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WHAT IS APARTICLE DETECTOR ?

05-07.11.2014

An apparatus able to
detect the passage of a particle
and/or localise it
and/or measure its momentum or energy
and/or identify its nature
and/or measure its time of arrival
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HOW ARE PARTICLES DETECTED ?

In order to detect a particle it must
interact with the material of the detector
transfer energy in some recognisable way and leave a signal.

Detection of particles happens via their energy loss in the
material they traverse.
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FOUR STEPS

1. Particles interact with matter
depends on particle and material
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Lesson 3

4. BUILD a SYSTEM

depends on physics, experimental conditions,....
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ELEMENTARY PARTICLES and FORCES

FERMIONS BOSONS
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PARTICLES
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LIMITED SIZE DETECTOR

Among these 180
particles,

27 have a long enough lifetime =3

such that, for GeV energies, they
travel more than one micrometer

Among these 27,

14 have c.T1 <0.5 mm and leave

listed

a very short track in the detector
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THE 13 PARTICLES A DETECTOR MUST BE ABLE
TO MEASURE AND IDENTIFY

e m - 0.51 MeV
I m, = 105.7 NeV ~ 200 m, EM
Myp=0 , Q=0

—
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EXAMPLES OF INTERACTIONS

lonization:
Charged
Particle
Y
Electron
- 0
v
Charged /
Particle

Electron
Atom
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HEP & SI UNITS

Quantity HEP units S| Units
length 1fm 10 m
energy 1 GeV 1.602-1010 J
mass 1 GeV/c? 1.78-1027 kg
h=h/2 6.588-102° GeV s 1.055-1034 Js

C 2.988-10% fm/s 2.988-108 m/s
hc 0.1973 GeV fm 3.162-1026 Jm

Natural units (h=c = 1)

mass 1 GeV

length 1 GeV'1=0.1973 fm

time 1GeV'=6.59-10%°s
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MEASURING PARTICLES

Particles are characterized by eV=16-10"°J
c = 299 792 458 m/s
Mass Unit: eV/c2or eV] e =1.602176487(40)-10°C
Momentum Unit: eV/c or eV]
Energy Unit: eV]
Charge Unit: €]

[+ Spin, Lifetime ...]

Relativistic kinematics:

E? = 322 + m2c!

B B 1

e TR )
E = m~yc® = mc? + Fyin D= m'yﬁc 5 —

05-07.11.2014 13



INTERACTION CROSS-SECTION dx

——:2) l‘!
Flux P = L alV, [L2e!] ".1) 's
S dt "’ ‘

area obscured by target particle

Reactions d N reac

( \
per unit of — (I)UNtarget dr [
Hme L2e'] @ L [
H_/

Reaction rate sz — (I) o [t]

per target particle

Cross section ‘/I/Z f

per target (O — [L] = reaction rate per unit of flux

particle @

Ib = 1022 m2 (roughly the area of a nucleus with A = 100)
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FERMI GOLDEN RULE

From non-relativistic perturbation theory...

transition probability matrix element  energy density of final states

[ 3\ 27.( . 3\ /d?V\
Wi = |sz|2
dE,

[t'] [El [E]

| A
= i ()




CROSS-SECTION: ORDER OF MAGNITUDE

Standard
Cross section unit: [0] =mb

orin
natural units:

Estimating the
proton-proton cross section:

Effective
cross section

05-07.11.2014

[0] = GeV?

with 1 mb = 1027 cm?

with 1 GeV2=0.389 mb
1 mb =2.57 GeV?2

using: hc =0.1973 GeV fm
(hc)®> =0.389 GeV?mb

Proton radius: R = 0.8 fm
Strong interactions happens up to b = 2R

o =11(2R)? = 11-1.62 fm?
=1-1.6° 102° cm?
=1-1.6° 10 mb
=80 mb

16



PROTON-PROTON SCATTERING CROSS-SECTION
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CROSS-SECTIONS AT THE LHC
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ELECTROMAGNETIC INTERACTION
PARTICLE - MATTER

Z, electrons, q=-e,

‘ ‘
M, g=2, e,

Interaction with the atomic

electrons.

The incoming particle loses
energy and the atoms are
exited or ionised.

05-07.11.2014 19



ENERGY LOSS BY IONISATION: BETHE-BLOCH FORMULA

For now assume: Mc2 » meC2 Sharged

l.e. energy loss for heavy charged particles
[dE/dx for electrons more difficult ...] Y

Interaction dominated
by elastic collisions with electrons ...

Electron

Bethe-Bloch Formula

4(87)
2

_ﬂ2_

dFE _ x2Z Z 1 l In 2mMeC? 272 Tiax
dz A 32 12

x 1/B2 - In(const:B%y?)

05-07.11.2014 20



IONISATION & EXCITATION

n., ¢ Z_"“
.
o pelatiibys K
. F, . b >
o- >
\/-l/ Z"() x

The relativistic form of the
transverse electric field does not

change the momentum transfer.
The transverse field is stronger, but
the time of action is shorter.

. Z Lo u: b
}', — 9 .
' T dmeo(b? + v22) Vi2 1 022
S 27\ Zye},
A‘“ — /‘,)'II}J’ —
J —x 4: V'I".h
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]: ‘ZIZ_)( I-‘I’)
y lT ( /)') T ‘2J 'f'li -
o . ._)[ Z‘J’ :
Ap / F,(t)dt -
. x l: “l'{l
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IONISATION & EXCITATION

m.q = Zyy

The incoming particle transfers
_ energy mainly/only to the atomic

electrons.

