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| have shamelessly begged and borrowed material from a
variety of sources, most notably:

CERN Academic Training Calorimetry Lecture 2011 (P. Bloch)
http://indico.cern.ch/event/115059/

EDIT 2011 Instrumentation School @ CERN (M. Diemoz, D. Fournier, R. Wigmans)
http://indico.cern.ch/conferenceOtherViews.py?view=standard&confld=96989
Calorimetry for Particle Physics (C. Fabjan & F. Gianotti)

Rev. Mod. Phys. 75 (2003) 1243-1286

DESY lectures on calorimetry (E. Garutti)
http://www.desy.de/~garutti/LECTURES/ParticleDetectorSS12/L.10 Calorimetry.pdf
IEEE Refresher course on Calorimetry (F. Simon)
http://www.mpp.mpg.de/~fsimon/InternalFiles/CalorimetryRefresher.pdf

Please forgive me for not detailing your favourite calorimeter!
Just a few examples are given, for a “flavour” of the variety of
amazing detectors being used and designed
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Two high-energy photons X
observed in the ATLAS Liqui
Argon (LAr) electromagnetic
calorimeter in 2012
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peak at 125.6 GeV/c?

ATLAS H>vy
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Calorimeters played a crucial roie |
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Four high-energy electrons
observed in the CMS crystal §

electromagnetic
calorimeter in 2012

=» Candidate H>ZZ*—>4e

Events/ 3 GeV
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357 T T T T T T T T T T T T T

I T T T T Y

B I- Dlata
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80

4-lepton invariant mass
peak at 126 GeV/c?

N

Channel 4y 2e2u 4f

Z7Z background 13.8+1.0 | 181 +1.3 | 385+£1.8
Z+ X 1.6+06 | 40+16 | 81120
All background expected | 9.1+1.3 §154+12 [ 220+2.0 | 46.5+27
mpy =125 GeV 6.8 0.8 | 89+10 | 19.2+14
mpy =126 GeV 74109 | 98+11 | 21.1£15
Observed 23 32 71

CMS H->4 leptons
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Calorimeters are perhaps the m
versatile particle detectors
Primary objective Is to measure the energy of incoming particles

___|as accurately as possible — both charged and neutral (including
e .| neutrinos through missing E)

EM showers
HD showers
cowe | Can also measure:
LHC Calos
CMS ECAL WG
arasial - —Position
CMS HF
Future

oreav | —Angle of incidence
HGCAL
—Arrival time

Compact detectors: longitudinal shower spread increases only
logarithmically with E

Unlike spectrometers, E resolution improves with increasing E

Calorimeter signals can be fast: provide triggering information
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Calorimetry: energy measuremen_

absorption; often with spatial inf
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Latin: calor = heat

But: calorimetry in particle physics # AT~

E.g. AT for 1 litre of water at 20°C from energy deposition of:

« 1 GeV particle = 3.8x10-1* K
« All 13 TeV from 1 LHC pp collision = 5.5x10-1°K

Even if all protons in the LHC (~10%4; ~108 joules)
were dumped into the CMS ECAL and
transferred their energy to heat, it would only
heat the CMS ECAL by about 5.5°C

[ Cuvater = 4.18 g_l K% m=AE/ (Cwater AT) ]

“There are some exceptions. ..
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Calorimeter: slow-down incomi
and produce signal (electrical o

Primary (incoming) particle creates a cascade of lower-energy
particles. Cascade structure depends on:
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— Impinging particle type
— Material

lonization (electric charge)

Y Y
band =q
gap Y
<  cos®@= ﬁ T .
Scintillation (light) Cerenkov (light)

Visible signal, S, is proportional to incoming particle energy, E: S = alE
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w10 DESIGN A CALORIMETER, NEED

Basics

e TO UNDERSTAND SHOWER
HD showers

Calo types

e PROCESSES AND PARTICLE

ATLAS LAr

o INTERACTIONS WITH MATTER

Future
DREAM

HGCAL

RATHER DIFFERENT FOR PRIMARY
ELECTROMAGNETIC AND HADRONIC
PARTICLES, SO CONSIDER THEM
SEPARATELY
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. ELECTROMAGNETIC

HGCAL

SHOWERS
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Electrons and photons lose en
interacting with nuclei & ato

dE/dx

VG
- Electrons -0 E

weaion | — lONization (atomic electrons) € T&0m = e+l

Basics

e |- Bremsstrahlung (nuclear) =
Calo types 4 % //,./

LHC Calos E 5

cvsecar || At high E, bremsstrahlung dominates E
ATLAS LAr -

CMS HF
Future

A
o VA ORRO "\\
- Photons o yraem o e E
Lo

— Photoelectric effect (atomic electrons)
— Compton scattering (atomic electrons) —

— Pair-production (nucleus + electrons) yte 5 y+e L
At high E, pair-production dominates @ LC'E

y + Coul. Field > e*+e-
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At high energy, electrons inter
predominantly through bremss

Critical Energy, E..

Fractional Energy Loss by Electrons (in lead)

O O - 1 IIIIIII | | IIIIII| I T TTTTI
wior | FaCIAtION dominates ~0.20
Basics i i . Fositrons
Sooes lonization \
LHC calos - 810 0.15
iyfAEsCLAALr = Bremsstrahlung -
CMS HF = —
By 610[7101MeV 3 Jo105
HGCAL Ec » L= lonisation : 5
0.5 -
+ ] g Maller (27)
Z +1.24{0.92 , LA —
(solids, liquids [gas]) annihilation 1005
0 Lol 111
e.g. E.(e) = 7.4 MeV for Pb (Z=82) 1 10 100 1000
E (MeV)
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Energy loss through bremsstrahni
depends on particle, energy &

2
dE e’ 183Z(Z + 1) :
o = 4aN, S| bty 7 Q°FE
Motivation X Brems mc Z 3 A
Basics @
EM showers
HD showers
e Where: N,,  are Avogadro's number and the fine-structure constant
CMS ECAL 1
FeOAy m, Q are the mass and charge gf the particle (e.qg. elegtron, muon)
CUS e A, Z = mass number and atomic number of the material
uture
DREAM

HGCAL

For electrons:

dE

dx

X, = thickness of material that
reduces the mean energy of an
electron by a factor e (2.718)

SPEs

Brems  Xo

E(x) = E,e%/*%o > radiation length of the material
dE| , dE
L} : 2 ~Y
n.b. : B u/ ) (me /m,)4~1/43000
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Radiation length etc. for so
materials in HEP detectors

