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Introduction I

m Definition and importance of calorimetry

0 Measure p, of final-state particles in high-

energy particle collisions
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Introduction

m Basic properties of calorimeters

0 Conceptual idea of calorimeter principle: Shower H
formation of decreasingly lower-energy particles

0 Small fraction of deposited energy is converted
into a measurable signal depending on the type of
instrumented materials being used:

e Scintillation light v

A
\4

e Cherenkov light
e Segmentation allows to measure

e Ionization charge . " L .
impact position of incident particle

0 Important: Calorimeter has to be large enough

(long./trans. dimension) to contain the full shower Fast time response, depending on type of

instrumented materials, allows to accept

0 Unique properties of calorimeters: high event rate: Trigger input

e Energy resolution of well designed calorimeters

improve with increasing energy: op/E x1/v E' Response depends on particle type

o Longitudinal dimension necessary to absorb energy (trans./long. shower formation): Means
E scales logarithmically with energy E: — ] of electron/hadron separation

NEPPSRIII Bernd Su
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Interaction of particles with matter I

m Overview of interaction processes PRk B W
| Positrons ; 4
Lead (Z=82) |
0 Particles created in the collision of high- 1o Blectrong _0 1
. . e —U. 5:\
enel"gy pClr‘TICIQ beams exper‘lence I>§ Bremsstrahlung i c\llco
electromagnetic and/or nuclear Sk 1 £
. . . . — —0.10
interactions in the detector material 'IL“O ; -
they pass through ' §
—0.05
0 Understanding these processes are vital e 5
K4 051't1 pn‘.' —
for the design of any detector system! oL 2mnhilation | : o
1 10 100 1000
C. Fabjan, 1987 E. (MeN)
0 Main processes for charged particles:
e Ionization [ Lead (Z=82) —0.10
_06F
e Cherenkov radiation if L Pair —0.08
e Bremsstrahlung € 041 006 X
= (=3
. o N ¢ S
O Main processes for photons: - g - 0.04
e Photoelectric effect § | —0.02
. Wo;e_liitric
e Compton scattering 0 L T Lol Ll
1 10 100 1000
e Pair production C. Fabjan, 1987 E (MeV)
NEPPSRIII Bernd Su

Craigville, Cape Cod, 08/23/2004



Interaction of particles with matter I

l l |
m Ionization . o—— PDG, 2004
. L1 =
0 Bethe-Bloch equation: Mean energy E Bethe-Bloch Radiative :
(or stopping power) = £ Ziegler
3 F5E By = p/Mc|
& olE2
-dE/dx in units of: % 057 Radiative
g F Jomization reach 1% .
(MeV/cm)/(g/cm3)=(MeV cm?/q) 2 :"{g:ggf J |... s R T
Il I et i Without &
S | | | A 1 L | |
14 5
-dE/x for charged particles: M » m, 0'0:0' OTl Qll : llo Bt lTO wfn ml “: J
(0.1 1 10 0o, | 1 10 00, 1 10 1
[MeV/d " [GeVid [TaVic]
uon momenoum
2322
_d_E - K;ﬂzi lln 2mec” 37" Tinax _ [32 _ é _ g Minimum at approx.: ﬁ’y RY.Q
dx AB2 |2 12 2 L :
(-dE/dx of relativistic particles: Close
with: Note: to minimum-ionizing particle (MIP)
P 025272 1. Density (8) and shell (C) corrections at high and low
Ty = T 2m /e]\/f A energies, respectively
€ (& &
2. -dE/dx for electrons modified due to the kinematics,
K = 47TNA'rgmecQ| spin and identity of the incident electron with the
NEPPSRIII med'um electrons Bernd Su
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m ITonization

Interaction of particles with matter

Material | Z | A Z/A dE/dx min Density
(MeVceme/g) | (g/cmd)

H, 1 1008 | 0.992 | 4.034 0.0708

(liquid)

