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estions from

* Typical resolutions for:
=  Gas/Wire Drift Chambers: 100-200um
= Silicon Strip Detectors:
« e.g. for CMS it's 8-64um
= Silicon Pixel Detectors:
* e.g. For CMS it's 15-30um

* Calorimeters: Two types: sampling and homogeneous
= X, important for EM Cal

« Transverse (lateral) development of EM showers scale with the
Moliere radius

Ry=21MeV X/ /E,
(multiple scattering of non-radiation electrons)
= A, important for Hadronic Cal



Two different approaches for detectors

Both need to be very radiation hard

ATLAS CMS
tracking silicon/gas silicon
em cal liquid Ar PbWO
had cal steel/scint. brass/scint.
muon RPCs/drift RPCs/drift
Solenoid (inner) ,
Magnet /Toroid (outer) Solenoid
B Field ~2 Tesla ~4 Tesla
[4Tesla

rs Revisited

Superconducting Solenoid
Silicon Tracker

Very-forward 7 - Pixel Detector
Calorimeter

Preshower

Hadronic
Calorimeter

Electromagnetic {
Calorimeter M @ \ N uon
TN Detectors

Compact Muon Solenoid



* Now let's see in more detail how these
detectors are used for particle identification



particles”?

Tracking Electromagnetic Hadron Muon A detector cross-section, showing particle paths
chamber calorimeter calorimeter  chamber
| | [] Beam Pipe
phOtOl’lS {center)
B Tracking :
o Charaber M B
—= B Magnet Coil i e"l'lil‘it Y_ :
muons E-M
S . Calorimeter |
7t p [ Hadron T Broton el
e Calorimeter
Magnetized
) n —§< - Iror‘%ne e
Innermost Layer... P» ...Outermost Layer O %:rﬁbers
Electrons: Deposit all their energy in the electromagnetic calorimeter,
matched to a track
Photons: Same as above but no track
Muons: Match signal in muon chambers to track
“Jets”: Quarks fragment into many particles
— energy in both calorimeters matched to track(s)
Neutrinos: Pass through all material

- measured indirectly by imbalance of energy in calorimeters 5



hotons

* Energy deposit in calorimeter

= Shower shape consistent with EM
shower

= Energy loss consistent with EM particle

= Little or no energy in had calorimeter
(Ieakag e) ) : The dashed tracks

are invisible to
the detector

* |f associated with track
= Electron _
= Additional requirements such as: COF I prefiminary JLan=a00p”

* matching requirements on positions
from track and EM cluster

* ratio of energy (calorimeter) and y2dof = 17 / 16
momentum (track) close to unity

o
o
o
o

Sg =1+ 0.00025

events / 0.01
T

2000

* |f not
= Photon

Elp (W—ev)



nversions

Complications:

* Electrons radiate photons . ECAL
L H » .

* Photons pair produce electrons (conversions) Pw \ | ki

However, can be useful:

* Can use photon conversions to x-ray the detector and
determine material before calorimeter (i.e. tracker)

pair production

et bremsstrahlung

r\/\_/\/\/\/\,t———— e € BremCluste

[ conversion X vs Y after cuts |

_50 [ conversion Z vs Lxy after cuts |
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udget

ATLAS
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* Find tracks in the muon system

* Match with track in inner tracker
* (Consistent with MIP ==

= Little or no energy in calorimeters = -

Real cosmic ray muon event in CMS detector!



A tau lepton decays weakly

= Always get a neutrino (i.e. MET)

tracks, m%'s

Experimentalist’s jargon:

fau cone

= A “lepton” means an e or u

isolation

= A "“tau” means a hadronically

cone

decaying tau

e Vv 17.8%
H™ VvV 17.4%
h-v 49%
mV 1%
K-v 0.7%
p Vv 25.4%
h*h-h-v 15%

® Tau reconstruction

" narrow “jets” in calorimeter

® Form AR cones around tracks
® tau cone
® isolation cone

® demand tracks (1 or 3) and neutral
particles are within cone

® Tau ID is challenging but very
sophisticated at Tevatron and LHC

Signal Cone [rad]

J. Conway

Tau Shrinking Cone

200



* Whatis a jet?
= A “jet” is created when a q, gbar or gluon is kicked out of the proton

* A hadron is created and forms a “jet” which is more or less collimated
in angle, and again decays to meta-stable hadrons

= Hadronization
= |t’s the experimentalist’s representation of a parton (more on the next slide)

* Why are they formed?
= Remember, partons are confined!

