








Hadron Colliders: Detectors

®» Multipurpose detectors have
similar components :

m |[nner tfrackers
m Calorimeters
m Quter muon detectors

Note: CDF and DO have ~1 million channels. ATLAS and CMS much larger in

magnitude, about 100 million electronic channels !
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2 Tracking basic conceptslll

= In HEP, tracking 1s the act of measuring the direction and
magnitude of charged particle momentum, and determining the
particle position

= Itis a well established process, very complex due to the high
track density in modern experiments. It needs specific
implementation adapted to the detector type and geometry

= A good tracking performance is critical to allow

— Precise momentum measurement
— Invariant mass determination

— Identification of multiple vertices / track impact parameter (long-life particles)

= Track reconstruction requires track finding (pattern recognition)
and estimation of track parameters (fitting)

= Alignment 1s a prerequisite for tracking
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Tracking detectors L/

Two main classes of detectors :

- Gaseous detectors : (for more details see —=m-m=—y)
well adapted as low material density : small amount of X0 and so small
multiple scattering.

proportional counter,

Multi Wire Proportional Chamber,
TPC,

microgaseous detectors like GEM,
MicroMegas...

Not always suited for high rate environment (too slow)

-Solid state detectors :  (for more details see —=a-u—y)

-»- Used for energy measurement (Si, Ge, Ge(L1)) since long time at low
energy (nuclear physics).

-®»- Precision device in High Energy physics (due to advance in micro
electronic techniques) : very small granularity and small device

-® Drawback : no charge multiplication mechanism! and quite dense



=b Tracking systems

Gaseous detectors

Measure: hit and/or drift time
=» Position resolution: ~ 50 um
=>» Tracks reconstruction
+ Magnetic field
= Momentum ,

Measure also: energy loss dE/dx
=» Particle ID

Silicon detectors

Measure: hits and/or amplitude
=» Position resolution: ~ 5 um
=» Tracks & Vertices reconstruction
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Increasing challenges

MARK-I detector (SLAC) Top quark discovery at CDF and DO
ete- @ 3 GeV pbarp @ 1,8 TeV
P’ (excited state of J/W)
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Higgs boson at LHC |
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% Tracking in HEP : Choice of Magiiell| |1

- Basic goal : measure 1 TeV muons with 10% resolution
— CMS choice B=4T (E=2.7GJ) offer 10-20um resolution

Challenge : 4 turns winding to carry .
enough courent what imply to have

a design to reinforce

the superconducting cable

— ATLAS choice require (50um resolution): L
A central solenoid

A huge TOROID :

L%, — Challenges :

f-{":‘:f i{i » Mechanics should resist to a store of 1.5 GJ if quench
N ? " » the spacial and alignment precision over a large

| ‘W{
?{ A ;:‘“ ﬂ}f’ ,t.; surface area



History of Gaseous Detector Developments

Gas Detector Hlstory

]

opyLY PPC 1 "’,

&P % Parallel Plate Counter / ==
/

- Y - \

Proportional Counter Pestov '

Counter RPC

V.Pestov 1982 . .
_ Resistive Plate Chambers

R.Santonico R.Cardarelli 1981
-
L=

—an

"in“

MWPC
Multiwire Proportional Chamber
G. cna!:ak otal 1968 & TPC

RN Time Projection Chamber
D.R.Nygren et al 1974

w\

”IIF' “

MSGC N

Microstrip Gas Chambers
GEM EO@(] 1988

Gas Electron Multiplier
F.Sauli 1997

&
o

uM

Micromegas
L.Giomataris et al 1996

M. Hoch, 2004 Wire Chamber Conference



(for more details see—=t-p—)
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Tracking -U/L

« Particle detection has many aspects: S
* Particle counting - | J&:::;:{:f
* Particle Identification = measurement of mass and charge of the particle -“,:i ":
e Tracking ':‘ s

* Charged particles are deflected by B fields: |F' = qu X B

1
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Tracking

 Particle detection has many aspects:

* Particle counting

« Particle Identification = measurement of mass and charge of the particle

 Tracking
* Charged particles are deflected by B fields:
qg<o
v B
—Y L -
q q \_/
q>0

F

= qU X

B




Tracking ]LML

* Particle detection has many aspects: -
* Particle counting S
« Particle Identification = measurement of mass and charge of the particle
 Tracking it i

© Rolf Hicker

— —

* Charged particles are deflected by B fields: |F' = qf(_f X B

* By measuring the radius of curvature

q9<0 we can determine the momentum of
a particle
B * If we can measure also 3
o v . m . independently we can determine the
q=0 \_“/ particle mass.




Signal creation

1 Charged particle traversing matter leave excited atoms,
electron-ion pairs (gases) and electrons-hole pairs (solids)

* Primary ionization
« Secondary ionization

Excitation: The photons emitted by the
excited atoms in transparent materials
can be detected with photon detectors

lonization: By applying an electric field in
the detector volume, the ionization
electrons and ions can be collected on
electrodes and readout



Gas Detectors: primary




Proportional counter

1 Cylindrical proportional counter:

— Single anode wire in a
cylindrical cathode

— e“/ions drift in the volume

| Ethreshold

E

» V,= potential between anode and cathode
* Close to wire (diameter 10 um) E-field very large (> 10

kV/cm) kinetic energy of the electrons becomes very
large — can produce secondary ionization ATkm =eAU

o -
e

!
) .
v
® S ® --_'_.-

primary electron
S 26



Multiwire proportional chambers

« A proportional counter does not provide the
position of the incident particle

« Charpak developed of multi-wire proportional
chamber

Araldite

Thick wire  Wires of 5 um

High voltage
Araldite
Amplifier

§10 kQ

Guard strip

Construction details of the original design
of Charpak’s multi-wire chambers (from Nobel lecture)

G. Charpak Nobel price (‘92)

- ‘3-““ N

Anode wire =20u diameter

d=2 mm

D. Bortoletto Lecture 3

28



Time Projection Chamber (TPC)

D.R. Nygren in 1976
Full 3-D reconstruction

— XY: MWPC and pads of MWPC at the
endcap

— Z: from drift time measurement (several
meters)

» Field cage for very homogenous
electric field

Typical resolution
— zand y =mm, x=150-300 ym
— dE/dx =5-10%

Advantages:

— Complete track information — good
momentum resolution

— Good particle ID by dE/dx
Challenges

— Long drift time limited rate

— Large volume (precision)

— Large voltages (discharges)

— Large data volume

— Difficult operation at high rate

D. Bortoletto Lecture 3

36




Liquid Argon TPC as a bubble Chamber

« LAr provides a dense target for neutrinos and for ionization/ Scintillation detection.
» Particle identification comes primarily from dE/dx (energy deposited) along track.
— Wire spacing = mm and digital sampling provides fine-grained resolution
— Photons and Electrons can be cleanly separated
* ldeal for neutrino experiments

 Microboone
z=— and LBNF

0 e e e me ' neUtrinO
experiments

80 100 120 140 160 180 200

Collection Plane Wire



Micro-strip gas chambers (MSGC)

* Replace wires with electrodes on printed
circuit board

* Photolithography techniques allow 100 pm
pitch
— Higher granularity over wire chambers
— High-rate capability >10® Hz/mm? [ SR T
— Excellent spatial resolution (~30um) cathodé éné ﬂ
— Time resolution in the ns range. 10 um

« MSGC were first developed in 1990s
— Initial problems sparks and anode destruction

Back-plane

drift cathode
cathode I
’-‘ 200 pm ~—i =50 uml anode dr?ﬂﬂ/isr)gﬁﬁ
[~5 pm]

[Ce.z‘:ﬁiffﬁ /%}//////7/////////////

backing electrode




Micromegas and GEM

 Micromegas
— Gas volume divided in two by metallic micro-mesh

— Gain = 10% and a fast signal of 100ns.
 GEM (Gas Electron Multipliers, Sauli 1996)
— Thin insulating Kapton foil coated with metal film

— Chemically produced holes pitch =100 pm
— Electrons are guided by high drift field of GEM which generates avalanche

* Electric field strength is in the order of some 10 kV/cm
» Avalanche gain of 100 — 1000




Example Gaseous Detector in the LHC Experlments

L  ALICE: TPC (trackeT)ﬂRD (transmon rad.), tf
i W TOF (MRPC), HMPID (RICH-pad chamber), -

~ Muon trackrng (pad chamber) Muon N N

trlgger (RPC) S~

AT LAS: TRD (straw tubes) MDT (muon' < ‘
drift tubes), Muon trrgger (RPC thrn gl G
chambers) | e Nt s

7 ':".}. "

4

CIVlS Muon detector (drrft tubes CSC)
‘ RPC (muon trrgger) —

LHCb Tracker (straw tubes) Muon detector
(wac GEM) =~



+ Drift Tubes (DT) Inl< 1.2
4 stations/wheel
cell 42x13 mm?

gas mixture 85% Ar, 15% CO2

drift velocity ~ 55 um/ns, maximum
drift time ~ 400 ns

Time resolution <3 ns, spatial ~100
Mm

+ Cathode Strip Chambers (CSC) 0.9<Inl<
1.2 (MWPC)

1 CSC has 6 layers, strips measure
r-d, wires radial

gas 50% COZ, 40% Ar, 10% CF4
4 stations subdivided in rings

Time resolution ~3ns, spatial 50-150
Mm

R (m)

+ Resistive Plate Chambers (RPC) Inl< 1.6

Double-gap chambers in avalanche
mode

gas 95.2% Freon, 4.5% isobutane

Triggering redundancy, time
resolution < 3 ns (spatial ~ 1cm ™

GND v
4 '

lonizing

Detecting strips

particle

Forward roll

Backward roll

RPC Up
Elcctron

RPC Down multiplication

I 2-mm-thick bakellte plate

HV Al foil
[ 2-mm-thick gas gap

= Readout strip

cell

chamber

A A—

CMS Muon System Sl VL

Drift lines

>~ r- front-end side | Isochrones

Xhit = tdrift * Vdrift = (FTDC — fped) * Vdrift

n 0.1 02 03 04 05 08 07 08 09 1.0 1.1
6° 843° 786° 73.1° 677° 625 575° 52.8° 484° 443 404° 36.8° n e
T x T |:. I 7T 7T l’l T T T ,1 —F T l' T T T | T T T 4 12 135
Co I, / / P g L DTs
{ { ' z 4 ’ CSCs+ 13 w05
P | RPCs
T A sz
A~ 1 15 252
.«"/' .
o~ =
1 16 28
.-/“ 7
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Twer T Al—— o TR -
I 18 188
e I e T O 19 17.0
Solenoid magnet B 20 154
—r 7 21 140
_.11:1// 22 126
23 15
HCAL 24 104
— 25 04
7
% | 30 57
H Silicon g A
] tracker g 40 21
e e e j ' ' — L 7 50077
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> Swmmawry about Gaseous Detectov-l_/j/fL

» Gaseous detectors are still the first choice whenever the large area particle detection and
medium precision measurements is required

» Advances in photolithography and micro-processing techniques in the chip industry
during the past decade triggered a major transition in the field of gas detectors from wire
structures to micro-pattern devices.

