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What do we want to measure and how can we do it?

»\What do we want to measure:
»4-momentum vectors (E, px, py, pz)
» Particle type
» Creation point

Forward Calorimetry

_ Dual-radiator RICH

»For measuring the 4-momentum
(and therefore particle mass), can we
just do (Calorimeter, Tracker)?

Almost never...

6/9/2025 4



What do we want to measure and how can we do it?

»Since the masses of particles are
well known, we can make precise
measurements if we use one of these

Forward Calorimetry

Dual-radiator RICH apprOaCheS:
1. Calorimeter-based reconstruction:
(PID, Ep)

2. Tracker-based reconstruction: (PID, ﬁ)

»In both approaches, we then use the
relation E4 = m? + p? to obtain our
final 4-momentum.

6/9/2025 5



What are calorimeters?

»Calorimeters measure energy (as well as position). They make
destructive measurements -- the particle is fully absorbed.

= An exception is muons, which can pass through a large amount of
material. This is an important means of identifying muons.

»The incoming particle initiates a shower, and all these secondary
particles are absorbed: energy is converted into heat, hence the
name Calorimeter. In nuclear/particle physics, we do not
measure an increase in temperature, but rather
lonization/excitation signals. - .

r
100 GeV electron . Fe

oy

6/9/2025




Why are calorimeters needed?

Calorimeter performance (resolution) improves
with increasing energy. This contrasts with tracking
detectors where resolution worsens with
increasing momentum/energy.

For charged particles, calorimeters can be used in
conjunction with tracking detectors for PID
determination (E/p, shower shape). Calorimeters
are the only way to detect neutral particles.

Calorimeters can be arranged to have nearly 41
hermetic coverage — allowing for measurements of
jets and missing energy.

As we’ll see, the longitudinal depth of a shower
grows as the log of energy. A reasonably sized
calorimeter can measure particles over a large
energy range.

The energy deposited in calorimeters can be read
outin a short period of time. Calorimeters can be
used for event triggering.

6/9/2025
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Electromagnetic Calorimeters (EMCals)
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(Cross section [barns/atom]

< T T 1
N2,
% e
QT SR N

Lead [/=82]
o = experimental G,

— G[i:ayl-mh
Tkb =
] == /

f
| ,’( Gi.nmptcn
) :’ N
10mb M I NV RN
10V T keV 1 MeV 1GeV

6/9/2025

Photon energy

100 GeV

nteractions of photons and electrons/positrons with matter

>\ n=7/2 at
(T(p E’.) ~7 a,ct{ m,c ET::::{:;meCJ
. E, |
: n—1 at
InE, VSSM o2
o(comp) ~ Z —— Ey==m_c
E,
' | . 716.8(2)(em) ™ A
o(pair) = Z* « ql az-zL )_r_ﬂ: (&) J .-
A pair 9 X, AVA: 1)111(38_.-".-" NVA ]

» At energies > 100 MeV, the dominant

interaction of photons in matter is pair
production. 99% of pair production takes
place in the nuclear EM field.

» The cross section approaches a constant

for energies > 1 GeV. The radiation length

(X,) of the material sets the scale — mean-

free path is proportional to X,



Interactions of photons and electrons/positrons with matter

—0.20
1.0 /
X Electrons =015
—
- Bremsstrahlung
J
= —0.10
LJ
'\T 0.5 — Moller (e7)
}‘ Positron
chabha annihilation —0.05
0 v a1 ateanl 1 u
10 100 1000
E (MeV)
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f,- =dxno, . o, =4c,[In(183Z;"°)+1/18]
Lo 4o,n 1n(183Z5'%). E=Ee ™™
X{l
- dE, 1
Co=0CLT, . —=
dn E,

» At energies above 100 MeV, electrons and positrons lose
energy mainly through bremsstrahlung

» The cross section approaches a constant for energies > 1
GeV. X, again sets the scale. Electrons/positrons will lose
about 63% of their energy after 1 X,

10
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Material dependence of interactions
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Fraction of ionization energy (%)
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90

Even though calorimeters are intended
to measure GeV-TeV energy deposits,
their performance is determined by
what happens at the MeV-keV-eV level
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Simple analytic shower model

The critical energy, E_, the energy where ionization losses and
radiation losses are equal.

For developing a simple shower model, we will assume the
following:

1. E>E,:noenergy loss by ionization/excitation

2. E<E,:energyloss onlyviaionization/excitation

Then, we get the following shower development: Sketch of simple

o 2tparticles after t [X0] ;_fj,." shower development
o Each particle has energy E/ 2t %fﬂf

o Particle stops if E < critical energy (E,) E, #Af;ii{;

o Number of particles in showerN =E/ E, T S s R °

o Maximum number of particles at tyax x In(£o/E..) “‘ﬁ&s

0 1 2 3 4 5 8 T 8 t[X]

6/9/2025 13



Simple analytic shower model

L ~1 Eo
n( Ec)

Longitudinal shower distribution increases only
logarithmically with the primary energy of the incident
particle, i.e. (EM) calorimeters can be compact

ISome numbers:

Ec=10MeV, Eo =1 GeV
Eo =100 GeV + tmax =1In 10000 = 9.2; Nmax =10000

> tmax=1IN 100 = 4.5; Nmax = 100

Szint.

