Basics of Particle Radiation
Detectors
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Outlines

® Concept of particle radiation detection
® Passage of particles through matter
® Detector functionalities

® Particle identification

® Calorimeter

® Tracking

® Application of particle detection (if have time)

Aim of this short lecture is to provide foundations/background for
other relatively advanced lectures in particle detectors




Some textbooks and references

* References

* 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/

Radiation: is the emission or transmission of energy in the form of
waves or particles through space or a material medium

Includes:
Electromagnetic radiation
Particle* radiation
Acoustic radiation
Gravitational radiation

Particle” here is defined as non-zero rest energy/mass

Shortly use: Particle detector



“Periodic table” of elementary particle
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http://hitoshi.berkeley.edu/neutrino/neutrino4.html

Particle detector is a instrument (kind of classical device) to detect, to
track, and to identity the particles (superposition of quantum states)

® (Normally) Particle must reach detector to be
observed

® Produce some measurable signal via some
known interaction with active detector

materials
® These signals are Converted, processed, BIOLOGICAL PHOTODETECTOR
stored and analyzed m Detect light in visible spectrum
(380-700nm), peak around 555nm
Essentially, need to know: (vellowish green) in daylight
. . o . m Large dynamic range (~71eé time btw. the
® Properties of particles and their interactions highest and lowest intensity can be seen)
Wlth matter m Relatively slow response time (~ few tens of
ms)
® Capability and functional limits of detectors = Brains acts as an advanced image processor
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Particle detector is a instrument (kind of classical device) to detect, to
track, and to identity the particles (superposition of quantum states)

Data mining
Electronic
Mechanics

Material science

PN physics

A complicate,
interdisciplinary field



Nobel prize for instrumentation

1927: C.T.R. 1939: E. O. 1948: P;M.S. 1950: C. Powell 1954: W. Bothe
Wilson, Cloud Lawrence, Blacket, Cloud Photographic Coincidence

Chamber Cyclotron Chamber Method method
: ~a |

1960: Donald 1968: L. Alvarez  1992: G. Charpak 2009: W. S. Boyle & G. E.
Glaser, Bubble Hydrogen Bubble Multi Wire Prop. Smith
Chamber Chamber Chamber CCD sensors




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

“New directions in science are launched by new tools
much more often than by new concepts”




Useful relativistic relationships
|

Y 1 MOST OF PARTICLES ARE

'ﬁ =— 0Lp<]);y= — (1 <y < o) RELATIVISTIC, DESCRIBED BY
C \/ 1 — v2/c2 \/ 1 — 2 RELATIVISTIC QUANTUM
o MECHANICS & QUANTUM FIELD

®Relativistic mass m,. = ym,, THEORY

®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 guantum mechanics (QM), it is allowed with the

relation E = pc for the free particle

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

he
massless particle but OM do (related to wavelength/trequency E = hf = —)

A
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Useful units

®Energy measuredineV:1 eV=16x10""J

e Momentum measured in eV/c: Mass measured in eV/c?

®Energy of LHC protons E; ;- = 14 X 101% eV = 107° J
®Energy of a 800kW-power proton beam:
® Computed from 2.26e 14 of 30GeV protons per 1.36s

eTotal energy £, =23 x 101 x30%x 10° =6.9x 10** eV~ 1.1 x 10° J
ePower: P =FE, /T = 1.1 x10° J/1.36 s ~ 800kW
®Car massis =~ 2 X 10° kg; speed at 120 km/h ~ 33 mls — E,, ~1x10°J

Quantity [kg, m, s] 7, ¢, GeV] =g =
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 ™
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Energy of photon: useful conversion

O’E
2 L _
\/*E Ho€p v 0
0’B
\?% B — pye =
Electric Magnetic IMO . at .

field field

E

photon

— hf where h = 6.626 X 10™*Js

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

E, —=hf

photon ) 106A[m] Alum]
Apluye = [0.45 — 0.50][pum]
~ 19.865 x 107*[eV]  1.24[eV] l
photon ™ 1" £09 < 1()-19 A um) - A um) Epjye = [2.48 — 2.76][eV]

- he  6.626 x 107%[Js] X 2.998 X 10°[m/s] ~ 19.865 x 107°[J]
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Difficulty to observe a single photon?

E

photon

= hf where h = 6.626 X 107°%Js

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

c 3 % 10%[m/s] e 4
f=—= =74 x10"[s '] =74 %x10"[HZ]
A 405 x 10-9[m]

Number of photons emitted per second

6x 1073 [W]x1
Nyhoton = MERSIT = 1.2 x 105
6.626 X 10734[Js] X 7.4 x 1014[s—1]

Wanna see single photon level = must suppress ambient light
13



Build a particle detector?

* For what?
* Involved particles? and their
signature ?




Juestions to ask before building a detector

What's the motivation?

What's the signal/messenger ?

m Potential background and estimated signal-to-background ratio

What's kind of information you need

m |t directly relates to the detection technique

What's the appropriate technique the detect

m Different techniques may have different background

What's the possibly observed signal frequency (maximum and minimum)

m Related to the signal rate itself, cross-section, detection efficiency, detector size...
What's requirement for temporal and spacial (directional) resolution of the signal?
m Known or unknown signal sources? Know or unknown arrival time?

