in particle physics experiments

Electromagnetic

2 Interactions
’ and Shower Physics




Week | (Foundations)
Lecture |: Why calorimetry?

Lecture 2: EM shower physics
Week 2 (Physics depth)
Lecture 3: Hadronic shower physics
Lecture 4: Energy resolution from first principles

Week 3 (Technology)

Lecture 5: Calorimeter Technologies (real-life EM and Hadronic calorimeters)
Lecture 6: Calorimeter Design

Week 4 (Systems & Future)
Lecture 7: Signal chain, readout, calibration

Lecture 8: Future calorimetry
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What particle do we measure with calorimeters?

%68: SLAC w074: Brookhaven & SLAC

electromagnetic
calorimeter

electromagnetic
calorimeter

Note that at energy > | TeV muon calorimetry becomes possible as muons in lead/iron
undergo interaction processes where the energy loss is proportional to the muon energy
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Today’s Lecture

v
~ Lecture 2: EM shower physics
* 2.1 Photon Interactions in Matter
* 2.2 Charged-Particle Interactions in Matter

— “Heavy” particle (M>>m, ; e.g. muons)
— Electrons

* 2.3 Electromagnetic Shower development
* 2.4 From Particle Physics To Calorimeter Design
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Q.1

Photon Interactions
in Matter
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Characteristics of photon interactions with matter

* A ssingle interaction remove photon from beam! I ] N
S — >
® Possible interactions: B T-dI
v’ Photoelectric effect o >
v' Compton scattering

v Pair production ,
x = mass thickness [g/cm?]

U = mass attenuation dl _— Id
Rayleigh Scattering (vA > vA; A = atom; coherent) coefficient [cm?/g] ’LL L
(depends on E, Z, p)

Thomson Scattering (ye > ye; elastic scattering)
Photo Nuclear Absorption (YK > pK/nK)
Nuclear Resonance Scattering (YK > K* > yK)

Delbruck Scattering (yK > yK) - XL
Hadron Pair produiti‘:m (va-> h+h—K) Bee = Lam ber |aW I (x ) — IO 6 Fl’

NN N N

mean free path [g/cm?] A =

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 6



Absorption length vs Energy

100

T HHHI 1 HHHI 1 HHHI T HHHI 1 HHH‘ T 1 \v \::\,;\-/\_\J'/’LL,.\UA&FL._L.L‘,_‘_L‘_‘%_J 1 HHH% — ng

10

o
=

0.01

Absorption length A (g/cm?)
o
o
2

10_6 | \HHH' | \HHH' | \HHH' | \HHH' | \HHH' | \HHH' | \HHH' | \HHH' | \HHH' [

10 eV 100 eV 1 keV 10keV 100keV 1MeV 10MeV 100MeV 1 GeV 10 GeV 100 GeV
Photon energy
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Absorption length & interaction cross section

¢ Three dominant processes, cross-section depends on E and

traversed material Z N ! ! ! ! ! ! !
%
v i No _
Photoelectric effect N (b) Lead (Z = 82) -
e o~7Z5/E35 2.8% .
V9 e o -experimental Oy
+ dominant at low E (<100 keV) 1 Mb ! }g; —
v Compton scattering 1
- 0o~ZI/E

* dominant at intermediate E (0.1-10 MeV)
v" Pair production
* o~Z%In(E)
* dominant at high E (>10 MeV in heavy materials)

I(%) — 106_'“33

1 kb

Cross section (barns/atom)

1b —
NA N, = Avogadro's number B
A = atomic weight 10 mb A -
U= No = Ox 5= total cross-cection for 10 eV 1 keV 1 MeV 1GeV 100 GeV
Photon Energy

photon absorption
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Photoelectric effect

£ A L-EDGES Y
Electron e A e
\7 [‘_ Eectron
Photon / R e/ ©
— % ® @
= & AUGER
i — L E PROCESS
Y +atom — atom +e s f
D y
Nucleus 102k
S I
® Can be considered as an interaction between a photon and an g
atom as a whole : 3
v - -
® Happens if a photon has energy E, > E, (binding energy of an e &
Q -
electron) 0 :
v" Photon energy is fully transferred to the electron [
v" Electron is ejected with energy T = E - E, E
¢ Discontinuities in the cross-section due to discrete energies E, 10_2'
of atomic electrons oy A -
v modulations at Ey = Eb = E, E, ... Energy MeV]
¢ Dominating process at low y energies (< 100 |(eV) Following emission of “photoelectron”, atom is in an excited state. De-
v . . . . excitation occurs via two effects:
Espeaally n h|gh Z material * Fluorescence: Atom™ — Atom™ + Yy (X-rays)

* Auger effect: Atom™ — Atom™* + e (Auger electrons, E ~ 10 KeV)

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 9



Photoelectric effect

|O lonization potential
® “Low” energy (lp < E, << m,) = fine structure constant
r. = a/m, = classical electron radius

Uph — CVT‘-G,BZ5( /E )7/2 X Z5E 7/2 ag = |/(m,a) = Bohr radius

re = o?ag
o T T T T T
® “High” energy (E,>> m,) N 3?’320 - oy Lead (22 2, _
V8 e o - experimental Oy
. 1 Mb [~ 0\];.e. \?D 7
opn = 27720 Z° (me ) E,) o Z5E7 ! i |

B 0Rayleigh

Cross section (barns/atom)

® Example I 00k N\ R
v ag=05310'"%m B
v lo = 88 keV (Pb K-edge) N
v Z =82 (Pb) T
v E, = 100 KeV (just above the K-edge) L .
Gph(Pb) ~ 20 kb (PDG) 10eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 10



