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% The CMS detector: transverse |1
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Z Why calorimetiry? M| 11

* Measure the energy for both charged + neutral particles

incident particle

* Obtain information on energy flow:
Total (missing) transverse energy, jets, etc.

* Obtain information fast
recognize and select interesting events in real time (trigger)

* Performance of calorimeters improves with energy
(~E-172 1f statistical processes are the limiting factor)

Important calorimeter features

" Energy resolution

" Good shower position resolution (gives 4-vectors for physics)
" Signal response 1s fast

» Particle ID capability



Calovimeter’'s Cm/wept -LML

E electnc
& optic
thermic
Converts energy E of incident particles
acoustic

to detector response S:

S E

Calorimetry is a “destructive” method. Enerqy and particle get absorbed !

"




@ Calorimetry: Basic Principle (1) ]LHL

Calorimetry = Energy measurement by total absorption,
usually combined with spatial reconstruction.

Basic mechanism for calorimetry in particle physics is the formation of
= clectromagnetic showers
= and/or hadronic showers.

* Finally, the energy 1s converted into 1onization or excitation of the matter.

/

Charge Scintillation light

Cherenkov light

* Calorimetry is a “destructive” method. The energy and the particle get absorbed!
* Detector response « E

* Calorimetry works both for: Complementary information to p
= Charged (ex and hadrons) — (momentum) measurement

— and neutral particles (n.y) \ Only way to get direct kinematical
information for neutral particles

5



block of matter

<+— eq. lead atoms

lonization, scintillation, Cherenkov light

Relevant quantities:

Radiation length X, :

+ e |loses 63.2% of its energy via
bremsstrahlung over distance X,

+ Mean free path of high-energetic
photons = 9/7 X,

Moliere radius p,,:
+ Measure for the lateral shower size

+ On average, 90% of shower is
contained within cylinder of radius p,,

around the shower axis.

Detector layout

Sampling

—
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®  Calovimetry infour (yte/p-u/(L

PARTICLE INTERACTION IN MATTER (depends on the
impinging particle and on the kind of material) s

ENERGY LOSS TRANSFER TO DETECTABLE SIGNAL ‘ !

(depends on the material) v N
band Y W
gap }_'_

SIGNAL COLLECTION (depends on
BUILD A SYSTEM signal, many techniques of collection)
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Energy resolution of a calorimeter can be parameterized as

- @ means sqrt (quadratic sum)

* d the stocastic term accounts for any kind of Poisson-like fluctuations

 natural merit of homogeneous calorimeters
 several contributions add to the “intrinsic one”

* D the noise term responsible for degradation of low energy resolution
* mainly the energy equivalent of the electronic noise
« contribution from pileup: the fluctuation of energy entering the
measurement area from sources other than the primary particle

* C the constant term dominates at high energy

* its relevance is strictly connected to the small value of a
* it is mostly dominated by the stability of calibration
» contributions from energy leakage, non uniformity of signal

generation and/or collection, loss of energy in dead materials,...
Move~a=p—



Calorvimeter merit's Vequwv-u/(L

Excellent energy
resolution, over large
Fast dynamic range

&
\ / (50 MeV - 1.5 TeV) =

Highly Which
— ic .-
granular Calorimeter | &= | Radiation
- hard
&
Compact =
Short radiation length Operates inside
[ strong magnetic field
Ve




CMS

EM shower in ATLAS ECAL

- Homogeneous
EM shower in CMS ECAL

Calorimeter Types

Homogeneous Calorimeters

Cu electrodes at +HV
Spacers define LAr gap
2xX2mm

2 mm Pb absorber
clad in stainless steel.

5 cm brass / 3.7 cm scint.
Embedded fibres, HPD readout




Homogeneouws calorimeters
F Homogeneous calorimeters: Detector = absorber

= good energy resolution

= limited spatial resolution (particularly in longitudinal direction)
= ohly used for electromagnetic calorimetry

Scintillator Density | X Light Yield | ¢, [ns] 2, [nm] [ Rad. Comments
[¢/em’] | [cm] vMeV Dam.
: (rel. yield*) [Gy]
Two main types: Nal (T1) 3.67 259 | 4x10° 230 415 >10 hydroscopic,
fragile
CsI (T1) 451 186 | 5x10° 1005 565 >10 Slightly
i SEINHEIONS | e——— (0.49) ‘ hygroscopic
CSI pure 451 1.86 | 4x10° 10 310 10° Slightly
(0.04) 36 310 hygroscopic
BaF; 487 2.03 | 10° 0.6 220 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)
2. Cherenkov devices 530/broad band
\A * Relative light yield: rel. to Nal(Tl) readout with PM (bialkali PC)
. Material Density Xglem] | n Light yield Aot [nm] | Rad. | Comments
In both cases the signal [g/cm’] [p.e/GeV] Dam.
: rel. p.e.™ G
consists of photons. 3 TG T e T
. T Lead glass (1.5x107%)
Readout via photomultiplier — == — TRl = =
-diodeftriode, APD, HPD Lead glass (2.3x107°)
PbF, 7.66 0.95 1.82 | 2000 10° | Not available
(5x107% in quantity




Homogeneous Calorimeters

Example: CMS Crystal Calorimeter

Scintillator

: PBWO4 [Lead Tungsten]

Photosensor : APDS [Avalanche Photodiodes]

Number of crystals: ~ 70000
Light output: 4.5 photons/MeV
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Sampling Calorimeter

Use a different medium to generate the shower and to detect signal : only a fraction
of signal (fs) sampled in the active detector = larger stochastic term

Intrinsic resolution goes from 1-3 % for crystal or homogeneous noble liquids
to 8-12% for sampling calorimeters.

Active detector:
Particle absorption Scintillators
and | — weweee Gaseous chambers
Shower sampling  E Tonizing noble liquid
are separated. Semiconductors
SIESgIs SRISRESEINRES 2 N
1y 1 1 1 | =

Resolution is better, smaller is the detection gap

and larger the sampling fraction (up to some
limitations...). Easy for longitudinal segmentation



Sampling calorimeters ]LLL

* Advantages:

By separating passive and active layers the different layer materials
can be optimally adapted to the corresponding requirements ...

By freely choosing high-density material for the absorbers one can
built very compact calorimeters ...

Sampling calorimeters are simpler with more passive material and
thus cheaper than homogeneous calorimeters ...

* Disadvantages:

Only part of the deposited particle energy is actually detected in the
active layers; typically a few percent [for gas detectors even only ~1079] ...

Due to this sampling-fluctuations typically result in a reduced energy
resolution for sampling calorimeters ...
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Cloud chamber photograph of e.m. shower developing in lead plates
(thickness from top down 1.1, 1.1, 0.13 X)) exposed to cosmic radiation




M Sampling calovimeters : READOUT S| |/(_

Sampling calorimeters = Absorber + detector (gaseous, liquid, solid)

SCINTILLATOR

MWPC, streamer tubes
* warm liquids (TMP =
tetramethylpentane,
TMS = tetramethylsilane)
* cryogenic noble gases:
mainly LAr (LXe, LKr)
* scintillators, scintillation
fibres, silicon detectors

WLS bars/fibres

plastic scintillators

‘Shashlik’ readout c) d)



% Sampling calovimeters: CMS HCAL 1t
CMS Hadron calorimeter '

Brass absorber + plastic scintillators

2 ¥ 18 wedges (barrel)

+ 2 ¥ 18 wedges (endcap)
~ 1500 T absorber

0.8 A;at n=20.

Scintillators fill slots and are read out
via WLS fibres by HPDs (B =4T1)

Test beam o, 65%

' = 0
resolution for - = [z @ 5%
single hadrons N



= Electromagnelic showery | 1L

- Above 1 GeV the dominant processes become energy
iIndependent:

— bremsstrahlung for e+ and e-
— and pair production for photons

- Through a succession of these energy losses an e.m
cascades is propagated until the energy of the charged

secondaries has been degraded to the regime dominated by
lonization loss (below Ec)

- Below Ec a slow decrease in number of particles occurs as
electrons are stopped and photons absorbed.

