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How do we detect particles?

® In order to detect a particle, it must:
v interact with the material of the detector
v’ transfer energy in some recognizable fashion (signal)

® Detection of particles happens via their energy loss in the material they
traverses

Charged particles  lonization, Bremsstrahlung, Cherenkoy, ...

single
interactions...

multiple
interactions

Neutrinos Weak interactions
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Example of particle interactions

lonization:

Charged
Particle

Electron

Charged
Particle

Electron
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Pair
production:
Positron
Y
Nucleus Electron

Electron

Photon | / ”

p
. Positron

Nucleus
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Compton
scattering:
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Energy loss by ionization: Bethe-Bloch formula

For now assume: Mc? » mec? Gharged

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

> 0(87)
AT

(BN e pZ L[ 2mec B T
2 12

« 1/B2 - In(const: B2y?)
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Bethe-Bloch formula for heavy particles

K

[see e.g. PDG 2010]

6(67)

L <dE> _ KZQgi [1 I 2m6026272Tmax

]2

2
AT

= 41Nare?mec? = 0.307 MeV g ' cm?

Tmax = 2meC282Y2/(1 + 2Y me/M + (me/M)z)

[Max. energy transfer in single collision]

>N N

O
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Charge of incident particle
Mass of incident particle

Charge number of medium
Atomic mass of medium

Mean excitation energy of medium

Density correction [transv. extension of electric field]

Experimental Particle Physics

[-p]
\density

Na = 6.022-10°°

[Avogardo's number]

re = e%/4meomec? = 2.8 fm
[Classical electron radius]

Mme = 511 keV

[Electron massg]

B = v/C

[Velocity]

y = (1-%*

L f

[Lorentz factor] Vali dity:

.05 < By < 500
M>mu



Energy loss of pions in Cu

~dE /dx MeV g lem?)

Marco Delmastro
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I ‘\dE/dxocB 2 I=322eV
Radiative effects
- become important
[ Approx Tmax
I ) dE /dx without &
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Minimum

ionizing particles (MIP): By = 3-4
dE/dx falls ~ B-2; kinematic factor
[precise dependence: ~ B-59]

dE/dx rises ~ In(By)?; relativistic rise
[rel. extension of transversal E-field]

Saturation at large (By) due to

density effect (correction 0)
[polarization of medium]

Units: MeV g' cm?

MIP looses ~ 13 MeV/cm
[density of copper: 8.94 g/cm?]



Understanding Bethe-Bloch

50.0 —”TTP Hll T llllllI T lllllll T T ”””I

- \\*\ T on vu
1/B2-dependence: _ ‘\dE/ L o

dE /dx o B2

)
o
o

Radiative effects
become important

Slower particles fell electric force of
atomic electrons for longer time ...

—

e

o
|

Approx Tmax

i dE /dx without &
_;ﬁOﬁ ’o. \ Minimum
c ox?r ect. lonization  y _ _.— Y __

—dE/dx (MeV g~lem?)
2o 5]
o o

—
(e}

l

R
5

Relativistic rise for By > 4 05 bl il il il

0.1 1.0 — 10 - 100 | 1000l 10000
. . . . . By =p/Mc
High energy particle: transversal electric field increases

due to Lorentz transform; Ey = yEy. Thus interaction cross section increases ...

fast moving
particle g § particle
t rest ,
o < : Corrections:
Y Qrows low energy : shell corrections

high energy : density corrections
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Understanding Bethe-Bloch

50.0 YTTTP ll] T lI!lH] T T T llllll T T ””"I

Density correction: : \\dE/dx«B 5/3 7% on Cu

\dE/dxocﬁz I=322eV

)
o
o

Polarization effect ...

Radiative effects

[density dependent] 10.0 — become important
. . , : Approx T,
=> Shielding of electrical field far from dE /dx without 5 | o

"_100 x '\
Shell—» '
20 b correct.

Minimum
"\ lonization —

particle path; effectively cuts of the
long range contribution ...

~dE/dx MeV g lem?)
[9;]
o

: - / | /*h |
More relevant at high vy ... 10 |- = B? p537 | Complete dF /dx
[Increased range of electric field; larger bmax; ...] - | ¥ l | l
0.5 Lol ——endul bl ol

i i . 0.1 1.0 10 100 1000 10000
For high energies: By = p/Me

0/2 — In(hw/I)+1InpBy—1/2

. Density effect leads to
Shell correction: saturation at high energy ...

