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This talk
The next 30 minutes.

Charge: 
• Reminder of design principles and performance drivers 
• Reminder and review of requirements 

• impact of staged ILC 
• New concepts, ideas, directions 

Since Santander (June 2016):  
• main emphasis on transition to DD4HEP and validation of new simulations 
• refer to D.Jeans’ very comprehensive talk on the status of ILD optimisation 
Today: 
• address the charge 
• deeper understanding of particle flow performance and software compensations  

A personal view, not a rapporteur’s talk 



Reminders 
and review
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ILD design principles
Particle flow since the turn of the century.

• The ILD design has been formulated in 2007 as a very moderate 
evolution from the TESLA detector (2001)  

• 15 years younger than LHC detectors 
• 15 years older than LHC upgrades 

• Should be prepared to justify the very basic choices 
• A Particle Flow detector 

• driven by W Z separation and tau ID 
• efficient and ultra-light tracking 
• ECAL and HCAL inside the coil 
• An ultra-compact ECAL 

• low X0 high λ: tungsten 
• Low-noise active technologies 

• Hermetic for missing momentum signatures 
• Particle ID
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Calorimeter choices
The basics.

• HCAL inside coil:  
• lesson learnt from ALEPH 

• At FCC-ee B limited to 2T 
•  Consider a coil in front of the entire 

calorimeter (DR) 
• We should study how sensitive we are to 

material and distance between ECAL and 
HCAL 

• CMS HGCAL uses Pb in e.m. section 
• Performance degradation vs cost? 

• And why does ILD have a short barrel 
large endcap? 

• SID has long barrel and plug
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•  Consider a coil in front of the entire 
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HCAL 

• CMS HGCAL uses Pb in e.m. section 
• Performance degradation vs cost? 

• And why does ILD have a short barrel 
large endcap? 

• SID has long barrel and plug

Detector solenoid

�2T field solenoid – Rin = 2 m
¾Can be made very thin ~30 cm total = 0.74 X0 (0.16 l) at q = 90º 

Calorimeter can be located outside coil

¾Small yoke thickness 50-100 cm Fe
Scales with B R2Æ cost reduction over large coil

WG11 meeting, Jan 30 F. Bedeschi, INFN-Pisa5

C
ourtesy of H

. ten K
ate et al.



ILD Particle Flow Performance |  Felix Sefkow  |  February 20, 2018 5

Calorimeter choices
The basics.

• HCAL inside coil:  
• lesson learnt from ALEPH 

• At FCC-ee B limited to 2T 
•  Consider a coil in front of the entire 

calorimeter (DR) 
• We should study how sensitive we are to 

material and distance between ECAL and 
HCAL 

• CMS HGCAL uses Pb in e.m. section 
• Performance degradation vs cost? 

• And why does ILD have a short barrel 
large endcap? 

• SID has long barrel and plug

Detector solenoid

�2T field solenoid – Rin = 2 m
¾Can be made very thin ~30 cm total = 0.74 X0 (0.16 l) at q = 90º 

Calorimeter can be located outside coil

¾Small yoke thickness 50-100 cm Fe
Scales with B R2Æ cost reduction over large coil

WG11 meeting, Jan 30 F. Bedeschi, INFN-Pisa5

C
ourtesy of H

. ten K
ate et al.

Detector layout

�Beam pipe (R~1.5 cm)
�VTX: 4-7 MAPS layers
�DCH: 4 m long, R 30-200 cm
�Outer Silicon Layer
�SC Coil : 2 T, R~2 m
�Preshower: ~ 1-2 X0

�DR calorimeter: 2 m/10 lint

�Yoke +  muon chamber

WG11 meeting, Jan 30 F. Bedeschi, INFN-Pisa6
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Low noise read-out technologies
It is the imaging.

