8. Energy measurement in calorimeters

8.1 Concept of a calorimeter in particle physics
8.2 Electromagnetic calorimeter showers
8.3 Hadronic calorimeter showers

8.4 Layout and readout of calorimeters

——

8.5 Energy resolution in calorimeters

LAr hadronic
end-cap (HEC)

8.6 The ATLAS and CMS
calorimeter systems ond-cop EMED) —

barrel
LAr forward (FCal)



Calorimetry: = Energy measurement by total absorption,
usually combined with spatial information / reconstruction

latin: calor = heat

\q p O However: calorimetry in particle physics does not correspond
S p— s to measurements of AT
A\ Yo7

*The temperature change of 1 liter water at 20 °C by the energy
deposition of a 1 GeV particle is 3.8 1014 K'!

LHC: total stored beam energy

If transferred to heat, this energy would only suffice to heat a
mass of 239 kg water from 0° to 100°C
[Covater = 4-18 J g1 K1, m=AE/ (Cpater AT )]



8.1 Concept of a calorimeter in particle physics

* Primary task: measurement of the total energy of particles via total absorption

In addition: most calorimeters are position sensitive, i.e. segmented, to measure

(i) The position of the energy deposition (cell structure, n-¢ position)

(i) The direction of the incoming particle (requires in addition longitudinal
segmentation)

and finally: calorimeters contribute to particle identification
(type of interaction - form of energy deposition)

Energy depositions measured in the UA2 experiment
(1984) Z > ee and W - ev candidate events



Calorimeters are essential components for LHC detectors
(energy measurement of electrons, photons, jets, taus, missing transverse momentum,
muon identification)

GATLAS

-i?'. EXPERIMENT

Run Number: 152166, Event Number: 810258

Date: 2010-03-30 14:56:29 CEST

Di-jet Event at 7 TeV




Principle of operation:

* Energy is transferred to an electrical signal (ionization charge) or to a
light signal (scintillators, Cherenkov light)

» This signal should be proportional to the original energy: E=a S
Calibration procedure -2 a [GeV / S]

« Energy of primary particle is transferred to new particles
-> cascade / shower of new, lower energy particles

The shower development is determined by the type of the incoming particle and the corresponding

interaction;
One distinguishes between electromagnetic showers (e,y) and hadronic showers

(initiated by all hadrons, inelastic hadronic interactions)
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Schematic of an electromagnetic calorimeter shower
initiated by a photon

Schematic of a hadronic calorimeter shower



Two principal calorimeter layouts:

(1)Homogeneous calorimeter
One material serves to absorb the energy and to provide the measureable signal
(e.g. lead glass block, scintillator block, liquid argon volume)

(2) Sampling calorimeter
Absorber material (passive) (Fe, Pb, Cu, ...)
+ Sensitive / detector medium (Liquid argon, scintillators, gas ionization detectors)

passive Absorber
l l Kaskade aus Sekundérteilchen
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Important parameters of a calorimeter:

* Linearity of the energy measurement

* Precision of the energy measurement (resolution, AE/E)
in general limited by fluctuations in the shower process

worse for sampling calorimeters as compared to homogeneous calorimeters

» Uniformity of the energy response to different particles (e/h response)

in general: response of calorimeters is different to electromagnetically
interacting particles (e, y) and hadrons (h)



Further calorimeter features:

» Good energy resolution at high energy: the relative energy resolution decreases

as 1E

(in contrast to momentum measurement in tracking detectors, which scales with p+;
in addition: no direction dependence of energy resolution, unlike 1/sin 6 resolution term
in the momentum resolution)

* Hermeticity: calorimeters can be built nearly as 4n—detectors
i.e. they can measure the energy of charged and neutral particles over almost the

full solid angle
—> important for the measurement of the (missing) transverse energy

* Trigger / timing capabilities: calorimeters can provide fast timing signals (1 — 20 ns)
—> they can be used for triggering

ATLAS + CMS: fast (Level-1) trigger signals from calorimeters and fast muon
trigger stations



8.2 Electromagnetic calorimeter showers




For high energies: bremsstrahlung and pair creation dominate
doubling of particles - shower development

Energy loss due to excitation and ionisation

Bethe Bloch
formula

Bremsstrahlung

Cherenkov radiation

|

dE/dx

.

Photo effect

(dominant in ~ keV
energy range)

Compton effect

(dominant in MeV
energy range)

Pair creation

(threshold energy
=2m,=1,022 MeV)

Overview of interaction processes of
electrons and photons
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» Particle showers created by electrons/positrons or photons are called electro-
magnetic showers (only electromagnetic interaction involved)

« Basic processes for particle creation: bremsstrahlung and pair creation
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« Characteristic interaction length: radiation length X,

« Number of particles in the shower increases, until the critical energy E. is reached;
For E < E_ the energy loss due to ionization and excitation dominates,
the number of particles decreases, due to stopping in material



Reminder: e/y processes

Dominant processes
at high energies ...

Photons :
Electrons :

Pair production
Bremsstrahlung

Pair production:

Opair & % (4 ar’Z?In i?)
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Absorption
coefficient:

[Xo: radiation length]
[in cm or g/cm?
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Bremsstrahlung:

dE Z? 83

dr A 73

> E = Ege™ ™0

After passage of one Xo electron

has only (1/e)"" of its primary energy ...

[i.e. 37%]

—=4aNA—re-E]n1 =
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Copper
Xp=12.86 gcm™2

100 E.=19.63 MeV
>
Critical Energy [see above]: $ P =
o 50 Rossi: E
>; 20 Ionlization per X =
dE dE b = electron energy ~ —E
7 (Ee) = ——(Ec) S $ E
Brems Ion 0 & Tonization -
) ) , Brems = ionization:
ApprOXImatlms. 10 1 1 1 L1 11 I// 1 1 L 1 11 Ii |
) 610 MeV 2 5 10 20 50 100
?as — "7213__1\/01‘:;; |: Ecsolleq — rl(;ti :| Electron energy (MeV)
with:
dzx Brems dz Ion 800 MeV dr |grams - Xy dz |15, b Xo
Transverse size of EM shower given by Ry — 21 MeV X
M = =7 1= “*0 Ry :Moliere radius

radiation length via Moliere radius E. " )
Ec : Critical Energy

[see also later] Xo : Radiation lengt

200



The longitudinal shower shape

« The longitudinal shower formation can be calculated in detailed Monte Carlo simulation,
taking into account the proper interaction processes and their energy dependence;

A simple model, to illustrate the relations given below, will be discussed later and in more detail
in the tutorials

« The longitudinal energy deposition can be well described by the relation

dE
dt
«,B : free parameters

t* : at small depth number of
secondaries increases ...

