Detectors in Particle Physics

Interactions of particles and radiation with matter (brief recap)
Tracking detectors, vertexing and magnetic spectrometer
Calorimeters

Particle identification

Detector systems
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1. Interactions of particle and radiation w/ matter

Energy loss of heavy charged particles: (m>m,)
E E-dE
Energy loss of particles from ionization of matter ®
charge ze

atoms through collisions with shell electrons.

dx
Average specific energy loss dE/dx described by Bethe-Bloch formula
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z = charge of the projectile

= density, n_,= e densit
P Y, Ne y B = velocity of the projectile

N, = Avogadro number

Z, A = charge and mass number 2

r, = class. Electron radius r,=——
. ve ionizati 4Tm_c

| = effective ionization energy e



To reduce the material dependence one often divides the specific energy loss by

the material density p
dE 1 dE (this is often hidden by
dx - ;E redefining the px — X’

1 dE Z 1 2mecy? 52
—p(a) = (JNA4?TL mecg) QE 7 (111 n 'Ljr} — — ,5’2)
K

K/A =0.307TMeV g~ em? mit A = 1g- Mol™!

w/ Z/A= 0.5 for most materials: K Z/A= 0.150 MeV g'cm?
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« ~1/Bp? for small By

« Minimum at By = 3...4 w/ dE/dx =1...2 MeV g' cm? (multiply with p to get
dE/dx): if one ignores Bremsstrahlung (for muons up to fy = O(1000) i.e.
100 GeV oK) particles are quasi “minimal ionizing” also above By of 3.

* For small By, dE/dx can be used for particle ID (see below)



Multiple scattering:

Multiple collisions of the projectile with the
atoms of the material (stochastic process)
leads to a deflection of the particle

For small angles the deflection follows a
Gaussian distribution, at least for the
central 98%.

The widths of the Gaussian can be
approximated. Depending if one
measures the deflection in a plane or in
3D one obtains:

One finds that the width parameter 6,
depends on the path x through the
material in units of the radiation length X,
and on the particle’s momentum. It is less
for high momentum particles.
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Cherenkov-radiation: (— negligible energy loss of the particle)

When a particle traverses a medium with a velocity p (particle velocity 3 close to
c for highly relativistic particles) which is larger than the speed of light within
that medium, the particle emits Cherenkov radiation (threshold § > 1/n).

Cherenkov radiation is emitted on a cone with an opening angle 0,

W
41){\, B cosfo = 1

Bn
///

Emitted photons are ranging from the visible blue spectrum to the ultraviolet and
The number of photons per unit length of the radiator and per wave-length unit is

2 o2
d”Ny — 2raz 1— 1 z is the charge
dxd)\ A2 32n(AN)? of the particle.

Medium must be transparent: gases (— Ring-Cherenkov counter) or water (e.g.
large water Cherenkov detectors used for neutrino detection).



Enerqgy loss of electrons (positrons)

For light electrons there are two competing mechanism:

Energy loss through ionization (essentially a la Bethe-Bloch,
but max. momentum transfer much larger. AE=1/2 E,;,, Additionally there is
the problem that projectile and shell electrons are undistinguishable particles)

Energy loss through Bremsstrahlung

dFE dE dE

(a) — <£>ion + (E)Bremg

For high-energy electrons the energy loss by Bremsstrahlung is by far
dominating. Only for very low-energy electrons the energy loss by
ionization takes over.

dE dE

Critical energy EQ;

(E)ion — <E)Brems

Ec EC

One finds empirically for solid materials:  E. ~ 610 MeV /(Z + 1.2)

Remark: for lead, bremsstrahlung dominates above ~10 MeV



Bremsstrahlung: Typical length scale for Bremsstrahlung:
Radiation length X,:
e L 7P, (183
X0 = pN4 1 o7 - In 173

(strong Z dependence)

dE 1
Energy loss: (—d )Brems = ——F/(7)
X

Energy as function of x:  F(x) = EDe_Xio



Enerqgy loss of photons

Photons interact in different ways with matter. Most relevant mechanisms:

» Photo-electric effect for low energy photons
« Compton effect for photon energies between 10 keV and MeV
* Pair production for E, > 1 MeV (2m,)
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The typical length scale for pair production in
matter is again the radiation length.
_ An exact calculation however results into
9/7 X, - slightly larger than for bremsstrahlung)
Ze (both processes w/ similar Feynman diagrams)

Pair production cross section is for photon energies above 1 GeV largely constant:

T A1
OPaar — 0 ,OL;VA XU
N———’

1/n
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Electromagnetic shower

Simple shower model for higher-energy photons/electrons.
Electrons/photons make bremsstrahlung / pair production after ~X,

In every step the number of shower
particles is doubled: N(t) = 2t

The average energy of the shower
particles is E/N — the shower stops
when the particle energy has reached
the critical energy E in the material:

_In(E/E,)

Max. shower depth: {__
In2

Shower depth t=x/X
g ° With increasing energy E of the detected

oo particle the calorimeter depth should
E/2m =E, increase with ~In(E / E,)

—In(E/E,)=t . In2=

11



Hadronic shower

High-energy hadrons (E>>1 GeV) interact with the nuclei and the nucleons
of the of the matter and produce a shower of secondary particles.

n, .p, 7t , K* \ K'+4— Shower of secondary particles

The details of the shower are more difficult to describe compared to
electromagnetic showers: .

Characteristic interaction length () for hadron passing matter is given by:

1 A 1 Element A int

A int — — T Fe 16.8 cin
- 0int pNA 9 int Pb 17.6 cm

C 39 cm

Where one finds empirically ¢ jnt =~ 35mb AY7
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2. Tracking, vertexing and magnetic spectrometer

Reconstruct track of charged particle in an magnetic field — use the track
curvature to estimate the momentum — reconstruct decay vertices.

Historical example: Bubble chamber (by D. Glaser in 1952, Nobel prize in 1960)
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lampe IaB:1t[z);9
Kolanoski, Wermes 2015

vessel filled with a super-  Reconstruction of tracks, decay vertices, momenta.

heated transparent liquid Disadvantage: photo w/ subsequent digitization,

(often H,). heavy piston to arm the detector
— slow acquisition rate

13



Multi-wire proportional chambers (MWPCs)

Georges Charpak (1968), Nobel prize in 1992.

Wire chambers have revolutionized charged particle detection:

fully electronic event recording, high data acquisition rates (up to 40 MHz),
excellent position resolution when operated as drift chambers.

Detection principle:

|On+GasT UHV Mﬁ%yﬁza

Thin anode

Kolanoski, Wermes 2015
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— electrons guided to anodes
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Electrons drift towards the anode. 10 =
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http://ikpe1101.ikp.kfa-juelich.de/

Gas amplification:

Wire inside tube:

b = radius of tube
a = radius of wire

Drift-chambers:

x
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Using special wire configurations one can
construct “drift cells” with very homogenous
drift paths — one can use the drift time to
reconstruct the particle trajectory.

Strong electrical field near the
wire leads to acceleration of
primary electrons and to further
jonization — avalanche: gas
amplification. Typ. gain ~10°

Drift chamber principle was
established first in Heidelberg
(Physikalisches Institut, by A. H.
Valenta).

Instead of building drift /—\)

cells from complicated [ e\
wire configurations simple | .. ® ’"’Q
tubes with an anode wire Lt
can be used: T



Example 1: JADE Jet-Chamber

....... drift path

Lorentz angle
Inner Radius: 20cm R
Outer Radius: 80cm S - ey

Length: 2.4m . — "‘

-------
i PR L e
-----

field wires
L ) equipotential planes
field shaping electrodes

Spatial resolution re: 170 um

BEAM 17,500 GEV FIELD —4.849 KG TALC 0039 DATE 16/02/0C TIME 11.49.23
T 1

R-F1 SECTION A 0802 T1P 4101 T2C 0089 CAMAC TIME 1.1 17/ 5/1985

J. Heintze et al. | Ny S]] A
https://doi.org/10.1016/0029-554X(82)90658-9 R S T



https://doi.org/10.1016/0029-554X(82)90658-9
https://doi.org/10.1016/0029-554X(82)90658-9

Example 2: LHCb Outer Tracker
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Semiconductor strip & pixel detectors

Semiconductor detector — based on depleted np-junctions (diodes)

In the junction of p(n) doped semicondutors, the
majority charge carriers will diffuse into the other
region until the Fermi level is equalized.