He 2 ]4.002 | 0500 | 1937 0.125

C 6 |1201 | 0500 | 1745 2.27

Al 13 | 2698 | 0.482 | 1615 2.70

Cu 29 | 6355 | 0.456 | 1.403 8.96

Pb 82 | 207.2 | 0.396 | 1123 114

w 74 | 183.8 | 0.403 | 1145 19.3

V] 92 | 238.0 | 0.387 | 1.082 19.0

Scint. 0538 | 1936 103

BGO 0.421 | 1.251 7.10

CsI 0416 | 1243 453

NaI 0.427 | 1.305 3.67

NEPPSRIII
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0 Medium dependence

Weak dependence on the medium, since Z/A = 0.5:
10

D

T T T T I T TT I T II||IIlI|||I||IIII|IIIIIIIIIIIIII
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e i Tt T

—dE/dx (MeV g‘lcmz)
w

11 |||||||
100

1000

0.1 1.0 10 10000

By = p/Mc
1 llllllll 1 lllllllI 1 Illlllll 1 llllllll 1 lllllllI
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
0.1 1.0 10 100 1000
Pion momentum (GeV/c¢)
0.1 1.0 10 100 1000 10000
Proton momentum (GeV/¢)
PDG, 2004
o Scintillator: dE/dx]|,,, ® 2MeV/cm
o Tungsten: dE/dx|,,, ¥ 22MeV/cm
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Interaction of particles with matter I

m Ionization e STAR Time-Projection Chamber (TPC):
0 Particle mass dependence 10% Methan / 90% Argon (2mbar above athm. pressure)
10 E T T T ||||l|| T T Illllll T T ||||||| T T TTTIT — 12
1 ;
8E S
— b6 F x
o E -
5 sE -
'oo /g -
- B
g C
Z 3=
b C
|
g 2f
: i
1 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| Lo 0_ - i ] - - - - - " T
0.1 1.0 10 100 1000 10000 10 1
By = p/Mc P (GeV/c)
1 1 lIIIIl| 1 1 lIIlIlI 1 1 lIIIIII 1 1 IIlIII| 1 1 IIIIIII — Mc
0.1 1.0 10 100 1000 p /87 I
Muon momentum (GeV/¢) o . )
R T I e Minimum in By # 3 occurs for fixed momentum p at
0.1 1.0 10 100 1000 different locations depending on particle mass:
Pion momentum (GeV/¢) ) . - .
| | | | | Means of particle identification at low momentum p!
0.1 1.0 10 100 1000 10000
Proton momentum (GeV/¢) = ° EXGmPIQ: MP/MM % 10
NEPPSRIII PDG, 2004 Bernd Su
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Interaction of particles with matter I

B Bremsstrahlung

aVAYd

0 Radiation of real photons in the Coulomb field of the nuclei of the
absorber: Mean energy loss due to Bremsstrahlung e
dE pNA 1/3 E | Note: Effect plays only a role for e*/-and
d = —da——Z(Z + 1)T In(18327/°)E 51 ultra-relativistic muons (> 1 TeV)
& A e 2 4
((m,/m,)? = 4-10%)
0 Definition of radiation length Xy 1 N4
— 1/3
dE~ dr = 4o (Z +1)r2In(183Z1/3)
G _ X, A
dE X
B T T T T T T T T
Cu(Z=29) Critical energy: E s |/ W on Cu Cu (2=29)
¢ L1001 -
10°| /dE IE s 2B Bethe-Bloch Radiative 5
<((/_I> (Ee) = ((l—> (E")l T F Anderson-
? x tonization a1 bremsstrahlung = ey - Z]eg]er
< 2 rE:
E / 2 |58
") 2 10 =1
- 2 Radiativ
3 P ‘ g g_x Minimum sffl;tt]sw
% 0 /'/ Bremsstrablung (oss g CNadeae lonization reach 1% AR :
E ..: w B lsses N | 0 _li-= :-l::-___- YEN——— 1.:-——'—-'
W = r | | ee2m ] 7 Without &
8 1 1 1 I 1 1 L 1 1
T b 0001 001 ol 1 10 100 1000 104 10° 108
Collision loss ,,’T . t A I A A Pt I A | I |
a E, C. Fabjan, 1987 {01 I 10 00, I 10 00, |1 10 100 |
107! [MeVid [GeVid [TeVic]
107 10' 10° 105 Muon momentum
NEPPSRII Energy [MeV] PDG, 2004 Bernd Su
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Interaction of particles with matter