Interaction with matter :

+»-Move of EM shower develobment : (for detwils clic —



Z Hadronic cascades M| 1ML

Various processes

involved. ' K< K

Much more complex than el A Vi
electromagnetic T '

“;r___/—f?"—* = —
cascades. —itT ]

\‘\‘ % S o
Hadronic showers are much longer and broader oSN ) T -

than electromagnetic ones |
(Grupen)
A hadronic shower contains two components:

hadronic + electromagnetic

* '
 charged hadrons p,n* K" neutral pions — 2y
* nuclear fragmets ....

« breaking up of nuclei (binding energy)
* neutrons, neutrinos, soft y's, muons

— electromagnetic cascades

n [71'0)% In E(GeV)—4.6

example £ =100 GeV: n(n®) ~ 18

k* Invisible energy — large energy fluctuations — limited energy resolution



Hadronic Showers

Comparison
: : 20 .
hadronic vs. electromagnetic shower ...
250 GeV | 250 GeV.
[Simulated air showers] proton ' photon
€ 15} =
=,
[o)
>
o
©
o
w
o
>
3
Q 10 |- -
]
©
=
@
5 - -
) +5 ) 0 +5

lateral shower width [km] lateral shower width [km]



@ Hadvonic Calovimetery .LL(L

| | Schematic of a
Typical Calorimeter: two components ... typical HEP calorimeter

Electromagnetic (EM) + EM

Hadronic section (Had) ... Electrons
Photons -

Different setups chosen for

optimal energy resolution ... Had
Taus
But: Hadrons
Hadronic energy measured in Had

both parts of calorimeter ...

Needs careful consideration of
different response ... Jets




Hadvron showers -LML

. A_priori e and h give in a calorimeter a § . Femdepends on energyl ::
different response (e/h>1) 2 v A
= 08 A
 The fluctuation in the fraction of § ot A
energy deposited by e and h limit the 5 . it
. o ) .
measured energy resolution. 3 -
. . . o ' 7
- Moreover in average this fraction (e/h) E il 17 o Ca A =0RLE,=0TGN))
is energy dependent inducing non £ ™ (=0R. Fy= 13GeY)
. . . 2 - SPACAL A2
linearity in detector response. wo QECAL JAKCY:
0310 100
Pion energy (GeV)

Elements to obtain e/h=1 (compensation)

FI1G. 2.22. Comparison between the cxpenmental results on the am fraction of pron-andex

' suppress em component (high z abs') showers 1in the (copper-hasad) QFUAL and (lead-basad) SPACAL detectors. Data I
« enhance n production through fission |Ake 97) and [Aco 92b]
« enhance response to n using active materials hydrogen rich.

Intrisic hadronic resolution due to fluctuations of invisible energy and
electromagnetic component (no compensation):

o/ E ~(20+40)%/E(GeV)  +samping +.

Interaction with matter :

«2-Move of Hadrow shower development : (for details clic —




F”/j Hadronic cascades: the concept of compem&at-l LL

A hadron calorimeter shows in general different efficiencies for the detection of the hadronic

and electromagnetic components &, and &..

Ry=e,E, +¢E, g, hadron efflqgncy
g,. electron efficiency

The fraction of the energy deposited hadronically depends on the energy (remember n(z"))

E
f:l—fﬂo =1-kInE (GeV) k=01

— Response of calorimeter to hadron shower becomes non-linear

S1 |
b /g1

/e, =1

S Energy resolution

degraded |
e/g,<l1
U(E): Gy b e

: E ‘\;/E &y

E (hadron)

(Schematically afterWigmans R, Wigmans NIM A 259 (1987) 389)

23



Egﬂ'Hadwvmbocaaxut%zﬁkwvﬁrach&%mwxnmp@nmuilllh,Lﬂ\_

Increase ¢, . use Uranium absorber — amplify neutron and soft y component by
fission + use hydrogeneous detector — high neutron detection efficiency

decrease ¢, : combine high Z absorber with low Z detectors. Suppressed low energy
y detection (o, < Z7)

offline compensation : requires detailed fine segmented shower data — event by
event correction.

® FellAr
16 Fe /LAr o FelScint -
" ~— ) v CulScint.
g . ‘-’-\\ B 55% Cu, 45% U7Somt.
= < e 38% Cu, 62 U/ Scint. 7
o *"'*4__“ @ lurscint
= = m U/LAr
— 14 a PbyScint. 1
@ ¢4 §\
S T~ -
2 U S~a Fe/Scint T
S—
Q@ ) \\.00\
@ 12+ ¢ ‘ ‘“H__o .
O
R U/LAN N4
T J & Cu,U / Scint
T
) T
D 1.0} |

1(C. Fabjan, T. Ludlarg, CERN-EP/82-1B7) \ : : 510
0

2 energy (GeV)



@ Compensatio - | UL

- Pb/Scintillator Hydrogen in active material (gas mixture)
1 scintillator thickness 2 mm ' | ' | | ' S
- 1.4 F i
A 2GeV |
= 1.1 v 3GeV | - o L3
g =121 A -
J o
D -
= :
S 1.0 e £ 1.0 T T T T T T T T T
- o .l'[.:.z_I“m
S p 0.8+ CHy i
w 2 ¢ Ar+iC4Hig
0.9+ Ar+CHy
0 § FAr+CO? )
| | S — I I | I I
| | 0 0.04 0.08 0.12
0 5 | 10 | 15 | 20 Mean ionization deposit per crossing {mip)

Lﬁﬂd thickness (mm)

| | Elastic n-p scattering:
Sampling fraction can be tuned to efficient sampling of neutrons througt

achieve compensation the detection of recoiling protons!

25



= Energy reconutiructionw Bl

@ Reconstruct energy deposited by charged and neutral particles
' Determine position of deposit, direction of incident particles
' Be insensitive to noise and “un-wanted” (un-correlated) energy

(pileup)
and obtain the best possible resolution!

©

©

©

26



Icms% |

Clusters of energy | |

@ Calorimeters are segmented in cells

@ Typically a shower extends over several cells

¢ Useful to reconstruct precisely the impact point from the “center-of-gravity” of the deposits in
the various cells

@ Example CMS Crystal Calorimeter:

¢ electron energy in central crystal ~ 80 %, in 5x5 matrix around it ~ 96 %

Q Sothetaskis:

¢ identify these clusters and reconstruct the energy they contain
front view

> 1

side view
view in (¢,n) cells




% Cluster Finding - [y

@ Clusters of energy in a calorimeter are due to the particles issued from the

collision

¢ Clustering algorithm groups individual channel energies
¢ Don’t want to miss any; don’t want to pick up fakes

60

T i
EEE EEEN Projection

:: 40

30

Encigy

e {

-
» —§— ——

20

10

!

high threshold,

Simple example of an algorithm

‘; Scan for seed crystals = local energy maximum above a defined seed threshold

for seed finding

low threshold,
against noise

—1

& 7 & 9 10 17 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Channel

® Starting from the seed position, adjacent crystals are examined, scanning first in ¢ and then in n
® Along each scan line, crystals are added to the cluster if

e The crystal’s energy is above the noise level (lower threshold)

e The crystal has not been assigned to another cluster already

28



%

From single channel electrical signal to Ee,y

(The case of CMS)

Y, Z(.‘,’Xfl,’.
absolute energy scale / - \T;m«plitudes

inter-calibration constants

algorithmic corrections
(particle type, momentum, position & clustering algo)
Account for energy losses due to containment variations

29



© calibration of calovimeter systenmy | L1

* Determine relationship between signal (pC, p.e.) and energy (GeV)
* Fundamental problem in sampling calorimeters:
Different shower components are sampled differently
Shower composition changes as shower develops
m=) Sampling fraction changes with the shower age ( also E dependent)
How to inter calibrate the sections of a longitudinally segmented
calorimeter? (quite a challenge...)