(A‘u]"’ Z_;) '.’Zl"(,l,

-A]:: — — ) )y ")
2m m (4dmeg )2 v<b*
.)' .‘ ‘ -
AE(electrons) = Zo : ol AE(electrons) _ 2m, OO0
4 ‘2 (Ao V212h2 : - =40
m. (dmweg)v<b AF(nucleus) m,

o 72,4
Z5 275 ¢,

22_]///’. { l.'.,():l-,."-)/i'-'

.AI‘: l.'u/('/l s | =
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BETHE-BLOCH FORMULA - CLASSICAL DERIVATION

Bohr 1913
Energy transfer onto single electron = d&x —
for impact parameter b: db
= } b
e

Ap2 T
AE(b) = —
6) =35,

Cylindric barrel
with N. electrons

Consider cylindric barrel > Ne = n-(2rb)-dbdx

Energy loss per path length dx for
distance between b and b+db in medium with electron density n:

Energy loss!

b 2 2,4 2,4
_dE®) = 22 ornbdbdr = —26 . omnbdbdy = T2 By,

2me 2b2v2m, met? b

Diverges for b > 0; integration only

for relevant range [bmin, bDmax]:
d [ min, Dmax _dE 47t n z2%e? / Bmax db 47 n 2%e* In brnax
Bohr 1813 dz B mcv2 b b - mcv2 bmin

min

05-07.11.2014 23



BETHE-BLOCH FORMULA - CLASSICAL DERIVATION

Determination of relevant range [Dmin, bmax]: Bohr 1913
[Arguments: brmin > As, 1., de Broglie wavelength; brax < == due to screening ...

Benin = Ao = h _ 2mh Use Heisenberg uncertainty principle or
— P AMU that electron is located within de Broglie wavelength ...
Paax = ﬂ . v = 1 Interaction time (b/v) must be much shorter than period
(Vc> ' Vv1-— 32 of the electron (y/v.) to guarantee relevant energy transfer ...

[adiabatic invariance]

2 4 2(32~2 |iomoisenion
dE  4mz“e 1n e B4y

— n - In
dr  mec?f? 2mh (ve)

Electron density: n = Nap-Z/Al
Effective lonization potential: | ~ h<ve>

05-07.11.2014



BETHE-BLOCH FORMULA

[see e.g. PDG 2010]

~

_ 3(67)

> — Kz2£i [1 In zmeczﬂ272Tmax
2

A (B2 I?

2
_ﬁ 5

[-p]

K =4nNarefmec? = 0.307 MeV g ' cm?

[Max. energy transfer in single collision]

‘-.density
Na = 6.022-10%°

[Avogardo's number]

re = e4/4neomec? = 2.8 fm
[Classical electron radius)

me = 511 keV
Z Charge of incident particle [Electron mass]
M Mass of incident particle B = vic

[Velocityl
Z Charge number of medium _ 2

. . y = (1-B9
A Atomic mass of medium (Lorentz factor]
Validity:

I Mean excitation energy of medium 05 < By < 500
) Density correction [transv. extension of electric field] M > my

05-07.11.2014
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ENERGY LOSS of PIONS in Cu

50.0 reme
\ dE [ dx o 353 n* on Cu {  Minimum
20.0 “\ dE dx « 2 I=322eV 1* ionizing particles (MIP): By = 3-4
\ Radiative effects ?
100 3 become important dE/dx falls ~ B2; kinematic factor
\ Approx Tmax [precise dependence: ~ B9
dE /|dx without &

100 x .‘ \
"shell =\
_correct.-‘ D

Minimum l _.—.- dE/dxrises ~ In(By)?; relativistic rise
lonization e -===1  [rel. extension of transversal E-field]

-
A
-

~dE |dx (MeV g lem?)
0o 3
o o

I A7 Nl f Teut=05MeV | gaturation at large (By) due to
1.0 |- B g-5/3 Complete dE /dx —  density effect (correction )
: \ 4 [polarization of medium)
o5 ool ol il L
0.1 1.0 10 100 1000 10000
A By=p/Mc
Units: MeV g’ cm?
By = 3-4 MIP looses ~ 13 MeV/cm

[density of copper: 8.94 g/cm?]

05-07.11.2014 26



UNDERSTANDING BETHE-BLOCH

50.0 L'V'f\':\'wvvtﬂr—*v—rﬂvw'r—v—ﬁvmvl—v—vvvvvwrﬂ
. N dE fdx = 53 x* on Cu :
1/B2-dependence: a0l NN dE s o B2 Fas22eV]
Remember: B Radiative effects

da " ‘O-OE become important E

AL=/FLdt=/Fl— C : ' Approx T :

p v = 50} : dE/dxwithoutd | &

. ) . 3 .;}{gﬁ_".l \ Minimum )
..e. slower particles feel electric force of g gopeorrect | \MPUON oD e

. .

atomic electron for longer time ... , y' P < o Teut =0.5 MeV
J

Relativistic rise for By > 4. 05 ¢

0.1 1.0 10 100 1000 10000
By = p/Mc

High energy particle: transversal electric field increases
due to Lorentz transform; Ey => yE,. Thus interaction cross section increases ...

fast moving
particle particle
atrest Corrections:
Y gross low energy : shell corrections
high energy : density corrections

05-07.11.2014 27



UNDERSTANDING BETHE-BLOCH

Density correction:

Polarization effect ...
[density dependent]

= Shielding of electrical field far from
particle path; effectively cuts of the

long range contribution ...

More relevant at high vy ...

[Increased range of electric field; larger Dray; ..

For high energies:

0/2 = In(hw/I) +In By —1/2

Shell correction:

Arises if particle velocity is close to orbital

velocity of electrons, i.e. Bc ~ Ve.

Assumption that electron is at rest breaks down ...

Capture process is possible ...

05-07.11.2014

y

~-dE ldx (MeV g 'em?)

