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Overview
e Lecture 1: Interactions with matter

- What particles interact how

- How can we use these interactions to
detect particles?

- What can we measure?
* Lecture 2: Tracking Detectors



Particle Interactions with matter

* How do we observe?

* Need interactions to detect particles

* “Seeing” — detection of scattered light

* “Feeling” — Coulomb force

* "Hearing” — acoustic detection of pressure

* Rely mostly on electromagnetic/ Coulomb
iInteractions to observe particles
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E-loss of charged particles: lonisation

* charged particles heavier than
electrons lose energy through collisions
with electrons in the atom
* process of lonisation energy loss has
Important applications:

- cancer radiation treatment

- particle detection
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E-loss: Bethe-Bloch Formula
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E-loss: Bethe-Bloch Formula
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H, cm

Energy loss (arbitrary units)
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The Bragg Peak

* Limited penetration range

- * Particles lose most energy
at the end of the path when
it is slowest
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Interaction of Photons
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Bragg Peak: Cancer Treatment
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E-loss: Bethe-Bloch Formula
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E-loss: Fluctuations

* Landau, Vavilov and Bichsel
- thin absorber: Landau
- general treatment: Vavilov — now better descriptions
- limit Gaussian

, *Long high energy tail — 5-electrons
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E-loss of Electrons: Bremsstrahlung
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- “Breaking Radiation”
- ~1/m* — mostly important for electrons/positrons
- above critical Energy E :

Bremsstrahlung more important than ionisation
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Radiation Length

Ze

Bremsstrahlung and Pair creation governed by the same principles

183

In Zl/3
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Typical values: plastic: 30cm, lead: 0.5cm
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Electromagnetic cascades
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Multiple scattering

* Multiple Coulomb scattering

* No change in energy

* Average direction change is O
* But spread!

1+0.0038In ——

_13.6 MeV
0= d Xo

pcp
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Particle Interactions with matter

Reminder of important interactions:
* Charged particles
* lonisation
* Electrons
* Bremsstrahlung: radiation length
* Photons
* Photoeffect
e Compton Scatter
* Pair creation: radiation length
* Hadrons
* Strong interaction: nuclear interaction length
* Neutrinos
* Weak interactions
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Particle Interactions with matter

|
Heavy Charged Particles Light Charged Particles

|| Inelastic collisions __| Inelastic collisions || Pheto-electric

with atomic electrons with atomic electrons effect

Elastic scattering Elastic scattering || Compton
—| from nuclei —| from nuclei scattering -
— Cherenkov radiation — Cherenkov radiation || Pair

production
— Bremsstrahlung — Bremsstrahlung
|| Rayleigh
— Nuclear reactions — Nuclear reactions scattering -
—| Hadronic reactions —| Transition radiation || Photo-nuclear
v
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Particle Detectors

Measure
e Position
* Time
* Momentum
* Energy
* Particle ldentification (e,u,n,K,p)
e dE/dX
* Cerenkov radiation
* Transition radiation
* Time of Flight
Specialised Detectors for
* Neutrino detection
* Neutron detection
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Position measurement

Most detectors record passing of a charge

PY SClntlllatOrS Incident lonizing Radiation
e Gaseous Detectors
* [onisation Chambers
* Geiger Mueller

Cathode -

Electrical
Current
Measuring
Device

* Proportional Counters
* Multi wire chambers
* Micro pattern gas detectors
e Semi-conductor detectors
* Silicon
 Germanium
* Diamond

Air or Other Gas




Position: Gaseous Detectors
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Gaseous Detectors

Position
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Proportional counters

* Gas amplification — avalanche
* 1% Townsend coefficient a
* Gas gain M

N=N eoc(E)x
( L/Avalanche /\ . N OUOL(E(X))dX)
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Proportional counters

* Gas amplification — avalanche
* 1% Townsend coefficient a
* Gas gain M

_ a(E)x
l\ Avalanche N= NO €
e M_ﬂ_e(fa(g(x))dx)
=N
0

I1IDI = P ] ] 30 do 40 i 4"_'1;
A. Sharma and F. Sauli, MIM A334(1993420 &P (Vem Torr )
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Gas Detectors

* Gas amplification — avalanche
a) none — lonisation chamber
b) Geiger Mueller — saturation
c) streamer mode (with Quenchgas)

|

B
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Multiwire proportional drift chambers

* CDF’s multi-wire proportional drift chamber : > 30,000 wires !

