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The LHC Project

Large Hadron Collider
© 27 km.circumference =

~—

On July 4th, CERN announced the discovery of a Higgs-like boson.
What are its properties ... ? What else is out there ... ?




pp \s = 14 TeV L gesign = 1034 cm2 s1 (after 2013)
7 TeV Linitiar < few x 103 cm-2s1 (2011)
8 TeV Linitiag <6 X 10%8cm2st1 (2012)
Heavy ions (e.g. Pb-Pb at ~ 1150 TeV)
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Plus 3 much smaller
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forward detectors at
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ALICE: study of quark-gluon plasma
- L3 solenoid
- Large TPC
- Si microstrip, drift and pixels detectors
- Particle identification: RICH, TRD, TOF
- PbWO, crystals + Pb/scintillator ecal
- Single arm forward muon system
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ATLAS
Detector

45 m
/\
—
ATLAS superimposed to Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

the 5 floors of building 40

24 m <

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



CMS Detector

Superconducting Coil, 4 Tesla CALORIMETERS

ECAL HCAL
76k scintillating”” Plastic scintillator/brass
PbWOA4 crygtals sandwich

Steel YOKE

Level-1 Trigger Output

« Today: 50 kHz
(eventually100 kHz)

 Directly feeds Higher Level

B iTrigger CPU farm

Pixels

Silicon Microstrips

210 m? of silicon sensors

9.6M (Str) & 66M (Pix) channels ; |

R, l’i " ENDCAPS
iy -

MUON BARREL
Drift Tube Resistive Plate Cathode Strip Chambers (CSC)

Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
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LHCb:

Study of B decays and CP Violation
(indirect search for New Physics)

- Dipole magnet (4 T.m)

- Particle Identification (2 RICH)

- 21 layer of Si microstrip vertex locator (VELO)
- Tracking: Silicon + long straw tubes

- Shashlik (Pb/scint) em calorimeter

- HCAL (Fe/scint),

- MWPC muon system
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The Underground
Cavern at Point-1 for
the ATLAS Detector

Length =55m
Width =32m
Height =35m
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Collisions at LHC

Proton-Proton

Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

Luminosity 10** cm? s
Bunch
Event rate:
Proton N=L x o (pp) = 10°interactions/s
Mostly soft (low p;) events
Parton Interesting hard (high-p;) events are rare

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle

- very powerful detectors needed



Physics at the LHC: the challenge

Fermilab SSC
. CERN i LHGi
Small x-sections _ ll |J.'
need highest luminosity N ﬁlm__._w e
| = 1034-35 Cm—ZS—l i UA4/5 i )
Orders of magnitude of event rates 1 mbL E |
for various physics channels: _
» Inelastic : 101" Hz i
oW ->1lv: 10° Hz e
e tt production : 102 Hz g
e Higgs (m=100 GeV) : 1 Hz § i
e Higgs (m=600 GeV) : 10! Hz s T
(and include branching ratios: ~ 10-?) 1o - Az
PP
— 'D'ag"r_'ﬁa = 500 GeV)
° | O3 -1
c Selection power for My 1TECOY °
1pb = o - 100 GeV
Higgs discovery ~ 101415 L e 103
i.e. 100 000 times better than achieved | """ |
at Tevatron so far for high-p, leptons! 0001 001 0.1 10 10 100

Events /s for & 103 cm=2 s~



Physics at the LHC: the challenge

LHC is a “factory’ for top, W/Z, Higgs, SUSY, black holes ...

Expected event rates for representative (known and new) physics processes
at “low” luminosity (L=1033 ¢cm2 s!) in ATLAS/CMS

Process Events/s |Events for 10 fb]| Total statistics collected

(one year) elsewhere by 2008 (?)

W- ev 30 108 10‘LEP/ 107 Tevatron

7 ee 3 107 10° LEP

Top 2 107 10# Tevatron

Beauty 106 10121013 10° Belle/BaBar

H (m=130 GeV) 0.04 105

Gluino 0.002 104

(m=1 TeV)

Black holes 0.0002 103

m >3 TeV




Physics at the LHC: the environment

What do we mean by particle reconstruction and identification at LHC?
Elementary constituents interact as such in “hard processes”, namely:

€ V,Y:

TR
T,C, b

Quarks and leptons as matter particles, and

e (0.0005) | pu(0.105) | = (1.777)
Leptons Ve v, V,
Quarks | u(<0.005) | c(~1.25) | t(~175)
d(<0.005) | s(~0.1) b(~4.2)
Gluons and EW bosons as gauge particles
Gluon(0) Photon| W*W- Z
Colour octet | (0) (80.42) | (91.188)

only rigorously stable particles
at collider energies, do not decay in the detector
Live long enough to travel a short distance, can see separated vertexes.

All other particles can only be seen through their stable decay products

All
masses
in GeV



Physics at the LHC: the environment
Which type of particles does one actually see in the final state?

LHC physics processes are dominated by strong interactions (QCD) :

+ Jets : hard processes: quarks and gluons materialise as hadronic jets, which
consist mostly of charged and neutral hadrons (pions, kaons, and to a
lesser extent protons and neutrons, which at these energies can be all
considered as stable).

+  “soup” : soft processes: non-perturbative QCD processes with soft gluons
materialising as almost uniform soup of charged and neutral &, K, etc.

Heavy quarks with “long” lifetime are produced abundantly also
High-p, (above ~ 10 GeV) leptons are produced mostly in ¢, b decays.
High-p isolated leptons may be found in fraction of J/y and Y decays
For p; > 25 GeV, dominant source of high-p leptons: W/Z/tt decays

+ + + +

Main challenge at LHC : find e, vy, y, T, b amidst q/g soup




Cross section, Luminosity, Reaction Rate

Fixed target experiment

R = rate of reaction

I\

LA

a

Incident flux x Area ]
= Incident rate

R=1 AN s

N; = Number/area

/I

Collider experiment \ T /

N

I\Ifrevnb <

/ f \ N/4nc*2 = Number/area

R = rate of reaction

A

R=LS

= Incident rate

Depends on f,, revolution frequency
N2 £ T n, number of bunches
L= p—; N number of particles/bunch

0* beam size or rather overlap
integral at IP
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Luminosity

In scattering theory and accelerator physics, luminosity is the number of particles per unit area per unit
time times the opacity of the target, usually expressed in cm-2 s—1. The integrated luminosity is the
integral of the luminosity with respect to time. The luminosity is an important value to characterize the
performance of an accelerator.

