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 Disclaimer: 
Mistakes & misunderstandings are all mine; no fault attributed to the quoted authors/speakers 

 Apologies: 
• towards authors/speakers not quoted for not being able to fit you in my scheme; 
• towards speakers of the session which I was supposed to review but that is taking place AFTER my speech :(
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 the specs of the racing bicycle we intend to design & build:

What for:

Contributors: 
• Paolo Giacomelli 
• Wei-Ming Yao 
• Manqui Ruan 
• Xin Shi 
• Zhijun Liang

CAVEAT: the specs are driven by the “high energy” operation; 
running at the Z pole may require something different and impose 
complementary constraints.
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 Flavour tagging:
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✴b tagging:  
• efficiency: 80% 
• purity:        90% 

✴c tagging:  
• efficiency: 60% 
• purity:        60%

 Separation of fully hadronic (4 jet) events from H →WW* or H →ZZ*:

4

Jet Measurement Precision

• Figure of merit: separating W and Z bosons in their hadronic 
decays .

• This translates into a jet energy resolution requirement of  ~ 
3-4%  over a wide jet energy range (~ 30% /ÖE ).
– A factor of two improvement w.r.t. traditional jet measurement

WW→4j and  ZZ→4j

Intrinsic W/Z separation Traditional jet measurementRequired jet measurement

Janbei Liu

but what is actually the most relevant term in spoiling your resolution?

21/01/19 IAS Hongkong 19

Jet confusion: the leading term

● Separation be characterized by

● Final state/MC particles are clustered into Reco/Genjet
with ee-kt, and paired according to chi2

● WW-ZZ Separation at the inclusive sample: 

– Intrinsic boson mass/width - lower limit: Overlapping ratio of 13%

– + Jet confusion – Genjet: Overlapping ratio of 53%

– + Detector response – Recojet: Overlapping ratio of 58%

Manqui Ruan

“intrinsic” distribution

overlap: 13%

after jet clustering 
(and a perfect detector)

after jet clustering 
(and a “realistic”detector)

overlap: 53% overlap: 58%21/01/19 IAS Hongkong 18

Separation of full hadronic WW-ZZ event

WW
● Low energy jets! (20 – 120 GeV)

● Typical multiplicity ~ o(100)

● WW-ZZ Separation: determined by

– Intrinsic boson mass/width

– Jet confusion from color single reconstruction – jet clustering & pairing 

– Detector response

Q: how comes that performance are not 
incredibly better than DELPHI?
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 π0 reconstruction:

21/01/19 IAS Hongkong 12

Clustering - Separation

Critical energy to separate an evenly decay π
0
: 30 GeV

Hang Zhao. CEPC CDR
Shoot pair of 5 GeV photons into the 
e.m. calo and see when they start to 
be merged as the granularity 
changes 

Eur. Phys. J. C (2018) 78 :426 Page 5 of 14 426

Fig. 3 A reconstructed di-photon event at Si-W ECAL with 1 mm cell
size. Each photon has an energy of 5 GeV, and their impact points are
separated by 4 mm
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Fig. 4 Reconstruction efficiency of the di-photon events at different
ECAL cell sizes. The X-axis represents the distance between photon
impact points

Table 1 Arbor critical separation distance at di-photon sample with
different ECAL cell size

ECAL cell size Critical distance for separation

1 mm 4 mm

5 mm 9 mm

10 mm 16 mm

curve naturally exhibits an S-curve dependency on the dis-
tance between the photon impact positions, see Fig. 4. The
distance at which 50% of the events are successfully recon-
structed is referred to as the critical distance, which depends
on the ECAL transverse cell size. At the cell size smaller
than the Moliere radius, the critical distance is roughly two
times the cell size, see Table 1.

To conclude, Arbor is a geometrical algorithm that recon-
structs each shower cluster into a tree topology. At high
granularity calorimeter, Arbor efficiently separates nearby
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Fig. 5 Lepton likelihood of electron, muon and pion calculated by
LICH (using final state particle reconstructed by Arbor)

particle showers and reconstructs the shower inner struc-
ture. It maintains a high efficiency in collecting the shower
hits/energy, which is appreciated by the energy reconstruc-
tion. The overall performance on different physics object and
physics benchmarks will be discussed in details in the fol-
lowing sections.

