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- [kl Outline of the Detector lecture

« 1St part (previous talk)

- Particle detection concepts: detection vs identification
- Interaction radiation/matter: charge vs neutral particles
- Calorimeters: Electromagnetic and hadronic showers

- lonization detectors: electronic detector (GAS)

« 2"d part (this talk)

- lonization detectors: electronic detector (Solide State)
- Excitation and scintillation: light detector
- Tracking: from track reconstruction to vertex finding

- Ove HASCO Summer School — July 2021 2



GEORG-AUGUST-UNIVERSITAT i ) )
. @J GOTTINGEN A few detection principles

« Detection (counting) vs identification (mass/charge measurement) of particles
 Different type of interactions for charged and neutral particles
» Different “scale” processes for electromagnetic and strong interactions

=» Evolution from pure “Image” reconstruction to “Electronics image” deduction.

Pion discovery (1947) via nuclear emulsion Z,boson discovery at UA1 CERN (1983)

Detection/ldentification based on different type of interaction of the incoming particles
(originated from the collisions) with matter:

« Charged particles (lonization, Bremsstrahlung, Cherenkov)

 y-radiation (Photo-electric/Compton effect, pair production)
* Neutrons (Strong interactions)
* Neutrinos (Weak interactions)
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. G e Particle detection at LHC

* The detector sees only “stable” particles (ct > 500 um)
=» 8 most frequently produced e, %, y, ¥, K%, KO, p*, n

i - To detect a particle, it has to

Interact/deposit energy:

« could be a part
(trackers) or the full
(calorimeters) energy!

« Ultimately, the signals
comes from the charged
particle interactions:

* Neutral particles
(photons, neutrons) must
transfer their energy to
charged particles to be
measured (calorimeters)
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( JGEDRG-AUGUST—UNIVERSITAT : ; :
(A GOTTINGEN Electromagnetic Interactions Particles/Matter

Three type of electromagnetic interactions:
1. Excitation/lonization (of the atoms of the traversed material)

2. Emission of Cherenkov light How the energy loss
3. Emission of Transition Radiation became a fundamental
quantity instead of a
Z, electrons, q=-¢, prime issue!

M, 97218 In case the particle's
velocity is larger than the
velocity of light in the

@ medium, the resulting EM
shockwave manifests itself
as Cherenkov Radiation.

Interaction with the atomic | | Interaction with the atomic When the particle crosses
electrons. The incoming nucleus. The patrticle is the boundary between two
particle loses energy and the | deflected causing multiple media, there is a probability
atoms are excited or ionized. | scattering in the material. During (~1%) to produced an X ray
this scattering a photon, called Transition
can be emitted. radiation.
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GEORG-AUGUST-UNIVERSITAT
GOTTINGEN

Energy loss for heavy charge particles/2

* For heavy charged particles like proton, k, 1, Y, .. where m; qigent > Me

~dE/dx (MeV g lem?)

50.0 -|1HTF"T|_TT11TWT_1_1TTF"11_|_'_FT"FT_1_I_ITF1'1_'_T_FH1I.-
‘::" dE[dy o [}~ 53 in* on Cu
20.0 o NAE [dx o< 372 I=322eV
Radiative effects
10.0 = become important =
- Approx Timay
5 ﬂ ™ - i -
' : dE [dx without & ]
£o0% A\ Minimum | Jj B
o o Loorrect. | ionization ) | . '-_,
N =T T2 0.5 MeV
- H-E""J.' P an _'__'1‘_' mt
1O " p-537 "L Complete dE/dx -
D_E ‘i-JJI.I.l - Ll.JIiJ.IJ. A ..J-u.lJ. - |||||i AL i """I;
0.1 1.0 10 100 1000 10000
Py = p/Mc
By =3-4

Three distinctive regions:

1. Steeply falling (kinematic factor) as
1/B? down to By = 3-4
« Minimum lonization Particle
(MIP)
1. Relativistic (modest) rise In(4y?)
 highly relativistic particles very
similar in dE/dx
2. Density effect and saturation (-0/2)

Units: MeV g1 cm? or MeV/(g * cm™)
> <dE/dx>., ~1-2 MeV gt cm?

Density of copper: p=9.94 g/cm?
= MIP looses ~ 13 MeV/cm in copper

6
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( J GEORG-AUGUST-UNIVERSITAT .
AP GOTTINGEN Energy loss dependence on material

: 2m.c’ By’ 2 C
In(—= W )-28"-6 -—
a5 (% wan) =287 = 0(By) =~

What is the dependency of the
<dE/dx> on the traversed material?

H, liquid

* For Z/A = 0.5 (majority of materials),
at the minimum of the ionization

= “,'f_",;f (By =3)
> <dE/dx> ,p = 1.4 MeV g1 cm?