So in reality:

or

hadrons

o Ul oy

B. Heinemann 1



D

Name | Mass(MeV) | Lifetime (sec) | Dominant Decay | “Flavor”
mt 140 3x10°% uty, ud
! 135 8 x 10717 wit, dd
K™ 494 1x 107 phtvg, ota’ s
K% 498 9 x 10~ atmo—, 77" ds, sd
KY 498 5x 1078 mrm, wly ds, sd

0] 548 6 x 107 +y,31Y wit, dd, s5
p° 770 4 x 10~ nta¥ wl

oY 770 4 x 1021 S wit, dd
w 782 8 x 10~ ata— ' wit, dd

K R92 1 x 107 K*a Kz us
K*Y 896 1 x10-% K+n—, K'n" ds
0 958 3 x 1074 Tt uit, dd, ss
P 938 = 10% wud

n 940 887 pe v wdd
oV 1020 1 x 1022 KYK- KYKY S8
A 1115 2x 1071 pr~,nm’ uds
zt 1189 8 x 10711 prY, nn*t WS
¥ 1193 7x 107 Ay uds
=0 1314 3 x 1010 An? USS
= 1321 2x 1071 Am~ dss
Q- 1672 8 x 1071 AK-, =%~ §85
D+ 1869 1 x10-12 K+ - cd
DY 1864 4x10°1 K+ ci
B* 5279 2x 1071 D+ bii
B 5279 2 x 10712 D+--- bed

Note this is by no means an exhaustive list!

Important

M.Strassler

12



HAD

EM

Tl

on |

* How to reconstruct the jet?

= Group together the particles
from hadronization

= Attempt to measure the
energy of the parton
(whatever that means - this is
also not precisely defined)

* This sounds easy but in reality is
very hard!

Calorimeter jet

Particle jet

13



Experimentalists and theorists form jets
using an arbitrary algorithm.

= Two main types

* Draw circles around clusters of
energy according to some rule

= e.g. “‘cone” algorithms (various
forms)

» Make recursive clusters according to
some rule
= e.g. ky,Cambridge-Aachen,...

Also, for theory predictions and experimental
measurements to agree, their jet definitions
must agree!

tion |l

14



asuring jets

* When measuring the jet energy, how can we decide which particles come
from which hadronization process?

* We have lots of effects that can complicate the jet energy measurement,

such as . _
Multiple partons in proton

Mulitple p-p interactions: (spectator) interacting: Noise in the calorimeter:

»

0.'\ '

B. Heinemann

* But we have ways of correcting for such effects
= This calibration of the jet energy is generally called the
“Jet Energy Scale” (JES)

+ Depends on the p; and the n of the jet (calorimeter response)
15



Displaced

* b hadrons are cks
= |ong-lived (c1~450 um)
. Secondary
" MmMassive Vertex

7
1
[
]
4
i

* Signature of a b decay:
= Displaced vertex _ ,
* Important parameters are Primary Y0
= d,=impact parameter
" L,, = distance between
primary and secondary

vertices
=  Or look for e or u inside jet CDF Run Il Preliminary (1.9 fb) N
« Decays of B hadrons with 70 F e TRER
leptons 60 | =3J'l?éf Top ;
sof e :
40 KS Prob  0.48 ]
30 ]
" -
L, distribution from ttbar 10 ]
events at CDF (!0.5 0 0.5 1 1.5 | 2 . 2.5 3 35

L2d [cm]



rgy (l)

Recall that MET, is defined as

E, E—EE;rAli = — EE

all visible
= where nhat is the component in the transverse plane of a unit vector

that points from the interaction point to the it" calorimeter detector tower.
= This includes all clustered and unclustered energy

It's one of the most interesting and most difficult quantities for
experimentalists