4 Leptons

The lepton identification is fundamental to the CEPC physics
program. About 7% Higgs bosons at the CEPC are generated
with a pair of leptons. Those events are the golden signal for
the Higgs recoil analysis, which is the anchor for the absolute
Higgs measurements at the electron–positron Higgs factory.
A significant fraction of the Higgs boson decays, directly or
via cascade, into final states with leptons. In addition, a sig-
nificant fraction of H → bb/cc events generate leptons in
their jet fragmentation cascade, thus a good lepton identifica-
tion performance improves flavor tagging performance. The
lepton identification is also crucial for the EW measurements.

The PFA oriented detector, especially the high granularity
calorimeter system, provides enormous information for the
lepton identification. A dedicated lepton identification algo-
rithm, LICH [22], has been developed for the detectors using
high granularity calorimeter. For each reconstructed charged
particle, LICH extracts more than 20 observables from the
associated track and calorimeter cluster. These observables
include the track dE/dx measurement, the shower fractal
dimension [21] that describes the global shower compact-
ness, the shower longitudinal profiles, and the distances in
between the track and calorimeter cluster. Using the Gradi-
ent Boost Decision Tree method at the TMVA toolkit [30],
LICH then calculates the electron and muon likelihood for
the charged particle. Figure 5 shows the likelihood distribu-
tion of 40 GeV electron, muon and pion samples, where clear
separation is observed.

123

(4 mm)
(9 mm)
(16 mm)

50% efficiency at:

This is for a W base e.m calo with RM ≈ 1 cm

 Particle identification:

Physics requirements - Paolo Giacomelli 17/01/2019

Detector requirements for HF

!22

❖ Hadronic PID
➢ Example BsàDs K for CP violation studies
➢ Plot is after LHCb PID
➢ Many other applications

Franco Bedeschi

Physics requirements - Paolo Giacomelli 17/01/2019

Detector requirements for HF

!22

❖ Hadronic PID
➢ Example BsàDs K for CP violation studies
➢ Plot is after LHCb PID
➢ Many other applications

Franco Bedeschi

Q: is the current detector 
good enough for Heavy 
Flavour Physics at the Z pole?

quoting P. Giacomelli who quotes 
F. Bedeschi

Anything to win at the High Energy operation (Wei-Ming Yao)? IMPROVED b/c tagging?
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22

 still room for optimization:

Xin Shi

 Changes between v1 & v4 (the CDR baseline detector):  

1.  B-Field reduce from 3.5T to 3T 
2. Ecal Cell Size increased from 5mm to 10mm 
3. Hcal Layer number reduced from 48 to 40. 
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Electroweak Physics at CEPC, Zhijun Liang 18

 perspectives for the measurements of the EW 
parameters:

Zhijun Lang

I personally like the idea that the precision on Nν comes by the direct 
measurement through the reaction:

100 60 Years of CERN Experiments and Discoveries

• neutrino masses are negligible;
• Z-boson couplings to neutrinos are described by the Standard Model.

3.6. Uncertainties

The uncertainty on Nν is less the three per mille. It is decomposed as the sum in
quadrature of three parts:14

δNν ∼ 10.5
δnhad

nhad
⊕ 3.0

δnlep

nlep
⊕ 7.5

δL
L

. (11)

The first two are related to uncertainties on the number of events selected for
the measurement of cross-section and asymmetries in the hadronic and leptonic
channels, respectively. The third term parametrises uncertainties on the scale of the
cross-sections deriving from the uncertainties on the luminosity measurement.

The largest contribution to the uncertainty on the luminosity measurement is
the theoretical uncertainty (0.061%) discussed in Section 3.4. This uncertainty alone
results in an uncertainty on Nν of 0.0046, accounting for more than half of the total
uncertainty on Nν .

