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Setting the Stage ... Motivation for a Huge Machine
& Is the Standard Model the end ?
5 New Physics ?

CERN and the Large Hadron Collider (LHC)
V. The ATLAS Experiment

% Detector challenges and concept

& Specific systems

Yin—Yang talk: some parts
V. Outlook are easy, some are less...

Check the traffic light!
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A Postcard from Geneva

~ basic elements of matter, and the
forces acting among them.

e 1'.'.' LAY 1", — 'I’.T. ,
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The Standard Model (SM)

The SM describes all observed phenomena using 21 (24) matter particles and 4 forces

e Matter particles Organised in 3 generations

6 Leptons 6 Quarks

O [

Force particles Distinguishing 3 forces

Bosons

Photon

3 Weak bosons 8 Gluons
magnetic force Weak force Strong force

o Higgs boson @ Breaks electro-weak unification
Generates particle masses

‘)4‘
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The Standard Model (SM)

The SM describes all observed phenomena using 21 (24) matter particles and 4 forces

| Vet as
Electro- Strong 1] ~|
magnetic , ~ieg [t

Coupling strength
between two u quarks:

Strong ° 1
EM ® 102
Weak  10-¢

Gravitation 2
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The Standard Model (SM)

The SM describes all observed phenomena using 21 (24) matter particles and 4 forces

Electro- Weak Strong e W, -I|
magnetlc —
I'_'-.-‘ l ) _. y . )‘\'

Note the SM does not include grawty'
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Coupling strength
between two u quarks:
Strong ° 1

EM ® 102
Weak  10-¢
Gravitation 2 104

......
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The Standard Model (SM)

It has only 19 parameters ! (neglecting neutrino masses, which are of course of crucial importance)

AT e S e S y
Pt e e i f‘-",..-f,:«- Frne ’ﬁ%‘.‘?
”

d‘ 3 Lepton masses il :

’i? 1 EM coupling constant 1 Weak coupling constant 1 Strong coupling constant
(Photon massless) 2 masses (Z, W) (Gluons massless)

7

> =20 parameters ?7??
= — 1 because electroweak unification relates

boson masses to electroweak couplings !
LU ! ’
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

CDF Run II Preliminary

L=25fb"
——data
| |Drell-Yan

S felen - _
l Other SM " Cross sections of

=] ]

Events/(10 GeV/c’)
8

o hadron and lepton-pair
v
IR0 s E T m productlon have been
verlfled up to 0(1 TeV)

100 200 300 400 500 600 700 800 900 1000
M(ee) (GeV/c")
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

IlllIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII

1o band for m,,, wa

68%, 95%, 99% CL contour including Mw’ mmP

Electromagnetic and
weak unification at the
electroweak scale has

been well tested

1o band for M, wa

%

68%, 95%, 99% CL contour excluding Hw’ mmp

DGB%, 95%, 99% CL contour including -
M, m,_and direct Higgs searches Ellfitter
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

Q states (lattice)
e'e” (0,,.9)

The “asymptotic
freedom” property of
QCD has been tested

e (jet & event-shape)

DIS (B}-SR)

e (Opaa)

e+

) > e’

b e'e” (Z width)

to the percent level

pscale (GeV)

-" e S | S ki dAE
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

from Bu ALEPH

The “universality” of
the weak interaction
has been verified to

from Bn ALEPH

from T, WA

average

174 176 17.8 18 18.2
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions
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["excluded area has CL > 0.95 %
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

<— d(muon) < 7x107"1% ecem

10-20 - neutron: e
- electron: e

10-224

10-24-

1026 <— d(neutron) < 3x10-28 " The predicted tininess
] <— d(electron) <1.6x10-27 of an elementary

102 ~ ~ -~ electric dipole moment

. Present experimental limits
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

Muon spin precession frequency in - :
magnetic field measured at Brookhaven = The predicted electron =

and muon magnetic
moments have been
verified to the parts
per million level
e i

o I T g ¥
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The Standard Model (SM)

During the last 35 years, the SM has been experimentally verified to extreme precisions

Muon spin precession frequency in
magnetic field measured at Brookhaven — The predicted electron =

and muon magnetic
moments have been
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The Standard Model (SM)
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Th__g__ProbIem | S

The Higgs is not yet discovered !
The Higgs is the only fundamental scalar (®)
What is the origin of the huge mass hierarchy between matter particles ?

and:

Dark matter (and, perhaps, dark energy)

Baryogenesis and Leptogenesis (Matter-Antimatter asymmetry)
Grand Unification of the gauge couplings

The gauge hierarchy Problem

The strong CP Problem (why is 6 ~ 0 ?)