Arises if particle velocity is close to orbital
velocity of electrons, i.e. BC ~ Ve. Shell correction are

, , in general small ...
Assumption that electron is at rest breaks down ...

Capture process is possible ...
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Energy loss of (heavy) charged particles

Dependence on

Mass A
Charge Z

of target nucleus

Minimum ionization:

ca. 1-2 MeV/g cm2
[H2: 4 MeV/g cm?]

dE A
dx A

Marco Delmastro

\ 1 | 1 III|IIII|II I|IIII|IIII|IIII|lll

—dE/dx MeV g~ lem?)
[OV)

20— W\, = e il
1 | | ||||||| | | ||||||| | | ||||||| | | ||||||| | 1 11
0.1 1.0 10 100 1000 10000
By = p/Mc
| | ||||||| | | ||||||| | | ||||||| | | ||||||| | | |||||||
0.1 1.0 10 100 1000

Muon momentum (GeV/c¢)
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|dentifying particles

—
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TPC Signal [a.u.]
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o

by dE/dx

1

Momentum [Gé\/]

2

Measured
energy loss

[ALICE TPC, 2009]

" Bethe-Bloch

Remember:
dE/dx depends on B!



ALICE TPC

Marco Delmastro
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Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



dE/dx fluctuations

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

dE : energy loss in a single collision

N
AE — 2 :5En N : number of collisions
n=1

—>

lonization loss OE
distributed statistically ...

so-called

Energy loss 'straggling’

e

rel. probability

lonization by close collisions
production of d-electrons

S L Complicated problem ...
c a . . . .
3 P 5 Thin absorbers: Landau distribution
c >0
= n Q=
§H# 5 i858 Standard Gauss with mean energy loss Eo
c;) IS, T i @ % + tail towards high energies due to &-electrons
o ] — o ‘ ' f see also Allison & Cobb
energy transfer & [Ann. Rev. Nucl. Part. Sci. 30 (1980) 253]

Marco Delmastro Experimental Particle Physics 12



Mean particle range

MEAN RANGE AND ENERGY LOSS

Mean Range and Energy Loss in Lead, Copper, Aluminum, and Carbon

Integrate over energy loss Pl A e
from E down to O e e T LL]/ .
e | T
; ~ <A AT
dE KA 1
R = 100 patel U e AN Y . {00
g dE/dx —RH R
Bl R A 11 “E
LA DX ANV (I =
Aol an OIS
et amresise o H 0
8) 5 L~“ 5% II_, 74 Fr=7 - g
‘% \‘ K '\. -_f L x
Example: c [ ; AN I 1Y g
| AATAS A1) v
Proton with p = 1 GeV | My il
Target: lead with p = 11.34 g/cm? i & = | ol
/ EEE Pb™ gcu ;
1 711 ; n
R/M =200 g cm2 GeV' ANy e - I
— R = 200/11.34/1 cm ~ 20 cm uf[m Kol | of e
0.1 —10.1
0.01 01 1 10

P (GeV/c)
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Energy loss of electrons

Bethe-Bloch formula needs modification

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

dE Z 1 meB3%c2y2T
(=) =K==l F
< >e1 A [n 212 " (7)

[T: kinetic energy of electron]

Remark: different energy loss for electrons and positrons at low energy as

Marco Delmastro

positrons are not identical with electrons; different treatment ...

Experimental Particle Physics



Bremsstrahlung and Radiation Length

Bremsstrahlung arises if particles
are accelerated in Coulomb field of nucleus

dx A 4meg mc? 7

W=
3
\V)

E 272 /1 2\~ 1 E
d—:4ozNAz ( ¢ )Eln 83

i.e. energy loss proportional to 1/m? = main relevance for electrons ...