BN T O

Votation Carbon 2.27 18.8
“I”L‘W Aluminium 13 27 2.7 8.9
yp Silicon 14 28 2.33 9.36
{,Z:; Iron 26 56 7.87 1.76
- Copper 29 64 8.96 1.43
Tungsten 74 184 19.3 0.35

Lead 82 207 11.35 0.56

Uranium 92 238 18.95 0.32
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At high energy, photons inter
predominantly through pair p

Contributions to Photon Cross Section in Carbon and Lead

bR | I I I I I I I I W | I | | [ [ [

N
] LS?:J
Carbon (Z = 6) R Lead (Z - 82) -
IMbL % § e —experimental Oy gy — \q_%' = — experimental Oy
Motivation | Mb ‘
Basics g - z
EM showers & =
HD showers & L w
Calo types = =
LHC Calos "'5 | kb — '5
CMSECAL E £ L kb
ATLAS LAr % B g
CMS HF 7 Z
Future < 4
DREAM 3 3
HGCAL
b b
10 mb : 10 mb :
10 eV 1 keV 1 MeV 1 GeV 100 GeW 10 eV 1 ke¥ 1 MeW 1 GeV 100 GeV
Photon Energy Photon Energy
Legend
: : : > 2 ( L § ) K, = pair on nucleus field
Pair production occurs if E, >2m.c“(i.e. ~1 MeV A

Incoh =Compton

o ~ constant when E >1 GeV
o Z (Z+1)

Probability of conversion in 1X, is e/
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Electromagnetic shower is ma
production & bremsstrahlung

In a dense medium....

Motivation
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HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

S Incoming

Future

DREAM

i) electron

Number of particles in the shower
increases until the particle energy
reaches E.. For E<E_ energy loss
from ionization/excitation dominates
Bremsstrahlung & the number of particles decreases
due to stopping in the material

e*e” pair production

Calorimetry by examples, CERN AT, 2016 15 D. Barney (CERN)



The previous generation of €
could “see” showers!

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos =
CMS ECAL

ATLAS LAr J
CMS HF e DB
Future F= TG

DREAM
ool 50 GeV/c

. Depth (m)
Big European Bubble Chamber filled with Ne:H, = 70%:30%,
3T Field, L=3.5 m, X =34 cm, 50 GeV incident electron
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EIM showers: a simplistic qu
model can give useful rules
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Simple qualitative model » Consider only Bremsstrahlung and
(symmetric) pair production.

* Assume: X, ~ A
: ’ ;,J
Y e* |

pair

N()=2"  E(t)/ particle=E,-2"

Eg e | Process continues until £(1)<E,
BRGS =< . .
!\ Nlolu/ =& Zzl = 2(l“m-l) —la. 2,'"‘“ = 2;
\ . ' i 1=0 s
o _IE,/E,
. EO/‘» 0/ t0/‘I6 ’m;ix - T
—_ 4 v 1S -4 (3 4

0 1 2 3

=~

T8 tix) Afterr=1¢, . the dominating processes are
lonization, Compton effect and photo effect
absorption of energy.

1. X, can be thought of as “generation length”: # of particles doubles at each generation
2. Shower maximum, t...., scales only logarithmically with particle energy E,
—> size of calorimeters did not need to increase greatly from LEP to LHC

D. Barney (CERN)




Depth of em shower maximu
logarithmically with energy

Depth [Xo]
0 S 10 15 20 25 30
— T [ v | ' T
. é - o } Energy deposit of electrons as a function of depthina -
Viotivation - [/ o 1 GeV block of copper; integrals normalized to same value
Basics 10 + . \
EM showers \ [EGS4* calculation]
HD showers [ab) | -
Calo types Q / 10 GeV
LHC Calos = 8+ 2 . '\., .
CMS ECAL 003 "\ an
ATLAS LA | . _
cMSHE | .\100 GeV
Future © 6 I / \g‘ _
DREAM > o ,;.1
HGCAL O | o ( ) ]
= / / \ ; \ \ \‘\1 TeV Tmax a In EO/EC
UCJ 4 .L \ \ N -
J,«" = ] é\_ A
/ a. N\ \ 5 "
/ G\ . \a\ \.‘\‘ -
2 Mo e A, e i
- Y
i /ﬁ//’ ‘/ D\.D‘ \.\.‘ ﬂ\e\ﬂ \"‘.l.___‘ i
7 ".,, ~f - b
U Mf' . | 4 L . . I ‘0-0':‘)—'“' 31 :imm—m_‘m PR R
0 10 20 30 40 50

*EGS = Electron Gamma Shower

Depth [cm]

For good em shower containment, need about 25 X, of material
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Moliere radius, R,,, sets the tr

shower size

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

— Relatively long mean free path of photons

Moliere radius: lateral spread for E. electrons after one X,

-
(@) oo o
o o o

I
o

Integrated energy (%)

N
(@)

ol

RM_

21 MeV

Ec

XO ~7_

50 GeV e in PbWO,

0 1

2

3

5 6
Spread (R,,)

99% within 3.5 R,

95% within 2 R,,

Lateral spread of an em shower is dominated by two processes:
— Multiple scattering of electrons away from the shower axis

90% of shower energy within 1 R,,

Calorimetry by examples, CERN AT, 2016
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Future
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HGCAL

(A MORE COMPLICATED

STORY))

Calorimetry by examples, CERN AT, 2016
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Hadron showers contain electr
and hadronic components

Motivation
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Future
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c
(D)
§ Electrons, photons
ABSORBER ==— 1 |22
o
0 < =» em sub-shower
BE =0 5
............ n >©__Q___> - E 5
O
S Charged hadrons (20%)
- g Nuclear fragments, protons (25%)
= [ Neutrons, soft ys (15%)
it Breakup of nuclei (40%)
o
YA

Either not detected or often too slow to be within
detector time window = invisible energy
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Composition of hadronic sho

complex!
> Hadron shower induced by a 100 GeV proton in Pb:
of ' ' ' ' ! ' energy spectra of the major shower components, weighted
! = T o 3 by their track length in the shower (Ferrari, 2001)
A pitd- 3
> [ e+~ 7
Motivation 5 I N — phot |
Basics L ap/an S
EM showers o N stran 3
HD showers 4 n ]
Calo types > L : ) _
LHCeCaos e | | Fractions of particle types:
ATLASLAT 1 | = Fluctuate in a non-Gaussian way
Future £ o[ N » Are energy dependent
e g | '] |« Depend on initial particle (p,r,n)
“og f | 3
2 [ . 1 | Simulation is very difficult as the
0t b {3 number of physical processes and
- 3 their fluctuations are large & span a
2t - large energy range: GeV - <MeV
' L .
é "\{\ﬂ‘;!-_«‘ E é
4 [ : ’
2 [ ‘ B U
10° A I
0% 102 10?7 10! 10° 10" 10
E, up (GeV)
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Efficiency of detecting hadronic & e
components differs from unity: non-c

