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Why tungsten?

• For jet energies in multi-TeV e+e- collisions, 
leakage becomes important

• Particle flow calorimeters need to fit inside 
the solenoid
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6.1 A PARTICLE FLOW CALORIMETER FOR TEV ENERGIES
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Fig. 6.2: PANDORAPFA jet energy resolution in the barrel HCAL for different jet energies as a function
of tungsten HCAL depth.

6.1.2 Time Stamping Considerations
For the calorimeters, gg events and beam halo muons are the most critical sources of background. Many
of the halo muon induced showers can be recognised and suppressed using their topological signature
in the finely segmented calorimeters. However, large "catastrophic" energy depositions by muons do
occur and can form an irreducible background if they coincide with a physics event. Hadronic gg final
state particles originate from the collision point and produce showers as in e+e� events. PYTHIA based
simulations [9] predict a rate of 3.2 background events per bunch crossing which leads to an energy
deposition of 6 GeV per bunch crossing in the barrel system, and ten times as much in the endcaps. For
a whole bunch train this sums up to about 19 TeV over the entire detector.

Separating this large background from the wanted physics signal is mandatory. This is achieved
by a combination of topological and timing cuts as well as optimised event reconstruction and selection
methods. Together, they minimise the impact of the background, while preserving the physics signatures.
This puts severe constraints on the readout electronics of the calorimetry systems at CLIC, as a 1 ns time
resolution for determining the starting time of the showers is required (see Chapter 2.4). In addition,
multiple hits per cell and per bunch train can be expected in the endcap regions. Forthcoming simulation
studies will address the high occupancy in the endcap regions, for example by improved mask design
and by adapting the cell sizes in the most forward part of the HCAL. It is therefore expected that final
occupancies will not exceed 5 hits per bunch train, including a safety factor of 5 for incoherent pairs and
a factor of 2 for gg events. As described in Chapter 10, the required calorimetry readout performance
can be anticipated through continuous fast (40-100 MHz) signal sampling combined with digital filtering
techniques.

For hadronic showers, the intrinsic time structure of the shower evolution itself also needs to be
considered. Excited nuclei release their energy with de-excitation times extending into the microsecond
range, and the signals produced by delayed hard gamma ray emission or evaporation of protons, neutrons
and sometimes alpha particles cannot be assigned to a proper bunch crossing in an unambiguous way.
Also, low energy and thermal neutrons have a low cross section and can travel for relatively long times
until a signal is produced. In this respect, tungsten as an absorber material has draw-backs relative to
steel. Iron, in contrast to tungsten, is a magic nucleus with closed shells for protons and neutrons and
thus higher excitation energies; tungsten with its higher neutron content releases, on average, a higher
rate of neutrons after a hadronic interaction has taken place. Therefore, the time to integrate a given
fraction of the energy signal is larger for tungsten than for steel, and so is the fraction of energy with a
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• Technical and cost limitations 
for coil: dense absorber like W 

• Need to validate simulation
• larger neutron component: 

slower response than steel
• Acquire construction 

experience with tungsten
• Because we can
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W scintillator HCAL prototype

• Existing CALICE scintillator HCAL active layers
• New tungsten absorber stack: 30 - 38  layers, 1cm thick
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The CALICE scintillator-tungsten AHCAL prototype

1 m
3 calorimeter:

Purpose:
learn how to build it
test geant4 simulation models

30 layers in sandwich structure: 1 cm
tungsten as absorber

+ highly granular scintillator planes


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.. .. **

'*'* '*'* **

6406 channels, each read out by a
photon sensor (silicon photomultiplier,
SiPM)

Test beams

2010, CERN PS: 1 GeV ≥ pbeam ≤ 10 GeV ⇒ this talk

2011, CERN SPS: 10 GeV ≥ pbeam ≤ 300 GeV ⇒ analysis on the way

Angela Lucaci-Timoce IEEE NSS 2012 3/15

3x3cm2

1mm2

1m2

SiPM
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Test beam installations 