... Or ultra-relativistic muons

Consider electrons:

dE ik 183 ]
— =4aNy =r? . E 1 —
dr AT ar » [, = Fye /Xo
dE — L with X = A After passage of one Xo electron has
de  Xo 4aNy Z2%r2 In 183 lost all but (1/e)!" of its energy
Z3 . o
[Radiation length in g/cm?] . .. 63%]

Marco Delmastro Experimental Particle Physics



Critical Energy

Critical energy:

dFE dFE

5 (EC) — 7 (EC)

diE‘ Brems dﬂ? Ion
Approximation:

Gas _ 710 MeV

¢ Z4+0.92

Sol/Liq _ 610 MeV

© Z +1.24
Example Copper:

Ec = 610/30 MeV = 20 MeV

Marco Delmastro

dE\  _ (dE\ , (dE
dx Tot ; dx Ion

dx
200 L T T T T LI | T T T T T LI |
Copper il
Xp=12.86 g cm™2 -
100 E.=19.63 MeV

~]
)

I

dE/dx x X (MeV)
W
S
|

- Ionization per X,
40 = electron energy

- /
10 | IIIIII|/

Rossi:

Brems = ionization -

1 11 |IIII|IIII|IIII|IIII|IIII|IIII|IILL|

2 5

Experimental Particle Physics

10 20 50
Electron energy (MeV)

100



Total Energy Loss of Electrons

from I NYT T TTTI I I IIIIII| I T T TTTT
PDG 2010 I Positrons —10-20

— Lead (Z=282) 7]

_Electrons ]
= 1.0— —0.15 ~
Moller ><O Bremsstrahlung i o0

~ Q\

e e — E
Sk 1 5

I ITonization -

------------- 0.5 —~ .

e o e i 1\195/1161’ (e7) -

' Bhabha (e*) —0.05

et et / -

-------------------- :Positron i

--------------- - ann}hllﬁng\ﬁ—m—J\J L1 1—

) © v 10 100 1000
© E (MeV)
Bhabha
o y Fractional energy loss per radiation length in lead
Annihilation as a function of electron or positron energy
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Energy loss for muons

Marco Delmastro

Stopping power [MeV cmz/g]

Muon momentum

Experimental Particle Physics

B | 10
| 8
i uw" on Cu I
100 X 9
= A Y - 10O
-/ Bethe-Bloch Radiative ]
-/ Anderson- .
D Ziegler 7
o <
° 5 /
= Radiative - Radiative ]
B Minimum effects / losses 7
- ionization reach 1% S == -
 Nuclear N\ | 0 S| =-==7 |
| losses N | 00000 lo--=== V[T |
¢ Without &
1 | | | |
0.001 0.01 0.1 1 10 100 1000 104 10° 106
By

| | | | | | | | | |

1 0.1 1 10 100, |1 10 100 | 1 10 100 |

[MeV/c] [GeV/(] [TeV/c]
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Cherenkov radiation

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

v" Charged particle polarize medium generating an electrical dipole varying in time

v" Every point in trajectory emits a spherical EM wave, waves constructively interfere...

fast particle
-

light

cosf.= — --
nﬂ N refractive index 71 = \/E dielectric constant

Marco Delmastro Experimental Particle Physics 19



Parameters of Typical Radiator

Cherenkoyv radiation: radiators

Medium N Binr Ormax [B=1] Non [eV-! cm]
Air 1.000283 0.9997 1.36 0.208
|sobutan 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 |

Visible light only!
B = p/E =~ 0.875; cosBc = 1/np = 0.859 ~ B¢ = 30.8° [E=1-5eV; A =300 - 600 nm]

d?N/(dEdx) = 370 sin°Bc eV cm™ = 100 eV-' cm™’

> AFss = <E>d2N/(dEdx) AE Ax

=25eV-100 eV cm™-5eV -1 cm = 1.25 keV ] AEpss < 1.25 keV

Marco Delmastro Experimental Particle Physics



LHCb RICH

Measurement of Cherenkov angle:

Use medium with known refractive index n > photon

detectors
Principle of:
RICH (Ring Imaging Cherenkov Counter) aerogel 550 mrad
DIRC (Detection of Internally Reflected Cherenkov Light) L & ; r"-,g S o - spherical
DISC (special DIRC; e.g. Panda) 1 g ~ | _—mirror
~3 51 C4F10 -
> A __beam pipe

|
I

J - 7',-:\
LHCb RICH Event ik f ‘?ﬁ \
[December 2009)] VELO:SHIEWRIION: 3. 61 1et e
| L™ | :
\( e track

plane
mirror

LHCb RICH

Marco Delmastro Experimental Particle Physics 21



Interaction of photons with matter

Characteristic for interactions of
photons with matter:

I

A single interaction

removes photon from beam !