LAr

Fe

Pb

W 100 GeV electron contained in

Xo(cm)

34

14

1.76

0.56

0.35 16 cm Feor5cm Pb

6/9/2025
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Longitudinal profile of EM shower

Longitudinal profile

Parametrization:
[Longo 1975]

dE
dt
o,p : free parameters

t® . at small depth number of
secondaries increases ...

e : at larger depth absorption
dominates ...

= Ey =Pt

Numbers for E = 2 GeV (approximate):

& =2, B=0.5, tmax = A/B

600

5000 MeV

A
AN
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Longitudinal profile of EM shower

Longitudinal profile

Parametrization:
[Longo 1975]

dE
dt
o,p : free parameters

t® . at small depth number of
secondaries increases ...

e : at larger depth absorption
dominates ...

= Ey =Pt

Numbers for E = 2 GeV (approximate):
o=2,B=0.5 tma =a/P

—— 10GeV Y

—_— 600 E -5 z <14.8%> = 8.6%
S , y o~ 10 GeV e-
) <21.0%> + 6.4%
= ' \
5 401 /L\
3 \.}\ N,
2 e e
5 200 : \\\
- \
m \\

Lo .0 7 n ‘-;\—‘I-l

0 I 1
6/9/2025 0 10 20 30 40 50
Energy fraction deposited in first 5 X, (%)

600
5000 MeV

400
=
x
=
@
=
S 2000 MeV

Important differences between showers

induced by electrons/positrons vs. photons:

with:
a—1 ED Clevy
tmax = ——=In | — | + Cery 7
e .3 E.-: 1 GF—'T

= —0.5

—1.0

[y-induced]
[e-induced]
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Longitudinal profile of EM shower

Depth [Xol
0 5 10 15 20 25 30
E T [ T | T T
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Longitudinal profile of EM shower

Shower decay: After the shower maximum, the shower Showers are not just a collection of
?ﬁg?jyesczl;glzé?:)Orzi::;z:gﬁcznxand Compton scattering. Minimume-lonizing particles (MIPs)
0

S A A o Le:

& 10 .?“.%a Lead .

R As 1 B N @ 8 lron

- F o fle Aluminium

>< r ® A D : ® A

St ; . al o

L @ A0 © .

= l A - [ 3

- g ]

.1:73 A (8] ®

o P O (]

Q_‘ & (= ® @

- S

> 0.1} ., i 1

o0 @ © _

— n )

D C e

- A a ®

U-] ] & 0 kel ®

0.0] VA CI LA DT g o A R L. I ..

0 5 10 15 20 25 30 35

6/9/2025 Depth (XO) 18



Lateral profile of EM shower

> Transverse shower size is
governed by

1.

2.
3.

Typical angle of bremsstrahlung
emission at high energies

Multiple scattering at low energies
Propagation of photon

> Main contribution is from low-
energy electron scattering:

(0)

~ 21.2MeV [ x
Ee X0 B_1,c=1.2-1

6/9/2025

30 Gel electrons in PO,

. A 20%
E B I5E
Yoo o 12X
10 A ar’
@ i,
107 2 ® i
T,
E . . L_H-I.-_L_
g “mg Thaa,
_E .“"1..._'
;EHJ %, 1'-"'1-1
o ﬂ-ﬁ.ﬂ_
__r- . -‘h"i—t s .
il
l_:HJ Ba_ HH.I_
'l__._g_ i.-.__:
- b ."1.5
10 e, EaEg
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3D shower development

0
f'_ﬂf--*”" Longitudinal and transversal shower profile
1 | for a 6 GeV electron in lead absorber ...
- 100
,.f””’ ‘ lleft: linear scale; right: logarithmic scale]
energy deposit ] ]
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r""/if g | | 50 P
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Useful equations for quick calculations

Radiation length:

Critical energy:
[Attention: Definition of Rossi used]

Shower maximum:

Longitudinal
energy containment:

Transverse

Energy containment:

6/9/2

180A ¢
Xn =
v Z? cm?
550 MeV
E. =
A
E 1.0 e induced shower
Fmax = DE N ().5 Y induced shower

R(90%) = Ry

21



dE/dx (KeV/cm)

Momentum (GeV/c)

6/9/2025

What about muons?

Stopping power [MeV cm?/g]

e
L I [ | | | 3]
5 // .
r— .‘_\ T -\ I/ -
7 \\ KL on Cu /
i _ 4 / |
100 ¢ / = / =
il \\ Bethe-Bloch Radiative / ]
L/ Anderson- V2 =
5, Ziegler .
_;E '_r: /// —
85 Eye /
10 == W) / Qi -
F Radiative /¢ Radiative 3
C Minimum  effects /-4~ losses .
e . ionization reach 1% ; 4
|_Nuclear \ - P | IS d
losses \ - > =l = T
{ R - Without &
1 l \ | | \ | [
0.001 0.01 1 10 8 100 1000 104 10° 106
Y
L 1 1 L ] B [ |
1 0.1 ! 100, 1 10 100, 1 10 100 |
[MeV/e] |GeV/d]| [TeV/e]

Muon momentum
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Muons are not quite MIPs