Calibration Techniques:
O Test Beams
O Cosmic muons
O Laser/LED Monitoring
O Guided 60 Co sources
© Low-level, stable radioactive background
O Cell-weighting to optimize resolution, uniformity
O In situ physics:
+ -, 0
- Electromagnetic particles: Z£,J " ® e’e; mm® yy

- Hadronic particles : W,Z® qq; 'Z,y — jet balancing'

30



7t° calibration

T Pros
] /// »
LcrYStals LA TH High Statistics
E B i _/'// //' . . .
T =gy x| by xl inter-calibration
1 I |1 ~
I g ~1 > /// // y
gy /\cf\;('; A1 Energy scale calibration
LT P
s | P45 0
1 /E/ P 7 / /| 7‘&\k
_.//' e | // / /
Pl // / /] //
e yd ' . . .
A A // / 1/ Di-photon invariant mass
// s B
///// //// —\/2E1E2(1—cos )
A /
CMS Preliminary Data \s=7 TeV
> 4007 BEE : < 250
| . . @
O 350, M = 133.82 = 0.02 MeV O
S 300 c=10.6 % = S 200
S S/B_,, = 0.81 5 2
» 250/ <20 = : P
Q- 200 o
S = |
S 150 g 100}~
& <
100 -
5 DATA - 50
50/ :
:'111"-lllllllllllxilill | ]
Bos 01 015 02 025 03 035

31Invariant Mass of Photon Pairs [GeV]

noz, INI

o

Reco of low energy y

High energy y overlap

Sizeable background

0=10.4%
S/B_, =0.69

- MC

1 l 11 1 1 l L1 1 1 l

M = 134.98 + 0.03 MeV -

—

05 01 015 02 025 03

0.35

Invariant Mass of Photon Pairs [GeV]

LU

Calibrated photon energy

1t® mass peak at right position
Minimum peak spread
CMS Prellmmary MC \s=7 TeV
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% Atlas and CMS EM calorinmeli |1
CMS Atlas

« Compact « Good energy resolution
» Excellent energy resolution « Fast
 Fast

» High granularity

« Longitudinally segmented
« Radiation resistance

- E range MIP — TeV

» High granularity
« Radiation resistance
* E range MIP — TeV

*Homogeneous calorimeter | -
made of 75000 PbW0, -Sampling LAr-Pb, 3 Longitudinal

scintillating crystals + PS FW layers + PS

ATLAS and CMS makes different choices:

» sampling calorimeter allow to have redundant mesurement of y angle
« homogenous calorimeter with very low stochastic term aims to excellent energy

resolution, the mesure of y angle relies on vertex reconstruction from tracking.

32



@ Sampling calorimeters: ATLAS ECAL - | UL

ATLAS electromagnetic Calorimeter
Accordion geometry absorbers immersed in Liquid Argon

W Liquid Argon (90K)

+ |ead-steal absorbers (1-2 mm)
+ multilayer copper-polyimide
W readout boards

\/\/\\/\W — |onization 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

Test beam results o(E)/E = 9.249»6/ JVE ©0.23% Spatial resolution ~ 5 mm / VE

33



CMS ECAL -U/L

Precision electromagnetic calorimetry: 75848 PWO crystals

PWO: PbWOQO,
about 10 m3, 90 ton — |
R e
Previous [ | ~  barrelcystals—
Crystal ||
calorimeters: | | "~ PbliSipreshower |
max 1m® | — TR [

supercystals—-
(5x5 crystals) -

Super Module
(1700 crystals) 3662 crystals

Barrel: n| < 1.48 EndCaps: 1.48 <|n| < 3.0

36 Super Modules 4 Dees
61200 crystals (2x2x23cm?) 14648 crystals (3x3x22cm?)

34



lcms% |

Lead Tungstate Crystals (PWO) for CMS

Parameter Value
Radiation length cm { 0.89
Moliere radius cm 22 \ -
Hardness Moh |4 £ 80
Refractive index (2.3) e p
Peak emission nm | 440 | 21 [
1 |% of light in 25 ns 80% ad
Light yield (23 cm) y/MeV [ 100> .- 95 crystal
\ e
300 350 400 450 500 550 600 650 700
Very low |Ight Output | . _ . Wavelength (nm)
\ . Very effective in high
Hard light extraction energy y containment
. . .
T dependent: -2%/°C "1 %, R 23 cm to contain em showers!

)

35
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% Avalanche Photo-Diodes M |(1_

Y « Drawback of PbWO, :
. Si.N,, SiO,, contact Low light yield
j ‘/‘/ -+ Need photodetectors with intrinsic gain
- . (+radiation hard, +insensitive to magnetic
v é p'* photon conversion field)
. p e acceleration
2222 44— ne multiplication
1 o drift ~ Choice for CMS-ECAL Barrel
| o oleodten and ALICE PHOS:
v —J Avalanche Photo Diodes (APD
Internal gain=50 for V=380 V * rad. hard, fast (few ns)
v S <: = Quantum efficiency (QE, photon

conversion into electrons) :
~75% at 430 nm

= Active Area : 25 mm?
= Excess noise factor F=2

* But:
strong sensitivity of gain to voltage

and temperature variations!

N /MeV x Light-collection-efficiency (2 APDs) x QE

photons
= 5 photo-electrons/MeV (in CMS-ECAL) — Good stability needed!

36
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Performance of the CMS ECAL M| |/

CMS ECAL Test Beam
1.2 Resolution in 3x3 )
| 2‘84 1084
683 1083} —
- 705 1105
704 1104 .
703 1103y
725 1125
/o4 1124
723 1123
: 4= :‘5;’5‘?5
0.2 -
Ohl 1111111111111111]11111_
0 50 100 150 200 250
E (GeV)
o 2.8% 125
D 3 0.3%

E ~ /E(GeV) E(MeV)

N/0.Y ADC counts

1 Super Module 1700 x| on test beam in 2004

-

o RMS: gain 12| ] Entries 1700
wo NOISE/XI mosel L
- distribution

"

w

w:- 30 MeV 45 MeV
~:

o -

a

T TR T nj‘u % 8 2

ped ms in ADC counts




Particle flow

Mark Thomson :
o ConeClustering
o . Algorithm
e ° .
[&] }0)
- —
/’} ? — Topological
Association Cone Back Looping
Algorithms associations scattered tracks
tracks
\
“ { \ . Track-Cluster
| \_‘\‘\ =7 4 Association 28 GaV ‘ ‘ 18 GaV
N \ ' 3 e e
Cluster first— N ‘.-——-Prqected track Aigorthms ’ ’
layer position \}*\ ~Z_ position -
\Q\\ N - . 12 GeV' 8 32 GeV
NE_ Reclustering
Algorithms § 30 GeV Trackt
Fragment
3Gev - Removal
3 GeV Algorithms
6 Ge 6 GeV
9 Ge .
e i close e action of Construction
yersinc raction of energy A|gorithms o
contact in cone Neutral hadr'c;r'ryphoton& 1 Charged hadron




PF calorlmetry (CALICE)

1 Design detectors for Pflow

— ECAL and HCAL.: inside
solenoids

— Low mass tracker
— High granularity for imaging

calorimetry Ejer= Egear *

— It also require sophisticated
software

1 Two proto-collaborations for ILC (ILD and SLD)

— ECAL: Highly segmented SIW or Scintillator-W
sampling calorimeters

1 Transverse segmentation: ~5 x 5 mm?
1 ~30 longitudinal sampling layers

HCAL: Highly segmented sampling calorimeters
Steel or W absorber+ active material (RPC,
GEM)

1 Transverse segmentation: 1x1 cm? — 3x3 cm?
1 ~50 Longitudinal sampling layers !

— Aiming at O'E/E < 3.5%

D. Bortoletto Lecture 5 38




@ Missing E+ I~

Eris =Y E! METX,METY =E** == ( 5)”

very challenging
(calorimeter noise adds up)

E.mss CAN COME FROM CALORIMETRIC
MEASUREMENT FLUCTUATIONS, THE
WORSE YOUR RESOLUTION IS THE MORE
E.mss YOU WILL FIND. HOW TO TELL NEW
PHYSICS FROM INSTRUMENTA EFFECTS?!