Possible Interactions

Marco Delmastro

Photoelectric Effect
Compton Scattering
Pair Production

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

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

Hadron Pair production (YK > hth~K)

Experimental Particle Physics

dl = —uldx

| po: absorption coefficient |

depends on
E,Z p

—>» Beer-Lambert law:
I(ZB) = I()e_'uaj

with A=1/u=1/no
| mean free path

22



Interaction of photons with matter

100

10

0.

o
o
S

Absorption length A (g/cm?)

Marco Delmastro

1

[E—
I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T TTTTI

Y

7/ . . . . . . . . . 3
|

10 eV

100 eV 1 keV 10 keV 100 keV 1 MeV 10MeV 100MeV 1 GeV 10 GeV 100 GeV
Photon energy

Experimental Particle Physics
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Interaction of photons with matter

Photon Total Cross Sections

b, 1 1 T 1 T T T 1 ] T 1T T T 1
1 Mb _% o Carbon (Z = 6) . B ?,%&wgbo Lead (Z _ 82) —
% | Mb Yo%, .

Photo effect
csp.e.%

1 MeV

1 kb ,
Pair
. production

1 kb

Cross section (barns/atom)

Cross section (barns/atom)

Rayleigh

1b— /
scattering /" OCompton
10'mb L I / | ‘ 10 mb / | | :
10eV 1 keV 1 MeV " 1GeV 100 GeV 10eV  § 1keV 1 MeV 1GeV 100 GeV
Photon Energy Photon Energy

Pair Production '
Compton scattering

Marco Delmastro Experimental Particle Physics



Pair production

Cross Section:
[for Ey » mec?]

Opair ~

1
(—l ar 222 In 83)

3

OI\]

— —
—

A/NaXo
[Xo: radiation length]

[in cm or g/cm?]

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

,
=7/9 X

[where now Xo is in cm]

() =ilge

Marco Delmastro Experimental Particle Physics

——ca—

Photon
\? ositron
Nucleus
plg/em? | Xo[om]
H2 [fl.] 0.071 865
C 227 18.8
Fe 7.87 1.76
Pb 11.35 0.56
Air 1.2-10° 30-10°

25



Electromagnetic showers

Reminder:

Dominant processes
at high energies ...

Photons : Pair production
Electrons : Bremsstrahlung

Pair production:

7 183
Opair ~ 9 (4 04@22 In )

73

A
— z [Xo: radiation length]
9N AX 0 [in cm or g/cm?]
Absorption
coefficient:
U=mno=p Na o [
— — VM~ " Upair — 7T
A 9 Xo

Marco Delmastro

ABSORBER

Bremsstrahlung:

dE 72 183 E
~— —4aNs =% . E 1 =
dx VA e nz% Xo

> E = Ege™ /%o

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

[i.e. 37%]

Experimental Particle Physics 26



Electromagnetic showers

200 —————— ————
Further basics: P 86 g cm
100 E.=19.63 MeV

~
=

Critical Energy [see abovel:

Rossi:
Ionization per X,

dE/dx x Xy (MeV)
|9,
o

dFE dFE 40 E_ = electron energy
d (EC) — d_(EC) 30+
L Brems L Ion C
20 | .
I Brems = ionization:
Approximations: s | il
10— R T
, 10 M 2 5 10 20 50 100 200
EGes — M ECS ol/Liq — M Electron energy (MeV)
© T 71092 Z+1.24
with:
dE dE\ _ Z-E 5 e
dr ) g/ \dx ).~ 800 MeV &l X & G| N oot

Transverse size of EM shower given by n 21 MeV
M = -

radiation length via Moliere radius E. O Rw : Moliere radius |
Ec : Critical Energy [Rossi]

[see also later] Xo : Radiation length
27
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Electromagnetic showers

Marco Delmastro

Typical values for Xo, Ec and Rw of materials
used in calorimeter

Xo [cm] Ec [MeV] Rwm [cm]
Pb 0.56 7.2 1.6
Scintillator (Sz) 34.7 80 9.1
Fe 1.76 21 1.8
Ar (liquid) 14 31 9.5
BGO 1.12 10.1 2.3
Sz/Pb 3.1 12.6 5.2
PB glass (SF5) 2.4 11.8 4.3

Experimental Particle Physics
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EM shower longitudinal development

600

Longitudinal profile 5000 MeV

Parametrization:
[Longo 1975]

dE
dt
«,B : free parameters

t® : at small depth number of
secondaries increases ...

e Bt: at larger depth absorption
dominates ...