- dE/dx (MeV g'lcmz)

'mlO T 100 o 1600‘ 1000(. Examp|e:

' By = p/Me |
| P S S T LS| M.L.P. traversing Iron

2 o nGevie L 0%« thickness = 100 cm;

Muon momentum (GeV/c)

““611 ' ”““1’10 J ”'“ilo ' 1(1)0 | ““1'6[00 * p=7.87g/cm3
. Pion momentum (GeV/e) dE = 1.4*100*7.87 = 1102 MeV = 1.1 GeV

l_L_l_l_A_Lu.Ll_J_A_LLLLuLL_J_J_LJJuLA_LLLu.uA‘_A_I_A_LLuJ
0.1 1.0 10 100 1000 10000 )
Proton momentum (GeV/c) = 1 GeV muons can travers 1 m of iron!
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B GEORG-AUGUST-UNIVERSITAT . . . oo -
. @J GOTTINGEN dE/dx for particle identification

« <dE/dx>: identical for particles with the same charge (z) vs By = p/mc,
different vs momentum p

ALICE Experlment at CERN ATLAS Experlment at CERN
_ 80T ' = o 10grr R T T T T 10°
£ o ALICE performance GE g__ATLAS Prellm] ._: ¥oh L - E
25 e pp, /s =13TeV 1 "o [ Good Pixels>=3 -: "3 - =
i-:, B=02T > 8;— s -. ) : . —; 104
B o - R b 3
510 S 7F B L 3]
z o 3 - Ly R T
» 6 LL - R o = 3
§- 5§ o 5__ b el
2 4] =X TR ol
a8)' 3 4 - E 10°
‘% _ 3 _Z-.' = =T :_-.-:_ 3
a":s 2
0 2 10

10 1 10 1

Momentum (GeV/c)

1

95 2 15 1050 05 1 15 2 25
p (GeV)

 The energy loss vs p, depends on the particle mass m

« By measuring p (deflection in magnetic field) and dE/dx
=>» mass of the particle, i.e. particle ID (in certain energy regions)
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C JGEDRG-AUGUST—UNIVERSITAT
A GOTTINGEN Energy loss at small momentum / Range

|
* For By > 3 the energy loss Is ~constant ; ~ 77— |
« Energy loss increases 1/82for By <3 & = ; p*onC :
= Particles deposit most of their o - : 3
energy at the end of their track A l
) ?E Radjative |
Bragg peak 153 s WYL
a :__] M . adiafve
g I ion?zugglomn I / mssei___-__-
Important effect for cancer therapy! ;[ Now B
§ | losses | | With()lllté

o 00l ol 1 10 w0 oo 1t 1

By |
100~ =~ ProtonTherapy | | | I I u | |
-'r : X_Ray Therapy ______________ 0.1 | 10 100 l 10 100 | 10 100
j [MeVic] [GeVic] [TeVie]
75— Muon momentum
g Range of particles (R)
8 ‘‘‘‘‘‘ .
N0 e Particle enters the matter and
7 looses energy until it comes to rest
T d -1
0 15 20 25 R(T) —/ ——E] dE
0 dx
Depth (cm)
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C JGEDRG-AUGUST—UNIVERSITAT .
A GOTTINGEN Energy loss for electrons: Bremsstrahlung

 For electrons, Bethe-Bloch formula needs corrections since;:
* Incident and target electron have same mass, QM indistinguishable

_<d_E> o« In(E)
d“x lonization

« Additional effect becoming predominant for E > 10-30 MeV

Bremsstrahlung: photon emission
by the electron accelerated In
the Coulomb field of nucleus.

Bremsstrahlung radiation

e

—<d_E> o E electron

« Energy loss proportional to 1/m?
= main relevance for electrons (or ultra-relativistic muons)
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C o J GEORG-AUGUST-UNIVERSITAT
S Total energy loss for electrons

« Specifically for the electron, we introduce a new quantity, X,

A dE E X
4aN, Z2r2 In 12 - _<_> -> E(x)—EUexp(—x—)

73 Brems 0

}L{} =

Material specific [g * cm™] X, = radiation length
=

“distance” after which

200 ————————— e vl .
Copper the initial energy E, is
Xy =12.86 g cm-2
100 L E,=19.63 MeV i reduced by a factor 1/e
: Rossi: E

Ionization per X
= electron energy

(=

)5 4
—; dx Total dx lonization dx Brems

E. = critical energy

W
o

T ™ f[‘rrl

dE/ldx x Xy (MeV)
oo Ot
o

Do
j=1

Brems = ionization -

10 [ i . 1 de b)) A A L | R T l <dE> <dE>
2 5 10 20 50 100 200 =\ = N\
Electron energy (MeV) dx lomization dx Brems
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@ JGEDRG-AUGUST—UNWERSITAT
e o Summary for energy loss

_ - |
=L n
= uw" on Cu
% 100 E
E - Bethe Radiative :
— # Anderson-
2 ol Ziegler -
2 - D i Radiative 1 .
S5 effects Epe
Eﬂ 10 F239 reach 1% | =
‘B e o < Radiative .
- - Minimum / losses ]
g . ionization (L ae---- 4
gh; [ Nuclear L =]
S Jlus:-;u:-; Without &
> | | | |
0.001 0.01 0.1 ] 10 100 1000 lﬂfjr l['}!5
By
| | | | | | |
0.1 1 10 100 1 10 100 ] 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
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((Q /| GEORG-AUGUST-UNIVERSITAT i
7! GOTTINGEN FIUCtuat|On ()f energy IOSS

« Bethe-Bloch formula describes mean energy loss <dE/dx>

« Single energy loss is a statistical process, fluctuating event by event

- for very thin absorbers, Landau distribution gives a good description

. Asymmetric tail due to large single-collision energy transfers

=
b

between a massive highly relativistic particle -g -

and a single electron - &-electron Zois |-

0l L

. Average value # Most probable value (MPV) .

