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How to understand what happened in a collision?

eMeasure the coordinate of the point (‘vertex’) where the reaction
occured, and determine the positions and directions of particles that have
been produced

eMeasure momenta of stable charged particles by measuring their radius
of curvature in a strong magnetic field (~1T)

eDetermine the identity of stable charged particles (e, u, =, K, p)
eMeasure the energy of high energy photons y

eDetect neutral hadrons

eCombine final state particles to form intermediate states that decayed
too quickly to be directly detected

Peter Krizan, Ljubljana



How to understand what happened in a collision?

Illustration on an
example:

B0 > KO J/y
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Search for particles that decayed close
to the production point

How do we reconstruct reaction products that decayed to several
stable particles (e.qg., 1, 2, 3)?

From the measured tracks calculate the invariant mass of the
system (i = 1, 2, 3):

M= EY-Q p)

The candidates for the X->123 decay show up as a peak in the
distribution on (mostly combinatorial) background.

The name of the game: have as little background under the peak
as possible without loosing the events in the peak (=reduce
background and have a small peak width).

Peter Krizan, Ljubljana



How do we know it was .. .
precisely this reaction? ' '

20000 —

BO > KO J/y
KO > |
J /\|f N detect 10000 - —

For =~ n* in u~ u* pairs we calculate the

0|1|/'|I||||||||||||||

invariant mass: 0.470 0.480 Dir:;::}anmass{gg?gz ] 0.510 0.520
M= EY-.p)
(2 E) =2 P) -
Mc? must be for K% close to 0.5 GeV, : wout
for Jhy close to 3.1 GeV. 8000} .
\* !

Rest in the histrogram: random coincidences \\TJ \T‘*

(‘combinatorial background") . ]

0 ————
2.5 GeV 3.0 3.5

The name of the game: have as little background under the peak as possible without
loosing the events in the peak (=reduce background and have a small peak width).



Components of an experimental
apparatus (‘spectrometer’)

e Tracking and vertexing systems
e Particle identification devices
e Calorimeters (measurement of energy)

Peter Krizan, Ljubljana



Components of an experimental
apparatus (‘spectrometer’)

e Tracking and vertexing systems
e Particle identification devices
e Calorimeters (measurement of energy)
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Resolution in invariant mass

BC > KO J/y, KO > nnnt, Jly 2> put
Mz2c# = (E,; + Ey)?-(p; +P,)%c? > M%c* =2 p,p,c?(1-cosO;,) (p>>m,c)

The J/y peak should be narrow to minimize the contribution of random
coincidences (‘combinatorial background’) under the peak.

The required resolution in Mc2: about 10 MeV.

What is the corresponding momentum
resolution? | I SEEanss

For simplicity assume J/y is at rest - ok
©,,=180°, p,=p,=p=1.5 GeV/c, Mc?=2pc
->o(Mc?) = 2 o(pc) at p=1.5 GeV/c

-2 o(p)/p = 10 MeV/2/1.5GeV = 0.3%



Momentum resolution

Tracking system uncertainty

For N measurements along
O
rr _ OxPr 720 the track of length L, each

Pr - eBL’ \ N +4 with a precision of 6, , in a
magnetic field B

Uncertainty from multiple scattering

In a detector with an

Gpr _ 13.0MeV average radiation length X,
pr  eB.\LX,
Combined
2 2
GPT — GPT/ + UPT/
P T P T tracking P T msc
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Momentum resolution - example

fracking system &, _ o,p, | 720 ForB=15T,L=1m, N = 50,
uncertainty = : 100 um X = 100
pr eBL \N+4 Ox = TV MM, Ag = ALEM

o, 0.1x107m 720 _ p, x0.0008
pr UT03(GeV imyx15xim* \ 54 GeV

Forpr=1GeV: o ,r/pr =0.08%

sigma(pl/p

Forpr =2 GeV: o, /pr =0.16%

0.005

0.004

Uncertainty from multiple scattering

GpT . 13.6MeV 0.003 /
pr eBJLX, : 2
0.002 & _ (& /j +(i /j
O'pT — 13.6M€V :0.003 pT pT o pT e
P 03(GeV /m)x1.5V1mx100m

N.B. eB= 0.3 (B/T) (1/m) GeV/c ' | b (GeV/Q)




Belle II Detector — vertex region

p
Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers pixels + 4 layers str
.