• 2010: PS, 1 - 10 GeV (this talk)
• 2011: SPS, 10 - 300 GeV (analysis being refined) 
• 2012: gaseous DHCAL (J.Repond’s talk)
• T3B: Fast timing (F. Simon’s talk)
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SPS: 38 layers + tail catcherPS: 30 layers
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Tungsten vs steel

• Electromagnetic part of shower more 
compactified than hadronic 

• Similar sampling in terms of hadronic 
interaction length - reduced sampling in 
terms of radiation length
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CLIC: e+/e− collisions at
√

s = 3 TeV

Discovery of new physics at TeV scale

Precision measurements of new
particles discovered at LHC/LC

Examples: Higgs, SUSY

Discrimination between competing
models

SUSY example scenario:
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Barrel: tungsten absorber to limit coil
radius
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Performance with steel

• Electrons: Validation of calibration and detector simulation
• Pions: establish resolution and compare with simulation 
• Excellent performance published, challenge for W analysis 
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Figure 4. Energy resolution versus beam energy without compensation and after local and global software
compensation. The curves show fits using Equation 2.2, with the black solid line showing the fit to the
uncorrected resolution, the red dotted line to the global software compensation and the blue dashed line to
the local software compensation. The stochastic term is (57.6± 0.4)%, (45.8± 0.3)% and (44.3± 0.3)%,
with constant terms of (1.6± 0.3)%, (1.6± 0.2)% and (1.8± 0.3)% for the uncorrected resolution, global
software compensation and local software compensation, respectively.

signal by a single energy-independent factor accounting for the non-measured energy depositions
in the passive absorber material.

The calorimeter response to hadron-induced showers is more complicated [14], since these
showers have contributions from two different components: an electromagnetic component, origi-
nating primarily from the production of p0s and hs and their subsequent decay into photon pairs;
and a purely hadronic component. The latter includes “invisible” components from the energy
loss due to the break-up of absorber nuclei, from low-energy particles absorbed in passive material
and from undetected neutrons, depending on the active material. This typically leads to a reduced
response of the calorimeter to energy in the hadronic component, and thus overall to a smaller
calorimeter response to hadrons compared to electromagnetic particles of the same energy. Since
the production of p0s and hs are statistical processes, the relative size of the two shower compo-
nents fluctuates from shower to shower, which, combined with the differences in visible signal for
electromagnetic and purely hadronic energy deposits, leads to a deterioration of the energy resolu-
tion. In addition, the average fraction of energy in the electromagnetic component depends on the
number of subsequent inelastic hadronic interactions and thus on the initial particle energy. The
electromagnetic fraction of hadronic showers increases with increasing particle energy [15], often
resulting in a non-linear response for non-compensating calorimeters.

– 8 –

Electrons Pions

σ/E = 21.9%/√E ⊕1% ⊕ 0.058/E σ/E = 45.1%/√E ⊕1.7% ⊕ 0.18/E
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Calibration

• Tungsten runs suffered from large temperature variations
• After layer-wise correction stable to better than 0.2%/K

8
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Validation with electrons

• Data MC difference <2%, constant term <2%
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Figure 20: Energy sum distribution for 3 GeV positrons: comparison of data with simulation.
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Figure 21: Dependence of the mean visible
positron energy on the beam momenta: comparison
of data with simulation. The error bars are given
by the quadratic sum of the statistical and system-
atic errors. The lines indicate fits with the function
hEvisi = u + v · pbeam. In the lower part, the ratio
between the simulation and data is shown.

Parameter Data Simulation
u [MIPs] �1.56±0.58 �1.30±0.58
v [MIPs/GeV] 27.77±0.30 27.61±0.29
c2/ndf 11.0/4 6.9/4

Table 7: Fit parameters of the dependence of the
mean positron visible energy on the beam momenta:
comparison of data with simulation.
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Figure 22: Energy resolution for e+ events: com-
parison of data with simulation. The error bars are
given by the quadratic sum of the statistical and sys-
tematic errors.