Neutrino masses Neutrino masses and inclusion of
Gravitation gravity in the SM require new
_ physics at the scales ~10"* GeV
New Physics: why not ? [D.E. Kaplan] and ~101° GeV, respectively !
| =0 e v
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Dark Matter

Dark matter does not emit or reflect Bullet cluster. Collision of galaxy clusters: baryonic

sufficient electromagnetic radiation to be matter, stars — weakly affected by collisions (blue)
detected — and strongly affected gas (pink)

Evidence for dark matter stems from:
gravitational lensing observations
galaxy rotation curves

anisotropy of cosmic microwave
background radiation

Mass density contours superimposed over photograph
taken with Hubble Space Telescope
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Dark Matter

Dark matter does not emit or reflect Bullet cluster. Collision of galaxy clusters: baryonic

sufficient electromagnetic radiation to be matter, stars — weakly affected by collisions (blue)
detected — and strongly affected gas (pink)

Evidence for dark matter stems from: TR e e i
o : : SIS EOEEe. O
gravitational lensing observations . TR RE -
: strongest gravitational lensing

galaxy rotation curves

anisotropy of cosmic microwave
background radiation

weak lensing mass contours (Clowe in prep.) ._
3
* ¥ & . 1} .
Mass density contours superimposed over photograph
taken with Hubble Space Telescope
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Digression: Dark Matter — The “"WIMP Miracle”

Consider Some new particle Z

During an early soup, its annihilation reaction is in thermal equilibrium

yy o ff

As the soup expands it cools down, so that (assuming here: m(y) > m(f), still remaining in
thermal equilibrium)

;(;(—)ff_

When o, < H(T ), some y freeze out and create weakly interacting dark matter QDM

The abundance of the dark matter inverse proportional to the annihilation cross section

1
Qpy e —*me =  Qpy=01 - m,~0.1-1TeV

(vop) 7

COINCIDENCE ?




Matter-Antimatter Asymmetry




Matter-Antimatter Asymmetry

— _
AO 000,000, 00p n(’o 000,000, 00p

1
?/("[

q $m q

Early universe ?
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Matter-Antimatter Asymmetry

Current universe
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Grand Unification of the Gauge Couplings (GUT)

T. Kondo (KEK)

1 Electromagnetic and weak
couplings unify at E ~100 GeV

The evolution of the couplings
o4 (EM/hypercharge) a,
(weak), and o (strong),
almost coincides at E ~10"°
GeV

SM extensions such as SUSY
with a characteristic mass
scale of ~1 TeV can have the
right properties to adjust the
running and allow for GUT at
E ~10'6 GeV

60

1/Ck
40

no SUSY
|

=

oo™

e

10%

1010

Encrgy ((GeV)

1014

Exact unification does not need to occur, but wouldn’t it be very appealing if it did ?

It would be consistent with the speculation that the three couplings (forces) are in effect
different manifestations of a single overarching gauge symmetry




The gauge Hierarchy Problem

1 If a Higgs boson with mass < 1 TeV is discovered, the Standard Model is complete !

1 However, when computing radiative corrections to the bare Higgs mass a problem occurs:

Higgs
radiative
corrections

k* +m?

WJFW
i )

T m; =mg +Sm;  where: Sm? o jd“k
0

Integral quadrétically divergent

The cut-off sets the scale where new particles and physical laws must come in
Above the EW scale we only know of two scales: GUT (~10'6 GeV) and Planck (~10'° GeV)

Such a cut-off would require an incredible amount of finetuning to keep my, light and stable

? .
5 ™ 2 2 2 The natural Higgs mass seems
mg; =(1 20 GeV) =mg +C - Agytoff to be M, rather than the

experimentally favoured value...




The gauge Hierarchy Problem

1 If a Higgs boson with mass < 1 TeV is discovere P.W. Higgs, Phys. Lett. 12 (1964) 132

1 However, when computing radiative corrections

BUT ... again (!) ...
the Higgs is not yet
discovered !

Integral quadré'

1 The cut-off sets the scale where new particles a

1 Above the EW scale we only know of two sca
Only unambiguous example ble

of observed Higgs

?
= 2 Joke plagiarized from D. Froidevaux, CERN
22(120 GeV)” = ]

1 Such a cut-off would require an incredible a

‘ experimentally favoured value...




The Higgs

Let’s follow Daniel Froidevaux some more:

P.W. Higgs, Phys. Lett. 12 (1964) 132

The Higgs has been with us for four
decades as ...

B A theoretical concept

B An incarnation of the “Communist

Party since it controls the Masses”
[L. Alvarez-Gaumé at CERN summer school in Alushta]

B A painful part of the first chapter in
our PhD thesis ...

