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Reminder - The T3B Setup
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• 15 3 x 3 cm2 scintillator cells, sampling the radial extent of the shower
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beam axis

through cell 0



Frank Simon (fsimon@mpp.mpg.de)T3B Status 
CALICE Collaboration Meeting, ANL, March 2014

Reminder - The T3B Setup

�3

������

�������

� 	 
 � � � 
 � � �� �� �	 �
 ���

• 15 3 x 3 cm2 scintillator cells, sampling the radial extent of the shower
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beam axis

through cell 0

Stand-alone system: 
• Installed downstream of CALICE WHCAL or 

SDHCAL, depth ~ 5.1 λ / 6.5 λ 

• Each cell read out with 1.25 GS oscilloscope, 

2.4 µs sampling time per event

• Calibration triggers on dark noise between spills

Synchronization with CALICE  
• Triggered by CALICE trigger - common analysis 

possible
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The Time Structure of Hadronic Showers - Origin
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• Hadronic showers have a complex structure -  also in time!
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instantaneous, detected via energy loss of 
electrons and positrons in active medium

delayed component: 

‣ neutrons from evaporation and spallation

‣ photons, neutrons, protons from nuclear de-

excitation following neutron capture

‣ momentum transfer to protons in hydrogenous 

active medium from slow neutrons

instantaneous component: charged 
hadrons detected via energy loss of 
charged hadrons in active medium
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The Time Structure of Hadronic Showers - Origin
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• Hadronic showers have a complex structure -  also in time!

�4

instantaneous, detected via energy loss of 
electrons and positrons in active medium

delayed component: 

‣ neutrons from evaporation and spallation

‣ photons, neutrons, protons from nuclear de-

excitation following neutron capture

‣ momentum transfer to protons in hydrogenous 

active medium from slow neutrons

instantaneous component: charged 
hadrons detected via energy loss of 
charged hadrons in active medium

➫ Importance of delayed component strongly depends on target nucleus

➫ Sensitivity to time structure depends on the choice of active medium
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T3B Results - Measurements in Fe, W and with µ
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Figure 3. Distribution of 203103 T3B events with identified first hits with respect to their time of occurrence
and the energy deposited by them for different run characteristics, namely muon data (top) and hadron data
in steel (bottom, left) and tungsten (bottom, right). The color-coded axis shows the number of entries per
bin.

on the positioning of the T3B layer and of the beam is at the centimeter level. Conservatively,273

a systematic uncertainty of the size of one tile (3 cm) is assigned to the radial distance for the274

studies as a function of radius. This uncertainty is converted into a corresponding uncertainty275

in time using the radial dependence of the mean time of first hit of simulations with the276

QGSP_BERT_HP physics list, discussed in detail in Section 6.4. This uncertainty ranges277

from 0.2 ns at r = 0 in both steel and tungsten to 0.4 ns and 0.7 ns at r = 40.2 cm for steel278

and tungsten, respectively.279

• The T3B energy scale: The energy scale of each tile is determined in test bench measure-280

ments with a 90Sr source. The difference between the response to 90Sr electrons and MIPs281

is determined with muons from dedicated muon runs in the central T3B cell, and accounted282

for in the calibration. The uncertainty of the calibration is at the 1% level, based on the283

uncertainty of the fits of the most probable value of the signals. In addition, corrections are284

made based on the measured gain of the photon sensor, as discussed in [6]. The precision of285

the gain determination is also at the 1% level, leading to the assignment of an energy scale286

systematic of 2% for the studies as a function of deposited energy. As for the case of the po-287

sition uncertainty, this is converted to a corresponding uncertainty in time using the energy288

dependence of the mean time of first hit of simulations with the QGSP_BERT_HP physics289
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T3B Results - Measurements in Fe, W and with µ