/|

e =% /| Beam Pipe r=10mm

| DEPFET pixels
; fyj Layer 1 r=14mm
2 ) Layer 2 r=22mm

| Double-sided silicon strips

Layer 3 r= 39mm
Layer 4 r= 80mm
Layer 5 r = 104mm
Layer 6 r=135mm




Belle II central drift chamber
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ATLAS Tracking system of the inner detector

R =1082 mm

TRT <

straw tubes

s h

TRT

\_R =554 mm i N
R =514 mm™ I/ '

R =443 mm TS o
SCT =
R =371 mm o s

R =299 mm - :
silicon strip

detectors

e __ud Pixels pixel
= detectors

R =50.5 mm
R=0mm

R=122.5 mm
Pixels { R = 88.5 mm

rizan, Ljubljana



What kind of momentum resolution do we need?

Reminder: example: we are looking for an unknown particle X, X > p p*
Mct = (E; + Ey)?- (p; + Po)? > M%c* = 2 p; p, (1 - cos®y,)

The X peak should be narrow to minimize the contribution of random

coincidences (‘combinatorial background’) > 5P
G I~ SR1 - Signal+background fit :
ol - Background-only fit b

The required resolution in Mc2: about 1 GeV 520: :

at 30 GeV. G f
w 'YL

What is the corresponding momentum 10

resolution? i

For simplicity assume X is at rest > of

0®,,=1809, p;=p,=p=15 GeV/c, Mc?=2pc

2>c(Mc?) = 2 o(pc) at p=15 GeV/c CMS could-be-particle (turned out

to be a statistical fluctuation...)

- o(p)/p = 1 GeV/2/15GeV = 3%



Momentum resolution

o, o,pr | 720 o, 13.6MeV
p, eBl’ \N+4 pr  eB\LX,
3
g 0.1x10"m 720 _ . x0.0006 8= 03B/ (1/m)Gevrc

Dr 0.3(GeV /m)x2x1lm* \ 54

For B=2T,L =1m, o, = 0.1 mm

For pr = 1 GeV: o ,r /pr = 0.06%

For pr = 10 GeV: o ;1 /pr = 0.6%

For pr = 100 GeV: o ;1 /pr = 6%

How to improve high momentum resolution?

o Better resolution: wire chamber = silicon strip detector (full
CMS tracker, partly ATLAS)

e Higher field: CMS B=4T

e Longer lever arm for muons: additional tracking in the
magnetic muon system (ATLAS)

Peter Krizan, Ljubljana



Momentum measurement for very high

Tile calorimeters
LAr hadronic end-cap and
%, Torward coborirmelers

Pixel detector
LAr eleciromagnetic calorimeters

Muon chambers Solencid magnet | Transifion radiation tracker
Semiconductor tracker

Peter Krizan, Ljubljana



Components of an experimental
apparatus (‘spectrometer’)

e Tracking and vertexing systems
e Particle identification devices
e Calorimeters (measurement of energy)

Peter Krizan, Ljubljana



Why Particle ID?

Particle identification is an important aspect of particle,
nuclear and astroparticle physics experiments.

Some physical quantities in particle physics are only
accessible with sophisticated particle identification (B-
physics, CP violation, rare decays, search for exotic
hadronic states).

Nuclear physics: final state identification in quark-gluon
plasma searches, separation between isotopes

Astrophysics/astroparticle physics: identification of cosmic
rays — separation between nuclei (isotopes), charged
particles vs high energy photons

Peter Krizan, Ljubljana



x 10
1500

p

1000

entries per 5 MeV/c

500

0

Introduction: Why Particle ID?

Without PID

2_

With PID

1.75 1.8 1.85 1.9 1.95
K7 mass (GeV/cZ)

Example 1: B factories

Particle identification
reduces combinatorial
background by ~3x

Peter Krizan, Ljubljana



12000

10000 t

8000 ¢

6000 t

4000 |

2000 1

300t

250t

200t

150}

100 }

50+

Introduction: Why Particle ID?

Without PID

%.98 0.99 ! 101 102 f.;’).%’ l.o¢g 105 106 107

kaon - kaon invariant mass ( GeWcZJ

With PID

5% Tt fake

098 099 1 101 102 1035 104 105 106 107

kaon - kaon invariant mass ( Ge V/CZJ

Example 2: HERA-B

K*K invariant mass.

The ¢ > K*K decay only
becomes visible after
particle identification is
taken into account.
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Particle identification systems in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,
er 2 barrel layers)

EM Calorimeter: .
CsI(TI), waveform sampling (b:
Pure CsI + waveform sa

ification

electrons (7GeV gation counter (barrel)

Aerogel RICH (fwd)

p
Beryllium beam pipe
2cm diameter

\.

positrons (4GeV)

lever arm, fast electronics




Efficiency and purity in particle identification

Efficiency and purity are tightly coupled!
Two examples:

particle type 1 type 2 eff. vs fake probability

075 -,

\

Fo N
0.5 "E 10 - o
0.25 P \ E 1,2, 34, 50 seporgfief
0 RS =
-2 0 I 4 i & = lu.z N
- Eﬁ_xw;ﬂ?) % /
'w-}.._‘l
1 ., &
iy 107
0.75
0.5 Rx
0.25 \ o
n = |
2 0 2 4 6 8

some discriminating variable



|dentification of charged particles

Particles are identified by their mass or by the way they
interact.