m Bremsstrahlung

. . o Material |Z | A Z/A Xo (cm) Density
0 Material dependence in radiation length X, (g/cm’)
N H, 1 | 1008 [0992 | 866 0.0708
Q Critical energy: (liquid)
. H 2 | 4002 | 0500 | 756 0.125
800MeV| )
T Z11n] c 6 |1201 0500 | 188 2.27
B ‘ | Al 13 | 26.98 | 0482 |89 2.70
E.(e” for Cu Z =29) = 20MeV
Cu 29 | 6355 | 0.456 | 143 8.96
E.(u~ for Cu Z = 29) =~ 800GeV
Pb 82 | 207.2 [ 0396 | 056 11.4
L I | I | I | [ |
o PDG, 2004 w 74 | 1838 | 0403 [0.35 19.3
°F 3 u 92 | 2380 | 0.387 |0.32 19.0
T F Anderson
¥ e Scint. 0538 | 42.4 103
IR — e
3 Minimusm “r’fhl ‘ BGO 0421 |[112 7.10
g CNudear ionization reach 1% £ cemgr- __-:-
T ™ wtiaes ] CsI 0416 | 185 453
| | | |
0001 001 0l 1 10 100 1000 104 105 108
Cn o f Cn Myt e v S % NaI 0427 | 259 3.67
(0.1 1 10 100, I 10 100, I 10 100
[MeVid o [GeVid [TaVic]
NEPPSR' | | uon momentoum Bernd SU
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Interaction of particles with matter

m Cherenkov radiation

0 Definition: Cherenkov radiation arises when a charged particle in a
material moves faster than the speed of light in that same medium:

Be = w=¢/n| (c/n)t

O Condition for Cherenkov radiation to occur: ////

cosf, = [)’n Usapsiels > B/

0 Energy emitted per unit path length: \ \\\

dE 1 1 —— |
_:47r2€2/ (1— . 2>d)\| = "
dx Br>1 A3 B<n

0 Example: Lead-glass (Passive absorber material = Active detector

material) calorimeter (Type SF5): Density: p = 4.08g/cm?

\‘\‘

Y

e Radiation length: X = 2.54cm

PSRl e Index of refraction: n=167 Bermd Su
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Interaction of particles with matter I

m Interactions of photons with matter

Y+X —e + X7

0 Photoelectric effect

For Ey « mc? and the fact that for Ey above the K shell, almost
only K electrons are involved one finds:

32

Ophoto — E?

8 o
Oth =— —=Tr
r% (A

L3

=
Oé4ZOO'th

y+e  —y+e|

0 Compton scattering

Assume electrons as quasi-free and Ey » m,_c2,

3 1 1
0c = —0th— 4 In(e) + =
8 € 2 ' 1
E =E,
(Klein-Nishina) 7 1+ €(1 —cosby)

Atomic Compton cross-section: atomic — Zo,|

NEPPSRIII
Craigville, Cape Cod, 08/23/2004

‘g%l I I I I I I I
[N

(a) Carbon (7= 6)

o — experimental Gy, —

1 kb —

Cross section (barns/atom)

Ih—
10 mb —
K
"o b) Lead (7= 82
'%@'8—0% v e(xl)(e (' mne 1t‘|l) O,
‘ ) o — experimental Ggy¢
iM% °
- p.e. 3
s =
é — ?Raylcigh =
~ 1kb— =
g
S
'% G- D= C
3’} K'I]ll(‘
e
O
1b— 3 ...
,:I GCompton . Ke
| .\‘ -
// N
10 mb | ) | | | I i\ | {
10 eV 1 keV 1 MeV 1 GeV 100 Ge
Photon Energy
PDG, 2004 Bernd Su



Interaction of particles with matter l
m Interactions of photons with matter V\m,)<
Q Pair production 1 / %

Opair = 4aZ(Z + 1)r? [g In(183Z71/3) — 5—4“ @

T N 7 pN 71| 1T 71
AL o pair  =4aP—27(Z + 1)r2In(183271/3) = ~ — N

9 A

)‘pa'i"r B A

N §X() )\pair N 9 XO

100

Q0 Absorption coefficient

Total probability for vy inter-
action in matter:

0 = Ophoto + ZJC =P Upairl

Probability per unit length or total

Absorption length A (g/cm?2)
o
=1

. . . 0.001
absorption coefficient (Inverse of
absorption length A of v): 104
N 10—5 .. A g e e e e e e e e e e e e e e e e e et e s s e e e e e e b e e e e R e e e e e e
p=o AP I—IP—W”" /o ; a ; : : ; : :
A —— O - 10_6 1 lllllLl 1 lllllll 11 lllllll 11 llllllI 11 llllul 11 llllll| 1 lllllj_ll ] lllllllI 1 llllllll L
10eV 100eV  1keV  10keV 100keV 1MeV 10MeV 100MeV 1GeV 10GeV 100G

Photon energy

PDG, 2004
NEPPSRIII Bernd Su
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Interaction of particles with matter

m Nuclear interactions

0 The interaction of energetic hadrons (charged or neutral) is determined by

various nuclear processes: hadron .
Multiplicity o« In(E) \

P.<16GeV/c :—;//’:jf n

0 Excitation and finally breakup of nucleus: nuclear fragments and production
of secondary particles

0 For high energies (> 1GeV) the cross-sections depend only little on the
energy and on the type of the incident particle (p, «, K, ...)

0 Define in analogy to X, a hadronic interaction length A

A 1
A= —— x A}
NAOtotal

NEPPSRIII Bernd Su
Craigville, Cape Cod, 08/23/2004



Interaction of particles with matter

B Comparison of nuclear interaction length (in cm) and radiation length (in cm)

Material | Z | A Z/A X, (em) | A; (cm) | Density (g/cm3)
H, 1 | 1008 | 0992 | 866 718 0.0708 100 7
(Iquid) ]

1 . N
He 2 | 4002 [o500 [ 756 520 0.125 ]t V’\

| - \.\ 7\1 n
c 6 | 1201 | 0500 | 188 38.1 2.27 ¢ —

10 3 3 N n
Al 13 | 26.98 | 0.482 | 8.9 39.4 2.70 ]
Cu 29 | 6355 | 0.456 | 1.43 15.1 8.96 i s

< - i
P 82 [ 2072 [039% 056 |17 11.4 . 18
< ] o
w 74 | 183.8 | 0.403 | 0.35 9.58 19.3 ] a .
U 92 | 238.0 | 0.387 | 0.32 10.5 19.0 0
Scint. 0.538 | 42.4 81.5 1.03 g 10 £ 0 X o0 W 0 80 W
Z
BGO 0421 | 112 22.1 7.10
CsI 0.416 | 1.85 36.9 453
NaI 0.427 | 2.59 411 3.67
NEPPSRIII Bernd Su
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m Electromagnetic shower development

0 Simple qualitative model for shower development (Heitler)

Electromagnetic showers

Consider only: bremsstrahlung and pair production 4

Each electron with E > E, travels 1X, and then gives up half of its

energy to a bremsstrahlung photon

Each photon with E > E, travel 1X, and then undergoes pair production
with each created particle receiving half of the energy of the photon

Electrons with E < E_ cease to radiate and lose remaining energy

through ionization

Neglect ionization losses for E > E,

NEPPSRIII

~+Y

tarAx

Craigville, Cape Cod, 08/23/2004

Total number of particles after + X g
N(t) — 9t — Gt In 2'

Average energy of shower particle at depth t:

E(t) = E()/Zt = E()/et n 2I
E(t) =E) tmaez =In(Ey/E.)/In2 o In(Ep)f
Nma:z: — etmam 0 EO/ECI

After t=t . ionization, compton effect and photoelectric effect!

