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Calorimetry

• Calorimetry in HEP: Measure energy by absorption

• Two different length scales for em (X0) and hadronic 
showers (λI)

• Electromagnetic and hadronic calorimeter

• Often: sampling calorimeter
- Active layer / absorber
- More compact
- Cheaper
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Jet Energy Resolution

• Jet Energy: sum up all the energy in a cone

• Hadronic calorimeter usually has worst energy resolution

• If we could separate single particles in a jet we can use the best suited detector for each!

�3 Frank Simon (fsimon@mpp.mpg.de)

Current Frontiers in HEP Calorimetry

• At high energies the measurement of jets is crucial

• Multi-jet final states (outgoing quarks, gluons)

• Missing energy reconstruction - Invisible particles

50IMPRS Block Course: Calorimetry 
MPP, June 2016

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

The limitations: 

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

HCAL

Detector Particles ATLAS CMS

Tracker
Electrons, Muons, 
Pions, …

5*10-5 pt 5*10-4 pt

Em Cal
Photons, Electrons, 
Pions, …

10% / √E ⊕ 1% 3% / √E ⊕ 1%

Had Cal
Neutrons, Pions, 
Kaons, …

50% / √E ⊕ 3% 100% / √E ⊕ 4%
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Go with the Flow

• Particle flow algorithms may enhance jet energy resolution by using best suited detector

• Charged particles will be measured in the tracker, photons in the ECAL, neutral hadrons in the HCAL

• Each shower in the calorimeters needs to be assigned to the correct track
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CLIC08, CERN, 15/10/2008 Mark Thomson 6

Particle Flow Calorimetry
Hardware:
�Need to be able to resolve energy deposits from different particles

Highly granular detectors (as studied in CALICE) 

Software:
�Need to be able to identify energy deposits from each individual particle !

Sophisticated reconstruction software  

�Particle Flow Calorimetry = HARDWARE + SOFTWARE

CLIC08, CERN, 15/10/2008 Mark Thomson 6

Particle Flow Calorimetry
Hardware:
�Need to be able to resolve energy deposits from different particles

Highly granular detectors (as studied in CALICE) 

Software:
�Need to be able to identify energy deposits from each individual particle !

Sophisticated reconstruction software  

�Particle Flow Calorimetry = HARDWARE + SOFTWARE

Granularity

[M
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Ejet = Eem + Ehad Ejet = Ephoton + En.had + Etracks

Content of a „typical“ jet:
- 60% charged particles
- 30% photons
- 10% neutral hadrons
- 1% neutrinos
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Frank Simon (fsimon@mpp.mpg.de)

Summary & Outlook

• Calorimeters today are not the heavy, bulky detectors from earlier 
experiments...

78IMPRS Block Course: Calorimetry 
MPP, June 2016

... but 4D precision instruments which are opening access to new frontiers in 
high energy physics and medical imaging.

Go with the Flow

• For future e+e- colliders: Design detector optimized for particle flow

• "CMS like" detector:
• Calorimeters inside magnets
• Strong magnetic field
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Figure 10: The empirical functional form of the jet energy resolution obtained from PFlow calorimetry (PandoraPFA
and the ILD concept). The estimated contribution from the confusion term only is shown (dotted). The dot-dashed
curve shows a parameterisation of the jet energy resolution obtained from the total calorimetric energy deposition in the
ILD detector. In addition, the dashed curve, 60%/

√
E(GeV) ⊕ 2.0%, is shown to give an indication of the resolution

achievable using a traditional calorimetric approach.
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2 CLIC EXPERIMENTAL CONDITIONS AND DETECTOR REQUIREMENTS
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Fig. 2.6: (left) Ideal W/Z separation vs. jet mass resolution obtained using a Gaussian smearing of
Breit-Wigner distributions; (right) Reconstructed contravariant mass, MC, for e+e� ! eqReqR ! qec0qec0

(including the effects of Beamstrahlung) for different jet energy resolutions. The plot was obtained by
applying a Gaussian energy smearing to reconstructed jets based on the generator level particles.

2.2.4 Forward Coverage

At CLIC many SM processes will result in particles produced at relatively low angles to the beam axis;
either due to the boost along the beam axis from beamstrahlung or from t-channel processes. To study
these processes, on the one hand, or to reduce their impact on BSM physics studies, on the other hand,
extending the detector coverage to small polar angles is important [22].