Determination of mass: from the relation between
momentum and velocity, p=ymv.

Momentum known (radius of curvature in magnetic field)
—>Measure velocity:

time of flight

lonisation losses dE/dx

Cherenkov angle

transition radiation
Mainly used for the identification of hadrons.

Identification through interaction: electrons and muons

Peter Krizan, Ljubljana



Time-of-flight measurement 2

Time difference between two particle
species for path length=1m

Required resolution, example:
n/K difference at 1GeV/c: 300ps

For a 3o separation need
o(TOF)=100ps

10¢

Resolution contributions:
oPMT: transient time spread (TTS)

ePath length variation

1 1 111111‘

time -of-flight difference A t[ns]

g—

01 1 10
momentum p [GeV/c]

eMomentum uncertainty

Peter Krizan, Ljubljana



60

40

20

Identification with dE/dx measurement

dE/dx is a function of velocity.

For particles with different
masses the Bethe-Bloch
curves get displaced »>
separation is possible if 10
the resolution is good

enough — 5%

Events (B. Adeva etal, NIM A 290 (1990)
30 v T T

1 v[i'

o

1

..
re
a L: most likely a)
energy loss
A: average
energy loss

90<0<100 deg -

-

Cut
L Pulse

height

Belle IT CDC: dE/dx vs p

IP tracks

dE/dx
T
-

T III]I]]

]1IIIIII

107"
: [GeVic]
Problem: long tails (Landau Peoc

distribution, not Gaussian), use
truncated mean, exclude

200 400 s [mV] highest values Peter Krizan, Ljubljana



Cherenkov datectors

A charged track with velocity v=Bc exceeding the speed of light ¢/nin a
medium with refractive index n emits polarized light at a characteristic
(Cherenkov) angle,

cosO = c/nv = 1/Bn

Two cases:
2 B < B¢ = 1/n: below threshold no Cherenkov light is eni

-2 B > B¢ : the number of Cherenkov photons emitted over uni
energy E=hv in a radiator of length L:

dN _ a Lsin> @ =370(cm) ' (eV) ' Lsin” 6

dE T

—->Few detected photons

Peter Krizan, Ljubljana



Measuring the Cherenkov angle

Particles above threshold: measure 6

aerogel

Cherenkov photons. —:_’;

particle
}

‘_“:‘“3;
N

Qa 20 cm photon detector

Proximity focusing RICH

RICH with a 1

focusing mirror

v coordinate (cm)

Idea: transform the
direction into a coordinate =
ring on the detection plane

- Ring Imaging Cherenkov
(RICH) counter

Cerenkov angle

velocity lower



Measuring the Cherenkov angle

aerogel

Cherenkov photons. '::;

particle
>

; - E 30 F
R
a

Tracking system (measures 2em 20cm  photon detector
direction of the particle)

|||||||||

Tracking system tells us where the particle hit
the radiator, and at which angle.

Use this information to calculate the Cherenkov
angle for each individual detected photon

Cherekov angle distribution (mradian)



Cherenkov angle (mrad)

Measuring Cherenkov angle

0 30 40 50 60

thresholds

5
T particle momentum (GeV/c)
P

Radiator:
C,F10 gas

GRS e T Yy e

70

Peter Krizan, Ljubljana



Photon detection in RICH counters

RICH counter: measure photon impact point on the photon
detector surface

- detection of single photons with

o sufficient spatial resolution

e high efficiency and good signal-to-noise ratio (few photons!)
e over a large area (square meters)

- & Special requirements:

S | . D

s ot e Operation in magnetic field
5% 30;— . ’

e High rate capability
e Very high spatial resolution

20 F

10 F

o e Excellent timing (time-of-arrival
ko : information)
Photon detector is the most crucial

R 7 T S element of a RICH counter

ordinate (cm)




HERA-B RICH

Photon
Detectny

Photon detector requirements:
eHigh QE over ~3m?

eRates ~1MHz

eLong term stability

100 m3 of C,F,,
~1 ton of gas

CaFo \

Planar Mirrors

Spherical Mirrors

Phntm\
Detectors




Cherenkov angle (mrad)

Kinematic range of a RICH counter

60—

Example: kinematic range for
kaon/pion separation

0 20 30 40 50 60 70

particle momentum (GeV/c)

