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Today’s Lecture

[ J
* Lecture I: Why calorimetry?
* |.1 Why calorimetry?
* 1.2 Calorimeters in Detector Systems

* Intermezzo: Coordinate system & Cross-section & Hadron vs Lepton Colliders
* 1.3 Historical Development

v
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Why Calorimetry?
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What is a (generic) calorimeter?

In general: an apparatus used to measure
the transfer of heat (energy) involved in a
chemical reactions or physical changes
v" E.g. a thermally hermetic box with a substance of
which we want to measure the temperature,
equipped with a thermometer

* | calorie (4.185 ]) = energy necessary to increase of
one degree the temperature of | g of waterat |5 C

In particle physics: a detector which
measures the energy carried by a particle

v In particle physics the energy of a particle is
measured in eV

* | eV = energy acquired by one electron accelerated

by a difference of potential of | V

« | MeV=10%eV; | GeV =109 GeV; | TeV =102 eV

Electric heater for

calibrating the calorimeter

Stirrer
=
Insulated ——
container =
Ry =
o——n
Glass bulb 2
containing
reactant
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HEP, S| and “natural’ units

Quantity
length

charge

mass
h = h/2m

hc

HEP units S| units

| fm 10-15m

e 1.602010-!° C

| GeV/c? 1.78 x 10-%7 kg

6.588 x 102> GeV s 1.055 x 10-34 s
2.988 x 103 fm/s 2.988 x 108 m/s
197 MeV fm

“natural” units ( )

| GeV

| GeV! =0.1973 fm
| GeV! =6.59x 1025 s
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What is a (particle physics) calorimeter?

* A detector for energy measurement ** via total absorption of particles

v" What particle can we use a calorimeter for? It depends on energy loss mechanisms
* Example: a 10 GeV muon loses energy mainly by ionization, to absorb all the energy one needs ~9 m of iron
* High energy electrons, photons, hadrons can deposit their energy much more efficiently...

iIncoming
particle

shower

active material
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What particle do we measure with calorimeters?

1905: Fermilab

hadronic

calorimeter

(quarks and gluons
form hadron jets)

electromagnetic
calorimeter

“invisible”:
missing energy

electromagnetic
calorimeter

Note that at energy > | TeV muon calorimetry becomes possible as muons in lead/iron
undergo interaction processes where the energy loss is proportional to the muon energy
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What is a calorimeter?

* A detector for energy measurement™ via total absorption of particles
® Principles of operation:

|. Incoming particle initiates a “particle shower”

* Shower properties depend on particle type and detector material

— Electrons & photons = Electromagnetic shower = Electromagnetic calorimeter
— Hadrons = Hadronic shower = Hadronic calorimeter

2. Energy is deposited in “active” regions

* Different calorimeters use different kind of signals

— lonization charge, atom excitation (scintillation light), Cherenkov light, ..

3. Signal is “proportional” to energy released

incoming

* Proportionally = calibration particle

active material

* Shower containment

* Also sensitive to particle position: fundamental for neutral particles!
* Segmentation allows particles identification and more!

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture | 10



Why calorimetry? Neutral particles are invisible to trackers

® Neutral particles are invisible to tracking detectors!
v Historical use cases from nuclear physics
* e.g. spectroscopy of excited states which decay into X + nm?®

v"In general, detector of neutrals (e.g. y, neutrons) or neutral products (% — yy)

n I I 1

v Pioneer measurements in early 1950s e
with calorimeters based on crystals l A
\ / Scintillator
such as Nal(Tl) used as y-ray detectors - BGO

352
609

v Following milestone around 1965,
when semiconductor detectors for y-
ray detection made their appearance

Events per bin (log scale)

L L High-purity Ge
J

0 500 1000 1560
Energy (keV)
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Why calorimetry?! Missing energy reconstruction

® Missing (transverse) energy as signature of undetectable particles

® Kinematic closure of event * allows for measurement of the event energy flow

v Requirement: hermetic (41) calorimetric coverage

Example of one of the a)
first 41 hermetic
calorimeter: Crystal

Ball at SLAC e+e— ( =

SPEAR, a Nal(Tl) '

Crysal calorimeter V
electron

* Particularly important at e*e collider machines,
where energy of collision is well known, and
collision produces particles with total energy
equal to the center-of-mass energy

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture | 12
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Why calorimetry? Dete

intense high energy neutrino beam

® Need for highly massive detectors

to study neutrinos interaction
(cross section extremely smal

smaller than hadron interaction

cross-sections)

v Detector also acting as target to study

inelastic process

v Detector should be uniformly sensi

reaction products!