50.0

20,0

S
=

o
(=

L"'rs"'v‘_"' "'"T"—
N dE [dx = =53 x* on Cu
‘ dE |dx = ~* |I-322eV A
Radiative effects
become important | ":
\ Approx T'pax :
2005 | dE /dx without §
| =JUM X Minimum Jp———
;2:2;:'\ ionization { - _—__f'_,...--:l
4 Do fﬂ__Tcm-u_sm_el_;
od 3 ol gr?’:’ "1 Complete dE /dx j
-
ad b b d Ll 3
0.1 1.0 10 100 1000 10000

By = p/Mc

Density effect leads to
saturation at high energy ...

Shell correction are
in general small ...

28



CHARGED PARTICLE ENERGY LOSS in MATERIALS

Dependance on target element
Mass A
Charge Z

Minimum lonisation

-dE/dx ~ 1-2 MeV g'cm?

-dE/dx ~ 13 MeV/cm

e.g. for Pb with p=11.35 g/cms3;

05-07.11.2014

-dE/ dx (MeV g“lcmz)

Sl A AR il
\
8 i)
il
6 U H, liquid
5 R\
i
AW
4 \\.
\\ \! He gas
3 \‘\.
A\ C=
\\ \ "_"I.:" Al
. . e-’ —————
2 \\ \'\ - - ’,Srl Hio—
\ ~ — ,/,’ Pb
\ //’
\ Ll
N\ -~
\‘__/
l 1 L.l llllll L L1 llllll | L ljlllll 1 Ll llllll 1 LA Ll
0.1 1.0 10 100 1000 10000
By =p/Mc
1 Ll llllll L L1 llllll L L1 llllll L L1 llJlll L LAl llll[
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
llllll 1 ' lllllll ' L lllllll A ' lllllll ' A lllllll
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
l L L lllllll L 1 lllllll 1 L lllllll L L lllllll L L4 L1111
0.1 1.0 10 100 1000 10000
Proton momentum (GeV/c)
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MATERIAL PROPERTIES

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets|.
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtoxzicNuclearProperties.

Material Z A (Z/A) Nuclear ® Nuclear @ dE/dz|,, ? Radiation length ¢  Density Liquid  Refractive

collision interaction v Xo {g/cm3} boiling index n
length Ap length A; {Eg} {g/cm?} {cm}) ({g/€} point at ((n —1)x108
{g/em®} {g/cm?} & for gas) 1atm(K) for gas)
Hj gas 1 1.00794 0.99212 433 50.8 (4.103)  61.289 (731000) (0.0838)[0.0899] [139.2]
Hy liquid 1 1.00794 0.99212 433 50.8 4034 612879 866 0.0708 20.39 1.112
Dy 1 2.0140 0.49652  45.7 54.7 (2.052) 122.4 724 0.169/0.179)  23.65  1.128 [138)
He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 756 0.1249/0.1786] 4.224 1.024 [34.9]
Li 3 6.941 0.43221 54.6 734 1.639 82.76 155 0.534 —
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —
C 6 12011 0.49954  60.2 86.3 1.745 4270 188 2.265 ¢ —
Ny 7 1400674 049976  61.4 87.8 (1.825)  37.99  47.1 0.8073(1.250]  77.36  1.205 [298)
02 8 15.9994 0.50002  63.2 91.0 (1.801) 3424  30.0 1.141]1.428)  90.18  1.22 [296)
Fa 9 18.9984032 047372  65.5 95.3 (1.675) 3293  21.85 1.507(1.696]  85.24 195]
Ne 10 20.1797 0.49555  66.1 96.6 (1.724) 2894 240 1.204/0.9005] 27.09  1.092 67.1]
Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95
Ar 18 39.948 045059 764  117.2 (1519)  19.55  14.0 1.396/1.782)  87.28  1.233 [283]
Ti 22 47.867 0.45948 79.9 1249 1.476 16.17 3.56 4.54 —
Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7.87
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —
Sn 50  118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 —
Xe 54 131.29 0.41130 1028 169 (1.255) 848 287 2.953(5.858]  165.1 701)
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —
Pt 78  195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 —_
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 -

