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1. Introduction
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{ Momentum and Energy Resolutions ]
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Important for Calorimetry:
Jets of Hadrons

Jet energy scale (JES)
Missing energy

§ jet cone

or pseudorapidit
__=. ¥ A¢ P plaity

n=—In [tang]
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5 Hadron Showers

5.1 Shower Development

5.2 Shower Components and Fluctuati'nn_s_, s
5.3 Characteristic Size of Hadron Showers ./
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5.1 Hadronic Showers Development
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Brau JE, et al. 2010.
Annu., Rev, Nucl, Part, Sci, 60:615-44
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Hadronic Interactions

*\T ( £ ) p— :\T 0 € —x/Ag

A

A

a NA P Oinel

~ 35 gem 2 A3

nuclear absorption length
(# interaction length)

\ asoads EM

many reactions contribute 7

Material | Z | zo [mm] | Ex [MeV] | A | Ay [mm] | Ay/z0
H>O 1,8 361 92 18 836 2.3
Be 4 353 116 9 407 1.2
C 6 188 84 12 381 2.0
Al 13 89 43 27 394 4.4
Fe 26 17.6 22 56 168 9.5
Cu 29 14.3 20 64 151 10.6
W 74 3.9 8.1 183 96 27.4
Pb 82 5.6 7.3 207 171 30.5
U 92 3.2 6.5 238 105 32.8

Rayocdsmico(p, alfa,...)

PR
Wil 0 QIO R0

Coscans EM
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[ Nuclear and High-Energy Cascades

nucleus

incoming
hadron

intra-nuclear
cascade and spallation
time scale = 1022
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5.2 Shower Components and Fluctuations

e T T
~ 158 =
‘g n° component
el.-mag. :
cascade P .
nUCIGUS _______ I T g’ purely hadronic
— romponent
incoming 8 .l
hadron hadronic 5
cascade

f 1 |
0 0s 10
Signal/GeV (arb units)

7™ = ~yy: er~25nm = spontaneous decay

_ - many contributions _
Problem of hadron calorimetry: L _ + strong fluctuation between
- with different signals

Edep: fem +fzon+fn+f7+fBJ )

fn
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[ EM Contribution to E,

2\ Fl e
femxl— (E) e
§ 30004 o
E 2,500 | o
k depends on particle multiplicity in cascade
k~0.82

E, is the mean energy to create a «°

. _{0.7 GeV for Cu
° 113 GeVforPb 1
fne:m ______===-=-=-"'_'
fluctuations in o, | fern & 0....1 NPZ
1 : 3 Iog{E;GeV} : ﬁ ?
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HAD Contribution to E,

fhzl_fem:fion+fn+f7+f3

f.,, -ionisation of charged particles
7", proton beams in iron (MC: CALOR)
- relativistic/non-rel 100 —— -
. . - [ Total ionization
f, - high energy: contributes to §oomf e
hadronic cascade g e
. . . E Binding-energy losses
- medium energy: elastic scattering g o2 e SIS SLEEE SRS
transfers energy to nuclei = v
.. § 010 Below-threshold neutrons E
(most efficient for small A) : T e
. = 0.05 L. —
- low energy: thermalised | . [ xcationy .
n capture = delayedy’s & N ST S — P N
E o '\ H‘eavyfragmer‘\ts |
f, - photo- and Compton effect o ormarylonization
0.01 | 1 1 PR B ST S A | 1 1 M B S N
fy - binding energy lost to break up the v d;‘]tener:fmevf‘m e
nucleus; not detectable/ invisible
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3.3 Characteristic Size of Hadron Showers

elektromagnetischer Schauer
100 GeV e e Material
— R 40cm

Fe H,0

Be

C

Al

Hadronschauer Fe

100 GeV = Cu
R v SRR Pb

R A Fe U

Z lp[g/em®] | Xo [mm] | A | A\ [mm] | \,/Xo
1, 8 1.00 361 18 836 2.3

4 1.85 353 9 407 1.2

6 2.21 188 12 381 2.0

13 2.70 89 27 394 4.4

26 7.87 17.6 56 168 9.5

29 8.96 14.3 64 151 10.6
74 19.30 3.5 183 96 27.4
82 11.35 5.6 207 171 30.5
92 18.95 3.2 238 105 32.8

A
A\

150 cm

tmas ~ 0.2 In(E/GeV) + 0.7 )
)0.13

to5% ~ tmaz + 2.9\ (GEV

R95% ~ )\a 7

t = length in units of A,

much larger than EM showers
(and more fluctuations)
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{ Exercise (HAD) | J

i e 'y

Find the exercises here.

vAn
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http://www-zeuthen.desy.de/geant4/g4course2011/day1/index.html

{ 6 Hadron Calorimeters

6.1 Calorimeter Response to Hadrons and Electrons
6.2 Compensation
6.2.1 Hardware Compensation
6.2.2 Software Correktion
6.2.3 ‘Particle Flow’ Concept (not in this lecture)
6.2.4 Duale Readout (not in this lecture)
6.3 Energy Resolution of Hadron Calorimeters
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{ 6.1 Signals of Electrons and Hadrons ]

S<7T> — fem €emn T fion,r €ion,r + fion,nr €ion,nr + fn €n T ffy € + fB €B E
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1.8

S(€> def € + + elfe -
= — {rom e* and 7~ beams (2
S(ﬂ') 7 y 16
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{ e/h Dependence of Resolution and Linearity ]

resolution: | | '

238U—plastic scintillator

9B = (g — ) eus pro es
i yrer R Vol e
~—energy

\ o WAT78
eh=1=
sampling: a =~ 0.35for U ‘fully compensated’ vaol
e/hdep.: b=~1 '

non-linearity: cof éy/,}ﬁ/igﬁﬂﬁ
s elh 0.