005 :—

. : : C

- correction needed for thicker material A T I T s
b1 5 L0 L5 20
« Vlavilov, Bichsel models. M.P.\ E (arbiteary scale)

Average Value
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. @J comnGen Multiple Scattering

 Incident particle can scatter in the Coulomb field of the atomic nucleus
 already described for the Bremsstrahlung case
 deflection will be more significant because of the factor Z!

i — ~ For many collisions (>20):
— — f statistical treatment
\“;,;a;;\f'a“j\ e “Moliere theory”
A Oplane
A

« Probability that a particle is defected by an angle after travelling a
distance x in the material: Gaussian distribution approximation with o:

13.6 MeV X X
02 — @Plane _ ~ (1 +0.0381In —
(02(x)) rma Bpc 21/)(.3( + "xﬂ}

« Material constant X radiation length

e oc yx — use thin detectors
» o< 11X, — use light detectors

« o< 1/Bp — serious problem at low momenta
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. @J G Cherenkov Radiation

Three type of electromagnetic interactions:

1. Excitation/lonization (of the atoms of the traversed material
2. Emission of Cherenkov light

3. Emission of Transition Radiation

 |onization is one way of energy loss, photons emission is also possible

* Velocity of the particle: v
* Velocity of light in a medium of refractive index n: c/n

 |f particle travels with (v > c/n) or (8> 1/n) ..EM shockwave creation
= real photons emitted! .

\ coherent wavefront
w )
cosf, = — = 1 ™~
K-v np NN
. ".:'.' IlII )

: NN .
8. 0. 8. v

Energy loss by Cherenkov radiation very small w.r.t. ionization (< 1%)
Interesting application to measure B of the particle! = RICH detectors.
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. @J G Transition Radiation

Three type of electromagnetic interactions:

1. Excitation/lonization (of the atoms of the traversed material
2. Emission of Cherenkov light v

3. Emission of Transition Radiation

Relativistic particle (large y) crosses the boundary between two media
with different dielectric constants (g, €,)
=>» probability ~1% to produced an X-ray photon

The number of photons are small so many transitions are needed
=» use a stack of radiation layers interleaved by active detector parts.

Intensity | ~y=E/m
« Used for identification of particle of momenta 1-100 GeV
« The photons are emitted at a small angle (6 ~ 1/y)

Emitted energy ~ (&;-&,)
 HEP: gases (&) and light plastics (&,),
=>» photon energies ~10-30 keV Shievnd
« Choice of material with big difference but particle
photon should not be absorbed!
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B GEORG-AUGUST- ERSITAT . .
. G ST lonisation detectors concept

« Charged particles leave a trail of ions/excited atoms along their path:
Electron-lon pairs in gases and liquids, electron-hole pairs in solids.

» Deposited energy E,., causes ionisation (average energy | needed)
= releasing a total n = E,/ | charge carriers

* Apply electric field to extract and read charge pulse

(charge drifting + induction)
» Typical media used: ae % Drifng charges
« (Gas: e-ion pairs, | ~few 10 eV 7
« Semiconductor: e-hole pairs, | ~ few eV S
% —
« Bethe-Bloch signal dE/dx « density (p) ¢ (o0 s or plansi
 Gas: |

too little charge released (g=80 e’/cm ) to have a good signal
- internal amplification needed (e.g., wire chamber)

* Semiconductors:
charge detectable, but competing with intrinsic charge carriers
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GEORG-AUGUST- ERSITAT . . .
. G e s Semiconductor : pn-junction

 |onization as in gas detectors

- Semiconductors = solid materials with crystalline structure (Si, Ge)

—> electron-hole pairs (instead of electron-ion)
« Usage of special materials “Extrinsic or doped semiconductors”:

- Majority of charge carriers provided by impurity atoms at lattice sites of the crystal
- n-tfe (p-type) materials with excess of e (holes)

(a) (b) ;:? ‘ electrons

n p = Ve
l
O O V-
I - -0 7 = .-
Ottt T | 5 5 Vl
@+ + + + | T o7 ~ a
) ' 0950 Ve
0\+.+ L] A+ B —%— - Vhi
| . .
\
electrons holes
donor ion acceptor ion n p

* pn-junction under reverse bias (High Voltage applied to electrodes):
» Extract electrons or holes present from doping (depletion region)
* Provides electric field needed for charge drifting
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- GEORG-AUGUST- ERSITAT .
. @J GOTTINGEN Segmented Semiconductors

e Segmenting pn-junctions into pads, strips and pixels
-> position sensitivity

Guardnng

Pixel electrodes |

Guardnng

Zuischea- Strip electrodes

Detector volume
(substrate)

(¢) Pad bzw Pixeldetektor. (d) Streifendetektor.