60

| 0,=3
For Pb (Z = 82): Hli 10 GeV 4
E.(e) = 6 MeV o T
E.(u) =250 GeV i ﬁll 20 GeV 1

> I &
8 o J‘l Ly s B | I 1
0 80 |
(]
s
-E’ |
0 5 [ 80 GeV u
u 1
o PRI B B i = . 1 S e AT SRy (e W [P

g
3 |

200 — .
- - 225 GeV u
: Tl
o i PR ! B P S v st . e o e S |

0 4 8 12 16 20 24

AEL (GeV)

FIG. 2.19, Signal distributions for muons of 10, 20, 80 and 225 GeV traversing the 9.5\
6/9/2025 deep SPACAL detector at 8. — 37, From [Aco 92¢]. 23



What is important for the measurement of showers? Linearity

Define response as the average signal (in photoelectron,
picoCoulombs, etc.) per unit deposited energy.

A linear calorimeter has a constant
¢ O + + + + + response.

— [

5 z '

E 2 o Ingeneral, EMCals are linear.

oA 5 o HCals are usually non-linear due

' to something called non-
compensation (we’ll discuss this
later).
Energy Energy )

Sources of non-linearity for ECals:
o Instrumental effects (e.g. saturation of PMTs)

o Response varies with something that varies with energy

o Leakage (increases with energy)
6/9/2025 4



What is important for the measurement of showers? Fluctuations

Different effects have different energy dependence
— quantum, sampling fluctuations  o/E ~ E-12

—~ 0.14rm T
— shower leakage o/E ~ E-14 5 Lw Tow. A hodo: 2%(5 p/p)k® 3.2(0.1)% ® 13.8(0.2)%/VE
- electronic noise ol ~ E- T
— structural non-uniformities o/E = constant ;}30-12— -i - @ - Tow. B clust: 2%(5 p/p) b 3.2(0.1)% @ 14.9(0.3)%/VE
2R Simulation: 2%(8 p/p) ©43.04(0.05)% @ 12.6(0.1)%/VE
dJE Ca - Cq - Ca Cqg \t-; i -:4
— 2 — 0.1—
o i+ (@ +G) ma0gos «
1 VE E 1 D VE D E - e
= “n
a: stochastic term 0.08 1‘
- . . . . . . “w
intrinsic statistical shower fluctuations . "%
sampling fluctuations - .
signal quantum fluctuations (e.g. photo-electron statistics) 0 06'_ 1\\
b: constant term L ""’.:g,:__l
inhomogeneities (hardware or calibration) - . "-"-"-'.-2-_-_._. .}_ _____
imperfections in calorimeter construction (dimensional variations, etc.) " SPHENIX e
non-linearity of readout electronics 0.04 | Energy resolution for electrons
fluctuations in longitudinal energy containment (leakage can also be ~ E-4) | 2.5x2.5 cm’ region centered on a tower
fluctuations in energy lost in dead material before or within the calorimeter - -1 | | | | |
CnOISeterm 0.0201|||5II||1OIII I15Ill120III1251 | II30
readout electronic noise Input Energy (GeV)

Radio-activity, pile-up fluctuations
6/9/2025 25



Calorimeter types

There are two general types of calorimeters

Homogeneous calorimeters: A single medium serves as both
absorber and detector. Examples: liquified Xe or Kr, dense crystal
scintillators (BGO, PbWO4...), lead-loaded glass.

Light detector,
-~ e.g. PMT, APD,
VPT

Sampling calorimeteré: Layérs of”passive absorber (such as Pb, or
Cu) alternate with active detector layers such as Si, scintillator or
liquid argon

6/9/2025 26



Homogeneous calorimeters

One block of material serves as absorber and active medium at the

same time

o Example: PbWOQO4 scintillating crystals with high density and high Z used
at CMS. Optimized for H - yy measurements.

Advantages

o See all charged particles in the shower: best
statistical precision

o Same response from everywhere: good linearity

Disadvantages

o Cost and limited segmentation

Other examples: Semiconductor crystals (e.g, Ge)

used for MeV gamma spectroscopy. Semiconductor
crystals cannot be used at high-energy colliders. Why?

6/9/2025
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Sampling calorimeters

Sampling calorimeters use both passive (absorber

)
and active material.
o High density absorber...

o ...Interleaved with active readout devices

. Signals from
o Most used: sandwich structures. But also, Charged Particle
embedded scintillating fibers Detectors
Sampling fraction: ratio of energy deposited into Advantages
active material to total energy deposited. o Cost

o Transverse and longitudinal segmentation
Disadvantages
o Only part of shower seen, less precise

Examples

o ATLAS EMCal
o AllHCals

6/9/2025 28



Sampling calorimeters

Sampling calorimeters use both passive (absorber

)
and active material.
o High density absorber...

o ...Interleaved with active readout devices

. Signals from
o Most used: sandwich structures. But also, Charged Particle
embedded scintillating fibers Detectors
Sampling fraction: ratio of energy deposited into Advantages
active material to total energy deposited. o Cost

Sandwich structures: Shashlik calorimeters o Transverse and longitudinal segmentation

Embedded fibers: SPACAL (Spaghetti calorimeters) Disadvantages |
Shashlik o Only part of shower seen, less precise

% \\ ,/,‘,,,,;y/ = }
-~ o B Lw\‘Q | ]

Examples
o ATLAS EMCal
o AllHCals

6/9/2025 29



How to read out calorimeter signals?

a) photodetector b) photodetector
scintillating crystal absorber structure \/

A

c) d)

absorber plate absorber plate wavelength shifter

e)
readout interface

6/9/2025 granular scintillator elements

m
X [ ]'

SPAD o
" E Geiger mode
- ' avalanche diode
¢ = 1 = = = = Quenching
v ! T T * resistor (Ry)
: E X N,‘x

iR ol - i B S ]

Neoplo ¥, N =

Pixel signal Output signal

high field
region

region
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The signal is the sum of all E deposited by

What determines calorimeter resolution?