Bernd Su



Electromagnetic showers

m Longitudinal shower profile

Q Size of shower grows only logarithmically with E

O Rossi's approximation B (Analytical description
of shower development):

120

>
)
>

quantity | incident electron | incident photon £ 100
tma:r, In Yy — 1 In Y — 0.5 z
tvned t”ITl(LLl‘ + 1'4 t'lTL(L.’E + 1'7 §

N 0.3y 0.3y e 80
ek vIny—0.37 v/Iny—0.31 s
=
G

Q Longitudinal profile: E 60
dE ba—i—l =
0 Byr——toe] 3
dt '+ 1) 20

. _ S 40

a 95% shower containment: T Q/bl
20
tmaz(20GeV for W) =~ 7|
- ¥
L(95%) =~ tmas + 0.08Z + 9.6f 0
B. S., 1999
L(95% for W) ~ 22| Depth (X,
NEPPSRIII Bernd Su
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Electromagnetic showers

m Transverse shower profile

a Contributions to widening of shower:

e Opening angle between e/e* for pair production

e Emission of bremsstrahlung photons

e Multiple scattering, dominant for the low-energy

part of shower

d_E
dr

O Transverse shower structure:

e High-energy core

e Low-energy halo

O Gradual widening of shower scales with
Moliére radius R,,: E..21MeV

A XOI

2 T— M~ B¢
Ry 7Z Ry SEC

0 95% shower containment:

R(95%) ~ 2R\l

o=
;NO
'

e
o

dE/dr normalized dE/dr normalized
=
[

(=]

[y
(=]
'

-

For W :R(95%) ~ 2Rj; = 2cm

NEPPSRIII
Craigville, Cape Cod, 08/23/2004

[l LI TN

E(r) normalized

oo oo o o

B9 »® o=

O
- W

=]

r (cm
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m Shower profile

Log (Energy loss)

C. Fabjan, 1987

MC sinulation:

-—— Cenfral component

Long tail
(~isotropic)

S k66 X
NS 6.03
4 330

S
~

| SRR A ]

—J
05 1.0 15
Radius (Xp)

& 100 GeV in Liquid Krypion

o- 100 GeV In Liquid Krypton

a.) photoiig

b.) charged particles

D. Wegener, 2001

NEPPSRIII
Craigville, Cape Cod, 08/23/2004

6GeV electrons in different materials:

Electromagnetic showers

10° = =
=/ T — &
- / ™ e Ba R
P
£ )
S10’
£ —3
8
‘01
3 —2
>
5
3 i
£
3 10°
£ -1
<
g
10-! !
0 10 20 30
C. Fabjan, 1987 Depth [X,]
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Electromagnetic showers

m Calorimeter types

NEPPSRIII

0 Homogeneous calorimeter

Detector=Absorber
Good energy resolution

Limited position resolution (particularly in
longitudinal direction)

Only used for electromagnetic calorimetry

0 Sampling calorimeter

Detectors (active material) and absorber
(passive material) separated: Only part of
the energy is sampled

Limited energy resolution
Good position resolution

Used both for electromagnetic and hadron
calorimeter

Craigville, Cape Cod, 08/23/2004

Example: Pb-glass

\

Example: Tungsten (W) - scintillator

Bernd Su



Electromagnetic showers

m Basic readout types for sampling calorimeters

0 Metal-scintillator sandwich structure 0 Metal-liquid argon ionization chamber

SCINTILLATOR

( evwsgion at
woveigngths Ay )
{

CHARGE SENSITIVE AMPLIFIER

ABSORBER  ( condaxior )

s
T WAYELENGTH  Sie g

[ flworencent  emisgion /"._ -

Ay > A ) uGwD AReON NG

C. Fabjan and T. Ludlam, 1987

C. Fabjan and T. Ludlam, 1987

NEPPSRIII Bernd Su
Craigville, Cape Cod, 08/23/2004



Electromagnetic showers

m Scintillators

Q General comments

e Concept: Small fraction energy lost by a charged particle can excite atoms in the scintillation medium A small
percentage of the energy released in the subsequent deexcitation can produce visible light

e Inorganic (e.g. crystals: BGO, CsI, PbWO,) and organic scintillator are known

e Organic scintillators: Organic crystals and liquid scintillators and plastic scintillators

O Plastic scintillators
e Wide-spread use as trigger counters and in the calorimeter sampling structures as active detector material
e Example: Rough design numbers for a plastic scintillator coupled to a photomultiplier tube (PMT):
m  Energy loss in plastic (MIP): 2MeV/cm
m  Scintillation efficiency: 1photon/100eV
m  Collection efficiency: 0.1

iCi 1 0.2
" Quantum efficiency: 0.25 Number of photoelectrons: ~500

\

With a PMT gain of 10° one would collect
80pC!