*Translate drift time into position
*Need to reconstruct “track” from a
few hits along the path
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Diffusion & Drift in Gases

* Diffusion: in all directions
* Limits resolution!
* Directed drift in electric field:
* Scattering with gas atoms
* Typical drift velocities
* Electrons 5 cm/us
* lons x1000 slower!
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Time Projection Chamber TPC

* Perfect detector: almost empty volume!

. incident
i field cage
cathade segmented
anode (pads)
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ATLAS Muon System

| Resistive-Plate Monitored Drift-Tube
| Chambers Chambers (HDTS
! ) \‘{:;»“
T ;ﬂh *.. N\ <27 (2.)
Trigger Chambers | Precision Chambers
| .| r
1.05<[n|<2.4 ‘/L‘
e - )

2.0<|n|<2.7

Thin--Ga % Cathode-5Strip
Chambers Chambers

from David Lopez Mateos

28



Monitored Drift Tubes
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Resistive plate chambers

nduced positive

signal on X strip Low density filler 3 mm

s 4

Graphite layer ¢ Resistive electrode 2 mm

Gas 2 mm ¢

| HV contact \

Time dispersion ~ 1..2 ns — suited as trigger chamber
Rate capability ~ 1 kHz / cm?

Double and
multigap
geometries —
improve timing
and efficiency

15 kV_—

Problem: Operation close to streamer mode.

) ) | Induced negative
Insulating foil ,‘ e Copper ground plane
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Monitored Drift Tubes
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Micro Pattern Gas Detectors MPGD

* Micro fabrication of readout structures
* Microstrip gas chambers

* Gas Electron Multipliers (Thick)
* Good granularity

* Can be fabricated in large areas

Micromegas
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Position measurement: Scintillators

* Organic
* Plastic, liquid
* Fast: 1-10 ns

* Inorganic Crystals
 Nal, BGO,
* Heavy elements possible
* better energy resolution
* Slower: 200-2000ns

. Gd,Si0s:Ce

-\ ro l‘
¢ E—

AFG (AFG450) | HFG (HFG320) ZFG (Z¥GR0)

Nal(Tl) BaF, | Csi(Tl) | CeFs BGO PWO | LUAG:Ce
BisGesOyz PhWO,
X, [cm] 2.59 2.03 1.86 1.66 1.12 0.92 1.41
p [g/cm’] 3.67 4.89 4.53 616 7.13 3.2 6.73
0.6
t [ns] 230 i 1050 30 340 15 60
230 310
A [nm] 415 310 550 240 480 420 535
N@Amn 1.85 1.56 1.80 1.68 2.15 2.3 1.84
LY 5
100 85 5 10 0.5 50
[%Nal] 16




Scintillators: principle

Ionization excitation of base plastic

base plastic
10~ 8m Forster energy transfer

— P
emit UV, ~340 nm
10~4m é Y
v  absorb UV photon_ secondary fluor

_ (~0.05% wt/wt )
5 emit blue, ~400 nm

1m Y D

é absorb blue photon photodetector

e Plastic Scintillator
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Readout: Photomultiplier Tube

Head-On Photomultiplier
Dynode Chain Anode e Convert |ight Into
! ) electrical signal
* Amplification
 Come in many
different shapes and

Photocathode

Window .
Focusin é SI2€S
Electrode  Commonly used to

E.’ﬁ,'.‘.:?m Power Eupply readout scintillators!

Converts photon
into electron

Photomultiplier Tube
\
dynode s +180V

el e -

& § S 06
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Electric signal

Charged Particle
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Scintillating Fibre (Spaghetti) Trackers

i

o
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Semiconductor detectors

* Basic principle: reverse biased diode

* Typical material: germanium, silicon

* Good energy resolution: ~3eV per electron-hole pair: N=E/3eV
* Can be finely segmented — excellent position resolution ~um

Holes Electrons Denlrnrn Zone Electrons

I I G- -
+» -
+» P-Type N-Type 4u= 4l'l- Pnrp-
+ .-
+» = =

Current flows Mo current flows

across this junction across this junction lonisation creates charge carriers

— electric pulse

I
o

Battery

37



electron energy

Semiconductor detectors
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Semiconductor detectors

Germanium detectors

* Excellent AE/E ~ 0.3%/VE(MeV)

* Often used for y-ray spectroscopy
(nuclear physics)

Silicon microstrip detectors
!

