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Some textbooks and references

* Reference

* Mark Thomson, “Modern Particle Physics”
* Konrad Kleinknecht, “Detectors for particle radiation”
* PDG https://pdg.lbl.gov/

* "“Passage of Particles Through Matter”

* 00


https://pdg.lbl.gov/

Outlines

® General concept of particle detection

® Passage of particles through matter
® Detector functionalities

® Particle identification

® Tracking

® Calorimeter

® Application of particle detection

Aim of this short course is to provide foundations/background for
other relatively advanced lectures in particle detectors and for
hardware training.




Forewords

In general, it is not difficult to find the solution to a certain
question. The more ditficult part is posing the right queries to steer
your investigation.

One of the school's key goals is to provide a foundational basis that
will not only help you answer certain questions, but will also prompt
you to ask more from both theoretical and experiential perspectives.




Our Vietnam

on the Earth Astonishing thing: human, a tiny creature, think
seriously about the VA@ST Universe

One should find myself privileged to be scientist!

Our Solar System
in the Milky Way

Our Milky Way
in the “observable” Universe i

https:/apod.nasa.gov/debate/2020/Tarteriooth.html



https://apod.nasa.gov/debate/2020/Tarter100th.html

Try to ask Al

O Can Al suggest neutrino-related questions
that have never been asked by human?

O (Can Al suggest experiments to address
the above-posed questions?

(By the way, AI will be more useful if you have extensive relevant
expertise. Otherwise, it is difficult to figure out whether what Al
says is good or bad from a scientific perspective. )




Useful relativistic relationships
|

% 1
p=20<p<1)y= =
* < V1=12/c2 1= p

®Relativistic mass m,. = ym,,

(I <y < o0)

®Relativistic momentum p. = m v, = ymyv, = ymyf.c

®Relativistic energy E = m,,c2 = ;/m()c2

®Relativistic momentum-energy relationship E* = (pc)* + mgc4

® Massless particle: In the classical mechanics, it is nonsense for the existence of

massless particle, however in QM, it is allowed with the relation E = pc for the
free particle

® However, Special Relativity does not answer the question about more or less

energetic massless particle but QM do (related to wavelength/frequency

hc




®Energy measuredineV:1 eV=1.6x10""J

® Momentum measured in eV/c: Mass measured in eV/c

Useful units

®Energy of LHC protons E; ;- = 14 X 101% eV = 107° J

®Energy of a 800kW-power proton beam:

® Computed from 2.26e14 of 30GeV protons per 1.36s
eTotal energy £, , =2.3x 10 x30x10° =6.9x 10** eV~ 1.1 x 10° J

oPower: P=E, /T =1.1x10°J/1.36 s ~ 800kW
®Car massis ~ 2 X 10° kg; speed at 120 km/h ~ 33 mls = E,, ~1x10°J

2

Quantity [kg, m, s] A, ¢, GeV] h=c=1
Energy kg m” s> GeV GeV
Momentum kgms™! GeV/c GeV
Mass kg GeV/c? GeV
Time s (GeV/h)™! GeV~!
Length m (GeV/hc)™! GeV~!
Area m? (GeV/hc)™? GeV ™2



Energy of photon: useful conversion

0°E

2 _
0°B

vz B — py€ —

Electric Magnetic 0 t .

— hf where h = 6.626 X 10™*Js

L
Energy of relativistic particle is expressed in eV, keV...

photon
B e he  6.626 x 107%[Js] X 2.998 x 10°[m/s]  19.865 x 107°°[J]

photon p 106A[um] A[um]
Aplye = [0.45 — 0.50][pm]

_ 19.865x 107*°[eV]  1.24[eV] l

photon ™ 1" £09 < 1()-19 A um) - A um) Epjye = [2.48 — 2.76][eV]




Why we can’t simply observe the
light quanta?
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A lot photons...

E

photon

= hf where h = 6.626 X 10™°*Js

A 405nm LED has optical power of 6mW, how many photons emitted in a second ?

C 3 % 10°%[m/s] 1de —1 14
f=—= =74x10"[s7']=7.4 % 10"[HZ]
A 405 x 10~°[m]

Number of photons emitted per second

6% 107°[W]x 1
Nohoton = MERSID = 1.2 x 105
6.626 X 10-34[Js] X 7.4 x 1014[s—1]
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General concept of particle detectors




Particle interaction

®We can’t see the interaction itself but the end products of the interaction

®Eg. Story of Pauli’'s proposal of “invisible” end product in beta decay

® Fnd products are used to make sense of the underlying interaction

® Fnd products are detected via their interaction with matter

e Only relatively “stable” end-products y, e™, u=, p, n, 7=, a (or He?*t) can leave visible track in the
detector.