Backside electrodes

Typical sizes:

« Strip or Pixel pitch = 50/250/500 uym
» Detector Thickness = 200-300 ym

« Enough to create a good signal

300
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B GEORG-AUGUST-UNIVERSITAT .
. @J GOTTINGEN Pixel Detector Read-out

Hybrid technology:
1:1 connection sensor segments to the read-out cell
=> bump bonding technique

front end e
electronics i

under-bump metal -<— bump connection

sensor

\ particle track
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® GEORG-AUGUST-UNIVERSITAT
AT GOTTINGEN

Light-based Detectors:
Scintillation &
Cerenkov Radiation




B GEORG-AUGUST-UNIVERSITAT - - -
. @J GOTTINGEN Scintillation

lonisation
threshold n-states EXCItatIOn from
Singlet Triplet '
Sy Sag « Bethe-Bloch
! (charged particles)
Sy N SO T, * Photo-electrons
S, Sy n (— detection of y)
S ] s — * Neutrons knocking off
RSV S S 1 S I, protons
! S A (ps)
Sy E::;-“‘E“.““" Yvy ;f'?:ﬁﬁ,
} %ﬁ%'z:z:z Resulting in de-excitation
v T TTITE— = scintillation light
2 ?
3-4eV & 2 (ms} s
~400-300nm g ® 3
2 E £
ST O I I Y I O A W
Eﬂg_. = e o o - = —! —————————————— -———T ———————
1, E{J'I..........-.........-l'I ------------------ T ---------
¥ Eﬂ Eﬂﬂ Y Y
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. ®riesubl  Light Readout: PMT and APD

insulation
conductive painting
(cathode potertial)

glas bulb

scintillator light guide

(In-)organic material photo-cathode
—>scintillation light

housing (screens)

Light guide Photo multiplier tube (PMT)
->connecting scintillator to PMT -—2signal amplification before read out

—
hv n*
Alternative to PMT: F-I'——I.§
Silicon pn-junction with }_ L
amplification (Avalanche P
Photo Diode, APD i
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. @J aepieviathtil Cherenkov radiation: RICH detectors

* In a Cherenkov detector, the produced photons are measured.

* Principle: project Cherenkov cone into a ring, we measure its radius
=>» emission angle 6, 1

Ly
=> B of the particle €080, = 1V = ng

 If particle momentum p provided by other detectors = particle 1D!

« Components: radiator (+ mirror) + photon detector

7

aerogel n_<n, photon detectors
Cherenkov photons

charged particle
el iy

=
i

1.5+1.5cm 20cm
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® GEORG-AUGUST-UNIVERSITAT
AT GOTTINGEN

Tracking detectors




GEORG-AUGUST- ERSITAT
. > Fiienubitalll  \Vhat to expect from trackers?

Measure trajectory of charged particles

Measure several points along the track and
fit curves to the points (helicoidal
trajectories with magnetic field)

Use the track curvature in magnetic field to
determine the particle momentum and
charge

Extrapolate tracks to the point of origin

perigee:

Determine positions of primary vertices
and identify collision vertex

Find secondary vertices from decay of
long-lived particles (lifetime tagging)

p=(d,,Az,6,0,0/P)
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GEORG-AUGUST-UNIVERSITAT

Tracking Concepts

Full silicon tracker Gaseous + Silicon tracker
(ATLAS)

particle track

particle track
with hits

with hits

primary vertex

secondary vertex

beam pipe

1st vertex-layer

2nd vertex-layer
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@J GEORG-AUGUST-UNIVERSITAT i i i
NEZ/! COTTINGEN Single Point Resolution (1)

_ Hit
Simple case:

only single hit segment (binary readout) JANWAN /\ JAWAN
« Segment width = p

« Default hit position:
centre of segment

+—>

p
* Reconstruction error (“residual”) ~_ DX o Ko
varies with true hit position. ™~ ol
P TN |
. g . —+ X’[rue
« Flat hit probability: residual pl2

distribution is a box diagram

\ s+ dN/dAX

i B




i"_ J GEORG-AUGUST-UNIVERSITAT . . .
(AP GOTTINGEN Single Point Resolution (2)

* Reconstruction error
—> std. deviation defined by probability distribution

* Normalised box distribution centred around O with width p:

p/2 =» single point resolution o, ~ 14 ym
x\ 5 I X dx=—E= for a pixel/strip pitch p = 50 ym
p —pl2 \/ﬁ

« \Worst possible resolution with pure binary readout
« Value improves if several segments are recorded per each track:

=>» weighting with pulse height information
dN/dAX




(@h J GEORG-AUGUST-UNIVERSITAT _ _ _
\JAZ! GOTTINGEN Pulse Height Weighting

« Simplest method : e

. . . . strip gg;l;oge
linear interpolation, using the charge ; - Gl tuton
deposited in the edge pixels of the | . e
cluster: | N
Q= Qjqst : : Z
prst ™ Dias / o Conter o gty
« Hit position: reconstructed from I
geometrical centre of the cluster € ool presicuals vs charge balancing
and Q g E Cluster size = 2
$0.005 + Ast< .
1 ‘
X =X +A [Q —= - ATLAS Preliminary
centre X X 2 -0.005 - slope: -24 = 2 um B
2001 e T
. 0O 01 02 03 04 05 06 07 08 0.9 1
« AX calibrated from data 2o

(plotting residual vs. charge sharing)