Around the junction, there is a region w/o free
charge carriers: depletion zone. A space charge

' i E. is created (pos / neg one n / p-side).
By //% The related electrical field produces a drift of
diffusion! //%7 E, charge carriers which compensates the diffusion.
?7’3 /Zf
Kolanoski, Wermes 2015 drlﬂ

The depletion zone can be enlarged by applying an external voltage:
With p-doping larger than n-doping, the depletion zone extends mostly into n:

Size of depletion zone:

L E.
P \\ N
N 2 1
( o W u V*"m) dm T, ~ \/ =54 wy, (Ubin + Uea)
] 2 e

Vext

€)

. \ U..s ~300 um
22 3.6-10 W reachable

L8

“reverse biasing”



typ. strip length (into the
figure plane) is O(10cm)

Schematics of a silicon strip sensor:
Strongly doped p*-strips w/ aluminum
contacts on weakly doped n-bulk which has
an aluminum contact (by technical reasons
there is a thin layer of strongly doped Al in
between). Charge carriers (electrons)
created by particles drift in the applied field
to the p+ strips where they are detected.

Schematics of a pixel sensor:

Instead of strips one uses small pixels typ.
size 50 x 200...400 pm?.-

Challenge: Readout of the individual
channels (please don’t conclude from your
phone camera — these devices are really very
slow) . Requires a readout chip bonded to the
pixel matrix: Hybrid pixel detectors.

Novel development: Monolithic pixel sensors
with part of electronics in pixel matrix.

(—Heidelberg: Mu3ePix and MightyPix). 1




Example 1: CMS Tracker

481'
OUref'gz;Sfded Silicon Pixel detector:
“ layer, about 66 million 100x150 ym? pixels

arranged at distance of 4 to 11 cm

% Silicon strip detectors:

L% divided in the inner barrel part (TIB), the
5, inner disks (TID), the outer barrel (TOB)

and outer end-caps (TEC).

Tracker contains 15,200 sensitive
modules with a total of about 10 million
detector strips.

\\“

AR
|
oy

O

iy /I

Strip distance = 80 um to 200 ym
w/ strip widths about 25%

Spatial resolution: 20 — 30 ym

CMS TIB silicon strip modules.

20
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Example 2: ATLAS Inner Tracker

End-cap semiconductor fracker

BeQ Faclngs
Hybrid Assembly

ATLAS module \“\

two single sided

stnp detectors wf

3% stereo angle

|
- I|
e Baseboard / | l

[
silicon sensors Datum Washer || Connector
’ Be( Facings

ATLAS pixel detector:

* 92 million pixels (92 million electronic
channels).

 Silicon area approx. 1.9m?

« Pixel 50 x 400pm?2 and 50 x 250 ym?
for outer / inner external

* 4-barrel layers with 1736 modules

« 3 disks per end-cap w/ 288 modules

* Typ. Spatial resolution: 10 ym

ATLAS strip detector:

4,088 two-sided modules and over 6 million
implanted readout strips (6 million channels)
60m? of silicon distributed over 4 cylindrical
barrel layers and 18 planar endcap discs
Readout strips every 80um.

Typ. spatial resolution: 25 um

21



Momentum measurement and B field configurations

B-field (perpendicular w/ measurement plane)
Lorentz force:

Solenoid: Iy /s F.Lorentz =49 (6 x é)

Particle moves on a
helical trajectory

Curvature 1/R in xy-plane and particles transverse momentum p; (within xy plane):
pL=q-B-R o pr|GeV]=0.3-B[T]- Rm|]

The momentum of the particle is obtained from p = p;/ cos 6

.How well can the transverse momentum be measured? What is its error?