= Whenever anything goes wrong you have MET! Examples:
 dead calorimeter cells
 jet whose hardest hadron enters a crack in the calorimeter
* “beam halo”

 a very rare (but not rare enough) high-pT , high-n jet (QCD jet cross
sections dominate hadron collisions)

 forward calorimeter (not working or not calibrated)
Therefore, we need to carefully understand this quantity
= Very important for new physics searches 17



y (I1)

Examples of corrections we apply to MET before we use in analysis
= Correction for for muons

* Recall that muons are MIPs and therefore not absorbed in the
calorimeter

= Correction for calorimeter energy scale
» Once calorimeter calibration determined with jets described before,
need to apply this to MET as well

= Correct for known leakage effects (cracks etc)
Remember these plots?

Missing ET in MHT30 skim |

EFFECT OF THE CLEAN UP CUTS ON THE MET DISTRIBUTION
£ 10° 405! ]
%‘ 10 MET includes cells with E>0 (no CH) ) 10 ; CDF Run I Preliminary, 254 pb'l . :
o [ No correction 3 ;ll C’ Before basic cuts
[7] Badruns were removed 3104 - \ll - After 3 jets cut
a i .
10 [[7] Noisy events were removed i 4 . El After basic cuts
[] Badcellsitowers were removed .
10’
2
10
0 50 100 150 200

300 350 46Q
Missing ET, GeV
MET, before corrections (Do)

MET, after corrections (CDF)

This is where new physics may sit



y (I11)

* An understanding of MET to the level shown below takes a long time!

* Many early analyses at the LHC will avoid using MET initially (e.g. try using
H- instead)

CDF Il preliminary _[ L dt ~ 200 pb”
?
g | :
= 1000 M,, = (80396 + 66_,_,) MeV
£
E |
s L v2Idof = 44 | 62

proton

500

W =2 uv
Missing E;

40 50
pr(v) (GeV)
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Electron

= Charged Hadron (e.g.Pion)
— — — - Neutral Hadron (e.g. Neutron)
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2

Silicon
Tracker

y Electromagnetic
)‘ " Calorimeter
,
Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

AP
Solenoid magnet \
Transition
Radiation X
Tracking { Tracker ¢
g ———————— . o
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http://atlas.ch
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Isplay

This shows many of the objects we just covered

leptons (e,u and t) Run 178855 W// mfgﬂ}gg{dg}gegv
v (m|SS|ng ET) Event 5504617 Muon Pt = 37 GeV

quarks (jets)
b-quarks (“b-tag” jet)

w+ v '
proton \. il

Q|

o
S

’

\\\
<

antiproton

=111 GeV,Phi=79, L2d=7 mm
GeV, Phi=355L2d=1 mm

Q|

—
o
[(eie]
[{edie]
[l
oo

-

= |

1]
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Our starting point is here

= At the LHC the rate for all collisions is
40MHZz!

= Although ideal, it's impossible to keep
all the events

Need to decide a priori which are the
“interesting” events to keep/filter

Need to be selective
= enhance rare processes
= reduce common ones

If we make bad/unwise choices we will
throw away the new physics!
= |f you don’t trigger on it, it's gone
forever!

Theory plays a role in guiding these choices

= [mportant to have good communication
between theorists and experimentalists
for coming up with new triggers

Cross section (np)

Vs (TeV)



ing the
nts (1)

9
We want to trigger on things that are rare in the S A A R

SM ~—" 10° Ctot
But also want to keep “less” interesting events (at '

nb)

10 1
Tevatron LHC

-
least initially) for standard-candle measurements, O ;
calibrations, etc. O . /
: . 3

Your “run-of-the-mill” trigger table will contain \ bbar
triggers on: N
= electroweak particles: vy , e, T at as low an 7 .
energy as possible e 107 Tjetl Er X 15/20) .
= very high-energy partons (jets) 10! o2
- . . . N\ Oz
Bew:feplarent invisible particles (MET) ml £ 100Gev)
. 10
= All measurements are distorted by the trigger 102
= Any measurement must account for the 102 )
Gtbar

efficiency of the trigger and the resulting
distortion (eta, phi pt dependence?)