© CMS © ATLAS
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Digression: The Higgs Mechanism

B The fermion and gauge-boson masses of the SM are dynamically generated via the Higgs
mechanism when spontaneously breaking electroweak symmetry

E Recall the Higgs “Mexican hat” potential at T = 0:
2| 42 4 2
V(g)=wlld] + Al . ut <0
with vacuum expectation value: (0|¢|0).  =uv. /2 VA
2
_ w1
B AtT < Tgy, the massless fermion fields interact Ureo =475 = G 246 GeV
with the non-vanishing Higgs “condensates”: ]
(9 v+/V2)
> = > + . —> + —————— +
propagator: 1/g Ya i Yo Ya i Ya Y

B Geometric series yields massive propagator creating effective mass for fermion:

1 1 gfvT]1 1(gfvTj1(gfvT]1 1 ((gfvTj1]n 1 similar
—+— —t+— | | |—t...=— — | = for gauge
9 Q(\/E q 9 J2 q J2 q q; J2 q q—m; bosons
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A Light Standard Model Higgs Boson

B If indeed the mass of the Higgs is light it will be produced at the LHC

(_.;I 1 1 I 1 1 1 1 I "; i 1 1 I 1 1 E ‘lr_llggsfintass
T S A el fitter|— A2 AR D
EN = 3% alectroweak
% = precision data
c -
S ]
[7;] ]
= ‘ -
2 s =
Q , —
o -
W ]
- =
""""""""""""""""""""""""" — 20
[_] Theory Uncertainty -
- Fit including Theory Uncer. —
---- Fit excluding Theory Uncer. -
""""""""""""""""""""""""""""" — 1o
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 :
150 200 250
M, [GeV]
H H, -
{0 i 11Gpm? cos? HWI m2,
AAAAAAAAAAAAANAA + ANAAAANVARANAAAA p(nggS) - 5 0g 2
2427 miy
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A Light Standard Model Higgs Boson

B If indeed the mass of the Higgs is light it will be produced at the LHC

Nx 10 J LILIL I LI I LILIL I LI I LI If'_‘ T 1 LI I LI I: nggs maSS
< g O L 4 lfitter]— 35 from fit to
_____ = electroweak
8 = precision data
5 =
o - — .
7 @ = Fit including
6 o = constraint from
E - direct searches at
5 I = LEP and Tevatron
4 —; 26
3 —
[_] Theory Uncertainty -
2 — Fit including Theory Uncer. —
---- Fit excluding Theory Uncer. 3
1057 7 i) Attt ettt ettt — 1o
11 I 111 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 I:

080100120140160180200220240260280

M, [GeV]
H H
P O % 11Gpm? cos? By | m2,
JWVV’L’WVV\:‘JVVV\/‘ + WW p(nggS) - Og 5
24+/2 72 iy

Regensburg Colloquium, June 9, 2008 A. Hoecker — The New High-Energy Frontier: ATLAS and the LHC




New Physics: Why NOt ?

© David E. Kaplan, HCP
Summer School, CERN 2007

10 TeV
1 TeV 27?
100 GeV ?
Why should there be a 10 GeV b b (7
. pbed ¢ !
desert in the logarithmic 100y TR A

10 MeV nuclear binding ener
energy scale ? AV o g energy
100 keV l
10 keV
1 keV
100 eV
10 eV atomic binding energy
1eV VA
100 meV l
10 meV l
1 meV




New Physics: Why ?

Electroweak precision data
There are also strong Flavour changing neutral currents

arguments againSt new Matter-antimatter symmetry violation
physics at the TeV scale in flavour and non-flavour sector

Baryon and lepton number violation




Standard Model
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Extending the
Standard Model

Models for new physics focus on curing the hierarchy
problem and providing dark matter candidates

Supersymmetry
Extra Dimensions

Little Higgs
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Supersymmetry (SUSY)

The light scalar Higgs boson is unprotected at GUT/Planck scales

Fermion and boson loops contribute with different signs to the Higgs radiative corrections:
if there existed a symmetry relating these two, this could protect the masses of the scalar !

Fermion loop

H

Boson loop

= =7 W =2
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Supersymmetry (SUSY)

The light scalar Higgs boson is unprotected at GUT/Planck scales

Fermion and boson loops contribute with different signs to the Higgs radiative corrections:
if there existed a symmetry relating these two, this could protect the masses of the scalar !

Supersymmetry realises this by transforming bosons <« fermions
SUSY transforms for example a scalar boson into a spin-'% fermion, whose mass is protected
Hence, the scalar mass is also protected (precisely through SUSY)

4 This solves the naturalness and the hierarchy problems of the SM (at least technically)

“Local gauge invariance” of SUSY requires existence of spin-3/2 and spin-2 particles

This naturally introduces the spin-2 graviton, assumed to mediate the gravitational force

To avoid proton decay, a new symmetry is introduced: R-parity
K SUSY particles must be produced in pairs, and decay into other SUSY particles
2 The lightest SUSY particle is stable - dark matter candidate !