Homogeneous

charged particles with E > E,; .<ho1

If W is the energy required to produce a
signal quantum, the average number of

quanta produced is

Resolution is based on number of signal

< >—E0
"TEWw

quantum produced. Not quite Poisson
statistics — need to use Fano factor.

Resolutions can be on the order of

6/9/2025

1-3% / /E [GeV]

silicon detectors
(Gas detectors
Flastic scintillator :

W= 3.6 eV
W =308V
W =100 eV

Sampling

» Number of charged particles contributing to the
signal increases linearly with incoming
particle's energy

»The resolution is %iven by sampling fluctuations
— fluctuations in the number of charged
particles contributin% to the signal — convoluted
with fluctuations in the amount of energy
deposited by individual shower particles in the
active calorimeter layers

o Resolution depends on sampling fraction —

determined by the ratio of the active and passive
elements

o And the sampling frequency — determined by the
number of sampling elements

» Over 100 samplings would be needed to
approach the energy resolution of
homogeneous calorimeter. So, typical
resolution is about

10% / \/E [GeV]
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2007

aerogel

PHENIX Detector

PC3 Central
Magnet

EMCal examples: PHENIX detector

TEC.

F
West Beam View East
PbSc PhGl
type 66 — Scintillator+Lead | Cherenkov
radiation length (X;) [mm] 21 29
Moliere radius [mm)] 30 37
cross section of a channel [mm?] 52.5 x 52.5 40 x 40
depth [mm (X;)] 375 (18) 400 (14)
An of a channel 0.011 0.008
A of a channel 0.011 0.008
number of channels in a super-module 144 (12 x 12) 24 (4 x 6)
number of super-modules in a sector 18 (3 x 6) 192 (12 x 16)
number of total sectors 6 2
number of total channels 15552 9216

6/9/2025

Module

Layers of lead and
scintillator tiles
(sampling cells)

photomultiplier
with housing

PbGl
2 sectors

lead glass matrix with
carbon fibre/epoxy

32
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EMCal examples: CMS PbWO4 crystals

T —
% Fr Fit results:
& 16000 — Without correction 100.0 Gal
"'E E | m= . e
E 14D'D{l:_— rWith correction o= 060 GeV ) 2 5
512[}{10_— 3x3 crystals aim= 050% a 337% 0.107 , L\2
e cA A P LA A
8000 p E E E L
6000~ / 3 stoch. noise const.
4000 fﬁf \ 3 —~ T
- \ & 14 | -
20001 \\ I \ S =3.37+0.10 %
QEs=—r——r— | | o S | —— HU_JHLU1 2 '-k
114 116 118 120 122 124 o] \ C =0.25+0.02 %
Energy (GeV) 1 H‘-\
, . n | N = 107.63 MeV
Correction for radial loss - | o763 Me
0.8 \ a
0.6/ \w-x_% .
The sampling term is 3 times 0.4] T
smaller than ATLAS; 0.2F 1
other terms are similar N §

L | AT BT ! L1
% 20 40 60 80 100 120 140
Epoam (GEV)
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EMCal examples: sSPHENIX SciFi

» Scintillating fibers with close spacing direct light out the
back without wavelength shifters

» The surrounding material is W powder mixed with a
minimal amount of epoxy that has been “injection-
molded” around a tight array of scintillating fibers

6/9/2025
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Ein GeV

6/9/2025

Summary table: Examples of EM calorimeters

Technology (Experiment) Depth Energy resolution Date
Nal(TI) (Crystal Ball)  20Xp  2.7%/E1l/4 1983
BiyGe3O19 (BGO) (L3) 22X, 2% /VE ®0.7% 1993
Csl (KTeV) 27X 2%/VE @ 0.45% 1996
CsI(T1) (BaBar) 16-18Xp 2.3%/EY* & 1.4% 1999
CsI(T1) (BELLE) 16X 1.7% for E > 3.5 GeV 1998
PbWO4 (PWO) (CMS) 25X 3%/VE ®0.5% ¢ 0.2/E 1997
Lead glass (OPAL) 20.5X9 5%/VE 1990
Liquid Kr (NA48) 27X 3.2%/vVE® 0.42% @ 0.09/E 1998
Scintillator /depleted U~ 20-30Xg 18%/VE 1088
(ZEUS)
Scintillator/Pb (CDF) 18X 13.5%/VE 1988
Scintillator fiber/Pb 15X 5.7%/VE & 0.6% 1995
spaghetti (KLOE)
Liquid Ar/Pb (NA31) 27X 7.5%/vVE ®05% @ 0.1/E 1988
Liquid Ar/Pb (SLD) 21X 8% /VE 1993
Liquid Ar/Pb (H1) 20-30Xy 12%/VE & 1% 1998
Liquid Ar/depl. U (D@) 20.5Xy 16%/VE ©0.3% ¢ 0.3/E 1993
Liquid Ar/Pb accordion 25X lﬂ%h@ ®04% ®0.3/E 1996