Kinematic range for separation of two particle types:
el ower limit p,,,: sufficiently above lighter particle threshold

eUpper limit p,.,: given by Cherenkov angle resolution — overlap
of the two bands

Rule of thumb: p,../ Pmin < 10

Peter Krizan, Ljubljana



LHCb RICHes

Need:
Particle identification for momentum range ~2-100 GeV/c

eGranularity 2.5x2.5mm?
eLarge area (2.8m?2) with high active area fraction

eFast compared to the 25ns bunch crossing time

. . 0 max
eHave to operate in a small B field 250 | . o> e
r N Aerogel
200
-3 radiators
eAerogel g =T
'C4F10 gas < 100 — ‘
QCF4 gas C4F1098s
50 - e 53 mrad
I s e 32 mrad
[ ?;— CF4gas
1 10

100
Momentum (B@icKrizan, Ljubljana



Magnetic
Shield

VELO exit window

Plane
Mirror

LHCb RICHes

hoton
Detectors

250 ™7

- - Spherical
- ~ Mirror

Beam pipe

| [/——4

[ Track

RICH1 + 2

Spherical \W
mirrors : Wl

. J
Flat mirrors @ |
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Efficiency

LHCb RICHes: performance

PR A R B ] > r- "1 "1 "1 ]
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|ﬁ“C|h:lc\'wnv\.l.d-.mm © 0 ALLK-m>0 ] 2 lr'ji-(tbt'revmlh;.li.mmn © 0 ALL(p-m>0 ]
1.2 T C o 12 T ) -
e ®m ALLK-m>5 - <_.!“:.‘ e ® ALL(p-m)>5 .
_: = I —o-=g== o
o 0.8 ™ p—p -
= 0.6 L
- 0.4 -
0.2 -
x10? 0 e oo o oG U 3x10°
0 20 40 60 80 100 0 20 40 60 80 100
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Resolution of a RICH counter

ePhoton impact point resolution (photon detector
resolution

eEmission point uncertainty

eDispersion: n=n(\) in cos6 =1/pn

aerogel photon detector
eTrack parameters
eErrors of the optical system Cherenkov photons,..-» ——
: : :': :‘ *" charged particle
2 cm 20 cm

Peter Krizan, Ljubljana



Radiator with multiple

refractive indices

How to increase the number of photons
without degrading the resolution?

- stack two tiles with different refractive

normal indices: “focusing” configuration
n1= nz n1< n2
// 4
\\ \\

- focusing radiator




4cm aerogel single index

Ny

N2

n

Focusing configuration — data

1=Ny

/N

M

2+2cm aerogel

ny

ny<ny,

/i

Z
6000 |-

4000

2000

¥/ ndf 2467. / 116

Pl 5495.

P2 0.2965

P3 0.2072E-01

P4 85.32

P5 796.0
nf=7.69

0 e
0 0.1 0.2 0.3 04 05
0 (rad)
theta cerenkov
= s F X/ ndf 1095. / 116
Pl ﬂ 7289,
P2 0.3074
—_— P3 0.1428E-01
P4 74.49
PS5 884.4
4000 |
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oo L nb=0.83
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0.2
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-0.4

0.4

0.2
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-0.4
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DIRC - Detector of Internally Reflected Cherekov photons - a special kind of RICH where
Cherenkov photons trapped in a solid radiator (e.q. quartz) are propagated along the
radiator bar to the side, and detected as they exit and traverse a gap. .

Support tube (Al)
PMT + Base

~11,000

..... SN N Quart; Barbox
- PMT's

Water

Light
Catcher

17.25 mm Ar
(35.00 mm rAd)

Bar Box
Track [
Trajectory ]

PMT Plane/a \
Water ||

L~

7 | /-Sland off Box {SOB]/
1 |-—91 mm-— 10mm ,J
‘|_5m \\ | 1.17m |

4 x 1.225 m Bars
glued end-to-end



=4 Time-Of-Propagation (TOP)
counter

Quartz bar

Array of

fast PMT's

)J& > +400m
Linear-array type Z X TS I

photon detector

— One (or two coordinates) with a few mm precision
— Time-of-arrival

20-15-10 -5 005 10 1(5 20
X fcmy)



Belle |l Barrel PID: Time of propagation (TOP) counter

Korm

e Cherenkov ring imaging with precise time measurement.

e Reconstruct Cherenkov angle from two hit coordinates and the time of
propagation of the photon

— Quartz radiator (2cm thick)

— Photon detector (MCP-PMT)
e Excellent time resolution ~ 40 ps
e Single photon sensitivity at 1.5 T