SUSY also naturally achieves Grand Unification of the forces at ~ 1016 GeV
|l 7 NN~ |,
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Interactions of SUSY Particles

MSSM: take any SM diagram and switch the spin of two lines




Simulation of a black
hole in the ATLAS
detector

AN

Extendlng the

Standard Model
/ g R~ o 4_"/ AN P W
R N 8

Perhaps the problem

with the hierarchy is that
we use the wrong Mg, ?

> Supersymmetry

» Extra dimensions

Could there be strong
gravity at the TeV scale ?

» Little Higgs

Indeed, if there were
extra spatial dimensions
into which gravity
propagates, it could only
7 appear weak to us in 4D
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If there are extra (spatial) dimensions ...

...why did we only observe 3 spatial dimensions so far ?




Extra Dimensions are Compactified ...

xtra space dimensions are hidden from view because
they are "compactified, i.e., tightly rolled up. In this
demonstration, a 2D surface is rolled up in a tube (bottom),

ecoming so tightly rolled that it looks like a 1D line (top).
[Graphics by Mark McLellan].

If the size of the compact ED is much smaller than the
wavelength of the particles we are observing, then
the ED could remain hidden




Extra Dimensions are Compactified ...

o |
o

=
Q7
Q4
< B

Compactification generates so-called “Kaluza-Klein
(KK) towers” that can be associated with particles
(resonances) propagating in the EDs

= These particles can be observed if the EDs can be
resolved with high energy accelerators




Extra Dimensions are Compactified ...

Arkani-Hamed, Dimopoulos,
Dvali, hep-ph/9803315
3442 citations to date !

Randal-Sundrum,
hep-ph/9905221
3757 citations to date !

OUR 3-D UNIVERSE

o
©
o
=
a)
a
<

© Scientific American il EXTRA DIMENSIONS

Compactification generates so-called “Kaluza-Klein
(KK) towers” that can be associated with particles
(resonances) propagating in the EDs

= These particles can be observed if the EDs can be
resolved with high energy accelerators




a7
Extending the
Standard Model

ﬂ..:.r-:-_a- Cx

. 7 - Perhaps Higgs results from
» Supersymmetry a new interaction at scale
A\ ~ 10 TeV, so we didn't
notice the interaction yet ?

» Extra dimensions

» Little Higgs
" "N Its breaking could lead to

new fields of mass ~ 1 TeV

that stabilize the SM for the

“little hierarchy”. EW 2> A
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OK, enough ...

let’s find our way back to
what we believe to know ...




i ; y.ﬂ:‘--'a i =

in o

Motlvatlon for a
HugeMachlne

P AP

o

L g - ) —_—

All SM extensions have in common that they solve the hierarchy
problem by introducing new particles at the TeV scale.

To find these, we need a new, huge collider providing hard
parton collisions with centre-of-mass energy well above 1 TeV
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CERN, the LHC and ATLAS

X
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CERN AC/DI/MM 3324-07 07-1998 e
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Distribution of all CERN Users by Nation of Institutes on 5 Feb 2008

- L S
4 0 J 3‘ 0 O A UO I
i (3
B
&
Ir -5 [
- b — e = S e
r CERN
W8 A — <% Founded in 1954 by 12 European countries
__ > Budget: 1075 MCHF = 664 MEuros (GER: 19.4%)
=, - r Personnel: 2500 Staff, O(700) Fellows and
= i~ Associates, 9100 users

Nobel prizes: 3 (Charpak, Ting, Rubbia)
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LHC: The Accelerator Challenge

B The search for new phenomena exploits ever smaller distances - ever larger energies

m The LHC collides protons at E,, = 14 TeV - probing a distance of 1.4 10-'8 cm ?
... hot quite, since protons are composites: the energy is distributed among its partons

..and also ALICE!

T e,

.
™
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LHC: The Accelerator Challenge

B The search for new phenomena exploits ever smaller distances - ever larger energies

m The LHC collides protons at E,, = 14 TeV - probing a distance of 1.4 10-'8 cm ?
... hot quite, since protons are composites: the energy is distributed among its partons

E  Want to produce rare new particles - need high intensity beams
B Proton energy is limited by magnets that guide the circular beams

B E oo ~ 0.3:Br: since radius is fixed (27 km), use as strong fields as possible (> 8 T),
and fill all free LHC sections with magnets (~2/3)

n'@'mmlg} ay = 2A

Regensburg Colloquium, June 9, 2008
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Accelerators for the LHC

LHC has 4 Iarge experlments ATLAS CMS, LHCb ALICE
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7TeV

