
Calorimeters for 
high energy 
colliders
SARAH ENO
13,14 AUGUST 2020
2020 HADRON COLLIDER PHYSICS SUMMER SCHOOL



Calorimeter Bibliography
2Some of my go-to references:

• My own recent work: https://arxiv.org/abs/2008.00338
• Electromagnetic calorimetry 

(https://www.sciencedirect.com/science/article/pii/S0168900211005572)
• Theoretical studies of hadronic calorimetry for high luminosity, high energy colliders; 

(https://www.sciencedirect.com/science/article/pii/0168900289910619)
• Passage of Particles through Matter; ( http://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-

particles-matter.pdf)
• Dual-Readout Calorimetry; (https://arxiv.org/abs/1712.05494)
• Particle Flow Calorimetry and the PandoraPFA Algorithm; (https://arxiv.org/abs/0907.3577)
• Particle-flow reconstruction and global event description with the CMS Detector 

(https://arxiv.org/abs/1706.04965)
• Recent results of the technological prototypes of the CALICE highly granular calorimeters 

(https://arxiv.org/abs/1904.02825)
• Exploring the structure of hadronic showers and hadronic energy reconstruction with highly granular 

calorimeters (https://pos.sissa.it/367/152)
• New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)
• Hadron Calorimetry (https://www.sciencedirect.com/science/article/pii/S0168900211019851)
• Particle Detectors at Accelerators (http://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-

accel.pdf)
• And others noted at the bottom of (most) slides

https://arxiv.org/abs/2008.00338
https://www.sciencedirect.com/science/article/pii/S0168900211005572
https://www.sciencedirect.com/science/article/pii/0168900289910619
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf
https://arxiv.org/abs/1712.05494
https://arxiv.org/abs/0907.3577
https://arxiv.org/abs/1706.04965
https://arxiv.org/abs/1904.02825
https://pos.sissa.it/367/152
https://arxiv.org/pdf/1807.03853.pdf
https://www.sciencedirect.com/science/article/pii/S0168900211019851
http://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf


Refresher on 
basics



Calorimeters
4

calorimeters

Calorimeters are the only source of information on the momenta of neutral 
particles such as (unconverted) photons, neutrons, and neutral kaons.  They are 
used in particle identification, to distinguish electrons from charged pions.



Calorimeters
5

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)

In addition, used to measure momenta of 
charged particles in crowded 
environments, inside high energy jets, 
where tracking-finding algorithms can be 
inefficient, and to infer (through 
momentum balance) the momenta of 
neutrinos and neutrino-like particles 
(missing transverse energy and missing 
energy).  

Also, at very high momentum, the 
calorimeter resolution can be better than 
the tracker resolution.

https://arxiv.org/abs/0907.3577


Calorimeters
6

CMS

And provide a measurement of 
charged particles in the  forward 
region, at large pseudorapidity 𝜂𝜂, 
where the limited∫𝐵𝐵 � 𝑑𝑑𝑙𝑙 limits 
tracker-based momenta 
measurement

Hadron 
Forward 
Calorimeters



Calorimeter Types 7
Traditionally divided into 
• “electromagnetic” or “ECAL” (front) 

versus “hadronic” or “HCAL” (back 
but really should be front+back) 
calorimeters

• “homogeneous” (entire detector 
generates detectable signal) versus 
“sampling” (only a small fraction 
generates signal) calorimeters 
containing active and passive
material.

• “high granularity” (particle flow) 
versus “dual readout (different 
methodologies for improving hadon
resolutions)

(although most contain  aspects from 
several of these characterizations)



Homogenous
8

Mostly scintillating crystal 
calorimeters.  Charged particles 
transversing the media create 
signal throughout its entire 
volume.  For crystals, usually 
scintillation light (excitations of 
the crystal due to its 
electromagnetic interactions with 
charged particles de-excite by 
emitting detectable light.  Called 
“ionizing energy” although mostly 
excitations, not ionization)



Sampling
9

Layers of
• passive material like lead, steel, 

brass, tungsten,  Uranium, etc
• A signal-producing material 

(active) producing signals based 
on “ionization” (e.g. liquid noble, 
gas, silicon) or “excitations” (e.g. 
plastic scintillator, crystal 
scintillators) or Cherenkov 
radiation (e.g. quartz, many 
crystals)



Some current calorimeters
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CMS
• Barrel (and current endcap)

• Homogeneous PbWO4 tungstate crystal electromagnetic calorimeter
• a sampling hadronic calorimeter (scintillator and brass) (I work on this)

• Future Endcap “hgcal”
• Silicon-(Cu/CuW/Pb )sampling particle flow EM calorimeter
• (Silicon/scintillator)-steel sampling particle flow HAD calorimeter (I work on this)

• Far forward
• a steel-quartz Cherenkov calorimeter

ATLAS
• Liquid argon-lead for barrel EM and for entire endcap calorimeter
• Scintillator-steel barrel sampling calorimeter

SCEPCAL (work-in-progress by Tully, Lucchini, with some minor contributions by me and my 
student Yihui Lai https://arxiv.org/abs/2008.00338)

• Dual-readout PbWO4 crystal ecal and spaghetti-type dual readout brass-quartz-plastic 
scintillator hcal

(another warning: I know way too much about plastic scintillator)

https://arxiv.org/abs/2008.00338


CMS barrel ECAL
11

State of the art resolution for 
electrons/photons



CMS HCAL
12

Cheap!