* ~ Sum position resolution

* “Vertex detectors” in HEP
experiments
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Position: Semiconductor detectors

Fine spatial segmentation — excellent spatial resolution ~um

—

—/-PMDS__ NMOS™ BOX (Buried Oxide),— -
T= B

TR

p+
BPW (Buried p-Weill)

!
— |

Charge loss after irradiationis
primary due to carrier trap:

Principles of operation

Pre-amplifiers/
Particle Shapers

IE]pl ant, Metalisation .
P - N
t

- Shorten the carrier
collectiondistance

PLANA

Strip pitch, P
Implant width, W/

lateral
biasing

| (typ. 300um)

electrons « * Bulk

Backplane, it - type silicon

+ Bias Voltage

single-column (low E region) Double-sided double-column

Strips Pixels
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Position: Semiconductor detectors

Fine spatial segmentation — excellent spatial resolution ~um

Binary readout of pitch p p
: LR -
(variance of constant distribution): x= 1D
.
-p/2 p/2

strips only one coordinate — two layers for space points
Real and gnost hits — shallow stereo angle

41



Pixel Module/Silicon Sensor

* Good spatial resolution
— 50um x 400um Pixels
* Fast readout (25ns beam crossing)
* Radiation hardness
— Hybrid chip technology
- 0.25um CMOS FrontEnd

- 1 sensor bump bonded
to 16 FrontEnd chips
which are connected to a
ModuleControllerChip

:

4+
L
frdd +
++
+ 4+

[
OV y

o
]
=.
]
-
[=]
—
NL

=)
=
@

guard rings

0V=.-..a...

sjribe line controlled potential drop

riririr
i
= = 0dfL
i)
ey v

bias voltage

1
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Pixel FrontEnd Chips

- 2880 channels organized in I 50x50um
18 columns and 160 rows —

* connected to sensor via 50 ym pitch
bump bonds

* buffering + time stamp logic

* converts charge into

Time over Threshold (ToT)

* charge injection

* detailed monitoring

FeedBagk DAC
Sensor m\ o B — - threshold
connects RAM ( I ) / ROM
: DAC/
here I s
[
n: g
RAM
| pulse > [ |
o discrim.
cw -\_
=20 RAM
Q<€ <
258 701 asl
RAM %
: =>—»{DAC 25
VCAL DAC Threshold
| . o Fast i
Inject Bump pad Preamplifier ~ Tune  Discriminator  Mask OR Readout 1. 0 R




Modern PhotoDetectors

PIN

[ CCD ]
Light
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Modern PhotoDetectors

Space

PIN APD GM-APD HPD
- [
lm. Pt active arca ol N O photacathade %
- AT RERFITT
_— electron —
focusi L
[ | [ TS "
. . . . e
p-n junction p-n junction, V.. <V sp P11 junction, V. >V, -
L n contact t silicon ||||||||||||||| \
l/:eciron ‘f / / / / SENSOT
 Hole § “\ “\\ ‘g_ Y
Photon ‘.‘ u% Y . \“ g a “\:“ \\\
p contact
Time ] Time ] Time i
Gain =1 Gain =M (~ 50-500) Gain — 1nfinite
- linear mode operation--Geiger-mode

operation-
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From GM-APD to SiPM

9urrent (a.u.)
A

=

% % R encne Standardized output signal
1'—.

= s /\ /\ /\

Time (a.u.)

— matrix of tiny pixels in parallel / each pixel = GM-APD + R

quernch

— output signal is proportional to. the number of triggered pixels

Front contact
O

(0)11

Current (a.u.)
A

‘ Two pixels fired

Three pixels

% One pixel fired
—_— fired

" n pixels /\ /\ /\ /K /\ :

Back contact l} Time (a.u.)
‘ \%




Modern PhotoDetectors

VACUUM SOLID-STATE
TECHNOLOGY TECHNOLOGY
PMT MCP-PMT HPD PN, PIN APD GM-APD
Photon Blue 20 % 20 % 20 % 60 % 50 % 30%
detection
efficiency Green-yellow 40 % 40 % 40 % 80-90 % 60-70 % 50%
Red <6% <6% <6% 90800% % 80 % 40%
Timing / 10 ph.e ~ 100 ps ~ 10 ps ~ 100 ps tens ns few ns tens of ps
Gain 10¢ - 107 10¢ - 107 3 - 8x10° | ~2000V 10° - 10¢
Operation voltage 1kV 3kV 20kV 10-100V 100-500V <100V
Operation in the magnetic field <103T Axial magnetic Axial No sensitivity | No sensitivity | No sensitivity
field ~2T magnetic field
~4T
Threshold sensitivity (S/N>>1) 1 ph.e 1 ph.e 1 ph.e ~100 ph.e ~10 ph.e ~1 ph.e
Shape characteristics sensible compact sensible, robust, compact, mechanically rugged
bulky bulky

Nicoleta Dinu




Timing Measurements
* Fast detectors: scintillator, RPC
* Electronics needs to match!

