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If you want to measure something...

It has to interact!

em-
interaction
of a
charged
particle

2

T
AR

J

P

\o

Z, electrons, q=-¢,

M, g= ‘

Interaction with the
atomic electrons.
The incoming
particle loses energy
and the atoms are
excited or ionized
=»process used to
produce
measureable signals

2 I HUH

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing
multiple scattering of
the particle in the
material. During this
scattering a
Bremsstrahlung
photon can be emitted
= shower production

If the particle’s velocity is
larger than the velocity of
light in the medium, the
resulting EM shockwave
manifests itself as
Cherenkov Radiation =

used to measure the
energy of atmospheric
showers by “Astrophysics
Calorimeter”
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T~ LHC F#At&ErsEay

\ Higgs =2 4 muons

Where are the
muons?

Red lines show
the muons
(simulation!)




Higgs — 4 muons

Charged particles
bend in the
magnetic field

The lower the
particle momentum
the more they bend.

Straight tracks from
high momentum
particles are the most
interesting!
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L.orentz Force:

-

F,=qVxB

For B = constant:

circular motion in the transverse plane.
Equation of motion:

Lorentz force balanced by centrifugal force: qv, B=m v2 /R

p,=myV, =|p, = qRB also holds relativistically.

cp,[GeV]=0.3R[m]B|[T] CMS: B=38T
P+ [GeV/c] R [m]

100 387.72

10 8.77
Low p, tracks curl up 1 0.88

inside the tracker if 2R < L

forg=-e




oI\ = (sagitta) U] &

1. Pythagoras: g%+ [%/4= R?

~a=Ry1- L%/4R?
Taylor: 1 —x~1-x/2
- a~R(1-L*8R*

2. Sagitta: s=R — ¢, insert a

T

= p,=qBL*/8s

CMS:B=38T,L=1m

P, [GeV/c] s [cm]

100 0.15
10 1.50
1 15.00




X1-|-X3

Sagitta: S=X,— >

2

Error propagation: ¢ = 0% + 0% /4 + g% /4 (usually Gaussian)

All o equal: ¢ _=+3/20, P, = qBL2/8S

= OPt/pt = os/s — \/% o, pt/qBL2 (always non-Gaussian)

. . 2
N equidistant measurements: Opt/pt =720/(N +4) o, p,/qBL
(Gluckstern 1964)

Note: o, /p,~p, worse resolution at high p,.
t

o / p,~ O, /B [.2 want large, precise tracker, strong field.
t
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Silicon strip detectors

Planar sensor from a high-purity silicon wafer (here n-type).
Segmented into strips by implants forming pn junctions.

Strip pitch 20 to 200 ym, high precision photolithography
(expensive).

Bulk is fully depleted by a reverse bias voltage (25-500V).
Ionizing particle creates electron-hole pairs (25k in 300 um).

bias voltage V(> 0) EN




CMS Silicon tracking

Carbon-fibre support structure. Stable.
Software alignment needed, despite
tight mechanical tolerances and
accurate placement.

+5 pm reached so far.




CMS Silicon Tracker

Inner barrel
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Multiple Coulomb scattering

Multiple elastic scattering from nuclei causes angular deviations:

0.014
p|GeV/c

X, = radiation length

9.4 cm for silicon
18.8 cm for carbon

(0)[rad |~

| JdIX,

Number of scatterings is Poisson process
= RMS ~ Vd

Important at low momentum: ~1/p




CMS momentum resolution

ultiple scattering and momentum resolution: 0245 [p,~ 0. 016 \/ Z d/ X,

CMS physics TDR
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at 1000 GeV T sagitty
. ‘-H

® Full system
mMuon system only

ClInner Tracker only
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10 —20pm  Silicon
9 dem detectors




CMS mass resolution
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MS Preliminary, \'s =7 TeV Lint-100 nb

= OSdata W'W |y|<1l.4
= SSdata MU
signal+background
background-only
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Energy loss of particles in matter
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Py
| | | | | | | | | |

1 0.1 1 10 100 | 1 100 11 10 100 |
[MeV/c] |GeV/c] [TeV/d]
Muon momentum

=> radiation process lead to shower 5 50 500 \ M are essentially

developments [MeV/c] . .
P 3 Electron Momentum considered as mip, but

= ionization and atomic excitation radiative effects have to

lead to measurable signals (light or be taken into account, in
charge) particular at LHC!
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Op.e.

ORayleigh =
= Incoherent scattering (Compton scattering off an electron)
= Pair production, nuclear field
= Pair production, electron field

= Photonuclear interactions, most notably the Giant Dipole Resonance

O Compton

Knuc

B RE =

fRA T B RE R
o - experimentl o S

5 R A 2 AOGRRK
2. ~keV
R T AT
3. >1.022 MeV
ey ete X AR

Photon Energy

= Atomic photoelectric effect (electfoﬁ ejection, photon absorption)

Rayleigh (coherent) scattering—atom neither ionized nor excited

In these interactions, the target nucleus is broken up.




em Interactions with matter

Process taking place during EM Shower development

Electrons: Bremsstrahlung lonization
>
- High energy: Bremsstrahlung o LS,
- photon radiation close to an atom 1.7, LL]
C e .. LLI -
- Low energy: ionization - F
- energy dissipation by creating free electrons E