» MPGDs became a wide-spread tool for experiments at the ENERGY, INTENSITY and
COSMIC FRONTIERs: for high-rate tracking over large sensitive areas, precision
reconstruction of charged particles in the TPC, X-ray, UV and visible photon detection and
neutron spectroscopy.

» Industrial methods of MPGD production allows to extend technology to ~ m? unit
detectors > many potential MPGD applications within the HEP and beyond

» Modern, sensitive & low noise electronics (e.g. Timepix CMOS chip, etc ...) will enlarge the
range of applications

22

MPGD = MultiPaternGAsDetector
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A semiconductor detector 1s also called a solid state detector.
Through going charged particles create electron hole pairs.
These charges drift to the electrodes.
The drift generates a signal.
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= What is o silicon detector? M1

A semiconductor detector 1s also called a solid state detector.
Through going charged particles create electron hole pairs.
These charges drift to the electrodes.
The drift generates a signal.

Semiconductor detectors are used for:

* Nuclear Physics

Energy measurement of charged particles (MeV
range), gamma spectroscopy (precise
determination of photon energy)

* Particle Physics: Tracking or vertex
detectors, precise determination of

particle tracks and decay vertices

e Satellite Experiments

Tracking detectors

e Industrial Applications

Securitg/, Medicine, Biology,...
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Tracking and Vertex Detectory |

Solid state detectors especially silicon offer high segmentation
Determine position of primary interaction vertex and secondary decays
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racking and Vertex Detectory |

»  Solid state detectors especially silicon offer high segmentation
« Determine position of primary interaction vertex and secondary decays

This would have not been possible without
semiconductor (pirel and strip)
trackers

For More on silicon detector see lectures of V. Manzari

24



Solid state detectors L/

Even if new strips gas detector now stands the high flux, alternative is solid state
detectors :
- Solid state detectors have been intensively used for low energy measurement
- Used as position measurement detectors

Advantages : (example of Si)

- High radiation hardness

- Can accept very large flux and very small segmentation

- Rigid detectors so self “supporting structures”

- Energy to create e-/hole pair 1s very low 3.6 eV (1/10 of gas)

- High density 2.33 g/cm2 . dE/dx per track 1s 390 eV/um
* 108 e/h pairs
* High mobility : 1450 cm2/Vs for electron and 450 for holes
* small size and fast signal

- Very good single point accuracy

Disadvantages : No charge multiplication , no continuous tracking
* Needs cooling system to operate at low temperature (less radiation effect)
* High density : radiation length before calorimeter
e (Cost but less true taken into account the large area produced for LHC



Solid state detectors WL/




A solid state detector is an ionization chamber
 Jonization radiation creates electron/hole pairs
» Charge carriers move when one apply electric field E
e Motion induces a current in an external circuit, which
is amplified and sensed.

26

Solid state detectors H.I e
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Z Solid state detectorss

A solid state detector is an ionization chamber
 Jonization radiation creates electron/hole pairs (T)_
» Charge carriers move when one apply electric field E |
* Motion induces a current in an external circuit, which Ry,
is amplified and sensed. |

I

V>0

26




y Solid state detectors ,_,-l e

A solid state detector is an ionization chamber = >—
 lonization radiation creates electron/hole pairs (T) _| |
» Charge carriers move when one apply electric field E | —
* Motion induces a current in an external circuit, which Ry,
is amplified and sensed.

* By segmenting the implant we can reconstruct the T o A
position of the traversing particle in one dimension i /; ;:
« Standard parameters :
*  Strips p implants
*  Substrate n doped (~2-10 kOcm) and ~300um thick

e  Vdep<200V

»  Backside Phosphorous implant to establish ohmic V>0
contact and to prevent early breakdown

26
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Solid state detectovs Ml 1

A solid state detector is an ionization chamber
 Jonization radiation creates electron/hole pairs
Charge carriers move when one apply electric field E | —

Motion induces a current in an external circuit, which Ry,

is amplified and sensed.

By segmenting the implant we can reconstruct the
position of the traversing particle in one dimension

Standard parameters :
*  Strips p implants
*  Substrate n doped (~2-10 kOcm) and ~300um thick

e  Vdep<200V

»  Backside Phosphorous implant to establish ohmic
contact and to prevent early breakdown

26

— >

V>0



CMS%

A solid state detector is an ionization chamber

Solid state detectors U

Ionization radiation creates electron/hole pairs
Charge carriers move when one apply electric field E |
Motion induces a current in an external circuit, which

>

is amplified and sensed. |

By segmenting the implant we can reconstruct the

position of the traversing particle in one dimension

Standard parameters :
*  Strips p implants
*  Substrate n doped (~2-10 kOcm) and ~300um thick
e  Vdep<200V

»  Backside Phosphorous implant to establish ohmic
contact and to prevent early breakdown

26

easured Landau distnbution
a 300 um thick Si detector
{Wood et al., Unwv. Okiahoma)
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Charge carriers move when one apply electric field E
Motion induces a current in an external circuit, which Ry,

Solid state detectorsh U

A solid state detector is an ionization chamber
 Jonization radiation creates electron/hole pairs

is amplified and sensed.

By segmenting the implant we can reconstruct the

position of the traversing particle in one dimension

Standard parameters :

26

Strips p implants
Substrate n doped (~2-10 kOcm) and ~300um thick
Vdep <200V

Backside Phosphorous implant to establish ohmic
contact and to prevent early breakdown

The signal generated in a silicon detector depends
on th thickness of the depletion zone and on the &
;

dE/dx of the particule.

— the distribution is given by a Landau distribution

V>0

Most probable charge = 0.7x mean

easured Landau distnbution
a 300 um thick Si detector
{Wood et al., Unvv. Okiahoma)
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Hybrid Pixel Detectors L/

Detail of bump bond connection

Principle Bottom is the detector, on top the bump
Flip-Chip” pixel detector: On top the Si bonds make the electrical connection for
jetector, below the readout chip,each pixel. readout chip:.

front end

electronics

//,J'

under-bump metal --—— bump connection

sensor

Particle
Direction

particle track

Indium Bumps
Typical

. . . : L. Rossi, Pixel Detectors Hybridisation,
S.L. Shapiro et al., Si PIN Diode Array Hybrids for Charged Nucl. Instr. Meth. A 501, 239 (2003)

Particle Detection, Nucl. Instr. Meth. A 275, 580 (1989)
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2~ Siliconpixel detectovs L/

Silicon sensors and readout electronics with same geometry. First detectors
end of 80’ (Delphi, H1, Aleph....). Now an unavoidable detectors if one
wants to perform b tagging.

Ve s s
/ // pa
‘/ |/ / ’ 4
, /
VAN

Smm

v

PSI143
150 pm x 150 pum pixel

52x53 pixels in
26 double columns
345 Kk transistors

Periphery:
78 k transistors

Pixel—column interface

Data buffers (4x24 capacitors)
Timestamp buffers (8x8 bits)

12C, DACs, regulators,
counters, readout, wirebonds
6 k transistors




The CMS Silicon Detector -U/'L

The Concept




rﬁd

The CMS Silicon Detector -U/(L

The Concept
Vil | o) ST e g 5 o ot ™y

)
0 - Tracker Inner & Outer Barrel / i
1100 // x
= S e o B
SO0 / 2
-4l =
o LR b E —— 2
OO - fr—— e — e — I I | l I l I ‘_'_’—-:"'__,_,_"’ 15
i =t | B, e B R B4 T
- S g St | | et Y 1 | O racker EndCap
100 —— e e

0 Pixel (Barrel & Endcap)
0 o 20 o0 s 100 1200 1300 1600 15300 200 2200 2300 2600  Isw



The CMS Silicon Detector -U/(L

The Concept

7 Iz !//////////////
Relyon feW measurements 0 - Tracker Inner & Outer Barrel

layers, each able to provide - T 1 2
robust (clean) and precise o || || I| || I| I| I| || I| e
coordinate determination w 0 I: W; — ¥
= SR Sy iy | | e Fi racker EndCap
"y & Pixel (Barrel & Endcap)
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A The CMS Silicon Detector - [P
The Concept

1 L DTS S A g s i ey
Rely on “few” measurements ... 1 acker inner & Outer Barrel
layers, each able to provide S o e e o W | N [ M 12
robust (clean) and precise
coordinate determination

Largest silicon tracker ever built
Radius 110 cm, Length 540 cm
Barrel : 13 cylinders (3 pixels)
Endcaps : 14 disks (2 pixels) on
each side
Covers Inl<2.5

0™
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CMS

Rely on “few” measurements
layers, each able to provide
robust (clean) and precise
coordinate determination

Largest silicon tracker ever built
Radius 110 cm, Length 540 cm
Barrel : 13 cylinders (3 pixels)
Endcaps : 14 disks (2 pixels) on
each side
Covers Inl<2.5

Pixels: 66M “n+ in n” design
100 x 150 um2 (3D position)
285 pm thick

Each Read Out Chip (ROC)
reads 80x52 pixels

Analog readout:

improved position resolution from
charge sharing

30 ¢

29

The CMS Silicon Detector
T%P/Cqmebt

w - Tracker Inner & Outer Barrel
: :

E 1 0ns 0.6 07 03 09 i 1 1.2 3 5
] [} / ."' /1 J/ /7 N - - /_.___-’
| | / / // / 3 // // // // // o

E |! |! |! |: =1
I N S O

|
L_+——Tracker EndCap |




CMS

Rely on “few” measurements
layers, each able to provide
robust (clean) and precise
coordinate determination

Largest silicon tracker ever built
Radius 110 cm, Length 540 cm
Barrel : 13 cylinders (3 pixels)
Endcaps : 14 disks (2 pixels) on
each side
Covers Inl<2.5

Pixels: 66M “n+ in n” design
100 x 150 um2 (3D position)
285 pm thick

Each Read Out Chip (ROC)
reads 80x52 pixels

Analog readout:

improved position resolution from
charge sharing

Strips: 9M : “p+ in n” sensors

Pitch: 80 to 205 pm (r-¢)
Thickness: 320 or 500 pm

Stereo layers associate back to
back 2 microstrip detectors with
a relative 100 mrad angle,
providing 2D resolution

*Analog readout

The CMS Silicon Detector - [P

The Concept
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2 Tracking and Vertex PerformanGell

Excellent final tracking performance for physics

>
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= CMS
10
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B _ -1
1E L . =40pb
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1 10 102

Dimuon mass (GeV/c?)