22



Forward spectrometer confiquration (fixed target exp. or forward experiments

Dipole: e.g. LHCDb)
Spectrometer Macrist
-
—————— .‘_____,..-'-"""
b= — — 1T ks
__.--"""'JFJ g S ,..--‘;rﬂ X
Beam L1 L= = o
<11 @QB--
ity
Target iy z
T
L‘-‘"“"h-...h_‘
- | ——
Tracking Tracking

Minimum spectrometer configuration: 2 tracking station before and after magnet
3rd station is used for redundancy, fake rejection

0.3B|T|L|{m
Deflection angle 8 = L.t eB —p; = egL = [9] [ ]
(pr L B) Pr
Relative momentum resolution
— dp; = eLB do = &dﬁ — dpy = do is given by relative angular

2
0 Pr 0 resolution (depends on spatial

. _ _ resolution of tracker)
Deflection results into momentum-kick Ap, :

Ap, = p;sind = p, @ =eBL  often called bending power 23



X

Assume the minimum tracker configuration w/ A
2 + 2 tracking stations w/ spatial resolution o,

deflection 8 =pf—-a=tanf -tana

er4—X3_X2—X1 X, _)_(2
d d d
«— L - -
tang = 2% tanﬂzx“;x3
W/ o, same for all layers, one obtains w/ error propagation:
do = 20, and with ap; :% For N points before do = o, [24(N-1)
d pr 0 and after magnet: d \ N(N +1)
d 2 2
Pr_ Pr 20, _ Pr I Relative momentum resolution depends on
pr eBL d 03B[T|L[m]| d p. Improves for larger field integral BL and
with p@ =eBL larger Measurement “arm” h.
There is also a uncertainty on 6 from multiple scattering inside the plane: Should
_ 13.6MeV | L’ L' consider sum
Opms = pSIﬂ@O’MS ~ peO,MS =p- =13.6MeV “« of all materials
’ Bp  \ X, X,
Contribution to p resolution results from the comparison w/ p-kick and bending power:
Opms Opms 13.6MeV [L Contribution from multiple scattering to relative
p; - AP, ~ eBL X, resolution has no momentum dependence .

p-kick



Momentum resolution considering detector o [FOF small Tomerl‘t‘ém MS1/
spatial resolution and multiple scatteringis pomp?nncinsﬁc?v’éﬁ)o SHEAE)
given by: Sl L / I ik
E Eﬂ': P lerror
H=
2 2 g " total error ol
O-PT GPT + O-PT 5 = ;_p
pr | A\l p p 2
T ltot T ldet T lus 2
D L 1 1
0 100 200 300

momentum, o [GeVig]

This formula can be applied to more complicated
cases — e.g. measurement of the track curvature
be cylindrical tracking detector. Assuming the
curvature is measured by N space points over
distance L one finds for the detector resolution:

Opr | _ Pr O | 720
pr|,. 03 BL> N +4  for Nx10
) (BinT, Linm, pin GeV)

(In literature referred as Gluckstern formula)



Track reconstruction:

Track reconstruction is usually split into two separate steps:
Pattern recognition: detector hits (space points) are assigned to individual tracks

Fit of track model to space points, accounting for resolution & multiple scattering

Pattern recognition: here w/ local tracklets

Kolanoski, Wermes 2015

D E—

Find locally all possible
combinations (tracklets)

Combine local stubs to global tracks

Fit the hits of tracks by a track model.
Often: Kalman filter fit to consider
scattering and refine track model.

Flugrichtung =2

Produktions-

< Richtung des Filters

In this way the track model at the last
point (close to vertex) is optimized and
allows best prediction of vertex.