Compton scattering

Electron Electron Photon
24
Photon
p |
(]
Y Y Electron

vy+e—v +e Loy _ 1
E, 14 (E,/m.)cos0,

(1 —cosby)(Ey/me)

® Electrons in matter are bound, but when
E, >> binding electron energy electron

can be considered as “free” E]i — Eq/ - Eq/’ — Loy
. . | 1+ (Ey/me)(1 —cosb,)
Compton scattering = scattering of y on
quasi-free atomic electrons * 9,=0 - forward scattering > E&=0
® Afraction of E, is transferred to the v Initial photon can give all its energy to final photon...
electron, E, _E, ® 6, =m > backward scattering > E*= Ep.; E, = Eui
®* Dominating process at intermediate y ¥ ... but not to electron!

energies (0.1-10 MeV) v" Photon cannot be completely absorbed by Compton Scattering

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 11



Compton scattering

® 6, =m > backward scattering - hv=05MeV
Compton Edges
1 -
E, in =F .
77, min Y Example:
1+ 2(E,/me) : E,=hv=1MeV
E, min = 02 MeV

Ee, o = 0.8 MeV

Ee — E 2(E’Y/m€)
k,max 1+ 2(E,/me)

Relative intensity

B hyv = 1.0 MeV
¢ Complete transfer of y energy to electron via § Av = 1.5 MeV
Compton scattering is not possible
V" Important for single photon detection: photon R
cannot be completely absorbed and the scattered
electron misses a small amount of initial energy o o e g % ¢ 9 o= o» “
0 05 1 1.5

Energy [MeV]
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Compton scattering

¢ Klein-Nishina Formula (LO QED) for differential and total cross sections

e 2
(4 e

do N 1+coszey

e’(1—cos,) E

dQ " 2 (1+€(1-cosh,))’

(1+cos’0,)(1+€(1—cosH,))

In(1+2¢€)} + —In(1+2¢) —

g 1+ 2(1+
Uc=2"r§(( 26) ( E)_
€ 1+2€
10% : "
?‘-ﬁi‘ : Oc :Oa +Gs
Gc OS - Ev',min/Ev OC

Cross section [barng)
3
~N

a=absorbed component
s=scattered component

1074 el e o P s
1072 100 102
Energy [MeV]

PO Y1 S TR R T

Marco Delmastro

) (perelectron) € =—Y*
me

1 14+3€

e (1127 ) ( per electron )

El

® “Low” energy (E, << m,)
Thompson cross-section

ocC :O'T(l_E’Y/me) 0T:3_7r2 = 0.66 barn
/re
® “High” energy (E, >> m,)
atom

0C X :Zag]

log £, [
0c

Ly
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Pair production _E E _

I Y ©
¢ An electron-positron pair can be created when C» et
(and only when) a photon passes by the Coulomb C AN sape e
field of a nucleus or atomic electron { ‘ atom ‘ , atom
v" This is needed for momentum conservation! L % v
v It is a threshold process
Pair production in the field of the nucleus Pair production in the field of an electron

* Threshold: e"e” rest masses + recoil energy of
nucleus or electron

Y N
B, > am, (14

mx Pb plate

(strongly suppressed: probability ~ 1/2)

My = My Or M,

E, ~ 2 m, near nucleus

E, = 4 m, near electron

— e —— s .

® Dominating process at high y energies (>10 MeV) : production of an electron-positron pair
by a high-energy photon in a Pb plate
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Pair PI"OdUCtlon Radiation length [g cm™]

® Cross section for E, >> m, A 1
v" Accurate within a few percent down to energies X 0 —
: : : N 279 183
as low as | GeV, particularly for high-Z materials A Cm“e n—
Z 3
7 L o 183
Opair = = | 4ar;Z” In — sobo® T T
9 Z 3 The intensity of a photon beam I plia
traversing a block of material with ‘_ /
A thickness X = 9/7 X, is reduced by ~ I0F A E
7 1 a factor I/e. § i ope
. Y - — [ =] copper |
Opair = Ni X | R T 2229 |
9 A 0 Xo corl”responds tq the th@kness of § . }
material where pair creation has a b | S—
probability P = 1—e7? ~ 54% o 1OF— / =213
_ : - 5 S A |
p = mass attenuation coefficient [cm</g] s T oxygen ]
S [ [T/ e ]
= boo— | z=
S L [ arbon
N4 7 1 -J/ SRS
— — — S L
U =N0 = —0g4 U= —— i R Ay iy 7 ]
A 9 Xo LA
—ux T z - :J /17
I(z) = Ipe™# I(x) = Iye 9 %o 1/
oo— 10 100
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Radiation Length xo-+ ——— 2y — X0
€ 73 P
Material Xo (g/cm?) p (g/cm?) Xo (cm)
Pb
Fe 13.84 7.87 .76
Cu 12.86 8.96 |.44
Al 24.01 2.7 8.9
Air 36.66 1.205 x 1073 30 420
Water 36.08 | 36.1
Hz (lig.) 63.05 0.0708 890
PEWO, 7.39 8.28 0.89
BGO 797 7.13 .12
LAr 19.55 1.396 |4

Marco Delmastro
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Exercise: Radiation length values

® Three options ® What is the X, of Pb?

|.  Search tabulated value on PDG!
2. Compute from full formula

A

4aNy Z?r?2 In ;if
3

Xo

3. Compute from approximated formulas...

A
Xy = 716.4 gcm 2 v
A

Xy = 1433 gcm 2

Z(Z +1)(11.319 — In Z)

1804 g

X
0 Z2 cm?