4. Direct Measurement of N ννν

The LEP experiments pursued an alternative and elegant measurement of Nν by
detecting events with a single visible photon as a signature of the e−e+ → νν̄γ
process.2 At the Z-boson resonance, this final state is mostly due to the initial-
state radiation of a low-angle photon, with a steeply falling energy spectrum, with
a Z boson decaying into neutrinos. Contributions from the t-channel exchange of a
virtual W boson are small.

At the Z-boson resonance, the cross-section of the e−e+ → νν̄γ process can be
written31 as

σ0
ννγ(s) =

12π

m2
Z

sΓeeNνΓνν

(s − m2
Z) + s2Γ2

Z/m2
Z

+ W-boson exchange terms (12)

which is mostly proportional to Nν . A careful measurement of the cross-section
of the process with the control of the residual background sources and the overall
acceptance allows to extract Nν . This cross-section is considerably lower than the
Z-boson resonance. The statistical accuracy of the direct measurement of Nν is
therefore over an order of magnitude inferior than the indirect measurement. At
the same time, the direct measurement does not rely on the assumption that
Z bosons only decay to known fermions. Possible decays into visible ‘exotic’ particles,
conflated within other visible channels and in particular hadronic final states, could
in principle alter the Z-boson lineshape and yield an incorrect measurement of Nν .

The key experimental challenge of the direct measurement is to detect events
with a single photon and no other activity in the detector. On the one hand, the

 6
0
 Y

ea
rs

 o
f 

C
E

R
N

 E
x
p
er

im
en

ts
 a

n
d
 D

is
co

v
er

ie
s 

D
o
w

n
lo

ad
ed

 f
ro

m
 w

w
w

.w
o
rl

d
sc

ie
n
ti

fi
c.

co
m

b
y
 E

U
R

O
P

E
A

N
 O

R
G

A
N

IZ
A

T
IO

N
 F

O
R

 N
U

C
L

E
A

R
 R

E
S

E
A

R
C

H
 (

C
E

R
N

) 
o
n
 1

1
/1

7
/1

5
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

.
100 60 Years of CERN Experiments and Discoveries

• neutrino masses are negligible;
• Z-boson couplings to neutrinos are described by the Standard Model.

3.6. Uncertainties

The uncertainty on Nν is less the three per mille. It is decomposed as the sum in
quadrature of three parts:14

δNν ∼ 10.5
δnhad

nhad
⊕ 3.0

δnlep

nlep
⊕ 7.5

δL
L

. (11)

The first two are related to uncertainties on the number of events selected for
the measurement of cross-section and asymmetries in the hadronic and leptonic
channels, respectively. The third term parametrises uncertainties on the scale of the
cross-sections deriving from the uncertainties on the luminosity measurement.

The largest contribution to the uncertainty on the luminosity measurement is
the theoretical uncertainty (0.061%) discussed in Section 3.4. This uncertainty alone
results in an uncertainty on Nν of 0.0046, accounting for more than half of the total
uncertainty on Nν .

4. Direct Measurement of N ννν

The LEP experiments pursued an alternative and elegant measurement of Nν by
detecting events with a single visible photon as a signature of the e−e+ → νν̄γ
process.2 At the Z-boson resonance, this final state is mostly due to the initial-
state radiation of a low-angle photon, with a steeply falling energy spectrum, with
a Z boson decaying into neutrinos. Contributions from the t-channel exchange of a
virtual W boson are small.

At the Z-boson resonance, the cross-section of the e−e+ → νν̄γ process can be
written31 as

σ0
ννγ(s) =

12π

m2
Z

sΓeeNνΓνν

(s − m2
Z) + s2Γ2

Z/m2
Z

+ W-boson exchange terms (12)

which is mostly proportional to Nν . A careful measurement of the cross-section
of the process with the control of the residual background sources and the overall
acceptance allows to extract Nν . This cross-section is considerably lower than the
Z-boson resonance. The statistical accuracy of the direct measurement of Nν is
therefore over an order of magnitude inferior than the indirect measurement. At
the same time, the direct measurement does not rely on the assumption that
Z bosons only decay to known fermions. Possible decays into visible ‘exotic’ particles,
conflated within other visible channels and in particular hadronic final states, could
in principle alter the Z-boson lineshape and yield an incorrect measurement of Nν .