( V62'025ampling )‘\,/El
8
|
|
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mip Signal as Reference

S(r)
S(mip) mzp

T femmzp —|_f’LO’I’L’I"mZp —|_f’LO’I’L ’I’L’I"mzp —I_ f’I’L

—|_f7mzp

mip

/

fractions efficiencies
I [ I I I I I
NEIOO; M__‘-}\ —
; r Bethe Radiative
. - . . . . L 7 AI]\:]&'I‘SO‘I'P
mip = minimum ionizing particle as reference. f B ) Desle
& 10 _-‘c;;f Fhe .
g = Minimum R:%i%tﬁis; ¢ ‘/R rllgizet.lsve
. . e w . g‘ Nuclear ionization reach 1% _,'_: ____________ =
A mip is artificial, not directly measurable, 2 _\Tsies B T
usually inferred from muon beams + MC T R O T
| Ull ; 1|0 1(|)0| | lI lIU l(I)U | \1I IIO l(l)0|
MeV/d] [GeV/c] [TeVid

Muon momentum
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{ Signal Contributions (1) J

e/mip: <1 about 0.5 to 0.7 for reasons discussed in EM part;
becomes larger for lower Z absorber (e.g. Fe, Cu vs. Pb, U)

r/mip: =1 the relativistic particles behave like mips
nr/mip: <1 the non-relativistic particles are preferentially stopped in the absorber

¥mip: <1 the nuclear gammas are mostly generated in the absorber
and transfer energy to non-relativistic particles
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{ Signal Contributions (2)

n/mip: >> 1 possible with light active media (H, ..) n

0.5

0.4 |

0.3 4

AE 2 A
E., (A+1)2 0.2 -

<AE/EBE>

0.1

0

0] 100 200

mean free path: N some cm
p some 10 um

= n/mip tunable between 0 and O(1000) SN T SRR

L))

passive (Pb, U,

/
/A

active (sci)
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{ 6.2 ,Compensation’ J

Matching of signals from EM and HAD deposited energy:

- ‘measure’ EM energy separately
- make signals for EM and HAD equal: e/h - 1

Ry Bepusition |Mev om 1|

1. Software correction: weighting of EM clusters

2. Hardware compensation: make e/h ~ 1 by design S, e

3. Dual Readout (DR): measure signal with 2 readouts with different sensitivity
to EM and HAD (e.g. Cerenkov + Scintillator)

4. Particle Flow Analysis (PFA): distinguish single particles

will concentrate in this lecture on 1 and 2
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Exercise (HAD) 1| J

{ﬂcﬁFﬂ
A Xn 4

INnd the exercises here.
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http://www-zeuthen.desy.de/geant4/g4course2011/day1/index.html

6.2.1 Hardware Compensation ]

|dea:

increase g, :

decrease ¢,

f,, f, and fz are positively correlated via spallation processes
compensate with high &,, &, and low &,

—e/h=1

compensate Eg losses with high &, and/or ¢,

| | _ ZEUS: 238U with
. high Z of passive medium, Fe cladding

low Z of active medium w
passiv passive active

passive active

Example:

small Z smaller Z
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{ Elastic n-H Scattering in Active Layer ]

increase g, to compensate for invisible Eg

Conditions: - large n-production rate in passive layer (U, Pb, ....)
- small n-absorption cross section in passive layer

. . . . . | . ;
- sufficient light elements (H) in active layer
238Y.-plastic scintillator
® Zeus prototypes
A R807/ Helios
sz —T T ...1—|T! T ] T -s-..E o WAT78
|pam] [ l
1 QCIEIL Ulaﬁlum 1 I;Lli. 030 i
o : 4 ! :
' Hydrogen 3 2 —energy
{n,p)-scaitering I ] g resolution e/h
{ fission %3 0.20 -
of U-238| o 14
IC‘_ 3 —
: | 3 —1.2
(n,1)-capture: £ ® i
ngf ur:;‘:;;re: ] 010k /M' _____ 1.0
(ah ] » § .|‘|||i 1 3 ruy ||,,i i . P e _0.8
oo al 10 © e
E,.[Mev] —06
| | |
0 5 10 15
fs [%0]
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{ Does Compensation Work for non-Uranium? J

/iR T = e,/e,v ’
R — bassive layer thickness = 1

active layer thickness fs
28U Pb Fe
R 1:1 4:1 40:1
d, [cm] 0.25 1.0 10.0
samp [%0) 27 43 125
I 7 22 13 7 |em

‘ even better for Pb than U!