The following relations hold

proton - (anti)proton cross sections

- 10° grr——
Depends on f_, revolution frequency ok : o !
r N2 Frev T n, humber of bunches o | " Tevewon  LHO ;
= ¥ N number of particles/bunch 10° k | B .
| s 5_ _:
6* beam size or rather overlap  "° o
. 10" | e -
integral at IP . §
10 3 .
107 _ o (E* > vs/20) ‘ _
o) F : 3
[ 10 Ow . .
N=go f L dt Number of measured events . o 7 :
= o (E.”'>100 GeV)
107 | o E
d_ﬁ'r Rate 107 é ] 3 : -é
— = 1Lo 107 g RS - y
dt 10t B GuE > vsa) T ;
10° E—Onggs(MH:120 GeV) s p < 4 A E
do 1 &N S vy A S
—— = ———— Differential cross section 107 o s
iQ ~ Lddt e row)

15

33 -2 -1
107 cm’s

events / sec for L



Luminosity measurements ...

CMS/TOTEM and ATLAS forward detectors for forward physics, heavy ion, ... and
luminosity measurements ... forward / high n physics (elastic scattering, diffractive processes ...

zns H H
2 0 2 4

n=-8 -6 -4 -

Pixels+Tracker

: [5-2 < n < 6.6]
' CASTOR ___

-

6 8 n
(z =1+140 m)

ZDC [n = 8.3 neutral]

[ zoc |

« Initially from machine parameters
[Charged pariicle denaity | — Precision ~10-15%
Pymisvesis _ ATLAS Cal * Medium term from physics
| processes: W/Z & uu/ee
— Precision ~5-10%
« >=2011 from Roman Pot
detectors
— Precision ~2-3%
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Delivered Luminosity [fb 7]

Luminosity delivered to ATLAS since the beginning
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10— ATLAS Online Luminosity —

[ = 2010 pp Vs = 7 TeV i

w2011 pp \s =7 TeV -

8l — _ 2012: —

i 2012 pp Vs =8 TeV vyl o |

- at8 Tev s6fbt [

6 at7 TeV i

P _

2 2010 —

= 0.05fb1 [l

— at 7 TeV 7

0 I 1
yan A0 3 ot

Month in Year



the environment

t the LHC
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Rapidity, pseudo-rapidity

In experimental particle physics, pseudorapidity, n, is a T|=0 Cen tral reg | on

commonly used spatial coordinate describing the angle of a
particle relative to the beam axis. It is defined as A

1=l (2)] A

p=4R°

n=0.88

{ Detector
where 0 is the angle between the

particle momentum p and the beam
axis. In terms of the momentum, the
pseudorapidity variable can be written Protons

as
Forward Region
7=t (Iﬂ +pL) \ \/
In hadron collider physics, the rapidity (or

[
In the limit where the patrticle is travelling close to the pseudorapidity) is preferred OVer the po_lar
angle @ because, loosely speaking, particle

speed of light, or in the approximation that the mass of duction i tant function of

the particle is nearly zero, pseudorapidity is numerically pro_dqtc |(())n 'S consk an f?ﬁ af uch rg d?r tion

close to the experimental particle physicist's definition rapidity. ne speaks ot the torward directio
in a hadron collider experiment, which refers

of rapidity, :
PICILY. to regions of the detector that are close to the

beam axis, at high |n|.
_ L (Bt
y 2 E—pL

Protons
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Physics at the LHC: the environment

Particle production N ~InVs/m
- . P P
ol °
dn
) e—

100 TeV
L + do/dpdy is
}- [ ] [ ]
n:_]ﬂ tg E”'Z 3 5 7 8 9 10 11 12 13 ’rl LorentZ-lnvarlant
| | |
i w0 10 1 0.1 0.01  0.001 mrad _|_n =y form ~ 0
| | | | |
<p>_0.5 GeV 0.005 0.05 05 s 50 TeV
| o +Physics is ~ constant
L. rEem 03 3 30 300 3000 m versus 1 at fixed Pr
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ATLAS/CMS: from design to reality

One word about neutrinos in hadron colliders:

v  since most of the energy of the colliding protons
escapes down the beam pipe, one can only use
the energy-momentum balance in the transverse plane

— concepts such as E{™'sS, missing transverse momentum
and mass are often used (only missing component is E,Mss)

— reconstruct “fully” certain topologies with neutrinos,
e.g. W - lv and even better H - 1t > lv)v_ hv,

v the detector must therefore be quite hermetic
— transverse energy flow fully measured with reasonable accuracy

— NO neutrino escapes undetected

— no human enters without major effort
(fast access to some parts of ATLAS/CMS quite difficult)



¢

Isolated Particle

Inside a jet

Protons

Protons

Entries / 0.02

—

Isolated Particle

n= pseudorapidity
¢= azimuthal angle
p;= transverse momentum= V(p,2+p,?)
pz or p_ = longitudinal momentum
A-momentum (P, Py, Py, E)

-t

Non Isolated Particle

=

o
W

@]
N

|solation

Isolation: track density

or energy depositin the
vicinity of a particle of
Interest. Important for

Particle identification because
Isolated particles are easier to
Indentify.

The vicinity: AR = (An? + Ap?)

i T | T T T I T T T | T T T I t
F ATLAS Preliminary —e— Data2010 Ns =7 TeV)
B _[L=6.4nb" [ Jw 1
B [ aco 1
- Cw—w .
- .z ]
=l | 3
T d
I i
i
O

1 | L Il I Il L
0.6 0.8 1
Track Isolation / Py

Track Isolation: summed p of tracks in the specified AR
Calo isolation: summed calorimeter energy deposits in AR
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An example from the ATLAS detector
Reconstruction of a 2e2p candidate for the Higgs boson - with m,, = 123.9 GeV

We need to understand the interaction of particles with matter in order to understand
the design and operation of this detector, and the analysis of the data.