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2
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Exercise: Radiation length values

® Three options ® What is the X, of Pb?
|. Search tabulated value on PDG! v
2. Compute from full formula

X A
° 7 4aN, Z2r2 In 18 v Ap, =207
Zs v Zp, = 82
3. Compute from approximated formulas...
A
Xy = 716.4 gcm 2 v
A
X = 1433 gcm 2
Z(Z+1)(11.319 — In Z)

180A ¢

XO — Z2 Cm2 Xo =55 g Cm'2\

Calorimetry in Particle Physics Experiments | Lecture 2

Xo=6.3 g cm?

Xo=6.3 g cm™?
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https://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/lead_Pb.html
https://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/lead_Pb.html
https://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/lead_Pb.html
https://pdg.lbl.gov/2015/AtomicNuclearProperties/HTML/lead_Pb.html

Exercise: Radiation length values

® Don’t forget that to have a physical length
one needs to consider the material density!

v Xo=6.37 g cm™?
v pPP=11.35gcm3
4 XOPb — XOPb / pr = 0.56 cm

Marco Delmastro Calorimetr; y in Particle Physics Experiments | Lecture 2
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Recap: photon interaction total cross-section

al L
1 Mb _% o Carbon (Z = 6) B %@l&o?ﬁb Lead (Z = 82) _

;) Photo effect

1 MeV

1 kb ,
Pair
. production

1 kb

Cross section (barns/atom)

Cross section (barns/atom)

Rayleigh <
scattering

lombL A N

10eV | keV | MeV Y% 1GeV 100 GeV 10eV i 1keV 1 MeV 1GeV 100 GeV
Photon Energy ™ Photon Energy

1b

Pair Production '
Compton scattering

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2
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Recap: photon interaction vs E and Z

~
80" Pair ioroduction
- is predominant
60 F Photdelectric
effect is | (Z=53)
z :- ----------- ﬁre‘do.}'ﬁina-ﬁ.t --------------- fassssssssssssnnnlennnnns : ----------------------
Con?pton effect
is predominant
.................................... -1f
1 10 100
E,, MeV

Marco Delmastro
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°* E,=0.1MeV
v C (Z=6) Compton dominant
v" | (Z=53) Photoelectric
dominant

* E,=1MeV
v Compton effect is dominant

* E,=10MeV
v C (Z=6) Compton dominant

v" | (Z=53) pair production
dominant

21



Q.8

Charged-Particle

Interactions in Matter

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2



Energy loss by ionization: Bethe-Bloch formula &5

® Let’s begin by assuming “heavy” particles (M >> m,)
v Interaction is dominated by elastic collision with matter electrons... Y

® Bethe-Bloch formula: mean energy loss per unit of mass thickness
v" Units: MeV g'! cm? (multiply by density to get Mev/cm)

Electron

dE Z 1 [1. 2mec?B*v?Tmax 0
_ K22 2 mec” 37y (87)

[ —_ 2_—
dx ApB? |2 E b 2

z = Charge of incident particle

M = Mass of incident particle K =411 N re2 me ¢2 = 0.307 MeV g" cm?2
Z = Charge number of medium

A = Atomic mass of medium B N 5
| = Mean excitation energy of medium ~ 16 Z%7 eV Trax = 2meC B Y</(1 + 2y m/M + (me/M)*)
O = Density correction [transverse extension of electric field] [Max. energy transfer in single collision]

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 23



Bethe-Bloch: main dependencies

® Validity: .05 < By <500, e.g. M > m,

dFE
dx

dE/dx falls ~ /2 = kinematic factor

Slower particles feel electric force of
atomic electrons for longer time

Corrections
* low energy: shell corrections

1

x — In(const3%v?)

ﬂZ

dE/dx rises ~ In (BY)? = relativistic rise
Relativistic extension of transversal E-field, relevant for By > 4.

Transversal electric field of high-energy particle increases due
to Lorentz transform; E, = yE,, interaction cross section

increases

particle
at rest

<

* high energy: density corrections (polarization
of medium generates saturation at large By,

parameterized by factor O)

Marco Delmastro

y=1

\ 4

Calorimetry in Particle Physics Experiments | Lecture 2

A

fast moving
particle

C—
Y grows
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Bethe-Bloch example: pions on Copper

50.0

Units:
MeV g! cm?

~dE/dx (MeV g lem?)
b
o

-y
o

o
3]

Marco Delmastro

}’\dE/dx

[-100 x
"shell =
| correct. \

-2
— Boc B—5/3 :
! \

—
—
llllI 1 1 lll\lll

‘\\ dE /dx o« B2

Minimum
‘\ 10ni1zation o+

L Nt}

o p5/3 n® on Cu

I =322¢eV

Radiative effects
become important

Approx Tinax
dE /dx without &

- -
-

-
-

- -
-

-~
L

Complete dE /dx

1 lllll

(IS EEEN Lol 11l fi il L4 § £ty

1.0
MIP: By =

0.1

10 100 1000
By =p/Mc

3-4

Calorimetry in Particle Physics Experiments | Lecture 2

10000

rho_Cu = 8.94
g/cm?