Where's the best place to put detector?

s One detector is sufficient? On the earth or orbit?

Of course considering the cost, maintenance, long-term operation...
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Driven mainly by curiosit

1. Where and what is dark matter? LEN
NATURE’S
. How massive are neutrinos? CREATEST
PUZZLES
. What are the implications of neutrino mass?
. What are the origins of mass? Posed by Chris Quigg,
20 years ago, still
' ' ? 2. ’
. Why is there a spectrum of fermion masses" waiting for the
NEUTRINO PHYSICS
answers!!!

Why is gravity so weak?
. Is Nature supersymmetric?

. Why is the Universe made of matter and not antimatter?

© 00 N O Ut A W

. Where do ultrahigh-energy cosmic rays come from?

10. Did the Universe inflate at birth?

https://arxiv.org/abs/hep-ph/0502070 16



https://arxiv.org/abs/hep-ph/0502070

Four messengers to sense the distant world

1. Light in all form (wavelength):
from beginning of astrophysics

20 Cosmic ray: 1 909~ multi-
messenger
3. Neutrino: 1987~

deflection

4. Gravitational waves: 2021~ \ N 2

Note: These become useful tools but still

very interesting physics subjects!!!
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Gamma-ray X-ray Ultraviolet Visible Infrared Microwave Radio
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Only small portion of the EM radiation can be perceived by human eyes

—_—m

https://imagine.gsfc.nasa.gov/science/toolbox/emspectrum1.html
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General principle of particle detection:
All known particles lose a fraction of
their energy with some probability by
some physical process when crossing
matter (in detector)

=» leave some traces* to be detected
and revealed their properties

* Some traces are easy to identify, some are not




®Eg. Story of Pauli’'s proposal (1930) of “invisible” end product in beta decay

Particle signature

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

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

® Fnd products are detected via their interaction with matter

®Only relatively “stable” end-products y, e*, u=, p, n, <, a (or He*") 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 x, 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 (e ™), positron (e™) 0.511 Stable -
Muon (™, ™) 105.66 2.2x107° B — e Ve,
ut — ey,
Hadrons Proton (p) 938.27 Stable —
Neutron (n) 939.57 880 n — pe v,
Charged pion (71, 77) 139.57 2.6x1078 T = u U,
Tt = uty,
Neutral pion (7°) 134.98 8.5x10~17 ¥ — vy
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HCAL: Hadronic calorimeter

ECAL: Electromagnetic calorimeter

/

HCAL

EXAMPLE OF PARTICLE SIGNATURES IN THE DETECTOR

ECAL Tracking detector Muon detectors

SEE THE DIFFERENCE IN THE SIGNATURE PATTERNS?

21



EXAMPLE OF PARTICLE SIGNATURES IN THE DETECTOR

HCAL: Hadronic calorimeter

ECAL: Electromagnetic calorimeter

/

HCAL ECAL Tracking detector Viuon detectors s

.
& © <¢T>

4

(eyes, ear, nose, tongue, skm)




Bird view of particle radiation detection

_~
’ \

° @ PHOTODETECT OR

(Modern detector) be electrical in nature, i.e at some points the
information is converted into electrical impulses and proceeded
with electronic devices. For storage and further analysis, converted
to digital signals.

(front-end) (back-end)
~ A

ELECTRICAL
SIGNALS

DIGITAL SIGNALS
& DATA

& PROCESSING ACQUISITION
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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

R G
ks e e S~ Sl e e N i ghn et
- / Target Beam i e g
£ vt : dump S0 (4)
| bR
80 ¢+ T2KData [ veandv,CC
[0 v,andv, GG Neutral current.
260 BEE AT, ]
A - B - AR |
() ¥
0>.) . ey :. ,
: Q | Jlike v -like
(1) J-PARC neutrino beam 2 [ Ve H
2,0, H
20 + 1
(2) pure water/ Gd-loaded ' : +++#++H+ + _
.......... t e N TR L e, o
(3) Photosensor 2000 4,000 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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Passage of particles through matter




Trivial but important: particle/radiation must reach
detector’s active section to be detected

Eg)
[~*‘
i

|
EX .‘ i

B-ray
X-ray & Y-ra

Muon
Paper Wood
; Water
Skin Plastic % |
e Thick Concrete
Neutrino Clothing i Aluminum Rt

SO MATERIAL AMOUNT ALONG THE PARTICLE’S PATHWAY TO DETECTOR MUST BE TAKEN INTO ACCOUNT




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)

20



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, 0 ~ 45mb (scale = 1)
* Electromagneticforcey+p — X, 06~ 0.15mb (~1/300)
* Weak forcev, + N - X, 6 ~ 7tb (~1/6,400,000,000,000)

(GIVE SOME 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

a

é Jg4 1Hlb=10’27 Cm2 ” - Extra-Galactic

e %

2 107 Galactic

dg) Accelerator —43 Ey_e 2
o . , - 017+e—>17+e(E) ~ 10 [Cm ]
- Atmospheric 3 ' ‘ ‘ MeV

o) % g

O

SuperNova

Reactor v at few MeV,
o~ 107 cm?

Atmospheric v at few GeV
o~ 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° 10° 102 10" 10° 10"
Neutrino Energy (eV) 31




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.