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST

ASP2012 - SH Connell



The ATLAS Inner Detector (barrel)

(R =1082mm

TRT

TRT<
LR=554mﬁl" P 3
(R=514 mm .}/,

| = > e ‘_““‘ ‘ \'
R = 443 mm o - '

SCT{
R =371 mm

L R =299 mm

R =122.5mm
Pixels { R = 88.5 mm
R=0mm 1




The ATLAS Inner Detector (one end-cap)

1106 mm

617 mm
560 mm

: _ ! ‘ v 4 “ W ‘“\g“ \
275 mm ' ' '
149.6 mm
88.8 mm

R=0 mm

. p
27202 2505 =
2710 glb.2 1771.4
sr 1299.9 . 848 580
SCT end-cap 853.8
TRT end-cap

650 405 1005
0 (09141725 (3.7

z=0 mm
pixel
5

end-cap Pixel barre|
90 | 44 [ 28 |1 21|94 |128(0.8




ATLAS Inner Detector

Table 1.2: Main parameters of the inner-detector sysiem.

Item Radial extension (mm) | Length (mm)
Owerall IT) envelope 0<R<1150 0| <3512
| B O e — Beam-pipe Bk
'l Y’ . S S o— : b | Pixel Overallevelope | 45.5 <R < 242 0< o] <3092
| e \ N - cylindrical layers  Sensitive bamel | 30.5 <R < 1215 0 [g| <4003
'I g = b 4 2 3 disks Semsitiveend-cap | 88.8 < R < 1496 405 < || <630
21m< \ | y 0 | i SCT Overall emvelope | 255 < R < 540 (barel) | 0 < g < 805
\ | @ 3 \ 251 < R < 610 (end-cap) | 810 < || <2797
| — e Pix dzfe";' semiconductor fracker | 4 il ljers  Sensitivebamel | 299 < R < 514 D] <740
l ' L 2 OG 2% 0 disks Semsifiveend-cap | 275 < R < 560 839 <[ <7735
‘I / Barrel transition radiation fracker
l. ~ End-cap fransilion radiafion fracker TRT Overallemvelope | 554 < R < 1082 (hael) | 0 < | <780
\ e nd-cap semiconductor tracker 617 < R < 1106 (end-cap) | 827 < o] < 7744
b 73 straw plangs Semsitive barel | 363 < R < 1066 0< s <712
Figure 1.2: Cut-away view of the ATLAS inner detector. 160 straw planes  Semifiveend-cap | 644 < R < 1004 M3 <lgf <710
1.2 Tracking

Approximately 1000 particles will emerge from the collision point every 25 ns within [n| < 2.5,
creating a very large track density in the detector. To achieve the momentum and verex reso-
lution requiremenis imposaed by the benchmark physics processes. high-precision measurements

must be made with fine detector granularity. Pixel and silicon microstrip (SCT) trackers, used in
conjunction with the straw tubes of the Transition Radiation Tracker (TRT), offer these features.

The Inner Detector is immersed in 2T magnetic field generated by a central
Solenoid which extends over a length of 5.3 m with a diameter of 2.5 m
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ATLAS Calorimeter

LAr hadronic
end-cop (HEC)

LA elactromagnetic
aend-cop (EMEC)

Figure 1.3: Cut-away view of the ATLAS calorimeter system.

A view of the sampling calorimeters is presenied in figure 1.3, and the pseudorapidity coverage,
granularity, and segmentation in depth of the calorimeters are summarised in table 1.3 (see also
chapter 5). These calorimeters cover the range || < 4.9, using different techniques suited to the
widely varying requirements of the physics processes of interest and of the radiation env ironment
over this large fj-range. Over the i region matched to the inner detector, the fine granularity of
the EM calorimeter is ideally suied for precision measurements of electrons and photons. The
coarser granularity of the rest of the calorimeter is sufficient to satisfy the phy sics requirements for
jet rconstruction and 7= measurements.

27



Table 1.3:

Main parametzrs of the calorimeter sy skem.

Barrel | End-cap
EM calorimeier
Number of lvers and [ | coveTage
Fresampler 1 | =< 152 1 L5 || < LE
Calorimeter 3 pl- 135 | 2 L.3TE az = 1.5
2 135z |g| = 14T | 3 L5« |p| <5
1 25« |g| < 3.2
Cranularity A = A versus [p
Presampler 0.025 =01 pl=< 152 | D250l L5« p| = 1B
Calorimeter It layer 00358 w01 |« 140 | OudS0 0l L1375 uz || o= 1425
0075 w {1025 14Dz | = 1L.4TS | DUO2S O] 1425 oz || o= 1.5
D025 FE 0.1 L5 [g| = LB
DUO2S f o 0.1 LBac fg| = 20
D025 4 5 0] 20 | = 24
DLO2S 2 0.1 24« |g| <25
0.l =00 2.5« || = 3.2
Calorimeer 2nd layer 0.075 = [.025 gl =< 140 | Du0S0 3 OLOZS LITS « || «= 1.425
00075 w1025 1 4Dz | = 1L.4TS | OUO2S 5 OLUO2S 1425 oz || o= 2.5
Ol =D 2.5« |g| < 3.2
Calorimeder 3nd layer 0.050 = 0.025 gl =< 135 | 0u0S50x DUOZS L5« |p| <15
Number of madout channels
Presampler TROB 1536 (haoth sides)
Calorimeter 1 TG0 GIHIE (both sides)
LA r hadremic end-cap
In | coverage 1.5 || == 3.2
Mumber of layers |
Uiranularity AR o A (LN AN L.5ac [p| =« 25
DZ2x02 25« |g| < 3.2
Eeadost channe 1= 5632 (both sides)
LAr Forw ard calorimeter
|n | coverage 3l = g =49
Mumber of leyvers 3
Ciranularity Ax = Ay (o) FCall: 3.0= 2.6 315 oz || = 430
HCall: ~ four tmes finer 3,00 « || « 3.15,
4.30 o || = 4.E3
FCalZ 3.3 x4.7 3M « || =450
FCal? - four timmes fineT 3.0 oz | oo 324,
4.50 « || = 4.E1
FCal3: 54 =47 3.32 « || = 450
FCal®: -~ four times fineT 3.9 . gl < 333,
4.6 oz || = 4TS
Keadomst channe |x 3574 (both sides)
Scimtillator tile calorime ter
Bam=1 Fix lendied basre|
| | covermge | =< LD DE« |g| < LT
Mumber of layers 3 3
CGranularity An = A 0.1 =l [FN VN
Last layer 0.2 =0l D20l
Keadoms channe | 5Tedl 40T (hoth sides)
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Thin-gap chambers (TGC)

