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Part 3: Principles of Particle Detectors

In Part 2 you learnt how photons and
charged particles interact in material

In this part, you'll learn how we use the

interaction of particles with the material

of a detector to

* detect particles and reconstruct their basic
properties (momentum, energy, type)

* combine the information from individual
particles to reconstruct an “event”
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Part 3: Principles of Particle Detectors

Particle physics experiments (OL)
* [ayout and main components
Particle identification and tracking (ArI’)

* distinguish different types of particles
e measure flight direction and momentum

Calorimeters (GdL)
* measure the energy of particles
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Particle physics experiments

Produce a beam of particles

* electrons / positrons
* protons / antiprotons
* heavy ions (e.g. lead)

\

S

charged,
stable

Accelerate to high energy and collide with

* another beam of particles (“collider”)

* atarget at rest (“fixed target”)

Observe the particles that are produced in

the collisions and measure their properties

— DETECTOR
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Particle physics experiments

Produce a beam of particles

* electrons / positrons )
charged,

protons / antiprotons ctable

* heavy ions (e.g. lead)
Accelerate to high energy and collide with
* another beam of particles (“collider”)
* a target at rest (“fixed target”)
Observe the particles that are produced in
the collisions and measure their properties
— DETECTOR
M ISI@ New Technologies for New Physics
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[158 GeV/nucleon]
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Particle Accelerators Video of the

lecturer

Use electric fields to accelerate particles,

use magnetic fields to steer them

Anode

Deflecting coils aets
Control Grid _ >/
X s :::_.;:_

/
Hca{ler / y
Cathode  Electron e
beam 5

Cathode ray tube :
— colour TV: 25 - 35 keV LHC
— materials research: > 100 keV 6.5 TeV = 6'500'000’000 keV

@
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Particle Accelerators

Video of the
lecturer
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Particle Accelerators Video of the

— lecturer
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Particle Accelerators
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Collide particles at the highest
possible energy:

e to probe high masses

2
E=mc
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Particle Accelerators Video of the

lecturer
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Collide particles at the highest
possible energy:

e_“_‘l,f@ e to probe high masses
E=mc

e to probe small distances
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Particle Accelerators Video of the

lecturer

Energy in the center-of-mass system (c.m.s.)

e collider: c.m.s. at rest in lab system'’ e

®
- Ec.m.s. = 2 X Ebea)/

 fixed target: c.n:s. forward f;coited ™
- Ec.m.s. < Ebeam , /

Pz
~ /
Example LHC @ 6.5 TeV
collider: E,__=13TeV t F‘ \

fixed target: E_ =114 GeV

&
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Particle Accelerators Video of the
i e lecturer
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soEY ocff i {w "y e to probe very rare processes
€ " Fmagnitude 2~ 1" 5
L 10’ 3 3 10° 8
0 l 2 LHC: 10° pp collisions / second
 d 5 to produce 3 x 10° Higgs bosons / year
10‘52— Higgs {5\:1 —210‘5
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CERN

CERN's Accelerator Complex

~————] ELENA_ _AD

B ion P neutron P p (antiproton) p electron - far

Ttiproton conversion
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Colliding beam (LHC):
6.5TeVp & 6.5TeVp

Fixed target (e.g. North Area):
450 GeV p beam
(e.g. SHiP experiment)

[https://stfc.ukri.org/research/
particle-physics-and-particle-astrophysics/

large-hadron-collider/cern-accelerator-complex]
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Quiz |

At the LHC, what are electric fields used for?

(a) to accelerate the protons
(b) to focus the proton beams
(c) to keep protons on a circular trajectory

What are magnetic fields used for?

(a) to accelerate the protons
(b) to focus the proton beams
(c) to keep protons on a circular trajectory

Why do we want to accelerate particles
to the highest possible energies?

(a) to produce massive particles
(b) to resolve small distances
(c) to study rare processes
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note: questions can have
more than one correct answer
--- or none ;-)
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Kinematic reconstruction Video of the

lecturer

Most of the “interesting” particles
are very short lived

* e.g. B meson: 1.6 x 107'% sec

What we see in our detector are the
stable or long-lived decay products
* electrons/positrons (e*)

* protons/antiprotons (p/p)

* muons (u*), pions (1), kaons (K*)

)
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Kinematic reconstruction Video of the

. . . lecturer
Deduce the production of short-lived particles
by kinematic reconstruction from the measured
momenta and energies of their decay products
[ E? = m® + p? ] [ using “natural units” ]
withc=1

Energy and momentum conservation in the decay

2 Energies and momenta
of the decay products

M fd i D
asspc;rﬁflzaylng [ M? = (Z E; )2 - ‘Z pi
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Example: particle decays to u* - Video of the

lecturer

Mﬁ: ‘MOM\‘
(EM_ ’ pM_) &
Measure the momenta of the p~ and the p*

» calculate their energies ( E>. = m_ + p°. )
 calculate the mass of the decaying particle:

[ M* = (EW-I-EM_)z - ‘EW-I_EM_‘Z }
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Example: particle decays to u* -

flat distribution:
“background”
from random
combinations
of W and w
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U S S S R R
QO = =
B LHCb /5 = 7TTeV
é& 8 f =
7 Y(1s) -
S o iV i
- Y2s)
= A | | =
S e || : Y(3s) ]
O | N\ A ¥ -
0t B T Vet e N e O
9 9.5 10 10.5 11
Pl (GeV/?]