34



Eg. Neutrino interaction rate

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

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

4zR?  4r(1.5 x 1013)2
* Due to limit in (energy) detection threshold, observed flux at Super-K detector is
~ 2.3 X 100cm™2s7!

* Super K detector: 50k tons of pure waters

* Solar neutrino flux at the Earth @ = ~ 7 % 10¥9¢m—25~!

&

* 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[s7 '] = ® X 6 X N, where ¢ = 107" cm?

* Observedrate N, [s7'] = ® X6 X No, = 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

* ® 00

35



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

(YOU EXPERIENCE THIS WHEN SETTING THRESHOLD TO SEE COSMIC RAY IN THE LAB)




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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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.




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 light charged particles (electron/positron)

300 [MeV]

* At low-energy (less than E. =

* At higher than E_, dominated by

Bremsstrahlung
e” Y
o
Y
Ze
N N

/

1.0

(X()_l)

1 dE
E dx

) energy loss, dominated by ionization

I I\IIIIIII I I 1T

\
\

0.20

P Lead (Z =82)
Electrons\;\
\ Bremsstrahlung
Ionization
l\iger (e7)
Bhabha (e™)
4 PDG-2022

Positron >
annllhllaltloln

0.10

0.05

10
E (MeV)

100

1000

(cmZg1)
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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 1/5?

* Slower particle, more dE/dx

N, = 6.022:10”mol™ = Avogadro number since it feels stronger electric
1 & . . field
r, = I = classical electron radius
o " dE 3 % M - " -
c. _ permittivity of free space &\ 15 H Fermi plateau” at high Sy

1.5
mj = electron mass

relativistic
rise
e
3

\ | Particles with fy =~ 3 is called
\ minimum ionizing particle

¢ = speed of light

EU!
£3
_ " . .§§ £ o .
ZZ charge of the incident particle %S L Eé (MIP), applled for most Of
— = atomic number and weight of target ';5:5 i ok T relativistic Pa rticles (eg cosmic-
I = effective ionization potential L0 ' ‘ ‘ ' ray muons )

1 10 100 1000 10000

0 = density correction
By
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“Hea

” charged particles

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

* Bethe-block formula, this ap

(—dE/dx) MeV g—lcm?)

10 ?._ Illl| 1 1 llllll| | | B | | | | llll|l| 1 IIE
8 - :
6
5 ¢
4
3
33 T AN R == i ) -1 MO AR 3 2
1 IIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | O O R S
0.1 1.0 10 100 1000 10000
By = p/Mc
1 lJlllll L 1 lllllll 1 1 lllllll | 1 lllIII| 1 1 lJlllll
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
llllll | | llllll| | | llllll| | | lllllll | | lllllll
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
| | | Illllll | | lllllll | | lllllll | | lllllll | 1 1 11111
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)

plied for higher mass than m,, but NOT applied for electron

* dE/dx at MIP depend on material choice

* For muon loss on C (like scintillator), MIP
is when muon momentum is about 3 GeV

(eg. Cosmic-ray muons)

* <dEldx >~ 1.8—=2.2 MeVg~lem? for
few GeV muons

* One can use this to compute the
amount of scintillation light produced
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Detection of neutral particles

NEUTRON

@ @ EXCITATION /
NEUTRON COUNTER, EM CALORIMETER...

NEUTRAL @

PARTICLES

PHOTON EMISSION

PHOTON v
N RAYLEIGH, COMPTON SCATTERING,
— o PHOTO-ELECTRIC EFFECT, PAIR-
® o 8 PRODUCTION

NEUTRINO

WEAK INT. NEUTRINO DETECTOR
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Interaction of Photon

o . . i g AN
*+ Dominated process depends on photon energy, also A - (b) Lead (Z= 82) =
slightly on the interacting material & \EL § R
1 Mb [~ =
* Low energy (eV-sub MeV): dominated by O
photoelectric effect and Rayleigh scattering g [ N
<
* Medium energy (keV-sub GeV): dominated by 2 [ CRayleigh ~
° 5]
Compton scattering % el _
[ ] —_— [ J [ J .o
* High energy (>MeV): eTe™—pair production g8 | .
g_‘ - nuc i
Y 3 7
il B 1bp 4 sonenling
2 o'Compton
et -/ . ]
4 10 mb J’, | | J A G N Y
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
N Ze N OCompton = Incoherent scattering (Compton scattering off an electron)

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.
45




*

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.y EVENT# 1

e8 - 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

- L ]
L b T -
ae Vé s ° -

RunMODE:MonteCarlo
TRG ID :00000010

%N\ 1 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

YOUR SUPPORTED EYES INTO THE PARTICLE WORLD

47



detector functionali

® Position or tracking particle trajectory

Categorize b

® Particle identification

® Time-of-flight measurement ® Multiwire proportional chamber

®|onization dE/dx o Drift chamber

®Cherenkov radiation ® Time 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

o . L

® Measurement of energy

®EM calorimeter o . o
Detector building depends on physical motivation,

®Hadron calorimeters allowed technology, budge, space, time...
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Particle identification (PID)




What kind of information used to identify particle?