Intrinsinc Spatial Time Dead
Detector Type Resolution (rms) Resolution Time
Resistive plate chamber < 10 mm 1 ns (50 ps?) -
Streamer chamber 300 pm? AT 100 ms
Liquid argon drift [7] ~175-450 pm  ~ 200 ns ~ 2 Us
Scintillation tracker ~100 pm 100 ps/n€ 10 ns
Bubble chamber 10-150 pm 1 ms 50 ms?
Proportional chamber 50-100 pm® 2 ns 20-200 ns
Drift chamber 50-100 pm 2 ns/ 20-100 ns
Micro-pattern gas detectors 3040 pm < 10 ns 10-100 ns
Silicon strip pitch/(3 to 7)9 few ns” <50 ns”
Silicon pixel <10 pm few ns” <50 ns”

Emulsion 1 pm — —




Detector trends: Timing
* R&D: use Low Gain Avalanche Diodes (LGAP)

* timing optimised: UltraFastSiliconDetectors (UFSD)

5
. X 2
:<_ «r TOTEM 2.2 mm* pixels
) - 50 } °®
Avalanche &
el Region g 40 F o )i

Depletion cfh § 0

Region h‘\ 3 20
' £

Gainlayer + 10 }
T

- 100 120 140 160 130 200

. 1. Detector Bias [V] . e
- ‘ An—lde N. Cartlgha ATLAS High Granularity Timing Det.
Ring VBF h(125 GeV)-sinv. Vs=13 TeV, n=200
. . = T T T s \
Simulated slew rate as measured by a 50 Q Brodband amplifier A 11\/13‘x x Galn E 600 ATLAS Simulation Prellmm:’:lr%ls B
e Cdet =2 pk B ) St s I - HGTD-Si oy
'g‘ 2 i 1 H Layer 0 y : i
; 120 | —Gain =20 H : : 400+ i ‘ _
= I —Gain = 15 H : i ‘
L 100 =-Gain=10 i E i 200 £ |
2 80 —Gain=5 i : ,",' |
3 ML i(t 1 . 1 0] %) ; i
H N — Gain=1 ) medium i & 1
5 60 | AN i : :
~ ! 1
i e T H | 1 —-200 - =
S | — e LT = : i thick
20 | S it o Ly G eI thin : ~400- y
[ - T lTo oI i . . ]
0 [ A L L /A i -600(, | | ‘ ‘ ‘Akfo.‘al o
0 50 100 150 200 250 300 t t; i3 t —-600 -400 -200 0 200 400 600
Thickness [um] Time [ns] X [mm]
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Overview
e Lecture 1: Interactions with matter

* | ecture 2: Tracking Detectors

- How are position measurements combined

* To measure track parameters
* momentum
* Impact parameter

- How do we find tracks?
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Multiwire proportional drift chambers

* CDF’s multi-wire proportional drift chamber : > 30,000 wires !

*Translate drift time into position
*Need to reconstruct “track” from a
few hits along the path
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Momentum measurement

medp R=L_ | R(m)=3.3xp(GeV)B(Tesla)

 Utilise that charged particles bend inside a magnetic field
* Reconstruct curvature radius
* R as fitted track parameter
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Momentum measurement

0 RO° RL"_ L° _gBL’

_ _ 0 _ 0\_
s—R—d—R—Rcosj—R(l—cosj)—RZSnZ 3

.2 1 2 _ 13
for3pomts.os——1_32oxéos—wlzox,
720
N ts ( Gluckst
points (Gluckstern):c \/64(N+4) )

OLJxNPG()
2
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perigee:

e Parameters:

Track parameters

* Charged particles ina magnetic field follow a Helix Trajectory
(assuming no energy loss — spiral)

track

p=(dy,Az,0,¢,0/P)

* Angles: B and ¢
e Curvature/Radius: Q/P
* Impact parameter/Position offset: d0O, zO or i

plane
surface:

track

}_5 = (lx,ly,g, ¢9Q/P)
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Impact Parameter resolution ¢

particle path
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Impact Parameter resolution ¢

particle path
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Impact Parameter resolution ¢

Odo r;
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Impact Parameter resolution ¢

 Inner layer at small radius Tdo _

» good spatial resolution \ o _

2
a — ﬂ‘ -|—ﬂ‘
do M
(T _T‘E) To _T‘E) S

1 ax
OnNTS T~ — E—

/ r X[)
040 To

— = Reduce multiple
a; o —T; scattering.
Low material




Cosmics for Alignment: Pixel Bow

Local X Residual [mm]

Particle passing
real position /

0.8
0.6
0.4
0.2
-0
-0.2
-0.4
-0.6
-0.8

Pixel Stave L0O-B02-S01
ATLAS Preliminary

¢

P R
-400

Global Z [mm]

Reconstructed ¢
track !