® Produced v is stable but interact weakly, so mostly passing detector without any interaction —
referred with so-called missing energy

®Produced ry decay quickly into 2 photon (y), which provides a quite distinct feature in detector

Particle type Rest mass [MeV/c] Mean life 7 [s] Main decay mode
Photons  (v) 0 Stable —
Leptons Electron (™), positron (e™) 0.511 Stable -

Muon (™, ™) 105.66 2.2x107° B — e Ve,

ut — ety

Hadrons Proton (p) 938.27 Stable —

Neutron (n) 939.57 880 n — pe v,

Charged pion (71, 77) 139.57 2.6x1078 T — U Uy

Tt = uty,
Neutral pion (7°) 134.98 8.5x10~17 70 —




Ignore these

technical terms

EXAMPLE OF PARTICLE SIGNATURES IN THE DETECTOR

/ -

-  HCAL ECAL Tracking detector Muon detectors

You can consider them as “sense organ” of the detector

Can you try to match: eyes, ear, nose, tongue, skin
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Example of particle signatures in the detector

‘o u+
Ilgnore these f / .
-  HCAL ECAL Tracking detector Muon detectorse.

technical terms T T T g
,@@'
((&j 9 ®
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Main body of particle detector

A matter medium to facilitate the particle-matter interaction and
to make the end-products “visible”

Particles
to study

Detector = matter medium

“Visible"” here is not just for your eyes but any feasible techniques/
technology (photosensor, scintillator...)
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Cross section and interaction length

* Consider flux of particle [, passing through a matter medium with atomic number A
(can be fixed target or active volume of a detector) x

Ny X p
* Number of scattering centers (s.c.) per unit volume isn, = AA where N, is
Avogadro number and p is matter density
* The loss of incoming particle due to interactionisdl = - 1,.0;,, .n,.dx

* Where o, , is the interaction probability of an incident particle with

scattering centers, interpreted as the effective area of the interaction

* So remained flux I = [yexp(—o,,, .n,.x) = lyexp(—x/4;,. )

nt.

* ... called the interaction length (or sometimes called mean free path)

n,

—
—

For mixed materials, 4., =

int.
Zi n;0;
I = lyexp(—o,, .1, .x)
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Cross section and example

* lbarn = 10~ **cm?
* 1mb = 1 milibarn = 1072’ cm?
* 1pb = 1 picobarn = 10™°%cm?

* 1fb = 1 femtobarn = 10™%cm?

* Strong forcep +p — X, 6 ~ 45mb (scale = 1)
* Electromagneticforcey+p — X, 06~ 0.15mb (~1/300)
* Weak force v, + N - X,o~7tb (~1/6400000000000)

SENSE OF INTERACTION STRENGTH
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Cross section depends on energy

Cross section of a specific interaction depends on particle-
involved energy so interaction length as well as any measure (eg.
interaction rate) related to cross section.

—
Q

o)

E g4 Extra-Galactic

-

g ‘07 Galactic

% Accelerator s El/_e ,
o Atmospheric O temsitelE) ~ 10 VeV [em”]
8 SuperNova <

For reactor v at few MeV, 6 ~ 10~ cm?

For atmospheric v at few GeV ¢ ~ 107 cm?

© @ © 9 9o o 9 =@
(',3 N N N [y - ab -y
s o0} | N w » w o

10* 1072 1 102 10* 10° 10° 107 10% 10“ 10° 10"

Neutrino Energy (eV)



Meaning of interaction length

L
Interaction probability P,_;) = J 7 exp(—x/4,, . )dx =1 —exp(—L/4;,, )
0 “Yint.
* Giving same number of incident particles, longer L, i.e more scattering
centers — more particle interactions

* 63.2% (1-1/e) interaction happens when L = 4. .
* 86.5% (1-1/e2) happen when L =24 .

* o 0o
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Interaction length : an example

* 10 GeV proton entering a iron slab, what is the interaction length?