Video of the
lecturer

narrow peaks:

“signal” from
short-lived particles
decaying into u" -

(m., = [E+E [ -

> Y
p@f-l-p&w_‘ J
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Y “resonances”

------------------
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Discovered in 1977

* interpreted as bound states
of a b quark and a b quark

Important discovery

* first direct evidence for a
3" family of elementary particles
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“Yesterday’s sensation ...” Video of the
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Yesterday's sensation
is today's calibration channel

(Richard P. Feynman)
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“... today’s calibration channel” Video of the

lecturer

Calibrate momentum measurement: 0| | I
compare the position of the peak with éi % % LHCb 5= 7TT&V 3
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“... today’s calibration channel”

Determine momentum resolution
from the width of the peak

my.,-= \/(EW + EM_ )2 - ‘ P, * P,
with

. 2 2
E —\/mM+pr
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“... today’s calibration channel”

Video of the
lecturer

Determine momentum resolution 050210

from the width of the peak
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Today’s “sensations”

CMS Preliminary 12.9 ' (13 TeV)
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QU 1Z I I Video of the

lecturer

To reconstruct the mass of a short-lived

particles, which properties of its
decay products to we have to determine?

(a

their energy
b) the magnitude of their momentum
c) their flight direction
d) their mass
a) and (b) 4 )

)
)
)
)
) and (d) note: questions can have
)
)
)
)

and (d) more than one correct answer

(d
(d
a) and (b) and (c) --- or none ;-)
(
(

and (c) and (d) N /
and (c) and (d)

(
(
(
(
(a
(b
(
(a
(b

)
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Long-lived particles

To reconstruct short-lived particles,
detect the long-lived decay products
and measure or determine their

« momentum (direction and magnitude)
e tracking detectors in magnetic field

e energy
 calorimeters

o particle type ( e, 1%, 1, K*, p/p )
e combination of different detectors
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Momentum (magnitude) Video of the

lecturer

For charged particles only: bending of the
trajectory in a magnetic field

F,=q-Vx B )
I ~ P = q-B-r
r

Layers of position-sensitive detectors
to follow the trajectory of the particle

Charge sign of the particle from the
direction of curvature

)
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Energy

Calorimeter (for charged and neutral particles)

e dense detector material:
incoming particle initiates
shower of secondary particles

e e*, v : shower created by
electromagnetic interaction
(Bremstrahlung, pair production)
— electromagnetic calorimeter

e hadrons (1%, K*, p/p): shower
created by hadronic interactions
— hadron calorimeter
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Colliding beam experiment Video of the

lecturer

Collide two beams of particles head-on with each other

* particles are produced in all directions

* detector needs to cover full solid angle Tracking

Chambers Beam

(“4 ") to detect all produced particles Pipe
Magnet

* usually implemented as barrel + endcaps

Barrel part most important:

. i N
* concentric layers of cylindrical detectors s
alorimerer
(“onion shell”) Vs \ “
Chambers

Hadron
Calorimeter

@
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Fixed-target experiment Video of the

lecturer

Shoot a beam of particles into a target at rest

* particles are produced with forward Lorentz boost

Muon system
HCAL

* need to equip only a cone

ECAL
Spectrometer

in the forward direction magnet

Vertex

to detect all particles Beam  etector

Planar detector layers, =) Fa@:

orthogonal to beam axis
(“book shelf”) fareet

J

Main tracking
system

) |
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Example: CMS detector at the LHC

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m* ~9.6M channels

Magneticfield :3.8T

Video of the
lecturer

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

&)
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Example: CMS detector at the LHC Video of the

New Technologies for New Physics

lecturer
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Example: CMS detector at the LHC Video of the
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Example: CMS detector at the LHC Video of the

lecturer

m Im Am am am m
= 3 Iy I-. =
& e N -I._-'.'_ \ 1 A A RER(LLL P
P T |

v Electromagnetic
: ].II]] Calorimeter

HCAL - Hadron Superconducting )
Calorimeter Solenoid Iron retumn yoke interspersed

with Muon Chambers

K
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Electron / positron Video of the

lecturer

Electromagnetic

Calorimeter e

Superconducting
Solenoid

Iran return yoke interspersed
with Muon Chambers

Calorimeter

)
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Charged hadron (proton, kaon, pion)