• Fit with two-component 
exponential, to model the two 
different visually apparent time 
components:
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Figure 4. Time of first hit distribution of the muon, steel and tungsten data in a time range of �10ns to
200ns (top). The histograms are normalized to the number of events in which at least one first hit could be
identified and show the number of hits per T3B DAQ time bin of 0.8 ns. The same distributions are shown in
a time range from 8ns up to 2000ns on a logarithmic time scale (bottom). Here, the peak of the distributions
was excluded for better visibility. The lines show fits to the data, as described in the text.

active detector material is expected to contribute on time scales of a few nanoseconds to a few329

tens of nanoseconds, while neutron capture induces energy depositions with delays up to several330

microseconds due to the time-of-flight of low-energy neutrons and the lifetimes of unstable states.331

Thus, an increased late component of the showers in tungsten (Z = 74) is expected compared to332

steel (Z = 26), as discussed in more detail in Section 2.333

This expectation is confirmed by the data. Figure 3 (top) shows that all energy depositions334
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initiated by impinging muons are concentrated in a small time window of a few ns around the335

trigger time (t=0). The isolated late hits in this figure are caused by SiPM noise and give a good336

assessment of the quality of the noise rejection criteria applied for the analysis. Less than 0.05% of337

all first hits are identified at a hit time later than 8ns. The situation is very different for the hadron338

data samples. In the case of steel, shown in Figure 3 (bottom left), 1.2% of the first hits are detected339

with a delay of more than 8ns. In the case of tungsten, presented in Figure 3 (bottom right), the late340

shower component is even more emphasized with 3.6% of the first hits occurring delayed. While341

the largest part of a hadron shower (99.92% of the first hits) has decayed after 50ns in the case342

of steel data, the tungsten data exhibits a notable late activity (0.5% of the first hits) even at times343

beyond 50ns after the particle impact.344

In general, it is observed that the late shower activity is significantly larger for tungsten com-345

pared to steel data at all times. This is shown in Figure 4, in which the time distribution of all first346

hits, normalized to the number of events with T3B hits, is plotted. The number of hits is given per347

0.8 ns, the time binning provided by the T3B data accquision. The top part of the figure shows the348

distribution up to 200 ns after the trigger on a linear scale, while the bottom part shows the region349

from 8 ns to 2000 ns on a logarithmic scale. Similarly to the muon time distribution, the hadron350

data samples exhibit a quasi-instantaneous component which contributes (due to the intrinsic time351

resolution of T3B, see [6] for details) only in a range of �8 ns to 8 ns. Additionally, in the case of352

hadron data, there is a fast shower component tfast contributing at intermediate times which passes353

smoothly into a slow shower component tslow (at t ⇡ 50 ns). Therefore, for a first evaluation of354

the involved physics processes, the late time development of hadron showers is fitted by a simple355

model which consists of the sum of two exponential decays and a constant c,356

d N
d t

1
Ntot

= Afast · e
(� t

tfast
)
+Aslow · e(�

t
tslow

)
+ c, (6.1)

where N is the number of identified first hits, Ntot is the total number of events with T3B hits, and357

Afast and Aslow are the amplitudes of the fast and slow component, respectively. The additional con-358

stant takes into account the random SiPM noise contribution and possible additional contributions359

with very long time constants, which cannot be resolved by T3B due to the limited acquisition360

window. From laboratory measurements with the 15 SiPMs used in the T3B experiment, the noise361

contribution is expected to be of the order of 1 to 2 ⇥ 10�6 hits/ 0.8 ns, in agreement with the362

observed level of very late hits in the muon sample shown in Figure 4, fitted with a constant for363

times later than 30 ns. Variations in the run conditions (such as temperature or voltage variations)364

influence the occurrence of SiPM noise.365

Since the fit is performed over six orders of magnitude on the vertical axis, a two-step approach366

is followed to ensure sensitivity to the low-amplitude late component. First, the slow component367

is fitted together with the constant in the range from 90 ns to 2000 ns. The parameters obtained368

are then fixed in the subsequent second fit with the full function as given in Equation 6.1, which is369