(ATLAS)

snosuabouwoH

Buidwes
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One important consideration: EM showers are not a collection of MIPs

shower
dominated
by mip s

e/mip)

A

<
3

Shower sampling fraction
= o
n @)

—
I~

I
O
T

<
w

mip

¢ 10 GeV electrons
Pb/plastic scintillator

-

6/9/2025

5 10 15 20 25

Shower depth (X))

30 35

Shower
dominated

by soft y’s

» The sampling fraction for a high-energy
electron, for example, is smaller than that for
a MIP particle. The sampling fraction also
changes with shower depth.

» This is a challenge for the intercalibration of
different sections of longitudinally-
segmented calorimeters

» In calorimeters consisting of high-Z absorber
material (e.g., lead) and low-Z active
material (plastic, liquid argon), the sampling
fraction may vary by as much as 25 - 30%
over the volume in which the absorption
takes place.
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Hadronic Calorimeters (HCals)
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Hadronic showers

» For hadronic particles, the extra complication is the Strong
Interaction with detector material

» A hadron that undergoes a nuclear reaction will create a number
of secondary particles. These particles will

1. Undergo additional nuclear interactions (formation of hadronic
cascade)

2. Neutral pions and eta mesons will electromagnetically decay -- leading
to EM showers

3. Part of the initial energy is used to break nuclear binding -- this is
Invisible energy that cannot contribute to the signal

»The governing length scale is the hadronic interaction length
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Hadronic showers
Hadronic interaction:

Elastic:

p + Nucleus — p 4+ Nucleus E
Inelastic: '

p + Nucleus —
7t +77 +7Y +... 4+ Nucleus*

Fission

Nucleus® — Nucleus A + n, p, a, ...

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

Incoming
hadron

i

)

\—f—l
lonization loss lonization loss
//
A Intranuclear cascade
A (Spallation 1022 s)
/nter- and .
6/9/2025 intranuclear cascade

Intranuclear cascade
(Spallation 1022 s)

Internuclear cascade

7\

\._/ Nuclear
evaporation
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Hadronic interaction: P

Nuclear

Hadronic showers evaporation

Elastic:
p + Nucleus — p + Nucleus Some general features of hadronic showers
Inelastic: . o . |
p + Nucleus — o Particle multiplicity scales with energy and particle type

7t +77 4+ 7Y +... + Nuc

o Forincident charged pions, a third of shower particles are

Nucleus* — Nucleus A + n, neutral pions (charge exchange process). If this charge-

6/9/2025

— Nucleus B +5p{  exchange process occurs in first nuclear reaction, most of
— Nuclear fission | the energy will be deposited through EM showers

oo | © Leading particle effect: fewer neutral pions produced in
ncoming . .
hadron proton-induced showers (baryon number conservation)

R —

® ey '- L R R i;_., - -~

N
o= lonization loss

p+

lonization loss
Intranuclear cascade

(Spallation 1022 s) Intranuclear cascade

Spallation 1022
Inter- and (Spallation s)

intranuclear cascade o Vg o
Internuclear cascade
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Hadronic interactions

. . . O‘I-r'r1DII IR I IR I I T T T 1 I T T Tl
Hadronic interaction: 100 g L
at high energies oL ﬁ TP
Cross Section: also diffractive contribution i

g

Otot = Oel T Tinel

For substantial energies
Oinel dominates:

Cross section (mb)
5]
=]

10
Ol N 10 mb S
Tinel x A”/® [geometrical cross section] , 1 , i
107 1 10 10° 10°
2/g oL B tgereve @ v
“ Otot = Otot (])44) ~ Otot (pp) - A nd 2.1 s o s L0 0 00
[oee Slightly grows with |/s]
Hadronic interaction length:
1 A g
Aint = = e ~ AY? forJs~1-100GeV 5
Otot *N  Opp A /3 . N ap i
~ 35 g /Cmg . A3 Interaction length characterizes both, §
longitudinal and transverse profile of
which yields: ;
hadronic showers ...
N(z) = Ngexp(—x/Aint)
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Comparison of EM and Hadronic showers

20cm 40 cm

Hadronic

---------
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20

—
(&)

10|

altitude above sea level [km]

+5

lateral shower width [km]

250 GeV
photon

'

0
lateral shower width [km]

+5
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Comparison of EM and Hadronic showers

Hadronic vs. electrom agnetic Some numeri_cal values for n_’laterials
interaction Iength' typical used in hadron calorimeters
A
X[J L ﬁ )\i]‘.]t- A‘i/ﬁ }\int [Cm] XCI [Cm]
1/3 XD
Aint ~ A Szint. | 704 | 422
Aint = Xp LAr 83.7 14.0
[Aint/Xo = 30 possible; see below]
Fe 16.8 1.76
Typical_ _ .
Longitudinal size: 6 ... 9 Aint [EM: 15-20 Xol o 17 1 0.56
[85% containment] ) )
Typical
Transverse size: one Aint [EM: 2 Rm; compact]
[95% containment] U 10.5 0.32
Hadronic calorimeter need more depth C 881 | 188

s/912025 than electromagnetic calorimeter ... .