UL gy 238.0289 0.38651 1170 199 1.082 600  ~032  ~I895 — 30



Material Z A (Z/A) Nuclear ® Nuclear ® dE/dz|,,, ? Radiation length © Density Liquid Refractive
collision interaction MeV Xo {g/cm?} boiling index n
length Ay length Ay { /rm2} {g/cm?} {cm) ({g/€} point at ((n —1)x10%
{g/em®} {g/em?)} We forgas) 1atm(K) for gas)
Air, (20°C, 1 atm.), [STP’ 0.49919 62.0 90.0 (1.815)  36.66 304200 (1.205)/1.2931  78.8 (273) [293]
HyO 0.55509 60.1 83.6 1.991 36.08  36.1 1.00 373.15 1.33
COy gas 0.49989 62.4 89.7 (1.819)  36.2 18310 1.977] (410]
CO, solid (dry ice) 0.49989 62.4 89.7 1.787 36.2 23.2 1.563 sublimes —
Shielding concrete £ 0.50274  67.4 99.9 1L711 267 107 2.5 —
SiO2 (fused quartz) 0.49926  66.5 974 1.699 27.05 123 2209 1.458
Dimethyl ether, (CH3)20 0.54778 59.4 82.9 — 38.89 — - 248.7 —
Methane, CHy 0.62333  54.8 73.4 (2.417)  46.22 64850] 0.4224/0.717, 111.7 [444]
Ethane, CoHg 0.59861 55.8 75.7 (2.304) 4547 134035 0.509(1.356) " 184.5 (1.038) *
Propane, C3Hg 0.58962 56.2 76.5 (2.262)  45.20 — (1.879) 231.1 -
Isobutane, (CH3)2CHCHj3 0.58496 56.4 77.0 (2.239)  45.07 16930 2.67] 261.42 1900
Octane, liquid, CH3(CH2)sCH3z 0.57778 56.7 7.7 2.123 4486 63.8 0.703 398.8 1.397
Paraffin wax, CH3(CHz)na23CHj 0.57275  56.9 78.2 2.087 4471 48.1 0.93 -
Nylon, type 6 ° 0.54790  58.5 81.5 1.974 4184  36.7 1.14 —
Polycarbonate (Lexan) 7 0.52697 59.5 83.9 1.886 41.46 346 1.20 —
Polyethylene terephthlate (Mylar) k 0.52037 60.2 85.7 1.848 39.95  28.7 1.39 —
Polyethylene ! 0.57034  57.0 78.4 2076 4464 =479 0.92-0.95 —
Polyimide film (Kapton) ™ 0.51264 60.3 85.8 1.820 40.56  28.6 1.42 —
Lucite, Plexiglas ™ 0.53937 59.3 83.0 1.929 40.49 ~34.4 1.16-1.20 ~1.49
Polystyrene, scintillator ¢ 0.53768 58.5 81.9 1.936 43.72 424 1.032 1.581
Polytetrafluoroethylene (Teflon) 7 0.47992 64.2 93.0 1.671 3484 158 2.20 —
Polyvinyltolulene, scintillator 7 0.54155 58.3 81.5 1.956 43.83 425 1.032 -
Aluminum oxide (AlyOg3) 0.49038 67.0 98.9 1.647 27.94 7.04 3.97 1.761
Barium fluoride (BaF5) 0.42207 92.0 145 1.303 9.91 2.05 4.89 1.56
Bismuth germanate (BGO) " 0.42065  98.2 157 1.251 7.97 1.12 7.1 2.15
Cesium iodide (CsI) 0.41569 102 167 1.243 8.39 1.85 4.53 1.80
Lithium fluoride (LiF) 0.46262 62.2 88.2 1.614 39.25 149 2.632 1.392
Sodium fluoride (NaF) 0.47632 66.9 98.3 1.69 29.87 11.68 2.558 1.336
Sodium iodide (Nal) 0.42697 94.6 151 1.305 9.49 2.59 3.67 1.775
Silica Aerogel ® 0.50093 66.3 96.9 1.740 27.25 136@p=0.2 0.04-0.6 1.0+0.21p
NEMA 10 plate ! 62.6 90.2 1.87 33.0 194 1.7 -
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STOPPING POWER AT MINIMUM IONISATION

2.5

|‘ Hj gas: 4.10 . 8
I - H» liquid: 3.97 1M
E 2.35-0.28 In(2) —
B0 f e NG A S 1o
[
o0 Q
>~ + © Q
g ot AR T
_____________ Ok
- 1.5 %"#ﬁ, -
£ . %
> + Solids )
E O Gases ’
‘§ 10 b et ¥
-H He Li BeB CNONe Fe Sn
0.5 N s P | . N P
1 2 5 10 20 50 100
Z

Stopping power at minimum ionization for the chemical elements. The straight line is fitted for Z > 6.
A simple functional dependence on Z is not to be expected, since <-dE/dx> also depends on other variables.
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dE/dX and PARTICLE IDENTIFICATION

— | I ]
= 180¢ | s 1 Measured
= F g\ { energy loss
S 140F K1 %P | q 1  [ALICE TPC, 2009
U) - :
O :
iE 100:
60 |

" Bethe-Bloch

. Rememober:
20 1 1 o dE/dx depends on B!
LAl 1 1 A A Al L L 1 1 L L - |
0.1 0.2 1 2

Momentum [Ge\ﬂ
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dE/dx FLUCTUATIONS

Bethe-Bloch describes mean energy loss; measurement via
energy loss AE in a material of thickness Ax with

N
AE = Z SE, N : number of collisions
n=1

dE : energy loss in a single collision

Energy loss 'straggling’

2 .

o lonization loss dE

§ distributed statistically ...
[

lonization by close collisions
production of 8-electrons

3 o Complicated problem ...

o §3‘5 Thin absorbers: Landau distribution

L . w

e N = =

S 5 :i58 Standard Gauss with mean energy loss Es

® i 8 : s 1= + tail towards high energies due to d-electrons
''m o w : 8%

see also Allison & Cobb
energy transfer 8 (Ann. Rev. Nucl. Part. Sci. 30 (1980) 253
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dE/dx FLUCTUATIONS - LANDAU DISTRIBUTION

A/x (MeV g ! em?)

A 0.50 1.00 1.50 2.00 2.50
l L] \J \ L\ l L L \J I L L L4 L) l L L L ) I
1D
g Lor 500 MeV pion in silicon ] 8
< [ ——— 640 um (149 mg/em?) | N
o ' 0.8 320 pm (74.7 mg/cm;) 12
5 : 160 um (37.4 mgfem”) 19
) —_ i 80 um (18.7 mg/cmz) I
B &
0 5 0.6 ~
g 2 = | 1
g - : - Thicknesses x
5 C 041 m
= W - Mean energy [
i loss rate
0.2
- Energy loss
0.0t )
100 300 500 600
A/x (eV/um)
Approximation:
for Sl form
1 1 A T—a A T X a Afx—al(d/x) iy seeeg. Leo
f(A/z) = ——=exp |—= / (&/2)mip +e ( € )
V2or 2 §

05-07.11.2014

€: material constant
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MEAN PARTICLE RANGE

Integrate over energy loss
from E down to O

O dE

"= B/

Example:

Proton withp = 1 GeV
Target: lead with p = 11.34 g/cm?®

R/M =200 g cm™? GeV!
- R =200/11.34/1 cm ~ 20 cm

MEAN RANGE AND ENERGY LOSS
Mean Range and Energy Loss in Lead, Copper, Aluminum, and Carbon