Video of the
lecturer

hMagnetic Fleld
Diraetid Out
® 47
=-'I Charged
= ':_' Hadron
Silicon x 7
Tracker
ECAL A7 A R
: Electromagnetic y s
¢ ].51]] Calorimeter <
- HCAL - Hadron Superconducting -
Calorimeter Solencid Iron return yoke interspersed
i with Muon Chambers
ki

o
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Muon

Video of the
lecturer

Electromagneti
J.Tﬂ.]]l Calorimeter

Su;:emundl_.lctin_g
Calorimeter Solencid

k

o
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Iron retumn yoke interspersed
with Muon Chambers
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Example: LHCb detector at the LHC

ring-imaging
Cherenkov detectors
~ (for measuring \
speed) \

calorimeters
(for measuring energy)

positive pion  photon \

ipe for \ \
P magnet \

A\
\ \
\
| \ 2§
\ B \
- f
| =) i B
5 . 4
/

protons from
Large Hadron
Collider

5 metres

I
vertex detector |
(for locating
particle decays)
\ regative neutron B peutrino

\ : /
\ kaon /
Y

/
tracking detector
(for measuring position) muon detector
(for identifying muaons
and antimuons)

&)
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Video of the
lecturer

Similar:

e tracking detectors
e magnet

e calorimeters

e muon detectors

Different:

e Cherenkov detectors
e detector geometry

Basics of Particle Physics - Part 3, Lecture 1 38/58
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Particle Type Video of the

lecturer

To distinguish between the different types of particles:

exploit their different interactions in detector material

e e* shower by electromagnetic interaction = ECAL
e 1%, K*, p/p shower by hadronic interaction - HCAL
e u* do not create showers = muon detectors

To distinguish p/p, *, K*: measure speed (B)
( momentum + speed = mass — particle type )

Cherenkov Angle (rads)

e Time of flight ‘)
e dE/dx (Bethe-Bloch) } atlow B
e Cherenkov detectors } at high B T s

)
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Ring Image CHerenkov Detectors Video of the

lecturer

shock

front |
7%‘ radiator

=¢/n

mediym (gas)
...................................................... > .
v Cmedium
COS (. = ﬁ = in 4
P photon spherical
§ = P _ p detectors mirror

O) . .
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LHCb detector geometry

The main goal of LHCb is to study decays of
particles that contain a b or b quark

e these particles are produced mostly under
small angles with respect to the proton
beam axis

e more cost efficient to build a detector
that covers only the relevant angles

e (plus some other advantages)

Experiments are optimized for the physics
processes they are meant to study !

=)
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Video of the
lecturer

LHCb MC

/s =14 TeV

/2
Tq 0, [rad]
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LHCb detector geometry Video of the

lecturer
WHhy are particles containing a b or b quark
produced under small angles to the beam axis ?
e b b quark pairs are produced through the
interaction of two gluons (or two quarks) . .
inside the colliding protons p | Py | | Py | p b
o . < ——
e each of the interacting gluons carries g® g
a fraction of the momentum of its proton Pg=X1Pp b
Ps = X2Pp

e these fractions are different = asymmetric
collision = boost along the beam axis

)
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QU 1z Il Video of the

lecturer
What are magnetic fields used for in particle-physics detectors?

(a) to measure the momentum of neutral particles

(b) to measure the speed of charged particles

(c) to measure the energy of neutral and charged particles
(d) all of the above

(e) none of the above

note: questions can have
more than one correct answer
--- Or none ;-)

Which of these arrangements make sense in a barrel detector (inside = out)?

(a) tracking = ECAL = HCAL — magnet coil & muon stations
(b) tracking = magnet coil = ECAL = HCAL = muon stations
(c) tracking = ECAL — HCAL — muon stations = magnet coil

Slide 41 explains why at the LHC particles containing a b or b quark are produced mostly at small
angles with respect to the beam axis. Why is this not true for Higgs bosons?

(a) the Higgs boson has a much shorter lifetime than particles containing a b or b quark
(b) the Higgs boson has a much higher mass than particles containing a b or b quark

)
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Why have both ATLAS and CMS ? Video of the

lecturer

One difference : Magnetic fields

Field lines of
the toroidal
magnetic field

Field lines of =~
the solenoidal
magnetic field

[http://cds.cern.ch/record/2770604

ATLAS has not one, but two magnetic fields !

)
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Why have both ATLAS and CMS ? Video of the

. lecturer
One difference : ECal

[http://cds.cern.ch/record/2736135

[http://cds.cern.ch/record/619028]

o,

CMS has excellent energy resolution, but needs other tracks in events to identify the PV
ATLAS Ecal can identify vertex on its own with ~50mrad/VE angular resolution
— Important for H—yy in the presence of pile-up

=)
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Search for Hidden Particles Video of the

. . lecturer
Example of a fixed target experiment

Spectrometer magnet Timing detector

LDM/neutrino target and muon system (SND)

Surrounding Background Tagger (SBT)

==
r ’ T

Upstream Backeround Tagger (UBT) Spectrometer straw tracker
Decay volume Electromagnetic calorimeter

Muon system
Focus : Redundant background control and full measurement of as many final states as possible

@
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Video of the
lecturer

Questions ?
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