1 Take a cosmic p, if you |,
y CAN BE DUE miss signal in muon ch
~2ZZ{f TO PHYSICS (v). NN

Z » EVEN NEW
PHYSICS!

~0 '
ST
C] 1\ ] .collision! 1:_

)
CERNy 8-9 Feb 2011 M. Diemoz, INFN-Roma L{lifﬁ 97




=% Conclusiov ]L“L

¢ Detection of particle 1s based on quite simple mechanisms, most of
them are very well known and simulated.

¢ Detectors R&D 1s a very rich domain 1n continuous evolution.

< Conception of an experiment 1s always a difficult enterprise : the
best technology can be spoiled by the environment where it 1s used.
One should define i1t with respect to the physics goals.

¢ This can take quite some time : ATLAS/CMS :

¥ R&D started in 1990,

¥ experiment general concept and approval (1994),

& start of construction ~1998,

¢ 1ntegration 1n pit from 2004, commissioned in 2008 and now operational.....

< Understanding the detector response correctly 1s an absolutely needed
step before claiming any physics results !!!

w Missing in my lecture : Photon detectors, scintillators, Cherenkov light detector

(see for that Sergei Barsuk lecture  http://events.lal.in2p3.fr/TES-HEP/Cours/SBarsuk/detectors45A4.pdf)

Credit to :

Christian Joram / CERN, R. Forty/CERN, C. Joram/CERN, E. Sauli/CERN, T. Rodrigo/Santander, O. Villalobos Baillie/Uniy. of Birmingham, D. Fournier/LAL Orsay, L. Serin/LaL Orsay, S. Barsuk/
LAL Orsay, M. Titov/IRFU Saclay, M. Krammer / DESY Hambourg, M. Diemoz Rome, D. Lelas University of SPLIT FESB, D. Dissertory ETHZ Zurich


http://events.lal.in2p3.fr/TES-HEP/Cours/SBarsuk/detectors45A.pdf
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Materials based upon:

This presentation is widely based on:

C. Joram, Particle detectors : principles and techniques, Part 4, Calorimetry,
CERN Academic training lectures 2005,
http://indico.cern.ch/conferenceDisplay.py?confld=a042932

J. Crittenden, Calorimetry in High-Energy Elementary-Particle Physics,
Joint Dutch Belgian German Graduate School, Bad Honnef, 8-9 September 2006,

R. Wigmans, LHC luminosity upgrade: detector challenges (3/5),

CERN Academic training programme 2006,
http://indico.cern.ch/conferenceDisplay.py?confld=a056410
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Ql

Silicon detectors
Gaseous detectors

Calorimeters

Questions

= Position resolution: ~ 5 ym

= Position reso

=>» Position reso

ution: ~ 50 pym

ution: few mm

Why (and whether) moderate position resolution of
calorimeter can be used ?

Q2

What can be the problems for a) very low, b) very high shower energy

measurement ?

Q3

Which background can you imagine to fake a muon reconstructed in a

muon detector ?

45




Questions -LML
W ——

Which part of the ECAL will degrade more from the irradiation
in the experiment ?

Q2 -

Reminder: EM Calorimeters: MANY (15-30) Xo deep
H Calorimeters: many (5-8) Ag deep

Why full shower containment is not always required ?

Q3 0

In order for the Particle Flow Analysis to perform
better, would you position your calorimeter at

a) 3m or b) 10m from the interaction point ?
Resolution/granularity stays the same.
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Backup™

Photon Detection

Scintillators - General Chowacteristics
Energy loss by electronw and photons
Interactiow of charged pawrticles:
Multiple Scattering

Position resolution of EM shower
Nucleawr Interactions

Hadvronic Showers

Energy resolutionw

Pawticle Flow Calovimeter

MORE

MORE

MORE

MORE

MORE

MORE

MORTE

MORE
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hcms%
PUrPOoSe
2rinciple

Quantum

igh Photon Detection

Photon Detection [y

Convert light into a ¢

etectable electronic signal

Jse photo-electric e

Requirement :

fect to convert photons to

ohoto-electrons (p.e.)

—fficiency (PDE) or

—fficiency; Q.E. = Np.e./Nohotons

Avallable devices [Examples]:

Photomultipliers [pPmT]
Micro Channel Plates [mcP
Photo Diodes [pD]

HybridPhoto Diodes [HPD]
Visible Light Photon Counters [vLPC]
Silicon Photomultipliers [siPm
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Photomultipliers

Principle:

Electron emission
from photo cathode

Secondary emission
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 10°

[PMT can see single photons ...]

| PMT
| Collection

Photomuldtipliery

Photocathode ——...

Electron optical

F

input system T ‘j~~---..
Focusing I
electrode |
|
1 c
First dynode — — --\
7 (:
Multiplier —____ |
I
g
Anode- ~

L
AT A

N

s Vo)
.

by




@ Scintillators - General C Z’\MOLCI'@VV&-LLL

Principle:

dE/dx converted into visible light

Detection via photosensor
le.g. photomultiplier, human eye ...]

Main Features:

Sensitivity to energy
Fast time response \ -S40
Pulse shape discrimination L SSEEES——

Plastic Scintillator
BC412

Requirements

High efficiency for conversion of excitation energy to fluorescent radiation
Transparency to its fluorescent radiation to allow transmission of light
Emission of light in a spectral range detectable for photosensors

Short decay time to allow fast response

50



conduction band

Materials: —O o

Sodium iodide (Nal) po 1 o |

um iodi \z . 2
Ce§|um |od|<je (Csl) - | ~
Barium fluoride (BaF») Cimpurities |~ i 2 V7 traps
- [activation centers] § %
' v v O {
Mechanism: L \d ,
intillati ' -
Energy deposition by ionization luminescence Y—e«—O hole
Energy transfer to impurities valence band

Radiation of scintillation photons Fnergy bands in

impurity activated crystal

Time COﬂStaI’TtS: showing excitation, luminescence,
quenching and trapping

Fast: recombination from activation centers [ns ... ps]
Slow: recombination due to trapping [Mms ... ]
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Example CMS

Electromagnetic Calorimeter

One of the last
CMS end-cap crystals

/R

|
J i
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Inorganic Crystals

Light Output and PMT Sensitivity

Spectral sensitivity

M)
-~ 1 = S-H R
E . Bialkali ;ideonse
~ PMT 4
o 1
T BGO
x r -
,_?’ -
2 i
g) |
v St o
0
o R
=
8 Csll. (TL) &
Q
0 H A Csl (Na)
o / / =1
2 T Nal (T0) 3
O | 1 ] 1
300 400 500 600

53

Wavelength [nm]

100

Spectral sensitivity (Rel. units)
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Sintillation in Liquid Nobel Gases M| |/(L_

Decay time constants;
Materials: Y

Helium : 11 =.02 ps, T2 =3 YS

Helium (He) Argon :Ti < .02 ps
_iquid Argon (LAr)

| iquid Xenon (LXe)

De-excitation and

Excited dissociation

molecules
Excitation |
7 —» —

130 Nnm
: 150 nm

(:) Collision <:> -
\\ [with other gas atoms] \ 175 nm

— ([®) —
lonization ‘

lonized /
molecules Recombination

o



® Organic Scintillatorsy M |(1_

| Naphtalene
Aromatic hydrocarbon
compounds:
e.g. Naphtalene [CioHs] Antracene

Antracene [Ci4H1g]
Stilbene [Ci4H12]

Very faSt! Scintillation is based on electrons
[Decay times of O(ns)] of the C=C bond ...