Marco Delmastro

ct neutrinos

® Late 60’s - early 70’s saw advent of “vhipeds— 5
/

| ~10'0

tive to

CDHS (CERN-Dortmund-Heidelberg-Saclay) neutrino experiment
Designed to study deep inelastic neutrino interactions in iron.

The detector had a mass of 1250 tons and combined the functions of a
muon spectrometer and hadron calorimeter: It consisted of 19
magnetized iron modules, separated from each other by wire drift
chambers.
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Why calorimetry?! Measure hadronic jets

* QCD asymptotic freedom and quark-quark effective potential
confinement: 4 o
. . . S
v at short distances strong interactions weak, VS —_ _|_ k/r'
quarks and gluons essentially free particles; 3 r
v at large distances, higher-order diagrams \ J  \ J

dominate, interaction very strong (perturbative

regime fails, effective models needed) single gluon exchange  confinement

® Quarks and gluons hadronise into
collimated jets

v Jet retains direction and energy of parent parton

v" Moving from description of the single particles to
measurement of global characteristics (energy
flow, missing energy, jets energy)
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ete” — 7 —qq

Discovery of jet-like events in efe~

collisions at SLAC in 1975 stimulated

community to introduce calorimeters:

* better energy resolution than
magnetic spectrometers

* capability of measuring the energy
of charged as well as neutral
particle

Marco Delmastro

N ALEPH o
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Why measure particle energy with a calorimeter?

® Fundamental contrast with spectrometers: calorimeters absorb rather than deflect
V" Spectrometer: particle survives, momentum measured from curvature
v" Calorimeter: particle destroyed, energy inferred from shower total

® Energy (momentum) resolution

Calorimeter Spectrometer

o(E) o(p)
E

1
X —— —- XD
VvV E p

b o(p)  8oup

O(E)
c, E|GeV ~
. , [G ] 0.3 BlQa p

E “JVE'E
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Calorimeters vs. magnetic spectrometers

Calorimeter vs. magnetic spectrometer: resolution comparison

100%
Spectrometers

=== BL?=0.3T'm?, 0,=37.5um

—— BL2=1.0 T'm?, 0,=37.5um

----- BL?=3.0 T'm? (muon spectrometer)

10%

Calorimeters
e CMS ECAL PbWO,: a=3%, ¢=0.3%

Resolution o/E or o(p)/p [%]

1% 1 —— ATLAS LAr accordion: a=10%, c=0.7%
Crossover = 26 GeV —— Typical HCAL: a=50%, c=5%
Calo better (ATLAS LAr vs BL2=1)
0.1% A
Spectrometer benchmark (BL2=1T:m?, g,=37.5 um):
K oa(p)/lp=1% at p =10 GeV
0.1 i 1'0 160 1'k | o(p)/p =10% at p =100 GeV

Energy / momentum E, p [GeV]
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1.8

Calorimeters in

Detector Systems
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How do we “see” particles!?

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber
photons é{
—
/
et
—»
muons
—
n¥,
—

___,n —<

Innermost Layer... P» ...QOutermost Layer
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How do we “see” particles!?

Marco Delmastro

[] Beam Pipe

(center)

B Tracking
Chamber S
Ehatan

m vagrer ol [N S e

B E-M
Calorimeter

[] Hadron TErOton
Calorimeter

[ Magnetized

[ron

Muon
= Chambers

Electron
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How do we “see” particles!?