Motivation
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Calo types
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CMS ECAL
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Future
DREAM
HGCAL

2dl)

Number of counts (arb. units)

-—
N
T

j=
T

N
T

<

eh — 1.8

Non-1" component

\

|

=

Fraction of non-em component (“h”)
detected is far lower than for the em-
component (“e”): e/h > 1 for most
detectors. This leads to:

* Non-linearities

« Non-Gaussian response

» Relatively poor energy resolution

Calorimetry by examples, CERN AT, 2016

0.2 0.4 06 08 10
Signal / GeV (arb. units)

. Parameterization: o
(k-1) R
0.6 .fr:’m |5 l,t" ] A
) R =
= T
> o
L > 2

0.5 Rl <

04l -~ +/ — — Cu (k=082 Ey=07GeV)

v —— Pbik=082 E,= 1.3 GeY}

' e NIM A316(1992) 184 |

A NIM A399 (1997) 202
P | L

03

Average em shower fraction, <f,,,>

30 60 100 200
Pion energy (GeV)

=

em fraction is large & varies with energy &
fluctuates with non-Gaussian tails
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Several approaches to deal w
compensation in hadron calor

« Compensation

wovaion | — Hardware: bring the response of hadrons and electrons/photons
o to the same level (e/h=1) by e.g. including materials more
Hosowes|  sensitive to neutrons, e.g. Zeus detector @ HERA

LHC Calos

cuseca|  — Software: identify em hot-spots and down-weight them.

ATLAS LAr

CMS HF Requires high segmentation in 3D, e.g. H1 @ HERA, ATLAS

Future
DREAM

«ca. | » Dual (or triple) readout
— Evaluate the two components separately, e.g. DREAM

e Particle flow

— Use the hadron calorimeter predominantly for the neutral
hadron component, e.g. CMS
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Hadron shower shapes are char
by the nuclear interaction lengt
« Strong interaction = hadron shower development

« Multiplication continues until the hadron energy is below the
pion production threshold

Motivation
Basics
EM showers ’ g 4 1/3 2
#osowers Typical scale: interaction length Ay = 35 AY° gcm
Calo types
LHC Calos
CMS ECAL - ] - .
" Good containment requires ~10Anr thickness and ~1An width
Future
DREAM WAT78 : 5.4\ of 10mm U / 5mm Scint + 8A of 25mm Fe / 5mm Scint 103 150 GeV Pion Shower Profile
HGCAL EIIII|IIII|IIII|IIII|IIII
oo =L L L L L L L L L L L L rf(r) = B exp(-/A1) + B,exp(-r*/)
: s
10000""- o ®i0Gey |
. . I. Q - A 30 GeV 3
~ & 5.00Eseee , ma v20GeV 3 —
2 ({Z v Vv LN a 2o o 10GeV %_
g . Vy * - . m 5GeV =
83 1005 mgco vy e - e g
25 CaE T ma%e Vv e : 3 5
m— 050 "a o v ¢ m = 2
o > e g R v o < - m° 1 @
o @", mie. ¥ - * . moc )
o3 Bo5T9 000 -
B v * x I o
v 1 ¢ L .
0.01 L |||||.|||||°|Irll‘lﬁ._ 10-2 Y TN T T TN T N NN TN N O A N N
Y0 1 2 3 4 5 6 7 8 9 10 11 121 0 10 20 30 40 50

Calorimeter depth (A1)

Longitudinal development

Radius [cm]
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Interaction length etc. for so
materials in HEP detectors

-_ Density (g/om?)

Motivation

= Carbon 2.27 18.8
Snovers Aluminium 13 27 2.7 8.9 39.4
Cuseca Silicon 14 28 2.33 9.36 455
ATLAS LAr
S Iron 26 56 7.87 1.76 16.8
‘. Copper 29 64 8.96 1.43 15.1
Tungsten 74 184 19.3 0.35 9.6
Lead 82 207 11.35 0.56 17.1
Uranium 92 238 18.95 0.32 10.5

As X, is lower than A\, electromagnetic calorimeters
are placed in front of hadron calorimeters
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Energy resolution of calorimeter_

Ideally, if all shower particles were counted: E~N, c~VN~VE
In practice: other effects, such that, for em calorimeters:
e S (E) =l D b D c Ei”;‘ CMS ECAL Test Beam
EM showers = 1920 Resolution in 3x3 ]
HD showers E \/E E '-'HB, Fese ) 7088
i chos | a: stochastic term 3 oo |Fied
. intrinsic statistical shower fluctuations oo § 7o |l
CVS e sampling fluctuations : 3 | o2
RREAN signal quantum fluctuations (e.g. photo-statistics) g
b: noise term 0.2k E
readout electronics noise O b L Ll 1]
radioactivity, pileup fluctuations v B R ey
c: constant term For 9 PbWO, crystals tested @ CERN

inhomogeneities (hardware or calibration)
imperfections in calorimeter construction (gaps, dimensions variations etc.)
non-linearity of readout electronics

fluctuations in longitudinal energy containment

fluctuations in energy lost in material upstream (or within) the calorimeter

This is also a reasonable approximation for hadron calorimeters
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Summary of electromagnetic
showering processes

Electromagnetic showering process Is:

voivaion | — VWell understood

G - Very linear

e | —(Good energy resolution

atiasia|  —Reproduced well in simulation (e.g. GEANT4 contains EGS); may need
Futre optimization by tuning low-level cuts

DREAM
HGCAL

Hadronic showers:
— Are less well understood
— Fluctuate with energy, incoming particle type etc.
— Lead to non-compensation (e/h#1) = poor energy resolution

Calorimetry by examples, CERN AT, 2016 28 D. Barney (CERN)
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Future
DREAM

HGCAL

SAMPLING CALORIMETERS

Calorimetry by examples, CERN AT, 2016
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Two main types of calorim
and Homogeneous

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos

CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Single dense medium serves as both absorber and signal producer, e.g. liquid Xe
or Kr (ionization), crystals such as BGO, PbWO, (scintillation)

Sampling Calorimeter o/E ~ (10-30)%/\E

Layers of passive ‘absorber’ (e.g. Pb, Cu, W) alternate with active layers, such
as Si, scintillator, liquid Argon (LAr)

Homogeneous Calorimeter | o/E ~ (1-3)%/E

Light detector, e.g. PMT, APD, VPT
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Choice of homogeneous VS sa

calorimeter depends on applic_

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Homogeneous

« Advantages

— See all charged particles in the shower
—> best statistical precision (lowest
stochastic term)
=>» minimizes detector contribution to
measured particle widths