T bond

Scintillation light arises from
delocalized electrons in mt-orbitals ...

Transitions of 'free' electrons ...

Two
0z orbitals
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5 Scintillators - Comparisorw WM |(_

—

Inorganic Scintillators

Advantages high light yield [typical; €sc = 0.13]
high density [e.g. PBWOa: 8.3 g/cm?]
good energy resolution

Disadvantages complicated crystal growth
large temperature dependence Expensive

Organic Scintillators

Advantages very fast
easily shaped
small temperature dependence
pulse shape discrimination possible

Disadvantages lower light yield [typical; €sc = 0.03]
radiation damage Cheap
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9 Scintillation Counters - Secup | |(_

Scintillator light to be
guided to photosensor

Scintillator

> Light guide

Plexiglas; optical fibers]

Light guide

_ight transfer by
total internal reflection

[maybe combined with wavelength shifting] Light guide

Liouville's Theorem:

Complete light transfer

Impossible as Ax A8 = const.
[limits acceptance angle]

PM

Use adiabatic light guide
like 'fish tail': : —

\\—\
> appreciable energy loss fish tail’

LR




Energy losses by e & y " 11

In matter electrons and photons loose energy
Interacting with nuclei and atomic electrons

Electrons

* jonization (atomic electrons)

« bremsstrahlung (nuclear) NNV @ @
y+atom — ion*+e-

Photons /

 photoelectric effect (atomic electrons) e

. Compton scattenng (atomlc electrons /7 te > v +e

_ | - F'e'd—) -



et/e r |onisation

| [

"E

P Bremsstrahlung

dE/dx
A\

‘\Jo‘

Photoelectnc effect

—~

1N

>

Compton effect

"T/\,

E

E

Pair production

1~

E



B Electrons - Y-

) -

L Ik Z 4na’(hey 77|, 2me'y' Bt .00 O
* lonization -“7[,, = N - e -5 -
d.\""'" YA ome B / P 2 |
’ cxZ; oo«lnE/m,
dE 7%t (he)’ | 183
» Bremsstrahlung ~ ol = |40y e Ingy )

- Y 3 2 Bl
Z°0 (he)” | 183
X, = |4n ,( y ) In——
i m,c AN
dl ) . 1804 2
= - — Xy = —=— g.cm
dx X, Z°

FAYT
’ o o Z(Z+1); o« A/X, E>1 GeV, o o« InE/m, E<] GeV

Radiation length: thickness of material that reduces the mean energy of a

beam of high energy electrons by a factor e. For dense materials Xo ~ 1 cm.
o, |
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S Interaction of photons: Sunmumewy | L1

In summary:

1, =Ie™"™

w: mass attenuation coefficient g =]—VA—A0-,- cmz/g]

Part. Data Group

R T
s,
1 Mb |- 2
|
.-E:- ]
- | Tpe.
k=
~ 1kb—
S
7 ('Rayielgm
>
o
&

I b

’

O
/" 'Compton

I I | | | | |

—

(a) Carbon {2 =6}
o —experimental Gy, =

photo effect =

. Knue —
L~ 7 - AR
£ | Wl |

ombl~ S g\ |
) eV 1 keV I[MeV 1 OeV 100 GeV
: : Photdn Energy
Rayleigh scattering L

(no energy loss !)

pair production
Compton scattering

Cross section iharns/atoni

H=H photo + :uCompIon TH pair T

Part. Data Group

I Mb—

| R S T

(b} Lead (£ = 82) =
a — experimental Gy,

Il kb~
Il b P ¥ N
',’ GCompton - .
= 4
r' N h
ompl_ 1 1 | D N
10 eV I keV 1 MeV 1 Ge¥ 100 GeV

Photan Energy



~~  EM showers: longitudinal profile

Shower energy dep parametrization:
Shower profile for
electrons of energy: E.Longo & |.Sestill
| 10, 100, 200, 300... GeV NIM 128 (1975)
/ B material dependent
- l tmax — 1 4 ln(EO/ Ec) Ntot oC EO/ Ec
| ’ / ) 1--:1‘~:t;-;.-_t;_'-;-;~.- XO
E Longitudinal development :
oL EM showers (EGS4, 10 GeV &) ¢ shower tall
R  Pb
HG 1 — Fe . . i
° F ~ A Longitudinal containment:
Lu |-
1[]'15— t95% — tmax -+ 008Z - 96
1[}-E: | | | | i | ® | :
0 5 10 15 20 25 30 35 PN
e %o e eemr . .._ma _INEN 16



EM showers: transverse profile

Transverse shower profile

* Multiple scattering make electrons move away from shower axis
* Photons with energies in the region of minimal absorption can travel
far away from shower axis

Moliere radius sets transverse shower size, it gives the
average lateral deflection of critical energy electrons
after traversing 1X,

90% E, within 1R,,, 95% within 2R,,, 99% within 3.5R,,

)
CERNs 8-9 Feb 2011 M. Diemoz, INFN-Roma L‘gﬁ 18
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@ Interactiow of chawrged powticles: Multiple S cwtte/w' L L

® This process will turn out to be closely related to the transverse profile of electromagnetic
showers.

* Coulomb-scattering scales with the squared charges, so scattering in matter is dominated by
scattering off nuclei (rather than off electrons), for Z>10. Scattering of spin O (Rutherford)
and spin 1/2 (Mott) particles are identical in a small-angle approximation.

« Result can be defined in terms of radiation length X, to be defined later.

In a sufficiently thick matenal layer a particle will undergo ... \/
F Multiple Scattering

P
Zz / L

: _ aRMS ] 2\
\.e _ Qpiane - \.' sz'ang

(z) _ 1 s

] \'," 2 pace

L 1 | L . - _
Approximation 8, « \; I X, Is radiation length of the medium (discuss later)
P\ 4
g %)

S /

[}



Interaction of charged particles

'Detection of charged particles
Particles can only be detected if they deposit energy in matter.
How do they lose energy in matter ?

Discrete collisions with the atomic electrons of the absorber material.

v, my, .
<£> = —r‘ NE dah do
ho, bk ‘ dx 0 dl
A N : electron densit
\*/ y

Collisions with nucle1l not important (m.<<my) for energy loss.

It A, hk arein the right range _,ionization.