e Pt: at larger depth absorption
dominates ...

o — bt -
= EO t"e p o0 5000 MeV

[\

2000 MeV
.

1000 MeV

N
o
o

dE/dt [MeV/X]

N
o
o

Numbers for E = 2 GeV (approximate):
a:2,620.5,tmax20(/8 o

where t = shower depth in units of X t[Xo)

tox = depths where the energy deposition is maximal



600
. . 5000 MeV
The longitudinal shower shape /\
More exact (EGS simulation and measurements) = 400
[Longo 1985] §
a—1_—fBt s
& =Fy-3- (Bt)™ e g 2000 MeV
[l Gamma function] 1000 MeV
where t = shower depth in units of X, ol T
0 513 1IO 115 20
t[Xo]

For small t (beginning of the shower): the particle multiplicity and thereby the deposited energy grows

At the end of the shower, the number of particles and thereby the energy deposition decreases
since absorptive processes (Compton and photo effect for photons, stopping of electrons by

dE/dx due to ionization) dominate *

The shower maximum is found to grow logarithmically with the energy E, of the incident particle

tmax - JB

a—1 =In (%) + Cey with C,, = +0.5 for photon-induced showers
= -0.5 for electron-induced showers

E.

- important practical implication: calorimeters grow only logarithmically with the energy of the
particles to be absorbed

* It should be noted that for the energy deposition the total track length of all charged particles is relevant !
thereby the particle multiplicity (# charged particles) plays an essential role



The longitudinal shower shape

0

5

b

o\
™o

|

o

|

10

Energy deposit per cm [%)
o

\

.\.
~

Y

| GeV

)
\

\ .
I,.\IO GeV

.\\.\

S/

L

.1 .

-y
4 .

™, 100 GeV

Pk Y™

IR Sk
\/ \v ‘/ll '\ \’_ \'\\‘l TeV

Depth [Xo]
10 15 20 25 30

Enerqy deposit of alectrons as a function of depthina
block of copper; integrals normalized 1o same value
[EGS4" calculation)

Depth of shower maximum increases
logarithmically with energy

Emax X |II(EO/FT‘.J

N

= . “a
S S .

o Oy A “‘-4
s X

.
by 17 S TR

*EGS = Bectron Gamma Shower

20 30 40 50
Depth [cm)]

NUMULH UF CLEUIRUND

Im# p] 1 A T T ] 1 1 1 T _‘:
EI ]
| ‘
| .
d 024 Cev

00Ok E
EI NZG!‘V:
:= 256 GeY ]
r-' 1

100 / lZ!GtV-i
| 1
..| ,
iy,

I g

I0H
19 5
i ]
Ik E
1 . 1
.'.l N—2Ce¢ ]
b. E
1 1
T TR NS N T M O O
0 2 46 8 1012 4 16 1820

DEPTH 1 IN LEAD (radiation lenglhs)



The longitudinal shower shape

Photons:

Photo-electric effect ...
ocoxZ E?

Compton scattering ...
ocxZ, E!

Pair production ...

o increases with K, Z
asymptotic at ~ 1 GeV

Electrons:

Critical energy ...

1

E. ox —
c o< Z

In high Z materials
particle multiplication ...

... down to lower energies

-+ longer showers
[with respect to Xg]
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The longitudinal shower shape

Longitudinal Development EM Shower

T T T T T T
Longitudinal development

EM showers (EGS4, 10 GeV e°)

s Fe

w
OV w201

Rough scaling law for longitudinal containment:

L(95%) =t __ + 9.6 +0.08 Z [X,]

max



Lateral shower profile:

The lateral shower profile is dominated by two processes:

- Multiple Coulomb scattering
- Relatively long free path length of low energy
photons

(It should be noted that the opening angle of the two
particles for bremsstrahlung and pair production is
very small at high energies ~ 1/v?)

The lateral width of the shower increases with the depth
of the shower ( = figure)

(lower energy photons and electrons,
multiple scattering effects are larger, long path length)

The lateral shower profile is characterized by the
so-called Moliére radius py,

M=——Xo~
P Fe 7

21MeV A [ g ]
7

cm?

About 95% (90%) of the shower energy are contained
within a cylinder with radiusr=2 p,, (r=1py)

- well collimated !

Energy deposit per mm (a.u.)

3
10

10

Radial distribution of the energy
deposited by 10 GeV electrons
in copper (EGS simulation)

Molic¢re radii
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.
. 2 X,
6 X,
0, 15 X,
-.Showcr max
0, Tail e,
Early “eg
v Ter
0 1 2 '.~3” 4 5 6

Distance from shower axis (¢m)

Broadening due to:

- multiple scattering
(~up to shower maximum)

- low energy photons
(~beyond shower maximum)



Lateral shower profile:

Material dependence of shower shape:

-Core shower shape are largely
material independent

- 95% containment within 2 p,, holds
independently of material

-Tails are smaller for high-Z materials due
to smaller mean free path length of
low-energy photons (photo effect ~ Z°)
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Radial distribution of the energy
deposited by 10 GeV electrons
in Al, Cu, and Pb
(EGS simulation)
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Lateral shower profile:

« Example: Electromagnetic showers in lead glass
(OPAL detector at LEP)

Xo=2cm, E.=11.8 MeV, py =18 X,= 3.6 cm
For E, =100 GeV one obtains:
tax =13

Longitudinal containment: tgs0, = 23 =46 cm

Lateral containment: Rgso, = 2 pyy = 7.2 cm

8 cm

—

46 cm

* The compact electromagnetic showers explain the dimensions
(thickness and lateral granularity) of the electromagnetic calorimeters

- perfect e/y ID criteria: compact collimated showers

- small lateral shower radii

- very small leakage into the hadronic compartment of the calorimeter



Longitudinal and lateral shower profile
for electromagnetic showers
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The longitudinal and lateral shower profile for a
6 GeV electron in a lead absorber (from Ref. [3])



CMS PbWO, crystal

Lead Tungstate crystal SIC-78
from China

p=828g/cm3 Xy=0.89cm

A GEANT / EGS simulation of a
40 GeV electron shower in the

ATLAS Liquid Argon accordion
calorimeter)

A PbWOQ, crystal of the CMS electromagnetic
calorimeter



A simple shower model

To illustrate the main features of electromagnetic showers:

- Number of particles in the shower
- Location of the shower maximum Sketch of simple
- Longitudinal and transverse shower shape shower development

N
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Consider only bremsstrahlung and pair production e
E > E_.: no energy loss by ionization / excitation
E < E_: energy loss only via ionization

j
/
/

1

V,

T : _ Eof2 Eof4 Eof8 Eof16
Simplification of symmetric energy sharing:

6 1 2 5 4 5 6 7 8 (X
Bremsstrahlung: Ey = E_, = E,/2
Pair creation:  E.= Ey/2 t = track length in units of X,



A simple shower model

- exercises

Number of shower particles

after depth t:
N(t) =21
Energy per particle
after depth t: 5
E=-—"2 _F,.2°!
N(@t)

> t=log,(Eo/E)

Sketch of simple

% shower development
Pz
Eo /:___ <£z: oovcvoloooo|looce
‘Yi
Eof2 Eof4 Eof8 Eof16
o 1 2 8 4 5 6 7 & (U
Total number of shower particles
with energy Ei: E
E 0
N (Eo, Ey) = 2!t = 2loga2(P0/E1) — 2
E,
Number of shower particles
at shower maximum: ,
Lo

N(E(h Ec) - Nma.x — thu - Ta
Shower maximum at: x E,
tmax o In(Eo/E.)