But: large R destroys resolution:

Osampling ~ 1 ~ E
E /ts E \/ E

scintillator thickness technically limited to ~ 2 mm
(possible with SPACAL Pb-Sci)

16

14

12

08

06

04

2.5mm PMMA
Szintillator

U
i | F— il 1l
107 1 10 10° R
0.05 0.25 1 25 12 25 d(cm)

dp for
2.5 mm scint.
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{ 6.2.2 Software Compensation

y
EM part develops ‘subshowers’ with higher density m:ev
— suppress relatively high energy per cell volume Al
Method pioneered by CDHS: } cocor e ey
T -
; E. oot
EZ B Ez(]- B C \/Etot) ;%mo;l‘ o 60 )
on ~, 85% ., 60% I | -
E~ VE '~ VE j’T
Jl‘ , = conREc?f:))?u PARAMETERCG;O
(CDHS, H1, ATLAS, CMS, ..)) ’ ”
Lar Calorimeter of H1: E!.. = {ao+ aiexp(—aEi/V")} E}
or _ _50.7% 90%
= E /E/GeV @ E/GeV @ 16%

Geant4 WS - Zeuthen - May 10, 2011 Hermann Kolanoski, Physics of Particle Showers (HAD) 27




{ 6.3 Energy Resolution of Hadron Calorimeters J

(0l D
E

—\/LE@%EBC

samp

noise const

Geampl — 11.5%

5

V Aemip/MeV

\/ E/GeV
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Constant Term and Leakage

constant term:
4 n
stochastic term
Ieakage, — - - -1% const. term
. . § - = = =2% const. Term
mechanical and electronic tolerances, w
. . . do2
intercalibration errors, .... °
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
leakage is major problem because of size v e [GSOS/] 1000 1200 1400
e
of calorimeters and fluctuations P
cures: - tail catcher mees
- remove late first interactions '
1000.0 o

Calorimeter Tail Catcher

S00.0

|5

0.0 N
0.0 50.0 100.0

X
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7/ Examples for Calorimeters for Hadrons and Jets

7.1 Hadron Calorimetry in Neutrino Experiments
7.2 Calorimetry in LEP Experiments

7.3 HERA: Calorimetry in H1 und ZEUS

7.4 Tevatron

7.5 LHC
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Calorimeter Systems

exp. cal. structure e/h resolution 2% = \/"JE & % ® c
a [vVGeV] b [MeV C
ZEUS EM U /scin. - 0.18 <7 0.7
HAD U /scin. 1.00 0.35 < 500 0.02
H1 EM Pb/LAr - 0.11 250 0.01
HAD Fe/LAr 1.47 0.507 900 0.016
CDF EM Pb/scin. 0.135 ? ?
(Run I) | HAD | Fe/scin. 7 0.80 7 7
DO EM? U/LAr 1.087 0.157 1.30 0.003
(Run I) | HAD U/LAr 1.08 0.45 1.30 0.04
CMS EM PbOW, - 0.028 120 0.003
HAD | brass/scin. | 1.40 1.25 0.56 0.03
ATLAS | EM Pb/LAr - 0.10 245 0.007
HAD | Fe/scin. 1.30 0.56 1.80 0.03
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driven by the need to kinematically reconstruct
invisible energy, e.g. in NC events:

v+ nucleus —»v+ X

i
|
|
:
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[ 7.2 Calorimetry in LEP Experiments

requirement on hadron cal. modest Run 16249 Event 18898

'particle flow' concept still works at these energies

Centre-of-Mass Ené'}gy 205 GeV
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[ 7.3 Calorimetry in HERA Experiments }

Large efforts to improve hadron calorimetry,
important for reconstruction and energy calibration of deep-inelastic events

H1

Tail Catcher

SpacCal

VLQ
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Uran Calorimeter of ZEUS
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Emiss Measurement
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Construction of the ZEUS Calorimetere

TYPE 2 FHAC/FHACO

P.M, A |
TEST FIBRES—IC

<l
Co-SOURCE =
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7.4 Calorimetry In Tevatron Experiments

Example of a trigger tower structure (DO)

- ", L 2.4

2 [ _—-"”'F—'--

. i 1 L

; , Tl--4f-——— 2.8
" z i S el VB 2.8
> I = _,__-—":'::-_.T‘- O
. s : - 3.2
ettt 25 o | SRR,
ez Sk EiE ok s 4.5
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{ Calorimetry at the Tevatron: CDF

CDF Calorimeters

210

ﬂﬂﬁﬁﬁﬂﬂﬂ!ﬂ 33BE8LS

—— tracking system
——(COT)

vertex detector
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7.5 Calorimetry in LHC Experiments

ATLAS Calorimeters

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

barrel

i e N L% .“;‘- ~ ~]
= b 4\ "
\ L
LAr electromagnetic R
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Calorimetry in LHC Experiments: CMS

Ring 0 Ring 1 Ring 2

—

V7222222
[ron

MAGNET CRYOSTAT and COIL

LS
1

HCAL-HB

(]

ECAL-EB

Radius [m]

[—
|

TRACKER
47

Distance [m]
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