. @J gfjt:ﬁ::h;gl;gum-UNWERme Drift detectors

Resolution can be < p/V12 if using drift time: ATLAS MDT
« Precise measurement of arrival | @
time of charge signal s —
« Known electric field I ?3’%‘?'@‘%?‘3%- B BO
— drift velocity v = y E Iis known z SRS
— determine distance of ionisation f_g —— . 10
location from electrode B R 7 o
» Precision driven by Electronics e L e R
(timing resolution) and smearing e
due to Diffusion ' ' :
ool |
D = lv)\ 2 1 (kT) T gl e e
aof el -
. Diffusion depends on the gas T - . ﬂ

pressure P and temperature T N R




. (G s e From Hits to a Track

« Simple example: straight line fit (a real track is more complex)

« Measured positions y; with single point resolution as before x?
minimisation withy, =a + b x, :

N 2
b(2:Z (yn_a_bxn)
« Errors on a, b from covariance matrix B o’
\ 1T 0 b=1tgb=ctgh
« Similar approach for Q#___,_.
real tracks allows [o) I 41%.,.---(:;"“"*
error calculation on ﬂ.r-(:r"""
track parameters
Yo Yn Yy
-~ -
~0 “n ~N
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GEORG-AUGUST- ERSITAT . . .
. @ v  \omentum determination/resolution

Momentum determination of charged particles can be performed by
measuring the track bending in a magnetic field a<o

> pr=03*B°*R . j P
component transverse to magnetic field lines

q a=0 /"

q=>0

« Determine curvature from fit to N hit points,
characterize by the sagitta s .

L/2

s = R(l—rcosa)

What about the p;resolution? g _ L
2 S8R
* For large and equidistant N with
equal errors 0,,,;,; On spatial hit position:
Error calculation by Gluckstern: Ot _ P10 poine | 720
approximate curved track by parabolic fit pr 0.3B L2 V\ N+4
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. (ﬂ,1 z;J ubgienialiitlill 0 mentum Resolution/Multiple Scattering

* pr=03+B* R
2 |7 L2 =0.3+B - L/(20)

© = R(1—cosa) * 04 < 1/p; from MS translates via

g _ L error propagation into g
Sy TSR
MS (02(x)) = opare = 13';::6\/ \/;0(1+0038In )
MS —_— 0.3 BL O‘ G pT —_— 27-2 Mev « Material constant X: radiation length
T T T % I
p 2 a2 : pT 0'3 B L XU : iz‘liﬁ? :sl;?:n::problem at low momenta
4
oP)/P:

Added in quadrature to intrinsic resolution:
- Multiple Scattering dominates at low p; otal el 27 oo

(constant term, independent of p+)

L. : : : olPJ)/P =

- Intrinsic resolution dominates at high p; ‘
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* M GEORG-AUGUST-UNIVERSITAT

Z" COTTINGEN Vertex reconstruction

First Run-2 Collisions With a 4-Layer Pixel Detector

SR { " ih ‘,W ~ ) 44’ % “l,/ y / |
S\\‘ O W) 2k 'r»/vj

: NNV //’i/}ff’l Z
Q' RQ\% SO AR U T Al ) e | =

\ . \\ ", e 5
! \ ] b g I

\\\‘ NN W P % EXPERIMENT

AN W7

Run Number: 266904, Event Number: 25884805

Date: 2015-06-03 13:41:54 CEST

RN U
¥ A\ \\\‘.‘.. W

'|‘\
\..| G
.[‘\‘ '
NN gy
R

|
N

v b a ety
\ : i K .' X ‘s,
hel v

\

N

N /////l A\ \

' ‘ \\
4/ f/i"'ﬁ“

)% e TN I RN
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- GEORG-AUGUST-UNIVERSITAT . . .
. @J GOTTINGEN Lifetime Tagging

A jet
y
« Tracks from secondary
vertex have significant
impact parameter d, with nadrons

respect to primary vertex.

) /secondary vertex

Il 7 b hadron

primary @ impact parameter d0

vertex

\\\ >

AN X
X

H

Example of a fully
reconstructed event from
LHCb with primary,

/\ 5 secondary and tertiary

S S S S N e e vertex

»

llI|I|I‘III’Illllll|l|ll|]l

LHCb Preliminary

EVT: 49700980
RUN: 70684
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(/| GEORG-AUGUST-UNIVERSITAT .
- J GOTTINGEN Vertex ReSOIUtlon

* Very simple case:
Two tracking layers at radii r, and r,, extrapolation tor =0

 |f uncertainty in layer 1 only:
r,0,

0 4=

ro,—r,

Similarly for layer 2 only:

r,o
O,d: 1Y 2
0
r,—r,
Iy I,
: - : 2 2_|_ 2 2
« Adding the two uncertainties in quadrature: o’ _I0,7r; 0,
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B GEORG-AUGUST- ERSITAT : .
. @ commeen Vertex: Multiple Scattering

- : : —= 400 T

 Additional contribution due i 350; .~ |——ALICE,In[<029
to multiple scattering to be added c 3005_ - ATLAS/CMS, Inl <
_ _;O 200;— ...................... _;
with og as for momentum vsob LN E
50;_ | T _;
> 2. 2 2 S T O O B i h T e

o _\/r261+r1 g o Const. | X 100-1 ] _Iq

dy r,—r, p X, p_ 1GeV]

13.6 MeV X X
2 — pplane _
\/ (0%(x)) = OP3r¢ = Bpc z,/ X (14 0.038In Xo)

« Material constant X : radiation length

e o< yx — use thin detectors
e =< 1WX, — use light detectors

» o< 1/Bp — serious problem at low momenta
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. Gl e " Detector Alignment

Track fit assumes a known position of detector elements
 However systematic shifts due to distortion in mechanical structures
(twist, sagging, bending, ...)