used to determine the fast component. With this procedure, a fast decay time of about 8ns is found370

for both hadron data samples (7.7± 0.1 ns for steel, 8.7± 0.1 ns for tungsten data), whereas the371

very late shower development differs considerably for steel and tungsten data. In the case of steel372

data, the slow decay occurs with a time constant of about 80ns (76± 1 ns). The contribution of373

this component to the total signal is less than 10% at times later than 290 ns, where the constant374
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fit parameter steel tungsten ratio of integrals Ri

tfast 7.7±0.1 ns 8.7±0.1 ns 2.3±0.5
tslow 76±1 ns 480±20 ns 13.4±2.7

steel tungsten muons
constant (3.06±0.08)⇥10�6 (5.48±0.19)⇥10�6 (1.24±0.03)⇥10�6

Table 3. Summary of the main results of the fit to the time of first hit distributions in Figure 4. The ratio of
integrals is defined by Equation 6.2. See text for further details.

c dominates the distribution. For tungsten data, on the other hand, the slow decay time amounts375

to about 500 ns (480± 20 ns) and plays an important role (with a contribution of > 10% to the376

total signal) up to the end of the investigated acquisition time at 2 µs. This is shown in Figure 4377

(bottom). From the figure it is also apparent that the fit function does not fully model the transition378

region from the fast to the slow component in tungsten in the region from ⇠50 ns to ⇠100 ns. This379

results in an increased c2/NDF of 18 for the full fit of the tungsten data, compared to 3.3 in the380

case of steel. Still, the fit gives a satisfactory description of the overall features of the observed381

time distribution for both absorbers.382

The highly emphasized late shower component of tungsten relative to steel data can be quan-383

tified by the ratio Ri of the respective amplitudes Ai multiplied by the corresponding extracted time384

constants ti,385

Ri =
AW

i · tW
i

Asteel
i · tsteel

i
(6.2)

which is the ratio of the definite integrals of the exponential components from zero to infinity. A386

ratio Rfast = 2.3 is obtained for the fast component. For the slow component the ratio is found to387

be Rslow = 13.4. Table 3 summarizes the main results of the fit.388

The energy dependence of the timing of hits is studied in Figure 5, which shows the mean time389

of the first hit as a function of the hit energy for muon, steel and tungsten data. The mean TofH is390

always determined in the time range from �20ns and 200ns. Since the energy depositions induced391

by muons are prompt, no energy dependence is observed, as expected. The very slight slope of the392

time distribution visible in the figure is due to the modelling accuracy of the applied time slewing393

correction, and is smaller than the systematic uncertainties of the relative timing of the different data394

sets. For steel, the average hit time is slightly delayed by 1.6 ns at 0.5 MIP, but this delay decreases395

quickly down to less than 300 ps for energies above 1 MIP. This demonstrates that higher energy396

deposits occur almost exclusively in the prompt part of the shower. The tungsten data, on the other397

hand, exhibits a significant delayed shower contribution at all energies. At 0.5 MIPs, the average398

delay is with 4.7ns, about three times larger than for steel. At ⇠ 1 MIP, the mean TofH does still399

amount to more than 1.1 ns and decreases down to 500 ps at ⇠ 5 MIP. Also here the importance of400

late energy deposits decreases with increasing energy, but contributions of delayed hits are found401

also at higher hit energies.402

6.3 Radial Dependence of Timing Profiles403

The prompt shower contribution is dominated by electromagnetic subshowers and by relativistic404

particles, which are both concentrated along the shower axis. Low-energy neutrons on the other405
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T3B Results - Measurements in Fe, W and with µ

• Late energy deposits concentrated 
at low hit energies 


• In W also some late activity at 
higher hit amplitudes seen
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Figure 5. Energy dependence of the mean time of first hit for muon (red), steel (green) and tungsten (blue)
data. The bands shown the systematic uncertainties.
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Figure 6. Radial shower timing profile of the mean time of first hit for steel (green) and tungsten data (blue).
The bands shown the systematic uncertainties.