N
o
o

= E() tae_ﬁt

2000 MeV
.

1000 MeV

dE/dt [MeV/X;]

N
o
o

Numbers for E = 2 GeV (approximate): 0+t —— T :
x=2,B=0.5 trax = /P 0 5 10 15 20

More exact
[Longo 1985]

ith:
= Ey-3- T > =In{— | +Ce Cey = —0.5  [y-induced]
[ Gamma function] Cey = —1.0  [e-induced]

Marco Delmastro Experimental Particle Physics
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EM shower longitudinal development

Depth [Xo]

0 5 10 15 20 25 30

= Energy deposit of electrons as a function of depthina -
O

: [/ o 1 GeV block of copper; integrals normalized to same value

Ot \ [EGS4* calculation]

C

i / \ 1{) GeV Depth of shower maximum increases
81 o \ s, logarithmically with energy

i \100 GeV tmax X In(Eo/E,)

6 L / )\a .\ ,15-1!-45. i
: // \ }\ %, TeV .

Energy deposit per cm [%]

2 B / /n D\O\ '\.\. N\ ﬂ\ﬂ . "«-.‘ h
2 A D‘. H“h \ﬁ\ ""-.._‘
_! /ﬁ/! ‘f‘/ ':’-..O‘% .‘.‘.‘.‘auﬂ"ﬂ “l,u“‘. -
D M{A"' ] ) U C‘_G 0‘“?31';:Mﬁﬂﬂm-w
0 10 20 30 40 50

Depth [cm]

*EGS = Electron Gamma Shower
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EM shower transverse development

Transverse shower development ... |
Multiple

Opening angle coulomb scattering

for bremsstrahlung and pair production

2\ ~ 2 - X >
<9 > ~ (m/E> _]A/’Y2 -~ X2——
Small contribution as me/Ec = 0.05 - = ‘ X
: . o \\\\i\ \Pplane .’tlane
Multiple scattering Sptans —~-Y_— A
deflection angle in 2-dimensional plane ... $ T 5
plane
b A
2\ __ 2 _ 2
(0p) =) 07, = k(0?)
m=1
<(92> ~ 13.6 MeV/c i Assuming the approximate range of electrons
P Xy B =1] to be Xo yields lateral extension: R = <8)'Xo ...
In 3-dimensions extra factor ,/2: 21MeV
Ryr = (0)a=x, - Xo = 7 Xo
5 192 MeV/e [ x C
V(0?%)3q ~ e Moliére Radius;
D o [B=1] characterizes lateral shower spread ...

Marco Delmastro Experimental Particle Physics
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EM shower transverse profile

Transverse profile

Parametrization:

dE

— Oée_r/RM _I_ /66_r/>‘min

dr

a,B : free parameters

Rwm : Moliere radius
Amin: range of low energetic
photons ...

Inner part: coulomb scattering ...
Electrons and positrons move away

from shower axis due to multiple scattering ...

Outer part: low energy photons ...

Photons (and electrons) produced in isotropic
processes (Compton scattering, photo-electric effect) move away from
shower axis; predominant beyond shower maximum, particularly in high-Z absorber media...

energy deposit
[arbitrary unites]

10! I
1001

10-1 e ' \

i

10-3

1074

10-3 i

102 ‘\ o

| 1

&0

¢ 1

Shower gets wider at larger depth ...