• Signal over noise considerations drive the granularity - and cost, yes! - of CMS upgrade 
• smaller cells: lower noise and (for scintillator) larger signal 
• heavily debated recently 

•  Points to consider: 
• MIP calibration  

• with enough statistics MIP signals can be enriched 
• Imaging: event by event 

• MIPs connecting showers to tracks and shower seements with each other  
• muon tracking  

• Bandwidth 
• in ILC case limited by buffer depth in front end ASICs: require 10e-4 - 10e-5  
• with 1st generation SiPMs had few per-mil - and good images 

• We should know the S/N requirements for particle flow performance 
• for square cell and for strip geometries

21
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Detector optimisation for particle flow performance
The Thomson papers.

• Basic parameters: B field, ECAL radius, HCAL depth, cell sizes 
• longitudinal sampling studied later 

• ILD parameters resulted from the LDC GLD merger and were guided by Pandora-
based studies 

• documented in M. Thomaon NIM A611 (2009) 25-40 (250+ citations)  
• extend to  CLIC energies, add background: NIM. A700 (2013) 153-162  

• nowhere near a “knee"  
• “Radius is more important than magnetic field.” (percentages, not Yen) 
• Flaw in cell size optimisation triggered recent software compensation studies 

(Eur.Phys.J. C77 (2017) 698) 
• ILD - in conscious contrast to SiD - postponed the cost optimisation 

• until when? 
• Tracker radius is the most important single cost driver 

• LILD, SILD comparison 
• How about the other parameters?

ARTICLE IN PRESS

The study of the optimal HCAL thickness depends on the
possible use of the instrumented return yoke (the muon system)
to correct for leakage of high energy showers out of the rear of the
HCAL. The effectiveness of this approach is limited by the fact that,
for much of the polar angle, the muon system is behind the
relatively thick solenoid (2lI in the MOKKA simulation of the
detector). Nevertheless, to assess the possible impact of using the
muon detector as a ‘‘tail-catcher’’, the energy depositions in the
muon detectors were included in the PandoraPFA reconstruction.
Whilst the treatment could be improved upon, it provides an
indication of how much of the degradation in jet energy
resolution due to leakage can be recovered in this way. The
results are summarised in Fig. 11 which shows the jet energy
resolution obtained from PandoraPFA as a function of the HCAL
thickness. The effect of leakage is clearly visible, with about half of
the degradation in resolution being recovered when including the
muon detector information. For jet energies of 100 GeV or less,
leakage is not a major contributor to the jet energy resolution
provided the HCAL is approximately 4:7lI thick (38 layers).

However, for 180–250 GeV jets this is not sufficient; for leakage
not to contribute significantly to the jet energy resolution atffiffi

s
p
¼ 1 TeV, the results in Fig. 11 suggest that the HCAL thickness

should be between 5:526:0lI for an ILC detector.

9.4. Magnetic field versus detector radius

The LDCPrime model assumes a magnetic field of 3.5 T and an
ECAL inner radius of 1820 mm. A number of variations on these
parameters were studied: (i) variations in the ECAL inner radius
from 1280 to 2020 mm with B¼ 3:5 T; (ii) variations the B from 2.5
to 4.5 T with R¼ 1825 mm; and (iii) variations of both B and R. In
total 13 sets of parameters were considered spanning a wide range
of B and R. The parameters include those considered by the LDC, GLD
[35], and SiD [36] detector concept groups for the ILC. In each case
PFlow performance was evaluated for 45, 100, 180, and 500 GeV jets.

Fig. 12 shows the dependence of the jet energy resolution as a
function of: (a) magnetic field (fixed R) and (b) ECAL inner radius
(fixed B). For 45 GeV jets, the dependence of the jet energy
resolution on B and R is rather weak because, for these energies, it
is the intrinsic calorimetric energy resolution rather than the
confusion term that dominates. For higher energy jets, where the
confusion term dominates the resolution, the jet energy
resolution shows a stronger scaling with R compared to B.

The jet energy resolutions are reasonably well described by the
function:
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where E is measured in GeV, B in Tesla, and R in mm. This is the
quadrature sum of four terms: (i) the estimated contribution to the
jet energy resolution from the intrinsic calorimetric resolution; (ii)
the contribution from track reconstruction; (iii) the contribution
from leakage; and (iv) the contribution from the confusion term
obtained empirically from a fit to the data of Fig. 12 and several
models where both B and R are varied [13]. In fitting the confusion
term, a power-law form, kBaRbEg, is assumed. This functional form
provides a reasonable parameterisation of the data; the majority of
the data points lie within 2s of the parameterisation.