MIP looses
~ |3 MeV/cm
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Bethe-Bloch: low and high energy corrections

¢ Shell correction (low energy)
v Arises if particle velocity is close to orbital
velocity of electrons, i.e. Bc ~ v, 50.0 ALYy B A

dE [dx o p~5/3 n* on Cu
\dE/dxocB 2 I=322¢eV

v" Assumption that electron is at rest breaks down

)
o
o

v" Capture process is possible
Radiative effects
become important

—

o

o
I

v Shell correction are in general small
Approx Thax

-dE/dx (MeV g~ lem?)
o
o

i PO | dE /dx without &
. . . -100 x ' -
¢ Density correction (high energy) shenat—\ A e =
. ) ) 2.0 F correc """"""
v Polarization effect, density dependent j
e -2 A h
v Shielding of electrical field far from particle path 1.0 |- A B‘?’3/ Complete dE /dx
v Effectively cuts of the long range contribution gk Dl el sl ool o TN
. 0.1 1.0 10 100 1000 10000

v" Leads to saturation of <dE/dx> By = p/Mc

v More relevant at high y

* e.g. increased range of electric field, ...
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Energy loss dependence on material properties

A
(X_

A

dx
® A = mass of target nucleus
® Z = charge of target nucleus
Minimum ionization

v ~ |-4 MeV/g cm™?
v Example: H, 2 4 MeV/g cm™

Marco Delmastro

10

(—dE/dxy MeV g—lcm?)
(O8]
T \ T T T \ LI \

H, liquid

1 I 1 VVVIVVVVIVV VIHHIHHIHHIHVT

l 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1Ll
0.1 1.0 10 100 1000 10000
By = p/Mc
1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 11111l
0.1 1.0 10 100 1000 10000
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Proton momentum (GeV/c)
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Energy loss straggling: Landau distribution
¢ Bethe-Bloch formula gives average energy AE = N
— E 1
)

loss, but there can be large fluctuations

v Energy loss AE in material of thickness Ax can
be imagined as sum of energy losses JE; in
series of collisions

v Energy loss SE; distribute statistically

v Landau distribution: probability distribution of
energy loss in thin absorbers

>

lonization by close collislons
d-electrons

rel. probabllity

* Asymmetric: long high-energy tail from rare hard
collisions Most probable value (MPV) < mean;
the mean is ill-defined for very thin absorbers

* Width parameter § sets the scale of the
asymmetric tail of Landau distribution: long high- _— : >
energy-loss tail caused by rare hard collisions (6- energy transter/photon exchange

rays) 6 Ez

below excltation
distant colllslon

threshold
excltation
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Energy loss straggling: Landau distribution

>

~~
VN
P
N—
|~
° |
N~
Ve
>~
_|_
Q)
|
>
N—"
rel. probabllity

lonization by close collislons
&-electrons

K Zpx

below excltation

threshold
excltation

distant colllslon

et : e
energy transfer/photon exchange

®  Width parameter ¢ sets the scale of the asymmetric tail of Landau distribution: long high-energy-loss
tail caused by rare hard collisions (6-rays)
v K =41Nj r.2 mc? = 0.307 MeV mol™ cm?
* Practical consequence: MIP signal in a thin detector is Landau-distributed!
v" Important for thin active layers in sampling calorimeters
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Landau distribution: an example

Marco Delmastro

number of events

200

150

100

3

S
Ql'll

| BLSLINL I B I B B B B N B B B B B N N B B B B

1/ =l 3 GeV electrons

/ Lo dardh-nboed oo |

PO U (000 O A O 00 5 U U5 O O O B 00 O 0 O O 0 O 0 O 5 0 00 5 O 40 0T 00 O 0 A A S

1 2 3 4 5
energy loss [ keViem ]
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3 GeV electron in thin
gap multi wired chamber
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Mean energy range

® Integrate over energy
loss from Eto 0

O dE

= | iEds

¢ Example
v" Proton with p = | GeV
v" Target Pb (p = 11.35 g cm?)
v ' R=200gcm?
v Rlcm] = R/p ~ 18 cm

Marco Delmastro

MEAN RANGE AND ENERGY LOSS

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

1000 — e e 1000
' e 0
{4 i /I[I ll I
—— ] i
Kp |d // ERF
100 s b LA / /1 100
e A A I — i
L 7
A3 HIAS i
J /1. (] / %
o 0y " X N
'E hY ‘\ : S {/ ;_]__ ] “\‘ L1
210 b it P 10
© P AN A ,_,1’_ 2
o = 3 S /P A S
m Qyyem -1 ‘\. o T - T—
= V // [ I JEE/ .
| A %:w}w.tﬁz |
l /- ,; -t S S e i
yir} ey i 4 ==
14‘“ A — s
= 4 c
il
c
- Pb, Al
"I//" K/p/d (X/ . fcu
i L1 LA .. -5
0.01 0.1 1 10

P (GaV/c)
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seeeeee -dE/dx (MeV g™ cm?)

R/M (gcm~2 GeV~1)

50000

20000
10000
5000

2000
1000

wn
(=
S

—_ D
wm o 9O
S S O

53
(=}

10

10.0 2 5

100.0

0.1 2 5 1.0 2 5
By = p/Mc

10.0

0.02 005 0.1 02 05 1.0 20 50
Muon momentum (GeV/c)

100

0.02 005 0.1 02 05 10 20 50
Pion momentum (GeV/c)
0.1 02 0.5 1.0 20 50 100 200 50.0
Proton momentum (GeV/c)
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Bethe-Bloch formula needs modification
Incident and target particles have same mass m,
Scattering of identical, undistinguishable particles

Note that energy loss of positron at low energy has (slightly) different behavior as positrons
are not identical with electrons...

dE 7 1 me B2 c?y*T ]
N k2| F

el. L i

T = kinetic energy of electron
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Energy loss of electrons vs heavy charged particles

¢ At high energy (B~1) energy loss for both heavy charged particles and electrons/positrons
can be approximated

v" B factor parameterizes smaller rate of relativistic rise for electrons than for heavy particle (can
be used to distinguish charged particles of different masses... but not in calorimeter!)