CMS HGCAL
13

First “high granularity” or 
“particle flow” calorimeter



ATLAS

14

 Same technology for 
ECAL and most of 
HCAL leads to 
improved hadron 
resolution (will 
discuss)

 The gold standard in 
rad hard

 Very stable 
calibration



SCEPCAL+ IDEA
15

Proposed dual-
readout 
calorimeter



Needs/challenges
16

• Precise energy scale and excellent 
resolution

• Handle a wide range of particle 
momenta (MeV to 100’s of GeV)

• Calibration with minimal dependence 
on particle type (measure all kinds of 
particles)

• High collision rate
• Pileup
• Fierce radiation environments
• Insensitive to beam backgrounds (halo, 

etc)

LHCC-G_165

COST!



Resolution 17

Detector of electron showers in dual readout crystal calorimeters 
(https://www.sciencedirect.com/science/article/pii/S01689002120145
20)

Electromagnetic calorimetry 
(https://www.sciencedirect.com/science/article/pii/S0168900211
005572)

• “s” is the stochastic or “sampling” term, related to statistic 
fluctuations in the signal (sampling fraction for sampling 
calorimeters, photostatistics for homogeneous)

• “b” is the “noise” term, related to electronics noise, pileup, etc
• “c” is the “constant” term, related to imperfections, non-uniformities, 

channel-by-channel calibration uncertainties, leakage, dead 
material

Another parameterization by Wigmans, which works better 
for hadron energy measurements:

As you can see from 
these parameterizations, 
resolution improves with 
energy

https://www.sciencedirect.com/science/article/pii/S0168900212014520
https://www.sciencedirect.com/science/article/pii/S0168900211005572


Beware of tails
18

Often not gaussian.  Quoted resolutions are often from a gaussian fit near 
the peak

CMS 
HCAL: 
leakage

Eur. Phys. J. C (2009) 60

CMS ECAL: clustering effects

Can create problems for missing transverse and 
missing energy measurements



EM/tracker versus HCAL
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Photon resolution (CMS)

Charged pion 
resolution (CMS)

Tracker resolution, CMS

Energy resolution of the barrel of the CMS 
electromagnetic calorimeter 
(https://iopscience.iop.org/article/10.1088/174
8-0221/2/04/P04004)

The CMS barrel calorimeter… 
(https://link.springer.com/artic
le/10.1140/epjc/s10052-009-
0959-5)

Description and performance of track… CMS 
tracker (https://arxiv.org/abs/1405.6569)

100 GeV

Solid (open) 68% (90%)

4 GeV

https://iopscience.iop.org/article/10.1088/1748-0221/2/04/P04004
https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
https://arxiv.org/abs/1405.6569


Ultimate collider calorimeter: future 
e+e- 20

Higgs can be identified independent of 
decay mode using the “missing mass “ or 
“boson recoil mass” method, where you 
identify the Z and use its 3-momentum as 
the 3-momentum of the recoil particle 
and the center-of-mass collision energy 
minus the visible energy as the energy, 
requiring that to be consistent with the 
Higgs mass.  Mass peak can distinguish 
ZH from WW, ZZ.

CEPC CTDR V2



Separate EWK bosons
21

As we will discuss in detail, there are two approaches to achieving this resolution: using the 
calorimeter as little as possible (PFA high granularity calorimetry) or developing a new kind of 
precision calorimeter (dual readout) 

3-4% at 100 GeV corresponds to a sampling term of 30%



Jet resolution is essential to e+ e - Higgs 
factory calorimetry

22

Manqi Ruan, ihep



Electromagnetic 
calorimetry

What we call calorimetry when our goal is to measure electrons/positrons/photons



Electromagnetic shower
24

Particle interactions with matter convert a high 
energy incident particle to a large number of low 
energy particles which eventually “range out” and 
come to rest through “ionizing” interactions with the 
media.  The initial kinetic energy converts to mostly 
heat, with a small amount to some sort of 
measurable signal. 

Production of new secondaries driven by two processes:
Pair production Bremsstrahlung

Note units on X0.  Multiply by density to get a length.



showers
25

Quite uniform showers

GEANT4 visualization tool



bremsstrahlung
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k is photon E

Passage of particles through matter (pdg.lbl.gov)

Except at very high energies, only electrons have significant 
brem.



Other processes
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Passage of particles through matter (pdg.lbl.gov)

What actually makes the detector signal

After taking out the density, and ignoring 
hydrogen, approximately independent of Z.



Shower profile
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New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)
Electromagnetic calorimetry (https://www.sciencedirect.com/science/article/pii/S0168900211005572)

If you look more carefully, the 
shower profile does not only 
depend on X0.