-

} End-cap toroid
Monitored drift tubes (MDT)

chambers (RPC)

Cathode strip chambers (CSC)

Muon Spectrometer

Table 1.4: Main parameers of the muon spectrometer. Numbers in brackets for the MDT s and

the RPC’s refer to the final configuration of the detector in 2000,

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapier 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separale (rigger and high-precision tracking chambers. Over the range || < 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < || < 2.7, muon tracks ar bent by two smaller
end-cap magnets inseried into both ends of the barrel toroid. Over 1.4 < |n| < 1.6, usually refemred
lo as the transition region, magnetic deflection is provided by a combination of bamel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scatiering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ler instrumentation, affecting performance parameiers such & rake capability, granularity, ageing
properties, and radiation hardness.
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Monitored drift tubes MDT

- Cowerage [17] = 2.7 (inmermost layer: |1p| - 2.00
- Number of chambers 10E8 (1150)

- Number of channels 339 000 (334 000)

- Function Precision tracking
Cathode strip chambers CsC

- Cowerage 20 < || =27

- Number of chambers 32

- Number of channels 31 000

- Function Precision tracking
Resistive plate chambers RFPC

- Cowerage | = 1.05

- Number of chambers 544 (606)

- Number of channels 359000 (373 000)

- Function Triggering, second coordinate
Thin gap chambers TGC

- Cowerage 1.05 = |rp| = 2.7 (2.4 for triggering)
- Number of chambers 3588

- Number of channals I1E 000

- Function Triggering, second coordinate




Particle ID and Kinematics

J

e

Neutrinos are only detected
indirectly via ‘missing
energy’ not recorded in the
calorimeters

Tracking detector

—Measure charge and momentum
of charged particles in magnetic
field

Electro-magnetic calorimeter

—Measure energy of electrons,
positrons and photons
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Materials in the front of the ATLAS calorimeter

L1} -
o5 1521533-511-5“5

Figure 4.45: Material distribution (Xp, A ) at the exit of the 1D envelope, including the services and
thermal enclosumes. The distribution is shown as a function of i | and averaged over ¢. The break-
down indicates the contributions of external services and of individual sub-detectors, including
services in their active volume.

Figure 4.46: Makerial distribution (Xg, A) at the exit of the 1D envelope, including the services
and thermal enclosures. The distribution is shown as a function of || and averaged over ¢. The
bre akdown shows the contributions of different ID components, independent of the sub-detector.
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Electron identification: Track/Cluster matching

Dvawng Bowng te ieman and uowsl sevens
waveesd by a charped mock of TOGeV pT 0 B bavel
o Setecn [ena =03 The padk yaverssl sxcetively
T bary e Leavgine, e Tuse oylindrical slicon-
plxel , P fowr cpfinddical devbie fayers of bomel
s wraeviy SCT) and cppe

Joax bkl itvows contarwd ie the banel varslioe-

A ahStion Ok rend

"  PIXELS

Electron = track in the Inner Detector (direction
measurement)

Matched to an EM cluster in the calorimeter (energy
measurement). Need to know:

- material distribution in the Inner detector in the front of
the EM calorimeter

- calibration of the energy response of the calorimeter
- rejection against jet faking electrons
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The EM colorimcicr hal¥f barrel and cryosiat calorimetcr moduic

ARV
i§
i

colormoter modulo

Layors and gromdarty [AN2]) in barrok:
Presampler (0.025 x0.1)
Stripe (0.003 x 0.1)

Middic (0.025 x 0.025)
Back (0.05 x 0.025)

&
0\ y
Cluster
(0.075x0.175)
LAr energy reconstruction:
Collomorgy: .\ i M S0l -

Eloctronic calibration corstonts: | |\
p = pedestal l"\

a = optimal filtering I\
f,g = ADC = GoV 4 b

Cluster: sum of cell energies over all layers
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Electron identification
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Fipure 10.46: Difference hetween measured
and tre energy normalised to true encrgy
for electrons with an energy of 100GeV
atn =0.325,
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Fipure 10.47: Difference between measursd
and true energy nomalised to true energy
for electrons with an energy of 100GeV
at 1 = L0735
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Figure 10.50: Expected mlative energy res-
olution as a function of energy for electrons
at |1)|=103, 1.1, and 2.0. The curves represent
fits to the points at the same |1)| by a function
contuning a stochastic term, a constant kerm
and a noise term,

Fipure 10.51: Expecied relative energy res-
olution as a function of energy for photons
at [ =0.3, 1.1, and 2.0. The curves represent
fits to the points at the same 1) by a function
containing a stochastic ferm, a constant term
and 4 noise krm.,
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Figure 10.56: Cverall reconstruction and iden-
tification efficiency of vanous kevels of electron
cuts: loose, medium, and tight isol. as a func-
tion of Er for single electrons (open sy mbols)
and for isolated electrons in a sample of phy sics

events with a busy environment {full symbols).
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Figure 10.57: Jet mjection as a function of
overall mconstruction and identification effi-
ciency for electrons, as obtained using a like-
lihood method (full circles). The resulis ob-
tained with the standard cut-based method ane
also shown in the case of ight TRT (open trian-
gle) and tight isol. {open square) cuts.



Photon identification

Ths barrsl

An =0.003

(4 mm) An =0.025

Liquid Argon e.m. calorimeter
Coverage |n| < 3.2 (predision < 2.5)
Total thickness: >24Xo

ATLAS Tracker SR ENEES

Coverage [n| <20
3 pixel layers
8 strip layers (4 space points)
~36 measurements on track straw detector
electron PID capability

Photon = no track in the Inner Detector and an EM cluster in the calorimeter
However: because of materials in the Inner Detector and in front of the calorimeter,

Photon may convert into e-e+ pair. 2 photon may be reconstructed as single or double
Track conversion
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Fipure 10.48: Dhfference between measunced
and true emergy nomalised to true energy
for all photons with an energy of 100GeV
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Fipure 10.51: Expected relative energy res-
olution as a function of energy for photons
at (]| =03, 1.1, and 2.0. The curves mpresent
fits to the points at the same 1 by a function
containing a stochastic erm, a constant term
and a noiss .
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Figure 10.61: Expected distribution for the in-
vanant mass of the two photons from Higgs-
boson decays with my = 120GeV. The shaded
plot cormesponds to events in which at keast one
of the bao photons converied at a radius be-
lowar B0 cm.
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Fipure 10.3%: For mconstrucied photon candidates with Er > 230GeV (left) and

with £r = 40GeV (nght), jet mjection as a function of photon efficiency, as obtained using a
likelihood method. The mesults obtained with the standard cut-based method are also shown for

reference.
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Muon

Muon: identified as tracks in the

Inner Detector and the Muon Spectrometer.