The key experimental challenge of the direct measurement is to detect events
with a single photon and no other activity in the detector. On the one hand, the
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apparently more robust against systematics
see talk by Gang Li TODAY (afternoon) on the development of 
software tools
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A look at the different detector sub-systems



 Beam pipe & Vertex Detector; the boundary conditions for the development are determined by: 

✴ the performance: 

✴ the beam induced background, dominated by the e+e- following a photon-photon interaction during the beam crossing: process: 

�8

Contributors: 
• M.C. 
• Emilia Leogrande 
• Laci Andricek 
• Rafael Coelho 
• Ryuta Kuichi 
• Yang Zhou

 a depends on the single point resolution, the 
geometry (Inner & outer layer), the number of 
layers 
 b depends on the Coulomb multiple 
scattering, i.e. the material budget in the 
beam pipe and the detector [dominated by 
the closer layer]

 constraining the read-out time to limit the 
occupancy at the 1% level



✴ the performance: �9

CEPC:                  5                     10      
ILD LOI 2009

CDR - 2018

Past & future figures:

 single point resolution & the geometry  

�2
ỹ =

�2
single point

n
⇥

h
1 + 12

n� 1

n+ 1

⇣Rmean

�R

⌘2i

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= 25 μm2

Rin [mm] Rout [mm] n σsingle point [μm]

16 32.5 3 2.3

16 60.0 3 3.7

b ⇡ 10µm ! xV TX inner layer/X0  0.15%
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

 the material budget in the beam pipe and the detector:

Machine/Exp. Rbp [mm] Thickness  
[mm] 

x/X0 [%] bbeam pipe [μm]

LEP/DELPHI 56 1.4 0.40 48

LHC/ATLAS 23.5 0.8 0.23 15

ILC/TESLA Det. 14 0.5 0.14 7

CEPC 
(CDR2018)

15 0.5 0.14 8

namely an effective silicon thickness of 140 μm
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✴the beam induced background; once more, some back-of-an-envelope calculations: 

 2.4 hits/cm2/BX 

 20x20 μm2 pixels ⇒ 1/4 Megapixel/cm2 

 every hit, is generating a 3x3 pixel cluster ⇒ about 20 fired pixels/cm2/BX

⇒ targeting 1% occupancy, the maximum number of BX you can integrate is 125, namely 

Δt = 85 μs for 1 cm2 sensor

meaning that I either have   

or, in a data-driven (push) architecture, 

 ONE full frame read-out in less than 85 μs [independent from the no. of fired pixels] 

 2500 pixels (1% of the existing ones) addressed & read-out (effective read-out time ÷ no. fired pixels), namely 34 ns/pixel

no matter the architecture, you have to be FAST ⇒ “burn” energy ⇒ “grow in mass”
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- If air cooling works:                         
(namely if I have a power density ~ 20 mW/cm2)

✴ mechanics & integration (Rafael, Laci, M.C.):

 flexible silicon: 

 look at 

Ultra-thin HDI  

28.02.2017Dirk Wiedner, Mu3e 19

• Two layer HDI test 
design (top)

Material Thickness [μm] X/X0
upper Al layer 14 1.57 · 10−4

isolator (PI) 35 1.22 · 10−4

glue 10 0.25 · 10−4

lower Al layer 14 1.57 · 10−4

lower PI shield 10 0.35 · 10−4

total 83 < 5 · 10−4

 

FCC-ee, CERN, 9. January 2019  29    A. Schöning 

Ultralight Pixel Ladder

pixel layer: ~ 1.15 per mille radiation length

2 Al layers

thickness 0.1%X0/layer

- otherwise:                         

 start by the integration of cooling pipes in Silicon, pioneered by the DEPFET 
team at MPI- Munich: 

marcel.vos@ific.uv.esCEPC workshop Beijing, November 2018 37

Thermo-mechanical measurements

37

Low pressure mono-phase liquid flow of few l/h removes local heat very 

efficiently. Insignificant impact on mechanical stability.