— Same response from everywhere -
good linearity (in principle)

 Disadvantages

— Limited segmentation

— Relatively high cost
« Examples

— B-factories (small y energies)

— OPAL, Delphi, L3 (LEP)

— ALICE PHOS & CMS ECAL

Sampling
« Advantages

— Relatively low cost

— Transverse & longitudinal
segmentation possibilities
=>» can significantly help to suppress
background

 Disadvantages

— Only part of the shower is seen -
higher stochastic (sampling) term

« Examples
— Aleph ECAL (LEP)
— LHCb & ATLAS ECALs
— All HCALSs (that I am aware of)

Calorimetry by examples, CERN AT, 2016
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EM showers
HD showers
Calo types

LHC Calos
ALORIMETRY BY
ATLAS LAr

CMS HF

Future
HGCAL [ |

Calorimetry by examples, CERN AT, 2016
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CMS ECAL is just outside o

and inside the H

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

CAL and s

Calorimetry by examples, CERN AT, 2016
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All three parts of CMS ECAL are located
within the solenoid

ECAL Barrel - EB

# ECAL Endcap - EE

LHC Calos
CMS ECAL

ECAL preShower - ES
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CMS ECAL: homogeneous cal
based on PbWO, scintillating
* Criteria for design of ECAL in CMS

— Hermetic, compact and granular, with excellent energy resolution to |n|<2.5
=» homogeneous calorimeter (minimizes sampling fluctuations)

Votivation — Large dynamic range, coupled with excellent linearity, to > 1 TeV
BEa“S/:CSShowers — Provide triggering info. e.g. particle ID, energy, isolation
CHa'%St*;gVeVSerS — Radiation tolerant to expected dose rates and cumulative doses/fluences

LHe calos |+ Several options in the early days (early 1990s) of CMS, including:

ATLAS LAr ) _
Sampling | Homogeneous scintillators

CMS HF
B Property Pb/plastic | Liquid | CeF; 'PbWO,
Shashlik | Xenon | crystals crystals

Future

Density (g cm3) 3.06 6.16 8.28

Radiation length X, 17 277 168 | 085 Ei’/'ecclt;g
(cm) in 1994
Moliere radius R,, (cm) 3.4 4.1 3.39 2.19

Wavelength peak (nm) 500 175 300 440

Fast decay constant (ns) <10 2.2 5 <10

Light yield (v per MeV) 13 ~5x10* 4000 “TOU
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The CMS ECAL: ~75000 POWO, s
crystals with APD/VPT light dete

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Very compact:

¢ X,~0.85cm, Ry, ~2.2cm
Excellent energy resolution

Fast << 100ns signals

High transverse granularity

No longitudinal segmentation

- No angular measurement
Time-dependent variations, due to:
« Temperature dependence

« Radiation damage

g
-
ol
(=

g 8
-
[
o

Transmission
Py SO —

L aaa e

Transmission (%)

-
=]

o
o
UOISSIWS PazI|eulLIoN

0.75

Scintillation
Emission 0.50

0.00
650 700

300 350 400 450 500 550 600
Wavelength (nm)

PbWO, crystals are transparent to the entire
scintillation emission spectrum — before

irradiation (see later)

—- { § [ ——

Avalanche PhotoDiodes (APDs, gain
~50) or Vacuum PhotoTriodes (VPTs,
gain ~10) are glued to the lead
tungstate (PbWO,) crystals to detect
the scintillation light in the barrel and
endcaps of the CMS ECAL
respectively
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Beam tests of ECAL superm

crystals each): excellent pe

« ECAL “standalone” performance thoroughly studied at test beams
— No magnetic field, no material upstream of ECAL
— Negligible systematic term from channel response variations (“perfect calibration”)

Motivation

Basics _ JINST 2 (2007) P0O4004 |2
EM showers 9i -

HD showers W 14 - 3x3 resolution

Calo types L N

LHC Calos T 12 F ® no hodoscope cut

ChE ® hodoscope cut 4x4 mm?
ATLAS LAr

CMS HF

Future
DREAM
HGCAL

* Energy resolution for central impact

on 3x3 arrays of barrel crystals [2]: 0:2 - Central impact ®
o 2.8% 0.128 T 1 1 . .

= @ ®0'3% o l50l - l100l B l150l - l200l - l250

E 4E(GeV) E (GeV) E(GeV)

— Constant term dominated by longitudinal non-uniformity of light collection :
limited to less than 0.3% at construction
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Time-dependent instabilities
be controlled

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

 Minimize environmental instabilities
— Achieved AT < 0.02°C, AV ppp < 20 mV (well within spec.)

« Monitor the radiation-induced effects — heavily n dependent
— Crystal transparency changes

 Colour-centre formation, but no damage to scintillation mechanism

 Electromagnetic damage is spontaneously recovered at room temperature
— Fast damage and recovery on the order of hours

« Hadronic damage causes permanent (at room temp.) and cumulative defects
— VPT photocathode conditioning with accumulated charge™
— APD leakage current increases CVIS Preliminary 20112012

[}
B = o e tennaens .-
-------- == e ~ T
----------- 0.9 - \‘ 4 k“w«v -\\’““(_ :;v,\ e e e, —4| & a
CMS Preliminary 2011 ® 0.8 - '\'\a My k"”“ — f\\ :“‘“"‘\NMVW S §
0.995 @ : o R \V | y i N |V E S
0.6 it B 726 TR e ML .
8 @ T miera .M N
oo 0.5 pd W,
%g 0.994 oo e R — 0>J 0 4 L 1_5 < m‘ <18 = \&A o
©5 _ = 4 18<m<21 o N
ég E - e % 0.3 & 21<n<24 o
%_3; y— (= Y— = 0.2F24<p <27
et 0.993 ........... O S — o . SRR O._ﬂ L 2-7 < h]‘ Y
- 0.8 I T T = e TN
= : T e 7 r {41 a4
i=t Co 5 - - ,~
EE 041 e = = : 1 & § . |
o% 02t e - . =g 3 r mm&‘ ; 'il 1 -
& & & | 157 1 e o e i W N B I
P ® P Y = QI T T N P T VR PR PRI
date (day/month . N N N N N N N N N N
ate (daymonth) o F NN SN
1 date (month/year)
“Not disentangled from transparency changes
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Crystal response stability is
corrected through a laser sys