@ Interaction of charged particles: Bethe-Bloch formuI.Ll/(L

* Energy loss by ionization only: Bethe-Bloch formula

2,2 n2
<dE> = —47N 4rim,c*z” s % In Zmec 7 P R 0
dx A p? e 2

* dE/dx in [MeV gl cm?] Rk
< i Z/IA=1
* Valid for “heavy’’particles _;; “Fermi plateau”
(m=m,). >
e dE/dx depends only on 5 3 Z/A~0.5
; R
3, independent of m ! i
[ \wr e T dE 2
* First approximation: Ui Rl i il 4\<E> <lnf%y
o &l 0 1.0 10 100 1000 10000
TPy dE\ 11 fy=p/Me “relativistic rise”
characterized by Z/A ~A—— )< —;
: dac/ p By ~ 3-4
electron density [ =

“kinematical term” minimum ionizing particles, MIPs



cMs/

l Interaction of charged particles: Bremsstrahlung .LI/(L

* Energy loss by bremsstrahlung
Radiation of real photons in the Coulomb e-
field

of the nuclei1 of the absorber medlu \
EERL R P

dx Azey me 773

Effect plays a role only for e+ and ultra-relativistic p (>1000

GeV)
2
For electrons: - i 4aN 4 £ = 183
dx A 773
dél’ E —x/ X
—_ — — —_— w40
e X, L=kye
, A
Xo=—————g3  radiation length [g/cm?]
4aN 4,27, In

7
e (divide by specific density to get X, in cm)



s, | :
Z Interaction of charged particles: Critical energy E_ .L”L

» Critical energy E_
energy loss (radiative + ionization) of v
dE dE
—(E -—(E electrons and protons in copper
dx ( C# dx ( C*
Brems 10n
10°
For electrons one finds approximately: = (Leo)
o
ESOIid-*-Ii(] — 610Mel” Egas _ T10Mel :t')
¢ Z+124 C T Zad § P
. 10’ .
E () in Cu(Z=29) = 20 MeV 5 s Premairshiung
0
lec| T 7 co‘l}ission
For muons E ~E° e"(—/‘J /;
m, ]0_1 :
. 10" 10 103 10°
E(n)inCu ~ 1TeV

Energy [MeV]

Unlike electrons, muons in multi-GeV range can travers thick layers of dense
matter. - -

Find charged particles traversing the calorimeter? most likely a muon



cMs,/ | : :
l % Interaction of photons: Photo-electric effect -LI/(L

In order to be detected, a photon has to create charged
particles and/or transfer energy to charged particles

Photo-electric effect: (already met in photocathodes of photodetectors)

e_/' Only possible in the close neighborhood of a
AAAVA . @ @ third collision partner — photo effect releases

mainly electrons from the K-shell.

¥ +atom —> atom' +e

Cross section shows strong modulation if £, » E g,

1

K 321 4,5 e £y e 8 2

O photo :[—7] o2 O &= 5 O =37, (Thomson)
&g m,c

At high energies (e>>1)

K .2 4,51 5
Uphoro —4727/‘ea Z ; Jphoro o« Z



CMs/ | : :
Interaction of photons: Compton scattering .LI/(L

1
E,=E : \
' 1+8(1—COSQ},)
E,=E -E
T Compton cross-section (Klein-Nishina)
y+e—>y+e
Assume electron as quasi-free. 'E' 0'2022 ..... = -----:-*:::: """
Jos L. 0.175- L=
Klein-Nishina E(Q ,E) g N 115'
B 01
™ 0.075
At high energies approximately 0.05
. Ing %400
(7 o — 200 | 40 20 O
y S "Pa00 g 1014012010080 22
Atomic Compton cross-section: 7 (Rey, 0.

O_atomzc Z O'

¢
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v +nucleus — e’ e + nucleus

Only possible in the Coulomb field of a nucleus (or an electron) if £, 22m,c

Cross-section (high energy approximation)

7, 183 = o i e
O pair ~ 4are2Z 2(5111 _lJ independent of energy | Fre _;e - R
Z3 //:‘\
FN
7 A 1 \ \@-‘if/’)
~o e
ON, X, .
’ ¥+ nucleus — e e + nucleus
A l ‘h'“‘-..,
v T .
- ) R et e e
N A /?’pair @ \ e
~ \ .
9 \‘ .
A . ==X 0 N

pair 7



Electromagnetic cascades (showers) ILLL

Electromagnetic
shower 1n a cloud
chamber with lead
absorbers

{ »
L]

Simple gualitative model | . Consider only Brmsstrahlung and
(symmetric) pair production.
* Assume: Xg ~ Apqir

! , Z N@)=2" E(t)/ particle =E;-2"

=
| vy | € /AZ ' Process continues until £¢)<E.
--—~<-—~—-~>—< ~_<'°¢'—~::;oooo cooco|oocoo ¢

e \ | Imu:-: F
== | E el L .. -
] \\Y 1\;”0’0[ e 2’ — 2(’_[1.1._+ ) R 1 ~ 2 " 2 max — 2 EO
| ’:0 C
Eos, Foq Fosg Eosg = T

o 1 2 3 & 5 6 1 8 tixy)  Aftert =1t , the dominating processes are
lonization, Compton effect and photo effect —»

absorption of energy.



’CM% Electromagnetic shower development l 1AL

F Longitudinal shower development —V: 1,
3: — e Pl ~~
dE & -t 8 '\ f
T t%e < b GeV/c e vy
Z % . T8
. By 1 2 S £
Shower maximum at ¢, =ln—2— T o 2
E.In2 ) 7 g
95% containment fosoy = b +0.08Z +9.6 % :,;.’7' §
© \ )
= ™ 2
Size of a calorimeter grows only logarithmically with £, ) E . ak 2
20 S

B Transverse shower development (C. Fabjan, T. Ludiam,

CERN-EP/82-37)
95% of the shower cone is located in a cylinder with radius 2 R,

21 MeV

Moliere radius R, — Xn [e/em*]

Example: £, = 100 GeV in lead glass

EC:1 1 8 MeV = f}.ﬂf_’&,: ~ 13, IE]_.‘SQ.,-;:I -~ 23
X,z2cm, R,=1.8X,= 3.6 cCcm <




Radiation length:
Critical energy:

[Attention: Definition of Rossi used]

Shower maximum:

Longitudinal

energy containment:

Transverse

Energy containment:

@ Some Useful Rules of Thaumbs .LI/L

Problem:

|  Calculate how much Pb, Fe or Cu
X ]. 80A g is needed to stop a 10 GeV electron.
0 — 2 2 Pb : Z=82,A=207, p= 3
: /=82, A= , p=11.34 g/cm
Z CIn Fe : Z=26, A=56, p=7.87 g/cm?®
Cu: Z=29, A=63, p=8.92 g/cm?3
550 MeV
E. =
/
| E 1.() e induced shower
tmax = In -
E. ().5 Yy induced shower

L(95%) — tmax _|_ OOSZ —|— 96 [X()}

R(90%) = R
R(95%) = 2R



@ Position resolution - EM -

» Reconstruction of invariant masses of particles
decaying into photons, electron identification using
match with track measured in tracking devices

* Impact position of showers is determined using the
transverse (and longitudinal) energy distribution in
calorimeter cells

» Method based on center of gravity (COG) calculation

» works for projective geometry and particles
coming from the interaction vertex
» calorimeter cell size d < 1R,
» Typical resolutions: few mm/vE

Al
CERNs 8-9 Feb 2011 M. Diemoz, INFN-Roma Clify 44



@ Nucleowr Interactions ’LL(L

The 1nteraction of energetic hadrons (charged or neutral) with matter 1s determined
by 1nelastic nuclear processes. .40 O
7 A

m, P, K

Excitation and finally \

break-up of nucleus .

—> nucleus fragments ____,;_’fn multiplicity oc In(E)
4

+ production of = bp

- ), ~ 0.35 GeV/e
secondary particles. i g cVic

For high energies (>1 GeV) the cross-sections depend only little on the energy and on
the type of the incident particle (x, p, K...).

Oinel ® 001407 Op = 35 mb ¢ . | A, and X, in cm
lt\ "
In analogy to X, a hadronic absorption length can be defined 7 | . Nl |
A 1 : mé o ' - B
Ay = « A* because o, ~ o A" §
NAO-UT@I ; 1 Xo
similarly a hadronic interaction length
A l O!OIOmw ‘C:ﬂ&-_, -‘.omm‘m
/1] o QC A3 A] < /10 Z

NA O total



hcmsg |

Interaction of neutrons .LI/L

Neutrons have no charge, 1.e. their interaction is based only on strong (and weak) nuclear
force. To detect neutrons, we have to create charged particles.

