Hadronic Calorimeters

econd &
third interaction

of a 100 GeV

ﬁroton shower

>

=

« Strong (nuclear) interaction cascade

« Similar to EM shower

Xo(EM)— 2, (had)=35gcm™ A"
hadronic interaction length * Energy Resolution
/7 A > X « shower fluctuations
hadronic calorimeter * leakage of energy
nearly always sampling calorimeters - invisible energy loss
~5A~4m@100GeV mechanisms

« Shower length ~13A~10m@1TeV
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Sampling Calorimeter
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ENERGY DEPOSITION

Hadronic Lateral Shower Profile
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Hadronic Shower Longitudinal Development
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(arbitrary units )
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Calorimeter Energy Resolution

2 2 2 i
o _ i + i +(A21nE)2+ A3\/N + 4,
E JE | \JE E
AO
ﬁ sampling and shower fluctuations

| «— energy
number of samples N=—

AE R energy deposited in a sampling step

O'E:O'N-AE:\/N-AE

% _ JNAE
E E
o, ~AE :
= stochastic term ~~AE
E JE b
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Calorimeter Energy Resolution

2 2 2 2
(gj [ A + A +(A21nE)2+ AN + A

E JE JE E *

e.g. # of photo-electrons in PM,

A counting statics in sensor system  ion pairs in liquid argon
E _
N=n-E mean # of photo-electrons in PM

S per unit of incident energy

o, ~N n-kE
O-E = — = — = —
n n n
o, 1 1 1 : , ..
= : A =—  this term is usually negligible
Ji VE N

A, shower leakage fluctuations — make calorimeter as deep as $$ allow
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Calorimeter Energy Resolution

2 2 2 2
(gj [ A + A +(A21nE)2+ AN + A

E JE JE E *

4; noise - detector or electronics - important for low level signal
- liquid argon electronics

- detector capacitance

N channels with some intrinsic noise X —> N-AE
ST noise (energy)

Op _ yAE
E E<—

deposited energy

l behaviour
E

A, ; AE-N increases with number of channels summed over
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Calorimeter Energy Resolution

2 2 2 2
(gj [ A + A +(A21nE)2+ AN + 4,

E JE JE E

A, inter - calibration uncertainty of channels - constantin E
« fractional channel to channel gain uncertainty

« spatial in-homogeneity of detector energy response

 dead space
« temperature variation

e radiation damage
« all these influence spatial variation of effective energy response

o=k-E
Or =k constant
E
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Table 5: Principal Contributions to Energy Resolution in

Electromagnetic and Hadronic Calorimeters

Mechanisms
(add in quadrature)

Electromagnetic showers Hadronic showers

Intrinsic shower
fluctuations

Sampling
fluctuations

Instrumental
effects

Incomplete
containment
of shower

Track-length fluctuations:  Fluctuations in the energy loss:

o/E = 0.005/VE (GeV).  ¢/E = 0.45/vE (GeV).
Scaling weaker than 1/v/E for high
energies. With compensation for nuclez
effects: o/E = 0.22/vE (GeV).

o/E = 0.04VAE/E. o/E = 0.09AE/E
Nature of readout may

augment sampling

fluctuations.

Noise and pedestal width: ¢/E ~ 1/E
- determine minimum detectable signal;
- limit low-energy performance.

Calibration errors and non-uniformities:
o/E ~ constant and therefore limits high-energy performance.

o/E~E % a<1/2

(see subsec. 2.2, resp. 3.4). |t
For leakage fraction = few %:

non-linear response and non-Gaussian ‘tail’.



Semi-empirical model of hadron shower development

\

( 1) —x ) ( 1) -
dE Oy %) y(OfH )oY
—=E, .1 +E e (1-C)- >
dS F(O{E) k F(aH) )

electromagnetic part hadronic part

(S 5 ) radiation length % = % =0.62%0.32In £
=y 7. B, =091-0.021nE
=0.22
y= ,BH (S ;So) _ interaction length 'gE: 0.46

S, #0 - significant amount of material in front of calorimeter
(magnet coil etc.)
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More Rules of Thumb for the Hobbyist

* Mixtures in sampling calorimeters

« Shower maximum
active + passive material

~ FrRR CTiro~"
i (A)~02InE(GeV)+0.7 | . e LT
* 95% Longitudinal containment Koy ‘ ZO
L Z 2 SZ f mact
0 Nt + 2. e =
95% ( ) max A<T t mact N mpass
0.13 . .
/1ATT = Z[E(GQV):I 8ec’fyt _ Z f gicrzt
* 95% Lateral containment Zeﬁ‘ i Ao
crzt/ act
R95% ~ 11 - actt
Einc eﬂ /Zeff
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Typical Calorimeter Resolutions

0.5% . 3.0%
 Homogeneous EM (crystal, glass) JE JE

CLEOQ, Crystal Ball, Belle, CMS.....