Tracking detector layout optimized to allow fast and efficient pattern recognition
and very good prediction of the vertex from the fitted track model at the last hit. *
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3. Calorimeters — energy measurement

Shower of secondary particles

100 GeV e-

Incoming particle

100GeV n

elektromagnetischer Schauer

Fe

Hadronschauer

40 cm

\J

A

Particle to measure shower
(secondary particles) and
deposit their whole energy into
the detector volume,

Electromagnetic
shower: length scale
determined by
radiation length

Hadronic shower:
length scale
determined by
hadronic interaction
length (much larger)

Because of the very different shower development one distinguishes between

electromagnetic calorimeters (ECAL) to measure electrons and photons and
hadronic calorimeters (HCAL) to measure the energy of hadrons and jets.

28



Two types of calorimeters:

—~—

N
/

Homogenous calorimeters: Sampling calorimeters:

« “Absorber” / shower material is active « “Absorber” / shower material is not
and provides a measurable signal. active and interleaved with active

* All'the deposited energy is transferred material (e.g. scintillators) to provide
into the signal — best possible signals.
resolution. * Only a fraction of the deposited

* expensive energy converted into signal —

* Used only for “compact” electromagnetic sampling fluctuations (degrades res.)
calorimeters. « Hadronic calorimeters (always) and

electromagnetic calorimeters.

29



Homogenous calorimeter:

In homogenous calorimeter the active detector material and the absorbing
material is the same. As these calorimeters are typically used for ECALs the
material should have a large Z to keep the calorimeter compact (X, ~ A/Z?).

The following detection mechanisms and materials are used:

Detection
mechanism

Scintillation CsJ, BGO" BaF,, CeF,, PbWO,
Cherenkov light Lead glass (OPAL exp.), water (Kamiokande)
lonization Liquid nobel gases (Ar, Kr, Xe),

Semiconductors: Germanium

*) Bismuth Germanate Bi, Ge; O,,

Signal detection:

 Light of scintillators is read-out using photo-detectors:
photo-multiplier tubes or silicon photo-multiplier (very cheap)

» Cherenkov light: photo-detectors

 lonization: charge collection using E field to drift the charges to collecting
electrodes 30



Example of homogenous electromagnetic calorimeter:

8736 CsI(TI) crystals in total

| Backwand endcap cakorimeter |
Q60 crystals

an)
o a3
o

6624 crystals

Barrel calormeter

|I"-:!n"l.'.'.lrdn.'lﬂn.'.l[!u.".ll-:!ll’il]h.‘h_'r |

1152 crystals

R 1250

[

J

A

"ol

10216 ‘

v

T

L

TR

A A

il
FFFEEEY TR

unit, mm

2 Im

Casing

L L ||

2= Peamplifier

= crystal
Mrem
6.1 Xy

https://doi.org/10.1134/5S1063779618040494

Cali T

Belle |l calorimeter

Resolution:
ocE/E ~ 2% for E above 1GeV
oX : 5~10mm at incident point
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Sampling calorimeter:

Advantages:

One can optimally choose the absorber and detection material independently and
according to the application. By choosing a very dense absorber material the
calorimeters can be made very compact. The passive absorber material is cheap

Disadvantages:
Only part of particles energy is deposited in the detection layers. Measured energy
resolution is worse than in homogenous calorimeters (“Sampling-Fluctuations”)

Multi Wire Proportional

Scintillator
Absorber - Chamber

Light guide

Wire chambers

Photomultiplier

Absorber and
electrodes

High voltage
A A

Electrodes

LSchaschlik™Typ

Liguid Argan
WLS-Fasern 9 g

32
Kolanoski, Wermes 2015



Example: ATLAS Calorimeter System

Tile barrel Tile extended barrel

- | 10.8m /

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Barrel LAr calorimeter (ECAL):
6.4 m long, 53 cm thick, 110 000 channels

Tile calorimeter (HCAL):
500000 scintillator tiles

33



LAr Electromagnetic Calorimeter:

Absorber: thin lead plates in accordion
structure in LAr as active material.

absorber

outer copper layer

inner copper layer .|/
kapton —3/

outer copper layer

Of 10% 2%
= @
E vE ?