For muon with enough energy to pass
through the calorimeter, then energy loss
in the calorimeter must be corrected for.

Internal alignment of Muon chambers
important and relative alignment of the
inner Detector and Muon Spectrometer
also important to match track segments
From both detectors.

Magnetic field mapping also
important

Tile extended barrel

end-cop (HEC)

LAs electromagneic

LAr forward (FCal)

Figure 1.3: Cut-away view of the ATLAS calorimeter system.
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Figure 6.1: Cross-section of the bar-
el muon system perpendicular to the
beam axis (non-bending plane), show-
ing three concentric cylindrical layers of
eight large and eight small chambers. The
oufer diameter is about 200 m.
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Fipure 6.2: Cross-section of the muon system in
a plane contmning the beam axis (bending plane).
Infinite-momentum muons would propagate along
straight trajectones which are illustrated by the dashed
lines and typically traverse three muon stations.



Muon ldentification
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Figure 10.35: Expected stand-alone and com-
bined fractional momentum mesolution &= a
function of pr for single muons with (1| < 1. 1.
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Fipure 10.37: Efficiency for mconstructing
muons with pr = 100 GeV as a function of [1|.
The results are shown for stand-alone recon-
structicn, combined reconstruction and for the
combination of these with the segment tags dis-
cussed 1 the text
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Fipure 10.36: Expecied stand-alone and com-
bined fractional momentum resolution as a
function of pr for single muons with 17| > 1.7.
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Fipure 10.38: Efficiency for reconstructing
muons as a funchon of pr. The results ac
shown for stand-alone meconstruction, com-
bined reconstruction and for the combination
of these with the segment tags discussed in the

texL
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A by units
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Figure 10.3%: For stand-alone muon reconstruc-
ton, econstructed invariant mass distnibution of
dimuons from £ — pp decays for an aligned
layout of the chambers and for a misaligned lay -
out, where all chambers ane displaced and rotated
randomly by typcally 1 mm and 1 mrad.



Muon ldentification
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Hadronic tau identification

The transverse momentum range of interest spans from below 10 GeV up to 500 GeV. 7 leptons decay
hadronically 1n 64.8% of all cases, while in ~ 17.8% (17.4%) of the cases they decay to an electron
(muon) [1]. From the detection point of view, hadronic modes are divided by the number of charged 7s
among the decay products nto single-prong (one charged ) and three-prong (three charged 7s) decays.
The small fraction (0.1%) of five-prong decays 1s usually too hard to detect in a jet environment. The
t — mv mode contributes 22.4% to single-prong hadronic decays and the 7 — na’7=v modes 73.5%.
For three-prong decays, the 7 — 3n=v decay contributes 61.6%, and the T — na’37*v mode only
33.7%. In general, one- and three-prong modes are dominated by final states consisting of 7 and 7°.

Properties of hadronically

decaying r-leptons:

» Collimated energy deposition in calorimeter

» 1 or 3 charged decay products (a*)

> Isolated EM clusters corresponding to n®in t-decay
» Modest but significant proper lifetime

> BR (r — hadrons) = 64.8%

Thus also needs the tracks (Inner Detector) associated to a narrow Cluster. Need a strong
rejection against jets, electrons, while maintaining high tau-jet reconstruction
efficiency
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Figure 10.8%: Reconstruction efficency for
charged-pion tracks as a function of the pion
transverse momentum for single- and three-
prong hadronic t-decays from W — v and
£ — o7 signal samples.
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Figure 10.93
hadronic jets as a function of the efficiency for
hadronic ©- decays for the track-based algo-
nthm using a neural-network selection.  The

Expected rejection  against

msults am shown separately for single- and
three-prong decays and for two ranges of vis-
ible transverse encrgy.
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Figure 10,9 Feconstruction efficiency for the
charged-pion track as a function of || for three
different ranges of pion pr. for single-prong
hadronic t-decays from W — svand £ — ©%
signal samples.
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Figure 10.94:
hadronic jets as a functiion of the efficiency for
hadronic t- decays for the calonmeter-based al-
gorithm using a likelihood selection.  The me-

Expected mejection against

sults are shown separately for singhe- and three-
prong decays and for teo ranges of visible
LIS Eree CneTgY.
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Figure 10095 Track multoplicity distnbutions
obtained for hadromic t-decays with visible
transverse cnergy  abowve 200GeV using  the
track-based t-identification algonthm.  The
distributions are shown afier reconstrection,
aficr cut-based dentification and fAnally after
applying the newral network (NN} discrimina-
tion techmique for an e fficiency of 309 for the

=signal.
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Figure 10.%6: Track multiplicity distributions
obtained for the background from QCD jets
with visible transverse energy above 20GeV
using the track-based t-identification algo-
rithm. The distributions are shown afier
reconstruction, after cut-based identification
and finally after applying the newural nerarork
(NN} discrimination techmique for an efficiency
of 30% for the signal.



