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Sampling Calorimeter
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ENERGY DEPOSITION

Hadronic Lateral Shower Profile
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Energy Deposit
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(arbitrary units )
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Calorimeter Energy Resolution
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AO
ﬁ sampling and shower fluctuations

| «— energy
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Calorimeter Energy Resolution

CRCRTIRUERC

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

jl counting statics in sensor system  ion pairs in liquid argon
E

N=n-E mean # of photo-electrons in PM
T per unit of incident energy
oy NN i-E

Op =

n n

O 1 4 -

_ L R
E u JE b n

this term is usually negligible

A4, shower leakage fluctuations — make calorimeter as deep as $$ allow
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Calorimeter Energy Resolution

CRCRTIRUERC

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

- detector capacitance

N channels with some intrinsic noise 2 —> N-AE
T noise (energy)

9 _ yAE
E E<s—00 0 0

deposited energy

l behaviour
E

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

(%jz =(%)z+(%jz+(/12 InE) + @ 2+A4

4, inter - calibration uncertainty of channels - constantin E

» fractional channel to channel gain uncertainty
« spatial in-homogeneity of detector energy response
» dead space

» temperature variation

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

oc=k-E
e _ k constant
E
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The em energy resolution of the ATLAS calorimeter
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Energy resolution (%)
I~

F1G. 9.30. The em energy resolution and the separate contributions to it, for the em barrel
calorimeter, at n = 0.28 [Gin 95].
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Sampling fluctuations in em and hadronic showers

100
- A protons
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F1G. 4.15. The energy resolution and the contribution from sampling fluctuations to this reso-
lution measured for electrons and hadrons, in a calorimeter consisting of 1.5 mm thick iron
plates separated by 2 mm gaps filled with liquid argon. From [Fab 77].



Sampling fluctuations in em calorimeters
Determined by sampling fraction and sampling frequency

24 I ZEUS (Pb) O0

C O/E = 2.7% [9mm)
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F1G. 4.8. The em energy resolution of sampling calorimeters as a function of the parameter
(d/ fsamp )/ 2, in which d is the thickness of an active sampling layer (e.g. the diameter of a
fiber or the thickness of a scintillator plate or a liquid-argon gap), and fsamp 1s the sampling
fraction for mips [Liv 95].



How to measure the effects of sampling fluctuations (2)
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F1G. 4.14. Pulse height distributions for 30 GeV hadrons obtained with the ZEUS
lead/plastic-scintillator prototype calorimeter. Diagram «) shows the distributions of Eqyum,
By and 24, measured in the configuration depicted in Figure 4.13b. Diagram b) shows
the same distributions measured in the same configuration, but with the black tape removed.
See text for details. From [Dre 90].
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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).  o/E = 0.45/vE (GeV).
Scaling weaker than 1/vE for high
energies. With compensation for nuclez
effects: o/E = 0.22/VE (GeV).

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

augment sampling

fluctuations.

Noise and pedestal width: o/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). It
For leakage fraction = few %:

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



Semi-empirical model of hadron shower development

- 1 - N p o .
dE Cx' % e plen gy
_:EINC< >+E[NC(1_C)< >
das I (OZE ) I (aH )

electromagnetic part hadronic part
(S-5,) - a, =0, =0.62+0.32InE
x=f, p, —~ radiation length B =091-0.02InE
0
=0.22
_ (S — 5, interaction length Pe
V== C =046

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
active + passive material

FRACTion
R s i il

« Shower maximum

(. (A)~02InE(GeV)+0.7

GY WERIGKHT.

* 95% Longitudinal containment Ao l ZO
— mact
L95% (ﬂ’) ~ ZLmax + 252’A<T »fact _ mact 4 mpass
0.13
A=Al E(GeV crzt crlt
ATT [ ( € )] eﬁ
* 95% Lateral containment Zeﬁ‘ i
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Ry, ~14 /
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Typical Calorimeter Resolutions

0.5% . 3.0% D 0.5%
« Homogeneous EM (crystal, glass) JE JE 7

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

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

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

70% N 110%
* Non-compensating HAD (Fe/Scint, Fe/LAr) JE ~VJE

CDF,ATLAS,H1, LEP = everyone

D 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
ENERGY REMAINS INVISIBLE
>
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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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e/h = 1.8
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= e/mip = 0.8
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= &L ;
S
g
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Fig.7.1 Illustration of the meaning of the e/ h and e/mi p values of a calorimeter. Shown are distri-
butions of the signal per unit deposited energy for the electromagnetic and non-em components of
hadron showers. These distributions are normalized to the response for minimum ionizing particles
(“mip”). The average values of the em and non-em distributions are the em response (“e”) and
non-em response (“A’’), respectively [1]



The em shower fraction, f,, (1)
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The em shower fraction, f, (2)
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The em shower fraction, f, (4)
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Signal (arbitrary units)