And excellent muon trigger too!
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«  Excellent final tracking performance for physics
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«  Excellent final tracking performance for physics
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CMS tracker: full Stlicov inv 4T g

‘5.4 m long, barrel and disks
210 m? Si sensors

*Full volume (24 m3) at -10°C
-10M strips

*67M pixels (100 x 150 um )

180

140

120

100

80

80

— Entries 7501
B Mean 31,76

a X/nd58.35 | 42 g
- P 761.9 £ 19.71

[ P2 0.2112+ 0.5084E—-02 APV 0.25 micron ;
- P3 ] 2557+ 01752 | SENSOr o= Flex-hybrid
: (128 channels.analog)

S/N=25

cosmic muons in

) strip detector
L PR R T TR (NN SN SN TN TN (NN TN SN N N (N TN SN SN SN Y SO SR S B ¢
10 20 30 40 50 60 — S
N 13 H|HIIIl[|IIIli|II|HllIHll[!llI|Illl]llII]IIII]lIIHlIIIIIHIlIHI lIII]II[IulmIlIIIlll|llllll_l||lll|l!ll[l]!l Il!lﬂlll llvl|'|llll|lIII|Il'I|
S/ N of highest cluster fﬁ%ﬁﬁhmlusznlz|u|umuu|uﬁluuluﬁlmllnrﬂnuhu7s{unI||ﬁl|||‘|!|iﬁl|||uulf*ﬁuluﬁhlulnﬁhiillnlllft’lulimlﬁtmlin#= .
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cMs CMS Silicon detector -U/L

Shells. Rods and petals

CMS Inner Barrel

Pixel Detector



9 Momenta measuwrement

)

J,S\ pr (GeV/c)=0.3Bp (T -m)
L

: 03L-B
S 2—=51119/229/2 — 6=
\Y i '
M: T \P Pr
2 2
p 5=p(l—6059/2):,09 LS LB
8 8 pr

= tracking detector

- Misalignment

Resolution degrades because of
> Multiple scattering (material in the detector)

e In more realistic detector with N points (equally spaced):

()'(P.,.)~ 720 s P
P \N+4 *03BL°

T
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e Charged track detectors have taken full benefit of progress in magnets (supra) (high field, large
dimensions and electronics developments). Whatever technologies B field knowledge +
alignment of detectors is very important.
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® Gaseous are used since 60’ but have really a new revival with the micro strips gas chambers
(high flux 1s no more a problem). Good resolution can be really performant with pixel readout
Many applications, not only in HEP.
===> New TPC will probably use these readout devices in ILC experiments project
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e Charged track detectors have taken full benefit of progress in magnets (supra) (high field, large
dimensions and electronics developments). Whatever technologies B field knowledge +
alignment of detectors is very important.

® Gaseous are used since 60’ but have really a new revival with the micro strips gas chambers
(high flux 1s no more a problem). Good resolution can be really performant with pixel readout
Many applications, not only in HEP.
===> New TPC will probably use these readout devices in ILC experiments project

e Solid state detectors : considerable progress in parallel with electronics readout.
Their size rises by one order of magnitude in LHC experiment (200 m? in CMS detector of Si)
Many R&D to improve radiation hardness, readout speed, material budget.....



CMS

Compawisons of performances il |(_

Table 28.1: Twypical spatial and temporal resolutions of common detectors.

Revised September 2003 by R. Kadel (LBNL).

Resolution Dead

Detector Type Accuracy (rms)  Time Time
Bubble chamber 10-150 pm 1 ms 50 ms*
Streamer chamber 300 pm 2 pus 100 ms
Proportional chamber 50-300 ,u.mb‘”‘d 2 ns 200 ns
Drift chamber 50-300 pm 2 ns® 100 ns
Scintillator — 100 ps/nf 10 ns
Emulsion 1 pm — —
Liquid Argon Drift [Ref. 6] ~175-450 pm ~ 200 ns ~ 2 pus
Gas Micro Strip [Ref. 7] 3040 pm < 10 ns —
Resistive Plate chamber [Ref. §] <10 pm 1-2 ns —
Silicon strip pitch/(3 to 7)9 h h
Silicon pixel 2 pm’ h h

h : limitation is given by the readout electronics but intrinsically can
be very small



Application of HEP Detectors: PETIMI L/

Inorganic Scintillator

BGO, LSO
coincidence
electronics
t@_cer
w240
Wy a
' [ e
*ll i "-q-%° " %
& 'S
image .

reconstruction Il 13 |5 18
&, =N, 0, 12F
511 kev | ) »e’ecn-on

)
positron - l- ‘3’*3 [*511 kev-

nucleus




Tracking Stepy LV

Detector Output

Layer-based position measurements

Pixel

Silicon Strip

Muon chambers (Drift, Cathode Strip, etc..)
Continuous position measurements: TPC, TRD, etc..
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Tracking Stepy

Detector Output

Layer-based position measurements

Pixel

Silicon Strip

Muon chambers (Drift, Cathode Strip, etc..)
Continuous position measurements: TPC, TRD, etc..

A, @

Q Detector P’ [

v / Magnetic
yr . Field B
Pattern recognltli
Error model ‘Track elements Track model

Reject track & reuse hits o —
/ Store
» track |




CMS

Detector Output

Tracking Stepsy LV

Layer-based position measurements

Pixel

Silicon Strip

Muon chambers (Drift, Cathode Strip, etc..)
Continuous position measurements: TPC, TRD, etc..

“_ Detector
hits

‘L“ | |

- ,/'/
_— /

v / Magnetic
4 | Field B
Pattern recognltli ,
, _ — v
Error model ‘Track elements Track model

Reject track & reuse hits

Store
» track |

Analysis input

|

Track reconstruction:
Four momentum of charged
particles

Charge sign

ID tags of particles

Event reconstruction:

Collision vertex

Track impact parameter
Secondary vertex



CMS

Tracking -U/(L

« Track finding is very important for analysis

- Tracks are used directly in the reconstruction of
— Electrons
— Muons
— And to a lesser extent in Tau, Jet and photon reconstruction
- For reconstructed tracks, we know
— Momentum
+ straighter the track the higher momentum it is
— Charge
— Point of closest approach to the interaction point (secondary vertex)

-0.3 -0.2 -0.
M CMS Experiment at LH:i
C S Data recorded n Jul 18 1

(important to identify particles such as b-quarks which
= have a long lifetime and so travel a measurable distance
o1 before they decay)

I
o
y [em]
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Tracker Alignment . | UL

> [~ T 1] L L] ] 1] 1 T L] I L] L] L] Ll I Ll A L] Ll I L] L L Ll l' Ll L Ll L} i
) - i .
530000 = e Worse allgn.ment &5 =
— ~ o Improved alignhment ° N
?) . Simulation with perfect (2 %, Data 2011 ’\jg =7 TeV N
@ 25000 alignment 2 . .
< - Ldt=702pb I
2 -~ ID tracks f -
B 20000 . =
] - ]
&) - N
N 15000 ® -
- 8 -
10000}~ p . -
- 8 . ]
5000 . =
Mﬁ R R 2

80 70 80 90 100 110 920

Mu'u' [GeV]
- Improving the tracker alignment description in the reconstruction gives better track
momentum resolution which leads to better mass resolution.

- Can see the reconstructed Z width gets narrower if we use better alignment constants.
Very important for physics analysis to have good alignment.

- Alignment of detector elements can change with time for example when the detector is
opengd for repair, or when the magnetic field 1s turned on and off.
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Object reconstruction s RV

Electron/Photon Identification




Z Object reconstruction: L

Electron/Photon Identification

o Electron/Photon reconstruction takes as input the tracks and p— N
calorimeter clusters already produced
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Electron/Photon Identification

o Electron/Photon reconstruction takes as input the tracks and — N
calorimeter clusters already produced

» Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets
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Object reconstruction: [

Electron/Photon Identification

o Electron/Photon reconstruction takes as input the tracks and — N
calorimeter clusters already produced

» Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets

» Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker
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Object reconstruction S L/

Electron/Photon Identification

o Electron/Photon reconstruction takes as input the tracks and — N

calorimeter clusters already produced

» Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets

» Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker

« Photon has no track pointing at it cluster
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Object reconstruction S L/

Electron/Photon Identification

o Electron/Photon reconstruction takes as input the tracks and — N

calorimeter clusters already produced

» Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets

» Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker

« Photon has no track pointing at it cluster
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Object reconstruction S L/

Electron/Photon Identification

Electron/Photon reconstruction takes as input the tracks and — N

calorimeter clusters already produced

Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets

Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker

Photon has no track pointing at it cluster

Final Electron momentum measurement can come from
tracking or calorimeter information or a combination of both

— Often have a final calibration to give the best electron
energy

40
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Object reconstruction S L/

Electron/Photon Identification

Electron/Photon reconstruction takes as input the tracks and — N

calorimeter clusters already produced

Electron/Photon leave narrow clusters in the electromagnetic
calorimeter

— Apply selection on the cluster shape to reduce background
from jets

Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker

Photon has no track pointing at it cluster

Final Electron momentum measurement can come from
tracking or calorimeter information or a combination of both

— Often have a final calibration to give the best electron
energy
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Object reconstruction : L/

Jets and Electron/Photon Backgrounds



Object reconstruction : L/

Jets and Electron/Photon Backgrounds

» Hadronic jets leave energy in the calorimeter which can fake electrons or photons
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Jets and Electron/Photon Backgrounds

» Hadronic jets leave energy in the calorimeter which can fake electrons or photons

 Usually a Jet produces energy in the hadronic calorimeter as well as in the
electromagnetic calorimeter
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Object reconstruction : L/

Jets and Electron/Photon Backgrounds

» Hadronic jets leave energy in the calorimeter which can fake electrons or photons

 Usually a Jet produces energy in the hadronic calorimeter as well as in the
electromagnetic calorimeter

« Usually the calorimeter cluster is much wider for jets than for electrons/photons

* So it should be easy to separate electrons from jets
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Object reconstruction : L/

Jets and Electron/Photon Backgrounds

Hadpronic jets leave energy in the calorimeter which can fake electrons or photons

Usually a Jet produces energy in the hadronic calorimeter as well as in the
electromagnetic calorimeter

Usually the calorimeter cluster is much wider for jets than for electrons/photons
So 1t should be easy to separate electrons from jets

However we have many thousands more jets than electrons, so one needs get the
rate of jets faking an electron. Expected to be very small ~10-
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Jets and Electron/Photon Backgrounds

» Hadronic jets leave energy in the calorimeter which can fake electrons or photons

 Usually a Jet produces energy in the hadronic calorimeter as well as in the
electromagnetic calorimeter

« Usually the calorimeter cluster is much wider for jets than for electrons/photons
* So it should be easy to separate electrons from jets

« However we have many thousands more jets than electrons, so one needs get the
rate of jets faking an electron. Expected to be very small ~10-

* Need complex identification algorithms to give the rejection whilst keeping a high
efficiency
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Object reconstruction : [

Jets and Electron/Photon Backgrounds

* Hadronic jets leave energy in the calorimeter which can fake electrons or photons

 Usually a Jet produces energy in the hadronic calorimeter as well as in the
electromagnetic calorimeter

e Usually the calorimeter cluster 1s much wider for jets than for electrons/photons

* So it should be easy to separate electrons from jets

« However we have many thousands more jets than electrons, so one needs get the
rate of jets faking an electron. Expected to be very small ~10-

* Need complex identification algorithms to give the rejection whilst keeping a high
efficiency

: : Example of an electron energy deposit in the

electromagnetic calorimeter in ATLAS.