Jet and Missing ET identification
ATLAS calorimeters

Main features for jet and E;Mss
reconstruction and calibration:

€ UAr hadronic
« Non compensating (e/h >1) : *"¢<®®

* Response to hadrons js,, ... ...
lower than that to e
electrons and photons 4

» Developed specific '
calibrations

« Dead matenal:

- Energy loss before EM S S
calonmeter and between EM i
and HAD barrel calonmeters:

« dead matenal corrections

ATLAS Fiducial Regions
* Hadronic Calorimeter:

- Different technologies and many - Bamel:|n| <17
transition regions: « Endcap:15<n| <32
» "Crack” regions:n=14,3.2 - Electromagnetic Calorimeters
« Magnetic field bending « Bamel|n <14
» Endcap: 1.375<|n| <3.2
» Forward:32<|n| <49 3
n= -log(tan(&/2}))
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Jet and Missing ET identification

Topo-Clusters: group of calonmeter cells
topologically connected
— Noise suppression via noise-driven
clustering thresholds:

Seed, Neighbour, Perimeter cells (5,N.P) =
(4.,2,0)

~ sead cells with [E | > 56, (5=4)
— expand in 30; add neighbours with
|E g NG e (N =2)
» menge clusters with common
neighbours (M < 3}

— add perimeter cells with |E_J>Pg, ..
(P=0)

—  Attempt to reconstruct single partickes in
calorimeter

Towers: thin radial slice of calonmeters of
fixed size

Topo-Tower: selecting only the cells in the
tower with a significant signal

43

+ TopoClusters:
A noise=

suppredsed
clusters af cells

\

4 Calonmeter
s TowErs: Cells
0. 1x0.1

calorimeter

Towers

* TopoTowars:
noise-suppressed
towers bauilt from
topoc|usters



Jet Reconstruction

Sequential process:
* Input signal selection:

— TopoClusters, Towers, TopoTowers
« Jet finding:
— The jet finding algornthm groups the
collection of clusters(towers)

according to geometncal and/or
kinematic cntena.

— Many algonthms studied in ATLAS:
= recently concentrated on
AntiKt algonthm
» Jet calibration:

— depending on detector input signal
definition, jet finder choices. ..

« Jet selection:
— apply cuts on kinematics to select

AU |

g
=
£
L |
(=8

jets of interest

Track jets use tracks as input to the jet finding and reconstruction. This would
Miss the neutral component of the jet. However track jets are useful in a
Number of applications
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Missing ET Reconstruction

Transverse Missing Energy:
E,miss 2| E,miss?+E,miss?

E,miss = -LEX Sum of energy of
iss = -TEy all parficles seen in

m the detector

SumkE; = ZE;

E,m== is a complex event quantity:
— [ltis calculated adding all significant signals from all
detectors:
= Calonmeter input signals (Cells, TopoClusters):
— in physics objects
— not used in physics objects
= Muons

= Tracks in regions where Calorimeter/Muon
Spectrometer are inefficient

= Correction for energy lost in dead matenial
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Fake Missing ET

» Fake muons can be caused by jet
punch-through detected as excess
activity in Muon Chambers.

= Cleaning criteria: count of muon hits and
of muon segments within a cone around
jet axes.

* Missing muons due to detector features
= n=0: holes in Muon Spectrometer for
cables, services to Inner Detector &
Calorimeter.
* |n| ~1.2: middle muon station missing
for initial data taking
« |n|=2.7: nO muon coverage
= use calonmeter and track information to

recover missing muons used in
E;™== calculation
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E,™ss Fake in

tthar events in
the electron and
muon channel:

—lamge tails due
to missed or
fake muons




Fake Missing ET

Fake E;™= in calorimeter can also be produced by mis-measurements of jets

due to cracks, gaps, transition regions used for services. Crack™ regions: n =14, 3.2

* L eakage of jets entering ‘crack’ region
1.3=n|=1.6 can be detected:
* Jooking for large deposits in the
outermost layers of the calorimeter
» checking the E;™= calculated from

Had

tracks found in the Inner Detector that

can provide a complementary
information r
» checking if E;™=* is closely associated N
with one of the leading jets in the Di-jet GCD sample 580 GeV<p <1120 GeV
fransverse (@) plane i

* Cleaning cuts based on those criteria could i ’
be applied=> analysis dependent

Ap(jet-E;=)

E,,™ Fake= E, ™ -E, ™True 12
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Jet energy scale

» Factorized multi-step approach

— Flexibility to understand corrections individually and use
different techniques as they become validated with data
within a same framework SR

— Combination of “in-situ”™ and Monte Carlo (MC) methods calibration

Hadronic Calibration:
— comect for calorimeter effects: non-compensation, dead material
— ATLAS developped two different strategies: Global and Local calibration

Jet Energy Scale

" Offset correction for pile-up:
— subiract the average contribution to the jet energy not onginating from the
primary interaction

Response correction:
— Eta intercalibration: equalzation of the jet response as a function of i
— Absolute energy scale: in-situ commection from gamma’Z-jet balance

Other optional corrections to improve resolution (scale unchanged):
— Layer Fraction: EM-scale jets + layer fraction, exploit longitudinal shower development Tracking
- mrg corrections: fraction of jot momentum camed by charged racks associated corrections
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Jet Reconstruction

Cone 0.7 Jets, |n|< 0.7

Cone 0.7 Jets, |n|< 0.7
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Jet energy response lineanty
= Global Cell weights within 2%
* largest non lineanty coming from low
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Jet energy resolution
= Global Cell weights ~ 4% at high energy
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Fipure 10,76 Efficency of et reconstruc-
tion in V BF-produced Higgs-boson events as a
function of pr of the truth-particle gt for cone-
tower and cone-cluster jets with AR = 0.7,
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Figure 10.77: Punty of et reconstruction in
VBF-produced Higgs-boson events as a func-
tion of pr of the reconstructed jet for cone-
tower and cone-cluster jets with AR = 0.7.



Missing ET Reconstruction

Basic E;™=2 from all calorimeter cells applying two possible noise suppression approaches:

- from all Cells with |E|=25 noise
- from all Cells inside TopoClusters = NO calibration, usable since day 1

Final E;™=# pbtained adding:
- Calibration step: two different calibrations approaches (coherent with jets):
— Global cell energy density calibration and local hadron calibration applied

- Conftribution from muons: g - E,
— Correction for enerm.r lost in crymtai'hﬂ:waen EM and Had calorimeters from jets:

yn_“FF"II ﬂ.ﬂ 0

Refined Ey™® griginal approach by ATLAS based on event signal ambiguity resolution:

- sequential decomposition of reconstructed objects: elecfrons, phofons, faus, jet, muons
into basic consfituents (calorimeter cells or TopoClusters) and veto of multiple
contribution to guarantee no double counting in E;™EE calculation

- Calibration weights applied to basic constituents depend on the type of reconstructed
object
- Also TopoClusters not associated with any reconstructed objects taken into account