* Given o, (pp — X) = 25mb with p=10GeV, for materials with mass number A,

— 0.77
Oy = 0,,.A

- A S6[g/mol]

— ~ 21lcm
P Nypo,,,  6.02x1023[1/mol].7.87[g/cm3].56077.25 x 10~27[cm?]

* For 100GeV neutrino entering a iron slab

56
A= ~ 1.7¢'°cm > 1 AU = earth-sun distance

6.02¢23 X 7.87 X 0.7¢73% x 1000

* So how can we stop neutrino?

* Keep in mind that more scattering centers give more probability of
interaction —-make bigger detector with more intense source of particles
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Interaction rate

* One of the most useful detector technique is COUNTING of particle interaction

* No. of interactions in the detector for a given time t (second/day/ year) can be computed as

Flux of incident Cross Scattering
particles section center

* In reality, energy-dependence of flux and cross section must be taken into account

* Other relevant is that imperfect detector can’t detect all interactions, or detection
efficiency is less than 1.

22



Eg. Neutrino interaction rate

* Sun produces 2 X 10°® electron neutrinos per second

* Total sand grain on the Earth ~ 10'°
N 2 x 107

4zR?  4mr(1.5 x 1013)2
* Due to limit in (energy) detection threshold, observed flux at Super-K detector is
~ 2.3 % 10%cm™2s~!

* Super K detector: 50k tons of pure waters

* Solar neutrino flux at the Earth @ = ~ 7 % 100cm =251

&

*+ Total electron (as No. of interaction centers)
N& = 10[e/atom] x 5 x 10'[g] x 6.02 x 10*[atom/mol]/18[g/mol] = 1.67 x 10°*

* No. Of interaction per second N[s™'] = ® X 6 X N¢y where 6 = 10~ cm?

Nis™'1=® x 06 X Ni = 7el0x 1079 x 1.67 X 10°* = 117[s "]

* Observedrate N, [s7'] = ® X 6 X N = 2.3 X 10°x 107 x 1.67 X 10°* ~ 4 x 107°[s~'] or 350
events per day, still ~ one order larger than

* In reality, suppressed by the fiducial mass, factor of 0.45

* Detection efficiency

* [ 2 B
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One of the first parameter to look at when building a detector is to
estimate the total interaction rate (consider ideal detector) and
observable rate (after taking into account the detection limits)

- Statistics (eg. sensitivity to certain parameter) is relevant

\'le1¢-WIsM EXPERIMENTAL NEUTRINO PHYSICS IN A NUTSHELL

24



Conceptual particle detector

Ideally (here particles = end products of the interaction)

* Excellent identification of all particles
* Excellent tracking (spatial and temporal ) of all particles

* Precise measurement of energy/momentum of all particles

* Additional features
* Record High rate events: collider, near detector of neutrino experiments

* Radiation tolerance: eg collider; MUMON detector of T2K ; caused eg.
displacement of the lattice atom/ defection

*» Continuous operation for ~ 10 years with little/no intervention

» Compromise: existing technology, money, space, time...
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Bodies of particle experiment

* The essential:
* (1)Particle sources: can be man-made or natural source
* (2)Active volume for particle interactions
* (3)Apparatus to “capture/visualize” the interaction process

* (4)System for signal processing and analysis

e G
e e Bem P e S e e e P e S S T e Pl e R e ey 2343 ;:;', ,:E»E e % b A :’:ﬁ"} 7 A7
" / larget Beam e S e
J-PARC 2 e | & = ki (4)
| e
80 4 ToKData M v,andv,CC °
[0 v,andv, GG Neutral current.
260 W e ]
5 - - i - B AN )
) o
S £ R v
§40_ f Tkyﬁ; '?:' i
i i X v -like
(1) J-PARC neutrino beam g [ T e— "
2, H
20 + 1
(2) pure water/ Gd-loaded | ' ++++++H+ _
......... 4:{"”” ] = (e '* *QMM
(3) Photosensor 2000 1,000 0 1,000 2,000

e/u PID discriminator
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Bodies of particle experiment

* Supporting setup

* Passive and active “Isolation”/shielding
* Underground, high Z materials
* Veto / outer detector

* Additional detectors: to understand particle source, particle interaction, detector
performance. Eg. Near detector complex in neutrino experiments

* Additional facility to test/calibrate the detector’s performance

* ( 2 N J
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Main difference btw. Collider and Neutrino experiments

Collider experiments: We know where and when
the interactions happen

Neutrino experiments: We don’t know where
the neutrino interaction happens. We may know
when the neutrino interaction can happens, eg.
neutrinos delivered from accelerator.