hand spread throughout the calorimeter, and thus contribute both close and far away from the406

beam axis. This is investigated by studying the lateral timing profile, given by the mean time of407

first hit as a function of radial distance from the shower axis, as shown in Figure 6. The mean408

time of first hit exhibits an increase with increasing radius, consistent with the expectation of a409

central core containing the majority of the shower energy, which is mainly deposited by prompt410
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T3B Results - Measurements in Fe, W and with µ

• Late energy deposits concentrated 
at low hit energies 


• In W also some late activity at 
higher hit amplitudes seen
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first hit as a function of radial distance from the shower axis, as shown in Figure 6. The mean408

time of first hit exhibits an increase with increasing radius, consistent with the expectation of a409

central core containing the majority of the shower energy, which is mainly deposited by prompt410
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• Late energy deposits get more 
important at larger distances from 
the shower axis: Neutrons tend to 
spread out more


• x 2.5 enhanced in W compared 
to Steel
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T3B Simulations

• Full GEANT4 modle of T3B, and the WAHCAL / SDHCAL

�8

Figure 2. The setup at the Test Beam at the CERN SPS H8 beam line in the North Hall. The tail catcher
TCMT was only present for runs with the CALICE W-AHCAL, but not the Fe-SDHCAL.

T3B Layer
Component d [mm]

Al Cassette 1.0
Air 2.3
Scintillator 5.0
Air 1.0
PCB 1.7
Al Cassette 2.0
Total 13

W-AHCAL Layer
Component d [mm]

Steel Support 0.5
Tungsten 10
Air 1.25
Steel Cassette 2.0
Cable Mix 1.5
PCB 1.0
Scintillator 5.0
Steel Cassette 2.0
Air 1.25
Total 24.5

Fe-SDHCAL Layer
Component d [mm]

Steel 20
Epoxy 1.6
PCB 1.2
Mylar 0.23
Graphite 0.1
Glass 1.8
RPC Gas 1.2
Total 26.13

Table 1. The components and their respective thickness d of the layers of the three different detectors, listed
by their appearance when following the beam downstream. The plastic scintillator material is polystyrene in
the case of the W-AHCAL and polyvinyltoluene in the case of T3B.

is centered on the beam axis, so that T3B samples the shower from the central core out to a radius106

of 449 mm. The complete setup is encased in an aluminium cassette with additional temperature107

sensors to monitor the environmental conditions. Each photon sensor is read out via a preamplifier108

board connected to one of the inputs of 4-channel USB oscilloscopes1 with a sampling frequency109

of 1.25 GS/s, 8 bit vertical resolution and a readout window of 2.4 µs per event. More details on110

the T3B setup are given in [6]. The material budget of the T3B layer along the beam axis is shown111

in Table 1, left.112

In the test beam experiments, the T3B layer was placed directly behind the respective hadron113

calorimeter prototype (W-AHCAL or SDHCAL), in an arrangement as shown in Figure 2. For the114

data taking period together with the W-AHCAL, a tail catcher and muon tracker TCMT with steel115

absorbers was installed 90 mm downstream of T3B. This additional detector was not present for116

data taking with the SDHCAL. Simulation studies with and without this additional detector have117

shown that the presence of the TCMT does not have a noticeable effect on the results discussed118

1Picotech PicoScope 6403

– 4 –

• Data-driven digitization: Measured response to muons taken to model time evolution 
of T3B response to instantaneous signals


• GEANT4 energy deposits binned in time (0.8 ns time bins), each bin is passed 
through digitizer

Using GEANT4.9.4p03 (4.9.5 had a problem with timing, 4.9.6 came to late for us…)
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Comparing Data and Simulations

• QGSP_BERT performs worse than others:


• In Steel slight underestimation of intermediate time component - Neutron elastic 
scattering?