Phenomenological 
parameterization of 
the position of 
shower max and of 
the shower shape

The early shower is electron 
dominated, the later photon

Al: 13
Fe: 26
Pb: 82

https://arxiv.org/pdf/1807.03853.pdf
https://www.sciencedirect.com/science/article/pii/S0168900211005572


Critical energy
29

Passage of particles through matter (pdg.lbl.gov)Electromagnetic calorimetry (https://www.sciencedirect.com/science/article/pii/S0168900211005572)

For higher Z materials, brem continues to be 
important down to lower energies

Energy loss in an X0

https://www.sciencedirect.com/science/article/pii/S0168900211005572


Importance of low energy particles
30

New Developments in calorimetric particle detection (arXiv:1807.03853)

Pb

Fe: 26 
Cu: 29
Pb: 82
U  : 92



A good ECAL
31

2007 JINST 2 P04004

3%
𝐸𝐸
⊕ 1%



Hadronic 
calorimetry

What we call calorimetry when our goal is to measure hadrons



Again a shower, but… 33

At high energy, it is essentially a 
geometric cross section, and the 
cross section sis small

Look at all the different types of products: 
charged pions, neutral pions (to photons), ion 
fragments…

The GEANT4 Bertini Cascade (NIM A804 (2015) 175

Multiplicity and exclusive proton-
nucleon cross sections 



34
Energy deposition in PbWO4 by species for incident pion

Yihui Lai!



Interaction length
35

Particle Detectors at Accelerators (http://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf)

Again characterized by a 
characteristic length 
scale.  However, since the 
cross section is much 
smaller (basically need a 
physical impact), the 
characteristic length 
scales are much bigger 
(note different y scales on 
left and right)

http://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf


Again a shower, but…
36

Akchurin & Wigmans, NIM A666 (2012) 80



Lots of variability
37



Lots of variability
38

Sometimes the shower starts earlier than you would like

GEANT4 visualization tools



Lots of variability
39

Testing hadronic interaction models using a highly granular silicon-tungsten calorimeter (arXiv:1411.7215)



Different responses
40

Dual-Readout Calorimetry: arXiv:1712.05494

The signal depends on the particle 
type.  To LO, though, there is a 
response to high energy muons, to 
the “EM” part of the shower 
generated by neutral pions, and the 
the “hadronic” rest of the shower.

The ratio of the response for the EM 
and HAD parts varies by material.  It is 
1.3 in the CMS HCAL and 2.4 in the 
CMS ECAL.

Fluctuations in the EM fraction of the 
shower are generally the dominate 
contribution to calorimeter resolution.



EM fraction versus pion energy
41

Dual-Readout Calorimetry: arXiv:1712.05494 Energy dependence of hadronic activity (NIM A338 (1994) 336)



nonlinearity
42

Upgrade of CMS full simulation for Run 2 (https://doi.org/10.1051/epjconf/201921402012)

Different for 
𝜋𝜋+ and 𝜋𝜋 -.  



43

Different for 
𝜋𝜋 and 
protons and 
for 
antiprotons



44

The resolution of a hadronic calorimeter is 
determined both by statistical (sampling) 
fluctuations and by shower composition 
fluctuations.

Dual readout calorimeter (arXiv: 1712.05494)

Second term is due to EM fraction fluctuations, 
and a2 is determined by e/h



e/h in CMS Ecal/Hcal 45

Eur. Phys. J. C (2009) 60: 359-373

The hadronic energy 
resolution of the CMS 
calorimeter is 
degraded by the very 
different e/h of its ECAL 
and HCAL



A bad HCAL
46

NIM A457, 75 (2001)



A good HCAL and another bad one
47

Wigman 2018



e/h
48

There can be several reasons why the response to hadrons is lower than that of 
electrons

• Losses to binding energy
• The interaction cross section for thermal neutrons is low.  They can scatter out the 

front of the calorimeter or move so far away (in distance and time) from the initial 
hadron impact point as to be effectively lost

• Escaping neutrinos
• Escaping muons from charged pion decay
• Birks’ law (scintillators or the equivalent in nobel liquids) decreases light output for 

slow moving highly charged ions produced in hadronic showers relative to the 
relativistic electrons in EM showers

• Difference in response for very low energy and higher energy shower particles



Binding energy
49Loss per nuclear breakup

Cannot produce a detectable 
signal.  Truly missing energy.  But 
there are ways of estimating this 
(albeit on average, so a 
contribution to the resolution will 
come from fluctuations in this).  
Will discuss this later.

Fe



Missing energy
50

GEANT4 simulation

Can be 
many 
secondaries 
especially 
for the first 
collisoin

The total 
energy lost 
to binding 
energy is an 
irreducible 
resolution 
term



Escaping energy
51
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Very large PbWO4 crystal
CMS HCAL-like



neutrons
52



neutrons
53

Only way to get a signal 
is if they transfer all their 
energy to a proton.  
Really only effective for 
low energy neutrons on 
hydrogen.  Off heavier 
materials, they just 
bounce off and 
continue on their way



neutrons
54

Energy dependence of hadronic activity (NIM A338 (1994) 336)

Spectrum of produced neutrons roughly 
independent of incident particle energy 
(protons in this case)

Produced neutrons tend to be low 
energy



55

Recent developments in GEANT4, NIMA 835 (2016) 186.

Comparing neutron and proton cross sections, neutrons have a large elastic cross section.  
Inelastic cross sections are similar (geometrical “direct hit”)



Birks’ law
56

Birks, J.B. “The Theory and Practice of Scintillation Counting”, Macmillan (1964)

A similar process occurs in noble liquids.  If the ion density is too large, there is more 
recombination before the signal is collected on the electrode

L is the light yield
S is the scintillation efficiency
kB is Birks’ constant (0.126 mm/MeV 
for polystyrene

Energy loss/length

Lig
ht

 o
ut

pu
t
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MIP response
58

Wigmans 2018

For very low energy hadrons, particle 
can be stopped via ionization losses 
before there is a hadronic interaction.  
This decreases the missing energy, 
increasing the response.  These 
particles are not unimportant for jets

Denominator gets larger at lower 
energy so ratio gets smaller



tails
59

• “punch through”
• Leakage
• Neutrinos in charged pion decays

Can also have high side tails.  Will discuss 
some sources at the very end.