NEPPSRIII Bernd Su
Craigville, Cape Cod, 08/23/2004



Electromagnetic showers I

m Energy resolution: General considerations

0 Intrinsic fluctuations

Track length T: Total length of all charged particle tracks — | 585 Emin
within a calorimeter T A E.
Total detectable track length: 5
— )Eo F(z) =e*[1+ zIn(z/1.526)||
— Z ) —
b

Number of energy depositions above minimum detectable
energy E ., N = EO/Emzn'

Intrinsic resolution:

(UE/E)intrinsic O Niws /Nma:c — 1/\/Nmax X 1/\/EO|
E. i, =~ 0.7TMeV for Eg = 1GeV)

Tllustrative example: Pb-glass

Q Intrinsic Samphng fIUCTUGTionS N?nax = 1000/07 — 1500' = Resolution: few percenT!
e Inasampling calorimeter, one determines not the total defeclors  ABEGIbETE
track length T but only a fraction of it depending on the l\ l l
thickness of passive and active absorber plates A B
e Number of crossings: i
e Sampling resolution: N. — La = Ly I —0] i
== 3 =~ gy \
(UE/E)sampling ~ ONm/NI - 1/\/le |<—>| '
NEPPSRIII d Bernd Su

Craigville, Cape Cod, 08/23/2004



Electromagnetic showers I

m Energy resolution: General considerations

O Instrumental effects

e Effects other then the intrinsic resolution components are
accounted for as follows: = 0.2

OFE a b C b0.18§—
(E> = ﬁ D oD 5 0.16 1

/ 0.121
0.1F

Noise term (e.g.

Stochastic ferm Constant term electronic noise) 0.08
(I"\Per‘fec‘rions in 0.06 _ Noise Term a = 110 + 5 MeV
calorimeter design : | B
and calibration) 0.04 Sampling Term b = 17.2+ 0.2 % GeV
0.02 _ Constant Termec=2.1+0.2 %
Q Additonal contributions to the energy resolution o Bl ool g o P ol oo

0o 1 2 3 4 5 6 1 8
e Longitudinal shower leakage B.S., 1999 E (GeV)
e Transverse shower leakage
e Dead material effects

NEPPSRIII Bernd Su
Craigville, Cape Cod, 08/23/2004



Electromagnetic showers l

m Energy resolution: Limitations

0 Longitudinal and transverse shower leakage

Depth [A]
1 2 3 4 5 6 7 8 9
T T T T T T T T T @ 0.25
Proton (upper scale) © 0.225
® 10 GeVic
0.2+
100 |- Electron (lower scale)
+ .25 GeV/c 0175 ——
g x 1 GeVic
= GeVic 0.15
5 B 0.125 I t++++—¢;++;;:=¢=++
w 50+ % 0.1
L S —* ¥ 0.075 |-
’.
o 0.05 -
L - +
Q -
x N 0.025 -
o
I | | ] | ] g i
2 (. 6 8 ‘o 12 ]" ]6 ‘8 0III|III|III|IIIIII|II
Desth [X;] 0 1 2 3 4 5
. Position x (cm
C. Fabjan and T. Ludlam, 1987 B.S., 1999 (em)
NEPPSRIII Bernd Su
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Electromagnetic showers

m Energy resolution: Limitations

0 Dead material effects

v
+ | B
ef | R e e e s O L e

____+___—| i
Dl e ' . ' J : (no dead material) :
i
0.10 Leadglass 7
\
| &7 16% Al !
\ _,,""
0o.08 \\ =
" }\ Leadglass, presampler corrected % et = sy g1 |
16X Al (rith dead material) F2 RS oo el
o ) 06 = with dead materia e e h:._h‘_
¥ ! 1
Leadglass - -~
no material
0.0¢4 7
0.02 - o
[~ 5%/ IE ] (no dead material)
0 ———t - t + ; |1 o
r 23 5 10 20 35 S0 1
OPAL collaboration, C. Beard et al. NIM A 286 (1990) 117.
NEPPSRIII Bernd Su
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Hadronic showers

m Hadronic shower development

a

a

NEPPSRIII

General comment: Complexity of of hadronic and nuclear
processes produce multitude of effects that determine the
functioning and performance of hadron calorimeters

e Many channels compete in the development of hadronic
showers

e Larger variations in the deposited and visible energy

e More complicated to optimize

Sizeable electromagnetic (e) besides hadronic (h) shower
contribution mainly from x° decay (1/3 of pions)