These studies show that for the PandoraPFA algorithm, the
confusion term scales as approximately B0:3R, i.e. for good PFlow
performance a large detector radius is significantly more important
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Fig. 11. Jet energy resolutions ðrms90Þ for the LDCPrime as a function of the
thickness (normal incidence) of the HCAL. In addition, the ECAL contributes 0:8lI .
Results are shown with (solid markers) and without (open markers) taking into
account energy depositions in the muon chambers. All results are based on
Z-uu;dd; ss with generated polar angle in the barrel region of the detector,
jcosyqq jo0:7.
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Fig. 12. (a) The dependence of the jet energy resolution ðrms90Þ on the magnetic field for a fixed ECAL inner radius and (b) the dependence of the jet energy resolution
ðrms90Þ on the ECAL inner radius a fixed value of the magnetic field. The resolutions are obtained from Z-uu;dd; ss decays at rest. The errors shown are statistical only.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4036
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Large vs small: first look at tau reconstruction
Collimated objects.

• We know that dependences 
of performance measures 
on detector parameters are 
shallow.  

• We already know from LOI 
and DBD exercises that ILD 
and SiD provide similar 
physics performance 

• d Physics / d Performance 
also shallow (no knees) 

• So, what exactly are the 
new things we want to 
learn? 

  

e.g. tau+ → a1+ nu, a1+ → pi+ pi0 pi0
usually 1 charged pion + 4 photons

# chg hadron PFOs / tau                 # photon PFOs / tau                      # photon PFOs / tau

see effect of 
overlayed 
background

see effect of 
reduced radius

tau+ → rho+ nu
rho+ → pi+ pi0
1 chg pi + 2 photons

D.Jeans
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18

detector radius - tau decay mode reconstruction

looks rather robust

tau energy 125 GeV

T. H. Tran
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Cost optimisation examples
5 million dollar plots.

• Will be re-done after update of unit costs 
• No dramatic changes expected 
• Need these for other sub-detectors as well
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Instrumental effects
Digitisation and test beam validation.

• Reproduce test beam data in simulation, disentangle impact of various 
effects 

• E.g. AHCAL insensitive to detailed SiPM  
• Similar studies for the ECALs 

• e.g. robust against random dead channels

Frank Simon (fsimon@mpp.mpg.de)AHCAL Status - Focus on Simulations 
ILD Meeting, KEK, April 2015

The Impact of various Digitisation Steps

• Impact on electrons: total ~ 10%, equally split 
between MIP threshold and SiPM saturation

12

• Impact on pions: total ~ 40%, mainly timing and 
threshold, with contributions from fiducial cut 

• SiPM effects (saturation, noise,…) are irrelevant

in ILD  
simulations

Frank Simon (fsimon@mpp.mpg.de)AHCAL Status - Focus on Simulations 
ILD Meeting, KEK, April 2015

ILDCaloDigi confronted with Testbeam Data

• Key validation of simulation: Agreement of ILDCaloDigi output with CALICE TB data

13

compare
ILD AHCAL

MC data

• perfect agreement for electrons

electrons

• perfect agreement for hadrons

• performance degradation due to 

finer sampling very minor

compare (NB: G4 not perfect!)

ILD AHCAL

MC data

compare: CALICE MC

pions

• Establish consistency 
of test beam with ILD 
simulations  

• Should now be 
possible for SDHCAL, 
too

Thesis O. Hartbrich 2016
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ECFA LC 2016, 
May 31, 2016 

Matthias Weber 
CERN 

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive volume thickness. 
Normalization starts to fail for high energies due to loss of energy in dead material between ECal and HCal  

Raw energy deposited in sensitive volume as reported by Geant4, divided by sensitive 
volume thickness. Normalization to 1 for high energies affected by loss of energy in 
ECAL-HCAL gap. 