Use shower shape variables based on size of cluster
in the radial and longitudinal directions to
distinguish from hadronic showers




Object reconstruction : Muon io[entific_l./j/(L

- Combine the muon segments found in the muon detector with
tracks from the tracking detector

42



W Object reconstruction : Muon id'entifica-l_/j/fL

- Combine the muon segments found in the muon detector with
tracks from the tracking detector

Momentum of muon determined from bending due to magnetic field
In tracker and in muon system
* Combine measurements to get best resolution
* Need an accurate map of the magnetic field in the reconstruction
software
* Alignment of the muon detectors also very important to get best
momentum resolution
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9 Object reconstruction : Muon identéfica-l_/l/fL

Combine the muon segments found in the muon detector with
tracks from the tracking detector

Momentum of muon determined from bending due to magnetic field
In tracker and in muon system
* Combine measurements to get best resolution
* Need an accurate map of the magnetic field in the reconstruction
software
* Alignment of the muon detectors also very important to get best
momentum resolution

Muon segment in
drift tubes

42




Pawticle Flow WMWLQ/E_ML

«  Particle Flow : from all sub-
detector reconstruct stable particles
(e, u, photons, charged and neutral
hadrons) and so optimize particles
types, direction and energies.
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Pawticle Flow WMWE_ML

«  Particle Flow : from all sub- neutral | :
detector reconstruct stable particles : LI
(e, u, photons, charged and neutral . C
hadrons) and so optimize particles
types, direction and energies.
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Pawticle Flow and Missing €t .[_/l/fL

HCAL
Clusters

gy’
Particle Flow : from all sub- noutal
. ron | . &
detector reconstruct stable particles . S
(e, u, photons, charged and neutral e

hadrons) and so optimize particles
types, direction and energies.
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* At the LHC an unknown proportion of the energy of
the colliding protons escapes down the beam-

pipe.
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 If invisible particles (neutrinos, neutralinos ?) are
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created their momentum can be constrained in
the plane transverse to the beam direction



Swmmary v

As particles travel through matter they interact (through
the EM force) and transfer part of their energy to the
detector.

At the energies of interest ionization is the dominating
mechanism.

Gaseous detectors measure the ionization of gas to identify
the path followed by particles.

Silicon detectors use the ionization of silicon. They permit a
much better accuracy but are more expensive.

Accurate tracking is important for example to detect
displaced vertices (long lived particles such as states with b
and c quarks).

This played an important role in the discovery of the top
quark and in the study of CP violation.
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e As particles travel through matter they interact (through
the EM force) and transfer part of their energy to the
detector.

* At the energies of interest ionization is the dominating
mechanism.

* Gaseous detectors measure the ionization of gas to identify
the path followed by particles.

* Silicon detectors use the ionization of silicon. They permit a
much better accuracy but are more expensive.

e Accurate tracking is important for example to detect
displaced vertices (long lived particles such as states with b
and c quarks).

* This played an important role in the discovery of the top
quark and in the study of CP violation.
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As particles travel through matter they interact (through
the EM force) and transfer part of their energy to the
detector.

At the energies of interest ionization is the dominating
mechanism.

Gaseous detectors measure the ionization of gas to identify
the path followed by particles.

Silicon detectors use the ionization of silicon. They permit a
much better accuracy but are more expensive.

Accurate tracking is important for example to detect
displaced vertices (long lived particles such as states with b
and c quarks).

This played an important role in the discovery of the top
quark and in the study of CP violation.
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e As particles travel through matter they interact (through
the EM force) and transfer part of their energy to the
detector.

* At the energies of interest ionization is the dominating
mechanism.

* Gaseous detectors measure the ionization of gas to identify
the path followed by particles.

* Silicon detectors use the ionization of silicon. They permit a
much better accuracy but are more expensive.

e Accurate tracking is important for example to detect
displaced vertices (long lived particles such as states with b
and c quarks).

This played an important role in the discovery of the top
quark and in the study of CP violation.




% To extend your knowled gl 1

Text books (a selection)

— C. Grupen, B. Shwartz, Particle Detectors, 2nd ed., Cambridge University Press, 2008

— G. Knoll, Radiation Detection and Measurement, 3rd ed. Wiley, 2000

— W. R. Leo, Techniques for Nuclear and Particle Physics Experiments, Springer, 1994

— R.S. Gilmore, Single particle detection and measurement, Taylor&Francis, 1992

— K. Kleinknecht, Detectors for particle radiation , 2nd edition, Cambridge Univ. Press, 1998
— W. Blum, W. Reigler, L. Rolandi, Particle Detection with Drift Chambers, Springer, 2008
— R. Wigmans, Calorimetry, Oxford Science Publications, 2000

— G. Lutz, Semiconductor Radiation Detectors, Springer, 1999

Review Articles

— Experimental techniques in high energy physics, T. Ferbel (editor), World Scientific, 1991.
— Instrumentation in High Energy Physics, F. Sauli (editor), World Scientific, 1992.
— Many excellent articles can be found in Ann. Rev. Nucl. Part. Sci.

Other sources
— Particle Data Book Phys. Lett. B592, 1 (2008) http://pdg.lbl.gov/pdg.html
— R. Bock, A. Vasilescu, Particle Data Briefbook http://www.cern.ch/Physics/ParticleDetector/BriefBook/
- ICFA schools lectures : http://www.ifm.umich.mx/school/ICFA-2002/
- O. Ullaland http://Ihcb-doc.web.cern.ch/lhcbdoc/presentations/lectures/Default.htm
— Proceedings of detector conferences (Vienna VCI, Elba, IEEE, Como)
— Journals: Nucl. Instr. Meth. A, Journal of Instrumentation

Trigger and DAQ

& R.Fernow : Introduction to experimental particle physics (C.U.P. 1986)

Q R. Friihwirth, M. Regler, R.K. Bock, H. Grote and D. Notz ; Data Analysis Techniques for High-Energy Physics (2nd ed.)
(C.U.P. 2000)

& CERN-&atin American Schools of Physics : Usually an article on trigger and DAQ



http://www.ifm.umich.mx/school/ICFA-2002/
http://lhcb-doc.web.cern.ch/lhcbdoc/presentations/lectures/Default.htm
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Gaseous Detectors VL
Schematic Principle To-Backup

Particle
of gas detectors “

Drifting charges

due to electric field

(Gas
>
>
>
>
Anode

le.qg. wire or plang]

e Primary lonization
e Secondary lonization (due to d-electrons) Back



Drift and Diffusion of Charges in Gases

ELECTRIC FIELD E = 0: THERMAL DIFFUSION

Maxwell energy distribution:

Zz

F(e)=CNee K& <e> ~KT~0.025 eV

RMS of charge diffusion: o, =v2Dt

ELECTRIC FIELD E > 0: CHARGE TRANSPORT AND DIFFUSION
IONS ELECTRONS

Anode Wire
@




In absence of other effects, at thermal energies, the mean
speed of the charges (given by the Maxwell distribution of the

energies) is:
SkT where k is Boltzmann's constant, T'the temperature

Y Tm and m the mass of the particle

The charges diffuse by multiple collisions, and a local
distribution follows a Gaussian law:

dN N [ 52 ] where N, is the total number of charges,
0

= eXp x the distance from the point of creation
dx 4Dt and D the diffusion coefficient

Then the linear and volume rm.s. of the spread are:

4Dt

o, =~2D1 For instance, the radial spread of ions in air in
o, = J6 Dt normal conditions is about 1 mm after 1 second



In the presence of an electric field, electrons and ions will
drift in the gas. The drift velocity for electrons can be
much higher w.r.1. ions since they are much lighter.

uw=v/E is The mobility of a charge where v is the drift
velocity and E the electric field.

lons :
Mean velocity v is proportional to E/P

Mobility u*is constant (average energy of ions almost
unmodified up to very high electric fields)

Electrons:
Drift velocity v- = (e¢/2m).E.t where 1 is the mean time
between collision

Typical value around 5 cm/us are obtained (ions thousand
times slower)



o = 1/A is the probability of ionization per unit length with 4 the
mean free path of the electron for a secondary ionizing collision

For n electrons, there will be dn = nadx new electrons created in a
path dx

Then n = n,e™ with a: first Townsend coefficient

And we can define a multiplication factor M:

M =—=exp uniform electric fields)

n rz . .
J-Ot(x)dx a is a function of x (non
n, ’

1

Limitation of M: above 108, spo?ks occur (Raether limit)
Colfc]g)ulo’ring a (or gas gain) for different gases (model by Rose and
Korff):

o _ AexP(%j where A and B depend on the gas
P



CMS :
Gaseouws Deleclors (-

: : C Mean free path A:

lonization statistics: lypical values] ) oe
Al 0.052
Mean distance between two ionizations: A =1/(neor) Xler 0.023 22
Mean number of ionizations: <np> = L/)\ o : lonization x-Section [> ai(He) ~ 10
Ne : Electron density
Np Poissonian distributed: L+ Thickness
<n >nP €_<np>
Plny, (ny)) = 25
b P(0) = exp(-L/N) yields A, o

A| SO important: using (in)efficiency of gas-detectors

Mobility of charges:
Influences the timing behavior of gas detectors ...

Diffusion:
Influences the spatial resolution ...

Avalanche process via impact ionization:
Important for the gain factor of the gas detector ...

Recombination and electron attachment:
Admixture of electronegative gases (Og, F, Cl ...) influences detection efficiency ...



Gaseous Detectorsy UL

lon mobllity:

With external electric field: ions obtain velocity vp in addition to thermal motion;
on average ions move along field lines of electric field E ...

Kinetic energy: Temperatre
s

(Tion(E #0)) = (Tion(Therm.)) = _kT
approximately equal to thermal energy, as the (heavy) ions loose
typically half their energy when colliding with the non-ionized gas atoms.

Drift velocity vpo develops only from one interaction to another ...
Assuming vp (t=0)=0 and collision time T yields:

L el
V=a- -7 = IV T T = AMTkin)/Vtherm. = const.
1 e[ E| since Tkin essentially thermal,
= =\ s _ - and Vinerm. thus constant ...

g{gﬁpgﬂ%ﬂg o f;o.r ons U, : ion mobility  e.g. p.=0.61 cm2/vs for Cako

[E = 1 kV/cm; typical drift distances = few cm > typical ion drift time = few mg]
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Gaseous Detectorsy UL

Electron mobility:

Equation of motion: mZ = eE + e(¥ x B) + mA(t)
[in E,B field]

— —

= instantaneous electron velocity
Assume: mff(t) time-dependent stochastic force

[describes collisions with gas atoms]
- E and B field constant between collisions
- Time averaged stochastic term can be represented by friction term
- Time between collisions small with respect to considered time interval: At » T
- Drift velocity at fixed E constant, i.e. average acceleration vanishes, () = (

Up = (V)
-, = — 5 m
(m¥) =eFE +e(Up x B)— —ip =0 or
T with = pu_ = —
m
B =0: B« 0: LB
p=—F=u_FE vp=u-E+wr -vp xB
m
E 2, 505 5 N5
Remark: > Up = i 2| 5 E+wrE x B+ w*t*(E - B)B
Hy €« p-asM» m ... 14+ wr . L |
Component Component

1 toEB in direction of B



Gaseous Detectorsy UL

. 5 — Compare:
Electron mobility: vp = wk ' Electrons: vp of order cm/ps

B =0] lons: vp of order cm/ms

Consider two situations:

Tkine» KT gas atoms have only a few low-lying energy levels such that
electrons can lose little energy in collisions [hot gases|

AMTe) ~ ME) and p ~ 7 ~ 1/0(E)  unot constant!
[If A ~ 1/E; vb = const]

Electrons accelerated in E-field until sufficient energy is reached ...
Higher E-field yields smaller mean free path > constant vp possible ...
[Example: vb = 3 =5 cm/ps for 90% Ar/10% CHa4]

Tkine = KT gas atoms have many low-lying energy levels such that electrons
loose all energy they gain between collisions [cold gases|

@~ const. and vp X E

Similar to situation with ions ...
[Example: p = 7-10° cm?/ps V for 90% Ne/10% COz; vp = 2 cm/ps @ 300 V/cm]



CMS

Large electric field yields
large kinetic energy of electrons ...

