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Calorimetry : not a well chosen terminology

This is what we should call calorimetry !! but is called bolometry.
Small detectors but as complex as high energy detectors

Diabolo
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Energy measurement - calorimeters

c/E(p)

> A\

amplification resolution, linearity

calibration  + energy scale, uniformity E(p) (GEV)'

| | |
“Destructive method” with formation of electromagnetic or hadronic showers
measurement by total absorption with signal «< E

Calorimeters are key detectors in many experiments because:

- They measure energies of charged particles (electrons + hadrons) and neutral
particles (photons, neutrons ...)

- The large multiplicity of cascading particles provides a resolution « 1/vE so
improving with energy (as opposed to momentum measurement Ap/p «<p)

- The depth of a calorimeter goes as In(E) while for a spectrometer at constant
resolution it goes like Vp.

- Calorimeters can measure jets energy stand-alone

- They also provide position/angular measurements (for photons) and contribute to
particle identification when segmented laterally and longitudinally

- They can be very fast : trigger interesting events and reject out-of-time events

- With sufficient coverage, they allow to measure the missing (transverse) energy
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Electromagnetic calorimetry: radiation length

B Particles are detected through their interaction with the active detector materials

Energy loss by ionisation Bremsstrahlung Multiple scattering

Radiation length

Material thickness in detector is measured in Material Xo [cm]
terms of dominant energy loss reactions at Be 353
high energies: _
Carbon-fibre ~ 25
= Bremsstrahlung for electrons _
. . Si 9.4
= Pair production for photons
Fe 1.8
Definition: PHWO, 0.9
X, = Length over which an electron loses all Ph T 0.6
but 1/e of its energy by bremsstrahlung T | :
= 7/9 of mean free path length of photon ATLAS LAr  CMS ECAL
before pair production absorber  crystals
®» Describe material thickness in units of X,
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Electromagnetic calorimetry: radiation length

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A (Z/A) Nuclear ¢ Nuclear @ [ME /dx| i © Radiation length © Density Liquid  Refractive
collision interaction MeV Xo {g/cm3} boiling index n
length Ap length A; {Tmz} {g/em?} {cm} ({g/t} point at {(rn — 1)x10°
{g/cmz} {g/ cm2} B for gas) 1 atm(K) for gas)

Ho gas 1 1.00794 0.99212 43.3 50.8 (4.103) 61.28 ¢ (731000} (4.0838)[0.0899] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.28 9 866 0.0708 20.39 1.112

Do 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169[0.179]  23.65 1.128 [13§]

He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 =

Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2.265 © —

Na 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 471 0.8073[1.250] 77.36 1.205 [298]

Oy 8 15.9994 0.50002 63.2 91.0 (1.801) 34.24  30.0 1.141[1.428]  90.18 1.22 [296]

Fs 9 18.0084032  0.47372 65.5 95.3 (1.675) 3293  21.85 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 96.6 (1.724) 28.94 240 1.204[0.9005]  27.09 1.092 [67.1]

Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95

Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.396[1.782] 87.28 1.233 [283]

Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 =

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 T.87 —

Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 =

Sn 50  118.710 0.42120  100.2 163 1.264 8.82 1.21 7.31 e

Xe 54  131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 [701]

W T4 183.84 0.40250  110.3 185 1.145 6.76 0.35 19.3 -

Pt 78 195.08 0.39984 1133 189.7 1.129 6.54 0.305 21.45 —

Pb 82  207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —

U 92 238.0289 0.38651  117.0 199 1.082 6.00 ==0.32 ~18.95 —

v
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Electromagnetic showers
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Electromagnetic showers

Big European Bubble Chamber filled with Ne:H, = 70%:30%,
3T Field, L=3.5m, X ;=34 cm, 50 GeV incident electron

e
- s

50 GeV/c

N_256

Depth (m)

PbWO0, CMS, X,=0.89 cm

hi A
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Electromagnetic Cascades

E A high-energy electron or photon incident on absorber initiates EM cascade

®» Bremsstrahlung and pair production generate lower energy electrons and photons

®» Shower profile strongly depends on the absorber’s X,

Longitudinal shower profile

Governed by high-energy part of cascade
[for E<E, cascade exhausts by ionisation, Compton, ...]