4.8 mm 

Already at 100 GeV sizable  
amount sampled with the larger 
(“bad”) layers 

Energy deposited per unit length 
CLIC_o2_v04 (CLIC_18_7) 

8 

2.4 mm/layer 

22.85 X0 

11

Single particle performance
Example photons.

• Requirements less well specified than for jet energies 

• Resolution for photons and electrons 
• the 750 GeV anomaly is gone, but X→γγ remains discovery 

channel 
• photon resolution more sensitive to ECAL sampling than jets 

• Optimisation of CLICdet resulted in change of ECA design: 
constant fine sampling 

• Leakage from ECAL into HCAL 
• Dynamic range for electrons?

• Particle ID 
• Requirements for muon pion and electron pion separation? 
• Studies so far focussed on isolated partuicles 

• should look into jets with semi-leptonic b and c decays 
• cross-calibration of v vertex-based HF tag efficiencies

M. Weber, ECFA-LC Santander 2016
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Better performance with larger segmentation 

M. Weber, ECFA-LC Santander 2016
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Staged ILC
Detector implications.

• CLIC serves as a good reference to how the centre-g-
mass energy affects the detector design 

• Main impact is on total depth of calorimeter system in 
terms of hadronic interaction lengths 

• granularity and sampling only mildly affected, but 
regions with high granularity extend more deeply 

• May drop a few of the outer HCAL active layers 
• Outwards: Coil radius and yoke cannot be staged 
• Inwards: not seriously… 
• However, if worse comes to worst: 

• ILC250: HCAL + Si pre-shower + TPC 
• ILC500: HCAL + full ECAL + Si tracker 

• Emphasise intrinsic extendibility of LC and optimise for 
500-1000 GeV 



Understanding and optimising 
particle flow
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Energy resolution and granularity
Not: versus.

Particle flow
Perfomance

Confusion

Granularity
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Energy resolution and granularity
Not: versus.

Particle flow
Perfomance

Reconstruction
scheme

Confusion

Single hadron 
energy resolution

Granularity

Software
compensation

Active medium
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Particle flow and software compensation
Implemented in Pandora.

• "Software compensation”: cell energy weighting to optimise single 
hadron resolution 

• Improves resulution of identified neutrals 
• dominant contribution to JER for E < 100 GeV 

• Improved precision to assist in resolving pattern recognition 
ambiguities 

• main effect at higher jet energies 
• Altogether best performance so far
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Eur.Phys.J. C77 (2017) 698 
DESY and Cambridge
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Granularity revisited
Layer-dependent.
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• Software compensation does not change the picture  
• Initial choices still very reasonable cost - performance 

choice 
• First sections most important (study w/o comp.)



ILD Particle Flow Performance |  Felix Sefkow  |  February 20, 2018 16

Granularity revisited
Layer-dependent.

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6
2.8

3
3.2
3.4
3.6
3.8

4
4.2
4.4

45 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 100 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 180 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.8

3

3.2

3.4

3.6

3.8 250 GeV jets
No energy corrections
Software compensation

 [Millions]channelsN
0 10 20 30 40 50 60 70

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8

4

45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets

3x3 cm2

1x1 cm210x10 cm2

• Software compensation does not change the picture  
• Initial choices still very reasonable cost - performance 

choice 
• First sections most important (study w/o comp.)



ILD Particle Flow Performance |  Felix Sefkow  |  February 20, 2018 16

Granularity revisited
Layer-dependent.

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6
2.8

3
3.2
3.4
3.6
3.8

4
4.2
4.4

45 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 100 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 180 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.8

3

3.2

3.4

3.6

3.8 250 GeV jets
No energy corrections
Software compensation

 [Millions]channelsN
0 10 20 30 40 50 60 70

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8

4

45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets

3x3 cm2

1x1 cm210x10 cm2

2 with 3x3cmlayersN
0 10 20 30 40 50

 [%
]

90
 / 

M
ea

n
90

R
M

S

3.2

3.4

3.6

3.8

4

4.2

4.4

3x3 and 6x6 cm2
45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets
500 GeV jets

• Software compensation does not change the picture  
• Initial choices still very reasonable cost - performance 

choice 
• First sections most important (study w/o comp.)