Material Dependence

Ai¢+: Mean-free path between hadronic collisions

/\int ~ A '/3 [g/CmZ]

Hadron showers are much longer than EM ones — how much, depends onZ
P _____________ T .
1 o N 30+ °
— ] .
| -‘:\“:-.-, . B | :
10 - - : — - |
] g =< 20} K
E |
S Xo f :
. : op ]
] u - i - ::
1| 2; and X, in cm : o )
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Longitudinal profile of Hadronic shower

Longitudinal shower

development: Strong peak near Apy ...

followed by exponential decrease ....
Shower depth:
15| “_. . tmax ~ 0.2In(E/GeV) 4+ 0.7
" e ':"'.""':*” Lg5 = tmax + 2.5)'Lﬁtt
o Ll with Aate = (E /GeV)0-3

Example: 300 GeV pion ...

L tmax = 1.85:195=1.85+55=7.4
' "o [95% within 8hie; 99% within 11 A

—_
-
%

Qn
!
b "
<

Number of nuclei [arbitrary units]

~ ' e 95% on
- U average

Longitudinal shower profile for 300 GeV r interactions in a block e '*... b
of uranium measurad from the induced ®Mo radioactivity ... '

' . L | I VR WS — —_—)
0 1 2 3 4 5 6 / 3 9 10

6/9/2025 Depth [Aint]
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Hadronic showers contain a significant EM component

e"‘ Once a heutral-

absorber pion is produced,

€ allits energy gets
deposited via EM
T
............ ..’----------{i:::)\\\“‘\“\k§_
probability: \\Q\ni .
| -exp(z/N\) - e

processes
b fem: Fraction of incident
l | hadron’s energy deposited
I }\ | via EM processes
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Electromagnetic Fraction grows with energy

Average em shower fraction, < f,,,>

0.7

0.6

0.5

0.4

0.3

| Parameterization: g ¥
(k-1) k= o
3 fe;m =] -[E]:’-] P Cal S BRR
40 g A ¥ /
% /f |
.
_ o I
] v i
e a)

— —Cu(k=082,E;,=0.7 GeV)
—— Pb (k=0.82,Eg= 1.3 GeV)
e NIM A316(1992) 184 _

A NIM A399 (1997) 202
T A | !

1 1

10 30 60 100 200

Pion energy (GeV)
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(S —_
O )]

)

Number of counts (arb. units)

Response for EM and non-EM components

e/h = 1.8
- e/mip = 0.8

Non-1t° component

n°® component

N

0 0.2

6/9/2025

0.4 0.6
Signal / GeV (arb. units)

0.8

» The response of the calorimeter to the
EM componentis generally larger than
the response to the non-EM component.

» The response to the non-EM component
is lower due to the Invisible energy. It is
also wider due to event-by-event
fluctuations in the size of this /Invisible
energy.

» Both components are smaller than the
MIP response, as we discussed earlier.
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Total response for hadrons

Response for pion-initiated shower:

m = fgme + (1 — fgm)h

Ratio of electron to pion response:

1
1+ fEM(% - 1)

e e

T feme + (1 — fem)h -

= ®

Since fgy is energy dependent, while e/h is mostly
energy-independent the response of a non-
compensating calorimeter is non-linear.

6/9/2025

e/m signal ratio

-

e =response to EM component
h = response to non-EM component

e/h is not directly measurable, but gives
the degree of non-compensation

Calorimeters can be:
o Overcompensatinge/h <1
o Undercompensating e/h > 1
o Compensatinge/h =1

3.0 :
e/h = oo
o5 eh=35
2,0
eh=2 [
Ihl(-,_'\_[»
- 5o l“/)(.“\;1(-,'}’,‘-'—,_,_
=]y ——
10 f—e¢/h =1.0
h=0. C snsating
e/h=08 (vercompensatitic
0.5
0.0 :
! 10 100 1000 49

Energy (GeV)



Components of the non-EM response

Energy deposition mechanisms relevant for the absorption of the non-
EM shower energy:

o lonization by charged particles (mostly pions) f,, (Relativistic shower
component).

o Spallation protons f, (non-relativistic shower component).
o Kinetic energy carried by evaporation neutrons f_

o Energy used to release protons and neutrons from calorimeter nuclei, and the
kinetic energy carried by recoil nuclei do not lead to a calorimeter signal. This is
the invisible fraction f., of the non-em shower energy

The total hadron response can be written as:
h=fre-rel+fp-p+fo-n+fin inv
frei +fp + ot fiw =1
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Components of the non-EM response

The total hadron response can be written as:

h=fre-rel+fp p+fo-n+ fin inv
free t fop+ fut finw =1

Normalizing to the MIP response, we can write
e e/mip

h™ fre - Tel/mip + f, - p/mip + f, - n/mip
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*On the plots, the fractions are shown

as total energy fractions, rather than
as fractions of non-em response

Energy fractions

h=-relp n+-inv

80 r T T | I T T T
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Compensation by tuning the neutron response — |