28



Working principle of particle detectors

Any eftect of particle inducing observable
distinction when interacting with matter can be
used as working principle of particle detector

strong electromagnetic weak
- d b
Quarks down-type S y y Y
up-type u C
h d » - - V4 VA
Leptons : arge - i :
neutrinos Ve Vi Vy v

These gives the overall framework to compute, but it likes “black-
box”, not giving you features/observables to quantitatively measure.
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Working principle of particle detectors

Any eftect of particle inducing observable
distinction when interacting with matter can be
used as working principle of particle detector

Fundamental effects:

® Coherent scattering (keep targeting atom

intact), release some recoiled energy
Matter W

From molecule to quark s Pt /? ™

®lonize atom by liberating electron

m

®

0

~+

-~

O

=
G
2 QO
2 8

~-
w

® Excite the atom/molecule and produce new
particle(s)

D))

® Emit photon(s): Cherenkov radiation,
transition radiation, scintillation, fluorescence

®Break down nucleus via inelastic nuclear
scattering results in number of particles
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CHARGED

PARTICLES

Detection of charged particles

v

»

A

STRONG ,
INT.

\ 4

1

HADRON CALORIMETER

4

smmm—— NUCLEAR EMULSION
SRS | [NTILLATION COUNTERS

CHERENKOV
RADIATION g CHERENKOV DETECTOR

GASEOUS DETECTORS

TRANSITION

s
RADIATION TRANSITION RADIATION DETECTOR
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Interaction of electron/positron

300 [MeV]

* At low-energy (less than E,. = ~

* What we are interested is at higher than
E_, dominated by Bremsstrahlung

e Y
-
Y
Ze
N N

1.0

(X()_l)

1 dE
E dx

05—

) energy loss, dominated by ionization

I I\ |
\

\

Positrons Lead ( Z = 82)

\
\ /
\

—0.20

Electrons\\\
\ Bremsstrahlung
Ionization
l\iger (e7)
Bhabha (e™)
+_ PDG-2022

Positron >
annllhllaltloln

0.10

0.05

10
E (MeV)

100

1000

(cmZg~1)
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“Heavy” charged particles

* Relativistic charged particles interact electromagnetically with atomic electron and lose energy through
the ionization of the atoms

* Bethe-block formula, this applied for higher mass than m,, but not applied for electron

* Low By, < dEldx > x 1/p?

* Slower particle, more dE/dx since

o g A it feels stronger electric field
, =6.022.10"mol™ = Avogadro number
1 ° 11 .
y = L # = classical electron radius * "Fermi plateau at hlgh 'B}/
° dme, mec2 dE ES - " I
¢ - permittivity of free space ax\ 16 ] * Particles with iy ~ 3 is called

o 15 s | minimum ionizing particle (MIP),
m’_ = electron mass k =3 . c e L.

o ed of lioht - 3= applied for most of relativistic
AEEREEEEIS | £3 1,3 particles (eg. cosmic-ray muons)
z = charge of the incident particle £d gg

=2 12} :§-§
Z_ atomic number and weight of target ';%E i ok T
I = effective ionization potential 10 ' ‘ ‘ '
1 10 100 1000 10000
0 = density correction B
,
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“Heavy” charged particles

* Relativistic charged particles interact electromagnetically with atomic electron and lose energy through
the ionization of the atoms

* Bethe-block formula, this applied for higher mass than m,, but not applied for electron

1T

10: I‘\llllll| | lllllll| | llllllll | lllllll| I L

o0

* dE/dx at MIP depend on material
choice

~ U A

I I | S O PR | | T Illllll lllllll]llllllllllllll

* For muon loss on C (like scintillator),
MIP is when muon momentum is
about 3 GeV (eg. Cosmic-ray muons)

* <dE/dx >~ 18—-2.2 MeVg~'cm?
for few GeV muons

(—dE/dx) MeV g—lcm?)
N W

1 | llIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | | . .

0.1 1.0 10 100 1000 10000 * One can use this to compute the
B'Y:p/Mc f o .II o Io h
| | | | | amount of scintillation light
0.1 1.0 10 100 1000 produced

Muon momentum (GeV/c)

| Illlllll | lllllll| | llllllll | llllllll | llllllll

0.1 1.0 10 100 1000
Pion momentum (GeV/c)

0.1 1.0 10 100 1000 10000
Proton momentum (GeV/c)
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Detection of neutral particles

@ @ EXCITATION /
poToN EMissioN AN NEUTRON COUNTER, EM CALORIMETER...