= Most complex schema, usable after validation of reconstructed objects

50



Linearity = (Truth E ,™== — Reco E s ¥Truth E  m=

Missing ET performance
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E;™= Refined Calibration provides best performances in terms of Lineanty and
Resolution (resolution less sensitive to calibration):

« B |inearity within ~ 3% over wide E;™* range for different processes

« E ;™= Resolution: mainly depend on ZET in calonmeters,

well described by: Resolution =k * v ZE; (k~0.5)
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Flavor tagging (58w inew
Hard fragmentation of b quarks Xz~ 70% v
High mass mg~ 5 GeV You wanttofag these
i i : jets a b-jet to reduce
Lifetime of B hadrons: o2 et
Ct ~ 470 um (mixture B*/B9/B,) , ~ 390 um (A,) o oounes
for E(B) ~ 50 GeV, flight length ~ 5 mm, d, ~ 500 um

-‘-E-h

- Spatial tagging: £ .

Signed impact parameter

of tracks (or significance)
Secondary vertex

>0

Seconda
) a,<0

FL f,.,.f!'-f‘ +  Low p; electron from B (D)
e Low pr muon from B (D)

(limited by Br: around 20% each)
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Vertexing and b-jet tagging

B The innermost silicon detector must provide the required b-tagging efficiency

Good vertex resolution is achieved by placing
the innermost (B) layer close to the beam
pipe, and the next layer farer to it (lever
arm), and by an excellent B-layer resolution

1

Small multiple scattering term: o, . ~ =, /X/X,

g-light™ 600
for g, =0.5
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Decay length significance

Expected transverse IP
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Simpler b-taggers

......... A e
’ ) Traka inb-jate

TrREES 1 c{@s

P F
g 5 ¥ Traa nlight jate
F i

FL bl N
=20 =10 V] 10 20 30 40
Signed transverse impact parameter significance

=»Relying on transverse impact parameter:
= TrackCounting: # of tracks with large d,/o
=> JetProb: measuring compatibility of tracks
with primary vertex, using a resolution function
derived from data: it can be derived already

with the 900 GeV data.

= Relying on secondary vertex:
— inclusive secondary vertex

> [ ™ ~ .. Track compatibility : —brets
£ | ceemmwe | with primary vertex £ : c-jets
< ol P Y Em.;_ i 1; T-jets
: i light jets
a1
S Normalized - "
! | | | distance PV-SV |

-1 -08-D6-04-02 0O D2 04 06 D& 1
Track probabdty

o L i i 55T R
40 -2 0 20 40 &0 80 1q|:| 120 144
L!_:uﬂ' m{ Vi
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Simpler b-taggers

Test sample:
e 500k tthar events (10 TeV)
» rather central jets
e average p;
« 70 GeV for b-jets
« 55 GeV for light jets
» selection: pr>15 GeV, |n|<2.5

Estimators: light jet rejection
(inverse of mis-tagging rate) vs
b-tagging efficiency.

ATLAS Preliminary —— TrackGounting

—+#— JetProb
EVo

Light jet rejection

-| 1 L I 1 1 1 1 I 1 1 1 1 | 1 1 1 |

1 1 1 1 I
0.45 0.5 0.3 0.6 0.65

o

b-tagging efficiency
TrackCounting 96 38 (errors stat.. +1)
JetProb 114 44
SVO 173 89
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Combining Tracking with PID: the ATLAS TRT

E e/xseparation via transition radiation: polymer (ppP) fibres/foils interleaved with DTs

\ Fibres or foils

Transition radiation

Cathode (HV-)

increases

\signal

8 Anode
wire (HV+)

Noble
Gas

Charged particle

Radiator

Total: 370k straws

Barrel (|n| <0.7): 36 r-¢
measurements / track
Resolution ~130 um / straw

%, 18 end-cap wheels (Jn| <
%2.5): 40 or less z-¢ points

Electrons radiate - higher signal

PID info by counting
high-threshold hits

he AA Inner Talng ystem




Momentum Measurement in Tracking Device

Charged particles deflection in magnetic field: ?‘; X
L

Lorentz force L to B-field and to particle direction E
Particle trajectory projected onto plane L to B-field is circle with radius: r[m] = %

» Forp;=10...1000GeVandB=2T->R=17...1700 m (cf, Rp ~ 1

m)
Si clusters / drift circles

» ... andif p; <0.5 GeV, the patrticle is trapped in solenoi
Obtain r and p; from measurement of sagitta:

rzé (ifsii L) = |oToc1 and MocpT

S Py
Track fitting in LHC environment challenging

Must handle ambiguities, hit overlaps, multiple
scattering, bremsstrahlung, multiple vertices, ...

Track fitters take Gaussian noise (Kalman)
and non-Gaussian noise (GSF) into account

: N : B-field map
Fitter must be fast, used in high-level trigger accuracy ~10-4




The ATLAS Muon Spectrometer (Active Material)

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

A

(N
N

l‘“ 1 WA

= e -~
A

Resistive Plate
Chambers (RPC)

Fast (2 ns)zand ¢
trigger chambers
Inl <1.1

Cathode Strip Chambers (CSC)

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

Monitored Drift Tubes (MDT)

3 layers (stations) in each barrel and end-cap
Precision z measurements (80 um / DT), |n| < 2.0



The ATLAS Muon Spectrometer

Outer layer of LHC detectors, only reached by WI(M)Ps (v, x) or EM MIPs (n)
Good containment of jets requires ~11 A before muon systems

ATLAS opted for good stand-alone tracking if too high-backgrounds in ID

Huge magnetic volume

ATLAS has 8 (barrel) 3 T,,,., and 2x8 (endcap)
6 T,,.x Superconducting toroid magnets

Huge active detectors area
Open structure minimises multiple scattering

Dedicated trigger chambers

Huge mechanical structure

Challenging tolerances for mechanical stability, positioning and alignment (optical sensors)



ATLAS Toroid Fields

B (T)
1
B 10
L
!
1
i
s" -2
§ 10
g f
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Momentum Measurement

B Toroid fields bend tracks in z direction, instead of R -¢ as in the inner detector

c(z) = 35 um per chamber 2> o(s) [l (3/2)2 .6(z) = 43 um
- 1 TeV track has s =500 um at n [ 0 = < 10 % precision on momentum measurement