! Residual

I
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Silicon Alignment

m = I T | T | T T | TrTd | TrTT T T TT TT T T 111 T 1 m _II I L | [ | [ | | [ FrTd L [ II_
§16000-_0Aligned geometry b E %325000_ @ Aligned geometry .
= i u=2um, c=24um ’1 = - p=-Tum, 6=30um ]
c14000 - £ i i
g - OMC perfect geometry ] 3200 OO_OMC perfect geometry N
E12000:— u=0um, c=16um . = - u=0um, c=24um + .
5 - CINominal geometry | 1% - [JNominal geometry .
P L p=-21um, 6=128um — = - p=-5um,6=123 |
E i 1 E i i
2 8000 1z - ]
- ATLASPreliminary - - ATLASPreliminary

6000 Pixel Barrel — 10000 SCT Barrel i
40001 - i i

- 1 5000~ el N

2000 — i j S ]
0704 03 02 01 -0 02 03 04 O ™05 0501 0 01 05 08 o4

x residual [mm] x residual [mm|
e Dramatic improvement from nominal (survey not included)
* Residuals show no bias
* Achieved resolution close to expected
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Detector trends: tracker geometry

Ideally: constant track density (pixel occupancy) in all sensors
The track density is constant in eta at LHC
® up to phase space limit, which is above eta 2.5 for many processes of interest

Achieved on a cylindrical surface -> barrel-only layout?

Ideally tracks coming from the I.P. should cross the
sensors perpendicularly (to minimize material and
minimize number of sensors needed)

* This condition implies a spherical surface for point
source, ellipsoid for the LHC beam spot

Transverse momentum accuracy should be constant in eta
* the B field integral along tracks should be constant
* In a solenoidal field this implies cylindrical layers, constatnt

radial lever arm
* Reminder: the momentum accuracy is proportional to the square of the radial

lever arm

T.Todorov, October 2011
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ATLAS: Tracker Upgrade

* Inclined pixel layout 1o arias simuaton premimary
o - ITk Inclined

* Endcap Rings 12000

1000

800
600

400

=
n
w
o

ATIARRRR AR N Y !
200 n=40

A
L 1 1 | ‘ I ‘ I | I | I ‘ |

0 500 I{000 1500 2000 2500 3000 3500

Titanium CO2 cooling pipe Electrical services (flex)
embedded in ring. embedded in ring.
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global y (cm)

—
o
o

9]
o

-50

-100

Find the 50 GeV Track!

'y

1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
-100 -50 0 50 100
alobal x (cm)
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global y (cm)

-100

Where is the 50 GeV Track?

—
o
o

N

%))
o

o
IllllllllllllllllllllllII

-50

| I | 1 | [ | | | [ | 1 | | ] 1 ] | | | I | |
-100 -50 0 50 100
alobal x (cm)
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Track finding

e VVarious methods
* Local:
* find seeds (driven by granularity and occupancy)
 Inside out
e Qutside Iin
e Search roads
 Extend — Kalman filter

° GIObaI Image Space Parameter Space
* Example: - .
Hough transform N . ime B
&
.
» b A




Track finding: Hough Transform

Hough transform

Hough transform

Input image

50l X ]

=50
20

00

Angle (degree)
o

Angle (degree)
o

50 + / 1

50 50

L L 1 il L L 1
-300 -200 -100 o] 100 200 300
Distance (pixel)

-100 0 100 200 300

200 250 -300 -200
Distance (pixel)

0 50 100 150
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Track finding: Kalman Fitter

» Update track state (prediction from measurement)
* Position + covariance
* Look for new hits in predicted search window

Multiple scattering |Prediction

=1 |

point k-1

production = >>>'=t>>;>:> - ~.
vertex

< direction of filter
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Putting it all together