Front end HOTTEST POINT

Max. power for a ΔT of 10 ºC 
vs. coolant flow

•Power density up to 25 W/cm2

•Continues to improve, flow rate up to 3 l/h
•Low pressure: 0.2 - 1.5 bar

Mechanical stability
•Maximize effects by using single-point support
•Measure position with sub-mm resolution  
•Impact of air flow shows sensitivity
•Liquid flow negligible impact (RMS ~ 0.5 mm)

Si chip

Anisotropic etching of trenches

Parylene etching

Parylene deposition

Isotropic etching of channels

Trench filling and Parylene curing



�12✴ pixel sensors  shall be (Laci, Ruyta, Yang, M.C.): 

1. Monolithic (or semi-monolithic, e.g. DEPFET) 
2. Possibly on high-resistivity substrates 
3. Binary 
4. if compliant with the Z-pole run, based on a data driven architecture 

✴there’s a tremendous effort around the world, notably in China (Ruyta, Yang):

But, as of today, there is NO SENSOR featuring: 
 single point resolution at the 3 μm level 
 thickness at the 0.1% X0 level 
 power dissipation not exceeding 20 mW/cm2 
 being read-out in less than 80 μs/cm2 

 scaled-up to “reticle size” area

7

Pixel Sensor Prototypes 

Process Pixel Pitch
(mm2)

Matrix size R/O architecture

“JadePix1” CMOS 33x33/16x16 96x160/192x128 Rolling Shutter

“JadePix2” CMOS 22x22 128x64 Rolling Shutter

“MIC4” CMOS 25x25 112x96 Asynchronous

“CPV2” SOI 16x16 64x64 Rolling Shutter

JadePix1 

(3.9 x 7.9 mm2)

JadePix2 

(3 x 3.3 mm2)

MIC4 

(3.2 x 3.7 mm2)

CPV2

Detail will be presented by 

Dr. Yang Zhou (next talk) 
Hereafter, introduce JadePix1 

MIC4

⇐
⇐
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 Central Tracker: 

4 

Silicon or Gaseous Central Tracking Detector? 

!!!!!!!!silicon!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!gaseous!

same event 

The detector we are planning to build is more akin to an 
electronic bubble chamber than an LHC detector but with 
true 3D volume pixels and exquisite calorimetry too. 

4 

Silicon or Gaseous Central Tracking Detector? 

!!!!!!!!silicon!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!gaseous!

same event 

The detector we are planning to build is more akin to an 
electronic bubble chamber than an LHC detector but with 
true 3D volume pixels and exquisite calorimetry too. 

*The SAME event simulated by Graham Wilson in the ILD and SiD detector

Having to make a choice based on your own eyes, what would you say?

Beyond your eyes: 

 Gluckstern’s formula [PDG] for the curvature resolution δkres: 

 dE/dX for Particle ID 
 material budget 
 robustness 
 reliability 
 volume 
 else…

• ε single point resolution 
• L’ projected track length

Not very much on Si Tracking [apart from a presentation on the FCC 
tailored version of the CLIC detector] but a lot on Gaseous Trackers: 

• Paul Colas [TPC] 
• Huirong Qi [TPC] 
• Piotr Gasik [TPC] 
• Franco Grancagnolo [DRIFT CHAMBER] 
• Serguei Ganjour [TPC]
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Jan. 17, 2019 F. Grancagnolo - DCH at HL Colliders 3 