Sketch of simple

] % shower development
A simple shower model A=
Ep /f(—/ﬁz; .
> exercises T
AN

Eof2 Eof4 Eqf8 Eof16

o 1 2 3 4 5 6 7 8 t[X)

Relevant for energy measurement (e.g. via scintillation light):
total integrated track length of all charged particles ...

tmax—1
_ I ) ) with tp: range of electron with energy Ec
T = Xo Z 2% + %0 - Nmax - Xo [given in units of Xo]
p=0 Ey
= Xp - (th“ — 1)+t0 - — Xo
E.
E E
ZXO_(QIOgQEO/Ec_1)+t0.§0X0%(1+t0).E_0X00(E0
C C
As ctmgl u<telectr0r\s Energy proportional
contribute ... E. to track length ...

T:FO-XO-F [with F' < 1]



8.3 Hadronic calorimeter showers
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« Hadrons initiate their energy showers by inelastic hadronic interactions;
(strong interaction, showers are called hadronic showers)

« Hadronic showers are much more complex then electromagnetic showers

» Several secondary particles, meson production, multiplicity increases with
energy ~In (E)

The secondary hadrons undergo further inelastic collisions until their energy falls
below the pion production threshold

« x® components, 7 > vy, electromagnetic sub-showers;
The fraction of the electromagnetic component grows with energy,
fem=0.1In E (E in GeV, in the range 10 GeV < E <100 GeV)



Exited nuclei
- P decays, y decays

Neutron capture - nuclear fission
- exited fission products
-> further § and y decays

Decays of particles
(slow particles at the end of the shower)

eg.Tt>uv,

—> escaping particles = missing energy
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Invisible Energy/ n




Energy loss processes in hadron showers:

During the hadronic interactions atomic nuclei are broken up or remain in
exited states

The corresponding energy (excitation energy, binding energy) comes from
the original particle energy
—> no or only partial contribution to the visible energy

(de-excitation has time constant, might be larger than electronic signal shaping time)

Important neutron component

The interaction of neutrons depends strongly on their energy;
Extreme cases:
- Nuclear reaction, e.g. nuclear fission - energy recovered
- Escaping the calorimeter (undergo only elastic scattering, without inelastic interaction)

Decays of particles (as described above, e.g.® > uv,)
—> escaping particles - missing energy

These energy loss processes have important consequences:

In general, the response of the calorimeter to electrons/photons and hadrons

is different ! The signal for hadrons is non-linear and smaller than the e/y signal
for the same particle energy
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Typical energy balance (single event, GEANT simulation, large fluctuations from event-to-event):

[5 GeV proton in a lead-scintillator calorimeter]

lonization energy of charged particles (p, T, )
Electromagnetic shower (nm°n°,e)

Neutrons

Photons from nuclear de-excitation

Non-detectable energy (nuclear binding, neutrinos)

1980 MeV [40%]
760 MeV [15%]
520 MeV [10%]
310 MeV [ 6%]

1430 MeV [29%]

5000 MeV




Two hadronic showers in a sampling calorimeter

1. 2.

. R = - " o
s ;e
L'H

Red: electromagnetic component
Blue: charged hadron component

Hadronic showers show very large fluctuations from one event to another
- expected worse energy resolution



The basic cross section for hadronic interactions
is the total inelastic pp cross section:

*

= -
Otot = Ogl + Ojpel =
(For 1 —100 GeV range inelastic processes dominate) f
£

oy = 10mb

Oine ~ A?? (geometrical cross section)

For the total cross section on a target with A nuclei:

O-tot (pA) 0tot (pp) A2/3

The hadronic interaction length is given by (see Chapter 2):

1 A
Cror -0 Opp A® - Nap
~ 35 &/cm? - A'°
which yields:

N(z) = Noexp(—z/Aint)

Aint = ~ Al/?‘

*) diffractive processes neglected

Total proton-proton cross section
(pn cross section is similar in 1-100 GeV range)
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Hadronic versus electromagnetic interaction lengths:

note: for high-Z materials (needed for an efficient absorption) the
hadronic interaction lengths are about a factor 10-30
larger than the radiation lengths

- much more material is needed to stop
hadrons compared to electrons;

this explains the large extension of the
hadronic calorimeters in large detector systems

100 -

£

o

){a . _XD_
| &, and X, in cm
0 10 20 30 40 sg 60 70 80 90 10

Material X, (cm) Ahag (€M)
Liquid Argon 14.0 83.7
Scintillator 42.2 79.4

Be 35.3 40.7
C 18.8 38.1
Fe 1.76 16.76
Cu 1.43 15.06
W 0.35 9.59
Pb 0.56 17.09
U 0.32 10.5




Hadronic shower development:
(estimates similar to e.m. case)

Depth (in units of Aim):

¢ xTr
/\int
Energy in depth t:
E
E(t)= 7= & E(tmax) = Einr
(n) [with Egv ~ 290 MeV]
E
Ethl‘ — t
<n> max
. ) Number of particles
Shower maximum: lower by factor Emn/Ec

. compared to e.m. shower ...