A detector cross-section, showing particle paths

[ ] Beam Fipe
(center)
B Tracking
Chamber

B Magnet Coil ] Ehatar

sl tEEn :! \E_

WEM

Calorimeter

[] Hadren TpEroton
Calorimeter

[ Magnetized

[ron

Muon
u Chambers

IMUCNS

Electron
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Signatures

Leptons: e, y, (T) Muon
. . ] Spectrometer
— Clean, distinctive signature:
* Track

e e:Calorimeter y:MS track
- distinguished from QCD bkg

— Reconstruct particle momenta
Jets

Neutrino

Missing Et (MET) Hadronic |
Calorimeter #The dashed
b'J etS ; ¢ tracks are
_ I Neutron # invisible to
- B- ta % gh 1§ /. the detector
exploit b-hadron lifetime fectron
- displaced vertices Caiormea ' /
- Needs excellent tracker Bhot /
. Solenoid magnel _ / On
Resonances: . AT

ransition
Tracker RadlatlonTracker
SCTracker/Pixels {:

- Reconstruct mass peaks
from 4-vectors of decay
products

A1} Ia:\M 1w
\1 JME \H

hnp /,utlus ch
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Lepton Identification

e Electrons:

» compact electromagnetic cluster /__\@

In calorimeter
 Matched to track
 Muons:
* Track in the muon chambers
 Matched to track
Taus:
* Narrow jet
 Matched to one or three tracks
*Neutrinos:
* Imbalance in pT
 Inferred from total transverse
energy measured in detector

electromagnetic padronic muon
. calorimeter calorimeter chamber
tracking chamber

electromagnetic  padronic mu
calorimeter calorimeter chamber

tracking chamber

i S— H

electromagnetic  padronic

calorimeter calorimeter nuon
:> tracking chamber chamber

electromagnetic padronic muon
calorimeter calorimeter
tracking chamber chamber
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Bonus Slides
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Particle ldentification/PID: Time of Flight

* Measure very precisely the time taken for a particle to traverse a

known distance : V =L/(t11-t2) p =yPm

] —1

eu,m, b K
————— > < 1—-20m >
paddles

"] AtforL =1 m path length

o, = 300 ps
T =n/K separation up to
1 GeVic

time -of-flight difference A t[ns]

momentum p [GeV/c]
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Cerenkov Radiation

charged
particle
trajectory

Cerenkov

\"J > C : 3
s radiation

pa medium

Typical blue Cerenkov light in a
nuclear reactor core

threshold : B>%
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PID: Cerenkov Radiation

Threshold detectors

Record the presence of Cerenkov
radiation emitted in a particular
volume, often filled with gas or low
density material.

< > CO,, N,, air,.>

\ 4

A
=

|
(6]
3

Ring-Imaging Detectors

Reconstruct the actual Cerenkov
cones themselves - much more
complicated but much more powerful.

Photo
detectors

Al
1 0 e

mirror

Beam
pipe

Track

1 II.I 2 (m)

74



Cerenkov Radiation in SuperK

50,000 Detect electrons and muons created
by electron and muon neutrinos

—
{-ij_ a
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E‘%_ﬁg ,
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4""
.
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Ly E-...]w:;u e e E AL R LT Ly ik # E e
E T rTF - g i
; e
f T
L ! SR
| i | | -
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" Eis
¢ g |-r = &
‘ F i
SRR AN NET :
1H~3 2 ¥
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Cerenkov Radiation

Fuzzy ring
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Cerenkov Radiation in IceCube

v, produces a u, which gives
rise to a sharp ring

.
=
e

*
X

0

uh
DA
L

v, produces an electron, which gives

rise to a “fuzzy” ring

Lighter Electrons scatter more along
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ICECUBE

B0 PoLE MELTRING DEBERVATTRY

SUITIQ%

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module FDOM] 2450 m

5,160 DOMs
daployed in the ice

Cerenkov Radiation

Cable Penetrator Assembly
\ PMT High Voltage Base Board

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

Amundsen-5¢co
Pole Station, A

A National Science Fou
managed research facili

!