Light from laser (447nm, ~peak emission) injected into each crystal

—One (averaged) measurement of the crystal
transparency every 40 minutes

Motivation

Basics — Corrections ready for prompt
EM showers - -
HD showers reconstruction in less than 48 hours!
Calo types . . -
LHC Calos « Validity checked using electrons from W decays
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL
o 1l oo — — APD
= = CMS Preliminary 2012 | ; Mean aE L ference
§ 105F ¥s=8TeV L=19.6f ECAL endcap s 0.0028 (VPT) . Fdiode
o - RMS 0.037 |}
i R T T 3 i e TL UL R 1 ’ PN
[4b] - — _l_
% 0T L o .. '2 ey
o = =
o 09 - ‘iE ................................................................................................................ (5]
0.85 f ...................................................................................................................................
- &y ﬂm .
0.8F s 1
= gl | ﬁ “M g Light d:smb:ed\
0.75 = - without laser monitoring correction - o o
e with laser monitoring correction | | | ] 8 8
0.7 20/04 20/05 19/06 19/07 18/08 17/09 17/10 16/11 0 50 100 150 Lasers
date (day/month)
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(Inter)Calibrating the CMS ECA
by physics processes: 6<0.8% i

1¢- and time-invariance of energy

c 04—y
- . %) O = -
flow in crystals at given n Thindier - I - CMS 2012 Preliminary -E Barrel
i, : 88 | © - .
— Short calibration periods ~ 2 days b5 | (S o Nl &Zﬁ;’gft’y 1
. . 2 2 L 0 -u ]
Votivation — Excellent for checking ECAL stability >_§ § s LT ’;Ofn ‘}Jinaﬁon - u
Basi 3 s = + - _
cvisnowers| LY/ = yy invariant mass ST |8 ool =
HD showers . : - Jo3) —OY C__U Sl e i
e — Average calibration periods ~weeks oS |8 i N
—— { I gy B -
LHC Calos ] , |5 - at = ]
CMSECAL| « Z=>e*e” invariant mass and E/p — o | € oot E S on S
ATLAS LAr b alect f WS 25 = . see
CMS HF T 2 L Iy oF X o i
W mLL=E P e prrrrrestie T
DREAM — Long calibration periods ~months T Lo - | | -
HGCAL c 2 O 05 1
— Z peak also - absolute energy scale S '
— < crystal |n |
" ?fdpa. —————— CMS 2012 Preliminary, ys= 8 TeV, L= 2.4 fb" CMS Praliminary
ol F CMS Preliminary 2011 ] —_ e N N S e S B S _ ~
S &0 ECAL Endcaps o 25001 gcal Barrel ;200001
s | 11 |3 Fzoee § 1eo00- T 056007
Z s 1| | 8% green 13 TeV
8 4 Endcaps - S 1500f Barrel gim:
L e W->ev 1 2 - Z9>ee “ 10000
F $ 1000} B00OF o
2F L C 6000
1_ 5001 4000 :
5 E L 200 Barrel n0>yy
05 ; : 2 070 8 90 100 110 80657 613 G4 616 18 f'aiw;'#?’
E/p (c=1) M, [ GeV/c? ] 7 invariant mass
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The bitter reality of a real HEP c
upstream material can diminish

A CMS Prelimin El]|11||||”|””|””
§ 114F —ecaLbae-Ro0m  —EcALencas-r208] | | o COrrect energy clusters
‘§ 119 ——ECAL barmel - R9<0.94 —+— ECAL endcaps - R9<0.94 - f
S ‘§ 11Emodule boundaries = or. _ _
s | 3108 /v, high E —Energy loss in material
HD showers E 1.06 - upstream Of ECAL
Calo types .
LHC Calos | ¥ 1.04 3 - e*e- bremsstrahlung and y
CMS ECAL ] .
ATLAS LAr 1.02 low conversions
CMS HF
Fure 2 brem E —Local shower containment
G 1T foms smuaton ] — Crystal geometry
@ i  |support Tube [ TOB I Fixel . _
g ofE Wreeamo Weemree | e Corrections currently
2 ;‘J"“”"w'ﬁ.ﬂ derived with an MC-driven
1. L . .
3 multivariate (MVA)
technique
0.5 — Using shower location, shape
and global event variables
.
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CiViS ECAL energy resolution IS

stable with time

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

« Width of the Z->e*e- peak fitted
with a Crystal Ball (CB) function
convoluted with a Gaussian

— Use CB width as a measure of the
mass resolution

* “Prompt” reconstruction (<48
hours after data taken) already
excellent

 Absolute resolution and stability
Improved further once final inter-
crystal calibration applied for a
“re-reconstruction”, especially in
the endcaps (where radiation
damage is significant)

Calorimetry by examples, CERN AT, 2016

3 E  CMS Preliminary 2012 ' '
;; 19 E_ Js = BTEV, L=196 fb“
— 1.8 ECAL Barrel
o [ : : £
(] ‘I -? e B b s s s
© E — T g
16 *ﬁ
1.5F |
1.4fF
1.3F
- A Prompt reconstruction
1.2F
1.1 2— . Winter2013 re-reconstruct'mn---------------E--------------------------
= | 1 1 I
I 02/05 01/07 31/08 31/10
date (day/month)
S 4 Preliminary I I
== - CMS Preliminary 2012 i
;35: Vs = 8TeV, L =19.6 fb j
SE capt Endene T iR g
..___,m - EC&F Endcap + ++
S | e Tt S
e e e g e M I SR S
2-5 el LI LI T o 0 B D R
- Endcaps
2 __ ertnsamantismns s s smss s sm st 1sm B e s s sms i sms i sesasssnms e e s
C A Prompt reconstruction
1.8 b
- @ Winter2013 re-reconstruction
C I 1 1 1
L 02/05 01/07 31/08 31/10
date (day/month)
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The CMS ECAL Benchmark:

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

®m The energy resolution measured in data with Z — ee is used to model
the expected H — <y signal in the simulation
m Steady progress and excellent results

- - 7TeV I B B 8TeV --*

PROMPT ) ‘1.83‘ ~f- Simulation g::ﬁg::;minaw ’E“m;_ —+— Simulation Smion
. > L f al:
reconstruction B TBE oot osel All Catogories Sas _ 1 Cotogores Comine
within 48h from o 14f , Comtined % S
data taki ng S 1.2f BRGNS 'E o, =202 GV
= F |\ LP 2011 5
.g 0 FWHM = 4.35 Ge\ic™ - FWHM | y E FWHM =386 Gav MORIOND 2013
5 08b b = 1.54% 20— FWHM =1 319{
i o 2.35 : = 1.31%
0.6 . 151 2.35
I 0.4 — ]U‘E_
0.2 ) . 55
* :::::::::- 120 FEH "ﬁ'h@ by Lol ;
m, (GGWCQ) 05 110 115 120 125 130 :I%TE(G:\}?G
-~ : - CMS preliminary % L :||2:E|:zmw
RECONSTRUCTION g 7F —+— Simulation M simulation g 50: —+— Simulation I
Wi+h impT"OVEd 3 65_ —— Parametnc Model ; E —— Paramatric model o
g Ty] - Al Calegonas Combined a.m—
conditions D 5f cu-tmees § L men g
E 4 :_ FWHM = 3.18 GeWic® ICHEP 20].2 m:_ FWHM = 3.05 Ga\f ! 2014
= F - —= X
af FWHM _ : FWHM | °
$ = 112% || 535 =104%
1E 10f [
U ——— "-'"":-:I T e— : -
10 110 120 130 P S 115 SRR
m,, (GeV/c?) m,, (GeV)
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Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos

-« CALORIMETRY BY
EXAMPLES: ATLAS LIQUID

Future

DREAM
HGCAL

ARGON CALORIMETERS

Calorimetry by examples, CERN AT, 2016
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ATLAS Liquid Argon Sampli

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Liquid Argon calorimeters

Calorimetry by examples, CERN AT, 2016
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ATLAS Liquid Argon electro
endcap/forward hadronic ca

LAr hadronic
end-cap (HEC)

Liquid Argon:

EM barrel and end-cap
* Lead absorber

* Accordion geometry

Motivation \\'«____1 ‘ L
i X\ ‘ 1
Basics L1y,

EM showers * Barrel: |1]|< 1.475
. -~ *End-cap: 1.375< |n|<3.2
Calo types

LHC Calos U

CMS ECAL Hadronic end-cap

ATLAS LAr N

CMS HE Copper absorber

Future * Parallel plate electrodes
DREAM * .

HGCAL 4 Coverage: 1.5< |m|<3.2

Forward Calorimeter
* tubes and rods in copper
or tungsten matrix

LAr electromagnetic * Coverage: 3.1< |n|<4.9
end-cap (EMEC) - /
LAr electromagnetic \%f
Barrel (EMB
( ) LAr Forward
Calorimeter (FCal)
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ATLAS Liquid Argon calorimet-

Sampling calorimeters using liquid
argon as signal producer => ionization

 High # electron-ion pairs / MeV j_ Shower
veiaion | deposited = no amplification needed, -

Basics
Sreovers) - Jow fluctuations
Calo types

Lhecalos | © G00d energy resolution i
CMS ECAL ] ‘ e /{é
atasLarl o High granularity (110000 channels) ]

CMS HF
Future

seeaw | ¢ Longitudinally segmented = angle

HT — phys

Electrode

HGCAL measurement; background suppression o | Lou I e

+ Intrinsically uniform & radiation hard =d

« Argon = liquid @ -183°C E ~ 1kvV/mm

2 cryogenic system Signal is given from collection of

 Not so fast (~450ns) released electrons

» Temperature sensitive ~2%/°K Drift velocity depends on electron

» Not too compact: 25 Xo — 47cm mobility and applied field. In ATLAS :

LAr gap 2 mm, AV = 2kV
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ATLAS LAr calorimeter uses a nov
geometry to optimize performance

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL
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Absorber and gap layers in sampling calorimeters are normally perpendicular to the
incoming particle direction - gaps/cracks at boundaries; long signal cables
Largely avoided in ATLAS by using novel “accordion” geometry

O

T B
i
R |

47 cm

. readout electrode
v K T

outer copper layer
inner copper layer
kap{\én

outer copper layer

Akt

stainless steel

glue
lead

Traditional sampling calorimeter (top)
and ATLAS accordion geometry

(bottom)
D. Barney (CERN)



Keeping the constant term low
major challenge for the ATLAS

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Mechanical non-uniformities can modify the electric field and detector response. Great
care needed during construction; try to reproduce effects and apply corrections

A

1% variation in Pb (~200um) | « o= 2.2llmm
> 0.6% change in response | = F o =10 pm
Measured dispersion 20 |-

¢ =10um o
Translates to o r

< 2%o on constant term 0 L1

L1 L1 L1
218 218 22 222 2.24 2.26
Absaorbar thicknass (mm), sliding avg.

———— Smulafion (collecion de charge)
Seulation (austement de gag) 3' M

Gogat
0.“%— l}=1 1

0.97%

Y S S Y S 04 D2 0 02 04

e 0-‘-

Response to 120 GeV e-showers

¢-modulations measured &
simulated, and corrections applied
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Beam-test performance of LAr
showed excellent potential

Towers in Sampling 2002 Beam teSt

0.05¢ -

L ; Sampl. Const. Term -

£0.045 (GaV) E

Motivation T :_' f%.'.-" \ fGE'I"'}_F I‘%} E
secice 0.04; 10.1:0.1 0.17:0.04 -
Y S— E
Calo types o %?r Fla - - -
LHC Calos o 0.03- Data noise subtracted =
CMS ECAL F =
ATLAS LAr =
CMS HF .
Future = E
DREAM ]
hCCs- Square towers _E
. Pl g]ampling 2 _;

37 5’3?78=4.69m \ E0=0 gy f _é

Ul = 0. 00 {
i Strip towers in Sampling

4 1

Constant term is dominated by:
« Equalization of the electronic readout (=calibration)
» Non-uniformity of electric field & sampling fraction from the accordion structure
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ATLAS LAr performed excelle
day 1 of LHC operation — and i

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

2011: Jhy = efe

;2000 T T T T | T T T T | T T T T | T T T T | T T T T | T T T T :
& 1800F- _g- Data | Ldr =39 pb™ ATLAS Preliminary —|
£ 1600 — Fit todata

e I Bkg. from fit to data

= 1400 Pythia MC (direct J/y)

*g 1200F- — Fit to MC+data bkg.

> -

£ 10007 v 2308022 oY

ohe =132+ 2 MeV

Oye =134+ 1 MeV

i<2.47
(1.37<m|<1.52 excluded)

800
600
400
200

2015: Jhy - ete

B B T L e
S 400 ATLAS Preliminary \s =13 TeV, 6 pb"

E 350 Er>4 GeV —+— OS Data

% 200 | < 2.47 —— Fit result .

z semeee Jiy— g signal

=e=e=e (25— ee signal
«\ — — O8S background fit
i\ = S8 background fit

250

200

150
100
SOyt b [
0 —— J-_l.t!.l"LJ . s |-'|'JI‘:!-|-"|..-J._."; e o B
2 25 3 3.5 4 45
m,, [GeV]
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Events [ 1 GeV

Entries / GeV

Data/Pred.