1 LHC

450 GeV LHC has 4 Iarge experlments ATLAS, CMS, LHCb ALICE

Accelerators for the LHC

= —
p— -
= —
- —
— -
- =

———

26 GeV
[ es
1.4 GeV

BOO-
STER
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Dipole weight 30 tons

ipole cooled with sﬁperﬂuid helium to 1.9 K (120 tons)
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The LHC — Dipole Section

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

" Helium-Il Vessel

Spool Piece : . _ i _ Y/ -
Bus Bars -- T, w / Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Coliars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long

Bus Bar Tube

- Instrumentation
Pmt%ciggg Feed Throughs

LHC cryodipole
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The LHC surpasses existing accelerators in 2 main aspects:

7 TeV beam energy in 26.7 km (LEP) tunnel (Tevatron: 0.98 TeV in 6.3 km)
» LHC dipole field strength: 8.3 T
» HERA/Tevatron: ~4T

Unprecedented peak luminosity for hadron machine
(note: no. of events = luminosity x cross section)

» LHC (pp): ~ 1034 cm=2s

» Tevatron/SppbarS: 2.5x1032 / 6x103° cm—2s~"

The combination of very high field magnets and very high beam intensities
required to reach luminosity targets makes LHC operation a great challenge

4 - “ e . . O .
o7 e b : W
ff 2 g . - . o i
LY e PR s b o v N s -
i i y T 3
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The LHC — Stored Energy

2808 bunches filled with 101" protons a 7 TeV per bunch
» 350 MJ stored energy per proton beam

Equwalent to Collldlng 2x120 Elephants

.....
FE

Energy of a single 7 TeV Eye of a needle: 0.3 mm diameter
proton equivalent to flying

mosquito (1 uJ) Proton beams at interaction point are

10 x smaIIeTr: 0.03 mm diameter
|
Big challenge to control (and dump) the stored energy and to avoid damage
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The LHC — Plctures

Transport with optically guided vehicle
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Quality Control
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Interconnection We
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The LHC — Pictures

W I/ 58 o=
'Jd.hf-_f.’s p _// & ‘{/ - r .
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The LHC — Plctures
Jy
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ATLAS and CMS are “general purpose detectors”, capable of adequately covering
the entire physics programme reachable with high-luminosity 14 TeV pp collisions

» From charm and beauty physics at lowest transverse momenta (~3 GeV) ...

» ... to New Physics searches up to the highest reachable scales (~4 TeV)
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Cross Sections
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Cross Sections
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- This fact drives the detector design

g 20000

t
V> .......... H0
g QQQQ0Q,

0.001 0.01

0.1

1.0

Vs TeV

g 20000,

g QQ00Q0,

Quark-flavour
production

Many orders of magnitude between QCD background
and primary physics channels

gluon-to-Higgs fusion

squarks, gluinos
(m~1TeV)
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_Prlnc;lples of Partlcle Dedectlon

Y 4L T a = = INY X R e NE
B Basic detector concepts:
Symmetric beams - symmetric detector, geometry pointing w.r.t. to collision point
Collision products move from the collision point outwards
Tracking detectors measure trajectories of charged particles bending in magnetic field
Calorimeters measure electron, photon, hadron energy deposits
Tracks of remamlng (unabsorbed) muons are measured

g c er e Y - il I - ——— _
. - e x{;\ v TR T, - : =
b "] -:-‘V""'E’ ) g -:"" ek (o peladee i, ;..JII 5\4 .\fos o il L cicichs i % i et S ——

B Event reconstruction:

“Trigger” on an interesting event - read out detector

Reconstruction starts with detector signals:

» Space points from ionization by charged particles in
tracking systems

» Energies from showers in calorimeter cells/crystals

» Signals from particle-identification detectors

“Fit” track helices to space points

“Cluster” adjacent calorimeter energy deposits é—wmmpmwm@ews tracker
(therellare alsadmadams frentHildjggsidegay.).)
) P ¥ b
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Requirements from LHC Conditions

B LHC and data conditions: B Design challenges:

» 40 MHz bunch crossing rate Fast trigger, precise timing and “pipeline”
(25ns = 7.5m bunch spacing) electronics: Level-1 latency < 2.5us

» ~1 GHz interaction rate at L = 1034 Efficient pattern recognition to reduce:
cm~2s-1 (~25 ias. per bunch crossing) GHz - L1 - 75 kHz — HLT— 200 Hz — Disk

» ~300 Mbytes/seconds data rate Powerful data processing farms: distribute
(200 Hz x O(1.5 MB/event)) data analysis among many computing centres

=» Irradiation rate / 10 LHC years: Radiation hard inner tracker (pixel with large
5x10'4 n, Jem? (300 kGray [= J/kg]) S/B) and forward calorimeter technology