* [Impact on momentum and vertex reconstruction

« Correct for “broken” tracks — alignment

Initial assumption

™71 7

Database: All modules perfect | | Database: Modules on actual positions

TV i T T A e T e VT T Ve R (R e v | e ) [ e ey e (i vy e i [ i e ey et (e e |
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. @ EE?I;EELEEUST-UNWERSMT Tracker Design

. Q O’}I‘l G2 const. \/— GpT | prO pt 720 27 2 MeV
) P Py 03BL)\N¥4 " 03B L)X,
Tracker design: \/

» Vertex resolution: outer radius (r,) as large as possible, inner radius
(r,) as small as possible with best point resolution .

 Momentum resolution: many points (N) and long lever arm (L),
magnetic field (B) as strong as possible.

= For both concepts we need as little material as possible (X,

 Reducing Inner radius:
Beam pipe presence, track density and radiation damage increase.

e Increasing Outer radius:
Overall detector size increase = Cost increase.
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GOTTINGEN CERN and the LHC

* Proton (or Pb ions) collider
« 27 km circumference
« 1232 superconducting dipoles
Design parameters:
i cEc.m. =14 TeV
| luminosity 10%*cm2 st
2808 proton bunches per beam
pacing

s
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. G S Silicon Trackers at LHC

Fast, good resolution, low dead time, radiation hard.

« ~1000 tracks every 25 ns = 10! tracks per second !

» High radiation dose 10*> n,,/ cm? in 10 Yrs @LHC

jon O

O(50)

0(500)

0(5000) [N
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GEORG-AUGUST-UNIVERSITAT
GOTTINGEN

The ATLAS detector @ LHC

Very large, general purpose magnetic detector for the LHC

25m

Tile calorimeters

‘ : LAr hadronic end-cap and
- forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker just 7 000 tons...
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. G e T The ATLAS Tracker

« Tracking volume is about 7m long and has a radius of 1.2 m.

 Sitting inside a superconducting solenoid field of 2T.

Outermost uses gas-filled 4mm straws:
[ R=1082mm - contains 420K electronics channels
* transition radiation detector gives
\ particle ID.

TRT <

Intermediate is a large silicon strip

tracker:

« 4 barrel layers and 9 disk layers
contain 61 m? of silicon with 6.2 M
channels.

L R =554mm
( R=514mm

R =443mm
SCT4

R=371mm
L R =299mm

Innermost is a silicon pixel tracker:
« 4 barrel layers and 3 disk layers
contain 1.92 m? of silicon and

92 M channels.

R=122.5mm
Pixels { R =88.5mm
R =50.5mm
R =33.25mm

R=0mm
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- [l  The ATLAS Pixel Detector
3 Layers initially (beginning of 2010)

3 precision measurements that determines the impact parameter resolution and
the ability of the Inner Detector to find short lived particles such as B-Hadrons.

« 1744 modules arranged into 3 barrel and 3 end-cap layers with acceptance |n|< 2.5
=» each module is 62.4 mm long and 21.4 mm wide.

« The modules are overlapped on the support structure to give hermetic coverage.

» The thickness of each layer (250 pum) is expected to be about 2.5% X, .

RO

y r ’,_ A, &8
L V ‘l/ ’ . l = \\.‘ ’ . ._- -« 5
. O sl 1 8 )2 S,

| B~ @3
4 Qﬂﬁ“"M he
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. @J ggtﬁmglésum-umnmﬂswm Why we need ed a 4th Layer?
 Luminosity (particle rate) increase

Front-End electronics expects inefficiency at high
particle rate (L ~ 2 x 1034 cm=2s™),
Insertable B-Layer
Radiation damage (IBL)

= Sensor/electronics degradation impacts the detector
efficiency.

Compensate inefficiency in the Pixel

The Pixel retector cannot be repaired in case of
hardware failure:

|m pr oigieimieat oo frtdne tnack khgivertexing/b-tagging
« Higher resolution & proximity to IP enhance pile-up separation
« low material budget (1.5% X,)

Technology step towards the HL-LHC
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Insertable B-Layer (IBL) was added at the beginning of RUN 2 (2014)
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. Ll The building block: Pixel module

Read-out:

* 16 Front-ends chips bump-bonded to
sSensor HV hole

it iy ATLAS Pixel Module

readout
electronics

bump-bond

sensor

sensor

Sensor:

250 ym thick n-in-n Si planar sensor:
50 x 400 typical ym pixel size
Bias voltage: 150 -600 V

Resolution: ~10 ym in Rp and ~100 ym in z

dimensions: ~ 2 x 6.3 cm?
v}ei;l'i‘t:|~n25.2 g
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B GEORG-AUGUST-UNIVERSITAT -
. @J GOTTINGEN Pixel performance after ~10 years

Signal of a high energy particle Signal
MIP ~ 19500 e- in 250 ym silicon Irradiation

=2 however, < 10000 e- after irradiation
Signal »

3500 e-
Threshold [~ T— € ——

Discriminator thresholds = 3500 e-
Noise ~200 e Pedestal

Before Irradiation After Irradiation

‘-:- . ; E 103

* 99.8% data taking efficiency

10°

Illll\\llll\\‘.-llJ:.:-
ATLAS Prelimj’. =

Good Pixels>=3 -= 1%

10*

* ~ 96% of detector operational

dE/dx (MeV g cm?)