E 2M o C?
d— x 21n Mhe€ FAlny — B
dx I

electrons 3 .95

heavy charged particles 4 2
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Marco

Bremsstrahlung and Radiation Length

® Bremsstrahlung (“braking radiation”) arises if particles are accelerated in

Coulomb field of nucleus
v" Depend on m2 - most important for “light” particles (i.e. electrons)

v ... or ultra-relativistic ones (e.g. muons)
dE 2272 /1 €2\’ 183 E
= 4aN Eln X —
dx A4 \dreg me? Z1/3
¢ Considering electrons...
dE 72 183 dE E z
——404NA—7“ - F1n - = FE = FEre Xo
dx A Z1/3 dr X, 0
A 1

Delmastro

Xy =

Radiation length

Na 4ar2Z72In 18

After passage of one X, electron has lost all but
7% (1/e)th of its energy (e.g. 63%)
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Critical energy

dE dE n dE dE dE
dx Tot a dx Ton dx Brems dx‘ (EC) - d,fE (EC>
Brems Ion
200_ T T |||||| T T T |||ll| 400&\ T .|||||| | T ||llll
. Copper , I Example: Cu (£=29)
- Xp=1286 gcm™ 200 ~ ~ -
100 L Eo= 1963 MeV 5 E. ~ 610 MeV/30 ~ 20 MeV
E 70 £ . o F 2o
= 50 B Rossi: R 610 MeV 7
> E Ionization per X € 2 50 7+ 1.24
X 40 = electron energy — o i
< C . -
E 30 — .
= - . 20 — + Solids
20 :_ o Gases

- 10 electrons

- Brems = ionization C

- e : 'H He Li BeB CNONe

10 1 1 | I | |/ 1 1 N I | | 5 | | 1 1 | L1 || | 1 1 | [ |
2 5 10 20 50 100 200 1 2 5 10 20 50 100
Electron energy (MeV) Z

Marco Delmastro
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Recap: (fractional) energy loss by electrons

Marco Delmastro

Positron

I\IIIIII| I
\

annllhllaltlolr1 I IIII\W‘W—L\‘

Positrons

Lead ( Z = 82)

Bremsstrahlung

Ionization

Bhabha (e™)

0.20

0.05

1]
I—r—1—1—

10 100
E (MeV)
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Muon energy loss

Muon energy loss = Bethe-
Bloch for By > |
Critical energy for muons E., ~
O(100) GeV vs. few MeV for e
In general, muons are minimum-
ionizing through whole
calorimeter
V" But for extremely high energies
(e.g. future colliders) one could
do muon calorimetry
4000
,g\
N 7980 GeV
2000
~1000 ]
%
go " (Z +147)0838
=
=400
o Gases
200 | + Solids
H He Li Be B CNO Ne
100 L I
1 2 5 10 20 50 100

z

Marco Delmastro

Mass stopping power [MeV cm?/g]

100

- ut on Cu 1
100 | o .
- Bethe Radiative ]
L Andersen- i
o Ziegler -
- = Radiative .
<3 effects Eyc
1024 reach 1% Radiative 3
- Minimum losses 7
- ionization | A £ - 4
" Nuclear = T _________ ]
l Igses - Without o
1 | | | |
0001 001 0.1 | 10 100 1000  10% 10°
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Muon momentum
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Cherenkov radiation

Why Cherenkov in a

¢ Particles moving in a medium with speed larger than speed of light in that medium calorimetry course?
will lose energy by emitting electromagnetic radiation Relevant for dual
v . . . . . . S readout calorimetry
Charged particle polarize medium generating an electrical dipole varying in time [ ——
v" Every point in trajectory emits a spherical EM wave, waves constructively interfere... Cherenkov in crystals)

cos 6. =

refractive index 7] — \/g dielectric constant
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Cherenkov radiation

Medium n B 0,.. [B=1] N, [eV™' cm™]
Air 1.000283 0.9997 1.36° 0.208
Isobutane 1.00127 0.9987 2.89° 0.941
Water .33 0.752 41.2° 160.8
Quartz |.46 0.685 46.7° 196.4
d’> N

® Emitted photons are in optical region
v" E=1-5eV; A = 300-600 nm, typically blue

® Energy loss by Cherenkov radiation very small

v' < 1% of ionization loss for Z > 7
v 5% for light gas

arco Delmastro Calorimetry in Particle Physics

— az?sin? 0o ~ 370sin? 0 eV lem ™!

dr dFE

Example: proton with E4, = | GeV passing through | cm water

B =p/E~ 0875 cosBc = I/nB=0.859 — B =308°
d’N/(dEdx) = 370 sin’6_C eV™' cm™ ~ 100 eV~ cm™

AE_loss = <E> - d’N/(dEdx) - AE - Ax
AE loss=25eV - 100eV'em™ -5eV - | cm = .25 keV
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Q.3

Electromagnetic

Shower

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2



Electromagnetic showers

® Dominant processes at high energy:
v" Photons: pair production
v Electrons: bremsstrahlung

Radiation length [g cm2]

A 1
Xo

Pair production

7TA 1

~Y e

Tpair = Ny Xy

I(z) = Ipe 5%

Na dar?Z?1In 12%
3

ABSORBER

—
e

| XQI 1\‘:' e\n

Bremsstrahlung

dE E
dZC_XQ

E:EQG—XLO

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2

41



Marco Delmastro

Electromagnetic showers

¢ Bremsstrahlung stops becoming
dominant when E < Ec

200 L T T T T T T | T T T T T T T |
Copper
Xo=12.86 gcm™2

100 £ E.=19.63 MeV =
~ _ _
o 70 —
e b 3
o 50 Rossi: 3
s Tonization per X 3
X 40 = electron energy —
§ 30
X
=

20 |
Brems = ionization
10 I T | |// 1 1 1 I I | |
2 5 10 20 50 100 200
Electron energy (MeV)
Sol/Liq __ 610 IVI@V
E ;C p—

Z +1.24
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Exercise: A simple shower model

: . Use
[fSr(I)mlegﬂng ower model: Simplification:
Ey = Ee = Eo/2
Only two dominant interactions: [Ee looses half the energy]
Pair production and Bremsstrahlung ... Eo ~ Eo/2
v + Nucleus > Nucleus + e* + e [Energy shared by e*/e7]

[Photons absorbed via pair production]

... with initial particle energy E
e + Nucleus > Nucleus + e + y P gy Eo

[Energy loss of electrons via Bremsstrahlung]

Shower development governed by Xo ...