Mass Standard Model of Elementary Particles

C h 3 rg e three ger(\feerranr;c]iicz)zss;)f matter

, | I Il
S p I n mass =22 MeV/c2 =]1.28 GeV/c2 =]173.1 GeV/c2 0 ~125.09 GeV/c?
charge @ 2/3 2/3 2/3 0 0

"Flavor” (also “color”) oo @) |l & |- & || @ |- H

m Eq. Electron neutrino and electron upJ|_charm j|  top J| sluor Higes
produced in pair -1 ”egz e .zf,'fGewcl; :

S
. . 1/2 1/2 1/2 1
Allowed interaction processes and s — L ol
- " ; ‘h down I strange | bottom photon
Interaction stren
g ~0.511 MeV/c? ~105.66 MeV/c2 ~1.7768 GeV/c? %91.19 GeV/c?

m Eg. Leptons (muon, electron, . © - ®- @I @ |2
neutrino) do not have strong electron muon tau Z boson 9,
interaction 4 —~ ‘ Q

2 <2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c? an

. O 0 0 0 +1 LLl

Prompt decay products (eg. in case of = o [ W |» W ||| @ =
lect t

W, Z nggg) - r?eeuctrri(r)\'g‘_l ngTJl'i(r)i?loJ neu?lrjinoJ W boson g




2.2
= AL AL m-c
Absolute TOF: 1, — 1, = — 1 + m CAN BE MEASURED
pc C \ p? IF ONE KNOWS At,, AL, p
n AL L, mc” m-c” L c(mi —m5

p2 | 2p?

Relative TOF: 1, — t; = = 1 + — 4/ 1+
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Particle identification using dE/dx

m |[f one can measure dE/
dx simultaneously with
momentum, particle can
be classitied

m Behavior of electron is
different due to
Bremsstrahlung process

Momentum (GeV/c)




Cherenkov radiation for particle identification

m Discovered by Pavel A. Cherenkov in 1937

m |t happens when a charged particle passing through
a polarizable medium with speed higher than the
speed of light in that medium.

"y =[fic >c/n— pn> 1wherenis refractive index

s Mechanism: molecules are polarized in the
direction of the charged particle moving

m Excited molecules emit the light when back to the Blue” water near reactor core

normal state

m When particle moves faster than c/n, these
emitted light added up constructively

(interference) to emit the light at specific angle 6,




Cherenkov radiation 1or particle identification

mcln

V1—n=?

® |n the air, threshold for pions is 5GeV/c but for Kaon is 20 GeV/c

m Threshold in Cherenkov radiation: p,, =

m |n water, threshold for electron is 0.77 MeV, for muon is 160 MeV, for tau

is 2.7 GeV

/
® Cherenkov angle cos 0 = —, depend on [/ i ////
= Number of photons from Cherenkov radiation at a given Bet \\\\
0°N \\\\
wavelength = 2za(l — 1/4°n*)1/7? N
0x0) QN

s More photon at lower wavelength, so Cherenkov mostly at
blue and UV range

= Also depend on f




Cherenkov radiation 1or particle identification

—

Material
solid natrium
Lead sulfite
lamond
Zinc sulfite j e
silver chloride 1.0
Flint glass 0.9
Lead crystal 0.6
Plexiglass

3.2
2.9
1.4

™ 1
O INININININI=IN




Cherenkov radiation for PID: RICH exp.

AMS Ring Imaging CHerenkov (RICH)
Measurement of Nuclear Charge (Z2) and its Velocity to 1/1000

Aerogel —1.F

el b R B R R S —"

b S R e ——

G —s -
R R S 4
= - - ;‘S« y ‘ - /..‘E“y"""""—"; - bl N \A -
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S S = G EEECTEER S
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https://ams02.space/detector/ring-imaging-cherenkov-detector-rich



https://ams02.space/detector/ring-imaging-cherenkov-detector-rich

Measurement of energy: Calorimeter




Events / GeV

Calorimeter for neutrino oscillation measurement

Am3 L
P(v, = v,) ~ 1 — sin?26,; sin”> ———

MINOS

V,-beam mode
3.36 x10* POT

—¢— MINOS data

—— No oscillations

— Best fit (2v)
Uncertainty

10 20 30 40 50
Reconstructed v, Energy (GeV)

llations

Neut

SC

Ratioto No O

2

4E

U

MINQOS
V,-beam mode
3.36 x10°° POT
—4¢— MINOS data

Best fit (2v)

no Pscillation prob

1

jl:jlljty de_#ends on enelgy
N 1

I+

5 10 20 30 40 50
Reconstructed v, Energy (GeV)




Calorimeter: design consideration

Principle: detect particles through total absorption in matter volume of the detector

= Large enough and/or high-density material to absorb all of the energy of to-
be-measured particles (include both charged and neutral particle)

= Record signal (charge or light collection) to refer to the energy lost
m Sufficiently granular to tell not just how much but where energy was deposited

m Other practical consideration: small enough to fit in detector, not too
expensive, radiation hardness; fast read-out depending on event rate...