< n) Unax — b Intrinsic resolution:
- E worse by factor JEm/Ec
thr

10 (/B
T In(n)

This constitutes only a rough estimate since:

-The energy sharing between particles fluctuates
strongly

- Part of the energy is not detectable
- Partial compensation (n-capture, fission)

- The electromagnetic energy fraction
(i.e. fraction of energy deposited by =° via
n® - yy decays increases with energy

f,

om =fo~INE

Explanation: neutral pions can be produced from

7 p reactions, via wp =2 nn;

However, n%s do not contribute to the production of
charged pions via 7i°p = a*n or x%n = 7 p since
they decay nearly promptly (t ~10-16 s) into yy before
they can undergo hadronic interactions

The number of i increases logarithmically with the
energy (multiplicity dependence)

- In the low energy tails also hadrons lose their
energy mainly via ionization and excitation (dE/dx)

- Detailed Monte Carlo simulations (GEANT with its
various hadronic shower models) are needed
to obtain a reasonable description of hadronic showers



The longitudinal hadronic shower shape

Longitudinal shower
A development:

Strong peak near Ap ...
followed by exponential decrease ....
Shower depth:
w15} . :,:-"’."_,'.', .. tmax ~ 0.2In(E/GeV) + 0.7
C e
o .‘O."’ .
— " o}
© s
©
f 10 F . Example: 300 GeV pion ...
O b tmax = 1.85; 195 = 1.85 + 5.5~ 7.4
o . e [95% within 8\nt; 99% within 11 A
Q - .
0
E 5 - Yo .
2 .\' . .’. " 95% on
* LR .. average

0 1 2 3 - 5 6 7 8 9 10 >

The longitudinal hadronic shower shape from a Depth [Aint]
300 GeV n- interaction in a block of uranium

Typically 8 A,,; are needed for a 95% hadronic shower containment
of 300 GeV charged pions in uranium



The lateral hadronic shower shape

) ) The lateral shower profile of 10 GeV pions in iron
* Transverse shower sizes are larger for hadronic
showers than for em showers

They are determined by:
- Transverse momenta of secondary particles
<p>= 350 MeV
- Free path length of secondary hadrons ( A;,)

10 GeVic Tt~ in Fe

+ Electromagnetic components lead to a relatively
well-defined core

Anzah! der Schauerteilchen

* Neutrons and charged pions form a wider core

12 8 4 0 4 8cm

« Thermal neutrons generate a broad tail Laterale Schauerposition

10 T T T — T

The various components can be separated by measuring the

'0237U 4
f;;:;i:n | / induced radioactivity:

"é - Fission (indicated by ®*Mo radioactivity, neutron induced);
g probes n component
E AW 1
if; W 1 - 237U: mainly produced via 238U(y, n)237U;
g \ | probes electromagnetic component
E [
¢ - 23Np: produced by n-attachment from 238U;
+\ o probes thermal neutron component

Lateral position y (cm)



8.4 Layout and readout of calorimeters

In general, one distinguishes between homogenous calorimeters and
sampling calorimeters

For homogeneous calorimeters: absorber material = active (sensitive) medium

Examples for homogeneous calorimeters:
- NaJ or other crystals (BGO, BaF2, CwF3, ..) (Scintillation light )

- Lead glass (Cherenkov light)
- Liquid nobel gases (Ar, Kr, Xe) (lonization charge)

Sampling calorimeters: absorption and hadronic interactions occur mainly in
dedicated absorber materials (dense materials with high Z, passive material)

Signal is created in active medium, only a fraction of the energy contributes
to the measured energy signal



Homogenous calorimeters

+ Provide a good energy resolution
- Very expensive
- They are exclusively used for electromagnetic calorimeters (e,y measurements)

Sampling calorimeters

+ By freely choosing the high density absorber one can built more compact calorimeters
- Cheaper than homogeneous calorimeters

- Only a fraction (typically a few %) of the deposited energy is actually detected in the
active layers
- A degraded energy resolution due to the fluctuations in the sampling



Properties of commonly used scintillator crystals in calorimetry:

Scintillator Density | X, Light Yield | t,[ns] %,[nm] | Rad. Comments
[g/em’] | [em] y/MeV Dam.
(rel. yield*) [Gy]
Nal (T1) 3.67 2.59 4x10* 230 415 >10 hvdroscopic,
fragile
Csl (T1) 451 1.86 sx10* 1005 565 >10 Slightly
(0.49) hygroscopic
CSI pure 451 1.86 | 4x10* 10 310 10° Slightly
(0.04) 36 310 hygroscopic
BaF, 4.87 2.03 10° 06 220 10°
(0.13) 620 310
BGO 7.13 1.13 | 8x10° 300 480 10
PbWO, 8.28 0.89 ~100 440 broad band 10° light yield =f(T)

530 broad band




Example for a homogeneous calorimeter: CMS crystal calorimeter

Scintillator: PbWO,

Photo sensor: Avalanche photodiodes (APDs)

Number of crystals: ~70.000

Light output: 4.5 photons / MeV




Example 2: NA48 Liquid krypton calorimeter

The NA4S Detector Full liquid krypton ( ~10 m?3)

el commEn §’ Dimensions: 2.6 m diameter, 1.25 m depth = 27 X,

(X =4.7cm, Moliere radius py, = 4.7 cm)

Liquid krypton
calorimeter

‘l\ The readout structure, electrodes, define the cells

Fe
,,,,,, and the granularity
here: (2 x 2 cm?) tower structure
anananan :I HIﬂ!:“I! o n; n
CuBe ribbons Beam tube A AR ERELATE W
Back plate
QOuter rods

Spacer plates

Front plate

LKr electrode structure (one fourth of the detector is shown)



Examples for sampling calorimeters

Absori)er Szintillator

Licht-

Ladungs-

verstarker
<} Absorber als

~~_ Elektroden

" Hoch-
spannung

(a) Scintillators, optically coupled to photomultipliers
(b) Scintillators, wave length shifters, light guides

(c) lonization charge in liquids

Szintillator
(blaues Licht)

M Wellenléngen—
schieber
(von blau nach griin)

Elektroden

(d) lonization charge in multi-wire proportional chambers



Example: UA2 Lead-scintillator (em) and Fe-scintillator (hadronic) calorimeter




Example: ATLAS Liquid Argon Calorimeter

lAr eleclromagnetic
end-cap (EMEC)

LAr eleciromagnetic 7

barrel ‘N
LAr forward (FCal)

o
SV <




Example: ATLAS Hadronic Tile Calorimeter

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr elecfromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel
LAr forward (FCal)



Example: ATLAS Hadronic Tile Calorimeter

- Iron plates (absorber) interleaved with
Scintillating tiles

PMT
waveshifter
fiber =
\I’ / It " scintillator
] | \} A “r' 1le
vanes Ay ”””””
Gl




| . ter
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. Ty
gy g
iy ;..;wmu'mmu
X ‘n.-'ﬂunmlw
: f:i'HIMl""h

I‘llu
N
- "
\\,

s




Example: LHCb Hadronic Calorimeter

- Iron plates (absorber) interleaved with
- Scintillating tiles

- Arranged parallel to the beam pipe
cell structure: 13 x 13 cm? (inner part), 26 x 26 cm? (outer part)