After a distance Xo electrons remain with
only (1/e) of their primary energy ...

Photon produces ete~-pair after 9/7Xo = Xo ...

Assume:

E > Ec : no energy loss by ionization/excitation

E < Ec : energy loss only via ionization/excitation

0000

L
<

N
NN

o o0co

o000

=)
4

Sketch of simple
shower development

Eof2 Eof4 Eqf8 Eof16

® Where does the shower reach its maximum? o 1
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Exercise: A simple shower model

Sketch of simple
shower development

0OO0O0OCO|OoOCO|OOOO

=

~
RS

Eof2 Eof4 Eqf8 Eqf16

o 1 2 3 4 5 6 7 8 |t[X]
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Exercise: A simple shower model

Shower characterized by:

Number of particles in shower
Location of shower maximum
Longitudinal shower distribution
Transverse shower distribution

Number of shower particles

after depth t:
N(t) =2
Energy per particle
after depth t: >
0 —t
E = =Fy-2
N

Marco Delmastro

> t = log,(Fo/E)

Longitudinal components;

measured in radiation length ...
x
..use: = —

0

Total number of shower particles
with energy Ex:

E
N(E~ Ei) = 9t1 — 9logy(Po/my) _ 0
( 0> 1) El
Number of shower particles
at shower maximum: B
N(EO7E0) = Nmax — 2tmax — EO

Shower maximum at:
XX EO

tmax X In(Eo/E.)

Calorimetry in Particle Physics Experiments | Lecture 2
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Exercise: A simple shower model

Simple shower model:
[continued]

Longitudinal shower distribution increases only logarithmically with the
primary energy of the incident particle ...

Some numbers: Ec= 10 MeV, Eo =1 GeV > tmax = 1N 100 = 4.5; Nmax = 100
Eo =100 GeV > tmax =In 10000 = 9.2; Nmax =10000

E
tmax [X()] ~ 1I1 FZ

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2
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EM shower longitudinal development

Depth [Xo]
0 5 10 15 20 25 30
— T | T | ' I
§ L N Energy deposit of electrons as a function of depthina -
- / o 1 GeV block of copper; integrals normalized to same value
8 10 & \G [EGS4* calculation] |
[0} L i
e / }8. 10 GeV Depth of shower maximum increases
2 8 o 3 \ N logaritnmically with energy |
) I . )\j\. \\IO'U GeV tmax o In(Eo/E,)
O 6 / \ -
> / }“r‘kﬁ"—h‘
N \ .V 1
Lch 4 B / a./ \ \‘a ‘k‘i -
' / ‘f! \ -\ \b k S
/ & f’ (\ . \n\ '\‘I\L I
2 - d/ ‘f i D\Q\ \'\. ™ A \‘\;‘1 .
= / 5/ A/ D"Dx ‘.‘-‘. ~ \.‘1,__ -
/ .&/ /‘/ O‘Q\C‘ ~0 \.‘ ., -
U 2 il .Mf‘ L - L L ‘CLO O—A 31 Mmm“
0 10 20 30 40 50

Depth [cm]
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Limitations of the simple shower model

® Energy dependence of the cross-section
v Simple shower abruptly stops at t,

Electrons undergo multiple Coulomb scattering, affecting the lateral spread

Difference between showers induced by y and electrons
v }\pair = (9/7) XO

Fluctuations: number of electrons/positrons produced not governed by Poisson statistics

Some dependence on material makes development deviates from pure X, scaling

® Not all energy of electrons and positrons in the shower can be detected

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2
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EM shower: electrons vs photons

0.125 i I I I I I I I I | I I I I | | | | I__ 100 EO
- 30 GeV electron ] EC
0.100 — incident on iron —1 80
- ] (D)
B . =
_ 7 =
s 0075 [~ — 60 o C.=05
= - ] g
% - - % CY = -0.5
B - =
= 0050 — — 40 ©
~ - Photons o i S
[ x1/6.8 i g
0.025 — — 20 Z
B Electrons i
0.000 & 0

0 5 10 15 20
t = depth in radiation lengths
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EM shower longitudinal development parameterization

a—1 —bt ¢ adetermines shower max Detector design remark:
dE Enb (bt) € ¢ Shower maximum a/b - I/b with longitudinal segments
d L - 0 F ® b nearly universal (e.g. ATLAS) can sample
(a’) v b~0.5for e shower profile

600

t — ZU/XO y — E/EC 5000 MeV

/\

tmax = (@ —1)/b=1.0 x (Iny + C)) 5 400
S
j=e" =
S 2000 MeV
© 200

1000 MeV

X = XO/b shower length

20
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Longitudinal dependence on material

® b nearly universal...

Marco Delmastro

0.8

0.7

0.6

0.5

0.4

0.3

X, = Xo/b

shower length

Aluminum

D/D\D/DILOLB

Uranium

10

100 1000
y=E/E,

Calorimetry in Particle Physics Experiments | Lecture 2

10000

51



Who deposits the EM shower energy?