Practical Modern 
calorimetry

Or how to design a good calorimeter



thickness
61

Calorimeters for the FCC-hh: https://arxiv.org/abs/1912.09962

EM calorimeters
Hadron calorimeters

https://arxiv.org/abs/1912.09962


Compact transverse shower
62

New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)
New perspectives on segmented crystal calorimeters for future colliders (https://arxiv.org/abs/2008.00338)

Most calorimeters are sampling.  Don’t 
forget that the shower can spread in 
the sampling media, which is usually of 
lower Z

https://arxiv.org/pdf/1807.03853.pdf
https://arxiv.org/abs/2008.00338


Not stand alone devices
63

Calorimeters for the FCC-hh: https://arxiv.org/abs/1912.09962

Don’t want to start the shower before the calorimeter

CMS-EGM-11-001

https://arxiv.org/abs/1912.09962


Homogeneous calorimetry
64

Want to make the shower and make the signal from the same 
material.  So far, done with light as the signal and an optically clear 
high Z material.

New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

Particle Detectors at Accelerators (PDG)

https://arxiv.org/pdf/1807.03853.pdf


photodetectors
65

Particle Detectors at Accelerators (PDG)

PMTs, SiPMs currently popular.  PMTs have excellent linearity over a wide range but are 
expensive and need to be out of magnetic fields.  SiPMs are somewhat nonlinear.  Both have 
strong gain dependence on temperature.



66

Electromagnetic calorimetry (https://www.sciencedirect.com/science/article/pii/S0168900211005572)

crystal ball detector

https://www.sciencedirect.com/science/article/pii/S0168900211005572


Advantages
67



Disadvantage?
68



Sampling calorimetry
69



Sampling Fraction
70

Want to calculate ratio of energy in the passive+active to active
Can do this in MC or do a “poor man’s” calculation based on 
nuclear interaction length

CMS HCAL: Brass 5cm/16.4 cm = 0.3 𝜆𝜆
Polystyrene: 0.37 cm/107 cm = 0.0035 𝜆𝜆
Sampling fraction: about 100

Typically measuring only 1 percent of the shower



Sampling fraction challenges
71

New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

https://arxiv.org/pdf/1807.03853.pdf


Sampling EM calorimetry
72

Wigmans 2018

Sampling term 
typically 10-12 % 
these days



Liquid active material
73

Electromagnetic calorimetry (https://www.sciencedirect.com/science/article/pii/S0168900211005572)

• Stable calibration
• Radiation hard
• Needs expensive cryostat

https://www.sciencedirect.com/science/article/pii/S0168900211005572


PLASTIC SCINTILLATOR
74

Plastic scintillator is used to detect particles, 
usually in the calorimeters, but sometimes in the 
trackers as well.

Produce visible light which can be detected by 
a photodetector (PMT, APD, HPD, Sipmm, etc.)



tiles
75



tiles
76

• air gap between fiber and tube
• WLS fibers can be sputtered on one end with 

Aluminum. 

Often used with 
wavelength shifting 
fibers, to trap the 
light.



Hadron Barrel Calorimeter (HB)
77

uses blue scintillator as the active material with blue-to-green 
wavelength shifting fiber to capture light and bring it to HPD

Layer 0: 9 mm BC-408
Layers 1-16: 3.7 mm SCSN-81
Both use 0.9 mm  Y11 WLS fiber

For CMS design, a 10x10cm tile with a 3.7mm thickness of SCSN-81 
(a blue scintillator by Kuraray) with 0.9mm Y11 blue to green WLS 
fiber (Kuraray) gives an average of 3 photoelectrons/mip.



Hadron Endcap (HE) tiles
78



Plastic Scintillator
79

Advantages:
• Long experience with this material
• Low cost
• Ease of construction
• Fast time response
Questions:
• Radiation hardness



What is plastic scintillator

 A substrate such as polyvinyltolulene (PVT), polystyrene 
(PS) or  polymethylmethacrylate (PMMA) 

 Two wavelength-shifting dopants, one with a 
concentration of about 1-2% (primary dopant), the other 
with a concentration of about 0.1% (secondary dopant)

1/17/17

80



Scintillation process
81

• Particle excites electrons in molecules in the substrate
• The initial excitation can be transferred to the primary dopant 

radiatively (in the deep UV) or through dipole-dipole interactions.  The 
substrate can also de-excite in ways that do not lead to transfer to the 
dopant.  These include transfer to another substrate molecule, 
quenching (becomes thermal energy) and inter-system crossing.

• Transfer to primary depends on concentration.  Mostly radiative for low 
concentrations.  Dipole-dipole increases with doping.

• Secondary dopant needed because the absorption length of the 
primary emission is typically O(cm) while detectors typically are large 
compared to this size. Also to match to photodetector

Of these, most of the physics and the 
problems/challenges of scintillator are in the substrate 
so let’s talk about this first.



benzene
82

π

σ

Picture from wikipedia.  