AN
\\
I = i E

Muon ' : : : ' : ' ] 3 Barrel MDT

momentum: H ] 0 0 1] 1] 1] 1] 1} 0 ] stations

4 GeV — >

20 GeV R

N

r
L) z




Triggering Muons

B Ultra-fast L1 trigger requires coincident hits in 3 RPC (barrel) or 3 TGC (end-caps)
layers within “roads” corresponding to predefined momenta (thresholds)

10 —
RPC3

Barrel Toroid \

RPC2
RPC1

low-p

=4 high-p ¢

TGC3

End-cap Toroid

Shielding
| | |

0 5 10 15m




Cosmic Commissioning of ATLAS, CMS, ALICE
and LHC-b




Commissioning Example: CMS — 25 Performance papers published
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Run Num

Date: 2010-04-05 12.28.:45 CEST

6 Jet Event in 7 TeV Collisions

ATLAS

1 EXPERIMENT

152409, Event Number: 8185656

Collisions at 7 and 8 TeV!

s

LAV AR ety T2 RS

f LR £ 3] [ttt 2:;.

/ ALE oF At ! 9’.‘
g L]

%1 * $ L ] "
. 1353 . t
3 \ ]

R g +H

An event with 6 jets taken on April 4th, 2010. The jets have calibrated transverse momenta
between 30 GeV and 70 GeV and are well separated in the detector. 2

CMS Experiment at the LHC, CERN

Data recorded 2010-Mar-30 11:04:14,111090 GMT(13:04:14 CEST)
Run 132440

Event 3087931

Lumi-section 138

Orbit 35985009

Crossing: &




LHC Detectors are well-described in simulation e.g.
Tracking - Material
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Commissioning with Beam : Tracking-

PR AY Tar v
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Magnetic field, momentum scale, track reconstruction efficiency;
all remarkably well understood



Commissioning with Beam : Tracking-ECALs
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Electromagnetic calorimeters “out of the box” calibration at >=1%
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Commissioning with Beam:
Understanding Muons, b-tagging, Triggers
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Muons remarkably well understood, b-tagging progressing well,
newer triggers being rapidly understood as luminosity increases



Combining All Information: Particle Flow

GMS Experiment at the LHC, CERN Candidate Multi Jet Event at 2.36
Datarecorded: 2009-Dec-14 03:51:28.667244 GMT Tev S

Run: 124120

Event: 6613074

Lumi'section: : 22 K

@bt 223689724 3

Crossing: 51 N

(<] CERN 2000, All rights reserved http:/figusnia.cem.chiispy




Combining Calorimetry and Tracking

Particle Flow -reconstruct all stable particles in the event




Analysing Complex Events

O PFJet 1 (o
pT 41.5 GeV/c

PFJet 2

PFJet 3
pr 21.8 GeVi/c

PEMET (1.9 GeV)

(n,®) view of a particle-flow reconstructed event. Reconstructed particles are represented as circles

with a radius proportioqﬁo their pT. The dirgg)n of the MET comiflked from all particles’# drawn 4 n
as a solid horizontal straight line. Particle-baséq jets with pT> 20 GeV/c are shown as thinner circles

representing the extension of the jet in the (n,¢) coordinaies.
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Entries / 1 GeV

Beam Commissioning: Calorimetry
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MET distributions exponential over >5 orders of magnitude;
augurs well for searches




50 Years of Particle Physics; e.g. CMS
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Rediscovering the SM and Beyond
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Study of track-based missing pT

effect

« Provide an alternative measurement to Calo-based MET
- Different detector, has different un-correlated systematic

- Can associate tracks to primary vertex, can calculate pTmiss
and SumPt based on primary vertex of the event, thus more
correlated to the true MET of the main physics process

- Should deteriorate less than calorimeter based variables as
instantaneous luminosity increases (as long as our vertex
resolution is good)

- Has less effect due to cosmic muons and beam background

vertex-based missing pT

s 30 T
é g '
s 250 ATLAS work in progress -
% 207 :
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Number of vertices

missing pT resolution VS # of vertices

* Several presentations
in the ATLAS jet-Etmiss
group and group
meetings

* Work in collaboration
with Academia Sinica
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SM Higgs production and decay
modes

LHC HIGGS XS WG 2012
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CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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Selected diphoton sample

® Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)

4th order polynomial

\s=7TeV, f Ldt=4.8fb"
s=8TeV, f Ldt=5.91"
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4y candidate with m, = 125.1 GeV

pr (muons)= 36.1, 47.5, 26.4, 71 .7GeV m,,= 86.3 GeV, m,= 31.6 GeV
15 reconstructed vertices

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST



4e candidate with m,,= 124.6 GeV

pr (electrons)= 24.9, 53.9, 61.9, 17.8 GeV m,,= 70.6 GeV, m,,= 44.7 GeV
12 reconstructed vertices

ATLAS

EXPERIMENT

http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




2e2) candidate with m,, = 123.9 GeV

p;r (e,e,u,u)= 18.7,76, 19.6, 7.9 GeV, m(e*e)=87.9 GeV, m(u*y) =19.6 GeV
12 reconstructed vertices

@AT LAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST




H - 4 leptons combined
results

* Data o
B Background ZZ ATLAS Preliminary

B Background Z+jets, tt ()
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ATLAS “Excess”

o“’ ATLAS Prehmunary 2011 +2012 Data
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50 Confidence limit ---
DISCOVERY I
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

UNIVERSITY
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SA-CERN Programme

SA-CERN would like to receive applications for students.

There are a limited number of positions available within SA-CERN for applications originating from Africa.
Please send

1. Letter of Motivation

2.CV

3. Degree Transcripts

4. Two Referee Reports in support of the application.

SA-CERN has groups involved in

1. Theory (Particle Physics, Nuclear Physics) contact Steven Karataglides <stevenka@uj.ac.za>

2. ISOLDE (Materials Science), ISOLDE (Nuclear Physics) contact Krish Bharuth-Ram <kbr@tlabs.ac.za>
3. ALICE contact Jean Cleymans <Jean.Cleymans@uct.ac.za>

4. ATLAS contact Simon Connell <shconnell@uj.ac.za>
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