0.125 B 1 1 I I [ 1 1 1 1 | I I 1 1 | I I 1 'I_
i 30 GeV electron ]
0.100 — incident on iron = _]
= 0.075 _
3 - -
S .
R 0.050 — -
c B Photons ]
- x1/6.8 -
0.025 — / o o —
C Electrons » By Op ]
L oo Yo, |
o | | |,
0.000 & o [ R | L1 1 I
0

5 10 15 20
t = depth in radiation lengths

Transverse shower profile
Width given by Moliere radius :

21 MeV 600
=—-X,, E_~ ~
M E ° © Z+12 ™

Cc

» Calorimeters aim at large X/X, (20 — 30)

R

~22 X,

» And prefer transparent material in front

» Presampler corrects E for early showers
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Longitudinal profiles

Longitudinal Development EM Shower

| l T | | |
Longitudinal development
EM showers (EGS4, 10 GeV e")

T |||II[I| LILBLLLALL
*
N
'
I
]

Pb 0.56 cm

; 1.8 cm
i 8.9 cm
10—1;—
T I 3
0 5 35

» multiplication of electrons up to max shower
depth where majority reach E,

» Exponential fall off of the shower after maximum
given by photon attenuation

* Quasi universal behavior wrt X, but :

- Shower maximum deeper at high Z

- Slower decay at high Z as lower energy photon
—> Critical energy « 1/Z

shower max. [layers weighted by W thickness]

16

CALICE preliminary -
14 . A
- /"/!'
12— e
C o
- "/i
TU_— "J’/
8- e * DESY runs
—_ f"-’
6— * CERN runs

! o beam energy [GeV]

X, =X, In(E/E_ +a)
with a = -0.5 for e*and + 0.5 for y

Comes from 9/7X, length for
pair conversion of photons
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Lateral profile given by multiple scattering of electron + low energy photons which
travel far away for shower axis

Lateral profiles

Moliere Radius (R,,): average lateral deflection of electron with E_after 1 X,

30 GeV electrons in PbIVO,

:i;IOO
D puoes?®
3 o +
b L)
S e
E 80 jom—— H
T 90 % in
" il 1 Ry, cylinder
a0 L
20
N 4 5 6
Radius (Ryy)
21, X, 74
R, = /M0 = g.cm™
’ € Z

Important parameter for
shower separation
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Calorimeter energy resolution

Energy (GeV) —
3

% 10 20 40 80 150 500 oo
Usually parametrised by | e —— Stochastic, o/E = 10%/VE
(stands also for hadron calorimeter) : L Noise, G = 280 MeV
~ ¢ — = Constant term, V.33%
= B . :
G a C 5 e Total resolution
- = 6—) b G—) - = 5_ ‘.“
E JE E s :
|—|= “"‘- .
% 4t \1
a . intrinsic resolution or stochastic term 5 : .
. . =
—> given by technology choice b2k .
c : contribution of electronics noise T e
+ I I 0 ] ] 1 | il T
at. LHC pile up no_lse... _ as 0.4 03 0.2 0.1 0
- given by electronics design —1/VE

b : constant term, it contains all the imperfection
response variation versus position (uniformity), time (stability), temperature....
- Constraints on all aspects : mechanics, electronics....
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Calorimeter energy resolution

Hadron calorimeters

EM calorimeters

352
609

Number of events (logarithmic scale)

Y SPECTRUM NATURAL URANIUM

TOP: SCINTILLATION DETECTOR
BOTTOM: HIGH-PURITY Ge CRYSTAL
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600 |
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Calorimeter energy resolution

Simplified model :
Number of produced ions/e - pairs (or photon) N=E/w N

c 1 a
Detectable signal (SE)is « N (N being quitelarge) E N /N +/E

— ~y
— ~

0)

Rem :
1) In homogeneous calorimeters where all the energy is detected, resolution
better than 1/WN by a factor \F because total energy does not fluctuate.