Parameter Data Simulation
a [%] 28.7±0.4 28.6±0.2
b [%] 1.6±2.3 0±2.6
c [MeV] 38 38
c2/ndf 19.6/4 34.7/4

Table 8: Parameters of the positron energy resolu-
tion fits for data and the simulation.
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Figure 23: Longitudinal shower profile for 1 GeV
e+ candidates: comparison of data with simulation.
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Figure 24: Longitudinal shower profile for 5 GeV
e+ candidates: comparison of data with simulation.
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Figure 22: Energy resolution for e+ events: com-
parison of data with simulation. The error bars are
given by the quadratic sum of the statistical and sys-
tematic errors.
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Figure 23: Longitudinal shower profile for 1 GeV
e+ candidates: comparison of data with simulation.
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Figure 24: Longitudinal shower profile for 5 GeV
e+ candidates: comparison of data with simulation.
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Figure 16: Deviations from linearity for the W-AHCAL 2010 e�/e+ data, with respect to the their own
individual fits. The error bars are given by the statistical and systematic errors added in quadrature.

The electromagnetic energy resolution is presented in Fig. 17. The fit function is:

sE

E
=

ap
E [GeV]

�b� c
E [GeV]

, (5.4)

where:296

• a is the stochastic term, which takes into account the statistical fluctuations in the shower297

detection. It also contains contributions from cells with physical energy deposits, for which298

the signal is smeared by noise.299

• b is the constant term, which is dominated by the stability of the calibration, but includes300

also detector instabilities (i.e. non-uniformity of signal generation/collection, loss of energy301

in dead materials);302

• c is the noise term, the equivalent of the electronic noise in the detector, which includes303

noise from cells without physical energy deposits. This term depends on the analysis, more304

specifically on the considered fiducial volume.305

The noise term is fixed to the spread (RMS) of the energy sum distribution of randomly trig-306

gered noise events inside the beam spill, considering only the central 3⇥ 3 cm2, contained in the307

first 20 layers, as done for the selection of the electromagnetic data (Sect. 5.1). The corresponding308

values in MIPs are given in Table 5. These values are converted to GeV using the v parameters of309

the fit given in Table 3: E[GeV] = E[MIPs]/v.310

The measured e+ energy resolution for W-AHCAL and other CALICE hadron calorimeters311

are given in Table 6. The comparison should be done with a grain of salt, as the energy ranges and312

the fit procedure differ. In the Fe-AHCAL case, the energy spectra are fitted with a Gaussian in a313

region defined by the central 90% of the statistics [24], or in ±2s range [5], while for the DHCAL314

Gaussian fits in the full range are applied.315
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E. Selection of hadron events534

The effect of the cuts used to reduce the fraction of muon and late showering hadrons in the number535

of hits vs. zcog distribution is shown for p+ data with beam momenta of 3 and 10 GeV in Figs. 73,536

74, 75 and 76. The zcog variable is defined in Eq. 5.1.537
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Figure 73: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, before applying the cuts for
hadron selection.
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Figure 74: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, after applying the cuts for
hadron selection.
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Figure 75: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, before applying the cuts for
hadron selection.
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Figure 76: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, after applying the cuts for
hadron selection.

For a qualitative comparison, the effect of the applied cuts in simulation is shown in Figs. 77538

to 80, for the QGSP_BERT_HP physics list.539
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Pion selection

• Cerenkov counter to reject 
electrons

• But no tail catcher to suppress 
muons

• identify tracks and clusters in HCAL
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Figure 25: The visible energy deposited in the
W-AHCAL by p+ with a beam momentum of
3 GeV, before and after the different hadron selec-
tion cuts.
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Figure 26: The visible energy deposited in the
W-AHCAL by p+ with a beam momentum of
10 GeV, before and after the different hadron selec-
tion cuts.
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Figure 27: The visible energy deposited in the W-AHCAL by p+ with energies from 3 to 10 GeV.