Noise term at larger energies negligible.

®0.2%

Tile Hadron Calorimeter:

Iron (absorber) tiles and plastic
scintillator tiles as active detector.

(2)

PMT %\
waveshifter

fiber —

N

scintillator

tile @

o,

Z

Of ~ 45% D 2..5% For hadrons w/
E \/E E E=16...30GeV

https://arxiv.org/pdf/2102.04088 34




Electromagnetic shower: (see simple shower model)

Using detailed Monte Carlo simulations: Longitudinal and lateral shower

development: A/‘ﬁ
T 1
Shower maximum in units of X: // o
E R
t .. =Inl—|+B P .
Ec -1 1 1 ]
150 ]
B=-0.5 for e*, B=+0.5 for vy ) e
2100 ] —
% : 8 —
95% longitudinal shower containment 25 R ,{e_;@\*o\
o
t95% = tmax +0.08Z +9.6 0/ —_

12345678
lateral shower width [X,]

Rule of thumb: ~25 X,

95% lateral shower containment: Moliere radius py: Pu * —X

Rosw = 2P I T R
Fe 1.76 1.77

Pb 0.56 1.60
U 0.32 1.00
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Enerqy resolution of electromagnetic calorimeters:

Intrinsic resolution (homogeneous calorimeter)

In an ideal homogenous calorimeter the energy resolution is determined by the
statistical fluctuations of the number of detectable signal particles N ~ E:

or _ow NN _ 1 1 Usually called
E N N JIN E “stochastic term”

Sampling fluctuations (sampling calorimeters):

In sampling calorimeters only a small part of the deposited energy is measured.
The fractions of how much energy is deposited in the absorber and in the active
detector varies from event to event — these fluctuations cause a degradation of

the energy resolution:
o AE AE is the average energy deposition in an
E ~ ? absorber layer, ratio is a measure of number

of samplings (the higher, the better)
o 1

E JE

Sampling fluctuations:

36



Additional contributions (for real calorimeters):

* Noise in the detector or the electronics N, — fake energy: E.,. ~ N, ...
. o 1
Effect on resolution: —~—
E E
o O¢
» Constant term; Channel-to-channel response calibration: —= ~C
E
Parametrisation of the energy resolution of a real calorimeter:
The total energy resolution is the quadratic sum of different contributions
10 T T T T ¥ T T T
2 2
8t i
% . [[b).[a ), 2 k | | Different
‘.\-: ------- stochastischer Term i
EV\EJ \JE ger i\ o “pewen | behaviour than
S 1N gesamt 1 spectrometer
B 4k N

o b

E \/ E b e

@ =quadratic sum b

0 10 20 30 40 50 37



Hadronic shower:

heavy nucleus

incident hadron

—

ionization ionization

intra-nuclear cascade
(spallation, ~102s

intra-nuclear cascade
(spallation, ~10%s

vy

. N
inter-nuclear cascade

* -
E*'n e we

& rl

I\ | v
N,
Hodven koa kode

~2@§
Nuckor Excylybign

5 =30 NeV
Pr”:’]’“

~ 30 7

Slow
Nutleon s

Significant fraction of deposited energy does not lead to a detectable signal in
active detector: neutrons, K° , nuclear excitations, pion decays n—uv w/ minimal

ionizing muons and undetectable neutrinos escaping the calorimeters.

Additional problem: fluctuating electromagnetic component from =n® —yy decays.
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e/h ratio (electromagnetic / hadronic response) :

ool iy )
10 GeV e/n
[#2] T T
15
@
E -
@
5
% -
4]
E el
e Contribution
@ due to e.m.
€ [ component
= .