Transition radiation detectors

X rays emitted at the boundary of two media with different refractive

indices, emission angle ~1/y

Emission rate depends on y (Lorentz factor): becomes important at y~1000

e Electrons at 0.5 GeV
e Pions, muons above 100 GeV
In between: discrimination e vs pions, mions

Detection of X rays: high Z gas — Xe
Few photons per boundary can be detected

Need many boundaries
e Stacks of thin foils or

-

Number of detected TR photons

—k
=]

—
= '
=

One Madule of the TRD

10°

10
Lorentz Factor

10°

e Porous materials — foam with many boundaries of individual ‘bubbles’




ATLAS TRT: combination of Transition

Radiation detector and a Tracker

Radiator: 3mm thick layers made of polypropylene-polyethylene
fibers with ~19 micron diameter, density: 0.06 g/cm?3

Straw tubes: 4mm diameter with 31 micron diame’qer anode
wires, gas: 70% Xe, 27% CO,, 3% O.. Radiator Sheets

/- Tension Plate

High Voltage Plate &

Electronics
Protection Board /

l'|| || Carbon-Fiber Shell

|

|

= Divider
|
|
|

- Straws

TRT module

Straw Endplug
\ Wire Support

\
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TRT: pion-electron separation
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Muon and K, detector at B factories

Separate muons from hadrons (pions and kaons): exploit the fact that
muons interact only electromag., while hadrons interact strongly - need a
few interaction lengths to stop hadrons (interaction lengths — stong

interaction analog to radiation length = about 10x radiation length in iron,
20x in CsI).

A particle is identified as muon if it penetrates the material. )

Detect K, interaction (cluster): again need a few interaction lengths.

Peter Krizan, Ljubljana



Example: Muon and K, detection at Belle II

KL and muon detector:14/15 layers RPC+Fe
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps , inner 2 barrel

P RAANE

EM Calorimeter: _
CsI(TI), waveform sampling (ba
pure Cs1 + waveform sampling

—
artic tification
electrons (7GeV ' 004y ' gation counter (barrel)

— Prox. focusing Aerogel RICH (fwd)
Beryllium beam pipe "' g

2cm diameter W -

7

\.

positrons (4GeV)

Central Drift Chambe
He(50%):C2Hs(50%), smal
lever arm, fast electronics




Muon and K, detector

Example:

event with

two muons and a
.KL

and a pion that
partly penetrated




Muon and K, detector

performance

Muon identification: efficient for p>800 MeV/c
efficiency fake probability
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Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109. Muon detection efficiency vs. momentum in KLM.

Peter Krizan, Ljubljana



MC simulation: H =2 4 u (ATLAS)
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|dentification of muons in ATLAS

Thin-gap chambers (TGC)
) Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid

eIdentify muons

eMeasure their 1_
momentum Monitored drift fubes (MDT)




Components of an experimental
apparatus (‘'spectrometer’)

* Tracking and vertexing systems
 Particle identification devices
e Calorimeters (measurement of energy)

Peter Krizan, Ljubljana



Calorimeters (measurement of energy)

Calorimetry:

Energy measurement by total absorption, combined with spatial
reconstruction.

Calorimetry is a “destructive” method
Detector response a E

Calorimetry works both for

« charged (ex and hadrons) and

« neutral particles (n,y)

Basic mechanism: formation of electromagnetic or hadronic showers.

Finally, the energy is converted into ionization or excitation of the matter.

Peter Krizan, Ljubljana
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Requirements at a B factory: Photons

Generic B° decay
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Calorimetry Design: B factories

Requirements

eBest possible energy and position resolution: 11 photons per Y(4S) event;
50% below 200 MeV in energy

eAcceptance down to lowest possible energies and over large solid angle
eElectron identification down to low momentum

Constraints

eCost of raw materials and growth of crystals

eOperation inside magnetic field

eBackground sensitivity

Implementation

Thallium-doped Cesium-Iodide crystals with 2 photodiodes per crystal
Thin structural cage to minimize material between and in front of crystals

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



Requirements: Photons

n® =2 yy Need to reconstruct neutral pions from gamma pairs

« Should also work for low energy gammas (photons)
« Excellent energy resolution

Detection of photons: scintillator crystal + photosensor

scintillation photons
are detected in the

photo sensor
shower, electrons
gamma ray and positrons ,
> produce
scintillation light

How does a shower develop? Gamma - e+e- pair production -
bremstrahlung gammas - e+e- pair production - ....