ILD Particle Flow Performance |  Felix Sefkow  |  February 20, 2018 16

Granularity revisited
Layer-dependent.

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6
2.8

3
3.2
3.4
3.6
3.8

4
4.2
4.4

45 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 100 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8 180 GeV jets
No energy corrections
Software compensation

Cell size [mm]
20 40 60 80 100

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.8

3

3.2

3.4

3.6

3.8 250 GeV jets
No energy corrections
Software compensation

 [Millions]channelsN
0 10 20 30 40 50 60 70

) [
%

]
j

(E
90

)/M
ea

n
j

(E
90

R
M

S

2.6

2.8

3

3.2

3.4

3.6

3.8

4

45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets

3x3 cm2

1x1 cm210x10 cm2

2 with 3x3cmlayersN
0 10 20 30 40 50

 [%
]

90
 / 

M
ea

n
90

R
M

S

3.2

3.4

3.6

3.8

4

4.2

4.4

3x3 and 6x6 cm2
45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets
500 GeV jets

 [mi.]channelsN
0 1 2 3 4 5 6 7 8

 [%
]

90
 / 

M
ea

n
90

R
M

S

3.2

3.4

3.6

3.8

4

4.2

4.4

45 GeV jets
100 GeV jets
180 GeV jets
250 GeV jets
500 GeV jets

all 12x12

all  
6x6 all  

3x3

• Software compensation does not change the picture  
• Initial choices still very reasonable cost - performance 

choice 
• First sections most important (study w/o comp.)



ILD Particle Flow Performance |  Felix Sefkow  |  February 20, 2018 17

Compensation in ECAL and HCAL
Ultimately want both.

• In the Pandora implementation, so far only HCAL 
cell energy are weighted 

• Inclusion of ECAL a bit more tricky 
• Has been solved for combined CALICE test beam 

data 
• SiW ECAL, SiPM-scint HCAL 
• CERN & FNAL data 

• Further improvements expected from adding ECAL 
• Largest effect from HCAL 

The difference between the scheme results is also shown in figure 14, where the relative im-
provement of the resolutions is presented. In general, all the SC schemes show increasing im-
provement up to 20 GeV and a flat behavior from this point. The ECAL SC scheme gives an
improvement of only a few percent, while the AHCAL SC scheme shows an increasing improve-
ment up to approximately 22% . This is due to the higher fraction of showers in the AHCAL
at higher energies, making the scheme more efficient. The full SC scheme achieves a maximum
improvement of approximately 30%.
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Figure 13: Reconstructed energy resolutions with standard, ECAL SC, AHCAL SC and full SC
reconstruction methods for the combined (CERN and FNAL) dataset. The fit parameters are given
in the legend. The total (statistical and systematic) uncertainties are marked with ’[]’.

7.3 Comparison with Previous Results

The energy resolution obtained from the CERN dataset in this analysis is comparable with the
energy resolution obtained from [5] for SC on the AHCAL and the TCMT, in which only pion
showers are considered with a reconstructed FHI layer in the first five layers of the AHCAL, and
thus fully contained in the AHCAL and the TCMT. In figure 15 the energy resolution fits of [5] are
displayed along with the fitted energy resolution points of the CERN dataset. The standard recon-
struction for the AHCAL contained and the full system is compatible within the uncertainties, with
slightly worse resolution for the full detector. After applying SC, the full system performs similarly
to the combination of the AHCAL and the TCMT, with agreement of 5.1% of the stochastic terms
of the SC fits, despite of the different technologies and the sampling structure of the full system.

A SC scheme similar to the Full SC scheme in this analysis was applied to FNAL data of
a combined scintillator-SiPM calorimeter system, which includes the scintillator electromagnetic

– 22 –
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>  Compare SC and SD weights:  

 

 

Erec,SC = ω Ei,ESum (EBeam )( ) ⋅Ei
i=0

Hits

∑

Erec,SD = α j Ntot (EBeam )( )
j=1

3Bins

∑ ⋅N j

>  ω and αj depend on Ebeam 

>  ω weights energy of hits, αj 
weights the number 

>  1/hitEnergy dependence agree 
nicely for small hit energies, not 
optimal for higher hit energies 

 

Energy reconstruction schemes 

18

Software compensation and semi-digital reconstruction
A very close relationship.