For example, at 3 TeV, approximately 80% of the leptons in the l+l�l+l� final state, dominated by
gauge boson pairs, are produced at polar angles of < 30� to the beam axis. The forward region is also
important for physics signatures with missing energy. It helps to reject background processes like multi-
peripheral two photon processes, e+e�! e+e� f f̄ , where the scattered electrons are usually at low polar
angles. For example, forward electron tagging is essential to reject the e+e� ! e+e�µ+µ� background
in the measurement of the Higgs branching ratio into two muons. As shown in Section 12.4.2, it im-
proves the achievable statistical accuracy of this measurement from 23% to 15%, assuming an integrated
luminosity of 2 ab�1 and 95% electron tagging efficiency down to ⇡ 40 mrad polar angle. Another
example is the production and decay of stau pairs, e+e� ! etet ! t+t�ec0

1ec
0
1, which, in some regions of

SUSY parameter space, results in a signal with relatively small missing transverse momentum. In this
case, the e+e� ! e+e�t+t� and e+e� ! e+e�qq background processes need to be rejected by efficient
electron tagging at low polar angles. It is therefore important, in general, to provide precision tracking
and calorimetry coverage down to small angles, and to extend the forward electron tagging capabilities
to very low angles.

2.2.5 Lepton ID Requirements

Many of the potential BSM physics signals at CLIC will rely on the ability to efficiently identify high
energy electrons and muons, and efficient lepton identification is central to the CLIC detector require-
ments. For efficient selection of final states with two or more leptons, lepton identification efficiencies
of more than 95% over a wide range of momenta are highly desirable. In addition the identification of
leptons in jets from semi-leptonic decays of b- and c-quarks will benefit heavy flavour tagging.
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CALICE

�6

• Aim: Development of new technologies for calorimetry  
with highly granular detectors

• Several technologies under study

• This talk: focus on analog hadronic calorimeter (AHCAL)

+

-C
The CALICE physics prototypes

01.03.2017 Highly Granular Calorimeters, INSTR17 (yong.liu@uni-mainz.de) 4

Si-W ECAL

Sc-W ECAL

Sc-AHCAL, Fe&W GRPC-SDHCAL, Fe

RPC-DHCAL, Fe&W

30 layers, 1x1 cm² cells 38 layers, 3x3 cm² cells 48 layers, 1x1 cm² cells

54 layers, 1x1 cm² cells30 layers, 1x4.5 cm² cells

• Various beam tests

• Detector concepts validated 
with physics prototypes

• Large data sets for 
precision shower studies
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Sc-AHCAL, Fe

Katja Krüger  | AHCAL beam tests |  CLICdp meeting  |  29. August 2018  |  Page  7/20

Testbeam setup 9. – 23. May 2018 in H2 at SPS

> 38 active layers of 72*72 cm² in steel absorber with 1.7 cm layer thickness (~4 λ)
> mounted on the movable platform (“scissors table”) in H2
> beam instrumentation: wire chambers, trigger scintillators, Cherenkov detector
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Silicon Photomultiplier

• Silicon Photomultipliers (SiPMs) are a key technology for  
scintillator based highly granular calorimeters

• Semiconductor photodetectors

✓ Small size
✓ Low costs

�7

Photo: LCT-SiPM in SMD Package 

26.06.2015 Yong Liu: IRL Monthly Meeting 3 

Wire bonding “blocks” 36 pixels 
(1.3 %) 
 
Total pixels: 52×52-36 = 2668 

1.3×1.3 mm² with 25µm 
pixel pitch 

+

 

The ATLAS Tile Calorimeter 
A. Henriques, CERN, on behalf of the ATLAS Collaboration 

  Abstract- TileCal is the Hadronic calorimeter covering the 

most central region of the ATLAS experiment at the LHC. 

It uses iron plates as absorber and plastic scintillating tiles 

as the active material. Scintillation light produced in the 

tiles is transmitted by wavelength shifting fibres to 

photomultiplier tubes (PMTs). The resulting electronic 

signals from the approximately 10000 PMTs are measured 

and digitised every 25 ns before being transferred to off-

detector data-acquisition systems. This contribution will 

review in a first part the performances of the calorimeter 

during run 1, obtained from calibration data, and 

from studies of the response of particles from collisions. In 

a second part it will present the solutions being 

investigated for the ongoing and future upgrades of the 

calorimeter electronics. 

I. INTRODUCTION 

 ATLAS is one the 2 multi-purpose experiments at the Large 
Hadron Collider (LHC) at CERN and has collected 
approximately 26 fb-1 of pp collisions in the period 2009-2012 
with a center of mass energy 2.5, 7 and 8 TeV [1]. In 2013-
2014 a long shutdown took place for a massive consolidation 
of LHC allowing to increase it’s center of mass energy to 13 
TeV. The first collisions with 25 ns bunch crossing are 
planned for summer 2015. During this long shutdown 
important consolidations were done in the ATLAS detector. 

 

Fig. 1. A cut-away view of the ATLAS calorimeters. The Tile Calorimeter 
consists of one central barrel and two extended barrels. 