=» High charged multiplicity High-granular pixel/silicon or fine-grained
(O(1000) tracks per event, 10'1 / sec) straw tracker technologies

=» High background rates (beam halo Precise muon timing, redundant pattern
muons, neutrons, beam-gas collisions) recognition, radiation hardness
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:

» B> uu and B, —> Jly ¢ Trigger efficiency (pq(x) > 3 GeVv) and purity

(HLT tracking reconstructs charge, vertex and B mass)
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:

» B> uu and B, —> Jly ¢ Trigger efficiency (pq(x) > 3 GeVv) and purity

(HLT tracking reconstructs charge, vertex and B mass)

» W mass Excellent tracking alignment, calorimeter
uniformity, resolution and low noise

hpte_ref18
Entries 8436199
Mean 35.91
RMS 10.33
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:

» B> uu and B, —> Jly ¢ Trigger efficiency (pq(x) > 3 GeVv) and purity

(HLT tracking reconstructs charge, vertex and B mass)

» W mass Excellent tracking alignment, calorimeter
uniformity, resolution and low noise

» top mass Excellent jet & missing transverse energy
resolution and uniformity, excellent b-tagging

ssoFT TN dronic
3008 ; top mass
- with 2 b-
500 tags

- o hkt e
00 50 100 150 200 250 300 350 400
mijib) (GeV)
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:
» Bs(d) — MU and Bs - ‘Jll// ¢ ‘?g 10000 EEEEEEE?:M | purlty
8 —l B mass)
€ 8000 :z’;’)‘f‘;
I.|>J B bom vy

»
=3
(=3
(=]

rimeter
oise

» W mass

Higgs mass over
background in H — vy
» top mass fio 15 120 125 130 3B 140 145 150 energy

M, (GeV) t b-tagging

» H— yy4e, 4y, 7 (VBF) Excellent PID, resolution & uniformity,
efficient high-lumi tracking, forward jets
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:
» B> uu and B, —> Jly ¢ Trigger efficiency (pq(x) > 3 GeVv) and purity
(HLT tracking reconstructs charge, SUSY event 1aSS)
with missing
in CMS

» W mass E;t'e”dor ster

nuIe
» top mass > energy

1t b-tagging
» H—> yy 4e, 4u, 77 (VBF) ormity,

ward jets
» SUSY with R-parity, SUSY Higgs Excellent jet & E+ ,;ss resolution, low noise,

ridentification, maximum acceptance
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Requirements from Physics Programme

B Some benchmark analyses: B Design challenges:
» B> uu and B, —> Jly ¢ Trigger efficiency (pq(x) > 3 GeVv) and purity
(HLT tracking reconstructs charge, vertex and B mass)
Broad KK resonance | ot
®» \V mass in RS model o s
— ectrons —
‘T—Q 10 T muons _
> F M, = 4 Tev E
» top mass T 100t ]
¢ 1 e = |ng
» H— y, 4e, 4y, T (VBF) 1oL ]
10 2
» SUSY with R-parity, SUSY Higgs = o0 oo 5e,
» RS KK modes Good tracking (incl.charge ID) and calorimeter

resolution at O(TeV), little calo saturation
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Trading the Requirements
ATLAS & CMS

; r kg ’ |
/,-/ .
_____ T + Detector Schemas '
=" | » Reconstruction of Physics Objects
R o > Design Gwdellnes and Performance Characteristics
-

\ Hidden -valley'Z'; decay mCMS .
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeters

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Particles are
detected
through their
interaction
with the
active
detector
UEICHELS

ATLAS Detector Layers

Charged particles

Excitation

lonisation
Bremsstrahlung
Cherenkov radiation
Transition radiation
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Photons

Photo effect
Compton scattering
Pair creation

Hadrons

Strong interaction
creates showers with

-> charged particles
- photons
- neutral hadrons




Particles are
detected
through their
interaction
with the
active
detector
UEICHELS

ATLAS Detector Layers

Muon
Spectrometer

»
£l

‘Neutring

Hadranic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic .. 0
Calorimeter . “Electrons”
Phaoton| .
Solenoid magnet ¢ c
" Transition
Radiation
Tracking Tracker
Pixel/SCT T
detector -
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ATLAS & CMS: Design & Performance Overview

ATLAS (7 ktons) @

ner-e

N

CMS (12.5 ktons)

« Silicon pixels + strips
* TRT with particle identification

* Silicon pixels + strips
* No dedicated particle identification

» Calorimeters outside solenoid field

INNER TRACKER
C «B=2T *B=4T
* o(p;) ~ 3.8% (at 100 GeV, n = 0) * o(p;) ~ 1.5% (at 100 GeV, n = 0)
* 4 Magnets * 1 Magnet
MAGNETS » Solenoid + Air-core muon toroids » Solenoid