The energy distributions for p+ in the energy range from 3 to 10 GeV are presented in Fig. 27.
It is obvious that for low energies the distributions are non-Gaussian. In order to measure the
hadron energy resolution, and to take this non-Gaussian shape into account, we use:

sE

E
=

RMS
Mean

, (6.8)

with RMS and Mean obtained directly from the histogram statistics.379

The dependence of the mean visible energy vs. the available energy Eavailable is shown in
Fig. 28, where Eavailable is the energy available for deposition in the calorimeter in case of a pion,
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Figure 73: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, before applying the cuts for
hadron selection.
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Figure 74: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, after applying the cuts for
hadron selection.
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Figure 75: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, before applying the cuts for
hadron selection.
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Figure 76: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, after applying the cuts for
hadron selection.

For a qualitative comparison, the effect of the applied cuts in simulation is shown in Figs. 77538

to 80, for the QGSP_BERT_HP physics list.539
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Pion selection

• Cerenkov counter to reject 
electrons

• But no tail catcher to suppress 
muons

• identify tracks and clusters in HCAL
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W-AHCAL by p+ with a beam momentum of
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Figure 27: The visible energy deposited in the W-AHCAL by p+ with energies from 3 to 10 GeV.

The energy distributions for p+ in the energy range from 3 to 10 GeV are presented in Fig. 27.
It is obvious that for low energies the distributions are non-Gaussian. In order to measure the
hadron energy resolution, and to take this non-Gaussian shape into account, we use:
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, (6.8)

with RMS and Mean obtained directly from the histogram statistics.379

The dependence of the mean visible energy vs. the available energy Eavailable is shown in
Fig. 28, where Eavailable is the energy available for deposition in the calorimeter in case of a pion,
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Figure 73: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, before applying the cuts for
hadron selection.
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Figure 74: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 3 GeV, after applying the cuts for
hadron selection.
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Figure 75: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, before applying the cuts for
hadron selection.
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Figure 76: Data: Distribution of the number of hits
vs. zcog for showers generated by a p+ with a beam
momentum of 10 GeV, after applying the cuts for
hadron selection.

For a qualitative comparison, the effect of the applied cuts in simulation is shown in Figs. 77538

to 80, for the QGSP_BERT_HP physics list.539
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Performance with pions

• Non-Gaussian signals at low E (in data and MC) - use RMS to 
estimate resolution

• Energy range too low to reliably constrain constant term

11

W-AHCAL energy sum [MIPs]
50 100 150 200

En
tri

es
/(2

.0
 M

IP
s)

0

2000

4000

6000

8000

10000  = 3 GeV
beam

, p+π

Without cuts
After cut 1
After cut 2

After all cuts

Figure 25: The visible energy deposited in the
W-AHCAL by p+ with a beam momentum of
3 GeV, before and after the different hadron selec-
tion cuts.
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Figure 26: The visible energy deposited in the
W-AHCAL by p+ with a beam momentum of
10 GeV, before and after the different hadron selec-
tion cuts.
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Figure 27: The visible energy deposited in the W-AHCAL by p+ with energies from 3 to 10 GeV.

The energy distributions for p+ in the energy range from 3 to 10 GeV are presented in Fig. 27.
It is obvious that for low energies the distributions are non-Gaussian. In order to measure the
hadron energy resolution, and to take this non-Gaussian shape into account, we use:

sE

E
=

RMS
Mean

, (6.8)

with RMS and Mean obtained directly from the histogram statistics.379

The dependence of the mean visible energy vs. the available energy Eavailable is shown in
Fig. 28, where Eavailable is the energy available for deposition in the calorimeter in case of a pion,
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Figure 35: Energy sum distribution for p+ with a
beam momentum of 3 GeV: comparison of data with
QGSP_BERT_HP.
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Figure 36: Energy sum distribution for p+ with a
beam momentum of 9 GeV: comparison of data with
QGSP_BERT_HP.
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Figure 37: Longitudinal shower profile of p+ with
a beam momentum of 4 GeV: comparison of data
with QGSP_BERT_HP.
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Figure 38: Longitudinal shower profile of p+ with
a beam momentum of 9 GeV: comparison of data
with QGSP_BERT_HP.

available energy is presented in Fig. 42, which contains also the ratio between the simulation and423

data. The observed agreement is within 3%.424

7. Analysis of the proton data425

In a first approach, one expects the calorimeter response to be similar for pions and protons. How-426
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Parameter
Method