60 DOMs
on each
string

|
0OMs

ate17 {

meters |

apat A
=

|

-

!

hun,

High Voltage Generator &
Digital Control Assembly

Glass Pressure /

Sphere
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PID: dE/dX

1000 A
900 ‘.\1 T ‘% ll"._"q_E
2 8004 \ N ARY -

*Typical Bethe-Bloch g o VRN oot
formula ~ yf - { A
0 =ypm —yp=p/m - w-
*Minimum and start of ¢ ™
lower rise shifted with 7 100 L ™S , i
mass when plotted g — ———

1
0.1 02003 1 2 3 4 5

versus momentum D (Gev/e)

I I I
| /
—_— /-" “\ /’
(:]99 100 = / u— - n.“\'-x / =
g -/ \ Bethe Radiative Vi
> -/ Anderson- Y.
[ . . \ /
= w . Ziegler
T LEE /
: i3 Epe /
] S .
o 10 = B Radiative /" Radiative
g F \ Minimum effects S ‘/ losses
=3 L \ ionization  reach 1% s
C% | Nuclear \ g B
| losses L T T — =]
¢ N e Without &
1 | | | | | [ | |
0.001 001 0.1 1 10 100 1000 104 105 106

By
| | | | | | | | | |
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Particle ID summary

*Different methods work in different regimes
*For v <3 . Time of Flight & dE/dX
*For 3< yB <14 . Threshold Cerenkov
*For 14<vyB <140 : Ring-Imaging Cerenkov
*For 100< yB <1000 : dE/dX relativistic rise
*For 1000 < vyp3 . Transition radition

TR | I ¢* identification
TOF Oom 0

dE/dX mmeeess s
RICH eeessssssssssssssnnmmn

} n/K separation

10-! 10" 10 10?2 10° 10¢
p |GeVic]
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Missing transverse Energy MET

A
MET

Y  Plane transverse to
the beam direction

X

Andreas Korn BUSSTEP UCL, 25™ August -




Mono-Jet: Backgrounds

* MET hard to model
* Estimate/measure

invisible decays (v's)

undetected

cuse Z— 1 &W— v
to model Z— vv

* Detector effects &
non-collision bkgs are
very important too!

* Distributions rather

well described

Events / 50 GeV

Data/SM

'ATLAS Preliminary
(s=13TeV,3.21"

Signal Region
p >250 GeV, E'T“'“>250 GeV

I. Data 2015 I
%44< Standard Model
B Z(— vv) +jets
T™v) + jets
W(— uv) + jets
W(— ev) + jets

[ Z(— 1) + jets
I Dibosons
I it + single top

m(, 1) = (350, 345) GeV
(mg,, M__)= (150, 1000) GeV
ADD, n=3, M_=5600 GeV

|||'|N\1|||i

800 1 000

Run 155697, Event 6769403
Time 2010-05-24, 17:38 CEST

W-1v candidate in
7 TeV collisions

Andreas Korn

1 200

1 400
Emlss [GeV]

Events / 25 GeV

6

=

o
2,

Events / /1

19.7 ib (8 TeV)
L L UL L B
[ ] Daka
[ Zlvv)+viets
[ ] Wiv)+yets
-
[ single t
1 QCD Multtijets
I Diboson
I Z(h+yijets
= ADD My=2TeV,5=3
Unparticles dJ:t?‘ Ay=2TeV
g — DM A = OQTeV‘MZ:WGeV

-
(=)
oa

960
=M [(GeV]

F N =l p 'S 150 GeV
[ MET > 100 Gev
e == +I815 Before Cleaning

ATLAS Preliminary
1s=13 TeV [ Ldt~ 78 pb’
Anti-k, R = 0.4 Jets

- MET > 100 GeV
. Before cleaning

d > o

g 0000 o* %o PR VIR
oo 009 0000000

BUSSTEP UCL, 25™ August




Jets: b-tagging

properties of b-meson decay

— Long lifetime (ct~ 450 um)
— ~ several mm flight path
— secondary vertices

— Semileptonic decays — soft lepton tagging

:2 1 00 [T T T T I T I T I T T I T T T T T T I T T I T I T 1
Jet — B
E... -
Displaced tracks £ 80r
3
<T L
60
Decay lifetime ¢ B
¥ Lxy ..}@, Secondary vertex B
-~
) o p 401
Primary vertex
/ u
@ 20
dd -/ B
Prompt tracks oL
-20 -10 0] 10 20 30 40

Andreas Korn BUSSTEP UCL, 25™ August
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b-tagging

* Figures of merit:

efficiency & mistag rate

-
o
~

—_
o
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Light-flavour-jet rejection
o
| Femmes=) i e | III

PP e o] P B

IIIlIIII]IIIIlII

ATLASSlmuIatlon
\s=7 TeV |
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A
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ﬂ—:QZ:Q:—.—
EG;Q::G:—O—
‘o

MV1, g, = 70%

b_
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i
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Example of a b-tagged jet