Peter Krizan, Ljubljana



Electromaagnetic Cascades (showers)

Electron
shower in a
cloud
chamber
with lead
absorbers

Simple qualitative model

| | Consider only
>z Bremsstrahlung :
%f; and pair BEBC , MelH [Fo/30%) B=3T
LT production
) e e P D ' ELECTRONAGN ETIC JSHOWER DEVEL.
H‘"‘%L_-‘E\_‘"—‘-H |
s —
BN Assume:
— l..- — J){D = .I"l.-F:Ialr
Eorp, oy oy Eong

] 1 2 3

Fod
L

s 1 8 *Eo]
N()=2"  E(t)/ particle=E,-2""

Process continues until E(?)<E,

InE,/E = E
e = c ‘hﬂm‘ai — r_ :{f:u.nr."'l} —71 = 2 L Himax 2_0 . .
In2 ;2 =22 E. - Calorimeter size depends

_ only logarithmically on £,

Compton effect and photo effect — absorption. Peter Krizan, Ljubljana

After r = the dominating processes are ionization.



Calorimetry in Belle II

KL and muon detector:

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps ,
er 2 barrel layers)

J——

[EM Calorimeter:
plir

CsI(TI), waveform sam

ife ification
electrons (7GeV ' ane, = gation counter (barrel)
= —— ProX. 10 ] Aerogel RICH (fwd)
J

- S
Vertex Detector ‘7.‘ e L A

2 layers DEPFET + 4 |

p
Beryllium beam pipe
2cm diameter

\. &

positrons (4GeV)

Central Drift Chambe
He(50%):C2Hs(50%), smal
lever arm, fast electronics




¢ Energy resolution of a calorimeter (intrinsic limit)

E
N‘*"m o« =0 total number of track segments
C

o(E) o o (N) 1 1 holds also for hadron

o

E N JN - E, calorimeters

Also spatial and angular resolution scale like 1AE

Relative energy resolution of a calorimeter improves
with E,

More general:

olf)_ 4 gpal
E E \ E
Stochastic Constant term Noise term
term
Inhomogenities Electronic noise
Bad cell inter- radioactivity
calibration pile up

Non-linearities

l

Quality factor |

rizan, Ljubljana



Requirements: Photons

2> vy Need to reconstruct neutral pions from gamma pairs

« Also gammas (photons) with low energy
« Excellent energy resolution

Detection of photons: scintillator crystal + photosensor

scintillation photons
are detected in the

photo sensor
shower, electrons

gamma ray and positrons :
> produce
scintillation light

Need:
 High light yield (many scintillation photons) € o(E)/E o N-1/2
« photo-sensor with low noise (noise spoils resolution)




Higgs boson decay to two high-energy gammas,
H - yy, as seen by the ATLAS detector

Run: 191426 ;Q}T? &P.IE.I!TAﬁh%
Event: 86694500 - -
2011-10-22 17:30:29 CEsT  http://atlas.ch
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Muon
Spectrometer

adronic
alorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracking Tracker

1
|
1
y

Pixel/SCT

detector

The dashed tracks
are invisible to
the detector

Peter Krizan, Ljubljana




Generic LHC Detector for all Particles

Z

N/

7 7 7] N

Elect
Contai

omagnetic calor

hadro y

N
‘ LN \/\ N

several hits along parti

Low-mass tracker: Perfc
precision measurement

s EM shower and '

@ECTEMS ires muon track




Neutrino detection

However: cross section is very
small!

6.4 10% cm? at 1MeV

Probability for interaction in

Use inverse beta decay
vetnN2pt+e
Voetp2>n+e’

v+ N> p+p 100m of water = 4 10-16
v, +p 2 n+pf
v+N =2 p+7T Not much better at high energies:
0.67 10-38 E/1GeV cm? per

v+p 2> N+t
nucleon

At 100 GeV, still 11 orders below
the proton-proton cross section

Peter Krizan, Ljubljana



Superkamiokande: an example of a
neutrino detector

£ i R
SUFPERPOARSMEICAMDE  sesnmar: Frionons Rey RESTasH A HRSRETY OF TR i

Peter Krizan, Ljubljana



Superkamiokande: detection of electrons
and muons

The muon or electron emits Cerenkov light
- ring at the detector walls

eMuon ring: sharp edges
eElectron ring: smeared

Peter Krizan, Ljubljana



Superkamiokande: detection of neutrinos
by measureing Cherenkov photons

Light detectors: HUGE
photomultiplier tubes

M. Koshiba

Peter Krizan, Ljubljana



Cherenkov photons from
a muon track:

Example: 1GeV muon
neutrino

Track length of the
resulting muon:
L=E/(dE/dx)=

=1GeV/(2MeV/cm)=5m

-> a well defined “ring” on
the walls

Muon vs electron

———

Peter Krizan, Ljubljana



Superkamiokande: muon
event

Muon ‘ring’ as seen by
the photon detectors

Peter Krizan, Ljubljana



Muon event: photon detector cillinder walls
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Cherenkov photons from an electron
track

Electron starts a shower!