@ 0.5%

8%  15% _ .,
« Sampling EM (Pb/Scint, Pb/LAr) 75 - NG D1%

CDF, ZEUS, ALEPH, ATLAS.....

70%  110%
« Non-compensating HAD (Fe/Scint, Fe/LAr) JE - JE

CDF,ATLAS,H1, LEP = everyone

@ 5%

35%
« Compensating HAD (DU/Scint) JE

ZEUS, HELIOS

D1%
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Invisible Energy in Hadronic Showers

'ELEMENTARY PROCESS’ IN A HADRON SHOWER

A PART OF THE HADRON ~o HADRON

ENERGY REMAINS INVISIBLE (@7 COMPONENT

-» N - -

WORSE RESOLUTION AN (~ 80% visible

COMPARED TO e, 7’s ™ (measurable))
™

(visible)

o+
/ p
5 ELECTRO-
70 v MAGNETIC
wc/\\;v‘/:’\:/ ')’ COMPONENT
0

HADRON (E)

(py 2, 7%) l7r B4 E—-dependent
U (m = 0.11nE[GeV])
~—~-| NUCLEUS e.g. Pb (e-g- e/mip=0.6)
NEUTRINOS _~ T NEUTRONS

2
(undetected)

2N
‘ n
ALY @3) n
% PARTIALLY
MEASURABLE

NUCLEAR FRAGMENTS _
+ BINDING ENERGY (by dedicated detecto
e.g. by ZEUS)

’INVISIBLE ENERGY’
(=~ 20 - 30%)

Fig. 3.6 ’Elementary physical process’ in a hadron shower.
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Difference in Response to Electrons and Hadrons
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o/E - VE

Effect of e/h on Energy Resolution

Resolution tail
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Signal/GeV (arbitrary units)

Effect of e/h on Linearity
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Physics of Sampling Calorimetry

Deteclor Absorder

TCEM|

" shower

Absorber

Migration ettect
ol y-energy

€/mip< 1

| Spallation and

evaporation n's
(MeV's, prompt)
Fission y's, n's

(prompt)

n-capture
in Uranium
(delayed K—'S)

i ok G \

v
Choice o
Lead maternials : Dynamics?
Tungsten a) lig. Argon (LA) Responses 7
b) LA + CH,
c) Scintillator J Compensation?
IS Resolution?
e Bo0S7 HADRENIC RESPONSE
URANIum —» T 1T
A
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Energy resolution does not improve
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o(Em)/<Em>

Jet Energy Resolution

01

001

Jet-jet Mass Resolution

8
T T T T T T T T T Two-jet mass resolution
i —- Cu; op(E)/E=.48/VE| e/n:1.481] 7L 3 Ideal detector i
I — U 0,(E)/E=37/VE|e/n= 111 b Cell level
6 ¢ Cluster level _
= T e 0o d Cluster level without verfex
1 SR
" E%’. Lk
B N
L 1 | 1 1 | 1 1 1 jE— 3r
1 2 5 10 20 50 100 200 500 1000 ©
2_.
Ejef [GEV] »
. 1_.
Fluctuations between EM and
Hadronic component in jets will N I
degrade the energy resolution for jets m (TeV)

Effects other than
e/h dominate the 2-
jet mass resoluton
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Jet-Jet Mass Resolutions

ATLAS(Z — tt- 1TeV), KtdJets(R=0.4)

700 ]

Enlries 4545
Mean 8229
BMS e

HSIO'”t'iD ”7IO'”SD 901601i01.‘0

Invariant Mass of W — 2 jets (GeV)

RMS of My, _, ; ., (GeV)

16

ATLAS 40<M,<120 GeV

7 —tt-1TeV tt

C, O, , C
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ZEUS Forward Calorimeter
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ZEUS (HERA)

e
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HERA Physics

HERA-Physik
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LAr Calorimetry

* Five different detector technologies
 Calorimetry coverage to

The image cannotgbe displgyed. Your computer may not have enough memory to open the image, or the image may have been
' corrupted. Restarffyguzcorhputer, anf™®n open the file again. If the red x still appears, you may have to delete the image and then
‘‘‘‘‘‘‘‘ again h .