Trackers at e+e− colliders 

ILC 
ILD TPC 

SiD Si 

CLIC CLIC Si 

FCC-ee 
CLD Si 

IDEA Drift Chamber 

CEPC 
Baseline TPC Si 

IDEA Drift Chamber 

KEKB Belle2 Drift Chamber 

SCTF BINP Drift Chamber 

STCF HIEPA Drift Chamber 

LEP 

ALEPH TPC 

DELPHI TPC 

L3 Si + TEC 

OPAL Drift Chamber 

SLC 
MARK2 Drift Chamber 

SLD Drift Chamber 

DAPHNE KLOE Drift Chamber 

VEPP2000 CMD-2 Drift Chamber 

PEP2 BaBar Drift Chamber 

KEKB Belle Drift Chamber 

CESR CLEO3 Drift Chamber 

BEPC2 BES3 Drift Chamber 

recent past future 
SPEAR 

MARK2 Drift Chamber 

MARK3 Drift Chamber 

DORIS 
PLUTO MWPC 

ARGUS Drift Chamber 

CERS CLEO1,2 Drift Chamber 

PETRA 

CELLO MWPC + Drift Chamber 

JADE Drift Chamber 

PLUTO MWPC 

MARK-J TEC + Drift Chambers 

TASSO MWPC + Drift Chamber 

PEP 

MARK2 Drift Chamber 

PEP-4 TPC 

MAC Drift Chamber 

HRS Drift Chamber 

DELCO MWPC + Drift Chamber 

TRISTAN 

AMY Drift Chamber 

VENUS Drift Chamber 

TOPAZ TPC 

BEPC BES1,2 Drift Chamber 

past 

Franco Grancagnolo

 Tracking systems at e+e- colliders:

Drift chambers are clearly dominating (by number); however, we have fairly good examples of nicely working TPC’s…
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✴the ALICE TPC [Piotr Gasik]

Gas volume:
• ~90 m3

• ~90 µs drift time
• 100 kV at the Central Electrode (Edrift = 400 V/cm)

2 x 18 
Inner Read Out Chambers

557568 pads

4 x 7.5 mm2 (IROC)
6 x 10 mm2 (OROC)
6 x 15 mm2 (OROC)

• MWPC readout, gain 7000-8000

• ~1 mm position resolution, ~250 µm matching resolution

• Designed for charged-particle tracking and dE/dx measurements in Pb-Pb collisions with 
dNch/dη=8000 at √sNN = 5.5 TeV, σ(dE/dx)/(dE/dx)<10%

• Including secondaries: up to 20000 particles in one interaction in the TPC acceptance

THE LARGEST TPC

2 x 18 
Outer Read Out Chambers ORO

C

IRO
C

i+

5 m

5 mi+
e-

e-

OROC

IROC

29.2 cm

87 cm

49
.7

 c
m

11
4.

2 
cm

3Nucl. Instr. Meth. A 676 (2010) 316.
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✴the ALICE TPC [Piotr Gasik]Pb-Pb COLLISIONS

ALICE TPC

11

Up to 20 000 tracks/event in the chamber volume



�17and it worked so well because the ION BACKFLOW could be reduced by 10-5 by properly “gating” the detector for 
200-400 μs after 100 μs drift time, for an effective event rate of a few kHz, a situation not compliant neither with 
the Run3&4 at LHC (50 kHz collision rate expected) nor with the Z-pole run at CEPC.

- 9 - 

Feasibility study of TPC 
� Would it be Limited by 

� Voxel  occupancy 
� Primary ions along the track in the chamber 
� Amplification ions create the ions disk back to the chamber (×Gain) 
� Charge Distortion induced by the ions: Mainly from Ion back flow 

Total ions in chamber: ~ Back flow ions ~(1 + k), k = Gain×IBF + Primary 

Ions disk 

E 

E 

Voxel size defined (3D space bucket): 
Pad size × Tsample • Vdrift 

Huirong Qi



�18and it worked so well because the ION BACKFLOW could be reduced by 10-5 by properly “gating” the detector for 
200-400 μs after 100 μs drift time, for an effective event rate of a few kHz, a situation not compliant neither with 
the Run3&4 at LHC (50 kHz collision rate expected) nor with the Z-pole run at CEPC.

Ion Backflow

Ion Space Charge can
deteriorate the position

resolution of TPC

+ Primary ions yield distortions
in the E-field which result to
O( 1µm) track distortions

+ Secondary ions yield distortions
from backflowing ions generated in
the gas-amplification region:

‡ 60 µm for IBFxGain=3
for the case of 2 ion disks

(ILC bunch structure)

ions drift slowly
vions ⇠ 1m/s

Gate is needed!