* ~10 ym x 100 pm resolution A

10

e 12% dE/dx resolution
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- GEORG-AUGUST- ERSITAT 5 .
. @ et  Pixcl (IBL) performance in Run 2

* Impact parameter resolution < IBL spatial resolution

Improvements after IBL ~ 10 ym for the transverse
Insertion (2015 data) R-¢ plane
Inner radius reduction
g 400 ————— .
=1 ~  ATLAS Preliminary = £ L
= 305 go<n<02 ° Data2012,15=8TeV 1000 ArLAS Preliminary ~ ® Data2015
Eo 3005_ ® Data2015,\s=13TeV_f g B — Simulation -
© - = ‘ - 1
= : E S 800 -
2505—‘3‘ — Multlpl'e E > I
200 —o scattering - F I
150 Intrinsic resolution, 3 600 s
E- o Detector alignment 3
100E e —— \ 3 400} -
505— —— . . — _
N — e - 200 .
=~ IF | e —+— -
o 0.8 e .
% 06:.—'—.—_.__._ . | 0 L1 P N B
S 4x10° 1 2 3 4 5678910 20 -01  -005 0 005 0.1
(aV
p, [GeV] IBL A r-0 [mm]

HASCO Summer School — July 2021 51



(@h J GEORG-AUGUST-UNIVERSITAT .. ) .
AP cotTinGen Radiation damage in Silicon

« Charge carriers will drift toward the collecting electrode due to
electric field, which is deformed by radiation damage.

Their path will be deflected by magnetic field (Lorentz angle) and by
diffusion.

electronics chip Radiation damage introduces

defects into the sensor bulk:
bump

rd.u — increases the leakage current
iode-

implant (n+)

— increases the “depletion voltage”

— decreases the collected charge

bias voltage (p*) electrode

— deforms the E-field (double-peak)
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. Lot~ Effect of radiation on dE/dx

« Decreasing charge collection efficiency
(trapping of charge carrier in the sensor bulk defects)

=» measured dE/dx decreases.

2Ej7oT2 5  ATLAS Preliminary i jﬁﬁﬁ‘;‘size (©0)>

g ol Data 2016, Vs = 13 TeV —}— <cluster size (2)>
5 - B-layer .
« HV (or bias Voltage) can have ¥ /1] o
. . ° N i b LTI TR Ao’ pus _
an influence if detector not fully & F| | T b eyrtivdtn ]
depleted. 2 &w :
=3 .| ]
é 1.2 ‘T'“::-.::: :ﬁ T .-l'--i'. .\.4-..-...--“_-._1.._-..;!.L._.__,.___.‘—_
% i ] rli-h--.. L LT --\if'ul \-fln‘--n-l?q.-.*.____i_h.__“_‘_

 Front end electronics threshold

_IIIIITII,L,

:IIIIIFII

increase show up as steps in O8] |Areleatinaske moke
dE/dx since hits below T e Lot
threshold do not get recorded

anymore
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Charge Collection Efficiency

0.9

0.8

0.7

0.6

0.5

GEORG-AUGUST-UNIVERSITAT
GOTTINGEN

Charge collection ratio
between irradiated and
pre-irradiation sensor as a
function of integrated
luminosity (radiation)

=» clear decrease of the
charge collected!

Ijl T
Ao

Illl I H H H PR
End 2016
' End 2017

e ...,‘_, ,5
ATLAS p.mi

Standalone Slmulatlbn 80 V :
Stangalone Simulation 150V |

- IBL planar modules
[ ¢ DatasoyV |
i = Datalb0V
- 4 Dam350V

: . S
-
_ . HEY I
- ¢

Standalane Simulation 350V SN
R LN

1 4
IllIIlL"J”llJIlIIlJIHIILJIlJ

10 107

Integrated Luminosity [fb™]

ToT [BC]

Fighting the radiation damage

Most Probable Value of the
Landau distribution of the
Time Over Threshold (TOT)
=>» equivalent of charge!

Bias voltage scans to monitor

the “depletion voltage” evolution

=
o

T T | T T T |
® data - end 2017
e Standalone Simulation: =6 10 n,,/cm* (end 2017)

+ Standalone Simulation: f=8.7 10 n.;/cm’ (end 2018)

End 2017

End 2018ATLAS

Preliminary

= N W OO O N 00 ©

IBL planar modules

Il I Il Il
200

Il I Il Il
400

600 800 1000
Bias Voltage [V]
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General particle detection books:

K. Kleinknecht: Detectors for Particle Radiation, Cambridge University Press
W. R. Leo: Techniques for Nuclear and Particle Physics Experiments, Springer
G. F. Knoll: Radiation Detection and Measurement, Wiley.