Key:
Muon
Electron
Charged Haron (e.g. Pion)
- — -~ Neutral Haron (e.g. Neutron)
--------- Photon
Silicon
tracker
. R 4
Electromagnetic
; ;31[[] calorimeter
Hadron g
" calorimeter Supesgigzgitéctmg
Transverse slice Iron rgtt:m yoke t|\nter;,persed
through CMS wi uon chambers
I I I T T 1 I I
Oom Im 2m 3m 4m 5m 6m m

Marco Delmastro
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<INTERMEZZO0O>

Coordinate system &
Cross-section &

Hadron vs Lepton Colliders
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Collider experiment coordinates

23
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Rapidity

Loranta § _ 1 _ h . .
’y — \/1 — 52 = COS QO Hyperbolic cosine of “rapidity
E =mcoshy @Ztanh_lgzllnEHﬁ‘
|p] = msinh ¢ p] 2 E—|p

® Particle physicists prefer to use modified rapidity along beam axis

11 E+p,
= —In
Y 2 E—p,
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Pseudorapidity

Calorimetry in Particle Physics Experiments

0=90°

_11 E+p,
y_§nE_pz
n=y
if E>>m
/n=0.88
0=45°

e=1 Oq,,.-——'?n =2.44

| Lecture

0=0%—> T] =00
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Transverse variables

¢ At hadron colliders, a significant and unknown fraction of the beam energy in each event
escapes down the beam pipe.

® Net momentum can only be constrained in the plane transverse to the beam z-axis!

> pr(i) =0

Pg = Pr 08 ¢ | = pr coshn
pr=1/P2+p2 Py =prsing
p, = prsinhn E

Er=—
g cosh

Calorimetry in Particle Physics Experiments | Lecture
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Missing transverse energy and transverse mass

® If invisible particle are created, only their transverse momentum can be constrained:

missing transverse energy
mlss
E pr (i

® If a heavy particle is produced and decays in two particles one of which is invisible, the
mass of the parent particle can be constrained with the transverse mass quantity

M7 = [Br(1) + Er(2)]* — [pr(1) + pr(2))°
= mi +m3 + 2[Ep(1)Er(2) — pr(1) - pr(2)]

f mp=mg =0 M% = 2|pr(1)||p7(2)|(1 — cos ¢12)
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Interaction cross section

Marco Delmastro Calorimetry in Particle Physics Experiments
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Interaction cross section
—

i - 1dN; - ____)————ﬁ
S dt > —

area obscured by target particle

Reactions dN A
per unit of o9t — (I)b-Ntarget dﬂf\ [t]
fme dt e 1w

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture

29



Interaction cross section dx

— N
—Z 5|
Flux — l @ [L2t] ' > ‘:
S di >/ W
dN area obscured by target particle
Reactions A
per unit of reat — (I)b-Ntarget dﬂf\ [t']
rme dt e 1w
W_}

Reaction rate sz — (I) o [t']

per target particle
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Interaction cross section dx

—Z 5|
. B 1 sz 2] ______)5 I:
S dt o —> |

area obscured by target particle

Reactions dN A
per unit of o9t — (I)b-Ntarget dﬂf\ [t]
fme dt e 1w

W_}

Reaction rate
|/|/ . —_— t-l
per target particle 7 f — (I)O- [t]

Cross [ i ’Lf
section 0O — [L’] = reaction rate per unit of flux
per target @
particle
Ib = 10-22 m? (roughly the area of a nucleus with A = 100)
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Fermi Golden Rule

From non-relativistic perturbation theory...

transition probability matrix element  energy density of final states
—A —A Ay
W; |M P — dN
if — v f dE
f
[t'] [E] [E']

1
e (3) e

o~ |My|? ~ g*

!
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About the inner life of a proton

* protons have substructures

V" partons = quarks & gluons

v" 3 valence (colored) quarks bound by gluonso
v" Gluons (colored) have self-interactions

v" Virtual quark pairs can pop-up (sea-quark) O
v" p momentum shared among constituents
* described by p structure functions