Cherenkov photons from an
electron generated shower

Example: 1GeV el. neutrino
Shower length: w37
L=XO*|092(E/ECrIt)= i ﬁ_—_‘:__iw—:‘:::

36cm*log,(1GeV/10MeV) N
=2.5m Slne R

Shower particles are not parallel bt Y
to each other oo

-> a blurred, less well defined b
“ring” on the walls e

Peter Krizan, Neutron and
neutrino detection Peter Krizan, Ljubljana



Electron event: blurred ring
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Backup slides

Peter Krizan, Ljubljana



Detection of t neutrinos

v,Fnop+t TOuvyv,
+ Detect and identifiy mion

+ Extrapolate back

¢ Check for a ‘kink’ in the sensitive volume —
e.g. a thick photographic emulsion

e
.
-
S
. -
. *
.
.
.
.
.
‘e
5

Peter Krizan, Ljubljana



Detection of T neutrinos: OPERA

Monte-Maggiorasca
Monte-Prato
Monte-Giovo

Alessandria
Emilia-Romagna

Piemonte

11.4km

732km
neutrino beam ——»

Detection unit: a brick with 56 Pb
sheets (1mm) + 57 emulsion films




Belle central drift chamber

50 layers of wires (8400 cells) in 1.5 Tesla magnetic field

eHelium:Ethane 50:50 gas, Al field wires, CF inner wall with

cathodes, and preamp only on endplates
eParticle identification from ionization loss (5.6-7% resolution)

(]
2204 (7(p7-) B ° 030 /o
A : T 019%x pr o =
5 r
7900 ola 1589.6 2
150D‘-.~ » 747.0 - - 17°
e N e > 15 layers:
'y
N e il £ X \ . 8.8-22.4
T e T iF::‘: """"""""""""" -~ L CH N Y /.. W W N cm r'qdius
e_ e+ 4
Interaction Point
i
L. L.

100mm 100mm



Tracking: BaBar drift chamber

40 layers of wires (7104 cells) in 1.5 Tesla magnetic field
Helium:Isobutane 80:20 gas, Al field wires, Beryllium inner
wall, and all readout electronics mounted on rear endplate

Particle identification from |on|zat|on loss (7% resolution)
—

%Pf) _ 0.13%x p. + 0.45%



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in

this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for NTP (20° C and 1 atm), and

square brackets indicate quantities e\ealuated at STP. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line blend
(589.2 nm); values 1 in brackets are for (n — 1) x 106 (gases).

Material Z A (Z/A) Nucleoll. Nuclinter. Rad.len. dE/dz|,;, Density Melting Boiling Refract.
length A7 length Af Xp { MeV {g {3111_3} point point index
feem=?) {gem~?} {gem~?} glam?} ({27'}) (K)  (K) (@NaD)

Ho 1 1.00794(7) 0.99212 428 52.0 63.04 (4.103) 0.071(0.084) 13.81 20.28 1:11{132 ]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65  1.11[138.]

He 2 4.002602(2) 0.49967 51.8 71.0 04.32 (1.937) 0.125(0.166) 4220  1.02[35.0]

Li 3 6.941(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.

Be I 4 0.012182(3) 0.44384 55.3 77.8 1.595 1.848 1560. 2744.

C diamond G 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 50.2 85.8 42.70 1.742 2.210

No 7 14.0067(2) 0.49976 61.1 80.7 37.99  (1.825) 0.807(1.165) 63.15  77.20  1.20[208]

09 8 15.0004(3) 0.50002 61.3 00.2 3424  (1.801) 1.141(1.332) 5436  00.20  1.22[271]

Fa 0 18.9984032(5) 0.47372 G5.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 [195]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07  1.09[67.1]

Al 13 26.9815386(8) 0.48181 G6O.7 107.2 24.01 1.615 2.699 0933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.320 1687. 3538. 3.95

Cly 17 35.453(2) 0.47951 73.8 115.7 10.28  (1.630) 1.574(2.980) 171.6  230.1  [773]

Ar 18 39.948(1) 0.45059 ™h.T 119.7 19.55 (1.519) 1.396(1.662) 83.81 B87.26 1.23[281.]

Ti 22 47.867(1) 0.45061 T8.8 126.2 16.16 1: 47T 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 1321 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.060 13568, 2835,

Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 08.2 166.7 5.82 1.263 7.310 5056.1 ABTS.