Compensation with hydrogenous active material

o Elastic scattering of soft neutrons on protons: high energy transfer to
protons; high energy loss for scattered soft protons

I I ! I T T T T
*

14t
bk T

10— — —m — — —— —— e —_———_——_—— ]

CHy
0 Ar+iCqHio

| Ar+CHy

0.6 AH—COQ -
|

Pion Zelectron ratio

1 1 S | | i - [
0 0.04 0.08 0.12

Mean ionization deposit per crossing (mip)

|

F1G. 3.32. The pion/electron signal ratio. averaged over the energy range 1 5 GeV. measured
for different gas mixtures with the uranivm/gas calorumeter of the L3 Collaboration. The hor-
1zontal scale gives the (calculated) average energy deposit in a chamber gap by slow neutrons

[Gal 86].
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Compensation by tuning the neutron response — |

» Compensation by adjusting the sampling frequency

» Reduce the EM response for high-Z absorbing materials.
o The best performance for EM particles is incompatible with e/h =1

> Works best with Pb and U

» Also possible for Fe in principle, but it requires too large absorber

thickness
o >10:1 Fe/Sc ratio needed

«—— sampling fraction (%)

pg 105 2 1 _05 02
& [Hol 78b)
20 o [Abr81]
® [Ake 85]
[.8
6 | :
Fe/Scint
< F
o |4
:
|.OF A

0.8 e
6/9/2025 | 10 100
Rd

1.2

=N
L
:
= 1.0
=
o,
13
0.9

4:1 Pb/Sc ratio needed
1:1 U/Sc ratio needed

scintillator thickness 2 mm

a 2 GeV
v 3GeV
o 4 GeV

s e — — — — — — ———

1 J
0 5 10 15

Lead thickness (mm)
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Compensation by tuning the neutron response — ll|
100+
PR — recoll protons
// \\ secondary fission ¥'s
80 Y 4 \\ ———7¥'s from n capture
= \
B \ .
2 91 \‘\ Large fraction of neutron energy
B ol \\ captured and released after >100ns
: ‘\\ /I,l \\\
20 b \\ 1/ \\
- ’,—”>:\\ \\\
0 et o VY ST 0T W S
| 0 . 100 1000
ITme (ns)
FIG. 3.22. Time structure of various contributions from neutron-induced processes to the

hadronic signals of the ZEUS uranium/plastic-scintillator calorimeter [ Bru 88].

e/n signal ratio

1.02
0

200

Gate width (ns)

ﬂ.-l”: 4 |
E_: ”‘32{ e p———"*" = h.’l\i'l‘ﬂ& ]
s TR o Long integration time:
- Tk i § o collect more hadron E - closer to compensation
0%l u ’ o integrate additional noise > worse resolution
a00 600 %00 0 200 400 600 300

Fi1G, 3.23. The ratio of the average ZEUS calorimeter signals from 5 GeV/e electrons and

pions (a) and the energy resolutions for detecting these particles (b). as a function of the

charge integration time [Kru 92].
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ZEUS compensating calorimeter

View of a module of the ZEUS U-scintillator
calorimeter. Wavelength-shifter readout is used to read
cells of 5*20 cm” cross-section in the electromagnetic
compartment and of 20*20 ¢cm” in the two subsequent
hadronic compartments

6/9/2025

S ——

First compensating calorimeter used depleted Uranium as the absorber
material:

O

The ZEUS HCal had an energy resolution better than 35%//E [GeV].
This is better than modern HCals at the LHC, for example.

Initial idea was that the fission energy released in the absorption
process would compensate for the invisible energy losses.

ZEUS did achieve compensation - but fission had nothing to do with it.
Uranium was neither necessary nor sufficient.

The important things were the hydrogenous active material, the tuned
sampling fraction (about 2%), and an integration time of over 30 ns.

Even with the small sampling fraction (degraded EM/sampling
resolution) and large integration time, the ZEUS HCal has the world
record in hadronic energy resolution.

The main driver for poor HCal is the Invisible energy produced in
hadronic showers, which leads to non-compensation.
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Sampling fluctuations in EM and Hadronic Showers

Fractional width ¢ (%)

100

A
=]

=

Lh

A protons
O pions
@ clectrons

— measured resolution
--- sampling fluctuations

Available energy (GeV)

Sampling fluctuations only
contribute a small amount to the
total resolution of Hadronic showers.

Sampling fluctuations dominate the
resolution for EM showers.

F1G. 4.15. The energy resolution and the contribution from sampling fluctuations to this reso-
lution measured for electrons and hadrons, 1n a calorimeter consisting of 1.5 mm thick iron

plates separated by 2 mim gaps filled with liquid argon. From [Fab 77].
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Fluctuations in hadronic showers

Hadronic showers have the same type of fluctuations as EM showers,
plus:

1. Fluctuations in the EM shower fraction, fy
o Large event-by-event fluctuations: dominating effect in most HCals (e/h > 1)

o Fluctuations are asymmetric (i.e. have a high-energy tail) for charge-pion
induced showers

o Leading-particle effect: difference between pion and proton showers

2. Fluctuations in the Invisible energy fraction
o Large event-by-event fluctuations in high-Z absorber material
o Represents ultimate limit of hadronic resolution
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Fluctuations in EM Shower Fraction