> Avalanche formation

Larger mobility of electrons results in liquid
drop like avalanche with electrons near head ...

Mean free path: Aion

[for a secondary ionization]

Probability of an ionization per
unit path length: o = 1/Aion [1%t Townsend coefficient]

n(x) = electrons

Avalanche Multiplication

Townsend avalanche

dn=n-adxr at location x
N — 1 ed® Drop-like shape of an avalanche

— 0 Left: cloud champer picture

: Right: schematic view

Gain:
n - n T2
G=—=e¢€ and more general fora = a(x): G = — = exp Oz(zv)daf

no no 1

[Raether limit: G = 108; ax = 20; then sparking sets in ...]
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anode wire / j . \\,

One electron drifts towards the anode wire:
Electric field is increasing
lonizing collisions = pair multiplication

Due tfo lateral diffusion and difference of velocity of electrons-ions, a
drop-like avalanche develops near the wire

UV photons are emitted - risk of uncontrolled amplification (spark)

Electrons are collected in a very short time (few ns) and ions drift slowly
towards the cathode



The driffing electrons cloud is rotated by an angle 6, in the plane
perpendicular to Eand B.

ELB
tanf, =07 T : mean collision fime
_E ot
> V= B 1+ 0’7 w=eB/m > Larmor frequency
-, vy =V,

E N 6, =0, Drift velocity unchanged

,/ VO, v,

' , —>
; \ 7 0, Transverse diffusion is
B \\ //

-- Or = /1+sz2 reduced
Back
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Large Volume Particle Tracking
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MPGD Developments: Historical Roadmap®

(*Many more micro-pattern structures were developed;
shown only those presented in this talk)

MicroMEGAS (CEA Saclay, Y. Giomataris)
MSGC (ILL, A. Oed)

u-PIC (A. Ochi, T. Tanimori)
Capillary plate (Yamagata U., H. Sakurai)

From A.Ochi ADA2012@Kolkata (updated)
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To-Backup
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Single Wire Proportional Counter (| /L

Relations: Geiger Counter
with:
| _ A A =CQ/L
E-field: ‘E| — — linear charge density]
2T€EY T
A b A
Voltage: Vv, = In—- = =
J 0 27€Q " a C
. 2 < 5
Capacity: C = mbo [F/m] D i
[per unit length] In o 2 b
. . | |
Wire |
R
— + W
Particle L
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Single Wire Proportional Counter

) ) i . Avalanche development in the high electric
Thin anode wire (~20-50um) coaxial with cathode: field (~ 250 kV/cm) around a thin wire

(multiplication region ~ 100 um):

Cathode

radius b - B
T CcV, 1 - =
E(r) = - - NS 1 y
¥ 74 } 2 s I
Anode 2 g & !

radiiis a 2] . z %:
S 107 | e S =
+ + @ X 8 s S .
i ) Ion cloud C N\ T =
1— . X - = . N
A‘ﬁfi}x - - % o .

() . IR .

10 0.04 0.4 4

Distance from centre of wire (mm)

Time development of an avalanche in a proportional counter

A single primary electron proceeds towards anode in regions of
increasingly high fields, experiencing ionizing collisions; due to the lateral
diffusion, a drop-like avalanche, surrounding the wire develops.

Moving charges create signal on nearby electrodes -
the electron induced signal is almost negligible !!!



lonization mode:

full charge collection
no multiplication; gain = 1

Proportional mode:

multiplication of ionization

signal proportional to ionization
measurement of dE/dx

secondary avalanches need quenching;
gain = 10* = 10°

Limited proportional mode:
[saturated, streamer]
strong photoemission
requires strong quenchers or pulsed HV;
gain =~ 1010

Geiger mode:

massive photoemission;
full length of the anode wire affected;
discharge stopped by HV cut

10"

10

10°

Number of lons collected
o

Single Wire Proportional Cowm’:e/_

| I |
Geiger-Miller
1 counter |
[
— Region of limited 1]
roportionali ! !
Recombination — Y ) | IV :
before collection " b
' I [
lonization Proportional : I [
WChamber, . counter " d L
]: ' Discharge}
! region
I
. Il
—l —
I
1
I
| 1
1 I
| |
I ' —
1 I
1 I
| I
I I
1 I
| I
1 | —
| |
| I
: ;
I >
| I I B
Vy
0 250 500 750 100(

Voltage (V)



= Drift Chambers - Principle | 1L

Measure drift time tp If drift velocity changes
[need to know to; fast scintillator, beam timing] along path: t5
Determine location of original T = / vp dt
jonization: 0

X = 2o xVUp-tp In any case:

y =19yt vp-tp Need well-defined drift field ...

| Simple Drift Chamber Setup Charged particle
| But: here, uniform drift field requires

| high-voltages in case of large area detectors

| Anode wire
+ HV?2

Drift voltoage
-HXI

* 2 32 & & 9 4 &8 & * & ¥ » ¥ 9 5 #] v ¥ W " O 2 F" RN R N

Drift reqion

Fl
X R

’

" & & B & & & & ¥ 4 9 ® F = 2 ¢ sf " & ¢ & & 8 9 F " 85 9 w &«

{ ]
Scintiilation counter




Modified MWPC ...

Introduce field wires to avoid

low field regions, i.e. long drift-times \ / /

Field wires are
at negative potential ...

Anode wires are
at positive potential ...

Cathode planes are
at zero potential ...

But:

Uniform drift field requires:

Gap length/wire spacing = 1

l.e. for typical convenient wire spacing
one needs thick chambers ...

67

Drift Chambers - Field Formatiow ]LLL

T

Cathodes

Anode wires

i ' 30 mm —— 1§
ground z//(z//

~_::;::‘~—%.\ 3:

%;tg?thode lines \\ ?2
1'9 =

\\\\\\\\\

R
Anode Cathode

[3.5 KV, @ 50 pm] [-2 KV, @ 200 pm]
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Lorentz angle

Drift Chambers — Lorentz Angle

Require B field for momentum

measurement ... _/
B —
In general drift field E L to B field ... :

> > X
> Lorentz angle: o = <« (vp,E) ...
Component Component
Reminder: 1LtoEB in direction of B
. E A 2, A A A4
MEL TE L wrBx By o®(E- B)B|
, 1+ w=*r
Using:
pl | | o
UD,x = 1+ w22 without B field with B field
__KE °
UD,y — 1 T w27_2 - WT
> tanoay = wT .
B
Pz
®
with w = % and T = 2




Resolution determined by
accuracy of drift time measurement ...

Influenced by:

Diffusion [opifr. ~ /X]

see above: 02 ~ 2Dt = 2Dx/vp ~ X ...

0-electrons [0s = const.]

independent of drift length; yields constant
term in spatial resolution ...

Electronics [O'electronics = COﬂSt.]

contribution also independent of drift length ...

ionization
cluster

——

anode / —
wire

particle

Primary ionization statistics [Oprim = 1/X] track

Spatial fluctuations of charge-carrier production result in
large drift-path differences for particle trajectories close to the anode ...

[minor influence for tracks far away from anode]

69

particle
track

ionization ~

cluster t

% Drift Chamber - Spatial Resolutionw Wll| |1

cathode
wire g



% Drift Chamber - Spatial Resolutionw Wll| |1

Primary ionization statistics:

Step 1: Consider a track passing
through an anode wire ...

Probability of no ionization
within distance d:

with
Track

—2Nd N: number of ionizations
Fo (d) per unit length
Average minimum distance of closest o o
Normalization Anode lonization

ilonization cluster:

Wire . .--==""""
o0 N 1 C):,\ f
5 — dmin — _2 v 2Nd —_ ~~“~
2o = (dmin) /0 re T = 5N x e OXo

=S
2 2,~2Nz
O = T — 2N dx = —— ;
(dmin) /0 ( 9 N) 4N?2 Track

Step 2: Track at distance x ...

dxo : x [ 0xo S|
ox = /22 + (0xg)2 —x =1 \/1+(a:) 1 2(33) ox —




% Drift Chamber - Spatial Resolutionw Wll| |1

) 1 L, 20
o) — — = = — - X o)
x const
64N?2 ) x? Vg
Possible 15t ionization statistics diffusion electronics
: O-elect
improvements: Slecirons
I I 1 T
!ncrease N by 100k -
INCreasing pressure ... +
b— —
Decrease D by 80 ¢
increasing pressure ...
creasing p i 60 _ . —Diffusion -
2 1/. 2 -~
D ~ & ~ _/n ~ l b 40-\\:' ——————— ~ —_—— - - = —— - — —— Electronics _
T 1/n n i \ - -
[n: particle density in gas| \\ -
[increases with pressure] 20 A n
y N Primary statistics
: : 0} | | I l
l.e.. INCrease pressure ... 0
[up to 4 atm possible] S 10 1S

/1



CMS Drift Chamber - Determinatiow of % .LI/(L

Principle of

Charge Devision Method .
Signal 2
Amplitude Az

/

Total
wire length: L =L+ + L2

signal wire

. Precision of charge
Signal 1 devision: ~1% of wire lengths

Amplitude A1 charged particle , ,
Also possible: time
measurement on both ends

Determination

of L1, Lo: A A
Ly = LI 5 L, = 2

A+ Ao A+ Ao
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o Magnetic Spectirometer Resolution ]LI/(L

Momentum determination
in a cylindrical drift chamber ...

particle track

2
mu — evB > p=eB-R R: bending radius
GeV
p[ © ]zO.BB[m]-R[T] >
¢ B
L
~ ~~ For Sagitta s:
A?j_\\ g ) - .
| i — SZR—zRCOS%%Rg 2 with ¢ = —
: L L L
Ve "TSRZ TSR 8
R Ap AR L? As

>

‘ D R 8Rs s
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o Magnetic Spectirometer Resolution .LI/(L

Momentum measurement ——
uncertainty: op L2 05 L2 o, o, <P o 8_p . o,
p 8Rs s 8R L'eur? L2 L? eB BL?
Uncertainty as depends on number and spacing of track point Good
measurements; for equal spacing and large N: momentum resolution:
- large path length L
ol — Org 720 - large magnetic field B
5 8 N + 5 see: Gluckstern, NIM 24 (1963) 381 or - good Sagitta measurement
Blum & Rolandi, Particle Detection ...
L ]

k/, , \ Multiple scattering

. ) : A
/;\ contribution: Py
E Reminder: 7 | ;\_~plane
: oy = %z\/x/Xo [1+0.038In(z/Xo)]
b2 |
: 14 MeV/c | L o, Or 04
R J¢ ~ and — —
P Xo D R ¢
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Dritt Chambers