Mean Mean90 Gauss fit

u [MIPs] 5.03±2.24 �1.01±1.83 �2.98±1.82
v [MIPs/GeV] 25.48±0.43 25.39±0.36 25.53±0.36
c2/ndf 1.4/5 1.9/5 1.8/5

Table 21: Fit parameters of the dependence of the mean proton visible energy on the available energy:
comparison of methods.
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Figure 83: Proton resolution using different measurement methods.
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stochastic term ~61% 
what matters is 
the test of simulations
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Shower simulation in Geant 4

• Low energy: cascade models
• High energy: partonic models

12

minimize use of 
phenomenological 
parameterization 

• HP: High Precision simulation of low energy neutron 
interactions (to be used for tungsten)

BERT FTFP

BERT QGSPLEP

QGSP_BIC_HP

FTFP_BERT_HP

QGSP_BERT_HP

LEP QGSPBinary Cascade

4 5 9.5 9.9 12
E kinetic [GeV]

25

Figure 8: Schematic representation of the GEANT4 physics lists and the validity ranges relevant for this
analysis. In the overlap regions between the models, a random choice between the corresponding models is
performed, based on the kinetic energy of the incident particle in each interaction.

be found for example in [16].122

Several GEANT4 physics lists were selected in order to compare them with the hadron data.123

These include:124

• LEP: The Low Energy Parametrized model has its origin in the GHEISHA hadronic pack-125

age as used with GEANT3. It describes the interactions of long-lived hadrons at all energies,126

based on simplified descriptions of interaction mechanisms, with key quantities parametrized127

for speed. LEP is used to cover the transition region between physics models in several128

physics lists.129

• BERT: The Bertini cascade model2 handles incident nucleons, pions and kaons up to 10 GeV.130

The final state of each collision is sampled according to free-particle cross section data. The131

target nucleus is treated as an average nuclear medium to which excitons (particle-hole states)132

are added after each collision. At the end of the cascade the excited nucleus is represented133

as a sum of particle-hole states which is then decayed by pre-equilibrium, nucleus explosion,134

fission and evaporation methods. This model reproduces detailed cross section data for these135

incident particles in the region below 1 GeV and is expected to do reasonably well in the136

multi-GeV region.137

• QGSP: The Quark-Gluon String Precompound (QGSP) model is built from several com-138

ponent models which handle various parts of a high energy collision. The quark-gluon string139

(QGS) model is used for interactions of protons, neutrons, pions, kaons and nuclei with en-140

ergies from 12 GeV to 100 TeV. It forms QCD strings by pairing a parton from the projectile141

hadron with a parton from a target nucleon. The strings are then excited by parton exchange142

and decayed to form final state hadrons. The precompound part handles the de-excitation of143

the remnant nucleus.144

• FTFP: The FRITIOF Precompound model, similar to QGSP, is built from several com-145

ponent models which handle various parts of a high energy collision. The FRITIOF part146

2GEANT4 provides two so-called cascade models, one following the Bertini approach, and one called the Binary
cascade, which is more theory-based. Each of these models simulates the initial interaction within the nucleus, producing
high-energy secondaries and leaving the nucleus in a highly excited state.
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Pion response

• In general reproduced within 2-3% globally, <10% locally
• note transitions between models

13

The W-AHCAL p+ energy resolution is compared to the other CALICE hadron calorimeters in389

Table 14. The Fe-AHCAL visible energy spectra are fitted with a Gaussian function in a ±2·RMS390

range around the mean value. For the DHCAL data, Gaussian fits of the full range were used.391

The obtained constant term in the W-AHCAL case, which is similar to the value measured in392

the simulation (for QGSP_BERT_HP, b = (10.3±0.1)%), may be higher than in the Fe-AHCAL393

case due to the fact that the analyzed energy range (from 3 to 10 GeV) is not large enough to impose394

reliable constraints on this term. This will be further investigated by the analysis of the high energy395

(10 GeV < p < 300 GeV) CERN 2011 data sample.396

As the calorimeter response for p+ and p� is similar, the comparisons with simulation will be397

presented only for p+.398

6.1 Calorimeter response399

To quantify the agreement between simulation and data, we present the ratio between the mean400

visible energy in simulation and data, see Figs. 31 and 32.401
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Figure 31: Mean p+ visible energy: ratio between
Bertini based simulations and data.
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Figure 32: Mean p+ visible energy: ratio between
QGSP_BIC_HP and data.