Invisible energy due to delayed emitted photons in nuclear
reactions, soft neutrons and binding energy

Visible energy smaller for hadronic (h) than for electromagnetic
(e) showers: Ratio of response e/h > 1

Larger intrinsic fluctuations for hadronic than electromagnetic
showers

Improvements: Increase visible energy to get e/h=1I:
Compensation (Compensation for the loss of invisible energy)

Discussed instr. effects for e showers also hold for h showers

Craigville, Cape Cod, 08/23/2004

Step 1: Production of energetic hadrons with a mean
free path given by the nuclear interaction length:

dE/dx nuclear cascade dE/dx nuclear cascade

Step 2: Hadronic collisions with material nuclei
(significant part of the primary part of primary
energy is consumed in nuclear processes):

Evaporation Evaporation followed
by evaporation
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Hadronic showers I

m Hadronic shower profile

0 Longitudinal and transverse shower
shape characterized by A;

0 Hadronic showers are much longer
and broader then electromagnetic
showers: Means of e/h separation

. Morbte

0 Longitudinal containment:

t95% = alnE—I—bI

tmaz(A1) = 0.2In E + 0.7)

Fe:a=94,b=39,FE =100GeV : tg594, = 80cml)
O Transverse containment:

Longtuding! energy depesit {orbitrary units )

e 95% of shower contained with a
cylinder of radius A;

Longitudinal  depth { A)

e Example: 16.7 cm for Fe C. Fabjan, 1987
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Hadronic showers

m Energy resolution: Example of longitudinal and transverse shower leakage
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C. Fabjan, 1987

e Longitudinal leakage more serious than
transverse shower leakage!
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Hadronic showers

m Energy resolution: Concept of compensation
0 Compensation for loss of invisible energy: e/h=1

0 Noncompensating detectors show deviations from
scaling in 1//E and non-linearity in signal response

0 How can compensation be achieved?

e Reduce e and increase h component

e High-Z material such as U will absorb larger fraction of energy
of electromagnetic part of shower: Smaller signal in active part
from e contribution!

e For the hadronic part, low energy neutrons are not affected by U.
Interaction of n with hydrogen (large n-p cross section): Recoil
proton produced in active part contributes to calorimeter signal
thus larger signal in active part from h contribution

e The amount of electromagnetic reduction and neutron
amplification is set by the ratio of absorber to active material:
Tuning this ratio yields compensation!

e Other techniques: Software compensation (H1 Liquid Ar
calorimeter)

NEPPSRIII
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Electromagnetic and hadronic calorimeters I

m Overview Technology (Experiment) Depth Energy resolution Date
Nal(Tl) (Crystal Ball) 20X,  2.7%/E/4 1983
BiyGez019 (BGO) (L3) 22Xo  2%/VE & 0.7% 1993

5T (KTeV) 27Xo  2%/VE ®0.45% 1996
CsI(T1) (BaBar) 16-18Xo 2.3%/EY/* & 1.4% 1999
CsI(T1) (BELLE) 16Xg  1.7% for Ey > 3.5 GeV 1998
PbWO, (PWO) (CMS) 25X9  3%/VE®05%402/E 1997
Lead glass (OPAL) 205Xy 5%/VE 1990
Liquid Kr (NA48) 27Xo  3.2%/VE® 0.42% & 0.09/F 1998
Scintillator/depleted U 20-30X, 18%/VE 1988