FIRST DRIFT CHAMBER OPERATION (H. WALENTA ~ 1971)
HIGH ACCURACY DRIFT CHAMBERS (Charpak-Breskin-Sauli ~ 1973-75)

THE ELECTRONS DRIFT TIME PROVIDES THE DISTANCE OF THE TRACK FROM THE ANODE:

FIELD IN MOST OF THE
VOLUME

Preferetially
GAS MIXTURE WITH

High accuracy drift chambers at low rates:

The spatial resolution is not limited to the cell size

Space resolution determined by:

* Distribution of primary ionization 5
* Diffusion o
* Readout electronics
* Electric field (gas amplification)
* Range of ‘delta electrons’

A. Breskin et al, Nucl. Instr. and Meth. 124(1975)189

HIGH AND UNIFORM ELECTRIC .|

(linear space-time relation)

100

401

mm/ pus

Vs ‘o 0
o Ar 93 Isobutane 7
e Ar 86,5 13,5

SATURATED DRIFT VELOCITY i as - R

20

- + Ar 70 " 30
A Ar 69 " 3

VAT | L 38 | I I

0 |
0 400 o 800 1200 1600 2000
drift field  [V/cm]

. ~80 um rms for charged particles-
t i

- — diffusion —

- t

\ - .

e i —— - — = ——————— electronics _|

- -

\ -
-~

/ \\primary statistics
1 l I 1
5 10 15 20

x (mm)

|
2400

| """ (N. Filatova et al,, NIM 143 (1977) 17)




| Muler-Wire Proportional Chaumber (MWPEH| |11

Guard strip Mylar Mesh
' /1
Ty i v/
15 2 [ . - y . . - } ®
/ —+— Araldite
Thick wire  Wires of 5 um Mylar
Mesh \_?
: | -«— High voltage G. Charpak
Nobel Prize 1992
ﬁ\\ Araldite
15 » Amplifier

% i\o kO

Guard strip

MWRPC construction details
from Charpak's nobel lecture [1967 design]

Sense wires [@ = 20 pm] separated by 2 mm; wires lie between two
cathode meshes; edges of the planes are potted in Araldite ...




= Multt-Wive Proportional Chamber (MWP (] LI/(L

Schematic setup:

cathode plane

d /
3 S
o o/0 O O O O O O
L T’ anode wire
W
Parameters: Features:
d = 2-4mm Tracking of charged particles
rw = 20-25pm Some PID capabilities via dE/dx
: L = 3-6mm Large area coverage
particle track Uo = several kV High rate capabilities

Total area: O(m?)
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2 Multi-Wire Proportional Chaunber (MWPEN| |1

K
PR

A B
. . . T . '. mesh
Signal generation: AN RN
o AN it <t A N
. , Hoo it O} 1 O A wires
Electrons drift to closest wire ! \»_,/«’—Tx,,ff«fﬁvwf‘r )
Gas amplification near wire > avalanche S R L 1 mesh

Signal generation due to electrons and slow ions ...

Timing resolution: Contribution
Depends on location of penetration

For fast response: OR of all channels ...
[Typical: o1 = 10 ng]

Space point resolution:

Only information about closest wire > ox = d/|/12
[Not very precise and only one for one dimension ...]

2-dim.: use 2 MWPCs with different orientation ...
3-dim.: several layers of such X-Y-MWPC combinations.

Possible improvement: segmented cathode ...
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Mult-Wire Proportional Chaunber (MWPEN| |(1_

Charged particle
g signals \
0 » Cathode
I~ signal distributic
A~ N
N\
— N
N \r\
° AN -
S —
— J/
: " Center of gravity
Anode determined with
wire Anode oy = 50 - 300 pm

signal
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Multi-Wire Proportional Chamber (MWPC)

(72

High-rate MWPC with digital readout:
Spatial resolution is limited to s, ~ s/sqrt(12) ~ 300 um

TWO-DIMENSIONAL MWPC READOUT CATHODE
INDUCED CHARGE (Charpak and Sauli, 1973)

et
Z -
£ 7
yd v
pd /

Spatial resolution determined by: Signal / Noise Ratio
Typical (i.e. ‘very good’) values: S ~ 20000 e: noise ~ 1000e
Space resolution < 100 um

Resolution of MWPCs limited by wire spacing
better resolution - shorter wire spacing > more (and more) wires...



% Time Projection Chaumber s

Electronic 'bubble chamber' [TZFigWI]O“”Cip'e Particle

Full 3D reconstruction ... A

xy : from wires and pads of MWPC ...
z : from drift time measurement

v e i

o)

Momentum measurement ...
space point measurement
plus B field ... I y

Energy measurement ... = /
via dE/dx ... gas volume central electrode (~50

TPC setup: readout plane

(mostly) cylindrical detector

central HV cathode _
MWPCs at end-caps of cylinder anode wires

BlltoE > Lorentzangle =0

e

Y

e

/

Ji
kV)

cathode pads

Charge transport :

Electrons drift to end-caps
Drift distance several meters TPC principle

Continuous sampling of induced [r® view]
charges in MWPC
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% Time Projectionn Chaumbersl

Advantages:

Complete track within one detector
yields good momentum resolution

Relative few, short wires (MWPC only)
Good particle ID via dE/dx

Drift parallel to B suppresses transverse

diffusion by factors 10 to 100
. | > Challenges:
-, particle track E
Long drift time; limited rate capability
[attachment, diffusion ...]
T Large volume [precision]
22::5d2|ZT§ne — = Large voltages [discharges]
A | FodeREEE == e Large data volume ...
ff" 1'1\ ﬁ _ E>§treme load at hligh luminosity; gating
A",}’fﬁ‘ffﬁf PR ku\\\&\q\ he” grid opened for triggered events only ...
A2/ AT T VR AN NN \
PSS IS RN

R Typical resolution:

z: mm; x: 150 - 300 pm; y: mm
dE/dx: 5 - 10%

induced chérge
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% Time Projection Chaumber s

Difficulty: space charge effects due to slow moving ions
change effective E-field in drift region ....

Important: most ions come from amplification region

Solution: Invention of gating grid; ions drift towards grid ...
[Also: shielding grid to avoid sense wire disturbance when switching]

Requires external trigger to switch gating grid ...

= M T
N
1.8 ate closed Gate open
1.6
14+ = n_ n — n —u | I o o o
- + - + - + -
Gl gating grid
o 12 8
= shielding grid
1.0F . ° ° ° ° o - ] . ° ° ° °
B B \ \ﬁ / \ \\ i \ &/
L) L) @ 4 ) )
B ; 4 0.8 Y N Y 4 Y 4
0.8 anode wires I 4
[6) o) o]
061 cathode plane 1061
! 1 ! ! ] | ! ! 1 ! 1 1 1 1 1 04 L L L 1 1 1 L L L L L L L L
-06 -04 02 0 0.2 0.4 0.6 -06 -04 02 0 0.2 0.4 0.6
x (cm) x (cm)



Time Projection Chamber (TPC)

The TPC is a gas-filled cylindrical chamber with one or two endplates (D. Nygren, 1974)

Ingredients:

* Field cage for the E field
* Magnet for the B field
* Amplification system at the endplates
» Gating grid to suppress the ion feedback
* Laser calibration

1976: proposal for PEP4 at LBL

Proven technology: DELPHI, ALEPH (LEP),
Ceres, NA49, STAR (heavy-ion experiments)

Future experiments: ALICE (LHC), ILC

STAR ALICE ILC
Inner radius (cm) 50 85 32
Outer radius (cm) 200 250 170
Length (cm) 2*210 2* 250 2* 250
Charge collection wire wire MPGD
Pad size (mm) 28*11.5| 4*7.5 2*6
6.2*19.5 | 6*10(15)
Total # pads 140000 560000 1200000
Magnetic field [T] 0.5 0.5 4
Gas Mixture Ar/CH4 Ne/CO2 |Ar/CH4/CO2
(90:10) (90:10) (93:5:2)
Drift Field [V/cm] 135 400 230
Total drift time (ps) 38 88 50
Diffusion ot(pm/Yecm)| 230 220 70
Diffusion o_(pm/Yecm)| 360 220 300
Resolution in rgum) | 500-2000 | 300-2000 | 70-150
Resolution in rz{um) |1000-3000( 600-2000 | 500-800
dE/dx resolution [%] 7 7 <3
Tracking efficiency[%]| 80 95 98




®  Time Projectionw ChamberSl

ALICE TPC: =

Length: 5 meter
Radius: 2.5 meter Vs i
Gas volume: 88 m3 LA TTTTTT (3 A | lys -

Total drift time: 92 us , L]
High voltage: 100 kV (L s \\\ e et

End-cap detectors: 32 m? N Lo e
Readout pads: 557568 e I — 88 Ps il ausBey S

159 samples radially
1000 samples in time

Gas: Ne/CO2/N2 (90-10-5) i P
Low diffusion (cold gas) : 4

Gain: > 104 -
Diffusion: ot = 250 pm e
Resolution: o = 0.2 mm

: o
ou/p~1%p; e~ 97% [ ‘\ A0

Ode/dx/(AE/AX) ~ 6%
Magnetic field: 0.5 T

Pad size: 5x7.5 mm? (inner) _ . | |
6x15 mm2 (outer) Material: Cylinder build from composite

material of airline industry (Xo= ~ 3%)
Temperature control; 0.1 K

[also resistors ...]
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II@@ CSC — Cathode Strip Chamber

Precise measurement of the second coordinate
by interpolation of the signal induced on pads.
Closely spaced wires makes CSC fast detector.

N

M T T T T T
ZEEN
Led 700 -
Fit by Gauss + Parabola
B Op=634um

l / 500 = . 10 = 64 Mm.

£ - o
Center of gravity of induced 2ol .
signal method. r 7

Fesidual |, {mm)

Space resolution

C.Joram CERN - PH/DT Particle Interactions — Detector Design Principles 3-15
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Basic idea:

Use parallel plate chamber with high field ...

Electrons of ionization clusters start to
produce an avalanche immediately ...

Induced signal = sum of all simultaneously
produced avalanches ...

Signal: immediate ...

in contrast to e.g. wire chambers where avalanche only
generated in vicinity of wire ...

But:

Electron avalanche develops according
to Townsend [see abovel:

n = nge™”
no o : Townsend coefficient

X : traversed path length
G : amplification (gain)

Raether limit: G = 108; ax = 20; then sparking sets in ...

¥ Resistive Plate Chambers W 1L

Readout Strips (X)

Insulator HV
High Resistivity Electrode
Graphite
Coating Gas Gap
High Resistivity Electrode
Insulator GND
Readout Strips (Y)
Schematic image
of typical RPC geometry
particle /
/ cathode| Schematic view
sensitive region of avalanche process
Gap size matters!
[the smaller the better]
/ , anode|
J

Thus: only avalanches traversing full gas gap
produce detectable signal, i.e. limited signal
region close to cathode ...

As maximum gain < 108; sensitive region limited to 25% of gap ..
Time jitter: ~ time to cross sensitive region ...