2011: Z° > e*e

300 T T ]
- o DaafLa-3ep” ATLAS Preliminary -
— O Mo s ee il
250 — —— Fitto data —
C | < 247 ]
2000 25=<n ) <49
C o, = 2.96 %01 Gev ]
‘ O = 2.32 +0.03 GaV
150
100 N
50— =
; L
Bo 70 80 90 100 110 120
Mg, [GeV]
. +A-
2015: Z° - e'e
=<10°
AN L B LN B B LA L B B B L B
- -e Data Z—sete 7
s %;/IC Stat. ® Syst. Unc.  ATLAS Preliminary ]
- —e'e’ -1 ]
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4— [MZ—t't —]
- [EdTop ]
3 =
2 —
/= -
s =
1.2
1.1
1
0.9
0.8
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Calorimeters are not only for en
measurements!

Particle identification in ATLAS LAr | | Timing performance in LAr endcaps

2y 17"”‘”'"""i"i‘”"”'””"""”'”'"'L Ty 0.5_III\| T T LA L B B B ]
g [ATeTeme . £ | ATLAS Preliminary zosotta ]
Motivation o 099 5 : o e é 0.45 JL=3.3 fb!, /§=13 TeV TS 220 .
Basics . 98@:?:' - H '—i—i % 0 4: ) p Fit Results:
EM sh 98— - @ — o(t)=p@p, High p : 2.182 —
b s S g ; voan D024
Calo types - s C 0210 ]
LHC Calos 0'97: Vs=13TeV, 321" . .ﬂé 0'352 p ]
CMS ECAL B Er>15 GeV N = - -
ATLAS LAr 0.96— —+ Data — 0.3 .
CMS HF - + —— MC + ] - i
Future I Electron reconstruction B 0 25; B
DRESL ot e T O ]
HECAL 9 osE T ook =
s 1 e it NI s A T ]
5 éaﬂl .o by S @ - B
D0995E = 015_ e 1 1 1 1 e .
0.99 %5505 0 05 T T8 2 s 10 107
n Energy [GeV]
Electron identification efficiency as Timing measurements can help with
a function of n for the ATLAS LAr pileup rejection. The above plot
calorimeters. Above 97% except for includes a contribution of ~200ps
barrel/endcap transition region from the beamspread - intrinsic
timing precision approaches 65ps!
(about the same as in CMS ECAL)
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Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

. CALORIMETRY BY

HGCAL

HCAL
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CMS Forward HCAL covers t
region - exposed to the high

-~

Motivation /4 — — s,

Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

y “ == -
Future / /) : Z.

SHERL | S l’H CAL Forward - HF
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Forward HCAL measures Cer

light produced in quartz fibre

« Forward (HF): 3.0<|n|<5.0, 18 wedges per end
— Grooved steel plates, 5mm thick, 165¢cm long =2 ~10 A
— ~square grid of holes spaced 5mm apart

— 1mm diameter fibres (600um quartz core + cladding + buffer)
—> highly resistant to radiation

— 2 fibre lengths (read out separately) to distinguish e/y from hadron showers:
 Half are 165cm long

 Other half start after a depth of 22cm

. Pobethylene Shielding -
.2 TR ¥

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos

CMS ECAL
ATLAS LAr
CMS HF
Future

DREAM
HGCAL

‘‘‘‘‘‘

«." |, Cdrerste Shielding ' .

2 Tl A

Steal Plug SBielding

1330.0

Steel Shielding

[l

Steel absorbe
quartz fibres

Particles from CMS
Interaction point
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Assembly of the 350-tonne HFs

Inserting quartz fibres into a steel wedge

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

CMS HE Close -up of HF steel wedge showing

DREAM grooved plates to.allow quartz fibres
HGCAL

Wedges being assembled into DeeS" | Completed HF ready for mstallatlon
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The main task of the CMS Fo
Luminosity Measurement

CMS Integrated Luminosity, pp, 2012, vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC

« CMS provides real-time monitoring

of the LHC luminosity to determine
otivation an overall normalization for use in
iaewers | physics analyses

HD showers

| BN LHC Delivered: 23.30 '
[ CMS Recorded: 21.79 v !

]

15}

120

115

10+ 110

Total Integrated Luminosity (b ')

Calo types —The online luminosity

LHC Calos 4

Cvs ECAL measurement is based on the sf I°
r o J

CMs HF forward hadronic calorimeter (HF) e

uture ! R N Y o o o

DREAM — “HF lumi” R ’ ‘&I:ate ?:Tclm i

HGCAL

e The HF Lumi is subject to e (0
calibration drift as a result of gain N
changes in the HF PMTs and FE - e N
possible other effects. Such drifts T g E
typically occur over a long period of sE = =

time
— These drifts are calibrated-out

a

() wam payesBayu
02

&

D. Barney (CERN)
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Motivation
Basics
EM showers

HD showers [ ]
Calo types ]

LHC Calos
CMS ECAL

Future
DREAM

ATLAS LAr
CMS HF

 CALORIMETRY - IMPROVE

JET MEASUREMENTS!

Calorimetry by examples, CERN AT, 2016
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Real need to improve jet ener_

for the next generation of cal

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos

CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

* At high energies the measurement of jets is crucial
e Multi-jet final states (outgoing quarks, gluons)
* Missing energy reconstruction - Invisible particles

| The—principle of jet reconstruction: Sum energy in a cone (geometry etc
| given by jet finding algorithm) to determine energy of original parton

The limitations:

Neutral hadrons, photons from
neutral pion decay: Cannot just sum
charged tracks - The calorimeter with
the worst energy resolution (the
HCAL) drives the performance for
jets!
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Two main approaches for improv
energy resolution

The goal for the next generation of calorimeters: a significant
weon | 1€AP 1N Jet energy resolution

Basics

o o Motivated by the requirement to separate heavy bosons (W, Z,

secas | H) Inhadronic decays

CMS ECAL
ATLAS LAr
CMS HF
Future

' | Two main approaches:

» Substantial improvement of the energy resolution of hadronic
calorimeters for single hadrons: dual (or triple!) readout

* Precise reconstruction of each particle within the jet = reduction
of HCAL resolution impact: particle flow algorithms and
Imaging calorimeters
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Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

=, CALORIMETRY BY

HGCAL

Calorimetry by examples, CERN AT, 2016
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REAM is a generic detector R&

D
not linked to any particular expe_

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Goal: investigate & eliminate the factors that prevent the
measurement of hadrons and jets with the same precision as
electrons/photons

DREAM: Dual READout Method — CERN RD52 project

Simultaneous measurement of scintillation light (dE/dx) and
Cerenkov light produced in showers:

» Cerenkov light only produced by relativistic particles: em
component

« Scintillation light produced by relativistic and non-relativistic:
em + hadronic component