Energy resolution of calorimeter

m Spectrometer performance is characterized by “energy
resolution” , typically as o,/E

. IdeaIIyENN Of ~ SOENT
L

a I reallty—N—EBbGB—

E \/E NOISE

CONSTANT
TERM

STOCHASTIC TERM
TERM

m Essential task: calibrate conversion btw. what observed (eg.
scintillation light) to energy
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Electromagnetic shower development

m Electromagnetic shower: High-energy
photons produce pair of electrons and
positrons

Development of gamma-ray air showers

- Primary particle
< (gamma ray)

» Electrons and positrons radiate photons via S
Breamsstrahlung when travel through 2

. . . . first interaction
matter, interacting with fields of atoms

with nucleus m ar
(pair production)

= One electron fall below critical energy,
more energy loss via ionisation than
bremsstrahlung and the shower stops
growing

bremsstrahlung
on nucleus mn anr

pair production

bremsstrahlung

o 3% —10%

/) VE/GeV

(C) 1999 K. Bemlohs
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Broadly two types: homogeneous and sampling

Homogeneous type: all active volume, typically
with high density transparent materials

Pros: excellent energy resolution
Cons: expensive; some limit in spatial resolution

Sampling: consists of both passive (high Z
materials like iron, tungsten) and active
(scintillator) absorbers

CMS ECAL: USE 80,000 PBWO4CRYSTAL

Can achieve Of N 2.7 % & 0.55% @E
E \/E E

Pros: cost-effective

Cons: not good energy resolution like the
homogeneous type

MINOS (+): STEEL-SCINTILLATOR
SANDWICH
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Hadronic shower development

Development of cosmic—ray air showers

m  Driven by inelastic nuclear scattering

" Interaction length A, = 35 [g/cm?*] A7,
only depend on detector material

" Eg.lniron,p~ 7.8 g/cm3, A=28,
interaction is about Xp= 13cm

m  Calorimeter thickness is about 92 X,

s Complicated shower with pion, neutron,
photon (from neutral pion), neutrino

" Some energy loss can’t be observed, eg.
Neutrino, nuclear binding energy ...

m  Typically, hadronic shower energy

resolution is worse than EM shower =

pron—-nucleus
mteracnon

Primary particle
(e.g. won nucleus)

first interaction

pion decays

second mteraction

(C) 1999 K. Bemnlody
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Hadron calorimeter thickness

Medium

Density
p [g/cm’]

Interaction length

Myt [cm]

Copper (Cu)

9.0

15.1

Lead (Pb) (ATLAS)

11.4

17.1

Uranium (U) (ZEUS)

19.0

10.5

Iron (Fe)

7.9

16.8

Plastic scintillator

Concrete

For “full” containment calorimeter
thickness needed is about 9 Ay

* 136 cm of copper
* 154 cm of lead
-- 95 cm of uranium
* 150 cm of iron
* ~7 m of plastic-scintillator!!

e ~3.6 cm of concrete

Hadron calorimeters need to be deep!
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Calorimeter techniques

m Common modern techniques used:
m Gaseous/liquid Argon ionization
m Scintillator detector

B Cherenkov detector

65



Scintillation detector

\ Light guide = One of the most common techniques in PN physics
optional) m To detect energy deposited by ionizing particles or photons

m Broadly categorized into: organic scintillator and inorganic
scintillator

photodetector * Main detection characteristics: linearity to energy; fast

scintillator response (fast rising time)

1 |norganic Scintillators Light yield €__ = fraction of

T,
— Advantages energy loss going into f‘\\\
1 high light yield [typical; €., = 0.13] photons .y

1 high density [e.g. PBWO,: 8.3 g/cm?]

1 good energy resolution (—Calorimeters)
— Disadvantages complicated crystal growth EXPENSIVE
— large temperature dependence

1 Organic Scintillators

— Advantages
1 very fast =»pulse shape discrimination possible
1 easily shaped Sometimes need to use with WLS

1 small temperature dependence

_ Disadvantages And normally read out with fast photo-sensor

1 lower light yield [typical; .. = 0.03]
1 low density [e.g. 1 g/cm?] 66
I radiation damage




Tracking detector




Tracking detector

To reveals the path, or “track”, ot a (charged) particle by
providing

m Spatial information
s Temporal information

m While tracking, the detector also provide (partly) information
of particle energy via measuring of the energy loss

m Sometimes, tracking detector can be designed to measure
some particle properties, eqg. charge, and/or momentum.
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Eg. State-of-art of radiation tracking to the classroom

Alpha a - Beta f

"/ ’0

Radon decay ! .

»

A transferred technology by CERN, being use by NASA

(Sometimes in the future, we hope to have this!)

https://advacam.com/application/education/
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Principle for tracking

Charged particle passing through matter

Create electron-ion pairs in the gas

Electron-hole pairs in semiconductor

Scintillation light from excited molecules (liquid/plastic

scintillators)

Cherenkov light in the transparent materials

Understand these fundamental processes is critical for
designing a tracking system.
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Eg: Tracking with MINOS experiment

Fermilab

Uvuvuvuyv
1 1T

Steel -

Scintillator
\.. {s

Orthogonal
Enps

12 km

<> NuMI high intensity neutrino beam

<> Near Detector at Fermilab, IL

<> Far Detector at Soudan, MN

<> Two-detector design to mitigate
systematic uncertainties

’g I T 0_ S5 L L LT L G

E_z 5 :_ “® . C O I I T _:

= - F ¢ I

= : £ 5 -

72 I -1~ o

o :

Q. i o

b - L g

m 5 -

L -

D a5 -2 ji

W - E Deposition <20 pe_ .

c i - ® 2.0 < Deposition < 20.0 pe s,

G : . @ Deposition > 20.0 pe &

F " i | B 1 I 1 1 | I 1 | 1 I | 1 1 I 1 1 1 I 1 1
%2 16 18 20 22 24

Z position (m) Z position (m)



State-of-art of particle detector




State-of-art of particle detection

Tracking Electromagnetic Hadronic Muon
detector calorimeter calorimeter chambers
Y
e -, et
B BT

charged hadrons

neutral hadrons

To put all sub-detector together for maximizing the physics potential
output with other (cost, space, radiation, power...) consideration.
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Tile Calorimeter

Muon Detectors

Toroid Magnets

ATLAST experiment

Liquid Argon Calorimeter

@ o D)
L e

Solenoid Magnet

SCT‘Trocker Pixel Detector TRi Tracker

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation

Tracking

Tracker

Proton
Neqvon

.
.
.
'
.
.
.
.

\ *Electron?’
- ’
‘;\Photon R

-
X

Pixel/SCT

detector

State-of-art of particle detection

The dashed tracks
are invisible to
the detector

ATI AC

2 AYE Tal",
t EVDEDIMCAT

http://atlas.ch
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Application of particle detector




Interplay between science and technology

® Transistor was not invented by people who wanted to build computers but by physicists who dealing with counting the
nuclear particles

® Nuclear power was not developed by one who seek for new power but Curies, Rutherford, and Fermi

® Electron discovery (credited for by J.J. Thomson) was not for electronic industry but to understand the basics of
atoms.

® Induction coils in motor cars and other vast application, not invented by who want to make motor transport but the
principle of induction was discovered by M. Faraday

® Communication with electromagnetic waves, founded by H. Hertz who wanted to emphasized the beauty of physics

® Global positioning system (GPS) can't function well if not including the General Relativity

® Development of new materials and molecules benefits from precise mathematical techniques used in particle
physics

® Word Wide Web was first invented by particle physicists to share information quickly and effectively around the world.

® Cancer therapy, drug development thanks to the particle accelerators

® Behind of almost all photodetectors is photoelectric effect, which is discovered by Hertz in 1887 and modeled
by Einstein in 1905

® Photodetectors developed and improved for particle physics drive industrial application such as x-ray, medical
scanning

® Help for national security, eg. cargo scanning, looking insides of the nuclear reactor
..

IN RESPONSE, ADVANCEMENTS IN TECHNOLOGY ARE CRITICAL FOR BASIC RESEARCH.
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Relative Dose

Some favorite applications: Proton therapy & PET

Detectors

Protons

/Fluorine-18 nucleus

b

/

-
’ '

s ~Gamma

B ray y g N \
Positron = : : |

?} o
. e

Y\ \Electron

\

| ':_ \Gamma
g ray
Positron-

Gamma electron
rays created  collision

PROTON BEAM AND BRAGG PEAK PHOTON / ELECTRON BEAM

[/



High energy astrophysical
particles (eg. hydrogen &
helium from the Sun) interact
with the Earth’s atmosphere
->produce vast amount of
muons, brother of electrons
(almost identical except the
mass)
~ 1 mMuon/cmz/min.

but you can’t see them with your eyes

30000 m

Secondary
COSMIC rays

Vi

20000m

M-

L+

10000 m

Concorde

Vi

t:;-v:.,
- »q
b 4

Everest

>

\-‘#]/
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Muon can be used as light to see the hidden structure

https:/www.nature.com/articles/nature24647

o -~ N W & O O N 0 ©

What'’s inside of pyramid (where you can’t reach)?
Color is corresponding to intensity of muons.

Red is with more muons detected

/9


https://www.nature.com/articles/nature24647
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OUR PRODUGT

—_——— [s’ - Discovery - A Multi-Mode Passive
ISIIRIENG... N Detection System (MMPDS): The Next
Generation of Non-Intrusive Inspection.

[
L

TECHNOLOGY CAPABILITIES CASE EXAMPLES KEY BENEFITS

REQUESTINFO

Decision Sciences’ Discovery - A Multi-Mode Passive Detection System (MMPDS) enables the identification of security threats at both port
and border/land port operations, while facilitating the legitimate flow of commerce. Discovery is the only existing technology capable of
passively detecting shielded nuclear material, contraband or anomalies in commerce.

vilities

https:/decisionsciences.com/our-product/#capa
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Can neutrmo be a practlcal thmg7

“I don tsay that the neutrino is going to be a pmcttcal thmg, but it has been a time- honored pattem that science Ieads and then /

technology comes along, and then, put together, these things make an enormous difference in how we live”

——F redrlck Remes Nobel pnze wmner €O- dlscover of the neutrmo NYT 1997 |

Sun plctured wnth neutrino by Super K

o Look inside of the Sun
 'Tomography of the Earth

« Monitor the reactors

o Astrophysical messenger from the

i Neutrmos and National Securlty

By Mic h IL ibella

extragalactic

o (May less (?) practical at present) source, f; e < .. \

non-destructive light-speed communication, o8 9
nQUtrinO energy ' 0 el ~Google
81 Global map of reactor neutrino emissio

Photo courtesy of Glen J cher and Jo h Learned, University of Hawaii
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Neutrino tomography of Earth

https.//www.nature.com/articles/s41567-018-0319-1
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https://www.nature.com/articles/s41567-018-0319-1

Particle detector is a instrument (kind of classical device) to detect, to
track, and to identity the particles (superposition of quantum states)

Data mining

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

Electronic

Mechanics ~Marcel Proust-~

Material science

PN physics

A complicate,
interdisciplinary field
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Backup




Forewords

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

Try to ask Al

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

O Can Al suggest experimental setup to address
the above-posed questions?