 Calorimeters represent an important component of the 
ATLAS detector, see Fig. 1. The electromagnetic (em) 
lead/liquid argon (LAr) calorimeter followed by the hadronic 
Tile calorimeter (Tilecal) cover the central region of the 
ATLAS detector up to a pseudorapidity1 of |η| < 1.7, other 

 
 
1 Pseudorapidity η is defined as η = − ln tan(θ/2), where θ is the polar angle 

measured from the beam axis. The azimuthal angle φ is measured around the 

LAr based calorimeters span across the forward regions, up to 
|η| < 4.9. Together with the em calorimeter, TileCal provides 
precise measurement of hadrons, jets, taus and missing 
transverse energy (ET

miss ) with a jet resolution σ/E ~ 50%/√E 
[GeV] ⊕ 3%, response linearity within ~ 1% up to few TeV 
energies and good ET

miss.  
 TileCal has a fixed central barrel (LB), and two moveable 
extended barrels (EB). Each cylinder is composed of 64 
modules, each covering the azimuthal φ angle of 2π/64 = 0.1.  
It is made of alternating layers of iron plates and scintillating 
tiles. The scintillating tiles are placed in the plane 
perpendicular to the colliding beams and are radially staggered 
in depth, as illustrated in Fig. 2 [2]. The scintillating tiles are 
read-out by wave-length shifting (WLS) fibers on both sides 
of each module. These fibers deliver the light to photo-
multipliers (PMTs) located in the outer radius iron structure 
that also houses the front-end electronics. Each cell is readout 
by 2 PMTs. The innovative tiles orientation of Tilecal, parallel 
to the incoming particles at η=0, allow the WLS fibres to run 
straight to the outer radius, allowing for a good calorimeter 
hermeticity and easy tiles-fibres coupling. The tiles, made by 
injection molding, are 3 mm thick and the ratio of iron to 
scintillator is 4.7 to 1, allowing for a good sampling frequency 
and a compact calorimeter with and effective nuclear 
interaction length λ = 20.7cm.  

 

Fig. 2. Schematic showing the mechanical assembly and the optical readout of 
the Tile Calorimeter, corresponding to a φ wedge. The various components of 
the optical readout, namely the tiles, the fibres and the photomultipliers, are 
shown. The trapezoidal scintillating tiles are oriented perpendicular to the 
colliding beam axis and are read out by fibres coupled to their non-parallel 
sides. 
 

                                                                                                          
beam axis, with positive (negative) values corresponding to the top (bottom) 
part of the detector. 

����������������������������������,(((

Photomultiplier tube ATLAS tile calorimeterSiPMScintillator
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AHCAL prototype, allow us to perform the full program.
All detectors, beam monitoring devices and the DAQ itself showed a very high relia-

bility. The uptime of the total system during test beam was > 95 %. During the two test
beam periods we collected more than 2.5⇥108 events without zero suppression. We col-
lected large samples of µ±, e± and hadrons (h±). We collected showers in the 6–80 GeV
(6–45 GeV) energy range for h± (e±). Figure 25 (right plot) summarizes the event collec-
tion rate during the 2006 and 2007 test beam periods.

Figure 24. CALICE calorimeter system setup at CERN in 2006 (left) and 2007 (right).

Figure 25. Event collection rate during test beam in 2006 (left) and 2007 (right).

9.3 MIP Calibration

The calibration of each cell is accomplished with muons from a beam that has a sufficiently
broad distribution to cover the entire front face of the AHCAL. A minimum of 2000 muon
events per cell is necessary to obtain a reliable fit to the pulse height spectrum that is
parameterized as a convolution of a Landau distribution and a Gaussian function. For
a uniform beam distribution this amounts to a total of 5⇥ 105 events. Since the beam

– 28 –

Physics Prototype

• Scintillator tiles of different sizes

• Read out by wave length shifting fibers

• ~8'000 channels

• Combined test beams with ECAL & 
Tailcatcher

�8

2001

CALICE  
founded

Physics  
prototype

2006

Technological  
prototype

2015

Large techn.  
prototype

2018

Full Detector

???

Prove concept 
of techn. prototype

2015 - 2018

CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 22, 2018 !6

SiPM-on-Tile Evolution
A long way

2006: Physics Prototype

CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 22, 2018 !5

Technologies for Highly Granular Calorimeters
Because we can.