—> can measure the em fraction event by event, eliminating the
effects of em shower fluctuations
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DREAN prototypes use array
producing scintillation & Cer

Motivation
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EM showers
HD showers
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CMS HF
Future
DREAM
HGCAL

~2.5 mm-
~— 4 mm——-

e Some characteristics of the DREAM detector

Depth 200 em (10.0 Ajpe)

Effective radius 16.2 cm (0.81 A, 8.0 pag)

Mass instrumented volume 1030 kg

- Number of fibers 35910, diameter 0.8 mm, total length =~ 90 km
Hexagonal towers (19), each read out by 2 PMTs
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DREAN: Energy measuremen
from the combination of sign
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In practice the two systems respond differently to hadrons: (e/h)q =1.3; (e/h). =4.7
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rFor 200 GeV jets, C/S correc
significant improvement to
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Energy resolution of prototy

shows excellent potential

Hadron response after C/S correction

Motivation
Basics
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« Gaussian response

« Much improved linearity
« Correct energy scale

« Still room for improvement
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Latest DREAN modules use
absorbers: tested in Novemb
Following first beam tests more than a decade ago, further prototypes developed to:

* Reduce shower leakage = build larger detector
* Increase Cerenkov light yield

veion ¢ Reduce sampling fluctuations - increase fraction of fibres

Basics

EM showers P b C u
HD showers
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Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
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ATLAS LAr

- GCALORIMETRY BY

HGCAL

(AND CALICE)
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CMS High Granularity Calorimeter wil
replace all endcap calorimeters in ~2

Y | L

—— =

- HCAL Endcap

Future

HGCAL

! ECAL Endcap |
| Motivation for upgrade for HL-LHC: |

K huge radiation environment: ~10'% n/cm?, ~1 MGy

é;li « 150-200 pileup events per bunch-crossing: need high granularity 4D detector vc

m~ ———— - k-
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Particle flow technique: make_

of all detectors to measure je

Motivation
Basics

EM showers
HD showers
Calo types
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CMS ECAL
ATLAS LAr
CMS HF
Future
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A majority of particles within jets can be
measured by Trackers and ECALSs
Charged tracks = Tracker
e/photons = ECAL
Neutral hadrons (only 10%) = HCAL

Ejer= EecaL ¥ EncaL
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For best results: high granularity I
separation of individual particle s

For a Particle-Flow Calorimeter:

« Granularity is more important than energy
resolution!

votvation | e |_ateral granularity should be below Moliéere

Basics

EM showers radius in ECAL and HCAL

HD showers

caowpes | *  In particular in the ECAL: small Moliere radius to
LHC Calos

CMS ECALL provide good two-shower separation

A (particularly in high pileup environment)

. = tungsten absorbers (lowest X;)

HGCAL —> Silicon active elements (highest sampling
density)

» Sophisticated software needed!

Extensively developed and studied in past decade for Linear
Collider detectors (e.g. CALICE): jet energy resolution goals
(3%-4% for energies from 45 GeV to 500 GeV) can be met
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Particle flow already used in
(both have relatively low reso

o Simulation: jet energy resolution Data: Missing energy resolution
Motivation _ 5 _ . ) .
Basics [ CMS Preliminary | [
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Measurement of jets in CMS is enhanced greatly by the use of particle flow technigues
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CMS HGCAL: a sampling calori
unprecedented number of read

—

= LT N Essentially combines tracking and
NI calorimetry to make a particle-
voivaion R N ererbreeeteneebI LI flow calorimeter (like CALICE)
Basics X . .
EM showers millc S T s S
HD showers 5 Nepave e asascha:
LHC Calos B| Nt % Key parameters:
. . 593 m? of silicon (3x CMS TK1)
e T T 51|+ 6Mch, 0.5 0r 1 cm2 cell-size
HGCAL o IR N 1|+ 21,660 modules (8” or 2x6”
I 465 G CEHE e o e b sensors)
QQQQQ 92,000 front-end ASICS.
 Power at end of life 115 kW
» ~230 tonnes per endcap

| I

System Divided into three separate parts:
EE — Silicon with tungsten absorber — 28 sampling layers — 25 X, + ~1.3 A
FH — Silicon with steel absorber — 12 sampling layers — 3.5 A
BH — Scintillator with steel absorber — 11 layers — 5.5 A
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HGCAL has the potential to
individual components of sh

Simulation of 140 pileup events in CMS

Motivation
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Silicon/Tungsten part of HGC
based on CALICE (Calorimete

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL

ATLAS LAr b

CMS HF
Future

DREAM
HGCAL

Carbon-fibre composite alveolar structure with embedded W

Composite part with
metallic inserts
(15 mm thick)

pe—

/ Cassettes (with active element) inserted in alveoli.

absorber

(15 mm thick)

The design is modular and can be adapted.

= Profit from 10 years of R&D.
= All problems (extraction of signal, heat, ...)
can be studied/resolved at the level of a single cassette !
= Structure can go in test beam & fully tested.
= Allows developments & construction in parallel (in different sites)

(absorber thickness, number of layers, geometry, etc...)
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HGCAL silicon modules are hex

divided into hexagonal pads ~0.:
First prototype (March 2016) used Skiroc front-end chip (developed for CALICE)

Finished module wﬂh SKIROC for ~ 700 wire bonds on a
testbeam al dule!

Motivation / Slng e moauie!

Basics 5T

EM showers o

HD showers ol

Calo types

LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL
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HNGCAL energy resolution: sto
rather modest, but constant t

Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr
CMS HF
Future
DREAM
HGCAL

Energy resolution: stochastic term rather
modest, but constant term low

Shower radius is quite small in first
layers: can use longitudinal
granularity for pileup rejection etc.
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Achieving the potential of the HGCAL is a major
engineering challenge for the next decade!
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Motivation
Basics

EM showers
HD showers
Calo types
LHC Calos
CMS ECAL
ATLAS LAr

- THE FUTURE IS
CALORIMETRY!
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I have only scratched the surf_

 Capabilities of calorimeters are growing every year
—Fortunate, as so are the challenges!

* | focused on energy resolution
— But they also perform triggering, timing measurements, measure
position/angle...
» Wide variety of calorimeter designs, depending on particular
application

— | only discussed HEP, but the fields of astro-particle physics, dark matter
searches, medical physics etc. also make use of advanced calorimeters (some
Inspired by HEP)
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What will calorimeters help reveal i-

ATLAS

EXPERIMENT

RRRRRRRRRR
Event: 472098394

? =2 yy in CMS, 2015 m,., ~ 750 GeV

? =2 e*e” in ATLAS, 2015; m,, ~ 1775 GeV
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