(By the way, Al for scientific research assistance 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. )
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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.
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« Small band gap

Why silicon?

E Some characteristics of Silicon crystals

E,=1.12 eV = E(e-h pair) = 3.6 eV (~ 30 eV for gas detectors)

* High specific density 2.33 g/cm? ; dE/dx (M.I.P.) ~ 3.8 MeV/cm ~ 106 e-h/um (average)

* High carrier mobility p, =1450 cm?/Vs, w, = 450 cm?/Vs = fast charge collection (<10 ns)

* \VVery pure

 Rigidity of silicon allows thin self supporting structures

» Detector production by microelectronic techniques

< 1ppm impurities and < 0.1ppb electrical active impurities

= well known industrial technology, relatively low price, small structures easily possible

E Alternative semiconductors

 Diamond
e GaAs

 Silicon Carbide
 Germanium

Diamond | SiC (4H) | GaAs| Si1 | Ge

Atomic number Z 6 14/6 |31/33| 14 | 32
Bandgap E, [eV] 5.5 3.3 142 | 1.12 | 0.66

E(e-h pair) [eV] 13 76-84 | 43 | 3.6 | 2.9
density [g/cm’] 3.515 322 | 532 [233]5.32
e-mobility . [cm®/Vs] 1800 800 8500 | 1450 | 3900
h-mobility p, [cm’/Vs] 1200 S 400 | 450 [ 1900

cern_particleDet_CAT2005_all.pdf
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\

)

scintillator \'

photodetector

Scintillator

Energy deposition by a ionizing particle

—generation
—transmission } of scintillation light
—detection

Two categories: Inorganic and organic scintillators

Inorganic
(crystalline structure)

Up to 40000 photons per MeV
High Z

Large variety of Z and p
Undoped and doped

ns to us decay times
Expensive

E.m. calorimetry (e, vy)
Medical imaging
Fairly Rad. Hard (100 kGy/year)

Organic
(plastics or liquid solutions)

Up to 10000 photons per MeV

Low Z

p~1gr/cm?

Doped, large choice of emission wavelength
ns decay times

Relatively inexpensive

Tracking, TOF, trigger, veto counters,
sampling calorimeters.
Medium Rad. Hard (10 kGy/year)

cern_particleDet_CAT2005_all.pdf
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Optical behavior of medium

Optical behaviour of medium
IS characterized by the

complex dielectric constant ¢

Ree =n Refractive index
Ime=k Absorption parameter

regime: optical @ absorptive X-ray -

effect: Cherenkov | jonisation

g transition radiation
radiation

Instead of ionizing an atom or exciting the matter, under certain conditions the photon can
also escape from the medium.

= Emission of Cherenkov and Transition radiation. (See later). This emission of real
photons contributes also to the energy loss.

cern_particleDet_CAT2005_all.pdf
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Cosmic-ray reaching Super-K

6. Question 6 (10pts): Most of particle detectors are placed underground to reduce the bombard

of cosmic ray muons. Super-Kamiokande detector, for example, is placed 1km underground. The
high-energy muons, passing through the earth’s rock characterized by equivalent atomic number
A = 22,7 = 11 and density p = 2.7g/cm?, loss their energy with function (units are placed inside of

[s4])

—1 dE[MeV]
plg/cm?| dzlcm]

~ 2.5[MeVglem?] + 3.5 x 10~%[g ' em?].E[MeV]

What is energy of comsic ray muons reaching to the Super-Kamiokande detector.

Answer:Using integration

dFE
a+ bFE

= —pdzx
SO

In(a + bE ) — In(a + bEy) = —pbL

where Ej is the initial energy of cosmic ray muon on the Earth surface. So to reach Super-Kamiokande
detector E_ ;s > 0

In(a) — In(a + bEy) < —pbL — Ey > %(e”bl’ — 1) =0.71€6 * 1.57 = 1.1e6[MeV]

Or to reach SK, cosmic ray muon must have energy larger than 1.1 [TeV].

Q0



Cherenkov threshold and No. Of photons

- The Cherenkov radiation emitted when 8 > 1/n or p;n. > -75. So the energy threshold is

1
Eth. — \/p?h + m2c? > \/I_T%‘_Q

So for electron, > 231.MeV._ = (77 MeV'; for muon > 192 MeV. — 160.3 MeV; for tau > 128 EER =

Vv1-1.33-2 — Vv1-1.33-2 — v1-1.33-2
2.70 GeV
- For second part, since E = %9 so OE/O\ = —%, SO
N _o*NOoE_, (1)1 (1)
dzd\  OzOE 0N B2n2 ) N2

So 63;_81\; does not depend on the photon wavelength A.