® Energy is deposited (in active medium) by
low energy electrons/positrons and
photons...

v" ~3/4 of the energy deposited by electrons
(e®): pair-production secondaries and
Compton photoelectrons (~half of the
electron component)

v ~1/4 by photons below the pair-production
threshold (photoelectric absorption)

* These are isotropic, have forgotten direction
of incoming patrticle
v" The typical shower particle is a | MeV
electron, range < | mm

* Important consequences for sampling
calorimetry

F
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r -~

v

o
T
~
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~

J
o
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~
/

Fraction of ionization energy (%)
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o
|

~N
o

-
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Longitudinal dependence on material

® After shower maximum particle production stops
v Electrons/positrons and photons have energies in ~5-20 MeV range (typical E, size) of the
v Electrons and positrons stop quickly in layer of ~ | X, (ionization loss)

v" Photons (~N,,,,/3) absorbed by photo-electric effect and/or Compton

max

¢ Absorption length: ~3A needed to T B I B B :

absorb 95% photons 10 £ i
° For 520 MeV photons A ~ 20 g/em? ¢ | E
(approximately material independent) D) N 7 7
® ~60 g/cm? after shower maximum 0
°  Aluminum X, = 24 g/cm? (9 cm) S E
v' ~2.5 X, Al needed after t,,,, to absorb g“ 0.001 * o
95% of initial particle energy < ot .
® Pb X, = 6.4 g/cm?(0.56 cm) o5 7 7
v' ~9.3 X, Pb needed after t,,,, to absorb . i

95% of inital particle energy L T R e TR YRR ey Y

Photon energy

More X, of Pb than Al will be needed after shower maximum to contain 95% of the shower energy!
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Shower energy containment parametrisation

%

100 }
o8 |
9 |
94 |
92|

88 | , :
0 5 15 20 25

/¢

Depth (Xo)
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Multiple scattering in EM showers

® MS model in EM shower = combination of single
scattering part (high deflection regime) + Gaussian
core (sum of many small-angle deflections)
v" 2% large scattering angles

v" 98% Gaussian around scattering angle 0

k
(02) =D _ 0 = K(67)

1 xT T
02y ~ —z, | — |1+ kln —
%) Bp \ Xo Xo

B=I z=| k ~ 0038

¢ Strength of scattering ~ |/p
V" Affect measurement of low momentum particles
v Better to use light materials for compact showers

el T PEY ORGP O U D UL N B N ANLvEl e RS O IS S Do e A )

18.66 MG /cu2 Au

——37.28 MG /o2 Av

SINGLE -
SCATTERING

t GAUSSIAN \

FRACTIONAL SCATTERING PER SQUARE DEGREE
T

LAl l U l e p g
o 5 10 15 20 25 30
SCATTERING ANGLE IN DEGREES

|°-7..111111A1L-.nl.

F16. 3. Angular distribution of electrons from thick and thin
gold foils from 0° to 30°. The solid line represents the theory of
Moliére extrapolated through the region where his small and large
angle approximations give different values. The dotted lines at
small angles represent the continuation of the gaussians of Fig. 1.
At larger angles, the dotted line represents the single scattering
contribution.
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EM shower transverse development: Moliere radius

-~ X

Y

~ X[2——

B —

High energy (early) part of the shower dominated by pair
production (photons) and radiation (electrons)
v" Negligible opening angles

A~ (3=

Shower transverse size driven by the low energy part of
the shower

A v Dominant process: multiple scattering of low energy electrons
Multiple scattering angle .
distribution (Gaussian) Shower Iatera}l profile e§tlmate | Containment
Consider multiple scattering of e just after the ~90% @R = | Ry,
shower maximum energies ~ E_ ~95% @ R = 2 Ry,

13.6 MeV | z -
2d ’ /<g > ~ X, Assume approximate range ~ | X, ~99% @ R = 3.5 Ry,

p

3d
i \/m N 19.2 MeV xr
factor p V Xo

R = (0)X,

V2 RM = <‘9>x:Xo . X() ~

Moliere radius

21 MeV
E.

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 2 56



EM shower transverse profile parameterization
dF

T &
—  Rpg A
[arbitrary unit] [arbitrary unit] — Q€ M —I_ 6 € HR
10 T T T T W T T T T dr
1 1
100k 4 10| - a, B : free parameters

Ry @ Moliére radius
A

—
(-}
¥
-
I
I
—
o
1
=1
L
1

: range of low energetic photons

min

|
-
=]
1
[

B 1 ° Inner part: Coulomb scattering

v Electrons and positrons move away from

10-3F L.0 11077 ] shower axis due to multiple scattering ...
0.88 i ¢ Outer part: Low energy photons
1074 1107 22.8 o :
v" Photons (and electrons) produced in isotropic
10-50 L a8 i ol processes (Compton scattering, photo-electric
0 1 2 3 4L 5§ 0 1 2 3 4 5§ effect) move away from shower axis;
r/Bm r/Bm predominant beyond shower maximum,

particularly in high-Z absorber media...
¢ Shower gets wider at larger depth
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EM shower profile summary
=

—T1 Longitudinal and transversal shower profile
%/ for a 6 GeV electron in lead absorber ...
100

energy deposit [left: linear scale; right: logarithmic scale]

[arbitrary units]

1] 1 12 energy deposit -
=0 [arbitrary units] M
] I + [~ M 00 shower tail mainly from
I ] 2% - A 10 low energy photons
100 a shower A ]
d ma}*ﬂm | % 1
4 1B T ] %
50 2 3T ] ]

e 011
s /\‘5\(\0\'q \
(O
@X\p\“ ) ] 012‘: T~ >
: )\
" T g © — ] \ ~
123456768 . _ \
lateral shower width [Xo] shower increases as 4

number of secondary
particles increases

7 \N

\_ B>
1N 15 5&
2
N ) %
S_

. - &© Low energy particles

Low energy photons define real size of ) I /g\go\“"’\ (E<E) expggnpemia\ fall
9 <\ ‘

the shower: Compton and photon- O 7% 2 T ©

electric effects spread the shower further lateral shower width [Xo]

early shower is compact
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EM shower development dependence on material