/ jet X
10 ngt(ETl > \S/4

GeV)

"'H\ggi-l['wH =150 C

Therefore, we must measure the efficiencies of the 10 ;
interesting triggers 106 o (1, = 500 Gev) \

= “Backup” triggers are often needed 107 Bt e A
0 | 0

Vs (TeV)



Triggers

CMS ATLAS

Detectors
~40 MHz
Digitizers 40 MHz s  Dhakihmechers
Levell |
o Det.
Front end pipelines g L1 accept - R/O
. {100 kHz) T
. — 120 GB/s
us
+ Rol
~100 kHz =
Readout bufferS 'ROIB = N Rol requests ROB ROB 'ROB 0(150) PCs
0(500) PCs i : ROS ~4 GB/S
1 Tb/ l w s Rol data (~2%) P
S Saptys
> Switching networks Bt (i i
— High Level EB 0(100) PCs
Trigger T l
Processor farms g Sk
~ sec EFN
EF T
sec 0(1900) PCs e Dataﬂow
EFP
. EF accept S,Lo ] ~ 300 MB/s

{~0.2 kHz)

~150 Hz
Level 1: Hardware based (electronics)

Level 2: Software based

The decision to keep ~1/200,000 events happens every second.og
No room for mistakes!
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e the data?

Once the data has been triggered and recorded, how do | get it at my home
institution for analysis?

Challenging task since the LHC will produce roughly 15 petabytes (15
million gigabytes) of data annually

The LHC has a tiered computing model to distribute data around the world
a.ka. The GRID

The Worldwide LHC Computing Grid is based ow a three tier
model.,

Tier-2 Centres

SARA NIKHEF
Javim . vt

L

26




mber 2008

First beam circulated

= 450GeV, ~2x10° protons
Beam was steered into collimators (tungsten blocks)
Detectors picked up debris, or "splash", of particles
Lots of anticipation, followed by celebration

» Followed by ... well, let’s focus on the positive ...

27



ATLAS

- 3 Atlintis Cinvis <4> 2008-09-10 00:37

L1Calo Stream

| TESEsna e gy
\3\\\\”'!" !

2008-09-10 10:19:10 CEST event:Jive

SN,
15
»"’ *

ARy

.

—ji&h X

jeometry: < default - Atlantis

)
I/ "

NI T )
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y Muons

* Since then, the LHC experiments have been preparing
for beam by looking at cosmic ray muon events in the
detector.

* Tremendously valuable source for detector & software
commissioning!

* Can also be used to begin alignment of detector!

‘ Distribution of the Mean of the Residuals for TOB |

w _f T [ TT 1T | TTTT ‘ TTTT ‘ TTTT | TT 1T TTTT ‘ TTTT TT T T T I_
?525000_ @ Aligned geometry n
= [ u=-tum,c=30um f 1 5 [ - Unaligned
© 20000 OMCpertectasometry || AT AG S S T
= B H=0um, 6=24um R ] 5 i C M S — CRAFT-HIP:
‘5 I CJNominal geometry . § - mean =-1um, RMS= 28 um I“Il ””
s - u=-5um, 6=123um 4 2 soo CRAFT-MP:
815000 MTHMOTIEHT LY -4 & mean =-0yum, m
5 : ]
< C . i 600—
C ATLAS Preliminary - L
10000F | | scTBarel 1 - .
i o Il Il
50001 r 7 i
B 200 k
i WY __':‘;-5-5""“"\:\’-'-\ T L o ey YOG 7;21:"[’13")]"’]7“‘“
x residual [mm] 0.02 0015 -0.01 -0.0056 0 0005 001 0015 0.02

Mean of residuals [cm] 30



2008-09-28 10:19:08 CEST event:JiveXML_90272_2065845 run:90272 ev:2065845 geometry: <default> Atlantis

-10

:Ir 20 X Projection [ ‘

Y (cm) 100

[}
PR

-100

-100 0 X (€cm) 100

| I

Y (cm)50

-50

10

T

-10

T T
-100

T
X (cm) 0
XZ Projection

-7.8

X (m)