¥ Resistive Plate Chambers W 1L

particle / RPC

Pestov chamber [1970]

[First example of resistive plate chamber] /

cathode

Glass electrode (Pestov glass) + metal electrode 100 pm gap

Operated at very high gas pressure: 12 atm
[For large density of primary ionization i.e. good detection efficiency]

Gas gap of 100 pm; time resolution: 50 ps

Pestov glass
[Resistivity: 101 Qcm]

Disadvantages:
Mechanical constraints high pressure
Non-commercial glass (high resistivity) MRPC \ particle
Limited sensitive volume
Long tails of late events \ electrode

Multi-gap RPC
[Developed for ALICE particle ID] L velanche AN

|dea: very high gas gain for immediate avalanche production, = ====eesememmmceceec AN oo
but mechanism to stop avalanche growth before sparking

Solution: add boundary layers invisible to fast induced signal; electrode
external electrodes sensitive to any of the initiated avalanches

A//
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¥ Resistive Plate Chambers | 1L
, particle
Multi-gap Plck-up\“\eleotrode ‘(, "

Resistive Plate Chamber

- HV (10 kV)
Stack of equally spaced resistive B ‘
plates with voltage applied to -8RV
external surfaces ... _6 KV - glass plates

TA
Internal plates electrically floating ... —4kV | | .. gas gap:
Electrodes on external surfaces ... —oKV 7 [250 pm]
[Resistive plates transparent to induced signal] A
0 kV

Internal plates take correct voltage ...
[Feedback due to electron/ion flow] “carbon layer

Mylar v T Pick-up electrode
Feedback principle:

| / | | // | —» Flow of electrons
. / ! . / . -» Flow of positive ions
T I //K | —8kv A | /ﬁ | —8kV
l | / | -6kV ‘ | /ﬁ | 65K/ Al Same 2 kV across each gap;
I ”{/K I + I J I same gain, i.e. same charge flow ...
— 4KV — 4KV
K B: Flow to layer with 6.5 kV not
I / | —2kv | / | —2kv symmetric; flow decreased for
/}/ ok | l;/ ok electrons and increased for ions ...

~

/ , > System will go back to symmetric
N state with 2kV for all gaps ...




Conceptual View of a Resistive Plate Chamber (RPC)

RPC: Resistive Plate Chamber

Parallel-Plate capacitor: E> 100kV/cm * Resistive plate: Oiled bakelite or ionic-
\[. conductive glass
/ READOUT STRIPS X ] ) o
Y- —— m— e INSULATOR * High electrode resistivity (10%-10'2 Q c¢m)

» GRADHITE CNATING

" B NOTASSIMPLEAS «w

GND -_ORIGLALLY THOUGHT * Resistivity limits the rate capability

limits energy contained in charge avalanche

« Major advantages:
good time resolution (~1 ns),
CATHODE . . . o1 ANODE With multi-gap RPC ( ~ 50 ps)
| cabon  Jarge area coverage at affordable cost

Carbon

lonic conduction model of RPC:

There are several ions involved in the current flow.

The charge exchange has to work well to

Bakelite Bakelite prevent charging effects at various boundaries:
| | + Spacer gas, the linseed oil, the Bakelite and the graphite.
'
If a resistivity buildup occurs at some boundary,
R. Sanlonico, Nucl. Instr. and Meth. A 187(1981)377 there may be a charging effect >
R. Santonico, Nucl. Instr. and Meth.A 263(1988)20 subsequent ‘RPC death’

J. Va’vra, Nucl. Instrum. Methods A515(2003)1



Gas Electron Multiplier (GEM)

Thin metal-coated polymer foil chemically
- ~—~ —— —— pierced by a high density of holes.

| Upon applying a voltage gradient, electrons
AT o | released on top side, drift into the hole,

| \ " 1 multiply in avalanche and transfer the

N _ other side.
I 1
1 i1 - . . .
SRR i Proportional gains >103 obtained in most
i common gases.
- K ~ W T T T SG::?:S:E
z | High-rate capability > 10° Hz/mm
1l ® 110}
: ; :
[ 1 < 1.00 + ey + 4
m #
] (4
0.90 |
[ SINGLE GEM GAIN vs rate
-V, =-467V (Gain~ 100)
0.80 Ve - 2000V
— [ Ar-CO, (70-30)
. 0.70
Thickness:  ~ 50 mum ;
J AV:  400-600V o0 | e ey e
Hole Diameter: ~ 70 mum _—
T 10° 10° 10* 10° 10° 10’
& Pitch: ~140 mum J. Benlloch et al, IEEE NS-45(1998)234 RATE (Hz mm)
Nicolas Delerue, LAL Orsay F. Sauli, NU¢Y, iSthém. Methods A386(1997)531 38

http://gdd.web.cern.ch/GDD/



Nicolas Delerue, LAL Orsay

Kyiv, 2012

Gas Electron Multiplier (GEM):

F. Sauli, NIM A386(1997) 531;
F. Sauli, http://www.cern.ch/GDD

Separation of amplification stage (GEM)
and readout stage (PCB, anode)

DRIFT
ED DRIFT
1385080000000 00 000088 CBMI
By TRANGFER]
mBiisscsscssccasIERRRRS CEM2
Br, TRANSFER:
EEpeesssseRRERERRRRRRRRECEM]
B DUCTION
BOARD

g Cathode
bosl ot
o GEM
b [l Transfer &
"ii;lllllllllaI GEM
L Transfer :
e GEN
I Induction
e inode




Back

Parallel plate multiplication in thin gaps
between a fine mesh and anode plate

Small gap—~> good energy resolution

pich = 100 um

450 T S Entriex 323 l
- » "' I"

- y—
400 = 'I ;‘ Jedl 1107 . |
wn £ 80% CF, + 20% Isobutane | Corstont \70.3
% P Maan Q.2445€ -02
A0 F = L Sqmao Q6748 -
o Spatial { —
as ) - l

.o £ resolution ‘
150 ~ 12 um ; \
nn E f

N \
30 E 0/Ve - 2 pr“l‘
TNEWE P ‘_L_L_LA-L,.“'_‘-, LA la ¢b}'Lh—o'~Ll&—LJ‘L_I_.'..J_LIJ_'
a2y -0 015 0.1 os 0 pos Ot 05 02 028

Doutiet  w(De2)=y{Dwtl) (mm)

J. Derre et al, NIM A459 (2001) 523

Piccolo Micromegas

In Casasdeliiaelciely

T2K MiAGIGEEEES

B Nicolas Delegil

MICROMEsh GASeous chamber (MICROMEGAS)

Y. Giomataris,
NIM A376(1996) 29

“Bulk” Micromegas:

BO um

! ez e

NN NT
Y

-.-l..ll‘.




| Borck The Silicon Sensors -I_/I/L

The reverse biased p-on-n diode

Bulk depletes from P+ implants, “front-side* to N+ implant, “back-side”

Electron-hole pairs generated in the depleted region drift to the N+ and P+
electrodes respectively and generate a signal ~ to the depleted sensor thickness

Electron-hole pairs generated in the (conductive) un-depleted region recombine
locally, and generate no signal

Even in a partially depleted sensor, the signal on the “front-side” is localized

Oxide Al Strips

oV

P+ implants

N+ Implants

, To-Backup



M3 The Silicon Sensors -I_/I/(L_

Electrical characteristics of strip detectors

Sensor thickness & bulk resistivity: determines depletion voltage
(V ~ Neff * Thickness?)

depletion

Strip Pitch / Width ratio: determines strip capacitive couplings & electronic noise

Strip Pitch & Width; Width of metal vs. implant: determine Electric field geometry,
in particular high field region at strip edges & sensor breakdown characteristics

Nb. Breakdown voltage in Silicon Oxide ~ 30 * breakdown voltage in Silicon bulk

Single-Sided Lithographic Processing ( AC, Poly-Si biasing ) Metal overhangs implant

o |
®®

97




The Silicon Sensors -U/L
Electrical characteristics of strip detectors

Radiation damage eventually results in “type inversion”

The initially N bulk undergoes “type inversion” and becomes P
The depletion voltage decreases and then increases again with higher fluence
The effectively P bulk depletes from N+ implants, “back-side”, to P+ implant, “front-side”

Electron-hole pairs generated in the depleted region drift to the N+ and P+
electrodes respectively and generate a signal ~ to the depleted sensor thickness

Radiation induced defects trap charge, leading to a loss of signal unless high fields

In the partially depleted sensor, the signal on the “front-side” is no longer localized

Sensor leakage current increases linearly with fluence (by ~ 3 orders of magnitude)

98
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P+ implants
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N+ Implants
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CMS ' '
Measure coordinate = strips

Typical values used are
pitch : 20 um - 150 pum
bulk thickness: 150 um - 500 um

Strips on both sides =2 3D measurement

p side § o 0§ 0 i Buft!

implants

— % complex
($$$)

* strip isolation
(see next

- slide)

/ / * readout (see
. slide after)

9  QOrsay n side Kyiv, 2012

implants




Resolution is the spread of the reconstructed position minus
the true position |
For one strip clusters "top hat" residuals

» Clucter

i tophat ]

600/ : 'IJ"-’ILJL'—JJL Entries 10000
Mean 0.01246

: : R 1449

i i "

500

r i
300

200L_ SN T S

100? .................................

bl iyl
%0 w0 2 0 20 4 &

" - " =
gaussian" residuals

2400~
2200E

2°°°E.
V1. 1) || ARG SUSSGPRES, (ORRCE (R IONSI 011 (PSRER; /OIS | R TP

piTCh mo%

e ———

e Y T R i T T gg

Kyiv, 2012
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SILICON DETECTORS
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& Silicov detector : materials

Elemental semiconductors

* Germanium:
Used in nuclear physics, due to small band gap (0.66 eV) needs cooling
(usually done with liquid nitrogen at 77 K)

% Silicon:
Standard material for vertex and tracking detectors in high energy physics, can be
operated at room temperature, synergies with micro electronics industry.

% Diamond (CVD or single crystal):
Large band gap, requires no depletion zone, very radiation hard, drawback 1s a low
signal and high cost!

Compound semiconductors
Compound semiconductors consist of two (binary semiconductors) or more atomic
clement.
— GaAs: Faster and probably more radiation resistant than Si.
— CdTe: High atomic numbers (48+52) hence very efficient to detection
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= Constiructing av Detector L\

The ideal semiconductor detector
One of the most important parameter of a detector is the signal to noise
ratio (SNR). A good detector should have a large SNR. However this

leads to two contradictory requirements: _A
x Large Signal conductance band
=> low 10nisation energy =» small band gap =
X Low noise Eg I
=> very few intrinsic charge carriers .

- 1arge band gap valence band
An optimal material should have £g =~ 6 eV.
In this case the conduction band is almost empty at room temperature and
the band gap 1s small enough to create a large number of e-h+ pairs
through 1onisation.
Such a material exist, ==> Diamond.
However even artificial diamonds (e.g. CVD diamonds) are too
expensive for large area detectors.