* Parton energy not ‘monochromatic’

v" Parton Distribution Function
* PDF = q(x,Q?), q = ud,s,..g

Pein

QZ = (Pein_ Peﬁn)Z

*  [Kinematic variables

V" Bjorken-x: fraction of the proton
momentum carried by struck parton

X= Pparton/ Pproton
v" Q?%: 4-momentum? transfer

Marco Delmastro

Peﬁ n 101 E

;_Low Q

x f(x)

1078 = -

10~%
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Cross sections at a proton-proton collider

fara(xa, Q2)

A 7%—(7 \Ea

Beam
particles

fora(Xp, Q2)

Marco Delmastro

o= Z/dmadazb

L CTEQAM (QP=10° GeV?)

......... gluon/10

upbar
_____ downbar
-.-.-strange

a,b
. 4
S [
»d
Parton distribution.s i
measured in DIS 3R
Hard scatering Y
paron subprocess 2
G(ab = X) |
3= XaXpS -
Beam fragments/ -
spectator jets n
9 -4
10
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Example: to produce a particle
with mass m = 100 GeV

V3 = 100 GeV

V'S = 14TeV > TaTp = 0.007
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A Z->e'e event at LEP and ad LHC

\\\\ e

ALEPH @ LEP ~ ATLAS@LHC



Pile-Up

= 500~
L - ATLAS Online, 13 TeV  [Ldt=122.0 fb™ ]
2 400F 2015: <y>=13.4 —|
2 L 2016: <u>=25.1 |
3 r B 2017:<>=37.8
1 kal N2 £ 300 B 2018:<w>=373 _]
£ = . J
! 5 B B Total:<y>=336 ]
- - 4
8 200F .
4T o,0 g =0 1.
L=y 8 C ] é
T 100 1z
PU = number of inelastic interactions per E E :
beam bunch crossing % 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing
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</INTERMEZ20>

back to
Calorimeters in

Detector Systems

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture |



Neutrino (and other invisible particles) at colliders

® Interaction length A,,, =A /(p O N,)
®  Cross section 0 ~ 1038 cm? x E [GeV]

v" This means 10 GeV neutrino can pass through more then a

million km of rock

®  Neutrinos are usually detected in HEP experiments through

missing (transverse) energy

Missing energy resolution depends on
V" Detector acceptance (e.g. calorimeter coverage)
v" Detector noise and energy resolution

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture | 38



Missing energy vs. hermetic coverage P i i

miss = digee
EF® = =) b

visible
® True if ALL particles detected

v" Un-instrumented regions (cracks, supports, services) = ’
create “fake” missing energy ) R Lar Srward (Fcal

v" Crack calibration and inter-module corrections: ongoing
experimental challenge

Silicon Tracker

Missing energy resolution drives detector hermeticity vy v
requirements

¢ Pseudorapidity coverage at LHC: |n| up to 4.9 (ATLAS), 5.2
(CMS)

v" Forward calorimeters essential!

miss \ ~, . 2 : pad
o E(T) —= a E(T) s T

Compact Muon Solenoid

Pixel Detector

Muon
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Energy resolution vs. upstream material

¢ Calorimeter in HEP experiment don’t live in vacuum!
® ldeally, minimum material budget in front of ECAL
v Position of tracker solenoid (ECAL before or after the tracker?)

v" Tracker material causes upstream losses (and resolution degradation)
v ATLAS and CMS material ~ 0.1-0.5 X, at N=0, up to 1-2 X, at |n|~2

o

><o B L B B T T T __ :
< 10— ATLAS Simulation é 16 Ehoee ] Tiackas
~ Run 2 geometry Run 2 .
8 Up to calorimeter geometry 12

B Up to presampler
B inner detector

LA L L L L Y LB

s L )

- In front of IT sensors

Inside IT tracking volume

- Between IT and OT
- Inside OT tracking volume

1 15
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So, why calorimeters?