Three double bonds shared equally 
between 6 atoms



Making polymers
83

NIM A307 (1991) 35
Also see thesis, Ana Pla-Dalmau, NIU

Form long strings of 
these monomers



polymers
84

Amorphous polymer

Polymers can be created in “amorphous” arrangement or crystalline.  
Polystyrene is amorphous (unless specially prepared so that the phenyl 
groups are in the same substitution position throughout the polymer 
chain)

Behavior depends on molecule “weight”, related to the length of the 
molecule.

Crystalline polymer



fluors
85



86

Need to be careful when 
calculating energy deposition.  
Scintillator is hydrogen rich.

This also affects its interactions 
with neutrons.



Building a better 
calorimeter

Improved hadronic calorimetry



compensation



compensation
89

The response to the “hadronic” portion of a hadronic shower gives a lower response due to a 
variety of factors.  Is there some way to boost it back up?

• Use  uranium based calorimeter, using the released fission energy to boost the signal 
(Dzero, Zeus calorimeter).  Turns out this was a red herring, although both did have 
good hadron resolution

• Use a detector with hydrogen to boost the signal from neutrons.  Use a detector with 
high Z to suppress the EM response and increases neutron production.  U has highest 
neutron production, but lead actually has the strongest correlation between neutron 
production and losses to binding energy.   Sampling fraction needs to be low, which 
limits resolution.   For a Pb/scintillator calorimeter, compensation occurs for a sampling 
fraction of 2% (too low for good EM resolution).

However
• Nevertheless tend to be nonlinear for particles with energies below 10 GeV, as these 

lose a lot of energy via ionization and e/mip is bad
• Recording neutrons requires long integration times, and also makes the showers broad

Design and construction of the ZEUS barrel calorimeter (NIM A309 (1991) 77



ZEUS
90

EM calorimeter was Uranium and scintillator

Another excellent 
calorimeter was 
the D0 U/liquid 
Argon calorimeter



spacal
91

Electron, pion, … with a lead/scintillating-fiber calorimeter, CERN-PPE/91-85

Spaghetti calorimeter

Fibers parallel to incident particle direction uniformly sample the shower in depth, 
reducing response fluctuations due to shower starting position



Compensating calorimeters
92

New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

Sampling terms of 30% for single particles.  Up 
to the specs for jets for future calorimeters, 
but except in detail (low energy particle 
response, jet clustering artifacts, residual 
nonlinearity)

https://arxiv.org/pdf/1807.03853.pdf


“Particle flow” or 
“high granularity” 

calorimetry



disclaimer
94

“Particle Flow” is a reconstruction technique 
that can be applied to any calorimeter.  
Invented at ALEPH and used extensively e.g. 
CMS.  If your hadronic resolution is bad 
enough, it improves any calorimeter e.g. 
CMS. “The particle-flow (PF) algorithm is 
used to reconstruct and identify each 
individual particle, with an optimized 
combination of information from the various 
elements of the CMS detector.”

However, it works best with a calorimeter specifically designed for this 
kind of algorithm.

Particle-flow reconstruction… CMS detector (arXiv:1706.04965)
Performance of the ALEPH detector at LEP https://www.sciencedirect.com/science/article/pii/0168900295001387 ()

https://www.sciencedirect.com/science/article/pii/0168900295001387


Basic idea
95

• Use tracker to measured charged particles
• Use EM calorimeter to measure photons
• Use HAD calorimeter only to measure neutral hadrons

Of course, can improve things by combining the calorimeter and 
tracker information.  Helps especially at high energy where the 
calorimeter works best

Since hadron calorimeter are challenging, use them as little as possible.  



Originally developed for ILC
96

Sampling term of 30%



Particle flow
97

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)

eta

Marco Lucchini studies using hepsim https://arxiv.org/abs/2008.00338

https://arxiv.org/abs/0907.3577
https://arxiv.org/abs/2008.00338


Can live with a mediocre 
calorimeter

98

Pöschl https://indico.ihep.ac.cn/event/11938/

Calorimeter resolution requirements not 
that stringent.  50%  HAD and 10% EM 
stochastic terms

Jet resolution has 30% stochastic term.

https://indico.ihep.ac.cn/event/11938/


But there is a challenge
99

Unlike tracks, showers have finite 
lateral extent that can be larger 
than the separation between 
particles, it can be hard to 
“remove” the charged hadron 
energy.  

CALICE: very high granularity can 
help resolve showers 

n.b. This becomes much worse with 
higher energy jets



Pattern recognition in hadron calorimeter 
is hard 100

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)

Very high granularity can help find links between main shower and splinter showers

https://arxiv.org/abs/0907.3577


Highly segmented calorimeters
101

CALICE https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
Created in 2005

https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
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Particle Flow Calorimetry and the PandoraPFA Algorithm 
(https://arxiv.org/abs/0907.3577)

Shower separation is challenging for very 
high energy jets. The jets in ZH events are 
mostly less than 100 GeV, so PF should still 
work well for electron-positron Higgs 
factors.  Di-Higgs at CLIC, etc more 
challenging

https://arxiv.org/abs/0907.3577


103
From Manqi Ruan



Hadron fragmentation
104

An interesting parameter is the ratio of the hadronic to electromagnetic interaction length.  

Having deeper hadronic showers helps 
separation of gammas and neutral hadrons.