(F : fano factor)
Ge : 100 keV, w=2.96 eV = 475 eV while measured 180 eV F=0.13

2) Most of the time not all the released energy is measured (ionization or light,
or dead material), only a fraction f, measured (lateral/long loss...)

c a 1

E JE L,
Intrinsic resolution can go from 1-3 % for crystal or homogeneous noble liquids
to 8-12% for sampling calorimeters
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Use a different medium to generate the shower and to detect signal : Only a fraction
of signal measured (fg) = larger stochastic term

detectors absorbers

N

b
el Tl g
= % 1€ |
//*“;"
/:,<-—<"
e L
T~ E
S &
N

I
lonisation ’}gh Z,

mainly brem/pairs
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Light guide

=
—

M

——T 1

Light

\

|
!
|

B

I

guide

Light guide

Shift wave length in a material where one
can get total reflection

WLS

green

small air gap el

r3

blue (seconfary)
UV (primary)

iPhoto detector |

scintillator

“fish tail” adiabatic

primarv particle

1 of 64 independent
wedges

Periodical
arrangement of

ATLAS hadron calorimeter Fe/scintillators

- scintillator tiles
(3 mm thick) in a
to photo detector steel absorber
. structure
’ .
Each tile is
read Xy,
out oti.
outer sides
optical fiber
| scintillator in machined
groove

Under irradiation, transmission of scintillators decreases - loss of signal !
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ATLAS and CMS EM Calorimeters

Entire shower in active detector material
High density crystals (28 X,)

Transparent, high light yield
N All crystals shown have dimension 1.5 X,

B CMS: PbWO, Scint. Crystal Calorimeter
Lead Tungstate crystal SIC-78
from China

B ATLAS: LEERES >sI(Nz Csl(ﬂ) Nal(Tl)

Passi
thick [b.
detec

; |
| T— E— - ——

PWO LSO LYSO BGO

Granularity | o % §>§§§
» Barrel: Anx A¢=0.0252 rad (main layer)

» Longitudinal segmentation (3 layers)
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ATLAS Liquid Argon EM Calorimeter

Cells in Layer 3
ApxAn = 0.0245x0.05

1742.00

778.50

D. Froidevaux, CERN

]

r half-barrel

Strip cells in Layer 1

1834.00

of LAr calorimeter
INN/AN"4 Layer 2

(fine-grained for n°>—yy rejection)
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ATLAS Liquid Argon EM Calorimeter

Readout electrodes (3 etched copper
layers) placed in middle of 2.1 mm LAr
filled gaps by honeycomb spacers

Total of 170k readout channels

African School of Physics, Stellenbosch, South Africa, August 2010
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Hadronic Showers

E Nuclear interaction length A: mean free path of hadrons between strong collisions

Interactions with nuclei lead to hadronic (HAD) showers

Since 1 > X[X,] one can separate EM (close) from HAD
(far) showers

Material Afcm]
Si 45.5
Fe 16.8
Pb 17.1
Simulation of K

hadron shower -

N

Invisible Energy ’/ \n\.‘

A hadronic shower consists of:

» EM energy (e.g., n° — yy) O(50%)

n » Non-EM energy (e.g., dE/dx from =*,pu*,K*) O(25%)
9 » Invisible energy

: Energy (nuclear fission/excitation, neutrons) O(25%)

» Escaped energy (e.g. neutrinos) O(2%)

Invisible energy is the main source of worse
h energy resolution for hadronic showers

D. Froidevaux, CERN
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Hadronic Calorimeters

E EM calorimeter absorbs EM showers but only parts of showers initiated by hadrons

Following calorimeter layers (usually sampling calorimeters) fully absorb HAD showers

Tile HAD
calorimeter

LAr EM
calorimeter

LAr forward
calorimeter

LAr HAD
S~ .
calorimeter
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The ATLAS Tile Hadronic Calorimeter

B Three Tile layers (9.7 4, CMS 7.2 A at |n| = 0)
cover extended barrel region (n| < 1.7)