Possible neutron conversion and elastic reactions ...

n+°L - o +°3H B ' j (H. IEJeuer‘(, ) \
. E Kernphysikalische Messverfahren,
n+1B 5o+ 'Li > En <20 MeV » He (n.p) G. Braun Verlag, 1966)
3 3 ‘
n -+ He—)p"’ H) H‘ol_ N+p—on+p d
n+p->n+p E,<1GeV € | H' K
S 1}
E, =
T high energy © 1}
100 MeV+
-~ fast 01
100 keV+ 1 L ) ] 1 3 1
S 1eV keV MeV
1 epithermal En
101 eV+ -
102eV! thermal In addition there are ...
103 e+ - neutron induced fission E. ~Ey ~ 1/40 eV
coid - inelastic reactions - hadronic cascades (see below) E. > 1 GeV
ultracold n



@ I nteraction neulrinos -LLL

Neutrinos interact only weakly — tiny cross-sections. For their detection we need again
first a charged particle. Possible detection reactions:

v,th>£40+p f=e p, T
v,tpo>fitn ‘f=e 1

The cross-section for the reaction v, + n — e + p is of the order of 10*° cm? (per nucleon,
E, = few MeV).

—> detection efficiency &, ,=oc-N*Y =5 p%d
1 m lron: G el
1 km water: g4, #6-107"

Neutrino detection requires big and massive detectors (ktons - Mtons) and very high
neutrino fluxes (e.g. 102° v / yr).

In collider experiments fully hermetic detectors allow to detect neutrinos indirectly:
- sum up all visible energy and momentum.
- attribute missing energy and momentum to neutrino.



Hadvrow showers -U/(L

All the fluctuations described in em case plus more and more significant

e Breakdown of non-em energy deposit in lead absorber:

- lonizing particles 569 (2/3 from spallation protons)

- Neutrons 10% (37 neutrons per GeV!) An important fraction of |

- Invisible 34% energy goes in nuclear

binding: not detectable!

Spallation protons carry typically 100 MeV.

Evaporation neutrons 3 MeV

« Hadron showers contain em component (n°, 1)

* Size of em component F__ is mainly determined
by the first interaction

* On average 1/3 of mesons produced in the 1°
interaction will be a =°, this fraction fluctuates = An important fraction of

In a significant way energy goes in em deposits
* The 2° generation n* will produce n°if enough  and strongly varies
energetic




cMS,

Hadvonic Showers

Nuclear

Hadronic Showers evaporation

-
‘-

Hadronic interaction:

Elastic: Fission
p + Nucleus — p + Nucleus

Inelastic:
p + Nucleus —

at+ 77 + 7%+ ... + Nucleus®

Nucleus™ — Nucleus A +n, p, o, ...

— Nucleus B + 5p,n, m, ...
— Nuclear fission

Heavy Nucleus (e.g. U)

Incoming
hadron

5\

A

y
lonization loss

A4

— lonization loss

Intranuclear cascade
(Spallation 1022 s)

Intranuclear cascade
(Spallation 1022 s)

Inter- and

intranuclear cascade N N -

Internuclear cascade




¥ Hadvonic Showers

LU

Hadronic interaction: R D R

at high energies |
Cross Section: _also diffractive contribution

Otot = Oel T Oinel

For substantial energies
Oinel dominates:

Cross section (mb)

0ol =~ 10 mb

| | BRI S | | | ;
Oinel ¢ A*/? [geometrical cross section] I S — e P,ab,G,eV/c ,,,,,,

107 1 10 10° 10° 10* 10° 10° 107 108

. O-tOt — O-tOt(pA) ~ Utot(pp) * A2/3 | sGev 1 T T TTTT T T T T T T T T T I

1.9 2 10 107 10° 10*

[Otot Slightly grows with /s]

Total proton-proton cross section

Hadronic interaction length: [similar for p+n in 1-100 GeV range]
1 A
Aint = — 5 ~ Al/3 [for /s ~ 1 - 100 GeV]
Otot = 1 UppA/3'NAp
~ 39 g/cm2 . Al/ 3 Interaction length characterizes both,
longitudinal and transverse profile of
which yields:

hadronic showers ...

N(x) = Ngexp(—z/Aint)

Remark: In principle one should distinguish between collision
length Aw ~ 1/0%t and interaction length Aint ~ 1/0inet Where
the latter considers inelastic processes only (absorption) ...



@ Hadronic Showers . | UL

Hadronic VS. e|ectromagnetic Some numerical values for materials
: : _ typical used in hadron calorimeters
interaction length:
A Aint [cm] | Xo [cm]
Xo ~ 72 o Aint o AY nt [CM] 1 20 [CM
1/3 XO
Aint ~ A Szint. | 79.4 | 422
Aint > Xg LAr 83.7 14.0
[Aint/Xo > 30 possible; see below]
Fe 16.8 1.76
Typicall | |
Longitudinal size: 6 ... 9 Aint [EM: 15-20 Xo] b 17 1 0.56
[95% containment]
Typical \
Transverse size: one Aint [EM: 2 Rm; compact]
[95% containment] U 10.5 0.32
Hadronic calorimeter need more depth ¢ 381 168

than electromagnetic calorimeter ...



Hadronic shower development:
l[estimate similar to e.m. case]

Depth (in units of Ain):

p— X
B )\int
Energy in depth t:
b
E(t) — W & E(tmax) = FEine
[with Esnr = 290 MeV]
E
Eine =
T ) tma

Number of particles

Shower maximum: lower by factor Eun/Ec

. compared to e.m. shower ...

(n)tmax = o ey ot e .
r

, In (E/En,)

A In(n)

83

@ Hadvronic Showers

(.

But:

Only rough estimate as ...

energy sharing between shower particles
fluctuates strongly ...

part of the energy is not detectable (neutrinos,
binding energy); partial compensation possible
(n-capture & fission)

spatial distribution varies strongly; different
range of e.g. i* and 1i° ...

electromagnetic fraction, i.e. fraction of energy
deposited by i > yy increases with energy ...

foermn = fro ~InE/(1 GeV)

Explanation: charged hadron contribute to electromagnetic
fraction via T p > 1°n; the opposite happens only rarely as
m° travel only 0.2 pm before its decay (‘one-way street') ...

At energies below 1 GeV hadrons loose their
energy via ionization only ...

Thus: need Monte Carlo (GEISHA, CALOR, ...
to describe shower development correctly ...



CMS

Hadvonic Showers

Hadronic Showers

Transverse shower profile

Intensity (arbitrary units)

10

Typical transverse momenta of
secondaries: (p;) ~ 350MeV/c ...

Lateral extend at shower
maximum: Rgso% = Aint ...

Electromagnetic component leads
to relatively well-defined core: R = Rwv ...

Exponential decay after shower maximum ...

I 1 ! 1 T

5 | Lateral profile for
® 237y
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& Measurement from induced
Aint] radioactivity:

%Mo (fission): neutron induced ...
[energetic neutron component]

237UU: mainly produced via 238U(y,n)2%"U ...
[electromagnetic component]

0O« i
“l More 11 | s and y in core 239Np: from 22U decay ..
I~ | Energetic neutrons and [thermal neutrons]
" é\ ] charged pions form a wider core . Ordinate indicates decay rate
RS Thermal neutrons generate broad tail of different radioactive nuclides ...
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Energy resolution: e.g. inhomogeneities

shower leakage e.g. electronic noise

' sampling fraction variations
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Fluctuations:
Sampling fluctuations Typical:
L eakage fluctuations '
Fluctuations of electromagnetic A: 0.5-1.0 [Record:0.35]
fraction B O 03 _ O 05
Nuclear excitations, fission, - o '
binding energy fluctuations ... C: few %

Heavily ionizing particles
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Hadron shower profile I~

LONGITUDINAL LATERAL
* Sharp peak from =° from the 1° interaction * Average p; secondaries ~ 300 MeV
« Gradual extinction with typical scale A;,; » Typical transverse scale A;,
 Dense core due to ©°
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~10 A needed to contain 99% E of 200 GeV =« Transverse radius for
(about 1 — 2 m of heavy absorber) 95%E containment ~1A
Need to sample PN
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Calorimeter energy resolution determined by fluctuations ...