8.5 Energy resolution of calorimeters

% 200 M1 T [ T T T T T T T T T T [ T T T T_]
(0] C [Ldt=45fb" Vs=7 TeV ATLAS 7
~  180(— —]
2 - f Ldt=20.3 fb" Ys=8 TeV -
£ C ' -¢- Data .
g 1601\ s/b weighted sum Combined fit: —]
— Mass measurement categories —_— 7
N N Signal+background =
- ===+ Background .
120~ — Signal T
100 — T
80— —]
60— —
40— —
20—
o
2 8E
o 6 F
g 4
= 2
o OF
5 2F
© 4
= GE
W -8 ;_ 1
110 120 130 140 150 160
m,, [GeV]

.. the importance of a good calorimeter energy resolution
should be clear from this plot



8.5.1 Energy resolution for electromagnetic calorimeters

« The energy resolution of calorimeters depends on the fluctuations of the measured
signal (for the same energy E,),

i.e. on the fluctuation of the measured signal delivered by charged particles,
and thereby essentially on their track length (and momentum) in the sensitive medium

« Several effects / fluctuations contribute to the energy resolution:

Homogeneous Calorimeters:  Shower fluctuation ~1NE
Photo-electron statistics ~1NE
Shower leakage = const

Instrumental effects (noise, light attenuation, non-uniformity)

Sampling calorimeters (in addition): Sampling fluctuations ~1NE
Landau fluctuations ~1NE
Track length fluctuations ~1NE

AE «

« The resolution can be parametrized as:

Y
@LD®—=
E E P E

a is the so called stochastic term (statistical fluctuations)
B is the constant term (dominates at high energies)
v is the noise term (electronic noise,..)



(i) Shower fluctuations

For an ideal (homogeneous) calorimeter without losses (quantum efficiency, cutoffs, ...)
the energy resolution is limited only by the statistical fluctuations of the number N of

shower particles
On average: N =E;/W signal carriers (e.g. e-ion pairs in liquids) are produced
with: E, = energy of the primary particle

W = mean energy to produce a “signal quantum” (e, light)
(Silicon: W = 3.6 eV, Gases: W = 30 eV, Plastic scintillators: W= 100 eV)

The fluctuations on N result in a fluctuation in the energy resolution: AE <N 104
0.8

E N JE

(i) Photo-electron Statistics

For detectors for which the deposited energy is measured via light detection, inefficiencies converting
photons into a detectable electrical signal (e.g. photo electrons) contribute to the measurement
uncertainty. Due to its statistical nature it also scales as 1/ VE

AE o \/ﬁ o N, : number of photo electrons

E N <JE

This contribution is present for calorimeters based on detecting scintillation or Cherenkov light;
Important in this context are quantum efficiency and gain of the photo detectors (e.g. photo multiplilers, or APDs)

Also losses in light guides and wavelength shifters contribute



(iii) Shower leakage

Due to the finite size of the calorimeters, showers may not be fully contained and there might be

leakage

[ longitudinally (out of calorimeter) or laterally (e.g. out of defined cluster size) ]

Fluctuations in the leakage (e.g. fluctuation in the start of the hadronic shower, first interaction),
or in general, fluctuations in free path length before the next interaction degrade the energy resolution

Lateral leakage: limited influence
Longitudinal leakage: stronger impact

Typical parametrization to account for leakage effects:

(not unique, other parametrizations exist)

E E

O (0]
Ot o (_E) [r+2/E]
f=0
[ /- average fraction of shower leakage]

—> adds to the constant term in the energy resolution

(%]

o(E)

Energieauflosung

15 I I ] |

Elektronen 15 GeV

3
|

] | | |
0 10 20

Leckrate [*]

Degradation of the energy resolution
due to lateral and longitudinal leakage
(Marble sampling calorimeter,
CHARM collaboration, CERN)



(iv) Sampling fluctuations

* In sampling calorimeters, an additional contribution to the energy resolution results from
fluctuations in the number of (low-energy) electrons crossing the active / sensitive layer

« This number depends on the incident particle energy and is found to be inversely proportional
to the thickness of the passive layer

E N, : charged particles reaching active layer
N
t

N,

cho'C

: total number of particles = E/E
: absorber thickness in X,

Ectabs

abs

Reasoning: Energy deposition in the active layers is dominated by low energy particles (electrons, pions),
the probability that they reach the active layer and are not absorbed in the passive material
increases for thinner passive layers

- The resulting contribution to the energy resolution can be parametrized as:

Semi-empirical:

0_E ONch Ec tabs

o o Lclabs OE _ 32% EC[MeV].tabS
E N, E E F-E[GeV]

. . . . where F takes detector threshold
- Finer samplings (thin passive layers) preferred effects into account ...

(sampling fraction is obviously increased)




Measured energy resolution of a
sampling calorimeter as a function
of the absorber thickness D

Sampling
contribution:

0_ — 32% EC [MGV] | tabs
F-E[GeV]

G-VE
(%)
18-

16

-~

G%-E
(%?%)

G E=18mm="D+30




(v) Track lengths fluctuations

passive Absorber
|

1

* Due to multiple scattering, particles in the shower transverse
the absorber under different angles
- different effective absorber thickness t,,, >t

einfallende Teilchen

/ cos 0 N

abs

f !

Detektoren

Due to the narrowness of electromagnetic showers, this effect is small

(vi) Landau fluctuations

« The asymptotic energy loss distribution (dE/dx) for thin active layers yields corrections
(Landau instead of Gaussian distribution)

OE — 1 3 with:

E V Nch ln(k' : 5) k :constant; k= 1.3-10%if & measured in MeV
d :average enerqgy loss in active layer (‘thickness')

[semi-empirical]

—> thin active layers are disfavoured



Examples for energy resolutions seen in electromagnetic calorimeters
in large detector systems:

Experiment Calorimeter o B Y
L3 BGO 2.0% 0.7%
BaBar Csl (TI) (*) 2.3% 1.4% 40 MeV
CMS PbWO, 3.0% 0.5% 200 MeV
OPAL Lead glass () 5%

(++) 3%
NA48 Liquid krypton 3.2% 0.4% 90 MeV
UA2 Pb /Scintillator 15% 1.0%
ALEPH Pb / Prop. chambers 18% 0.9%
ZEUS U/ Scintillator 18% 1.0%
H1 Pb / Liquid argon 12.0% 1.0% 150 MeV
DO U/ Liquid argon 16.0% 0.3% 300 MeV
ATLAS Pb / Liquid argon 10.0% 0.4% 200 MeV