® Sensitive to all type of particles, charged and neutrals

® Can measure energy, but also position, direction, time and identify
particles (e.g. thanks to segmentation)

® Can be used in trigger systems: signal is generally fast and easy to process

® Shower length increases as log E, thus detector thickness need only
increases logarithmically with particle energy (while it increase ~linearly
for spectrometers): compact detectors
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1.5

Historical

Development
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Resolution coefficient [%]

Marco Delmastro

The EM resolution frontier

Fifty years of EM calorimeter progress: o(E)/E=alE @ c

Series

@® Stochasticterm a [%/VGeV]
B Constantterm c [%]

% CMS HGCAL — a = 20%/VE (5D paradigm shift)

oB) _ o
E  VE

b =Dc

b
E

o(E)JE=aNE[GeV] & b/E ® ¢
Stochastic term a: sampling/shower fluctuations
Constant term c: calibration, non-uniformity,
radiation damage

® Each step was driven by a

*
Nal(TI)
] Crystal Ball

10% L VT Granularity &
LK timing > resolution
! (5D calorimetry)

L3 BGO

at LEP

\. CMS ECAL
PbWO,
1% -
CMS ECAL
/. u PbWO,
L3 BGO
at LEP c: 0.70% - 0.09%
(= x 8 improvement)
\' NA48
0.1% 1 ./ LKr
Pre-LEP / fixed-target era Collider precision era HL-LHC era
1970 1980 1990 2000 2010 2020 2030
Year
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Three physics problems that drove EM calorimeter design

® Measure the W boson mass with per-mille precision

v W—eV at the Tevatron: electron E; from EM calorimeter; energy scale calibrated on Z—ee
(Mz known from LEP)

* Precision sampling EM calorimetry (CDF/DO, ¢ < 0.5%)

® Measure rare kaon and B-meson decays in fixed-target experiments

v Required rejection (reconstruction) of large °— yy backgrounds
* Precision liquid homogeneous calorimetry (NA48 LKr, 1998): c = 0.09%
* Precision crystals homogeneous calorimeters (BaBar and Belle, 1999-2010): o(E)/E ~ 2.5% at | GeV;

* Discover and characterise the Higgs boson via H — yy at the LHC

v" Di-photon mass resolution o(m,,)/myy < 1% required o(E)/E constant term c < 0.5%
 Radiation-hard crystal calorimetry (CMS ECAL PbWO,, 2008)

* Resolution is not the full story... (ATLAS LAr/Pb + segmentation, 2008)

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture |
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WV boson mass: precision EM calorimetry at hadron colliders

° W mass as an electroweak precision observable ® W—ev at CDF and DO: a calorimeter-driven
v myy predicted by SM loop corrections involving m,, and measurement chain
my: independent measurement tests EVV self-consistency v Electron Et from EM calorimeter + v from MET —
v Tevatron goal (CDF, DO, 1987-2011): myy ~ 20 MeV transverse mass my peaks at myy; fit the Jacobian edge to
v" Oo(E)/E at 40 GeV governs the sharpness of the Jacobian extract My

edge in mr — limits Smyy v Energy scale calibrated in situ with Z—ee (mz from LEP,
known to 2 MeV) = constant term c controls calibration

40000 transfer from 91 to 80 GeV

> L -1 —
3 “(a) DO, 4.3 fb —Ef\tsaT MC » CDF Pb-scintillator (c ~ 2%)
0 30000 __ -2 ackground * DO uranium-LAr (c ~ 0.3%)
% B x'/dof = 37.4/49 v Energy scale one of the dominant 6myy systematic
= L
qc, o D@'s LIQUID-ARGON / URANIUM -
I.I>.I 20000 f COLORIMELER LEP2 —_— 80.376= 0033
E \\\\ DO ——— 80.383 + 0.023
1 0000 - c S : N \\\\\ \\\\ ATLAS — 80.370+ 0.019
. e .\ \\\\\\\\\\\\ LHeh ———— 80.354 0.032
¥ . il — \ //////////”
W WorkAvg = s0sesz001cd
x 2 ; i CDF 2022 —=—80.4335 = 0.0094
0 H GENTRAL ATLAS 2024 —@— 80.3665 = 0.0159
v CALORIMETER
-2 ][ Eleciromagnelic CMS 2025  —m 80.3602: 0.0099
(Fir‘ee ;Hcag;?g;cj 1

Marco vennasuvu

Electromagnetic

5_0 Gb 7b Bb gb 1olo ‘8(;.3‘ — ‘80{3é ‘ l86G“l \‘/‘ éo.45‘ — ‘8&.5‘
mr = 205"y (1 - cos )My (GeV) My [GeV]
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Rare kaon decays: precision EM calorimetry

a(E) _35%
E = VE

& —— & 0.42%.

