Shicoing

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



— Particles in the Detector

Hadron Calorimeter Muon Spectrometer

Om

Key:

Muon

Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutr
---- Photon

(

S i

Silicon
Tracker

)Il!]l]

Transverse slice
through CMS

Electromagnetic
Calorimeter

Hadron \ Superconducti
Calorimeter Solenoid

| e

D.Bamaey, CERN, Febricuy 2004

Inner Tracker I

41



Kinematic Variables for pp Scattering _

+ Transverse momentum, p+ and E;=E sin6

l

— Particles that escape detection (0) have p;=0 P :e P
l

— 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 8 is not Lorentz invariant
- For M=0
— Rapidity: y
— Pseudorapidity: ,_l]nE+P: =1n=—In(t 0
p y}] 3'_'2 E-PZ }’—'T—"—n(“ﬂi)

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



mes for Experiment“




Eﬁallenges for ATLAS and CMS (early ‘90°’s)

* Detectors must survive for 10-20 years or so of operation

* Radiation damage to materials and electronics components
* Problem pervades whole experimental area (neutrons): NEW!

e Detectors must provide precise timing and be as fast as feasible
e 25 ns is the time interval to consider: NEW!

 Detectors must have excellent spatial granularity
* Need to minimise pile-up effects: NEW!

* Detectors must identify extremely rare events, mostly in real time
* Lepton identification above huge QCD backgrounds (e.g. eljet
ratio at the LHC is ~ 10-, i.e. ~ 100 worse than at Tevatron)

e Signal X-sections as low as 10-'* of total X-section: NEW!

e Online rejection to be achieved is ~ 107: NEW!

e Store huge data volumes to disk/tape (~ 10° events of 1 Mbyte
size per year: NEW!

D. Froidevaux



Challenges for ATLAS and CMS

* Detectors must measure and identify according to certain specs

* Tracking and vertexing: ttH with H — bb

* Electromagnetic calorimetry: H — yyand H - ZZ — eeee
* Muon spectrometer: H - ZZ — uuuu

* Missing transverse energy: supersymmetry, H — tt

* Detectors must please
* Collaboration: physics optimisation, technology choices
* Funding agencies: affordable cost (originally set to 475 MCHF
per experiment by CERN Council and management)
* Young physicists who will provide the main thrust to the
scientific output of the collaborations: how to minimise formal
aspects? How to recognise individual contributions?

*ATLAS and CMS : started in 1992... = 2008!!!
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Pile-up at the LHC

Pile-up = additional -mostly soft- interactions per bunch crossing
Startup luminosity 2010/2011 = 2-4 events per bunch crossing
High luminosity = 1034cm2s-! = ~25 events per bunch crossing
Luminosity upgrade > 2020 = >200 events per bunch crossing

. ‘
AV SR L\ N

SUSY event (no pileup) | SUSY event (1034cm-2s-1)




Pile-up at present

J 40% of event have > 1 pp interaction per crossing
= Example : 4 pp interactions in one bunch crossing
= 10-45 tracks pT>1 50 MeV per vertex

SOATLAS

JJ_ EXPERIMENT

e Nrsrthisr s 15 3565, Tvenl Nirrrthers 448 ¢ 4RO
Dare: 2020 04 249 09:18:53 CEST
Event with 4 Pilcup Vertices
in 7 TeV Collisions

-3.2-23 0519 Z (cm)

47



How to find the interesting signals

This event contains pp —H+X, with H—=ZZ—uuuu
X ~ 100 charged particles

]

All tracks shown Only tracks with transverse
momentum > 2 GeV shown



The LHC: Environement

fectre ® INteractions every 25 ns ...

— In 25 ns particles travel 7.5 m
- End Cap Toroid

Muon Detectors

Time-of-flight

i Inner Detector c o o
Weight: Barrel Toroid Hadronic Calorimeters Shielding

»

7000 t 44 m >
« Cable length ~100 meters ...

— In 25 ns signals travel 5 m



ﬁ

Event Filtering: the Trigger System

Collision rate is 40 MHz Event size ~1 Mbyte
2007 technology (and budget) allows only to write 100 Hz
of events to tape — need a factor ~107 online filtering!!

The trigger is a function of :
EE=== lost forever!!

TEE=)?
“IFLLMI‘L!' "l — 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 Et,...




Worldwide LHC Computing Grid (wLCG)

GRID computing developed
to solve problem of data storage
and analysis

LHC data volume per year:
10-15 Petabytes

One CD has ~ 600 Megabytes
1 Petabyte = 10° MB = 10'° Byte

(Note: the WWW is from CERN... ) +ai

WLCG is a worldwide
collaborative effort on

an unprecedented scale in
terms of storage and CPU
requirements, as well as
the software project’s size

50 CD-ROM /
=35GB

Balloon

(30 Km)

CD stack with
1 year LHC data!

(~ ?QAKm)

Concorde
(15 Km)

Mt. Blanc
(4.8 Km)\A
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LHC Computing Grid project (LCG)

Tier-2 Centres

Tier-1 Centres

SRR RN dedicated 10 Gbit/s links

»mé‘nége"m.eht:‘ -
CERN (Tier-0)

Eleven Tier-1s

38 federations of smaller Tier-2
centres

India — BARC, TIFR, VECC

35 countries involved
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Summary: Challenges

High event rate and pile-up

— High granularity: typically 10x more channels compared to
present detectors

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

— Limit event rate to 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 ET), lepton
identification, B & Tau identification, jet measurements...

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

Can it be done?






General Purpose Detectors at the LHC

ATLAS A Toroidal LHC ApparatuS CMS Compact Muon Solenoid

In total about

~100 000 000 electronic channels
Each channel checked

40 000 000 times per second (collision rate is 40 MHz)
Amount of data of just one collisions

>1 500 000 Bytes
Trigger (online event selection)

Reduce 40 MHz collision rate to ~100 Hz data recording rate
Readout to disk

100 collisions/sec = pentaBytes of data/year



The CMS Collaboration: >3000 scientists and engineers,
>7/00 students from 182 Institutions in 39 countries .
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~ 1/4 of the people whé made CM%OSSIHPQ(«V; ,
) & « o | _—— = ¥
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The Modular Design of CMS

ya7° g n<>
SUPERCONDUCTING ’ CALORIMETERS |
COIL ECAL HCAL U
scintillating
PbWO4 crystals Plastic scintillator/brass
== sandwich
IRON YOKE
TRACKER
silicon Microstrips tEEE
Pixels T - 8!
[ = I T
Total weight - 12,500 t i / — HH[?SAPS ==
Overall diameter - 15 m E
Overall length - 21.6 m MUON BARREL d
Magnetic field - 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers (CSC )
Chambers (DT)  Chambers (RPC) Resistive Plate Chambers (RPC)

Acceptance: Calorimetry [n| <5.0 Tracking |n|<2.4
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CMS Detector Design Priorities

Expression of Intent (EOI): Evian 1992

1. Arobust 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 Solenoid (CMS)_..

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

sss m GOmMpact design

4.645m

ws0m  O0lenoid for Muon P,
200m  trigger in transverse
plane

_k 2864

“rmem - Redundancy: 4 muon
stations with 32 r-phi
measurements

APJ/P,~ 5% @1TeV for
~¢ , reasonable space

e resolution of muon
Center of LHC
chambers (200um)

Transverse View