• In W substantial overestimation of late component - Neutron capture?
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Figure 7. Comparison of the distribution of the identified hits in Monte Carlo and test beam data for steel
(left) and tungsten (right) for the time period from -10 ns to 200 ns.

electromagnetic subshowers and relativistic hadrons, and a shower halo of mainly hadronic origin411

which, in addition to a prompt component, receives sizeable contributions from delayed signals,412

predominantly generated by neutron-induced processes.413

The increase of the mean time of first hit at larger radii is significantly more pronounced in414

tungsten than in steel. This is due to the larger yield of evaporation neutrons in tungsten, and due to415

the substantially shorter radiation length and the larger ratio of lI to X0 (⇠ 27 compared to ⇠ 10)416

for tungsten compared to steel. At a radius of ⇠ 40cm, the mean TofH is 2.8 times larger for417

tungsten than for steel (10.8 ns vs. 3.9 ns). In the shower center, this relative timing difference418

amounts to only 370ps, which is of a similar order to the systematic uncertainties, as discussed in419

detail in Section 6.1.420

6.4 Comparison of Data to Monte Carlo Simulations421

To study the realism of shower timing in GEANT4, the T3B data are confronted with simulations422

based on different hadronic physics models, as introduced in Section 5. Figure 7 shows the time dis-423

tribution of the first hits in steel and tungsten absorbers compared to the three physics lists. While424

QBBC and QGSP_BERT_HP reproduce the distribution well for both absorbers, QGSP_BERT425

shows some discrepancy with the data. In steel, the shower activity in the intermediate time period426

from 10 ns to 60 ns is slightly underestimated, while in tungsten the late component > 50 ns is427

overestimated by up to a factor of four.428

Figure 8 shows the energy dependence of the mean time of first hit, which is well reproduced429

by all hadronic models considered here in steel, but deviates substantially for QGSP_BERT in tung-430

sten. Although the functional form is similar to the one from data, the mean TofH turns out to be431

between 2ns and 0.5ns too large over a wide hit energy range of 0.4MIP to 3.5MIP, showing that432

the physics list without high precision neutron tracking produces too many late energy depositions433

in particular in the lower energy range below 3 MIP (2.5 MeV).434

The radial timing profile of the shower, shown compared to simulations in Figure 9 further435

confirms these observations. For steel, all physics lists agree with each other and with data within436
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Comparing Data and Simulations

• Means well reproduced in steel by all lists


• In tungsten too much late energy seen for all amplitudes, largest effect at low 
energies

�10

Energy Deposition [MIP]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
e
a
n
 T

im
e
 o

f 
F

ir
st

 H
it 

[n
s]

0

0.5

1

1.5

2

2.5

60 GeV hadrons - steel

Data

QBBC

QGSP_BERT_HP

QGSP_BERT

CALICE T3B

Energy Deposition [MIP]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

M
e
a
n
 T

im
e
 o

f 
F

ir
st

 H
it 

[n
s]

0

1

2

3

4

5

6

7

8

9

60 GeV hadrons - tungsten

Data

QBBC

QGSP_BERT_HP

QGSP_BERT

CALICE T3B

Figure 8. Comparison of the energy dependence of the mean time of first hit of Monte Carlo and test beam
data for steel (left) and tungsten (right).
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Figure 9. Comparison of the radial profile of the mean time of first hit of Monte Carlo and test beam data
for steel (left) and tungsten (right).