The agreement with QGSP_BERT_HP is very good (at the level of 1%). As FTFP_BERT_HP402

shares the same model up to 5 GeV, the agreement is equally good, but the situation gets worse403

when switching to the FRITIOF model. For both Bertini based physics lists, a decrease of the404

energy ratio is observed for 10 GeV. This corresponds to the transition to the LEP model for405

QGSP_BERT_HP. On the other side, QGSP_BIC_HP shows a strong variation with the avail-406

able energy. The differences between data and the simulation are at the 10% level. However, as407
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Figure 33: RMS of the visible energy vs. p+ avail-
able energy: comparison of data with Bertini based
physics lists.
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Figure 34: RMS of the visible energy vs.
p+ available energy: comparison of data with
QGSP_BIC_HP physics list.

explained in Sect. 4.2, this list uses the LHEP parametrization for pions with Ekin > 1.5 GeV, and408

is presented here only for completeness.409

The RMS of the visible energy distribution vs. pions’ available energy, for the different physics410

lists, is shown in Figs. 33 and 34. For QGSP_BERT_HP, the agreement is within 5%. Contrary to411

observation at higher energies, the simulated distributions are in general somewhat broader than in412

data. FTFP_BERT_HP predicts better RMS for Eavailable > 6 GeV.413

Example distributions of the visible energy are given in Figs. 35 and 36.414

6.2 Longitudinal shower development415

The longitudinal profiles for p+ with three different beam momenta are compared with the416

QGSP_BERT_HP physics list in Figs. 37, 38 and 39. In general, the agreement is better than417

95%, with the exception of the first layer, where for all energies except 10 GeV, QGSP_BERT_HP418

predicts higher energy than observed in the data.419

The distributions of the energy weighted layer number, defined as:

E weighted layer number = Âi Ei · layer
Âi Ei

(6.10)

are shown for the 4 and 10 GeV cases in Figs. 40 and 41. The distributions are biased by the cut420

on the shower start, which is reflected in the knee at high values. However, data and simulation421

are biased in similar ways. The dependence of the mean energy weighted layer number on the422
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Figure 35: Energy sum distribution for p+ with a
beam momentum of 3 GeV: comparison of data with
QGSP_BERT_HP.

W-AHCAL energy sum [MIPs]
200 400 600

 2
 M

IP
s)

⋅
en

tri
es

 
∑

En
tri

es
/(

0

0.005

0.01

0.015

CALICE Preliminary
 = 9 GeV

beam
, p-π

Data
QGSP_BERT_HP

Figure 36: Energy sum distribution for p+ with a
beam momentum of 9 GeV: comparison of data with
QGSP_BERT_HP.
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Figure 37: Longitudinal shower profile of p+ with
a beam momentum of 4 GeV: comparison of data
with QGSP_BERT_HP.
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Figure 38: Longitudinal shower profile of p+ with
a beam momentum of 9 GeV: comparison of data
with QGSP_BERT_HP.

available energy is presented in Fig. 42, which contains also the ratio between the simulation and423

data. The observed agreement is within 3%.424

7. Analysis of the proton data425

In a first approach, one expects the calorimeter response to be similar for pions and protons. How-426

– 28 –



MC

Particle shower development in a W scintillator HCAL Felix Sefkow     LCWS Arlington, Oct 23, 2012

Protons

• same picture as for pions
• BIC cascade works well, too

14
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Figure 48: The visible energy distribution of a pro-
ton with a beam momentum of 4 GeV: comparison
of data with QGSP_BERT_HP.
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Figure 49: The visible energy distribution of a pro-
ton with a beam momentum of 10 GeV: comparison
of data with QGSP_BERT_HP.
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Figure 50: Proton visible energy: ratio between
Bertini based physics lists and data.
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Figure 51: Proton visible energy: ratio between
QGSP_BIC_HP and data.