Material Radiation 
length

Absorp. 
length

ratio

W 3.5 mm 99.5 
mm

28

PbWO4 8.9 mm 240 mm 27
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New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

https://arxiv.org/pdf/1807.03853.pdf


Cell size optimization
106

Particle Flow Calorimetry and the PandoraPFA Algorithm (https://arxiv.org/abs/0907.3577)

https://arxiv.org/abs/0907.3577


Longitudinal segmentation
107

20% degradation going from 15 to 3
layers

Manqi Ruan, IHEP China, CEPC workshop 2019



Resolution drivers
108From Manq Ruan’s talk

• Number 1 is hadronic splintering.  Can timing help mitigate this splitting?  
Which would have better timing?

• Number 2 is hadronic resolution.
• Number 3 is acceptance.  Impossible to improve?
• Neutral hadron energy threshold not negl.  Any chance to go lower?



CALICE
109



110



CALICE
111

Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/
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Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/
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Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/
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Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/
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Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/


116

Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/
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Pöschl https://indico.ihep.ac.cn/event/11938/

https://indico.ihep.ac.cn/event/11938/


Active Elements:
• Hexagonal modules based on Si sensors

in CE-E and high-radiation regions of CE-H
• “Cassettes”: multiple modules mounted on

cooling plates with electronics and absorbers
• Scintillating tiles with SiPM readout in

low-radiation regions of CE-H

Key Parameters:
• CE covers 1.5 < η < 3.0
• ~215 tonnes per endcap
• Full system maintained at -30oC
• ~600m2 of silicon sensors
• ~500m2 of scintillators
• 6M si channels, 0.5 or 1 cm2 cell size
• ~27000 si modules
• Power at end of HL-LHC: ~110 kW 

per endcap

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 28 layers, 
25 X0 & ~1.3λ
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 24 layers, ~8.5λ

~2m

~2
.3

m

HGCAL

CMS-TDR-019



Very high granularity
4 Feb 2020

FIR
E

119

Simulation 
of 140 
pileup 
events in 
CMS

Can remove 
through track 
matching 
energies from 
pileup



Hexagonal silicon sensors are divided (mostly) into hexagonal 
cells, with some special cells

4 Feb 2020

FIR
E

120

~55pF per cell

O(nA) per cell
(before irradiation)

6” prototype sensor

Prototype 6” and 8” sensors made by three 
producers



8” silicon sensors will be hexagonal, divided with 3-fold 
symmetry into hexagonal cells

4 Feb 2020

FIR
E

121

192 cells/sensor 432 cells/sensor ⌀ ~ 190mm

All cells have C~65pF

Coloured groupings
of cells represent
trigger readout units
~4.5cm2 (half the area of 
a single crystal in the 
present ECAL endcap)



HGCAL will also include 500m2 of 
scintillator tiles with on-tile SiPM readout

4 Feb 2020

FIR
E

122

For first beam tests, modified CALICE 
AHCAL used for rear hadron 
calorimeter: 
3x3cm2 scintillator tiles + direct SiPM
readout

SiPMs already used 
successfully in e.g. CMS 
HCAL Phase 1 upgrade

Tile boards or 
“megatiles” limited in 
size by CTE of different 
components



Test beam
123

Stocastic 25%

Talk, Jeremy Mans, ICHEP2020



Dual readout
Instead of throwing calorimetry out as much as possible, we could 
improve it  Saw an attempt at this with compensation, but this required a 
high Z material (U or Pb, both with obvious engineering challenges) and 
a lowish sampling fraction, which limited the resolution.

Is there a better way?



Dual readout
125

Dual-Readout Calorimetry: arXiv:1712.05494

What if, instead of trying to boost 
the non-pizero component 
(compensation), we tried to 
separately identify it and apply a 
separate scale factor to that 
component of the readout?

Is this just a DREAM?
http://www.phys.ttu.edu/~dream/links/links.html

http://www.phys.ttu.edu/%7Edream/links/links.html


Cherenkov (Черенков)
126

The nuclear part contains heavy slowly moving protons and ions 
while the pizero part of the shower contains many relativistic 
electrons.

Relativistic particles can Cherenkov radiation.



Cherenkov radiation
127

Passage of particles through matter (pdg.lbl.gov)

Can be identified by its
• Angle
• Wavelength
• timing

Can generate in 
• Quartz
• Clear plastic fibers
• Crystals like BGO, PbWO4
(basically need some transparent material, the higher 
the n the better)

But since this is only sensitive to the relativistic portion of 
the shower, need something else to generate signal 
from the entire energy deposit
• plastic scintillator (advantage of sensitivity to 

neutrons)
• Crystals like BGO, PbWO4 



Example calorimeters
128

Dual-Readout Calorimetry: arXiv:1712.05494
Lee, Livan, Wigmans Rev. Mod. Phys. 90 (2018) 40
M. Lucchini et al https://arxiv.org/abs/2008.00338

Tend to have sampling media parallel to 
incident particle direction to uniformly 
sample the longitudinal shower.

https://arxiv.org/abs/2008.00338


Why it works
129

The top plot shows  extracted C/S ratio.  

The middle is the signal from the Cherenkov alone. 

The bottom is the Cherenkov signal in bins of C/S.  

Dual-readout moves the center of these individual 
gaussians to the same place, leading to better 
resolution

Dual-Readout Calorimetry: arXiv:1712.05494



In 2D
130

Dual-Readout Calorimetry: arXiv:1712.05494

When you have a pure EM shower, both are calibrated to give a response of 1.
When you have a “pure hadron” shower (no pizero production), the Cherenkov response is low 
but the scintillator response, while lower than before, isn’t much lower. 