Semiconductor detectors books:

H. Spieler, Semiconductor Detector Systems, Oxford Science Publications
G. Lutz, Semiconductor Radiation Detectors, Springer Verlag

L. Rossi, P. Fischer, T. Rohe, N. Wermes, Pixel Detectors, Springer Verlag

Detector lectures:

W. Riegler, Fundamentals of Particle Detectors and Developments in Detector
Technologies for Future Experiments, CERN.

D. Pitzl, Detector for Particle Physics, DESY.

E. Garutti, The Physics of Particle Detector, DESY.
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( JGEDRG-AUGUST—UNIVERSIT%T .
(AP corTingen Miscellanea

Particles are characterized by eV=1.6-10"J
c = 299 792 458 m/s
Mass [Unit: eV/c2 or €V] e = 1.602176487(40)-107° C
Momentum [Unit: eV/c or V]
Energy [Unit: eV]
Charge [Unit: €]
[+ Spin, Lifetime ...]
Particle Identification via
Relativistic kinematics: measurement of
2 =229 2 4 eg. (E,p,Q or (p,B,Q
E°=Dp%c"+m-c B m. Q..
v 1
— ’Y — -
c V1 — 32
2 2 . y -  pC
E = m~vyc® = me® + Exin P = m~y[c [ = ¥l
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"C | GEORG-AUGUST-UNIVERSITAT )
GOTTINGEN Charge Slgn

 Sign of charge is defined by the sign of 1/R=k :

] ]
)=+1 — >0 ) =—1 — <0
@=+ R @ R

A A

5 N

> >

* Precision on k from Gluckstern:

_ Gpoint 720
Gk_ 2
L N+4
* Requiring 30 identification — upper lim. in p:

1.4, —3%om [ 720 03BL /N+
R T2 AN+

pomt
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. @J el Consideration for Pixel detectors

Requirements

« good Signal/Noise

e UM space resolution
« ~ns time resolution
e >10 MHz / mm? rate capability
 radiation hard to 50 Mrad

* radiation length per layer < 0.2% X,

Advantages

* Provides space-point information

« Small pixel area = low occupancy/noise
« Small pixel volume = low leakage

* n+-on n for the LHC =» e- faster collection time

Disadvantages: * _D_ _D_
« Large number of readout channels

e Large bandwidth Sensor FE chip

e Large power consumption Chip to chip

bump bonding

 Bump bonding is costl
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CERN facilities.. not just LHC

CMS

LHC

North Area

SPS

2
ATLAS
HiRadMat /
EN , oo~
1
AD
T2 [ 1999 (182 m) | BOOSTER

m » IS(H I)}

East Area,
n-Tol
. LINAC 2 .
k y - : .: 7<‘I
~ INA LEIR
LINAC 3
lons 2005 (78 m)
p ion P neutrons P p (antiproton) p electron - - /antiproton conversion
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. @ ke~ i|ing LHC on the underground

LHC - B CERN
szt 8 == ATLAS
Lo « 1 Point 1

E540 - V10/09/97
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. (,%-gl kvt  [njcction, Acceleration, Collision

0 |
I [ : 6.5 TeV
[
I i N :
| 1 i | I
T I 0 :
| i i | ‘ I
o ) ; '
| I i i !
| I | 0
| ) ) ;
450 GeV l ! ! I
= ) ™ 'I/ !/ !/ \./ )
~ Injection "y Ramp )i\Squeeze i Stable beams for physics I Dump
i & : &
Adjust Ramp down

The LHC is built to collide protons at 7 TeV per

= Field in main magnets beam, which is 14 TeV centre of Mass

—— = Beam 1 intensity (current)
—— = Beam 2 intensity (current) In 2012 it ran at 4 TeV per beam, 8 TeV c.o.m.

In 2015 it ran at 6.5 TeV per beam, 13 TeV c.0o.m
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G

LHC

LHC Timeline

2B 13.5-14 Tev

13 TeV
splice consolidation
7 TeV 8 TeV button collimators
0 0 0 014 0 016 0 018
759 experiment _ _
fominal beam pipes nominal luminosity |
luminosity |

" orm

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

experiment upgrade
phase 1

High-Luminosity
territory...

14 TeV 14 TeV
energy
I 5to7 xI
cryolimit - nomina
inriye_rzlacilion . HL LHC luminosity
regions installation =
0 0 0 024 0 026 0
radiation
damage experiment
2 x nominal luminosity ,
— 'l upgrade phase 2
integrated
luminosity
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. (G s e The IBL detector

The IBL idea in a nutshell

« add a single detector layer built around a new thinner
Beryllium beam-pipe (radius 29 mm = 25 mm).

 closer to interaction point (5.05 — 3.27 cm)

« smaller pixel size (50 x 400 — 50 x 250 um?)

« |IBL + beam pipe and structures : < 2% X,

The IBL layout

« 14 staves in the phi coordinate

Actual B-Layer ~——

« 32 front-end chips along the eta (z) coordinate

« mixed configuration of planar ( 75%) and 3D (25%)
sensors technologies along the staves.

IBL

« ~12 million pixels in total!

Side A Z=0 Side C

\\ \ ,"/ \\ ,““ ,"/ h N\ \\ J‘" \\ ,’/‘ >3 z R N “\
“\/Planar\// ~\\/ Planar\/ \3D_
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