-

(*) scaling according to E-'4 rather than E-12
(**) at 10 GeV
(++) at 45 GeV

homogeneous
calorimeters

sampling
calorimeters



Technology (Experiment) Depth  Energy resolution Date
Nal(T1) (Crystal Ball) 20X,  2.7%/EY4 1983
BiyGe3O12 (BGO) (L3) 22Xo  2%/VE & 0.7% 1993
Csl (KTeV) 27Xy  2%/VE @ 0.45% 1996
CsI(T1) (BaBar) 16-18Xy 2.3%/EY* ¢ 1.4% 1999
CsI(T1) (BELLE) 16X  1.7% for Ey > 3.5 GeV 1998
PbWO, (PWO) (CMS) 25X¢  3%/VE®05%®0.2/E 1997
Lead glass (OPAL) 20.5X9 5%/VE 1990
Liquid Kr (NA48) 27Xo  3.2%/VE® 0.42% @ 0.09/E 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)  27Xo  75%/VE®05%¢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 (D®) 20.5Xo 16%/VE ¢ 0.3% & 0.3/E 1993
Liquid Ar/Pb accordion 25X 10%/VE & 0.4% @ 0.3/E 1996

(ATLAS)




8.5.2 Energy resolution for hadronic calorimeters

The energy resolution of hadronic calorimeter can as well be parametrized with the
canonical formula, however, the coefficients a, §, and y are significantly larger;

Typical values: a:35—-100%, B: 3—-5%, y:1-3 GeV

The contributions are listed below (additional ones are marked in red)

AE_(x

E JE

Y
DpD=
P E

Shower fluctuations Shower leakage

Sampling fluctuations *) Inhomogeneities

Leakage fluctuations Calibration

Photo-electron statistics (if relevant) Hadron / electron response
Track length and Landau fluctuations

Fluctuations of the electromagnetic fraction Electronic noise

Fluctuations in the neutron component
Fluctuations in the invisible energy
Fluctuations in binding energy losses *) Due to the many intrinsic effects of hadronic
Fluctuations in nuclear excitation, fission, ... showers, the relative importance of the sampling
Fluctuations in the number of heavily ionizing particles fluctuations is much lower in hadronic calorimeters




Examples for energy resolutions seen in hadronic calorimeters
in large detector systems:

Experiment Calorimeter Q. B Y
ALEPH Fe /Streamer tubes 85%

ZEUS (*) U/ Scintillator 35% 2.0%

H1 (**) Fe/Liquid argon 51% 1.6% 0.9 GeV
DO U / Liquid argon 41% 3.2% 1.4 GeV
(*) Compensating calorimeter

(™) Weighting technique



The measurement of hadron / jet energies extends M
over both the electromagnetic and the hadronic calorimeter Electrons
9 Photons -
Had
- inter-calibration between the two calorimeters is EM
needed; Hadrons
Had

non-trivial due to different layouts / sensitive media

Jets




Observed Features of Hadronic Calorimeter Measurements

Response, as measured for various hadron calorimeters
L4 x —

® CDHS (FefSzintillator}, e/h =1.3
1.3 {— X CDHS (FefSzintillator), nach Off-line Gewichtung, e/h = 1.0

Lo

Requirements (ideal): N3 + Helos Usinlatn. anoro ;t _

% s i i i x X X ]
-Linear response: S ~E 3 F . ; $ E
-Independent of particle type 3 1of . { - ; :
-Gaussian distributions, CHE " oa g :
-resolution scaling as 1/VE *F E

e
Ex (GeV]

Deviations from 1/ \E scaling of the resolution

Reality: A I IR IR B
® CDHS (Fe/Szintillator), e/h = 1.3 .
. . X CDHS (Fe/Szintillator}, nach Off-line Gewichtung, e/f1 = 1.0
(|)Non-I|near response 1.00 — ® WAT (uSziniator, e/ = 0.8 -
(ii)e/h ratio differs from 1 [ 7 resmmensnme e ]
(iii)Non-Gaussian tails [ . ]
(iv)Deviations from 1/\E scaling £ oI . ° -
3 e & °
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© o050 C: =
_ {;} Pos ]
L] . L] 0.25 [ ]
Data suggest that e/h = 1 is beneficial for both : .
linearity of response and scaling of resolution ! ]
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e/h ratio

In general the response of calorimeters is
different for electromagnetic and hadronic
showers

Usually higher response to electromagnetic showers
—>e/h > 1

e/h # 1 leads to non-uniform response,
due to varying electromagnetic fraction f,,,
fom ~In (E)

Fluctuations in f,,, = non-Gaussian tails in
resolution

- compensation, i.e. e/h = 1, is important

Response to ni® and hadron component

Nurror of Coures (arh, units)

|

— ,‘W\ W

purely hadionic
component

\/\ |

e ’ | 1
// \ / \
P . SN,

urvis)
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- ©
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e/h ratio

In general the response of calorimeters is
different for electromagnetic and hadronic
showers

Usually higher response to electromagnetic showers
—>e/h > 1

e/h # 1 leads to non-uniform response,
due to varying electromagnetic fraction f,,,
fom ~In (E)

Fluctuations in f,,, = non-Gaussian tails in
resolution

—>compensation, i.e. e/h = 1, is important

e/h ratio

e/x ratlo

08

06

e/p as measured in ATLAS tile calorimeter (testbeam)

18 |
17 E
16 E
15 E
14 E
13 E
12 E
11 F
1k
09 F
0s E

0 1 2 3 a 5 6 7 8 9 1a
Beam Energy(GeV)

ZEUS Ul/scintillator calorimeter shows e/h = 1
(down to low energies)

T T T

I i

e e*/p

e e*/n*
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Compensation

Consider particle type i with energy E()):

Evs : visible energy
Eyis(i) = Egep(i) — Einv(7) Eaep : deposited energy
Einv : invisible energy

Eyis(7)
a; = - - Visible energy fraction
Evis(z) + Einv (Z)
Compare energy deposition of different particle types giegt:alm -
with that of minimum ionizing particle (mip): determined by
i calibration
e Qe 1 -
. S = k E —
MmIp  @mip  [Eectromagnetic component] mip  [Electron signall
h
h — Qh Sh—kEfem . (l_fem) .p
mip - Gmip [Hadronic components] , [Hadronic signal]
| electromagn.
energy fraction
[varies with In E]
—£€_
Se mip
mip = muon Sh fem mip + (I]' fem) mip

(proper normalization, standard candle)