• In SC the weights depend on hit energy and total 
shower energy: 

• ESC = sumhits ( w (Ehit, E) · Ehit) 
• E is the unweighted estimate 
• w defined in bins of Ehit 

• This becomes semi-digital reconstruction m 3 steps: 
• reduce number of Ehit bins to 3 
• force Ehit dependence to be 1/Ehit: counting! 
• express E as function of Ntot 

• This allows to treat optimised analogue and semi-
digital reconstruction in the same formalism 

• Has been implemented in Pandora
Thesis C.Neubüser 2016
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Granularity and reconstruction scheme
Close Interplay.

• Try all schemes with AHCAL data 

• In simulation, can also reduce cell size, keeping the 
realism 

• 3x3cm2: too coarse for semi-digital reconstruction 
• 1x1cm2: semi-digital (2 bits) is sufficient 
• Analogue:  3x3cm2 sufficient  

• Active medium (sampling fraction) also matters
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Granularity and algorithms
Progress with Pandora and ARBOR.

• SDHCAL reconstruction in Pandora 
• ARBOR optimiston on-going 
• ARBOR for AHCAL?
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New ideas and trends: cooling
The CO2 revolution

• The total cooling power of CMS HGCAL: 110 kW / endcap 
• Conceivable with compact design only with 2-phase CO2 

• The design of the LC detectors capitalises on the low duty 
cycle of the machine and cycled power in the embedded front-
end 

• Performance with power pulsing established in test beams with 
magnetic field 

• However date taco is in-active 99% of the time 
• Cosmic muon calibration can be replaced with MIP-like track 

segments in hadronic showers 
• Reduced sensitivity to exotic models 

• Next-to-LSP may be long-lived, 102 -108 s, and slow 
• Decays in calorimeter volume expected

mSUGRA scenario GDM ϵ
Large samples of stopping τ̃ ′s

barrel endcap Sum

HCAL 3038 1055 4093
Plug 428 428
Yoke 1584 256 1840
Fid Vol 4092 1688 5780

Detect and measure gravitino via decays
τ̃ → τ G̃

and subsequent τ decays

H-U Martyn Metastable τ̃′s and G̃ Dark Matter DESY FLC Seminar 24 April 2006 10

Detecting metastable staus @ ILC
Gravitino dark matter

Hans-Ulrich Martyn

✄ Cold Dark Matter in universe ΩDM ≈ 0.22

✄ CDM SUSY candidate = neutral LSP
– neutralino χ̃0

1 mχ̃0 = O(100 GeV)

– gravitino G̃ mG̃ = O(eV − 100 GeV)

– axino ã mã = O(keV − MeV)

✄ Identification of G̃ via NLSP decay τ̃1 → τ G̃

– τ̃ may be long-lived tτ̃ ∼O(102 − 108 s)

– Expt challenge detectability of metastable τ̃ and G̃ at ILC?
⇒ Observables mτ̃ , tτ̃ , mG̃, JG̃

review: J Feng, ‘Superymmetry and Cosmology’, hep-ph/0405215

H-U Martyn Metastable τ̃′s and G̃ Dark Matter DESY FLC Seminar 24 April 2006 1

HU Martyn, ca 2008

Physics guidance needed
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New ideas and trends: timing
A new dimension.