10-GeV electron

2

Signal (in energy units) obtained for a 10 GeV energy deposit

4

0 1
[GeV]

2

Electromagnetic
component

Hadronic
component

Large
variations
from event
to event

The electromagnetic component
in a shower is over-weighted. To
reduce the effect of fluctuation of
the electromagnetic component
people tried to build “compen-
sated calorimeters” with an e/h
ratio close to 1. E.g.: ZEUS
uranium / plastic scintillator
calorimeter (not too successful).
Alternatively software compen-
sation is used (needs longitu-
dinal segmentation): works! s



Energy resolution of hadron calorimeters:

A fluctuating e.m. shower component together with e/h = 1, fluctuations in the
shower composition w/ muon and neutrinos escaping the calorimeter, and
undetected energy from neutrons and spallation leads to an energy resolution for
hardon calorimeters which is significantly worse than the one for electromagnetic

calorimeters.

For the stochastic term of HCALs one usually finds values of 40-60%/~E [GeV]

Shower containment: g ‘

g 95f

: Iron
Longitudinal shower extension: é 90| s DT
For high energy hadrons 8...10 5 HeV T
interaction lengths are needed to et ]
contain the shower Depth (Ain)

% 100
Lateral shower extension: P : e
95% of shower contained within . »
a cylinder with R=1.5 A, i . T

% 85 - I:é(:)céee\\?f?t'

- ; 2{0 2:5

. . _ 0.5 Ifn 1.5
Reminder: A, (Fe) =17 cm i e



4. Particle identification (PID)
Specific signatures of photons, electrons, muons, charged hadrons, neutral hadrons:

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system  calorimeter calorimeter  system

photons

electrons _

— e Particle

I:> identification

muons using these
rotons signatures.
aons

pions

neutrons

KY

C. Lippmann — 2003

However, some experiments are also interested to distinguish different
charged hadrons: K, =, p are “pseudo” stable and the end-product of many
heavier hadron decays. To reconstruct these decays PID knowledge of their
daughters (K, «t, p) is necessary. a1



Hadron PID: (identification of p, K, n)

General idea: In addition to the measured particle’s momentum one determines
the particle’s velocity (or the particle’s By value). An independent determination
of momentum and velocity allows to estimate the mass of the particle.

Three different techniques are used to determine the particles velocity:

« Measurement of the specific energy-loss dE/dx from ionization
« Time-of-flight measurement for a given flight-distance
« Measurement of the angle 0, of the of the Cherenkov light-cone

W
o

H\H ALICE performance
pp, /s =13 TeV
B=02T

na
o
s

Specific enerqy-loss dE/dx

Specific energy loss of
different particles as function
of the particle momentum:
see Bethe-Bloch formula

W b~ OO OO O

Energy deposit per unit length (keV/cm)
]

11 I L L I--. -: L .I 11 I L L 1 L 1 1 L1
107 1 10
Momentum (GeV/c)
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Figure 35.16: Energy deposit versus momen tum measu red in the ALICE TPC.



Time of flight measurement:

One finds w/ p=yBcm

B p c2t2 {
m= c \# 12
L mac 2 mpge 2
ta —tp| = — 1+( ) — 1+( )
C p p

Assuming a finite time resolution 6o and
approximating \/1 + (mmc/p)? ~ 1+ (mc)?/2p?
for p >> mc, one finds for the separation

in sigmas (n,):

Noror = — QPQJTDF |mA o mB|

OTOF

The plot shows for which momenta a
separation between /e, K/zt, K/p is
possible.

OroF

separation power n

My, P

Mg, P

: r w -
(N R T O I NI ]

—

o
o U o

< IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Time of flight (ToF)

y 3
v

T | T T T T
C. Lippmann - 2010

L=3.5m
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Il5lll| Ir’l|II-‘fI|IIII|IIII|IIII|IIII|IIII|I

ST —
T i e e e e YT O PTTVRPRRAPP

2 3 4 5 6
momentum (GeV/c)

43



Example: ALICE TOF system

o
-'E 0.06 - LHC Rung (2015) ALICE Performance
= Pb-Po, |5, =502 Te¥  Time-Of-Flight detactor
0
o Tpeoeieiren = 3 BE TOF calibration
. gt “m@ - P=150GeVic standard
Multigap Resistive Plate Chambers S oo ) improved
&0
ALC Space Frame st Gaussian model
—— o =56ps
0.02: OT1oF ~ 56 pS

1 M| S -~
—200 0 200 400

TOF —1_(ps)

04— i
~ ALICE Performa
21 May 2010

rTTTT
b
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Measurement of Cherenkov angle:

With

one finds for the mass:

m="2 V/n?cos?(0¢) — 1
%

Separation in sigmas:
~ Oca—0O9¢B
(Uec>

One can derive the mass separation
for B=1 > Br.sn @s function of the
angular resolution to measure 6.