corresponding distribution. However, it was checked that the mean from the Novosibirsk fit is very458

similar to the statistical mean of the distribution (Appendix D).459

The proton visible energy distribution is compared to the QGSP_BERT_HP physics list in460

Fig. 48 for the 4 GeV case, and in Fig. 49 for 10 GeV. The level of agreement between data and sim-461

ulation is very good. It is quantified by the response ratio shown in Fig. 50 for the selected Bertini462

based physics lists, and in Fig. 51 for QGSP_BIC_HP. As in the pion case, QGSP_BERT_HP per-463
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Figure 52: RMS of proton visible energy distribu-
tion: comparison of data with Bertini based physics
lists.
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Figure 53: RMS of proton visible energy distribu-
tion: comparison of data with QGSP_BIC_HP.

forms very well, the differences being less than 2%. For protons, QGSP_BIC_HP performs also464

well, although there is a dependence on the available energy. As explained in Sect. 4.2, here the465

Binary Cascade model is applied for energies up to 9 GeV, afterwards the transition is done to the466

LEP model. The same dependence of QGSP_BIC_HP on the available energy is observed for the467

RMS of the energy distribution (see Fig. 52 compared to Fig. 53), but the agreement is within 4%.468
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7.2 Longitudinal shower development469

The longitudinal shower profiles for protons with beam momenta with 4 and 10 GeV are presented470

for QGSP_BERT_HP and QGSP_BIC_HP in Figs. 54 to 57. QGSP_BERT_HP performs well over471

the analyzed energy range, while for pbeam > 4 GeV the Binary cascade model predicts a somewhat472

later shower maximum than in data, and a reduced response in the first calorimeter part.473
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Figure 54: Longitudinal shower profile for a proton
with a beam momentum of 4 GeV: comparison of
data with QGSP_BERT_HP.
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Figure 55: Longitudinal shower profile for a proton
with a beam momentum of 10 GeV: comparison of
data with QGSP_BERT_HP.
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Figure 56: Longitudinal shower profile for a proton
with a beam momentum of 4 GeV: comparison of
data with QGSP_BIC_HP.
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Figure 57: Longitudinal shower profile for a proton
with a beam momentum of 10 GeV: comparison of
data with QGSP_BIC_HP.
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Compensation?

• same response for all particle types in 1-10 GeV range
• Need to probe at higher energies, too

15
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Figure 45: Fit of the proton energy resolution de-
fined as RMS/hEvisi. The error bars are given by
the quadratic sum of the statistical and systematic
errors.

Parameter Proton
a [%] 61.9±1.3
b [%] 11.3±1.2
c [MeV] 73
c2/ndf 2.8/5

Table 16: Parameters of the proton energy resolu-
tion fit.
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Figure 46: Dependence of the mean visible energy
hEreci on the available energy for the particles an-
alyzed in this paper. This is a summary of the re-
sults shown in Figs. 15, 28 and 43. In the e+ case,
the mean energy is obtained from a fit, while for
hadrons it is given by the statistical mean of the cor-
responding distribution. The error bars are given by
the quadratic sum of the statistical and systematic
errors.
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Figure 47: Dependence of the simulated mean vis-
ible energy hEreci on the available energy for the par-
ticles analyzed in this paper. The QGSP_BERT_HP
physics list was used for the simulation. In the e+

case, the mean energy is obtained from a fit, while
for hadrons it is given by the statistical mean of the
corresponding distribution.

similar for all three particle types in the analyzed low energy range. This is also predicted by the455

simulation (shown in Fig. 47). It should be noted that in the e+ case, the mean energy is obtained456

from a fit with the Novosibirsk function, while for hadrons it is given by the statistical mean of the457
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Summary

• Scintillator tungsten HCAL tested with electrons and hadrons

• Technology still proving its robustness, reconstruction refined

16

• Detector response is very well 
reproduced by recent Geant 4 
physics lists

• In the 1-10GeV range, the WAHCAL 
is compensating

• Results at higher energy are coming 
soon