Calibration problems for hadronic shower detection

n® production may take place anywhere in the absorber
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Hadronic shower response and the e/ ratio

o The hadronic response is ROt constant
fem, and therefore e/m signal ratio is a function of energy
= [f calorimeter is linear for electrons, it is non-linear for hadrons

e Energy-independent way to characterize hadron calorimeters: e¢/h
e = response to the em shower component
h = response to the non-em shower component

— Response to showers initiated by pions:

e/h
1 — fom|l —¢/h]

e/h is inferred from e/m measured at several energies (fo, values)

Rﬁ:fem€+ [1_fem}h I 6/71-:

e Calorimeters can be  Undercompensating (e/h > 1)
Overcompensating (e/h < 1)

Compensating (e/h = 1)



Hadron showers: e/h and the e/ signal ratio

e/h = oo

25F /=5 :

e/m signal ratio

' o/h=08 Overcompensating
05 |

Energy (GeV)

F1G. 3.4. The relation between the calorimeter response ratio to em and non-em energy depo-
sition, €/h, and the measured e/ 7 signal ratios. See text for details.
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Signal/GeV (arbitrary units)

Effect of e/h on Linearity
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Fig. 3.26 The e/h-ratio versus beam momentum measured with the ZEUS prototype

calorimeter at CERN.
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Physics of Sampling Calorimetry
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The compensation puzzle solved!

The e/h value is not determined by the absorber, but by active medium
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Compensation 1n practice: Pb/scintillator calorimeters

1.2
scintillator thickness 2 mm
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FIG. 3.35. The e/m signal ratio, corrected for the effects of shower leakage, for
lead/polystyrene-scintillator calorimeters, as a function of the thickness of the lead plates,
for 2 mm thick scintillator plates. The inner (outer) error bars show the combined systematic
and statistical uncertainty without (with) the shower leakage corrections. The line 1n the plot
1s a result of a linear fit to the experimental data [Suz 99].



Compensation 1n Fe/scintillator calorimeters?

«—— sampling traction (%)
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F1G. 3.36. The e/h value for iron/plastic-scintillator calorimeters, as a function of the sampling
fraction for mips (top horizontal scale), or the volume ratio of the amounts of passive and
active material (bottom horizontal scale).



Compensation: Effect of slow neutrons on the signals
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F1G. 3.22. Time structure of various contributions from neutron-induced processes to the
hadronic signals of the ZEUS uranium/plastic-scintillator calorimeter [Bru 88].
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F1G. 3.23. The ratio of the average ZEUS calorimeter signals from 5 GeV/c electrons and
pions (a) and the energy resolutions for detecting these particles (b), as a function of the

charge integration time [Kru 92].
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Jet Energy Resolution Jet-jet Mass Resolution
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Jet-Jet Mass Resolutions

ATLAS(Z = tt - 1TeV), Kt4Jets(R=0.4)
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Conceptual Readout Schemes
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o

Fig.8 a: Principle of operation of an ionization chamber. 8 b:current pulse
shape in the ionization chamber(solid line). Dashed line : after clipping.
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LAr Calorimetry

* Five different detector technologies
 Calorimetry coverage to

n=5
SM Higgs Discovery Potential
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LAr Calorimeter Technology Overview

Design Goals mssmp Technology

* EM Calorimeters (0<n<3.2 ) and Presampler (0<n<1.8 )
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LAr and Tile Calorimeters

Tile barrel Tile extended barrel

LAr hadronic . Al ST
end-cap (HEC) e,

LAr EM end-cap (EMEC) ~ "l T [ &~

LAr EM barrel

LAr forward calorimeter (FCAL)



Electromagnetic Barrel
O<n<l4

Barrel Module Schematic
with presampler

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

» 2x16 modules

* |.R/O.R 1470/2000 mm
«22-33 X,

* 3 longitudinal samples
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- presampler |7 <1.8
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Electromagnetic Endcap
1.4<n<32

» 2x8 modules
* Diam. 4000 mm
«22-37 X,

* 3 longitudinal samples

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

) ‘77‘>2.5—>O.1><0.1

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

for ‘77‘ <2.5 n - strips.
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Accordion Structure
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« Cu/Kapton electrode

R.S.Orr 2009 TRIUMF Summer Institute



Prototype of EM endcap

Detail of Kaptons

G
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ictures of assembly process
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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 elecirostatic transformer

o preamp- B e

*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.
L]

In (a) all N gaps are connected in parallel; matching is achieved with a ferrite-core transformer with turns ratio

= 3, (b) shows an electrostatic transformer with P parallel subtowers of S = 3 gaps in series (N = SP).

ground plate

Fig 2 Schematic view of two subsections of the lower 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
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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



Test Beam Energy Resolution
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Summary of HEC Testbeam Results
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