-84

| L L L L L L

150 Z (cm) 180



Run 66748, Event 8894786, LS 160, Orbit 167263116, BX 1915

Muon through tracker...

ent' 8894746

/
\/
/
7

...Including pixel hits

32



ts @ LHC

First job is to understand the detector!
= Calibrations, alignment, “fake rates”, etc.
First measurements will be to rediscover the Standard Model

= Examples:
» Charged track track multiplicity
* Inclusive jet cross section
- Zand W cross sections } “standard candles’
« ttbar cross section
Without this, no one will believe any claims of discovery

Unfortunately, it's impossible for me to cover all of this so | will just
give you a flavor

33



events / 0.5 GeV

andles

Z—ee and Z—uu are clean and provide an excellent calibration signal for
many purposes!

= EM energy scale (electrons)

= Track momentum scale (muons)
= Lepton ID and trigger efficiencies
= Luminosity

200—

100

CDF Il preliminary _[L dt ~ 200 pb™' SO I onali _[L e 200 o8
preliminary = P
>
][ 3 a0l %
- 0
o -
M, = (91190 + 67,,,) MeV CDF s (m-@saammev | CDF
: -
Z—ee g H* Z—uu
| y%dof=32/30 m -
200 | i{
i i
* !
i i
I J %
f_,fi"ﬁﬁ &&4\4
9 ) T TR o SO
0 % 80 90 100 @ ‘})10
mw e
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Number of observed Background:
events: counted Measured from data /
calculated from theory

Nob _kag

\)

O =
Ldt X €
[Cross section o
Efficiency:
optimized by

experimentalist

Luminosity:
Determined by accelerator,
trigger prescale, ...

35



ptance

Number of events used in analysis

total ~—

Number of events produced
* Actually rather complex:

= Many ingredients enter here
 Trigger efficiency (from data)
« |dentification efficiency (from data, for example using Z's! - tag and probe)
» Kinematic acceptance (from Monte Carlo)
« Cut efficiencies (from data and/or Monte Carlo)
= Efficiencies could depend on p1, n, ¢, N, etc.
* For example, the total efficiency could look like this:
E =E£ E E

reconstruction8ID8kinematic

total trigger track

| CEM Eff vs Et I v E:;"):df 0.573:::(?;1:?133
Examples: - iﬁi—*-:g: e trigge €
CDF electron ID and of W *’ K
trigger efficiencies vs. w elDe //
electron E;

0.2f = Zemtef MC 092 C

01f 4 per 12 DATA c 36

e e TR T T s e

Et T




* Interesting signature! o w v
= Background to a lot of new physics (like SUSY) ? aacha.; b
* More complex final state K f ’

= Need to understand backgrounds!

« Data driven methods (esp. QCD) S asob .Y
R -
- Examples: “ABCD” methods or jet “fake” S a0 E]T“’a' muon)
© TTbar (muon comb.)
— 250 =
rates ) . ?@ 200 DBackground _5
= Note:often a “fake” is still a real lepton g ]
(inside jets!) 5 E
. .8 100 —E
* In early days of LHC, tops can give us £ E
. Altgrnajuve Jet energy s.cale .rr?easur.ement W o6 s a6 a6 a6 a6 e ke
(primarily from photon+jet, di-jet, Z+jet M;; [GeV]
balanCi ng) SecVtx Tag Efficiency for Top b-Jets M
: : L )l
= b-jet tagging efficiencies 0.6 ]
0.5}
0.4 R
0.3}
0.2} g
C D F B Loose SecVix
0.1 B Tight SecVix
03020 60 80 100 120 140 160 180 200 37
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* Looking forward to discovery at the LHC!

ATLAS Atlantis Event: susyevent
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marks

| only touched the surface!
= Alot | didn’t cover!

Getting to the level of understanding the data to the point of
confidently making a discovery will take time

= Data analysis is like detective work

= We need to try to not jump to conclusions too fast!
| hope you now have a better understanding of

= detectors and how they work

= how experimentalists think
Talk to your experimental colleagues!

Thank you!
= |t's been a pleasure!
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