» Al
<10 T e Lead «Ca
= - e, = Iron € 10F° = Pb
> ‘e . f ., » Aluminium z g*x
S & % i *

8_ 1L ” R | . L =) a...
3 - a ¢ % = 38
0: B A 5 ® ® g‘ 1 8880
8 A 0 L ] &= nﬁ‘%ﬁi‘-.
Q—l A o L - §. gggéss...
3 B 3 S,
0 l- A » = AA‘ 033. 5
= . 5] ™ 8 0.1 ba,, 988338.
E‘D L o @ 2 g A‘“A oﬁ
L . o A = a o ) " AA“AAA&
) Longitudinal & .. Lateral
0.01 : i ‘ L W e . 0.01 : :
0 5 10 15 20 25 30 35 ! 2 A 4 A
Distance from shower axis (pM)
Depth (Xg)

Scaling with X, is not perfect bot for longitudinal and lateral development: particle multiplication continues up to lower

energies in high Z material (as E, proportional to Z''), where Compton and photoelectron production become important:
multiplication decreases more slowly
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Response dependence on detectable energy cutoff

Total charged track length (g/cm?2) o< X, Eo/E.

® When E, < E. electrons and positrons in shower

1.0 T T T T T T T ]
don’t produce photons anymore, and begin b -
(primarily) to ionize medium F(-i&) . - ]

. N*e s
® These energy deposits generate the detector 05  Nu..-. =
signal, if they can get converted to something . N, .
¥ » : . APPROXIMATION ~ ~"ie. e, LEAD
readable” (e.g. light or electrical current) B Lzl i
s il | MR | Y
- o S, iy
®  Eiiof = minimum kinetic energy of an electron <, o
: : : ALONGO SESTILI (Pb GLASS) 0
(positron) that can be detected in a calorimeter 0.2 | @ NAGEL (LEAD) ~
v If E_,orr = O total track length is fully detected in the | @ CRAWFORD MESSEL (LEAD) 4
calorimeter
v For increasing values of E_ .« (= € in plot) fraction F Ol 5 : O..4 : 01.8 : "'2 :
of total track length detected on average in fully =
contained electromagnetic shower decreases ¢
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Q.4

From Particle Physics

To Calorimeter Design
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Why this physics matters: design considerations and “rules”

¢ The three key parameters from particle physics that drive calorimeter design
v Radiation length X, > sets the physical size of the EM calorimeter
v Critical energy E. > determines the shower energy scale and signal yield XO 0.¢
v" Moliere radius Ry > sets the transverse granularity requirement

¢ Design rules of thumb

v" EM calorimeter depth: 25 X, contains >99% of EM shower energy EC X
* CMS ECAL: 25.8 X, PbWO4 crystals
*  ATLAS LAr: 22-26 X, longitudinal segmentation
v Lateral containment: 3.5 Ry, contains >99% of shower energy
v" Calorimeter cell size: should be comparable to Ry, for good position resolution R X
M

NSNS

¢ Issue related to poor shower containment
v Longitudinal leakage: energy deposited beyond the back face of the calorimeter

* Leakage fluctuations directly worsen energy resolution (more on this in dedicated lecture)
v Lateral leakage: energy deposited outside the cluster reconstruction window
* Affects energy linearity and resolution (more on this in dedicated lecture)
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Radiation length, critical energy, Mo

Marco Delmastro

iere radius

Material Xo [em] Rm [em] E. [MeV] A p [g/lcm?]
PbWO4 (CMS ECAL) 0.89 2.0 9.5 73 8.28
BGO (L3) [.12 23 10.1 66 7.13
Nal(Tl) (Crystal Ball) 2.59 5.3 10.2 50 3.67
CslI(Tl) (BaBar) 1.85 3.7 10.4 54 451
LYSO [.14 2.0 12.1 66 7.1
LAr (ATLAS) 14 9.5 31 18 .4
LKr (NA48) 4.79 6.3 16 36 2.42
Pb 0.56 1.6 7.2 82 [1.35
Fe 1.76 1.76 21 26 7.87
Cu 1.43 1.6 18.8 29 8.96
W 0.35 0.9 8 74 19.3
U 0.32 0.9 7.4 92 19.1
Scintillator (BC-408) 424 10.6 84 6 1.032
Si 9.4 4.9 40 14 2.33
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What did we learn today?

v

~ Lecture 2: EM shower physics
* 2.1 Photon Interactions in Matter

— Three dominant processes (photoelectric, Compton, pair production) at different E and Z; pair production introduces radiation length
X as key EM scale
* 2.2 Charged-Farticle Interactions in Matter
— “Heavy” particle: mostly ionization unless ultra-relativistic
— Electrons: bremsstrahlung above E. lead to EM shower; mostly ionization below E.; energy-loss fluctuations (Landau distribution)
matter for thin active layers
* 2.3 Electromagnetic Shower development

— Concurrent pair production and bremsstrahlung, both governed by radiation length
— Longitudinal depth scales logarithmically with energy; transverse size (Moliére radius) energy-independent
— The devil is in the details: some deviation from simple X, scaling to be accounted for

* 2.4 From Particle Physics To Calorimeter Design
— X, E. and Ry have different dependence on A and Z, to be accounted for in detector design
— Shower containment rules (25 X0 depth, 3.5 RM lateral) directly constrain calorimeter geometry (TBC)
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