Consequences of non-compensation:

a)Hadron signals get larger (smaller) with Eh

if e/h>1(e/h <1)

b)Energy resolution does no scale as 1/\VE

for e/h # 1

14

1.2 -

Rel. hadron signal

1.0 -

L 1'rw1rr1'|—| LI

!I-II:Il

T T T 7777
2.0. esh infrinsic

0.8~

1 :I."IJII:IJ

1 lII.II.I.Il

1 10

100
Ey (GeV)

a/E ,‘Jﬁ_
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0
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Contributions to h/mip:

ion| n ~ B
—.:finn'—.‘l—fn'—.—qu'—.‘FfB'—.
mip mip mip mip mip
with: i i )
fion: fraction of hadronic component deposited
by cr_warged par‘ucl_es (ionization) | Compensation:
In fraction of hadronic component deposited Increase h/mip via increase
by neutrons of
Ty fraction of hadronic component deposited Jion, o, Jv JB
by photons from nuclear reactions
fe : fraction of nuclear binding energy in
hadronic component
Fe U Fe/Sz Fe/Ar U/Sz U/Ar determined by
o (] ion/mip g £ . 1 Jact
fion 57% 38% ion/l 0.83 0.88 0.93
n (- o mip Deee K jm i Jact/abe
f 3% 2% n/ 05..2 0 08..25 0} act/
8% 15% y/mip 0.7 0.95 0.4 0.4 abe
K
f8 32% | 45% B/mip 0.9 0.95 0.55 0.55 abe

dact : thickness of active medium
dabe: thickness of absorber



Contributions to h/mip:

h ion| n y B
_.:ficm'_. ‘|‘fn'_. ‘|‘f7_ ‘|‘fB_
mip mip mip mip mip
with: i ) i

fion: fraction of hadronic component deposited
by charged particles (ionization) Compensation:

fn : fraction of hadronic component deposited Increase h/mip via increase
by neutrons of

fy : fraction of hadronic component deposited Jion, Jo: J: JB

by photons from nuclear reactions

fe : fraction of nuclear binding energy in
hadronic component

Methods to achieve compensation:

(i) Weighting techniques in calorimeters with high granularity
Try to identify el.magn. sub-showers

(i) Optimize hardware / calorimeter layout to boost hadronic response
(i.e. work on the terms given above)



Measured

pulse height spectrum
800 v —— v
(i) Weighting Techniques (software compensation) € | Noweighting
§ wof 50 GeVbeam .
. . . . ) mL
« Identify cells with a high energy density r J‘
0 = 4 L* =
The corresponding energy deposition is likely to come 2 | With weighting
from an electromagnetically interacting particle (° > yy) § ol 50GeVbeam —
- weight it down to lower the e.m. response within the -
hadronic shower
o - i — ]
0 20 60 E[GeV] 100
Energy resolution of LAr calorimeter Energy measurement
with and without weighting ... as function of Emax(had) ...
off || ' ) ' ' 3 - o i P
\ Pions No weighting @ 390 PiONS (_no weighting) || Pions (with weighting) {
* Weighting | 2
oal Weighting Il ) Nordii < - Ex =230 GeV
' 4 Sampling Contribution Ex =230 GV
200 f Ex =170GeV | [ l
N Ex =170 GeV
005F a . . .
. " 100 ¢+ 4}
g e Ce Ex =50 GeV
= . "' Ex =30 GeV ” E: =30 GeV
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(i) Hardware compensation

Choose suitable hardware parameters to either increase
h/mip or to decrease e/mip:

Increase the hadronic response by varying the thicknesses
of the active and absorber material (d,,, and d_)

Increase the hadronic response via fission and spallation
of uranium

Increase the neutron detection efficiency in the active material
—> use materials with a high proton content, e.g. H,
(works for scintillators, but not for liquid argon = plot, next page)

Reduce the e/mip via high-Z absorber and suitable choice of

dabs / dact
- plot (for Pb sampling calorimeter)

Increase the integration time for higher sensitivity to
(n, y)-reactions after neutron thermalization

Modify f,, choosing larger Z,, since the fraction of
spallation neutrons increases with Z/A

Liquid argon
- - - - Scintillator
\ \ \ T ‘l I Ty ‘I T L) T | TTrTT
| L6R AN\ N . Pb_calorimeters 5
" N e (b)
\ . N
s ~ S
\\ \\~ y
| " L R —
R A S, By i
, R e =R L
- \ e
N\ T I
1.2}- N 2 p
|\ . Exp data \ %
g o LAr
| ™ SCSN-38 \t
1.0~ 3 S & -
PMMA (25mm) ™ R !
b e eeelAr  (25mm) W R
com—SCSN-38 {25mm)  °,
‘ [ e THP 25mm) ., PN
0.8 c——si  (0.4mm) RY *100 . ~ ]
} . 3
1,3,7.9.1,12 plain Pb o
2456810 Pbe1% (d
0.6 267891 01 ps gate DY 5 N
5.6 1 ps gate
n *Bppoua ",
7 KBy g
0.4 | s ad s aaal P Cretil B L SR W
01 02 0.5 1 2 5 10
Ry

e/h ratio for a calorimeter with lead (Pb)
absorber plates as a function of the ratio of
thickness of the absorber to the thickness
of the active (sensitive) layers

Ry = d,.s/ d, for different sensitive
materials



Hardware compensation (cont.)

M/ i

5 T S R [ o A T LN PR 7 LB LD )

Pb calorimeters

II . [hydrogen containing readout)

Signal from recoil protons
| 4 }=====Signal Y's from inelastic
scattering
! wwsenniee Signal ¥'s from thermal
P neutron caplure in Cd
we—aee Signal ¥'s from thermal
neulron caplure in Fe

Signal n—/_Signal mip

=

w

1 = 01 ps gate
L1 pus gate
L S - PMMA

6 - SUSN-38

T - TMP, kBppyar
8 - TMP, kB, .,

N

P B | | FSy

£ AL LA A s e s e, B8 P P T T

‘ 01 02 05 1 2
} Rd

n/mip ratio for a calorimeter with lead (Pb)
absorber plates as a function of the ratio of
thickness of the absorber to the thickness

of the active (sensitive) layers
Ry: = dgps / d, for different sensitive

materials

*note: n / mip <<1 in liquid argon (curve 2)

Liquid argon
- - - - Scintillator

| o _—

[ \ L) ] LR l' T L) Al I LB B )
| 16 \‘ \\ Pb calorimeters -
", N\ N (b)
TS S, 1
| “-,. N . e N -
| 1.4}~ ) < b o s
'._' “”-“-L-q
b ..-"- ‘.
L2 \ B
IN b Expidata NN -
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| 1.0~ '.__. \ 8 -
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e eeaLAr  (25mm) N N
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[ oo TMP (2 5man) ”\.}_
D 0B Te—si  (0.4mm) Ry %100 i
13791012 plain Pb i
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061 247890 01 ps gate R By
56 1 ps gate
" KBppoua v,
2 KBy 7
0.4 | sl aaaal A PERY L R
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Ry

e/h ratio for a calorimeter with lead (Pb)
absorber plates as a function of the ratio of

thickness of the absorber to the thickness

of the active (sensitive) layers
Ry = dgps / dy for different sensitive

materials



Conclusion on compensation:

Towards the end of 1980s lot of R&D (Research and Development) work on hadron
calorimetry was performed (R. Wigmans et al. and ZEUS collaboration)

It was demonstrated that:

Compensation can be reached in:
uranium calorimeters

.Or.