02

2
m
2p% (0. )Vn? — 1| B

(see for example C. Amsler et al. (PDG),
Phys. Let. B667 (2008) 1.)

)

-

O, (mrad)

Average measurement error <o‘0 >
c

(several effects contribute)

250 — e B
% n=1.03
— T ]
200 4 -
150 — K B
100 — P E
- n=1.0014 _
50 — R e LLLLLLLL L —
- e Tom -""""""’:'-"'"""_'.".'.'-H ____________ 2
E - ;KT n=1.0005 -
T momentum (GeV/c)
Threshold given by § > 1/n .



Example: LHCb Ring Imaging Cherenkow Detector

(cm)
60 -

Photon
Detectors

250
- Spherical

Mirror
2 Beam pipe
VELO T max
exit window
= "‘*-h-__h[:arhcrn Fiber
- Exit Window
Plane
Mirror

Refractive index: Aerogel n=1.037 — large rings
C,Fi, n=1.0015 — small rings
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Comparison: Different PID systems

iunizaiiun (gas, 1bar)
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C. Lippmann, arXiv:1101.3276
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5. Detector systems (only one example)

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Owverall diameter : 15.0m Pizel { 100x 050 m) ~1m®* =660 channels
Owverall length  : 287 m Microstrips (80u180 pm) ~200m? ~9.6M channels

Magnetic held :38T

SUPERCONDUCTING SOLENOID
Niohium titanium coil carrying ~ 18,0004

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator 7,000 channels

Barrel: 230 Dirift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Silicon strips ~16m* ~ 137,000 channels

FORWARD CALORIMETER
Steel + Quartz fbres =2,000 Channels



Particle signatures in the CMS detector:

Key: huon
Electron

s _harged Hadron (e.q. Fion)
— — — - Meutral Hadron {e.g. Meutron)
=== =+ Photon

Transverse slice

thmugh Ch5

silican

Tracker

Electromag netic ;

Calorirmeter

Calorimeter Superconducting

solenoid
Iren return yoke interspersed
with Muon charnbers

] m an 3m am 5m
| ] ] ] | |




CMS Experiment at the LHC, CERN &

Data recorded: 2011-Jun-28 09:47:55.087407 GMT(04:47:55 CDT)

Run / Event: 167898 / 1773682763

——
—

{c) CERN Z002. All rights reserwed. http: /figuana. cern.ch/ispy




LHCb Detector

Pinpeointing Bs

Millimetras from wheare
collizions occur, short-lived

B hadrons decay into other
particles, A new "vertex locator
will measure this point with
greater precision,

Tracking particles
‘Trackers' trace particle
paths. Two new detectors
will better separate nearly
identical paths and cut
out the noise that mimics
real tracks.

Detector

i

Tracker
g 1 L ___-.-_'-':-ﬁ:' — f
=" U] ' ‘
| \ -,
Detector ™~
Beamline: ("

particle bunches
collide here

Magnet: bends the path

of charged particles

Electronics

Renovated electronics mean that
LHCE can now use software to
scan through 40 million events per
second. Previously, a coarser
hardware filter first triaged these to
identify one million to be scanned.

Charged hadron
- (such as a proton or pion)

5 Electron

—#%— Muon

Muon detector

|
Calorimeters:
measura a

particle’s energy

Identifying particles

Other detectors measure the velocity
of charged particles; combining this

infarmation with a
reveals its identity.
are more sensitive
cope with higher d

particle’s path
Upgraded detectors
to velocity and can
ata rates,
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