• Dynamic development, driven by HL-LHC pile-up considerations 
• sensors and electronics 

• few 10ps resolutions come in reach 

• with special sensors even for MIPs 

• Present CALICE electronics designed for ns precision 

• originally driven by shower shape considerations  
• GLD: Pb HCAL, CLIC-ILD/SiD: W HCAL 

• In iron only small effects expected, under study 

Shower Radius [cm]
0 5 10 15 20 25 30 35 40

M
e
a
n
 T

im
e
 o

f 
F

ir
st

 H
it 

[n
s]

0

2

4

6

8

10

12

60 GeV hadrons - tungsten

60 GeV hadrons - steel

CALICE T3B

Figure 6. Radial shower timing profile of the mean time of first hit for hadron data with steel (green) and
tungsten (blue) absorbers. The bands show the systematic uncertainties.
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Figure 7. Comparison of the distribution of the identified hits in Monte Carlo and test beam data for hadrons
in steel (left) and tungsten (right) for the time period from -10 ns to 200 ns. The grey band shows the
systematic uncertainties.

6.4 Comparison of Data to Monte Carlo Simulations

To determine the accuracy of shower timing in GEANT4, the T3B data are compared to simulations
based on different hadronic physics models, as introduced in Section 5. Figure 7 shows the time dis-
tribution of the first hits in steel and tungsten absorbers compared to the three physics lists. While
QBBC and QGSP_BERT_HP reproduce the distribution well for both absorbers, QGSP_BERT
shows some discrepancy with the data. In steel, the shower activity in the intermediate time period
from 10 ns to 60 ns is slightly underestimated, while in tungsten the late component > 50 ns is

– 16 –
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Fig. 6. Energy resolution for pion beams. Black solid dots represent a fully sen-
sitive detector (1 m × 1 m × 3 m iron block); red solid dots represent the same
detector when a time-based energy correction is applied; blue solid squares
refer to a Cherenkov-to-scintillation DR correction. The response of the CMS
HCAL to pions as measured at a beam test is represented by the dashed line.

Fig. 6, where the energy resolution of a pion beam is reported,
as predicted by the simulation, for different cases: black solid
points show the performance of a total absorption calorimeter
where no further correction is applied in the energy reconstruc-
tion; red solid points refer to the same detector, where energy is
corrected for using the time-based approach discussed above;
the performance after a conventional DR correction is repre-
sented by blue squares. The measured performance of the CMS
hadronic calorimeter at a pion beam test is also reported for
reference (dashed line) [12]. The effect of a totally active detec-
tor with respect to a standard sampling calorimeter (e.g., CMS
HCAL) is mostly visible in the stochastic term of the energy
resolution, that can be as low as ∼20% for the former, while it
is in the 60− 100% range for the latter. When a detector is able
to provide further information, allowing for an event-by-event
correction for the invisible energy, not only the stochastic term
can further improve to ∼15%, but more importantly the con-
stant term of the energy resolution vanishes, thus allowing for
very precise measurement at high energies. Simulation results
indicate that timing can be a powerful variable in the recon-
struction of hadron energies, offering an interesting alternative
to Cherenkov-based DR approaches, and with comparable per-
formances. These results were obtained with the reference
detector described in Section IV, i.e., with a longitudinal cell
segmentation of 1 mm. Further tests were made where the cell
longitudinal size was increased to 3 cm, but no appreciable
worsening of the performance of the correction was observed.

B. Detector Response Linearity

High energy jets consist of a collection of particles of dif-
ferent species with a wide range of energies. Non-linearity of
the calorimeter response and/or differences in the response to
different particles, especially charged and neutral pions, induce
a major degradation of the energy resolution for hadronic jets.
The time-based correction described in the previous section cor-
rects the response of the calorimeter to hadrons to a level very

Fig. 7. Linearity of the energy response of the simulated calorimeter. Solid
black points and squares represent the average of the energy deposited in the
detector by pions and protons respectively divided by the beam energy when
no further corrections are applied. Solid red dots and squares refer to the case
where the deposited energy is corrected for using the timing information as
described in Section V-A. The same correction function is used for both pions
and protons.

Fig. 8. Optimization study of the integration time window T of the variable
x = Et<T

obs /Et<10 µs
obs , used in the computation of the time-based energy cor-

rection. The stochastic and constant terms of the energy resolution attained with
each of the different values of T tested are shown in black and red respectively.
The performance of the simulated detector when no energy correction is applied
is shown as well (dashed lines).

close to the response to electrons, as shown in Fig. 7. With the
same, energy independent correction function applied to pion
and proton showers, the response of the detector in the range 1–
100 GeV is within ∼2.5% and the responses to charged pions
or protons are equal within ±2.5%.