When

Two equations with two unknowns 
(E and fem). Only two equations if 
(e/h)S and (e/h)C are different.



131

Each point scattered alone 
the red line is moved up until it 
intersections C=S (note the 
arrows) then the projection of 
this onto each axis is 
combined.



DREAM/RD52
132

Typical recent 
authorship list

DREAM: extruded copper rod, hollow, with 7 fibers instead (3 
scintillation, rest quartz). Was a small calorimeter, and resolution 
was dominated by side leakage.

RD52: studied dual-readout with crystals (more on this later) and 
another fiber calorimeter with higher packing fraction, undoped 
plastic for Cherenkov.  Absorber at first lead, then copper  
(multiple fibers in one hole isn’t good, as they measure the same 
particles and thus are not statistically independent)

Both calorimeters really too small to do a good job with hadrons.



Example: DREAM calorimeter
133

Dual Readout Calorimeter (1712.05494)

Separate readouts for scintillating and clear fibers (a bit expensive, but still not as many channels as 
PF calorimetry)



C and S signals
134

RD52 lead-fiber calorimeter results



resolution
135

Just ignore the “jets” curves.  They 
are crap.  The single pion resolution 
has a stochastic term of 30%, even 
for this small calorimeter.  Pretty 
good!



Project fiber challenges
136

A large fraction of shower 
energy in a core with radius 1 
mm.  Because fibers are 
separated by 2-3 mm, 
response depends on impact 
point if fibers are projective

Early part of shower 
does not contribute to 
Cerenkov signal since 
Cerenkov angle is 
outside of fiber 
aperature.



Compensation versus dual readout
137

Zeus/SPACAL are state –of-the-art 
compensating calorimeters.

For the RD52 calorimeter, small size 
leads to resolution dominated by 
leakage, so can be improved.



Compensation versus dual-readout
138

GEANT4 simulation of pure 
Cu or pure Pb calorimeter

Dual-readout signal (a) more 
highly correlated with total 
non-em energy than neutron 
energy (b)

Bottom plots show 
theoretical limit due to 
fluctuations in the binding 
energy loss

Lee, Livan, Wigmans Rev. Mod. Phys. 90 (2018) 40



Dual readout benefits
139

• Not limited to high Z absorbers
• Sampling fraction can be as high as you can afford
• Shower more localized, since do not need to detect and measure the wandering neutrons
• Integration window can be short for same reason



Dual readout with crystals
140

My pet hobby (with Tully, Lucchini). 
https://arxiv.org/abs/2008.00338
Pioneered by RD52 guys of course

https://arxiv.org/abs/2008.00338


Example: RD52 results
141

Detection of electron showers in dual-readout crystal calorimeters (https://www.sciencedirect.com/science/article/pii/S0168900212014520)

https://www.sciencedirect.com/science/article/pii/S0168900212014520


electrons
142

Results at this time were 
limited by expensive of 
readout.  In order to 
have only one readout 
per crystal, and use 
timing for separation, 
needed to cut down 
the scintillation signal.

Inexpensive high 
efficiency extended-
wavelength range 
photodetectors 
however may be a 
game changer



Future collider calorimeter?
143

M. Lucchini et al https://arxiv.org/abs/2008.00338

• One readout on E1 front
• Two readouts on E2 back, 

each with a wavelength 
filter

• RD52/IDEA style HCAL 
behind with dual readout

https://arxiv.org/abs/2008.00338


144

• Crystal ecal could allow state-of-the-art 
EM resolutions  with high granularity with 
inexpensive sipmm readout

• Dual readout could allow state-of-the-art 
HAD resolutions as well

• High granularity is possible -> PFA 
improvements



145

M. Lucchini et al https://arxiv.org/abs/2008.00338

Separating C 
and S

https://arxiv.org/abs/2008.00338
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M. Lucchini et al https://arxiv.org/abs/2008.00338

https://arxiv.org/abs/2008.00338
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M. Lucchini et al https://arxiv.org/abs/2008.00338

Excellent EM resolution

https://arxiv.org/abs/2008.00338


Two particle separation
148

M. Lucchini et al https://arxiv.org/abs/2008.00338

With high granularity, 
excellent two photon 
separation

https://arxiv.org/abs/2008.00338


Dual readout in E2
149

M. Lucchini et al https://arxiv.org/abs/2008.00338

https://arxiv.org/abs/2008.00338


150

M. Lucchini et al https://arxiv.org/abs/2008.00338

Excellent 
hadron 
resolution

https://arxiv.org/abs/2008.00338


Radiation 
damage



Large doses
152

Technical Proposal for the Phase-II Upgrade of the Compact Muon Solenoid: 
https://cds.cern.ch/record/2020886

https://cds.cern.ch/record/2020886


activation
153

Yearly dose limit of 5 
rem in about 5 days 
work



Liquid argon
154

Rad hard.
Biggest danger is pollution of Argon purity due to outgassing and damage to on-
detector electronics



crystals
155

The CMS Electromagnetic Calorimeter… C. Biino, CALOR 2014

And PbWO4
is one of the 
most 
radhard
crystals 
(LYSO is 
better)