100
] 50 GCV U Pion showers: Due to the irreversibility of the
30 | production of neutral pions and because of the
—~ leading particle effect, there is an asymmetry in the
e probability that an anomalously large fraction of the
fg 60 | energy goes into the EM shower component
79
= 40| b)
>
(1
20 Positive tail for non-
4~ compensating calorimeters
O |

0 02 04 0.6 0.8 1.0

. . . T = fgye + (1 — fem)h
Electromagnetic fraction, fey,
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Differences in proton vs. pion induced showers

3000F a) T P
K= 2000
S 2000 |
— - ]
) E
L — 1
é 100 HO00r
3 )00 +
0 . L .l:.l PR I 0 RS SN AN T I 1 ——t]
100 200 300 100 200 300

Signal (a.u.)

The average f; is smaller in proton-induced showers than in pion-induced ones

Proton-induced showers: baryon number conservation prohibits the production of

leading neutral pions and thus reduces the EM component vs. pion-induced showers
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Fluctuations in (in)visible energy

12 = | ' r 1 i r : J | l - I 1 i - T
T E__, ++ ——
10 a) - ty b)
i i 3 '
> | L= el p | 4ffinf - ino
2 - b
; P
i i ¢
g *° b
(oW i - + * |
2r '
z o R '
+ "*‘ L » ]
. 1 i I . i P | | 1 ! S LY PP
0 100 200 300 400 o 10 20 30 L0
Binding energy loss (MeV) Number of neutrons produced

» Significant fluctuations in high-Z absorber material
» Strong correlation between the distribution of the binding energy loss and the
distribution of the number of neutrons produced in the spallation reactions.
» Efficient neutron detection gives a quantity that correlates with the invisible energy
and thus reduces the impact of fluctuations.
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Felative Energy Res., o
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o/E =(93.8 1 0.9)%/E @ (4.4 +0.1)%
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Examples: (hon-compensating) HCal performance at the LHC
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Examples: (hon-compensating) HCal performance at the LHC

L T T T T __HCAL only
018 ;_ E:’;'L.L =|il’+"(’iri ; ?E,qg_—- o _(52.940.9)% 5740.2)% [ ]
gost | . ] Note that this is sometimes a better description for ||i —
v ) the full resolution of non-compensating HCals... | S
font - o y R A -
0.1 ;— : . E - \/E % ]
205 | - - ]
ok Rather than... __ATLAS -
0.04 |- ilao ]
tcMs TiIe-CA‘ - L b o TeCAL
N S E VE 02 025 03 035
0 50 100 150 Aloal .”\fg (GBV_W)
HCAL only Improved resolution using full
o/E = (93.8 £ 0.9)%/\E @ (4.4 £ 0.1)% calorimetric system (ECAL+HCAL)
ECAL+HCAL A
o/E = (82.6 + 0.6)%/E ¢ (4.5 + 0.1)% ATLAS LAr + Tile for pions: f ) 4%% &2 %
N
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Realistic calorimeter systems: EMCal + HCal

» Challenges for calibration: Ratio of energy deposits is
not same as ratio of observed signal

» There are several different calibration techniques, all of
which have advantages/drawbacks.

» One is to try and minimize energy resolution for a
particular type of particle, but this leads to some
unwanted effects:

o Calibration constant for one particular type of
particle, or jet, leads to systematic
mismeasurements of other type

o Calibration constant for one particular energy leads
to systematic mismeasurements in other energy
ranges
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Modern and Future Calorimetry
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Energy resolution: attack fluctuations

»Hadronic calorimeters (if not compensating) give the largest
contribution to, for example, jet energy resolution.

»If you want to improve performance, reduce/eliminate the (effects
of) fluctuations that dominate the performance.

»Two approaches:

1. Minimize influence of calorimeters through a holistic reconstruction
approach -- this is sometimes called the Particle Flow approach (PFA)

2. Directly measure hadronic shower components for each event, allowing
direct access to the source of fluctuations. This is the Dual (Triple)
Readout approach from the DREAM collaboration.
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Particle Flow

» Basicideais to reconstruct charged
particles using tracking detectors
when they have the best resolution.
The tracks are matched to
calorimeter clusters and their
energy subtracted. Neutral particles
are still measured by calorimeters.

» Highly granular calorimeters are
needed, as well as sophisticated
reconstruction software (software
compensation)

» This approachis usedin modern
high-energy collider experiments
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Dual Readout Calorimetry

Measure EM fraction event-by-event with SPACAL calorimeter consisting of
interleaved Quartz (Cherenkov) and Scintillating fibers

Production of Cherenkov light only by relativistic particles

The 'DREAM' is to measure jets as accurately as electrons: 15% / \/E |GeV]

Triple readout approach will also measure neutron component with hydrogenous
material

"FZSmmA
4 mm-——




Summary

»Calorimeters are used widely in nuclear and particle physics

»There are a wide variety of calorimeter types to serve specific
situations

»The interaction of particles in calorimeters is based on simple
physics principles, but, as we have seen, the response of
calorimeters can be quite complex

»The future of calorimetry is based on 1) integrating calorimeter
response with that of other detectors; and 2) reducing the effects
of hadronic shower fluctuations
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