» Calorimeters inside field

EM CALORIMETER

* Pb / Liquid Ar sampling accordion
* 6(E) ~ 10-12% /VE @ 0.2-0.35%
* Longitudinal segmentation
 Saturation at ~ 3 TeV

* PbWO, scintillation crystals

*« 6(E) ~ 3-5.5%/VE ® 0.5%

* No longitudinal segmentation
 Saturation at 1.7 TeV

HAD CALORIMETER

* Fe / Scint. tiles (EC: Cu-liquid Ar)
* 6(E) ~ 45% /VE ® 1.3% (Barrel)

* Cu (EC: brass) / Scint. tiles
* Tail catchers outside solenoid
* 6(E) ~ 100% /VE @ 8% (Barrel)

MUON

» Drift tubes & CSC (fwd) + RPC/TGC
* o(p;) ~ 10.5%/10.4% (1 TeV, n =0)
(standalone / combined with tracker)

* Drift tubes & CSC (EC) + RPC
*o(p;) ~13% /4.5% (1 TeV, n =0)
(standalone / combined with tracker)
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ATLAS & CMS: Design & Performance Overview

ATLAS: emphasis on excellent  CMS: emphasis on excellent
jet and missing-E resolution, electron/photon and muon

and on particle identification resolution
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Inner Tracking Devices
Calorimeters

Muon Systems

e §

Trigger, Data Acquisition & Co
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The ATLAS Inner Tracker (Barrel)

(R =1082 mm

TRT <

\_R =554
(R=514mm |.

R =443 mm

sct4
R =371 mm

LR =299 mm

R=122.5mm _— » Pixels
Pixels { R = 88.5 mm —
R =50.5 mm

R=0mm
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Silicon Detectors
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B ATLAS & CMS pixel detectors are among 1st generation of high-rate pixel devices

B Its basic unit is a module with 46 000 channels (pixels) each
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The ATLAS Pixel Detector

Length: 1.3 m, weight: ~4.4 kg, J: 34.4 cm

2x3 Endcap disks,
each with 8 sectors
and 48 modules

decoupling
capacivors

80 million channels

_ . 3 Barrel layers (r = 5,9, 12 cm),
Typical resolution (barrel): Y = 1456 barrel modules
10 um [rg], 115 um [Z]
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Pixel Pictures

By B AL e )
),
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Pixel Pictures




Drift Tubes (DT)

B Classical detection technique for charged particles based on gas ionisation and
drift time measurement

Example: muon in ATLAS Muons chambers

Cathode (HV-)

lons
drift to
cathode

Charged particle

TRT: Kapton tubes, = 4mm
MDT: Aluminium tubes, & =30 mm
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Combining Tracking with PID: the ATLAS TRT

B e/zseparation via transition radiation: polymer (PP) fibres/foils interleaved with DTs

\ Fibres or foils

g |

Transition radiation

Cathode (HV-)

Charged particle

Electrons radiate more - higher signal;
PID info by counting high threshold hits

Regensburg Colloquium, June 9, 2008

Radiator

b
s®

.®

Straws

Barrel TRT Module

.
““

Total: 370k straws

Barrel (Jn| < 0.7): 36 r-¢
measurements / track

. Resolution ~130 pm / straw

18 Endcap wheels (|n| <
%2.5): 35 or less z-¢ points

.
.
.

.
.
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Lead Tungstate crystal SIC-78

B CMS: PbWO, Scint. Crystal Calorimeter from China

Excellent energy resolution: entire
shower in active detector material

Excellent granularit (barrel: A x Ag = 0.0172 rad)
No longitudinal segmentation

IRl TN TR N O R e T s ST T 1

E ATLAS: LAr Sampling Calorimeter

Passive, heavy absorber (Pb, 1.1-1.5 mm
thick [barrel]) inter-leaved with active
detector material (liquid argon)

Granularity (Barrel: An x Ag = 0.0252 rad)

Longitudinally segmented (3 layers +
preshower)

I S s e
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ATLAS Liquid Argon EM Calorimeter

.