A== ~7 1 HH
S . FAVAY |
!‘__ . / —b-4 A4
Kp |d ,
100 =g LAY 4——¥3- 100
- e ==t f 111
b TT afacadand - o~
SNl I Y A /
é-‘ ‘s"\ ‘? i “ '/ | o | g
E 3 % E A‘bJ Y, <71 ]
(8)]
g “’ 1 ‘ . 0 p >
10 St 0
WEE i S HEEE >
g '.‘ 3 >
': ‘sy I . e .‘.P p”
o K N"N )
p ‘ ¥ ‘ / ;‘? S T L : wade .‘*"LLH' l ‘
1 A (. B
y - - ‘ —— pb Cv
—— : L Al
—1 [y — [
C
1 - ] Pb, Al
,‘//" K P a/ \\ Cu

’ 0.1
0.01 0.1 1 10

P (GeV/c)



ENERGY LOSS of ELECTRONS

Bethe-Bloch formula needs modification

Incident and target electron have same mass me
Scattering of identical, undistinguishable particles

dE 41 meB2c?y*T .
<dm>el._ KZ@[IH oz F)

[T: kinetic energy of electron]

Whax = 12T

Remark: different energy loss for electrons and positrons at low energy as
positrons are not identical with electrons; different treatment ...
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ELECTROMAGNETIC INTERACTION
PARTICLE - MATTER

Z, electrons, q=-e,

. 0

Interaction with the atomic
electrons.
The incoming particle loses

energy and the atoms are
exited or ionised.
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BREMSSTRAHLUNG

Real photon emission in the electromagnetic field of the atomic nucleus

electron (E, pe) electron (E', ff‘c)
Electric field of the nucleus + of the electrons
Z(Z+1)
At large radius, electrons screen the nucleus
In(183Z-173)
(A.7Z) photon (k)

do/dk = 4 o Z(Z+ 1D’ In(183Z7°)(4/3-4/3y+y*)/k | [D.F]

where y=k/E and r, = 1 L e - =2.818 10" m classical radius of the electron
e, m.c

For a given E, the average energy lost by radiation, dE, is obtained by
integrating overy.
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BREMSSTRAHLUNG & RADIATION LENGTH

Bremsstrahlung arises if particles

are accelerated in Coulomb field of nucleus e-
dE 2%7% 1 €2 \? 188 E
—— =4aN E 1
de ~ A (47reo mc2> NoT S m2

i.e. energy loss proportional to 1/m? => main relevance for electrons ...
... Or ultra-relativistic muons

Consider electrons:

dE Z? o 183 |
@~ eNa e Bl > E = Ege */X¢
@ — E with Xp = A After passage of one Xy electron has
dr X, 4aN4 Z?r? In ;Lf lost all but (1/)" of its energy
3 .
[Radiation length in g/cm?] [i.e. 63%]
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RADIATION LENGTH

The radiation length is a “universal” distance, very useful to describe
electromagnetic showers (electrons & photons)

Xo is the distance after which the incident electron has radiated (1-1/e) 63% of
its incident energy

/ 93 Bo

dE/dx=E/Xo
dE/E=dx/Xo
EO
E=Eoe™/X0
v J
1X,
Air Eau Al LAr Fe Pb PbWOQO, | LAr/Pb
Z - - 13 18 26 82 - -
Xo (cm) | 30420 36 8,9 14 1,76 0.56 0.89 1.9

05-07.11.2014
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RADIATION LENGTH

Approximation
(Xo in cm: divide by p [g/cm?3])

Energy loss by radiation

v Absorption (et e pair creation)

For compound material
wj being the relative density

05-07.11.2014

<E(x)>=E e ¥

7 X

<Ix)>=Ie ™

I/XOZZWj/Xj
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CRITICAL ENERGY

Critical energy:

dE dE

%(EC) = %(EC)

Brems Ion

Approximation:

FGas _ 710 MeV
¢ Z4+0.92

610 MeV
Z+1.24

EEOI/Liq —

Example Copper:
Ec = 610/30 MeV = 20 MeV

05-07.11.2014

dE/dx x X, (MeV)

200

100

dB)  _(dB\
dz Tot— dx Ion

T IIIIIII T T IIIIIII

Copper
Xy=12.86 gcm2
E_.=19.63 MeV

1 L 1

Rossi:
Ionization per X,
= electron energy

L. ll 1 llllllllllllllllllllllllluluul

l

/
/ C.
Brems = ionization

/
//
| 111111]/ 1 L 111111]

1 L Ll

5 10 20 50 100 200
Electron energy (MeV)
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TOTAL ENERGY LOSS FOR ELECTRONS

from | I‘\lllllll | | Illllll | | Illlll_
PDG 2010 [~ Positrons —0.20
- Lead (Z=282 .
] e ( ) .
Electrons |
=10 —0.15 ~
Moller < Bremsstrahlung 1
e e = | ~ L
4 Jo.10 ~
~||Ln Ionization 4
................. 0.5 -
e e e L :
—0.05
e’ et -
--------------------- 7/ Positron |
""""""  annihilation s
i ° v 9 10 100 1000
© E (MeV)
Bhabha
. y Fractional energy loss per radiation length in lead
Annihilation as a function of electron or positron energy
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u* in COPPER

| | | | | | | =
. + |
= u” on Cu
o™ _— - ", —
£100 - . N '
> F Bethe-Bloch Radiative -
= -/ Anderson- _
= T ., Ziegler -
b b
P [Es :
(=3 o 5
S 10 _'_—9 %5} L —
=g = Radiative ]
a F Minimum  effects .
& F ionization reach1% A4 .~ _ __---- p
S | Nuclear AR i
@ | losses - R R — ’
I == Without &
1 | | | | | | | |
0.001 0.01 0.1 1 10 100 1000 104 107 106
By
I I I I I I I I I
| 0.1 1 10 100 | (1 10 100 | |1 10 100 |
[MeV/c] [GeVic] [TeV/c]

Muon momentum
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INTERACTION OF PHOTONS WITH MATTER

Characteristic for interactions of
photons with matter:

A single interaction

—> | I-dI

removes photon from beam !