S.Ganjour R&D with Prototypes of TPC 13

Serguei Ganjour

Example of the distortions induced by the ION BACKFLOW with a IBF*Gain = 3 
(possible at the ILC)
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TPC at Circular Colliders

Ion back flow is crucial since gating is not possible at circular colliders

+ Charge rate is driven by
Z ! hadrons events at low energy

‡ 19.2 visible charged tracks

‡ 16.8 kHz at L = 3 · 1035s�1 cm�2

‡ �� ! hadrons and machine background
are possibly negligible (in contrast to ILC)

+ Design B=3.5 T to meet spatial resolution

‡ Rmin = 40 cm, Rmax = 190 cm, Zmax = 225 cm

+ Simulate Z ! hadrons with PHYTHIA

‡ factorized approach for r � 0.4m:
⇢(r, z) = ⇢0(r)⇢00(z)

‡ charge ionization is 40 ions/cm

+ Determine charged density due to secondary
backflowing ions

Radial position r, m
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

3
 C

/m
-1

2
(r)

, 1
0

ρ
C

ha
rg

e 
de

ns
ity

 

0
5

10
15
20
25
30
35
40
45
50

TPC Simulation
FCCee/TLEP

from visible Z decays
FCCee Ion Back Flow 

density at ILC
Primary charge

S.Ganjour R&D with Prototypes of TPC 17

Ion Back Flow Distortions
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(IBF*Gain = 3)

(IBF*Gain = 1)
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Serguei Ganjour

Situation at the Z-pole, nominal luminosity:



�20Any way out by now? apparently not …

Possible Suppression of IBF

Piotr Gasik Huirong Qi

Combined MM+GEM module at IHEP
Currently IBF⇠ 10�3 is feasible, needs

more R&D to go beyond

S.Ganjour R&D with Prototypes of TPC 19

The ALICE system is at the level of IBF*Gain = 10

Possible Suppression of IBF

Piotr Gasik Huirong Qi

Combined MM+GEM module at IHEP
Currently IBF⇠ 10�3 is feasible, needs

more R&D to go beyond
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Huirong Qi

According to Serguei, you need to win another order of magnitude!



�21Any alternative? The main tracker of the IDEA detector concept is the BIG brother of the KLOE/MEGII 
chamber:

Franco Grancagnolo

2017 JINST 12 C03062

Figure 9. Left above: DC assembly station. Left below: PCB and spacer stack. Right above: engagement
procedure. Right below: first layer mounted on the end plates.
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Dimensions of the MEG II chamber:
L = 193 cm
Rin = 17 cm
Rout = 30 cm
10 layers for each 30o azimuthal sector



�22Any alternative? The main tracker of the IDEA detector concept is the BIG brother of the KLOE/MEGII 
chamber:

(see Figure 2).
A system of tie-rods directs the wire tension stress to the outer endplate rim,
where a cylindrical carbon fibre support structure bearing the total load is
attached. Two thin carbon fibre domes (”gas envelope”), suitably shaped to
minimise the stress on the inner cylinder and free to deform under the gas pres-
sure without a↵ecting the wire tension, enclose the gas volume.
This assembling technique allows to manage large number of wires with con-
siderably simplified procedures and it has been successfully applied to the con-
struction of the MEG2 drift chamber.

Figure 1: Schematic representation of the separation between gas containment
and wire tension relief. In evidence the ”wire cage” and the ”gas envelope”.

Figure 2: Schematics from the MEG2 drift chamber construction to illustrate
how the chamber is built: printed circuit boards (in green), to which the wires
are soldered, are stacked radially alternating with spacers (in red), which set
the proper cell dimensions.

4

The IDEA drift chamber by numbers:
L =     400 cm
Rin =     35 cm
Rout = 200 cm
112 layers for each 15o azimuthal 
sector
56 448 squared drift cells of about 
12-13.5 mm edge
max drift time: 350 ns in 
90%He-10%iC4H10