Xe 54 131.293(6) 041120  100.8 172.1 848  (1.255) 2.953(5.483) 1614  165.1  1.39[701]

W 74 183.84(1) 0.40252 1104 191.9 6.76 1.145 19.300 3695, 5828.

Pt T8 195.084(9) 0.39083 112.2 195.7 6.54 1.128 21.450 2042. 4008.

Au 79 196.966569(4) 0.40108 112.5 196.3 G.46 1.134 19.320 1337. 3129,

Ph 82 207.2(1) 0.39575 114.1 199.6 6.37 1122 11.350 600.6 2022.

U 02 [238.02891(3)] 0.38651 118.6 200.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) T8.80

Shielding concrete 0.50274 65.1 7.5 26.57 1=l 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 06.5 28.17 1.696 2.230



W T4 153.84(1) U. 40252 110.4 191.49 .76 1. 145 149,500 S6Y5. it ¥tu N

Pt T8 195.084(9) 0.39083 112.2 195.7 6.54 1.128 21.450 2042, 4008,

Au 79 196.966560(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.30575 114.1 1990.6 6.37 1.122 11.350 600.6 2022,

U 92 [238.02801(3)] 0.38651 118.6 200.0 6.00 1.081 18.950 1408, 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62 (1.815) (1.205) 78.80

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28,17 1.696 2.230

Lead glass 0.42101 95.9 158.0 T.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CHy) 0.62334 54.0 T73.5 46.47 (2.417) (0.667) 090.68 111.7 [444.]
Ethane (CoHg) 0.50861 55.0 75.9 45.66 (2.304) (1.263) 090.36 184.5

Propane (CaHs) 0.58062 55.3 T6.7 45.37 (2.262) 0.493(1.868) 85.52 231.0

Butane (C4Hjg) 0.59497 55.5 7.1 45.23 (2.278) (2.489) 134.9 272.6

Octane (CgHig) 0.57778 55.8 T7.8 45.00 2.123 0.703 214.4 308.8

Paraffin (CH3(CHa),~923CHg) 0.57275 56.0 8.3 44.85 2.088 0.930

Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18

Polycarbonate (Lexan) 0.52607 58.3 83.6 41.50 1.886 1.20

Polyethylene ([CHoCHsl,) 0.57034 56.1 T8.5 44.77 2.079 0.89

Polyethylene terephthalate (Mylar) 0.52037 H8.9 54.9 30.95 1.848 1.40

Polyimide film (Kapton) 0.51264 50.2 85.5 40.58 1.820 1.42

Polymethylmethacrylate (acrylic) 0.53937 h8.1 82.8 40.55 1.929 1.19 1.49
Polypropylene 0.55008 56.1 TH.D 44.77 2.041 0.90

Polystyrene ([CgH5CHCHs],) 0.53768 57.5 81.7 43.79 1.936 1.06 1.59
Polytetrafluoroethylene (Teflon) 0.47992 63.5 094.4 34.84 1.671 2.20

Polyvinyltoluene 0.54141 7.3 81.3 43.90 1.956 1.03 1.58
Aluminum oxide (sapphire) 0.49038 65.5 08.4 27.94 1.647 3.970 2327. 3273. 1.77
Barium flouride (BaFs) 0.42207 90.8 149.0 09.01 1.303 4.803 1641. 2533. 1.47
Bismuth germanate (BGO) 0.42065 06.2 150.1 7.97 1.251 7.130 1317. 2.15
Carbon dioxide gas (CO2) 0.49989 60.7 88.9 36.20 1.819 (1.842) [449 ]
Solid earbom dioxide (dry ice) 0.49989 60.7 38.9 36.20 1.787 1.563 Sublimes at 194.7 K
Cesium iodide (Csl) 0.41569 100.6 171.5 8.30 1.243 4.510 804.2 1553. 1.79
Lithium fluoride (LiF) 0.46262 61.0 88.7 30.26 1.614 2.635 1121. 1946. 1.39
Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.807 0.820 065.

Lead tungstate (PbWOy) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20
Silicon dioxide (Si0q, fused quartz) 0.49930 65.2 07.8 27.05 1.699 2.200 1986. 3223. 1.46
Sodium chloride (NaCl) 0.55509 71.2 110.1 21.01 1.847 2.170 1075. 1738, 1.54
Sodinm iodide (Nal) 0.42697 093.1 154.6 0.49 1.305 3.667 033.2 1577. 1.77
Water (HaO) 0.55509 5H8.5 83.3 36.08 1.992 1.000(0.756) 273.1 373.1 1.33
Silica aerogel 0.50003 65.0 7.3 27.25 1.740 0.200 (0.03 HaO, 0.97 SiO9)