Homogeneous calorimeters:

Shower fluctuations
Photo-electron statistics
Shower leakage

] Quantum fluctuations

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

In addition for
Sampling calorimeters:

Sampling fluctuations
Landau fluctuations
Track length fluctuations
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Quantum fluctuations ~ 1/VE
Electronic noise ~ 1/E

Shower leakage* ~ const
Sampling fluctuations ~ VE
Landau fluctuations ~ 1/VE
Track length fluctuations ~ 1/V/E

* Different for longitudinal and lateral leakage ...
Complicated; small energy dependence ...
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Shower fluctuations:
lintrinsic resolution]

Ideal (homogeneous) calorimeter without leakage: energy resolution limited
only by statistical fluctuations of the number N of shower particles ...

.e.:
OF ON V N 1 . E
5ol X N N \/_N with N = W E :energy of primary particle
W : mean energy required to
R W produce 'signal quantum'
—_ CX —_
E E
Examples:
Resolution improves due to correlations Silicon detectors @ W ~ 3.6 eV
between fluctuations (Fano factor; see above) ... Gas detectors  : W 306V
Plastic scintillator : W = 100 eV
OF FW
— X\ —

12 1 [F: Fano factor]
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Energy resolutiow

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 ...

l.e.:

Npe : NumMber of photo electrons

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

Also important: losses in light guides and wavelength shifters ...
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Shower leakage:

Fluctuations due to finite size
of calorimeter; shower not
fully contained ...

Lateral leakage: limited influence
Longitudinal leakage: strong influence

Typical expression
when including leakage effects:

7> (5), o, eV

| f: average fraction of shower leakage]

Remark: other parameterizations exist ...
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Energy resolution o/E [%]
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Marmor Calorimeter
[CHARM Collaboration]

T [ [ ]
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% Energy resolution - [P
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Sampling fluctuations:

Additional contribution to energy resolution in sampling calorimeters due
to fluctuations of the number of (low-energy) electrons crossing active layer ...

Increases linearly with energy of incident particle and fineness of the
sampling ...

E Nch . charged particles reaching active layer
Nep Nmax  : total number of particles = E/Eq
B¢ tabs tabs : absorber thickness in Xo

Reasoning: Energy deposition dominantly due to low energy electrons;
range of these electrons smaller than absorber thickness taps;
only few electrons reach active layer ...

Resulting Fraction f ~ 1/tans reaches the active medium ...

energy resolution: o
Semi-empirical:

OF ON_y, EC tabs OF _ EC [MGV] . tabs

— X X — =3.2%

E — Ny E E F - E [GeV]

Choose: E. small (large 2) where F takes detector threshold

tabs small (fine sampling) effects into account ...
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> Energy resolution .LML

Measure energy resolution
of a sampling calorimeter for | &./8l &%¢
different absorber thicknesses | (%) | 1% *
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@ Energy resolution - .

passive absorber

' l

Track length fluctuations:

Due to multiple scattering particles
traverse absorber at different angles ...

> Different effective albbsorber ad

thickness: incident particles
N

tabs — tabs/ COS O

[Enters sampling (and Landau) fluctuations] T T
active layers; detectors

Landau fluctuations:

Asymmetric distribution of energy deposits in thin active layers yields
COrrection [Landau instead of Gaussian distribution]:

OF 1 3

E Nech ln(k ' 5) k :constant; k = 1.3-10%if ® measured in MeV
O :average energy loss in active layer (‘thickness')

[semi-empiricall
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Particle Flow Calorimeter

Particle flow principle: being able to reconstruct every individual particle in a
collision event (or else) by combining efficiently subdetectors information
Requirements: good tracking ability, ECAL segmented, HCAL for ID..

Combine
ECAL&TRACKER

Combining subdetectors info: get a much better resolution on single object




Particle Flow Calorimeter

Particle flow algorithm: with an access to single particle 4-vectors

- Use adapted calibration for each objects electrons/photons/jets (avoid bias in
energy response)

- Get the best resolution from track on charged particles (65% of a jet!)

- EM part measured precisely by the ECAL (neutral pions = 25% of jet)

- Deduce neutral energy from previous info (neutrals = 10% of a jet)

- Significant improvement angular resolution

- Correct evaluation of missing ET by including spiraling low energy particles

Example of performance
on CMS jet energy
resolution

Can you make a PF detector?
Can you import tracking
techniques into calorimetry?
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Particle Flow Calorimeter: ILC

e - — —

Composite part with

lis e _ J SiW Silicon Tungstate calorimeter

- Single cell 1x1cm?
20 cm depth for 24 X,

Structure 2.8 Structure 1.4
(2<1.4mm of W plates) (1.4mm of W plates)

(3«1.4mm of W plates)

Comgosne part
(15 mem thic h

Carbon-fibre/tungsten mechanical strcuture

Active Sensor Unit (1024 readout channels)
18X18 cm’ PCB
16 readout ASICs
4 silicon sensors

(each with 256 5x5mm? pads)
ACTIVE ZONE

Detector slab (30) (1818 cm?)
Dynamic range: single MIP to
EM shower core @ 100s GeV

From D. Jeans CHEF2013




Hadronic Showers

Number of nuclei [arbitrary units]

@)

Longitudinal shower

development: Strong peak near At ...
followed by exponential decrease ....
Shower depth:
R tmax ~ 0.2In(E/GeV) + 0.7
\ R Los = tmax + 2.5 Aatt
.+“ . with )\att ~ (E/G@V)OS
. M g Example: 300 GeV pion ...
., tmax = 185, |195=1.85+55~=74
: O [95% within 8\int; 99% within 11 Ain]
__.-' S
. |. Q.:.t. .
A ' 95% on
i ... | average
Longitudinal shower profile for 300 GeV 1t interactions in a block R "-...
of uranium measured from the induced %Mo radioactivity ...
— I = == - m>
0 1 2 9 10

Depth [Aini]



Atlas ECAL - -

4 Towers in Sampling 3
¢ A Agx AN = 0.0245:0.05
; st = Tei
< Z S BB Togeq

1 module coversn: 0to 1.4, ¢: 0.4 2Xo °‘\=o.|\~J

. Longitudinal dimension:

<25 X, =47 cm (CMS 22 Toia
~ 0 = Cm( cm) A‘.Pg(;'maz
+ 3 longitudinal layers
4 X, " rejections separation of 2 1
photons very fine grain in n |
16 X, for shower core ~— e
ampling 2
2 X, evaluation of late started > Ap=q.0,
showers © I~ ~~ 2
My =05 f

» Total channels = 170000 A= 0y o0

Stip towers in Sampling |

Particles from collisions M



® Atlas : the choice of LAV

@ High number of electron-ion pair produced by ionization
@ No amplification neeeded of signal, low fluctuations
@ Liquid — Very uniform response (purification)
@ Stability with time
@ Main fluctuations are due to sampling fluctuations
. Intrm3|cally radiation hard Properties of Noble Liquids \ LAr
@ cheap
# slow time response 400 ns <A | 1040
_ Density g/cm’ 1.39
# Dboling temperature 87°K dE/dx <mip>  MeViem | 2.11
- Cntical energy  MeV 41.7
— criogeny neede.(.i . Radiation Length cm 14.3
® Temperature sensitivity Moliere Radius* cm 7.3
0/. i =40
2% signal drop for AT=1°C " vl " 3
Dnft vel (10kV/em) cm/us 0.5
Dielectric Constant 1.91
Triple Point Temp K 84