0.040
E

Muon veto sytem
Hadron calorimeter
Liquid krypton calorimeter

Hodoscope

/" prift chamber 4

Anti counter 7

f

Helium tank
Drift chamber 3

— R_ Ky —n%7z% Jr&,—ntn)

o, 3

g o(E)/E = V(R/E + B + (C/EY)

< __ withA=3.25%, B = 0.42% and C = 40 MeV
22.5 I ... withA=328% B =0.20%cnd C = 40 MeV
S

3

3

8

g2 ® Daoto

=

& O Morte Carlo

2

[")

80

Ja ol 1
100 120
Energy (GeV)

° NAA48 at CERN SPS (1997-2002)
v Physics: direct CP violation in K° — "™ and K° — n°m® — 4y

- I'(Ks > 7979/ IKs— ntn-)

Drift chamber 1

~1— 6 x Re(e'/e).

v Result: Re(e'/e) = (16.6 = 1.6) X 107* %0
¢ Confirmed direct CPV (2001)

v" Demand: reconstruct TI° — yy pairs at low

energy with tiny constant term (long
stability)

Beam tube

(N0
;

Back plate

v" Answer: quasi-homogeneous liquid
Spacer plates krypton calorimeter
- O(E)/E = 3.2%/\JE @ 0.09% @ 42 MeV/E

Front plate
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Rare B-meson decays: precision EM calorimetry

BABAR Detector _ BaBar (SLAC) and Belle (KEK) (1999-2010)

v' Physics: CP violation in B — J/{ K°, time-dependent
asymmetries; B — 1°rt°, n.

v" Demand: low-energy y reconstruction (Tt° — yy, Ey ~ 20-200
MeV) in high-rate environment

v" Answer: Csl(TI) crystals

* O(E)/E = 2.5% at | GeV; 6580 (BaBar) / 8736 (Belle) crystals

¢ ¢~ |-2% for B—Xy where X is a kaon resonance (softer constraint
than NA48 but same motivation)
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Rare B-meson decays: precision EM calorimetry

KLM

TOF

BELLE Cs| ELECTROMAGNETIC CALORIMETER

Backward Endcap Calormeter
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BaBar (SLAC) and Belle (KEK) (1999-2010)
v Physics: CP violation in B — J/{ K°, time-dependent
asymmetries; B — 1°rt°, n.
v" Demand: low-energy y reconstruction (t° — yy, Ey ~ 20-200
MeV) in high-rate environment
v" Answer: Csl(TI) crystals
* O(E)/E = 2.5% at | GeV; 6580 (BaBar) / 8736 (Belle) crystals

¢ ¢~ |-2% for B—Xy where X is a kaon resonance (softer constraint
than NA48 but same motivation)

79— vy in hadronic events N—->YY in hadronic events

x10} (a) E (b)

O, = 4.75 + 0.08 (MeV/c?)

200 I 1000 = 5 =121 +- 0.2 (MeV/c?)
0 C L 1 1 | 1 1 1 I 1 L 1 I 1 1 1 | 1 1 1 I 0 L 1 I 1 l 1 I 1 | 1 I 1
0.08 0.1 0.12 0.14 0.16 0.18 04 045 0s 055 0.6 0.65 0.7
2.
MW(GeV/cz) M, (GeV/c?)
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H—yy discovery at LHC: energy resolution (and more)

* CMS (2012)
v" Physics: Needed to resolve 125 GeV peak against

background

v" Required a ~3%, ¢ < 0.5%
v" Answer: PbWO4 crystals

Marco Delmastro
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Events - Bkg