Light damage
156

wigmans 2018



Plastic scintillator
157

CMS 
ENDCAP

Data from laser 
injection in layers 1 
and 7 of the CMS 
endcap calorimeter

1000 fb-1



Radiation damage to substrate
158

Zorn in “Instrumentation in High Energy Physics” F. Sauli (Ed).  World Scientific 1992

Attenuation length is 1/μ, where μ is the 
number density of absorption centers ) * 
the absorption cross section. μ Is useful as 
it is linear in dose for doses less than a few 
Mrad, and has units length-1

Result is both 
• reduction of the initial light 

output, due mostly to increased 
quenching for the primary and 
reduced transfer from the 
primary to the secondary 

• Absorption of light produced by 
the secondary (“color 
centers”)



159

Dose constant

CMS collaboration, JINST 15 (2020) P06009



Type of color centers
160

Temporary and 
permanent color 
centers in substrate 
that affect both 
transfer to the 
primary 
(depending on the 
primary dopant 
concentration) 
and transfer to the 
secondary

Zorn in “Instrumentation in High Energy Physics” F. Sauli (Ed).  World Scientific 1992



16
1

Wick et al., Nucl. Instrum. Meth. B61 (1991) 472
Many papers by Gillen and Clough at Sandia

g is the mean 
number of 
produced, 
destroyed, or 
changed per 
100 eV.



Color center formation: permanent 
damage 162

When oxygen is not 
present.

α-hydrogen abstraction

Yields double bonds 
and cross links

Tertiary 
benzylic
hydrogen

Polyene radical: The 
absorption band for this 
radical depends on  length.  



Tend to absorb at short wavelengths
163

Radiation-induced 
permanent color 
centers form 
primarily at shorter 
wavelengths.  
Wavelengths 
shorter than 500 
less affected

PVT
No 
dopants



Radicals and oxygen
164Radicals react rapidly with O2, forming peroxy radicals RO2

as an intermediate state.
It also opens up new migration forms.

New terminations

No radicals survive when O2 is 
present due to the quickness of 
(I).

This is the process that leads to 
annealing in air

Peroxide radicals do not absorb visible light.

Very reactive.  Consumed faster than it can 
diffuse through the sample at high dose rate.

The increased migration helps limit the temporary damage, but the 
new terminations increases the permanent



Radiation damage to photo 
detectors

165

Garutti and Musienko, NIMA 926 (2019) 69



Extreme radiation 3<𝜂𝜂<5
166

CMS HF calorimeter ATLAS forward calorimeter

Quartz is rad hard.
Only sensitive to EM portion of shower

Liquid argon rod/tube



Detector 
artifacts



168

New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

https://arxiv.org/pdf/1807.03853.pdf
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New Developments in Calorimetric Particle Detection (https://arxiv.org/pdf/1807.03853.pdf)

https://arxiv.org/pdf/1807.03853.pdf


170

Texas towers can also occur in thin silicon sensors

Texas towers are a problem when the sampling fraction is very low.  A low energy 
particle loses energy per path length in a way that goes as 1/v^2.  so when they are 
produced in a layer, they produce anomalous signal 



Calorimeter 
simulation



Calorimeter simulation
172

Exploring the structure of hadronic showers and hadronic energy resolution with highly granular calorimeters (https://pos.sissa.it/367/152)  
Testing Hadronic Interaction Models using a Highly Granular Silicon-Tungsten Calorimeter (arXiv:1411.7215)
Resistive plate chamber digitization in a hadronic shower environment (arXiv: 1604.04550)

Many analyses should have a systematic uncertainty due to shower simulation, but do not

Bertini cascade model: simulates interaction of 
hadron with nucleus, producing secondary particles 
(mostly pions) which themselves collide with 
nucleons within the nucleus.  Inside the nuclear 
material, the nuclear media is approximated by 
several concentric shells of constant nucleon 
density, and collisions are modelled as free.  In this 
process, the nucleus is highly excited and 
evaporation models are included to de-excite the 
nucleus.

String models are based on diffractive scattering 
between a hadron and a nucleon, via momentum 
or pomeron exchange, resulting in excited strings 
that are fragmented to produce secondary particles 
and excited nuclei that are deexcited.

Parameterized models (LEP) are based on 
experimental fits to data.

Energy is only conserved on average, not on an 
event-by-event basis.

CMS

Since 2017 CMS used GEANT4 10.2p02 and FTFP_BERT_EMM

https://pos.sissa.it/367/152
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Status of Geant4 simulations of calorimeters JINST 15 C05073



CALICE-based GEANT studies
174

Studies of individual hadronic interactions using a one 𝜆𝜆 highly segmented calorimeter.  Use 
segmentation to find layer with an individual interaction (first in shower)

Interaction probability



Shower radial distribution
175



Shower longitudinal distribution
176



Resolution (compared to atlas)
177

Status of Geant4 simulations of calorimeters JINST 15 C05073
Recent developments in GEANT4, NIMA 835 (2016) 186.



EM versus HAD CMS
178

Calorimetry Task force report (http://cds.cern.ch/record/1127302?ln=en)

http://cds.cern.ch/record/1127302?ln=en


Response CMS
179



GEANT
180

Have fun with a simple calorimeter in GEANT: https://github.com/saraheno/dualtoy

https://github.com/saraheno/dualtoy


Summary
181

• Calorimeters have been a workhorse for hep experiments
• Much interesting R&D going on in hadronic calorimetry
• Much interesting R&D going on in radiation hardness

Fun times ahead for young people interested in this complex 
problem
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