(ZEUS)
Scintillator/Pb (CDF) 18Xy 13.5%/VE 1988
Scintillator fiber/Pb 15X  5.7%/VE ¢ 0.6% 1995

spaghetti (KLOE)
Liquid Ar/Pb (NA31)  27Xg  7.5%/VE ®0.5% 4 0.1/E 1988
Liquid Ar/Pb (SLD) 21Xg  8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xo 12%/VE & 1% 1998
Liquid Ar/depl. U (DO) 205Xy 16%/VE ®0.3% ®0.3/E 1993

Liquid Ar/Pb accordion 25X 10%/VE ©0.4% @ 0.3/E 1996
(ATLAS)
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Electromagnetic calorimeter I

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA
BPC

O Overview
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Electromagnetic calorimeter I

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA

O Specifications:
BPC-South BpC-North > Tungsten-scintillator
‘\ electromagnetic-sampling
calorimeter
> ) > Depth: 24 X,

. A e » Alternating horizontal and vertical
=N )i oriented 8 mm wide scintillator
|l > fingers

! :l‘v M‘,.*’,':'_-_,_ _ ‘7::'-;,’.";" <
| o 2 Energy resolution: 17%/VE
Vertical SCI-fin N\ Accuracy of energy calibration 0.5%

Uniformity: 0.5

Position resolution: < 1 mm
Alignment: 0.5 mm

Time resolution: < 1 ns

YV V V V V V

Horizontal SCI-fingers
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Electromagnetic calorimeter I

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA

0 Layout
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Electromagnetic calorimeter I

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA

0 Transverse shower profile (MC study)
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Electromagnetic calorimeter

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA
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Electromagnetic calorimeter

m Sampling calorimeter: ZEUS Beam Pipe Calorimeter (BBC) at ep collider HERA

0 Uncertainty of energy scale
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Electromagnetic calorimeter I

m Homogeneous calorimeter: OPAL Pb-glass calorimeter at e*e- collider LEP

Q Layout e

—_—e b bl ool A A da0d LLLLLEELLLL L0l

OPAL collaboration, C. Beard et al. NIM A 305 (1991) 275.

e 10572 Pb-glass blocks (24.6X,)

o 6%
Energy resolution: —% = @ 0.002

e Spatial resolution: 11mm at 6GeV
NEPPSRIII
Craigville, Cape Cod, 08/23/2004
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Hadronic calorimeter I

m ZEUS Uranium Calorimeter at ep collider HERA

e 3 Sections: Uranium Calorimeter
> Forward (FCAL) (7\): 2.2° - 39.9°
> Barrel (RCAL): 36.7° - 129.1°

» Rear (RCAL) (4\): 128.1° - 176 5°

e F/RCAL modules 20cm width

e Original beam pipe hole: 20 x 20 cm?

e Compensating: e/h = 1.00 + 0.02 (3.3mm
U/2.6mm SCI) ool s
i I.l o
FCAL I.

l I
- —
I
RCA
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Hadronic calorimeter I

m ZEUS Uranium Calorimeter at ep collider HERA

e Linear response to electrons and hadrons

e Energy resolution

o, 18%

> Electrons: E - ﬁ

> Hadrons:

o Timing resolution: O, =

NEPPSRIII
Craigville, Cape Cod, 08/23/2004
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m Review

a

NEPPSRIII

Summary

Calorimeter: Prime device to measure energy (E) of high-energy particles through total
absorption

Conceptual idea of calorimeter principle: Shower formation of decreasingly lower-energy
particles

Electromagnetic calorimetry:

Underlying shower processes (QED) well understood: Completely governed by pair production and
bremstrahlung above 1GeV

Transverse and longitudinal shower dimension: Characterized by radiation length

Homogeneous and sampling calorimeter types

Hadronic calorimetry:

Complexity of of hadronic and nuclear processes produce multitude of effects that determine the
functioning and performance of hadron calorimeters: Electromagnetic and hadronic component

Transverse and longitudinal shower dimension: Characterized by nuclear interaction length
Sampling calorimeter types

Crucial step: Compensation for invisible energy in nuclear reactions: Achieve e/h = 1 by tuning the
ratio of the passive/active sampling layer thickness = Improvement in energy resolution: ZEUS

U/SCI calorimeter: 35%/JE
Bernd Su
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Summary
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