C. Optimization of the Integration Time Window

The results above discussed depend on the value of the inte-
gration time window T over which energy deposits in the
calorimeter are added up to get the detector prompt response.
The estimator that was used to get the optimal working point
is the energy resolution extracted from the simulation after a
time–based energy correction computed with different values
of T was applied. The result, shown in Fig. 8, indicates that the

576 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 63, NO. 2, APRIL 2016

Fig. 2. Time evolution of electromagnetic (electrons) and hadronic showers
(pions and protons). In the top figure, a detector global time definition is
assumed, whereas in the bottom one the cell local time as defined in Section III
is used. In these and in the following figures, solid dots and shaded bands
represent the mean value and the statistical uncertainty respectively.

energy is carried by particles moving at a speed close to that
of light, and this is true for hadrons too. The shower extent in
the detector—∼20–30 cm for electrons, 1–1.5 m for pions and
protons—extends the time profile to about 1 ns, for electrons
and 4 ns for hadrons when a tglobal definition is considered, as
can be seen in the top figure. For a more quantitative analy-
sis, the cumulative distributions are shown in Fig. 3. The full
evolution of an electromagnetic shower lasts for approximately
500 ps in tlocal, whereas a pion or a proton deposits about
the 80% of its total energy release in the detector in the same
amount of time. Half of the energy of an hadron shower is
released in less than only 100 ps. Notice that in the analysis,
a maximum time window of 10 µs is considered. Therefore, by
total energy deposit (labelled as Eobs in the figures) we mean
the energy deposited within the first 10 µs since the beam parti-
cle enters in the calorimeter. The actual energy deposit beyond
this time is anyway negligible.

V. ENERGY–TIME CORRELATION

As seen in the previous section, a significant fraction of the
energy of a hadron shower is promptly released in a calorime-
ter, although this fraction is subject to large event-by-event

Fig. 3. Cumulative distribution of the time evolution of electromagnetic (elec-
trons) and hadronic showers (pions and protons) shown in 2. The y axis
(E<t

obs/Eobs) represents the fraction of the shower energy deposited within a
time tover the total energy deposited in the calorimeter, assuming the moment
when the beam particle enters the detector as t0. In the top figure, a detector
global time definition is assumed, whereas in the bottom one tlocal used.

fluctuations due to the different relative contribution of the vari-
ous physics processes responsible for the interaction of hadrons
in matter and their typical time scale. Three different time
ranges can be roughly identified.

• !1 ns: electromagnetic decays of π0’s and η0’s into pho-
ton pairs, as well as the direct ionization of high energy
charged hadrons (such as p±’s, π±’s, K±’s) contribute
a prompt, complete energy transfer to the calorimetric
medium. On the other hand, hadron–nucleus interactions,
whose main products are nucleons and nuclear fragments,
cause a variable amount of energy to remain undetected.
As a matter of fact, every nucleon extracted from the
nucleus consumes about 8 MeV of the shower energy
to overcome its binding energy: given the large–but
fluctuating–number of nucleons produced in each hadron
shower, this amount of invisible energy turns out to be the
most important source of degradation for the energy res-
olution. Electron/positron pairs from gamma conversions
following nuclear de-excitation are also present.

• !100 ns: in this time range, delayed energy depositions
are dominated by the ionization of the decay products
of unstable particles, such as muons from kaon and pion

cut at 1.25 ns
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• Further potential:  
• Use timing for compensation 

• originally proposed by dual read-out groups 
• ns precision almost sufficient 

• Use timing for particle ID with Time-of-Flight 
• MIP timing 
• Roman’s idea - see his talk
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Summary
And conclusion.

• For 2018 
• cost derivatives: update and extend 
• close test beam validation loop 
• revise single particle performance and requirements 

• For the next phase (if ILC goes ahead): 
• ILD design apparently converges 
• Should be prepared to question and justify fundamental choices 
• Explore the timing domain 

• Think out of the box!