1 ns. For tungsten, QGSP_BERT overestimates the delayed shower contribution, and with that the437

mean time of first hit at all radii. The discrepancy is seen to increase with increasing distance from438

the shower axis. While the difference to data in the mean TofH amounts to only 2.0 ns at a radius439

of 9.2 cm, it increases up to 7.8 ns in the outer shower region at 40.2 cm. For the high precision440

lists, in general the timing profile agrees well with data, with a slight overestimation of the TofH at441

the 1 – 2 ns level for radii larger than 10 cm.442

7. Conclusion443

The time structure of hadronic showers, and the level of accuracy with which it can be simulated444

in GEANT4, is highly relevant for calorimeters at future collider experiments. This applies in par-445

ticular in conditions with high background levels and high repetition rates, such as at CLIC, where446

tungsten is considered for the absorber material of the hadron calorimeter. The T3B experiment447
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Comparing Data and Simulations

• Means well reproduced in steel by all lists


• In tungsten too much late energy seen for all radii, largest effect at high radius
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Figure 8. Comparison of the energy dependence of the mean time of first hit of Monte Carlo and test beam
data for steel (left) and tungsten (right).
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Figure 9. Comparison of the radial profile of the mean time of first hit of Monte Carlo and test beam data
for steel (left) and tungsten (right).

1 ns. For tungsten, QGSP_BERT overestimates the delayed shower contribution, and with that the437

mean time of first hit at all radii. The discrepancy is seen to increase with increasing distance from438

the shower axis. While the difference to data in the mean TofH amounts to only 2.0 ns at a radius439

of 9.2 cm, it increases up to 7.8 ns in the outer shower region at 40.2 cm. For the high precision440

lists, in general the timing profile agrees well with data, with a slight overestimation of the TofH at441

the 1 – 2 ns level for radii larger than 10 cm.442

7. Conclusion443

The time structure of hadronic showers, and the level of accuracy with which it can be simulated444

in GEANT4, is highly relevant for calorimeters at future collider experiments. This applies in par-445

ticular in conditions with high background levels and high repetition rates, such as at CLIC, where446

tungsten is considered for the absorber material of the hadron calorimeter. The T3B experiment447
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Longitudinal Analysis

• A few updates compared to Annecy - fine-tuning of area-based scaling of data

�12

• Event-by-event shower start 
used to reconstruct full 
calorimeter profile - includes 
weighting based on shower 
start position

• Limitations in the first few 
layers: Shower-start finding 
very close to T3B limited 
(works somewhat better in 
MC: Use shower start from 
MC record, with smearing)

‣ Have to see how to handle this for comparisons - corrections or large systematic?
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Longitudinal Profile - Time Dependence

• Fast component peaks early ~ 0.4 λI


• Slow components peak later: ~ 0.6 - 1 λI
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Longitudinal Profile - Time Dependence

• Stacked distribution of three time windows
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Longitudinal Distributions - Compared to MC

• Early shower components
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Longitudinal Distributions - Compared to MC

• Late components I
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Longitudinal Distributions - Compared to MC

• Late components II

�17

• General observations: Simulations consistent with observed distributions with all 
physics lists

• NB: The  real differences (for the longitudinally non-separated distributions) appear at 

times > 50 ns - An order of magnitude lower statistics
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Comparisons to MC: Integrated Values

• Mean time of first hit vs distance from shower start: Late components gain in 
importance in shower rear


• Restricted to center of shower - very low statistics further out
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Consequences for Integration Times

• Based on time of first hit: 98% reached after 10 ns - QGSP_BERT predicts a too slow 
integration for the last 1 %
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Impact of Using Time of First Hit

• Substantially faster integration with first hit only- but actually quite realistic in terms of 
a real detector (time stamp provided by start of signal in a cell, not by extension…)
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Conclusions

• T3B analysis for now complete 


• Experts are now in industry…

!

• First analysis paper nearing submission:


• Late shower part substantially more pronounced in W than in Fe


• Physics lists with high precision neutron treatment reproduce observed 
distributions quite well, QGSP_BERT fails for tungsten at t > 50 ns, some smaller 
discrepancies at 20 ns < t < 60 ns in Fe 

!

• Potential for a second paper using longitudinally resolved analysis based on 
reconstructed shower start (W only)


• Fast component peaks shorter after shower start


• Mean time of first hit gets later towards rear of the shower - needs HP to 
reproduce with simulations
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