1.7 mm fe

Regensburg Colloquium, June 9, 2008

'
o x

Readout electrodes (3 etched copper
layers) placed in middle of 2.1 mm LAr
filled gaps by honeycomb spacers

Total of 170k readout channels




Hadronic Calorimeters

B EM calorimeter absorbs EM showers but only parts of showers initiated by hadrons
Following calorimeter layers (sampling calorimeters) fully absorb HAD showers
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Hadronic Calorimeters

B EM calorimeter absorbs EM showers but only parts of showers initiated by hadrons
Following calorimeter layers (sampling calorimeters) fully absorb HAD showers

Tile HAD
calorimeter

LAr EM
calorimeter

LAr forward
calorimeter

o LAr HAD
calorimeter
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The ATLAS Tile Hadronic Calorimeter
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The ATLAS Tile Hadronic Calorimeter




The ATLAS Tile Hadronic Calorimeter
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The ATLAS Tile Hadronic Calorimeter
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The ATLAS Muon Spectrometer (Active Material)

MWP Thin Gap Chambers (TGC) / Fast (4 ns) z and ¢ trigger chambers
11<|n| <24

Resistive Plate
Chambers (RPC)
Fast (2 ns) zand ¢

trigger chambers
In| <1.1

Cathode Strip Chambers (CSC)
MWPCs with cathodes segmented
in strips, z (precise) and ¢ info
20<|n| <27

Sectors LW
overlap in¢ L\ . Monitored Drift Tubes (MDT)

3 layers (stations) in each barrel and endcap

SRR Precision z measurements (80 um / DT), |n| < 2.0




S Y & TV N R . A AN /e ANl Y

’TheATLAS Muon Spectrometer

R | AR

LN \ :

AN

i E Huge magnetlc volume

3 ATLAS has 8 (barrel) 3 T.... and 2x8 (endcap)
’g 6 Tmax superconductlng tor0|d magnets
(e e RS i) S TN TR et G
-W U — E"m'—i‘«- L8 A r|“7 o
i - B Huge active detectors area

| .l
» Open structure minimises multiple scattering
] Dedlcated trlgger chambers

! mmv‘ ;-" | ‘A i

\ E Huge mechanlcal structure

Challenging tolerances for mechanical stability,
posmonlng and allgnment (optlcal sensors)

2 %

PP {»}‘l. ™

N l:hw

SE K

i M.
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LAS Muon Spectrometer

Sl | Big wheel, Feb 20(




The ATLAS Muon Spectrometer

ATLAS Detector Under construction
October 2005
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The ATLAS Muon Spectrometer
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The ATLAS Muon Spectrometer
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Each package provides 200 Hz rate

Bunch crossing rate (40 MHz)

A I -+

Level-1 trigger-accept rate (75 kHz2)

Thre ““ m er Levels
N\“NN“N TG

Level-2 trigger-accept rate (3.5 kHz)

Write to tape and
I‘ reconstruct




Regions of Interest (Rol)

Jet Rols
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Each LHC experiment will produce 10 000 TB of data each year

Data analysis requires 100 000 of the fastest PC processors
ATLAS collaboration spread all over the world - need distributed computing
Transfer of data from CERN at 10 Gbits/s rate to 11 world-wide computing centres

These centres send and receive data to 200 smaller centres within “clouds’

User analysis philosophy: “Avoid copying data: run the program where the data is”
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Conclusions ...
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Simulation of a Supersymmetry event in ATLAS

Pair of SUSY particles decaying via:

Six particle jets
Two muons with opposite charges (visible in the side view going to the left, but

not in the end view because they exited the detector in the forward direction
Large missing transverse energy




Simulation of a Higgs event in ATLAS

Higgs boson decaying into 2 Z bosons, with:

* One Z decaying into 2 muons
» The other Z decaying into 2 electrons




Simulation of a Higgs event in ATLAS

Higgs boson decaying into 2 Z bosons, with:

* One Z decaying into 2 muons
» The other Z decaying into 2 electrons
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and if we are aIIowed to enter Trans PIanck
Scales that |s GraV|ty in. extra dimensions is

“strong We may produce 'IaCk HOIeS

-

Artist’s portrayal of the IC 10 X-1 system: the blaek hele lies at the upper left and its companion star is_on-.th_e right -




Strong gravity in extra dimensions could allow black hole production at the LHC
Fast (r~ 10?7 s) thermal decay via Hawking radiation
Speed of growth: 10 microgram mass in 1 billion years !

L ~ \ e
n { 1 4
5 \ I"l/
L e W ] i
\ ¥
4 \
4

-/ / Black hole universally and spherically evaporating
Simulated micro black : /f into leptons, photons and jets in ATLAS.
hole in ATLAS detector . e 7 i’ N Final state multiplicity increases with Mgy,







Last Slide: The LHC Programme in a Nutshell

I = ADD X-dim at 9 TeV susvat4 Tev
g 1[1[1] e S e aots [T, BT
- B : Compositeness at 40 TeV
Q1000 E Higgs at 120 GeV : -
£ = l 7 at 6 TeV
E 300~ . S O
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2 100k /
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Recent V.I.P. Visits at ATLAS

Stephen
" Hawking

Angela Merkel 4 Simon van der Meer lf Tsung Dao Lee
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