Large area silicon arrays 
•  silicon calorimetry grows out of the domain of small plug devices 

New segmented gas amplification structures (RPC, GEM, µMs) 
Silicon photomultipliers on scintillator tiles or strips

small, B-insensitive, cheap, robust

1mm2 SiPM

3x3cm2 tile

2004
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Physics Prototype - Software Compensation

• Enhance energy reconstruction by software compensation

• Non-compensating calorimeters give different response for 
electromagnetic and hadronic part of shower

• Large fluctuations in fraction of electromagnetic part

• Exploit granularity of detector: 
Apply different weights to cells with  
high energy depositions (indicate em shower)

�9
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AHCAL - Concept

�10

Photo: LCT-SiPM in SMD Package 

26.06.2015 Yong Liu: IRL Monthly Meeting 3 

Wire bonding “blocks” 36 pixels 
(1.3 %) 
 
Total pixels: 52×52-36 = 2668 

1.3×1.3 mm² with 25µm 
pixel pitch 

+

• Sampling calorimeter based on scintillators 
and silicon photomultipliers (SiPMs)

• Scintillator tiles of size 3 x 3 x 0.3 cm3,  
dimple for light focussing, wrapped in reflecting foil

• HCAL base unit (HBU) with fully integrated electronics
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Technological Prototype

• Build a prototype within the specifications of a real detector
- Integrated electronics
- Power consumption
- Cooling
- Mass production

• Testing different technologies

• Different SiPMs / scintillating tile designs

�11

Technological Prototype
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SiPM-on-Tile Evolution
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SiPM-on-Tile Evolution
A long way

CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 22, 2018 !7

The Next Step: Scalability
Technological prototypes.

• 1000’s of channels per m2  
• 1000’s of m2 
• must embed electronics and 

go digital as early as 
possible; power pulsing 

• Integrate SiPMs in read-out 
board, too

32 segments (16 in φ, 2 in z)

MPPCs on HBU 

(un)wrapped tiles

Mathias Reinecke  |  HGCAL technology meeting  |  March 1st, 2017  |  Page 2 

Outline 

> AHCAL PCB concept. 

> PCB production experiences. 

> First considerations for HGCAL 
PCBs.  

SP2E in BGA on HBU5 
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Technological Prototype

• Testing new features:
- Timing capabilities
- Power pulsing
- Temperature compensation

• Test in high magnetic fields
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Large Technological Prototype

• Prototype with nearly 22’000 channels in 38 layers

• Large scale production
- Injection moulded tiles
- Automated tile wrapping (start in Oct '17)
- Pick and place machine (start in Nov '17)

• Two test beam campaigns  
in May / June at CERN

• Final detector will have ~10M channels

�13

2001

CALICE  
founded

Physics  
prototype
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2018
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Katja Krüger  | AHCAL beam tests |  CLICdp meeting  |  29. August 2018  |  Page  7/20

Testbeam setup 9. – 23. May 2018 in H2 at SPS

> 38 active layers of 72*72 cm² in steel absorber with 1.7 cm layer thickness (~4 λ)
> mounted on the movable platform (“scissors table”) in H2
> beam instrumentation: wire chambers, trigger scintillators, Cherenkov detector

CALICE High Granularity SiPM-on-Tile Prototype  |  Felix Sefkow  |  May 22, 2018 !12

Automated Production and Quality Assurance
Establishing the concept.

In addition test infrastructures: 

• Multi-channel SiPM tests 
• Automated ASIC tests 
• PCB tests using LEDs 
• Coscmic tests after tile assembly

AHCAL: latest mass assembly activities

23.05.2017 AHCAL Overview, TIPP17 (yong.liu@uni-mainz.de) 10

• Surface-mount tile design
– Baseline design for the tech. prototype
– 6 new SMD-HBUs assembled in 2016

• New SiPMs with updated tile design
– 2017: ~170 new boards will be fully 

assembled and tested

• New generation of SiPMs
– Reduced DCR and low inter-pixel crosstalk 
– Noise free in AHCAL
– Improved uniformity (SiPM- and pixel-wise)

Camera system 
with flash light

Pick-and-place 
head

Tray for tiles 
to be placed

1.3%

Low crosstalk SiPM

Tile position

SMD-SiPM

LED

25.09.2017 | Johannes Gutenberg-Universität Mainz

New Pick and Place Machine at Uni Mainz

8

Custom made reels (56 mm)
• 420 tiles stored in a reel
• Feeder for the pick and place machine.
• Test for placing the tiles stored in the reels in 

progress.

injection-moulded tiles reflector wrapping machine tile-board assembly

read-out boards LED tests
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First Impressions from Recent Test Beams
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First Impressions from Recent Test Beams
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CALICE 
work in progress
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Summary

�16

Katja Krüger  | AHCAL beam tests |  CLICdp meeting  |  29. August 2018  |  Page  20/20

Summary

> first beam tests with full 
new prototype, very  
smooth and successful

> May data taking:
! full dataset with muons, 

electrons, pions
! many technical cross 

checks 
> June data taking:

! added important clean  
data sets

! tail catcher
> have started to make      

use of the data
> October 2018: combined 

testbeam with CMS HGCAL

• CALICE develops highly granular 
calorimeter for particle flow focussed future 
linear collider experiments

• Technology used / considered in various 
other experiments: 
- CMS HGCAL  
- Dune

• Two successful test beam campaigns with 
a large AHCAL technological prototype with 
nearly 22’000 channels