- using the integration

‘?;_Z = 2ma(1 — 1/8%n?)(1/AL — 1/An)

— N =2ma(1 —1/8%0*)(1/Ar — 1/Ag) x L

Lorentz factor for the relativistic muon

Ej
moc?

i + 1 =4000/105.66 + 1 ~ 38.9

— B=1+/1—1/B2 ~ 0.99967

Then

1 7
N =2x314% 737 X (1 —1/(1.33 % 0.99967)2) x % = 3.3e4 [photons]

Taken into account the geometrical coverage and detection efficiency, then the number of photons
can be collected is

3.3e4 x 0.4 x 0.2 ~ 2640

0)|



Coimmcidence rate

Answer: - The coinncidence rate can be compute with the fomular 2 x R; X Ry X w. The coincidence
rate of two detectors with 10kHz noise is

feoin. = 2 x 10e3[s™!] x 10e3[s~1] x 1e — 6[s] = 200[H 2]

To achieve signal-to-background ratio of around 10, then the signal rate must be 200[Hz| x 10 =
2[kHz]. With the rate of 1 muon per minute or 0.017 [Hz] per em?, so one need a detector size of

2000/0.017 = 117,647[cm?] or 11.8][m?]

(There was a mistake in the released assignment, should mention the polarity >, not <)

With 1% cross-talk, then noise when place at 2 p.e is 10kHz x 1% = 100Hz, thus the coincidence
rate 1s

f2Pe — 2 x 100[s71] x 100[s~}] x 1le — 6[s] = 0.02[H 2]

cotn.

To achieve signal-to-background ratio of around 10, then the signal rate must be 0.2[Hz|. Thus the
detector error is 0.2/0.017 = 11.7[cm?]
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Ranging and Electromagnetic shower development

NOVA, scintillator technique

ve CC Signal . .

: 0 /. :
=

B - W N

i Ay i

: Ve NLIT =" :
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Electromagnetic shower development

IIIIIIIIIIIIIIIIIII

80: +— T2K Data veandv, CC -
vp,andv, CC  Neutral current-

m Electron quickly
develops
electromagnetic shower

O)
-
|

and give a fuzzy ring
pattern than muon

= The *fuzziness* can be
used as particle identity

m Also the Cherenkov
threshold can be used for
particle identity since it
depends on particle

NumbeL of events
(-
|

N
-

+++
N I sty

2000  -1.000 0 g 000 2 ooo B
e/u PID discriminator




Eg: Tracking with MINOS experiment

Fermilab

Uvuvuvuyv
1 1T

Steel -

Scintillator
\.. {s

Orthogonal
Enps

12 km

<> NuMI high intensity neutrino beam

<> Near Detector at Fermilab, IL

<> Far Detector at Soudan, MN

<> Two-detector design to mitigate
systematic uncertainties
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uon can be used for a
ractical application

Secondary https:/www.nature.comyarticles/nature

COSMIC rays
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Color is corresponding to intensity of muons.

Red i1s with more muons detected
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https://www.nature.com/articles/nature24647

NA49 experiment
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Momentum measurement




Range of particle slowing down to stop.
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For a particle of mass m and kinetic energy of E,

entering matter, it loses energy via ionisation and
0

|
excitation until stop R(E;) = J dE
E, dE/dx

Useful for muons below few 100 GeV

Particle range is proportional to the particle momentum
Eg:
m 1GeV proton (Mp = 0.938 GeV) on C (scintillator

p=1.021 g.cm™),R/IM =100g .cm~2GeV~!. So
R =100%0.983/1.021 = 100 cm =1 m

B 2GeV muon (Mﬂ ~ (0.106 GeV) on C,
R/M = 10000 g.cm™%.GeV~'. So
R =10000*0.106/1.021 ~ 1038 ¢cm = 10.38 m
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Momentum measurement w/ curvature in magnetic field

F =quB
@ V q<0
B-field ma = qub
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Figure 1: A particle with velocity v entering a mag- re o= =
. L . . gB  gB
netic field. In unit time the particle travels a distance
v around the circle and turns through an angle w. rocp

* Radius of the curvature is proportional to the particle momentum

* If f can be measured independently, mass of particle can be inferred

* Direction curvature bend also can be used to distinguish positive and
negative charge
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Tracking detector

* Qas-based

* Semiconductor technology

* Scintillation (plastic or liquid or recent water-based liquid scintillator or liquid-O) detector

* Cherenkov detector

Signal creation

1 Charged particle traversing matter leave excited atoms,

electron-ion pairs (gases) and electrons-hole pairs (solids)

Particle

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

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

= Prfmary ionization electrodes and readout
= Secondary ionization
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Importance of energy measurement

To determine the energy of particle with
some level of precision using the
“energy loss phenomena”

= You can’t measure directly but
reconstruct from the signal induced
of energy loss of particle

m Energy loss is proportional to the
particle energy

m For some physics (eg. Higgs
discovery, neutrino oscillation...),
measuring the energy precisely is
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vital

Higgs particle discovery thanks to
the precise measurement of photon energy
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