103



Solid state detectors

4 At T=0 Semi Conductor is an insulator but when T *
conductance band electron density (n) = Hole density (p) = n,
(*'e 1.45.10"%cms3 for silicon (given by exp(-Eg/KT)
Eg

K l Ina 1cm x 1cm x 300um detector already 4.5.108 free
charges against 3.2.10% e/h produced for a mip particle
- S/VN =1 no chance to see signal

- Should reduce the number of free charge carriers
- Depletion of detector using doping

Doping type N with As,P acts as Doping type P with B ,Ga, AL, In as acceptors
Cq’%%%" O OO @ O

_®-0-0-0- ED ¢ 0.045 eV

-------------------- E 1015/cm3

Fn
1072/cm3 oo
0.045 eV ©066E€

valence @ @ @@ @ @@ @

Electrons are the majority carriers holes maijority carriers 32



Z Microstrip Detector UL

DC coupled strip detector

e Through going charged particles create e-h+pairs in the depletion zone (about 30.000
pairs in standard detector thickness).

e These charges drift to the electrodes.

e The drift (current) creates the signal which is amplified by an amplifier connected to

each strip.
e From the signals on the individual strips the position of the through going particle 1s
deduced.
/\ /\ /N\
A typical n-type Si strip detector: — T so, AT
% n-type bulk: p > 2 kQcm - - \ \‘E:
=> thickness 300 um s
% Operating voltage <200 V. ?é 19
% n-layer on backplane to improve ohmic contact ¢ é? n-Si
% Aluminum metallization c?? é
&e |
o n+-Si
E—
105 | \AI



From strips to pixels

Flip-chip assembly

Pixel detector bump bonded
to a read-out chip

aluminium layer

high resistivity
silicon

p type silicon

..............................

fipchip——

bonding

. o , Particle detection |
pixel readout — using silicon .

When a charged particle crosses |
the silicon , in the order of i
10 000 free electrons and holes §
are created . o
If an electric field is applied , :.
those electrons are collected . @

They produce a pulse visible

to the readout electronics .

electronics chip —

performed by

GEC
Marconi Materials LTD

Cagwyell; UKoierye

) Truly 2D event image (high rate capability)
[ High granularity of readout plane (~50 mum) op, 23-24 October 2002
2 No long signai’roltife lines (low noise) 2




CMS

Overview of readout electronics .LML
I To-Backup

: E it
! Analog ATIE PIs | prro

DSP...

(Pream —J Shaper

law (14A)

B v S s e e e e
o 100 200 300 400 500 0 20 40 60 B0 100 120 140
1 (ns) t (ns) 1(ns)

Most front-ends follow a similar architecture :

. \?ll'y small signals ({C) -> need amplification and optimisation of S/N
(filter)

Measurement of amplitude and/or time (ADCs, discris, TDCs)
e Several thousands to millions of channels
e Needs time to decide to keep or not the event : memory
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Constraints as seen by a Electronics engineer (From C. de La Taille / LAL)

Low noise

Large
High \ dynamic

reliability range

Radiation
hardness
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% Why do-we Need o TrigdClL

e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision
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e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision

e This means that there is essentially no time integration in the measurement.
Measurements are essentially instantaneous.
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Why do-we Need o Trigeiiml

Experiments in High Energy Physics are different from those in many other areas :

the reactions are measured collision by collision

This means that there is essentially no time integration in the measurement.

Measurements are essentially instantaneous.

The detector needs to have an indicator of the correct time to read out

(typically with a precision of the order of nanoseconds)
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e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision

e This means that there 1s essentially no time integration in the measurement.
Measurements are essentially instantaneous.

e The detector needs to have an indicator of the correct time to read out
(typically with a precision of the order of nanoseconds)

e Experiments may need to be sclective in what they read out <===TRIGGER
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e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision

e This means that there 1s essentially no time integration in the measurement.
Measurements are essentially instantaneous.

e The detector needs to have an indicator of the correct time to read out
(typically with a precision of the order of nanoseconds)

e Experiments may need to be sclective in what they read out <=== TRIGGER

* Once an event is selected for readout, a complicated sequence of operations takes place.
During this time, the detector may not be able to register another event.
The status of the detector needs to be monitored.
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e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision

e This means that there 1s essentially no time integration in the measurement.
Measurements are essentially instantaneous.

e The detector needs to have an indicator of the correct time to read out
(typically with a precision of the order of nanoseconds)

e Experiments may need to be sclective in what they read out <=== TRIGGER

* Once an event is selected for readout, a complicated sequence of operations takes place.
During this time, the detector may not be able to register another event.
The status of the detector needs to be monitored.

e The time during which the detector cannot read out is called BUSY time, or dead time.
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% Why do-we Need o Trigoeiml |/

e Experiments in High Energy Physics are different from those in many other areas :
the reactions are measured collision by collision

e This means that there 1s essentially no time integration in the measurement.
Measurements are essentially instantaneous.

e The detector needs to have an indicator of the correct time to read out
(typically with a precision of the order of nanoseconds)

e Experiments may need to be sclective in what they read out <=== TRIGGER

* Once an event is selected for readout, a complicated sequence of operations takes place.
During this time, the detector may not be able to register another event.
The status of the detector needs to be monitored.

e The time during which the detector cannot read out is called BUSY time, or dead time.

e As these functions crucially affect what is analysed (what is not triggered is LOST)
- account needs to be taken of what 1s kept, and under what conditions,
- by recording a summary of the selection decision per event,
- and by keeping statistics of the numbers of events selected according the selection criteria.
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Why do-we Need o Trigdeiml /'

Experiments in High Energy Physics are different from those in many other areas :

the reactions are measured collision by collision

This means that there 1s essentially no time integration in the measurement.

Measurements are essentially instantaneous.

The detector needs to have an indicator of the correct time to read out

(typically with a precision of the order of nanoseconds)

Experiments may need to be selective in what they read out <=== TRIGGER

Once an event is selected for readout, a complicated sequence of operations takes place.

During this time, the detector may not be able to register another event.
The status of the detector needs to be monitored.

The time during which the detector cannot read out is called BUSY time, or dead time.

As these functions crucially affect what is analysed (what is not triggered is LOST)
- account needs to be taken of what 1s kept, and under what conditions,
- by recording a summary of the selection decision per event,
- and by keeping statistics of the numbers of events selected according the selection criteria.

The trigger system controls these functions

To-Backup



Trigger Signatures

MuDET

1%

proton beams

Features distinguishing new physics from the bulk of the SM cross-section

‘Presence of high-p, objects from decays of heavy particles (min. bias <p,> ~ 0.6 GeV)
*More specifically, the presence of isolated high-p; leptons or photons

*The presence of known heavy particles (W, 2Z)

*Missing transverse energy (either from high-p; neutrinos, or from new invisible particles)




Physics selection at the LHC I |(1_

E LHC Vs=tdTeV  L=10"em’’ rate evier ON-=line >

barn . < OFF-line
ahe o LEVEL-1 Trigger
g inelastic L input e = /{‘:‘ || Hardwired processors (ASIC, FPGA)
sMM [T LEF] [ Pipelined massive parallel
b a 1 7, ‘ P_ B i ;
m ‘i s . ‘*g ALV -
1 S et
e 1 N\ 27 7 HHIE HIGH LEVEL Triggers
max Detector output ; e
max L1 outputa 10" - ||><|| 3& S\ =1 Farms of
max HLT input ' I p= = | processors
b 10 " \
kHz 10 "
HLT output————b 7 10° Bl
' Reconstructlon&ANALYSIS
b ? | TIERO/1/2
e 7 Centers
SUSY qq+qg+gg 7
tanfi=2, p:m;:m;l? 6 J
iy tanf=2, ji=m_=m;
pb | 99-aaHg, et 108 i
P - A
Hy 11 mHz 110 T
‘ e - - &
3 a bl clden
10 e - - | l P
Hey—+2Z 41 O P i O
IHz
o 2y sealrtg\ 202\ 25ns 3us ms sec hour year
50 100 200 500 1000 2000 5000 '10° 106 103 '10° 103 '

jet E; or particle mass (GeV) Giga Tera Petabit

11



Pipelining LV



Pipelining - (-

o Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.
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Z Pipelining - .

o Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

© The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed
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Pipelining - [H-

o Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

\

© The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed

® Solution is to break the algorithm into tasks that can be processed
in one BC, and arrange that data from each successive BC are
stored.
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= Pipelining - W

L

o Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

© The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed

® Solution is to break the algorithm into tasks that can be processed
in one BC, and arrange that data from each successive BC are
stored.

o When the full algorithm is complete a decision is made
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Z Pipelining -

o Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

© The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed

® Solution is to break the algorithm into tasks that can be processed
in one BC, and arrange that data from each successive BC are
stored.

o When the full algorithm is complete a decision is made

o [In this way
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Pipelining [

Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed

Solution is to break the algorithm into tasks that can be processed
in one BC, and arrange that data from each successive BC are
stored.

When the full algorithm is complete a decision is made

In this way
® a new set of data(for 1 BC) enters the system at each BC, and
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When the full algorithm is complete a decision is made

In this way

® a new set of data(for 1 BC) enters the system at each BC, and

o ANEW TRIGGER DECISION IS MADE FOR THAT BC a
fixed time (trigger latency) after the data arrived.
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Most experiences (except Alice) have up to 30 interactions per
Bunch Crossing (BC), and must be able to process each BC.

The time between 2 BC’s (50ns) is far too short to allow a trigger to
be processed

Solution is to break the algorithm into tasks that can be processed
in one BC, and arrange that data from each successive BC are
stored.

When the full algorithm is complete a decision is made
In this way
® a new set of data(for 1 BC) enters the system at each BC, and

o ANEW TRIGGER DECISION IS MADE FOR THAT BC a
fixed time (trigger latency) after the data arrived.

Data from non triggering detectors are also stored in shift registers,
advancing one position per BC. If when the trigger decision is
maile, it turns out the no needed which are discarded data.



Pipelined-multilevel-triggers
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Additional processing in LV-2: reduce network
bandwidth requirements

Rate (H .
Level-1 Detector Frontend ate (Hz) LEVEL-1 Trigger 40 MHz
QED - Hardwired processors (ASIC, FPGA)
Level-2 ,_.Iill:]mm_[:][:]ﬁ] h . MASSIVE PARALLEL
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Available processing time
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e Two-physical entities (CMS) .LI/(L

Rate (Hz) LEVEL-1 Trigger 40 MHz

Level 1 :[ DiEisEeT iz ]7 QED ) Hardwired processors (ASIC, FPGA)
Trigger Readout MASSIVE PARALLEL
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104
1000 Gb/s HIGH LEVEL TRIGGERS 100 kHz
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Available processing time

- Reduce number of building blocks
- Rely on commercial components (especially processing and
communications)
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Challenges for Future Detectors: Experimental Opportunities

A0
The Energy Frontier
- Rad hard, low mass vertex sensors
- Triggering at luminosities > 1035/cm?/s
- 4 um point tracking resolution
- Hadronic jet energy resolutions of 30%/sqrt(E)

Origin of Mass

Matter/Anti-matter
Asymmetry
The Intensity Frontier
— Low-cost efficient photo-detectors

— Large volume, long drift LAr TPC Jnification of Forces
with maintained purity and robust readout

Origin of Universe

New Physics

ray F
e\a\e 9y o

f’@,‘,

Dark Matter

The Cosmic Frontier

- Background rates in dark matter detectors
down to a level of 1 nuclear recoil per ton per yea

- Depth of observation of galaxy clusters

— Psec level time-of-flight for rare decays = ©nd the Standard Mo - Probe the Planck scale of space-time

Neutrino Physics
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