Marco Delmastro
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2 3

1
L 5

r/Rwm

10! WL T T
100k .
l;. 5
1071 Y .
1072 /" .
1.75 10.5 Xq
103 -
04 228 -
05« 1 1
0 1 2 3 5
r/Rwm
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EM shower profiles

e
1
ARRk

S0

energy deposit
[arbitrary unites]

1wﬁ

100

Longitudinal and transversal shower profile
for a 6 GeV electron in lead absorber ...
[left: linear scale; right: logarithmic scale]

[arbitrary unites]

energy deposit ﬂ
e

L
) : / % 4 101
100 ] N / M - ‘
4 ] 8 /
4 1 % 1 1 1
1] ] 15 \ e l ]
iIVig ‘('\tl\Q /‘
50{ | A 2 6 o ] - on
1 4 4 /d(\/® 6\(\O ) ] J -
I e 100 1 ) 1 ] 003}
T T YT /
723456760 o - 5\\ e 4//7//7
lateral shower width [Xo] Z /A \ 3
11 1 b A
y W\\ 12 /Q\V\VI\Q
Qf1‘ l 7 \(\O\‘N
S 4/ CS\(\6\‘5
001 —

Marco Delmastro

2 L 6 8 10 12 % 11
lateral shower width [Xo]
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EM showers in a nutshell

Radiation length:

Critical energy:

Shower maximum:

Longitudinal

energy containment:

Transverse

Energy containment:

Marco Delmastro

Xy = 716.4 gcm ™ ? ~ A —
(Z+1)In =
Gas _ (10 MeV FSol/Lia _ 610 MeV
¢ Z +0.92 c 7 +1.24
E 1.0 e induced shower
fmax = In E - { ().5 Y induced shower

L(95%) = tmax + 0.08Z + 9.6 [X]

R(90%) = Ry 21 MeV
By =

R(95%) = 2R B o

Experimental Particle Physics 34



Hadronic showers

Shower development:

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

2. Secondary particles ...

undergo further inelastic collisions until they
fall below pion production threshold

3. Sequential decays ...

o > Yy: Yields electromagnetic shower
Fission fragments > B-decay, y-decay

Mean number of
secondaries: ~ In E

Typical transverse

Neutron capture > fission

Spallation ...

Substantial
electromagnetic fraction

fem ~INE

[variations significant]

1I"1arco welmnasuro

momentum: pt ~ 350 MeV/c

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

lonization energy of charged particles (p,TT,u)
Electromagnetic shower (11°,n°,e)

Neutrons

Photons from nuclear de-excitation
Non-detectable energy (nuclear binding, neutrinos)

.....

CXpErimertal rarccie rrysics

1980 MeV [40%]

760 MeV [15%]
520 MeV [10%]
310 MeV [ 6%]
1430 MeV [29%]

5000 MeV [29%]



Hadronic showers

[ TTTT [ TTTTT [T TTTI [T 1T [ TTTTI [ TTTT [ TTTI [T TTTI [ TTTI [T 1T
Hadronic interaction: |
at high energies ,‘ _ [ | | | |
Cross Section: ) also diffractive contribution ‘ g
Otot = Ocl 1 Oinel 2
For substantial energies ~

Oinel dOominates:

0ol =~ 10 mb

2 . .
Oine] X A /3 [geometrical cross section]

2/3 10 1 10 10° 10° 10* 10° 10° 107 “““‘108‘ ‘
‘. O-tOt :O-tot(pA) zo-tOt(pp) .A s GeV ;g\z T \\\\\\1\0 T \\HH’\OZ T \\HH]\OB T \\\\\\1\04 T
[Otot slightly grows with /s]
Total proton-proton cross section
Hadronic interaction length: [similar for p+n in 1-100 GeV range]
1 A L
)\int:—: NA/S [for s = 1 =100 GeV]

Otot -1 Opp A2 - Nap

~ 35 g/cm2 . Al/ 3 Interaction length characterizes both,
ich vield longitudinal and transverse profile of
wnicn yielas:

hadronic showers ...
N(zc) = Ny eXP(—CU/)\int)

Remark: In principle one should distinguish between collision
length Aw ~ 1/0%t and interaction length Aint ~ 1/Ginel Where
the latter considers inelastic processes only (absorption) ...
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Hadronic vs. EM showers

Comparison
- : 20
hadronic vs. electromagnetic shower ...
250 GeV 250 GeV
[Simulated air showers] proton photon
€ 15} =
=
)
>
Q2
©
(O]
(7]
o
>
3 _
S 10+
(O]
©
=
T
5 - L
| _
5 0 +5 5 0 +5

lateral shower width [km] lateral shower width [km]