Photons: T Pair production
- High energy : e*/e- pair production /_.,_

- materialization of photons
- Medium energy: Compton effect G"‘

- photon diffusion liberating an electron from /,.—\\ Compton effect

the atomic cortex B
- Low energy: photoelectric effect =
photon absorption liberating an electron from the ©
atomic cortex \ Photoelectric effect
>

E



Electromagnetic Shower

E, Ej2 EJ4 EJ8 Efte



Shower 1n a cloud chamber

B 18]
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A simple shower model
E,
e L
e~ e
Start with a high energy electron: E, ¥ e’
2
= After 1X,: 1 e- and 1y, each with E /2
k = 0 1 2 3
= After 2X,: 2 e, 1 et and 1 y, each with E /4 Radiation Lengths [ X,

= After kX, : total N = 2k, each with <E> = E /2k

At <E> = E_ pair production and bremsstrahlung stop.

Compton- or photoeffect and ionization take over. The shower ranges out.
E. = 0.6 GeV/(Z+1.24) = 7 MeV for lead. (empirical fit by the PDG)

= K,.x = 19,(Ey/E.). Shower depth grows logarithmically with E.

= N, . = 2kmax = E /E_. Number of particles grows linearly with E,.



A sophisticated shower simulation

Energy
protile

0.125

0.100

Photons
% 1./6.8

30 GeV electron
incident on iron

II|IIII|IIII|II|I|IIIII_

100

o0
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=P
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e
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Number crossing plane

particle
flow



+5 cm

-5 Cm

photons

electrons

Shower simulation
1 GeV e in lead

10 cm

electrons




Energy measurement

Total number of particles in the shower in the simple model:
Ntot=2k2k= kaax_ 1= 2E0/EC

2/3 of N, , are charged (et + e).
> N, =4/3E,/E,

Each e travels 1 X0 between interactions.
= total path length: L, = 4/3 X, E, / E_

Electrons and positrons also ionize the medium.

Collect the charge or the fluorescent light signal: S ~ X, E, / E_

After calibration, S is an energy measurement!

Shower fluctuations: particle production is a Poisson process.
= o(N) = VN

> 0(S)/S=1/+S
The relative energy resolution improves as 1/VE,,.



CMS PbWO Crystals

Charged particles create
scintillation light: ~120 y/MeV

fast: 95% < 25 ns.




CMS ECAL Test beam with final electronics
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Energy resolution terms

The intrinsic shower fluctuations give o(E) ~ VE
Fluctuations in the photo-electron yield also give o(E) ~ VE
Noise (electronics, radiation) gives a constant term: o(E) = c

Inhomogeneities and leakage give o(E) ~ E

Intrinsic

~=._ Photo
-‘-""‘-.

0.1

1 10 100 1000
E[GeV|

0)
o(E) _ 24% . 142MeV .

E JE E
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25 855t (Hadron shower)




Hadronic showers

Muon

Tracker EM cal Hadronic calorimeter tracker
electron Gz i

VRV - EM showers should be fully

52 e ‘contained in the ECAL.

muon
X X XX

hadrons

\/

\ /. L

7\ VA

VS

Hadronic showers may already |
start in the ECAL and extend into the HCAL.




Hadronic interaction length

e Pion-proton cross section o(mtp) = 25 mbarn above a few GeV.
e o(mA) = o(mp) A** (black disk limit).
e = hadronic interaction length:

A 35cm

e )\, =17 cm in Fe or Pb.

e Much larger than X,,.



Hadronic showers

ABSORBER 7

E.M.
COMPONENT

-----------------------

. HADRONIC
Heavy fragment COMPONENT

1

I -

1 =

I ’l . -
1| |

1

1

1

Hadronic interaction have high multiplicity:
» Shower is to 95% contained in ~7A at 50 GeV (1.2m of iron).

Hadronic interactions produce m°:
0

— vy, leading to local EM showers (‘hot spots', ~30%)

> 1T

Some energy lost in nuclear breakup and neutrons ('invisible
energy', 15-35%).

Stronger fluctuations in a hadronic shower:

» Worse energy resolution.



2 hadronic showers

- A

1
o
i
1 -
S —
I
—=

blue = hadronic component red = electromagnetic component

A good hadron calorimeter should have
equal response to hadrons and electrons (‘hardware compensation')
or high granularity to isolate the hot spots (‘software compensation')



Jet Finding

o Calorimeter jet (cone)

¢ jetis a collection of energy deposits with a
given cone R: R=/4¢> + 45’

+ cone direction maximizes the total E; of the jet
e i o various clustering algorithms

P!
-

s
a

calorimeter jet

s
=

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

]

parton jet

e Particle jet

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



Transverse slice through CMS detector

A — CMS

y = Electron IVI
= Charged Hadron (e.g.Pion)

8 ))))| ]]l — — — - Neutral Hadron (e.g. Neutron)

----- Photon

Transverse slice
through CMS

Silicon
Tracker

Electromagnetic

Calorimeter
Hadron oHPHP
Calorimeter Superconducting TPl
Solenoid oHotHo
Iron return yoke interspersed
with Muon chambers N m
Om m 2m 3m 4m 5m 6m 7m
| | | | | | | |

t = s/c 3 ns 10 ns 20 ns



Summary
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