Possible Interactions

Photoelectric Effect
Compton Scattering
Pair Production

Rayleigh Scattering (YA > YA; A = atom; coherent)
Thomson Scattering (ye > ye; elastic scattering)
Photo Nuclear Absorption (YK > pK/nK)

Nuclear Resonance Scattering (YK > K* > yK)
Delbruck Scattering (YK > YK)

Hadron Pair production (YK > h*h-K)

05-07.11.2014

dl = —puldx

[ : absorption coefficient |

* depends on
E.Z p

—>» Beer-Lambert law:
I(:I)) = Jpe ™ **
with A=1/p=1/no

[ mean free path |
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PHOTO-ELECTRIC EFFECT

Energy of Electron_, @
: _ Photon /
outgoing electron: e
Ee=hv-lp Naive \.b
el picture
" Binding energy Nucleus
Photon energy [strongly Z dependent]
. ﬁ I > o +
Typical energy dependence: | Y +atom~>e” +atom I
2 4 75 2
oph = 2775 o Z° (mc?) / E,
[for Ey » mc?] Electron Electron
_ 5 7/2
Oph — QT AR Z (I()/Efy) /
[for lo « Ey « mc?]
Example values: Feynman
ag =0.53-10"°m; lp =13.6 eV; & =1/137; 1 b= 10 m diagram
use Ey = 100 keV
> Opn(Fe) = 29 barn
Opn(Pb) = 5000 barn Nucleus
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PHOTO-ELECTRIC EFFECT

Energy of
outgoing electron:

Ee=hv—1o_

Binding energy

Photon ene'rgy [strongly Z dependent]

Typical energy dependence:

2 4 75 2
oph = 2mrs o Z° (mce®)/E,
[for Ey » mc?]
_ 5 7/2
opn = amag Z° (Iy/E,)"/
[for lo « Ey « mc?]
Example values:
as=0.53-10"m; lp =13.6 eV; &« =1/137; 1 b =102 m

use Ey = 100 keV
> Op(Fe) = 29 barn
Opn(Pb) = 5000 barn

05-07.11.2014

Oph A
Absorption
~edges

100 b=

108
~ Z5/E,

1 e
Cross Section
Photoelectric Effect

| |
1 keV
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PAIR PRODUCTION

Cross Section:
[for Ey » mec?]

\OI\]

(4 ar 2Z2 In 183)

Opair ~ 7 T
3

S —
———

A/NaXo
[Xo: radiation length]

[in cm or g/cm?]

Absorption coefficient:
H = N0 [with n: particle density]
U = p-NaA/A Opair

1
=7/9 2

[where now Xo is in cm]

I(x) = Ipe ™ M

05-07.11.2014

Photon / 7

p
Positron

Nucleus
plg/em? | Xofem]
Hz [fl] 0.071 865
C 2.27 18.8
Fe 7.87 1.76
Pb 11.35 0.56
Air 1.2-10% 30-10°
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COMPTON SCATTERING

Atomic e
Ee=meC2 _/‘JJ\QIQGI‘
P.~0

P

QED cross-section for y-e scattering

Process dominant at Ey = 100 keV - 5 GeV

05-07.11.2014

scattered e-
E.’=Vm_ 2c4+p,'2c?

Pe,=' pY,

Ocompton ~ Z . In(Ey)/Ey
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ANGULAR DISTRIBUTION

05-07.11.2014

1 GeV electrons in SPACAL
(Pb/scifi, 8 = 3°)

Compton, photoelectrons

Yy —ete”

Number of shower particles (arb. units)

T VT T
cos 0,

0.4

0.6

08
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INTERACTION OF PHOTONS WITH MATTER

Mass absorption coefficient A = 1/(u/p) [g.cm?] with u=Na.c/A

5 InE 2
G, & Z— Scompton ™ [ Z Spair & Z
Ph 35
£ & .
from PDG

| llllllll LR R | ‘g
. i . S+ L ——— - — — o— — — — —— —.— — —

100 | IIIIIIII | llllllll

| Illllll‘ | llllllll

10

Q 1 —
§ : -
NS N N
=~ 0.1 —=
P~ S E
S - ]
=3
5 0.01 = —
= = -
2 - -
'é. 0.001 —=
o - =
2 - .
< 10_4 §_ .................................................................................................................................. _§

107> E— -3

10_6 i 11 lllllll 1 1 lllllll | - llllll| | - lIllll‘ | .| lllllll 11 Illlll| 11 lllIllI 11 lIlllll 11 llllll| 11 lllll:

10 eV 100 eV 1 keV 10keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV
Photon energy
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INTERACTION OF PHOTONS WITH MATTER

Photon Total Cross Sections

,% — T T T T T T T 1 T T T T T T T T 1
N
_ N
| Mo —
Carbon (Z =6 25 Lead (Z = 82
1 Mb |- . g "
IMbf— .
_ Cp.c. \%
E B N .
g Photo effect : - -
- Pc =
% —  ORayleigh =
£ E roe 1 MeV
1 kb L D .
& 1kb [~ e8| Pair
B g : . production
3 3 :
7 2
g 2 -
U E [~ /’
u' U ,I
Rayleigh <, b ,’
scattering . /" Scompton
L /'l Scompton g :’/.
WOmb= - | ) R L S ombl—L 7 | | v
10 eV 1 keV 1 MeV 1GeV 100 GeV 10eV / 1keV 1 MeV 1 GeV 100 GeV

Photon Energy H Photon Energy

Pair Production '
Compton scattering
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ELECTROMAGNETIC INTERACTION
PARTICLE - MATTER

Z, electrons, q=-e,

M, q=Z, e, ‘ ‘

Interaction with the atomic
electrons.
The incoming particle loses

energy and the atoms are
exited or ionised.
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CERENKOV RADIATION

Particles moving in a medium with speed larger than speed of light in that medium
loose energy by emitting electromagnetic radiation

Charged particles polarise the medium generating an electrical dipole varying with time
Every point in the trajectory emits a spherical EM wave; waves constructively interfere

fast particle

cos .=

S

N refractive index 71 — \/g dielectric constant
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CERENKOV RADIATION

Parameters of Typical Radiator

Medium n Binr BOmax [B=1] Nph [eV-! cm]
Air 1.000283 0.9997 1.36 0.208
Isobutan 1.00127 0.9987 2.89 0.941
Water 1.33 0.752 41.2 160.8
Quartz 1.46 0.685 46.7 196.4

Note: Energy loss by Cherenkov radiation very small w.r.t. ionization (< 1%).