* ATLAS (2012)

v" Physics: Same need, different choice (resolution is not
everything)

v" Required excellent uniformity + particle
identification capability (accepting a~10%)
v" Answer: LAr/Pb sampling + fine segmentation

ATLAS ¢+ paa

—— Sig+Bkg Fit (m_=126.5 GeV)

Bkg (4th order polynomial)
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Three physics problems that drove HCAL design

® Find W and Z bosons at a hadron collider

v W — eV reconstruction requires MET in hadronic events

* Hermetic 4Tt iron-scintillator calorimetry (UAI/UA2, 1983)

® Measure hadronic energy without bias from shower composition

v Fluctuating EM/hadronic fraction causes irreducible non-linearity if e/h # |

» Compensating calorimetry (ZEUS, 1992)

* Reconstruct complex LHC events with many overlapping particles

v" Good hadronic resolution hard to achieve; use combination of tracker + ECAL + HCAL
information per particle in jets (particle flow)

* Extreme segmentation (CMS; HGCAL)
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Finding WV bosons at a hadron collider

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983

5 * UAI and UA2 at CERN SppS collider
EVENT 2058, 1279, (1983)

v" Physics: W — ev > electron from W decay +
large MET from neutrino, against ~300 GeV
hadronic activity

v" Challenge: MET only meaningful if ALL particles
detected = any uninstrumented gap creates
fake MET

v Answer: iron-scintillator HCAL with full 41t
coverage, ~700 projective towers, |n| < 3

¢* WV/Z discovery (Nobel 1984)

v" MET significance > 40 per event > calorimetric
MET proven as a physics observable

v" Concept generalised: every subsequent hadron
collider experiment adopted hermetic
calorimetry = standard for SUSY, DM, top, W
mass at LHC
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Hadronic energy without bias: e/h problem and compensation

®* The e/h problem (Wigmans, 1987) * ZEUS at HERA (1992): uranium/scintillator compensating calorimeter
V" e = calorimeter response to electrons; h = response v e/h=1.00 = 0.02
to hadrons v o(E)/E = 35%/E for hadrons (purely stochastic, no constant term!)

v" Hadronic showers: ~30% of energy “invisible”
(nuclear binding, slow neutrons) — h <e — e/h > |

v EM fraction fgy fluctuates event-to-event — if e/h #
I: non-linear response + irreducible constant term
in o(E)/E
* Wigmans’ insight: choose passive absorber
material to obtain e/h = | (“compensation”)

V' 238U absorber: neutron-induced fission releases ~8
MeV/fission — compensates invisible nuclear binding
energy loss
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Reconstructing complex LHC events: “particle flow”

°  The problem: HCAL alone gives poor jet E [ CMS S o6_CMs  Antik,R=04 = Calo_
. K L Simulation k=T . Ref e PF
resolution - 50 % i Simulation mRef < 1.3
v ~65% of jet energy is charged hadrons — better 3
measured by tracker than HCAL 0 >
V" Only ~35% (neutral hadrons) truly needs HCAL — 50 chj

resolution matters less once charged/EM parts subtracted

* Particle flow algorithm (CMS, 2010): combine sub- 100
detectors per particle

—
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What did we learn today?

~ Lecture |: Why calorimetry?
* |.I Why calorimetry?

Essential to measure energy (but also position and other properties) of neutral particles
Essential to detect invisible particle at colliders and neutrinos

Essential to measure properties of QCD jets

— Most precise detector for high energy/momentum measurement

* 1.2 Calorimeters in Detector Systems

Calorimeters always come after some kind of tracking device (material in front!)

Needs to be “hermetic” to allow for missing energy measurement

Size scale logarithmically with energy, can be compact devices
Calorimeter signals are fast: essential for triggering purposes

* Intermezzo: Coordinate system & Cross-section & Hadron vs Lepton Colliders
* 1.3 Historical Development

— Most improvements in calorimeter design was driven by specific physics needs!

v
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