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Outline

• Improve jet energy resolution 

• Particle Flow Algorithm 

• Particle Flow based detector design 

• Software Compensation
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[M. Thompson]
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Separate W/Z peak

• Distinguish W -> 2jet and  Z -> 2jet 

• Important for e.g. Vector boson 
scattering  

• Goal: Jet energy resolution  
3.5% at 100GeV
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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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Measuring Jet Energies
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[arXiv:1112.6426]

• Classical approach:  
Add up all energy deposits in the hadronic and electromagnetic 
calorimeter

[CMS]
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Jet Energy Resolution

• Typical jet energy resolution: ~10% at 100GeV 

• ~70% hadrons, ~30% electrons / photons
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[arXiv:1112.6426]

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%

(�jet)
2 ⇡ 0.70(�Had)

2 + 0.30(�EM)2 + (�loss)
2

Ejet = Eem + Ehad
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Jet Energy Resolution: How to improve?
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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%

• Content of a „typical“ jet: 
- 62% charged particles 
- 27% photons 
- 10% neutral hadrons 
- 1% neutrinos

Ejet = Eem + Ehad
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Particle Flow

• Content of a „typical“ jet: 
- 62% charged particles 
- 27% photons 
- 10% neutral hadrons 
- 1% neutrinos 

• Use sub-detector with the best energy resolution!
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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%

—> Tracker
—> Em Calorimeter
—> Had Calorimeter

Ejet = Eem + Ehad E
jet

= E
photon

+ E
n.had

+ E
tracks
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Particle Flow: Requirements
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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

[M
. Thom

pson]

E
jet

= E
photon

+ E
n.had

+ E
tracks
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Particle Flow: Requirements

• Granularity is important.
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CLIC08, CERN, 15/10/2008 Mark Thomson 6
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Software:
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Granularity

[M
. Thom

pson]
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Particle Flow: Requirements

• Problem: Confusion
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CLIC08, CERN, 15/10/2008 Mark Thomson 6
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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

Reconstruction

[M
. Thom

pson]

• Granularity is important.
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Particle Flow: Confusion
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[M
. Thom

pson]

Particle Flow Reconstruction
[à la M.Thompson]

Shower Reconstruction:

Identify energy deposits ... 
Avoid double counting ... Separate!

Subtract!

Separate!

Level of mistakes, i.e.  
confusion determines jet energy resolution ...

Three types of confusion ...

Photons
Neutral  

Hadrons Fragments

Failure to  
resolve photon

Failure to  
resolve neutral hadron Reconstruction  

of extra neutrals 49
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Particle Flow Reconstruction
[à la M.Thompson]

Shower Reconstruction:

Identify energy deposits ... 
Avoid double counting ... Separate!

Subtract!

Separate!

Level of mistakes, i.e.  
confusion determines jet energy resolution ...

Three types of confusion ...

Photons
Neutral  

Hadrons Fragments

Failure to  
resolve photon

Failure to  
resolve neutral hadron Reconstruction  

of extra neutrals 49
Failure to resolve photons Failure to resolve  

neutral hadrons
Reconstruction of  
extra neutral hadrons

(�jet)
2 ⇡ 0.62(�tracks)

2 + 0.27(�EM)2 + 0.10(�Had)
2 + (�loss)

2 + (�confusion)
2

(�jet)
2 ⇡ 0.70(�Had)

2 + 0.30(�EM)2 + (�loss)
2

• Granularity becomes more important than energy resolution
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Particle Flow at CMS

• Particle Flow is in use in many experiments 

• Good improvement in jet energy resolution at CMS 

• We still want a better jet energy resolution
12

The CMS Particle Flow Algorithm Florian Beaudette on behalf of the CMS collaboration
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Figure 1: (left) Jet response for di-jets events in the barrel reconstructed with the particle flow (red triangles)
and the calorimeters (blue open squares). (right) Jet resolution for di-jets events in the barrel reconstructed
with the particle flow (red triangles) and the calorimeters (blue open squares).

The hadronic decays of the t-leptons result in narrow jets made of a small number of particles,
and do not contain neutral hadrons. Consequently, the reconstruction of the t-leptons is highly
improved by the PF reconstruction. Firstly, the measurement of the t visible energy as shown in
Fig. 2 is spectacularly enhanced; secondly the identification of the particles provides access to the
decay channel.
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Figure 2: Resolution in ET for hadronic t jets from Z decays, in the barrel, reconstructed using the particle
flow (filled), and calorimeters (hollow).

2. Commissioning with the first data

A large fraction of the commissioning work was carried out with the first minimum-bias events
resulting from the proton-proton collisions delivered by the LHC at a center-of-mass (

p
s) energy

of 900 GeV[4]. It continued with the first collisions at
p

s=2.36TeV. The number of high pT and
isolated leptons, coming from e.g. W± or Z, and high pT jets, was however very limited until the

3

[arXiv:1401.8155]
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International Large Detector - ILD
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• Design a detector that is optimized  
for particle flow: 

• Highly granular calorimeter: ~10M channels 

• As little material as possible in front of the calorimeters 
-> calorimeters inside the magnets 

• Large magnetic field to separate charged from neutral particles

Katja Krüger  |  Calorimetry  |  23 July 2016 |  Page 49/64

How small should the cells be?

1*1 cm2 HCAL cell size 3*3 cm2 HCAL cell size
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ILD Particle Flow Results

• ~3% Jet energy resolution only possible with particle flow  

• confusion term dominates the resolution at higher energies

14
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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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CALICE Prototypes
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• Several options under discussion for building a hadronic 
calorimeter optimized for particle flow: 
- Digital: resistive plate chambers 
- Semidigital: resistive plate chambers 
- Analog: scintillators + SiPMs
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Analog Hadronic Calorimeter
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• Sampling calorimeter based on scintillators and silicon 
photomultipliers (SiPMs) with steel/tungsten absorber. 

• Particles produce light by ionization while traversing a scintillator. 

• Produced light is proportional to the deposited energy of the particle 

• Silicon photomultipliers transform the light into a measurable signal

[H
am

am
atsu]
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Analog Hadronic Calorimeter: Prototype
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• Prototypes tested in various test beam campaigns
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Hadronic Shower

• Different response from electromagnetic and hadronic showers:  
Fluctuation in fraction of electromagnetic part -> compensation

18
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Software Compensation

• Another benefit of a highly granular 
calorimeter: 
Software compensation 

• Calorimeters may be  
non-compensating: e/π > 1 

• Details of a shower are observable 
in a highly granular calorimeter 

• Em showers are more dense than 
hadronic showers 

• Assign different weights with 
respect to the shower density

19

Comparison hadronic vs EM showers 
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Software Compensation Results

• Software compensation improves energy resolution!

20

[arXiv:1207.4210]



Conclusion

• Calorimetry moves towards high granularity 

• Particle Flow: Use the best detector for each particle 

•  3-4% Jet energy resolution achievable -> W/Z separation 

• Exploit shower details to further increase energy resolution

21

[M. Thompson]
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The End
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Thanks!

Katja Krüger  |  Calorimetry  |  23 July 2016 |  Page 49/64

How small should the cells be?

1*1 cm2 HCAL cell size 3*3 cm2 HCAL cell size