Alternating samplings of iron absorber plates

(14 mm) and scintillating tiles (3 mm) < "
=
Tile edges read out by optical fibers J 1R @// 7
transporting light to 2 photomultipliers o [ ) |
- : . N T T /
Projective PMT grouping with ~10k channels;-, | -~ l\ <, | ﬁ\
granularity An x A¢ = 0.12 rad l“w;.\ ““||” ““5| TF [\[\
B Resolution (EM & HAD calorimeters) S ~f-«1 fo ,~
At high E;, ~60 % of jet energy released in EM calo fl’ T > / . ‘1| )
| N e B S
Hadrons (test beam): stochastic: ~52 %, |-~ .- 1| | |
constant: ~3 %, noise: ~0.5 GeV t/f\ L | !
Jets (central, MC): stochastic: ~60 %, rji}/ sorce //\ '
. 2| A Y 7
constant: ~3 %, noise: ~0.5 GeV \\L// e N1
S|20% \\I - /

Missing transverse energy:.
o(E,Miss) ~ 0.5 VEZE,

22 African School of Physics, Stellenbosch, South Africa, August 2010

D. Froidevaux, CERN



The ATLAS Tile Hadronic Calorimeter
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Two hadronic showers in a sampling calorimeter

1. 2.

Red: electromagnetic component
Blue: charged hadron component

Very large fluctuations from one event to another
-> energy resolution worse than for electromagnetic showers
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ATLAS/CMS: from design to reality

One word about neutrinos in hadron colliders:

v’ since most of the energy of the colliding protons
escapes down the beam pipe, one can only use

the energy-momentum balance in the transverse plane

— concepts such as E{™'sS, missing transverse momentum
and mass are often used (only missing component is E,Mss)

— reconstruct “fully” certain topologies with neutrinos,
e.g. W —» lvand even better H » 11 > lv,v_ hv,

v the detector must therefore be quite hermetic
— transverse energy flow fully measured with reasonable accuracy

— N0 neutrino escapes undetected

— no human enters without major effort
(fast access to some parts of ATLAS/CMS quite difficult)
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ATLAS/CMS: from design to reality
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ATLAS/CMS: from deS|gn to reality
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ATLAS/CMS: from design to reality

For an integrated luminosity of ~ 100 pb-1, expect a few events like this? This is
apparent E-™ss occurring in fiducial region of detector!

B G
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ATLAS/CMS: from design to reality

Biggest difference in performance perhaps for hadronic calo

Jets at 1000 GeV. ¥ &
ATLAS ~ 3% o 300
energy resolution ¢ 20|’

CMS ~ 5%

energy resolution,
(but expect sizable
improvement

using tracks at lower
energies)

E,Mss at TE; = 2000 GeV
ATLAS: ¢ ~ 25 GeV
CMS: ¢ ~ 40 GeV

This may be important for
high mass H/A to 1t

D. Froidevaux, CERN
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Level-3 trigger-accept rate (200 Hz)
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The ATLAS Trigger System

B Characteristics of ATLAS trigger system

3 physically distinct trigger levels: Level-1 is hardware, Level-2 and 3 are software

Input to Level-1 trigger from EM+HAD calorimeter and muon systems (not inner tracker!)
Regions-of-Interest (Rol in An x A¢) from Level-1, requested and analysed by Level-2
Full event building after Level-2 accept

Event is stored to file after Level-3 accept (write to streams based on trigger decision)
Overall rejection factor ~2x10° - trigger selection needs to be highly efficient

B Trigger restrictions are mainly due to affordability rather than technical

» Detector occupancy and signal speed

Available front-end pipeline memory (128 bunch crossings = 3.2 us)

Speed of readout links from detectors to Level-2 and event building computer farms
Size of Level-2 and Level-3 computer farms (500 and 1800 nodes, respectively)

Size of event-building and event-writing computer farm (100 and 5 nodes, respectively)

¥ % 4 3 3

Bandwidth for event building and event storage
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Regions of Interest (Rol)
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Trlgger & Data FIOW trci:gag;c;r&bgﬂealjrgg Other detectors

v 40 MHz :‘ TT
Latency <2.5us
Calorimeter Muon N [ A B
L1 Trigger Trigger L1 Accept I ] . !
_J » »

[hardware] ( ) 1k Bl ﬁ

1 PBI/s

CTP

In cavern

On surface Rol’s LZNEEE
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The ATLAS Trigger System

Because computers become ever more powerful,
it's always too early to buy them...
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