Example:

[Proton with Exin =1 GeV passing through 1 cm water |

B = p/E = 0.875; cosBc = 1/nf =0.859 > B¢ =30.8°

d?N/(dEdx) = 370 sinBc eV cm™= 100 eV' cm™”

> AEss = <E>d2N/(dEdx) AE Ax
=25eV-100eVicm™-5eV -1 cm=1.25 keV

Visible light only!
[E=1-5eV; A =300 - 600 nm]

] AEiss < 1.25 keV




IDENTIFYING PARTICLES with CERENKOV RADIATION

Threshold detection:
Observation of Cherenkov radiation > B > Binr

C+
K p
~ - ) Sl —— , . S
[momentum p] N1

Co

n2>m

Choose n1, n2 in such a way that for:

nz2 : Br, Bk > 1/nz and Bp < 1/n2
n : Br > 1/n1 and Bk, Bp < 1/n1

Light in C1 and C2 - identified pion
Light in C2 and not in C+ - identified kaon
Light neitherinCi1and C2 = identified proton

05-07.11.2014
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CERENKOV RADIATION: MOMENTUM DEPENDENCE

: 2
S >
le |
s) pd
1.0

m+» = 0.1395 GeV 0.5
0.5 mk = 0.4937 GeV
' mp =1.007 GeV
0.1
0
0 9) 10 15 20 25 p [GeV]

Cherenkov angle : :
grows with B and reaches asymptotic value for B = 1
Number of photons [Brmax = arccos (1/n); N = x-370/cm (1-1/n2)]



COSMIC RAYS

05



HESS EXPERIMENT

Hess Telescopes
Namibia

Y-ray detection
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Transition radiation

Transition radiation occurs if a relativistic particle (large y) passes the
boundaries between two media with different refraction indices.

Intensity of radiation is logarithmically proportional to y

Angular distribution strongly forward peaked

[Interference; coherence condition] e < 1 / Y

PI fr

from Druce model
Coherent radiation is generated only _
over a very small formation length D = YC/ Wp

Prmax = YV/W

[transversal range ...

Volume element from which coherent V — 17 D 0 p -~ wihlerge polrization
radiation is emitted ... max

Maximum energy of radiated photons E — w
limited by plasma frequency ... max = YNWp

[results from requiring V # 0 > w = ywy] [X-Rays > large y!!]

: 0 . - . —_ 3
Typical values: CHz: hwp=20eV:y=10 ] D =10 um

[Airr  hwp=0.7 eV] . _
[d > D: absorption dominates]
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IDENTIFYING PARTICLES WITH TRANSITION RADIATION

Detection Principle: y-Absorption
[Electron-1D]
TR i O+
/\/’\/\*"\/\N“M\‘;* | Electron
) . ¢ o O e =
dE/dx |
o _ - — — — o)
Radiator foils | Wires
|

Detector Signal:

* Detector should be sensitive

5 © 4  dE/dx TR (10 keV) to 3<E, <30 keV.

ps E ~200 e ~500 e- v" Gaseous detectors

g C """~ " "TTTRET T T T T T T T T * In gas Gphoto effect o ZS

E Z * Gases with high Z are required
v e.g. Xenon (Z=54)
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ATLAS TRANSITION RADIATION TRACKER

Straw Tube Tracker
with interspace filled with foam

> Tracking & transition radiation
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IDENTIFYING PARTICLES WITH TRANSITION RADIATION

> _l LI | 1 IR I | I T Tl l 1 I T T I 1 i
= 0.25 _— -
g | ATLAS Preliminary ‘ :
O 0.2 3’g§ % % .
Q eb * Electron candidates g .
= - =  Generic tracks ) ‘
% 0.15— ©  Electrons (MC) I —
o) - - ectrons )
:C; E o Generic tracks (MC) 1 from Conversions
ﬁ, 0.1 ﬁ' —
I B . . /! i
- Mainly Pions L i
0.05 Laasas Qii-[i‘ili-f}% ------- ” N
i TRT endcap -
0 B L1 I | 1 ) I T l 1 1 | I T | l 1 1 | I T | l 1 i
L1 10* yfactorio’  10%
1 10 1 10
Pion momentum (GeV) Electron momentum (GeV)
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MULTIPLE SCATTERING

Scattering of charged particles off the atoms

in the mdium causes a change of direction

The statistical sum of many such small angle
scattering results in a gaussian angular
distribution with a width given by

B 13.6 MeV

Example
p=1 GeV, x=300um, Si X0=9.4 cm — 60=0.8 mrad

For a distance of 10 cm this corresponds to 80 um,
which is significantly larger than typical resolution of

Si-strip detector.

B = 2 7/ Xo [1 +0.038 1n(;r,-/X0)]

Bep

05-07.11.2014
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ELECTROMAGNETIC SHOWERS

Reminder:

Dominant processes
at high energies ...