NEUTRAL
PARTICLES

RAYLEIGH, COMPTON SCATTERING,
PHOTO-ELECTRIC EFFECT, PAIR- EM CALORIMETER...

PRODUCTION

WEAK INT. NEUTRINO DETECTOR
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Interaction of Photon

| | | T 1 | ]
R PDG-2022
* Dominated process depends on photon energy N =]
I I. h I h . . . I ! B \%o 8-0?% (b) Lead (Z= 82)
also slightly on the Iinteracting materia Xi ‘t; o - experimental Gy
1 Mb [— > =
: o R,
* Low energy (eV-sub MeV): dominated by P %Y
photoelectric effect and Rayleigh scattering ’g B N
=
* Medium energy (keV-sub GeV): dominated by 2 [ “Rayleigh -
. <
£
Compton scattering S ol _
® — ® ° ao
* High energy (>MeV): e*e™—pair production g8 | .
§ - nuc .
Y 3 U
el B 1b— 2 P o
/ o'Compton
et T -
/ N 2
Y 10 mb I | | | | (A N
10eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy
0pe. = Atomic photoelectric effect (electron ejection, photon absorption)
ORayleigh = Rayleigh (coherent) scattering-atom neither ionized nor excited
OCompton = Incoherent scattering (Compton scattering off an electron
N Ze N P
Knuc = Pair production, nuclear field
ke = Pair production, electron field
0g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51]. In these

interactions, the target nucleus is usually broken up.
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*

Eg. EM shower developed

At high energy, both Bremsstrahlung and pair production
happen in a cascade manner —Electromagnetic shower

Average energy of particle after X radiation length

E
< E>=—
2x

Will the reach the maximum at x, . =

Eg. 100GeV developed ~ 13X, or ~ 10cm in LEAD

E. .~ 10 MeV

by gamma ray

Electromagnetic shower

In(E/E,)
[n2

high energy
gamma ray photon

interaction
3  (pair production)

shower of secondary
particles

“pool” of
Cerenkov light

ground-based
- telescope

s -— R

1% BX

Eg. Fuzzy e-ring

In Cherenkov detector

1990/00/00:NoYet:NoYet
1990/00/00: ;#R= 0:NoYet

R : Z : PHI : GOOD
0.00: 0.00: 0.00:0.000
CANG : RTOT : AMOM : MS

PDG-2022

-

—

-

4_

CDCI?{_’<CD°<(DCD(D°<(D(D ODO<OD <

* SubFer Kamiokande %
NU # 1
RUN # 999999
SUBRUN # 0

1.7 EVENT# 1

8 = DATE 2017-Jun-15

TIME 13: 6:17

. - TOT PE: 4414.7
MAX PE: 18.8

. L . ‘
3¢ 9. NMHIT : 2294

ANT-PE: 5.
ANT-MX: n I
NMHITA: 7

. :
P Ow “&i :".- ® .-

RunMODE:MonteCarlo
TRG ID :00000010

%N\ 7 ogiff.: 0,00

us
FEVSK :00000000

Il v nOD YK/LW: 2/ 1

SUB EV : 0/ 0
Deye: O( 0/ 0/ O/ 0y
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Important point to keep in mind

* We don’t see particle interaction directly, but its end products

* End products are detected via their interaction with active volume in the
particle detector

* Any observable effect of particle when interacting with matter can be
used as working principle of particle detector




“The real voyage of discovery consists, not in
secking new landscapes, but in having new eyes”




v detector functionali

® Position or tracking particle trajectory

Categorize b

® Particle identification

Time-of-flight measurement ® Multiwire proportional chamber

®|onization dE/dx oDrift chamber

®Cherenkov radiation ® [ime projection chamber..

® Transition radiation ®Silicon detector

.. ® Scintillating fibers/cube/bar...
® Measurement of momentum °

®Energy-loss range of particle eTiming

® Curvature in magnetic field ®Fast-response photosensor

® Cherenkov radiation ®Fast scintillator

A o

® Measurement of energy
®EM calorimeter

® Hadron calorimeters
. . .

Detector building depends on physical motivation,
allowed technology, budge, space, time...
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End of lecture #1