*Calorimeters with other high-Z materials if
proper choice of ratio of absorber to active
layer thickness is made
e.g. for Pb absorbers with R, = 2

*Compensation in Liquid argon calorimeters
seems only possible for uranium absorbers

(only way to increase n contribution via fission,
unlike via recoil in hydrogen rich materials)

ZEUS prototype calorimeter

G Pb / scintillator =
(Ey)
{in%)
S0}~ il
77, T .. +
o ! @ ‘
LO}- -
30+
hadrons - Energy resolution
20 i
= S Enad Es
Eu <1 GeV Er\;Em‘ Ehad
| (for E>10GeV)
[ 1 1 1 1 1 1 1 |
1 3 S 710 20 30 S0 75

E(GeV)

The energy resolution for hadrons vs. the
beam energy in a compensating lead/scintillator
prototype calorimeter of the ZEUS collaboration



8.6 The ATLAS and CMS

calorimeters

CMS PbWO, crystal

Lead Tungstaie crystal SIC-78
from China

p=828g/cm? Xp=0.89cm



The ATLAS calorimeter system

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic _
end-cap (EMEC) —————

LAr electromagnetic
barrel

LAr forward (FCal)

Liquid argon
electromagnetic

Liquid argon hadron
calorimeter in the

end-caps and forwards
regions

Scintillator tile hadron
calorimeter in the barrel
and extended end-cap
region



ATLAS and CMS electromagnetic calorimeters

B CMS: PbWO, Scint. Crystal Calorimeter

Entire shower in active detector material
» High density crystals (28 X,)
» Transparent, high light yield
» No particles lost in passive absorber
» High resolution: ~3%/VE (stochastic)

Granularity
» Barrel: AnxA¢=0.0172rad
» Longitudinal shower shape unmeasured

B ATLAS: LAr Sampling Calorimeter

Passive, heavy absorber (Pb, 1.1-1.5 mm
thick [barrel]) inter-leaved with active
detector material (liquid argon)

» Overall 22 X,

» Accordion structure for full ¢ coverage

» Resolution: ~10%/VE (stochastic)

Granularity
» Barrel: Anx A¢ = 0.0252 rad (main layer)

» Longitudinal segmentation (3 layers)

Lead Jungstate crystal SIC-78

[from China




ATLAS Liquid Argon EM Calorimeter

Cells in Layer 3
ApxAn = 0.0245x0.05

)

TTE.O0

b

—

Pointing 3-layer electrode structure for half-barrel of LAr calorimeter

S S

\f’." -

Strip cells in Layer 1
(fine-grained for n®>—yy rejection)

18.54,00

Layer 2




ATLAS electromagnetic Calorimeter
Accordion geometry absorbers immersed in Liquid Argon

Liquid Argon (90K)
+ lead-steal absorbers (1-2 mm)
+ multilayer copper-polyimide
readout boards
» lonization chamber.
1 GeV E-deposit —» 5 x10° e

+ Accordion geometry
minimizes dead zones.

* Liquid Ar is intrinsically
radiation hard.

+ Readout board allows fine
segmentation (azimuth,
pseudo-rapidity and
longitudinal) acc. to physics

_— needs

\\

—y
S |

LY

Test beam results  o(E)/E = 9.24%/VE ©0.23% Spatial resolution ~ 5 mm / VE



Signal formation in a Liquid argon calorimeter and pulse shaping:

HT —Lony:

N

Signal is given from collection of
released electrons

mobility and

Drift velocity

depends on electron
applied field. In ATLAS :

LAr gap 2 mm, AV = 2kV

Plomb

|I -
Argon g’ [
liquide ol

E ~ 110/ os |
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Instead of total charge (integrated current) measure the initial current |,
(via electronic signal shaping), which is also proportional to the energy released



The CMS calorimeter system

PWO: PbWO,
about 10 m3, 90 ton _— =

Previous
Crystal
calorimeters:
max 1m?

Super Module
(1700 crystals)

Barrel: |n| <1.48
36 Super Modules
61200 crystals (2x2x23cm?)

Precision electromagnetic calorimetry: 75848 PWO crystals
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(5x5 crystals)

EndCap “Deg f-
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EndCaps: 1.48<|n| <3.0
4 Dees
14648 crystals (3x3x22cm3)

PbWO, crystal
el. magn calorimeter
(homogeneous)

Hadron calorimeter
integrated in return yoke



CMS el.magnetic calorimeter: crystal PbWO,

Scintillator Density | X, Light Yield | 1, [ns] %,[nm] | Rad. Comments
[gem’] | [em] | yMeV Dam.
(rel. vield*) [Gy]
Nal (T1) 3.67 2.59 4x10* 230 415 >10 hvdroscopic,
| fragile
Csl (T1) 451 186 | sx10* 1005 565 >10 Slightly
(0.49) hygroscopic
CSI pure 4.51 1.86 | 4x10 10 310 10° Slightly
(0.04) 36 310 hygroscopic
BaF, 4.87 2.03 10° 06 220 107
(0.13) 620 310
BGO 7.13 1.13 | 8x10° 300 480 10
PbWO, 8.28 0.89 | =100 440 broad band | 10° light yield =f(T)
530 broad band
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Comparison between ATLAS and CMS calorimeters

CMS

ATLAS

Homogeneous calorimeter made
of 75000 PbWO, scintillating
crystals + PS FW

‘Very compact Ry=2.0cm

* Excellent energy resolution
» Fast <« 100 ns

* High granularity

*No longitudinal segmentation
*‘No angular measurement

‘Radiation tolerance : needs
follow up

‘Room Temperature

T sensitive 5%/°K

*Requires uniformisation by
calibration

Sampling LAr-Pb, 3 Longitudinal
layers + PS

‘Ry=7.3cm
*Good energy resolution

‘Not so fast (450 ns), requires shaping

* High granularity

* Longitudinally segmented
*Angular measurement

* Radiation resistance

*Cryogenic detector (cryostat)
- T sensitive 5%/°K
*Instrinsically uniform

L ATLAS cMS

EM calorimeter

Hadronic

calorimeter

o/E = 10%/E + 0.007

Fe + scintillator / Cu+LAr (10A)
o/E = 50%/E + 0.03 GeV

Liquid argon + Pb absorbers

PbWO, crystals
o/E = 3%/VE + 0.003

Brass + scintillator (7 A + catcher)
o/E = 100%/E + 0.05 GeV