Photons : Pair production
Electrons : Bremsstrahlung

Pair production:

7 183
Oonir = — | 4ar?Z?1n
pair 9 ( e 7 % )
= z A [Xo: radiation length]
9 NaXo in cm or g/cm?]
Absorption
coefficient:

Na 7 p
H=TN0 = p = " Opair ~9X,
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Bremsstrahlung:
dE Z? 183 E
— =4aNy —1r?-E 1 = _—
dx @4 A Te B Z% Xo

> E = Epe */X¢

After passage of one Xo electron
has only (1/e)t" of its primary energy ...

[i.e. 37%)]
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HADRONIC SHOWERS o

evaporation

n
-

Hadronic interaction: 3
R Fission
p + Nucleus — p + Nucleus

Inelastic:
p + Nucleus —
7t + 7~ 4+ 7% +... 4 Nucleus*

— Nucleus B + 5p,n,, ...

Nucleus® — Nucleus A +n,p, a, ...
— Nuclear fission ]

Heavy Nucleus (e.g. U) n

Incoming
hadron
\+1 e J
lonization loss lonization loss
Intranuclear cascade
(Spallation 1022 s) Intranuclear cascade
(Spallation 10%? s)
Inter- and . ey ¢ p
intranuclear cascade Vv

05-07.11.2014 Internuclear cascade



HADRONIC SHOWERS L Hadron

Shower development:

1. p+ Nucleus > Pions + N* + ...

2. Secondary particles ...

undergo further inelastic collisions until they
fall below pion production threshold

Mean number of "
3. Sequential decays ... secondaries: ~ In E &

Mo > Yy: yields electromagnetic shower
Fission fragments > B-decay, y-decay
Neutron capture - fission

Typical transverse
momentum: pt ~ 350 MeV/c

Spallation ...
Cascade energy distribution:
. [Example: 5 GeV proton in lead-scintillator calorimeter]

Substantial
electromagnetic fraction --....__ | lonization energy of charged particles (p,m,u) 1980 MeV [40%)]
fon~NE | 7 Electromagnetic shower (°,n°,e) 760 MeV [15%)]
Serietions sooen Neutrons 520 MeV [10%]
Photons from nuclear de-excitation 310 MeV [ 6%]
Non-detectable energy (nuclear binding, neutrinos) 1430 MeV [29%)]

5000 MeV
05-07.11.2014




HADRONIC INTERACTION LENGTH

For high energies incoming hadrons, the hedronic
cross-section is

~constant as function of energy
~independant of the hadron type

The material dependance of the total cross-sectionis
given by o, = 0,A%7, 0, = 35 mb

inel

Characterize hadronic interactions by hadronic
interaction length in g/cm2

(or in [cm] by normalising to the material density).

Cross section (mb)

4 ~354"" gxem™

4+ X/interaction lenght

* X, radiation length

10 ) LI T 1T 177 1 LI 1 LI 1 1 1 LI
0 10 20 30 40 50
05-07.11.2014

70 80 90 100

I6|ol LI

Cross section (mb)

o Lmp]

A T Pejastic -
N USRI SORSRRT LSO X0 SN, S 30 5. O

107 1 10 10°
np 12 3 4 5 678910 20 30 40
1 1 1 111l 1 1 1 1 1L 1 1 1 1
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nd 2.1 3 4 5 6780910 20 30 40 5060
Center of mass energy (GeV)

10

T T TrTTrT L L
100 10
Center of mass energy (GeV)

T T TTTITIT

104

LI |
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INTERACTIONS OF PARTICLES WITH MATTER

IONISATION AND EXCITATION

Charged particles traversing material and
exciting and ionising atoms.

The average energy loss of the incoming
particle by the process, is to a good
approximation, described by the Bethe-
Block formula.

CHERENKOV RADIATION

If a particle propagates in a material with
velocity > speed of light in this material, C
radiation is emitted at a characteristic
angle that depends on the particle
velocity and the refractive index of the
medium

TRANSITION RADIATION

If a charged particle is crossing the
boundary between two materials of
different dielectric permittivity, there is a
certain probability for emission of an X-
ray photon.

05-07.11.2014

MULTIPLE SCATTERING AND BREMSSTRAHLUNG

Incoming particles are scattering off the atomic nuclei which are
partially shielded by the atomic electrons.

This scattering imposes a lower level on the momentum resolution of
the spectrometer, when measuring the particle momentum by
deflection of the particle trajectory in the magnetic field.

The deflection of the particle on the nucleus results in an acceleration
that causes the emission of Bremsstrahlung photons.

The photons in turn produce e*e" pairs in the vicinity of the nucleus,
which causes the EM cascade.

This effect depends on m-2: only relevant for electrons.

HADRONIC INTERACTION

Incoming hadrons on a material will interact with the nucleus and
create a shower composed of hadrons, electrons, photon.

A fraction of the energy is lost in the form of binding energy or
neutrinos.

INTERACTIONS DETECTORS




ELECTROMAGNETIC INTERACTIONS OF PARTICLES WITH MATTER

INTERACTIONS DETECTORS

Z, electrons, q=-e,

M, g=2, e,

Interaction with the atomic
electrons.

The incoming particle loses
energy and the atoms are
exited or ionised.
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INTERACTIONS DETECTORS

CALORIMETERS -
'ELECTOMAGNETIC  HADRONIC |

Inner most layers ———————>  Outer most layers
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PARTICLE DETECTION: schematic

Beam Pipe
(center)

B Tracking
Charnber 0 :
Ehoten

B Magnet Coil :.JE]-ltriI‘lz \K\

W E-M

Calorimeter

] Hadron n+WEroton
Calorimeter

] Magnetized

[ron

B Muon

Chambers
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Electron
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Hadronic

Calorimeter
The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter
Solenoid magnet
ransition
Radiation . ' -
Tracking € Tracker 3 % K AT'.AS
gg;ggg(f EXPERIMENT

http://atlas.ch
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