Hadronic vs. EM showers

Hadronic vs. electromagnetic Some numerical values for materials
. : _ typical used in hadron calorimeters
interaction length:
A Aint [cm] | Xo [cm]
XO Y ﬁ )\int N A4/3 int C 0
1 0
Aing ~ A'/° Scint | 794 | 422
Aint > Xo LAr 83.7 14.0
[Aint/Xo > 30 possible; see below]
Fe 16.8 1.76
Typicall . .
Longitudinal size: 6 ...09 Aint [EM: 15-20 Xo] Pp 17 1 0.56
[95% containment]
Typical
Transverse size: one Aint [EM: 2 Rum; compact]
[95‘%1;ncontainment] U 10.5 0.32
Hadronic calorimeter need more depth C 381 | 188

than electromagnetic calorimeter ...
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Hadronic shower development

Hadronic shower development:

[estimate similar to e.m. case]

Depth (in units of Aint):

P i
B )\int
Energy in depth t:
E
E(t) — W & E(tmax) = Einr
[with Einr = 290 MeV]
E
Einy = ——F——
thr <n>tmax

Shower maximum:

)
n)imax —
< > Ethr
In (£/En,
tmaX
In(n)

Marco Delmastro

Number of particles
lower by factor Em/Ec

. compared to e.m. shower ...

Intrinsic resolution:
worse by factor /Ein/Ec

But:

Only rough estimate as ...

energy sharing between shower particles
fluctuates strongly ...

part of the energy is not detectable (neutrinos,
binding energy); partial compensation possible
(n-capture & fission)

spatial distribution varies strongly; different
range of e.g. i* and m° ...

electromagnetic fraction, i.e. fraction of energy
deposited by 1 > yy increases with energy ...

fem = fro ~ InE/(1 GeV)

Explanation: charged hadron contribute to electromagnetic
fraction via T p > 1°n; the opposite happens only rarely as
O travel only 0.2 pm before its decay (‘one-way street') ...
At energies below 1 GeV hadrons loose their
energy via ionization only ...

Thus: need Monte Carlo (GEISHA, CALOR, ...)
to describe shower development correctly ...
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Hadronic shower longitudinal development

Longitudinal shower

>

— development: Strong peak near At ...
:'g followed by exponential decrease ....
-
> Shower depth:
g 15 | , tmax ~ 0.2In(E/GeV) + 0.7
— *° e -"
o) ‘ e otet ’ . L95 = tmax t+ 2-5)\att
[ "' . ‘e
[ of.. '..'. ¢ ’ ~ 0.3
@, k - el with Aty ~ (E/GGV)
% 10 F o Example: 300 GeV pion ...
— S tmax = 1.85; L95 = 1.85 + 5.5~ 7.4
O . wet [95% within 8Aint; 99% within 11 Aing]
o, - T
_CEJ X
S5 5 - RO
< > T S 95% on
I I average
Longitudinal shower profile for 300 GeV 11~ interactions in a block R "'_.
of uranium measured from the induced %*Mo radioactivity ...
- L s | | I | : | i , }
0 1 2 3 4 5 6 / 8 9 10

Depth [Aint]
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Hadronic shower transverse development

Transverse shower profile

Intensity (arbitrary units)

10

Typical transverse momenta of

secondaries: (p;) ~ 350MeV/c ...

Lateral extend at shower
maximum: Rese = Aint ...

Electromagnetic component leads
to relatively well-defined core: R = Rw ...

Exponential decay after shower maximum ...

- ° 237U

o fission
x 239Np

-10
Lateral position y (cm)

Marco Delmastro

Shower profile

# Shower particles

S

12 8 4

Lateral profile for
300 GeV 1

[target material 238U]
[measured at depth 4 Aing]

(..._—

More 1°‘s and y in core

Energetic neutrons and
charged pions form a wider core

Thermal neutrons generate broad talil

Experimental Particle Physics

10GeVic Tt~ in Fe

of 10 GeV/c pions in iron

0 4

Lateral shower position [cm]

8cm

Measurement from induced
radioactivity:

%Mo (fission): neutron induced ...
[energetic neutron component]

237U: mainly produced via 2%8U(y,n)23"U ...
[electromagnetic component]

239Np: from 239U decay ...
[thermal neutrons]

Ordinate indicates decay rate
of different radioactive nuclides ...
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