Run 152166
Event 817271

S ATI AC
A e\

._“~/
si FAFEFNRNEIIWVIE I 2

b-tagged jet in 7 TeV collisions

Si strips

beampipe

I/.
¢

pT=19 GeV (measured at electromagnetic scale)

jet

4 b-tagging quality tracks in the jet

Andreas Korn BUSSTEP UCL, 25™ August ”



Object Reconstruction

* Tracking

e Extrapolate/connect tracks with
* Electromagnetic Calorimeter
* Muon Spectrometer
* Hadron Calorimeter
* EM clusters without a track
* Missing Energy/Momentum

* Displaced vertices

* Find connected clusters in the Calorimeter

— Electron Candidates
— Muon Candidates
— Hadronic Jets

— Photon Candidates
— Neutrino Candidates

e Reconstruct vertices from Track intersections

— b-jets

* Displaced vertices of electrons— conversions (y— e’e’)

Andreas Korn BUSSTEP UCL, 25™ August




Experiments: SuperNemo

Calorimeter 5
Measures energy [ source foil

. 2
i Al
N Iy T

Charged
particle tracks

Magnetic field to
distinguish Gaseous mixture:
electrons from 95% He, 4% ethanol
positrons and 1% Ar

|

’_Tracker | |Source Foil ‘ |Tracker

0-Neutrino Double Beta Decay Y ¥
(AZ)-(AZ+2)+26

* Lepton number violation:AL=2

* Forbidden in Standard Model _&

- Rate(OVBB) << Rate(2vBB) &

"mEmEE ..

]
S B B

Calorimeters

Andreas Korn BUSSTEP UCL, 25™ August
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RUMN

Experiments: SuperNemo

3830

EVENT 42373

scintillator block

acking & vertexing also key in SuperNemo
* Distinguish real 373" decays from background

ESUM  2.875MeV

calorimeter

, ‘ ' . | E
External | ’)4 N‘<
: i

double Compton + pair
Compton Moller production

fi
i

i: Internal < | 4 | <

- +Compton - +Moller B +IC

Andreas Korn BUSSTEP UCL, 25™ August
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Experiments: g-2

How?
geB eB Wg = Wg — W
= 1—~)——
{ws ome T =70 (9—2) eB eB
= = a——
wo = eb Z 2 mc mc
mey

Measure the
magnetic field in
the ring

-

1% Measure the spin
P7n precession from the

Y positron decays

Storage
Ring

= a,

:é Eg i . Splni Ina 1.5 T magnetic
4 . § momentum field the spin rotates in
1 I 144ns and the
{ : momentum in 149ns
§ . Calorimeter

g

Ring x [mm]
®
8
llllllll
?

T

Storage Region i

T

800 —
600 —
400 — Hits at 154us in 50ns window
pow PR ! I I ! ! 1
7000 6950 6900 6850 6800 6750 6700
Ring z [mm]

Andreas Korn BUSSTEP UCL, 25™ August
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Measuring Efficiency

From MC
-With scale factor
Tag & Probe

With a subsample

- e.g. collect

loose object
(10 GeV muons)

and measure

efficiency of

tighter object
(20 GeV muons) Y

Andreas Korn BUSSTEP UCL, 25™ August



| Tag & Probe: Efficiency Measurement

. Probe Muon:
 Use standard candles as muon source 5 —
(I, Y, 2Z) gt

« Tag with a well reconstructed muon

 Probes: track (reco eff.) , stand alone I,
muon (tracking eff.), reconstructed muon *
(trigger eff.)

*RTAS Pl T B AT R

1 o E . E

C\s=7Tev |Lat=31pb’ .

W W - F p>3GeV 3
+ i m F 3<p <d4Gev ATLAS Preliminary 3

! o) - Ot<hi<1.
4 = » 3
- 4 C - Unmatched
- - - e —
L — C > robe 7
L | E ..-.‘- ot » ]
- C Caoas e J 290 W -

p_=6GeV 7]

" Ws=T7TeV

OCB+STMC Chain1

P
RN seeEesEeteeseaa

22 24 26 28 3 32 34 36
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Modern PhotoDetectors

I

p-n junction

n contact
ﬁectron
% Hole
Photon *
\‘\
«

p contact

Space

Y

Time

Gain=1

p-n junction, V

Space

Nicoleta Dinu

APD

VBD

bias

A

Y

Time

Gain = M (~ 50-500)

- linear mode operation-

GM-APD

: 1

p-n junction, Vi Vip

A
/ \
oy
Voa
Ay
VYV
LR T Y
\\‘\\ P

Time

Gain — infinite

Space

-Geiger-mode operation-
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