® H->r7yy

® ttH(H — bb)

A H - 22" = 41
H - ww'"” = iy
H — ZZ — llyy

e H 5> WW = Ivjj

— Total significance

5
10~

Signal significance

10

EM Calorimeter i

[Ldt=30fb"
(no K-factors)

SM Higgs Discovery Potential

H — 4]

— EM Calorimeter

\

H—->7Z/& H—->WW

Hadronic & Forward
Calorimeters

1 ;

WW Fusion 10°
Tag jets in Forward Cal

103
my, (GeV)



LAr Calorimeter Technology Overview

Design Goals s Technology

* EM Calorimeters (0<n/<3.2 ) and Presampler (0<[n<1.8 )

0
10% D0.7% @ 0.27 <4Om1‘ad 5. < 8 mm

< Op<— ]
E(GeV) E(GeV) °7 JE(GeV) "~ JE(GeV)

| Q

:> Lead/Copper-Kapton/Liquid Argon Accordion Structure

50% O,. 100%
« Hadronic Endcap (1.5</<3.2) E(va)®3% SE(JetS)S E(GeOV)ealO%

:> Copper/Copper-Kapton/Liquid Argon Plate Structure

_ G, 100% .
« Forward Calorimeter (3<|7<5) E(JetS)SE(GeV)@loﬁ

:> Tungsten/Copper/Liquid Argon Paraxial Rod Structure



LAr and Tile Calorimeters

Tile barrel Tile extended barrel

........

LAr hadronic ‘ _ AT 1) ,
end-cap (HEC) — i Al

......

........

SER

LAr EM end-cap (EMEC) = : T ER , / -

LAr EM barrel

LAr forward calorimeter (FCAL)



Electromagnetic Barrel

SIGNAL CHANELS A 10°

O<n<ld4

Barrel Module Schematic
with presampler

* 64 gaps /module
« 2.1 mm gap
* 2x3100 mm long

ATLAS LAr EM CALORIMETER

o CRYOGENIC SERVICES
\Vr I
AT
E“1 PATCH PANNEL

( barrel )

4}1
RLECTRODES ’/"(//7))‘ SIGNAL CABLE
I T G e MOTHER BOARD
— - -:Zi3-"::::::::;; ////é/éjz CALIBRATION
Z ", PRESAMPLER
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Half Barrel Assembly

« 2x16 modules

* |.R/O.R 1470/2000 mm
«22-33 X,

* 3 longitudinal samples

* AnxA¢@ 0.025x0.025
- presampler |7 <1.8



Electromagnetic Endcap
l.4<n<3.2

‘““l“‘“\\ \

S

» 2x8 modules
 Diam. 4000 mm

«22-37 XO
* 3 longitudinal samples

* 96 gaps /module outer wheel
32 gaps/module inner wheel AnxAg@ 0.025x0.025

' 7] >2.5—0.1x0.1

«2.8-0.9 mm gap outer
3.1-1.8 mm inner « Front sampling of 6 X,

for |77|<2.5, W] - strips.
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Accordion Structure

Pb Absorber

) ! Honeycomb spacer
&
« Cu/Kapton electrode
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Prototype of EM endcap

Detall of Kaptons
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ATLAS FCAL
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ictures of assembly process

P




LAr Forward Calorimeters

 FCAL C assembly into tube — Fall 2003
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ATLAS HEC Structure
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584

 Transformer matching

» Does not work in magnetic
field. Long readout cables
slow down signal

 Large capacitance, large
noise

J. Colas et al. / The electrostatic transformer

— = preéeamp = =

a) b) H

«EST
» Works in magnetic field
* Low capacitance

Fig. 1. Schematic representation of capacitance matching for a hadronic tower. High voltage connections are not shown. I, is the

ionization current in the gth gap. ¥ and C are the dc voltage and capacitance per gap, respectively. The arrows show the directions

of current flow. In (a) all N gaps are connected in parallel; matching is achieved with a ferrite-core transformer with turns ratio
n = 3. (b) shows an electrostatic transformer with P parallel subtowers of S = 3 gaps in series (N = SP).

Fig 2 Schemglic view of two subsections of the tower with an electrostatic transformer of ratio S = 3. The absorbing signal tile is at
de ground. High voitages, decoupled by large resistances, are supplied to the half tiles, which are separated by thin insulating layers.



Hadronic Endcap Calorimeter (HEC)

Inter-Wheel gap

Read-out
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Front Wheel yim
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Composed of 2 wheels per end
Front wheel: 67t 25 mm Cu plates
Back wheel: 90t 50 mm Cu plates
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Hadronic Endcap
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Noise Level in LAr Calorimeters
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Since the FCal is in the very forward region, these noise levels are OK
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