3.1 Layer Structure

The active volume of the drift chamber is divided in 14 co-axial super-layers,
each one composed of 8 layers, at stereo angles of alternating signs, for a total of
112 layers, arranged in 24 identical azimuthal sectors. The innermost 8 layers,
constituting the first super-layer, contain N1 = 192 drift cells (8 per sector)
each. In order to maintain an approximately constant cell size, the number of
drift cells in each consecutive super-layer is incremented by 48 (2 in each sector):
Ni = 192+(i�1)⇥48, up to N14 = 816 (34 drift cells per sector), for a total of
56,448 drift cells. The width of the cell, approximately square, varies from about
12mm at the innermost layer to about 14.5mm at the outermost layer. For the
chosen gas, 90%He � 10%iC4H10, this corresponds to about 350ns maximum
drift time for the largest cell size, well below the bunch crossing spacing of 537ns
at the Higgs running mode.
The stereo angle is generated by stringing the wires between two points on the
end plates at the same radius and mutually displaced by two sectors (2↵i =
±30�, see Figure 3). Thus, the stereo angles increase linearly with the layer

Figure 3: Arrangement of a stereo wire.

radius from 20mrad to 180mrad. Because of this configuration, the cell size at
the end plates (z = ±L/2) results larger by about 3.5%, with respect to the cell
size at z = 0, maintaining, however, its aspect ratio identical to 1 at any z. Each
layer consists of three wire sub-layers: an inner and an outer cathode sub-layers
made of 40µm diameter Au coated Al field wires and a middle anode sub-layer
made of alternating sense (20µm diameter Au coated W) and field shaping
(50µm diameter Au coated Al) wires. Two consecutive layers are oriented at
opposite stereo angles. The outer cathode sub-layer of each layer lies at the
same radius as the inner cathode sub-layer of its radially adjacent layer, thus
forming a dense equipotential mesh of cathode wires (Figure 4). Its envelope in
space forms a rotational hyperboloid surface. The resulting large ratio of field
to sense wires of 5 : 1, besides assuring uniformity of response longitudinally,

5

 The stereo angle α is generated stringing 
the wire between spokes @ 2 sectors 
(30o) distance
 α ∈ [20 mrad (1.1o); 180 mrad (10.3o)], 

increasing with R
 the electrostatic stability is achieved when 

the wire tension is about 25g, for a total 
load of about 7,7 tons!

allows for thinner field wires, thus reducing the total mass of the chamber and
the tension load on the end plates.

Figure 4: Stereo layers arrangement.

3.2 Drift Cell Structure

A reasonable single electron signal at the front end (pulse height of the order of
6mV), with the configuration described in Figure 4 (sense to field wires capaci-
tance C = 8pF/m), is obtained at a gas amplification of 6⇥ 105, corresponding
to 100 fCoul charge on the sense wire, or 10 nCoul/m linear charge density, if
one assumes a charge spread of the order of 10µm. These values are compatible
with 1.25 kV sense wire positive potential with respect to the field wires. The
necessary electric field of about 200 kV/cm on the sense wire surface is reached
with a 20µm diameter sense wire. In order to avoid generating uncorrelated
noise due to positive ions amplification and to mitigate cathode ageing e↵ects,
the electric field on the surface of the field wires must be kept below 20 kV/cm.
It is, therefore, necessary that the surface of all field wires surrounding a sense
wire be, at least, ten times larger than the sense wires surface. In the described
configuration of Figure 4, with five field wires per sense wire, the resulting di-
ameter of all field wires must then be, in average, at least twice the sense wire
diameter, i.e. 40µm. In addition, since all field wires located at the same radius
as the sense wires exhibit for symmetry reasons a higher field, their diameter
need be increased to at least 50µm.

3.3 Wire Choice

Gas amplification considerations suggest the choice of 20µm for the sense wires
and 40µm and 50µm for the field wire diameters. Tungsten (W) is a good
candidate for the sense wires because of its availability, due the ease of drawing,

6

Franco Grancagnolo
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strong points of the DRIFT chamber:

 strong  but light:
• 1.6% Xo in the barrel [a few % for the TPC]
• 5% Xo in the fwd/bkwd directions  (end plates included)

 cluster counting for improved spatial resolution: it is essentially based on the well known 
method of measuring the [truncated] mean dE/dX but it replaces the measurement of an 
ANALOG information with a DIGITAL one, namely the number of ionisation clusters per 
unit length:
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• record the time of 
arrival of electrons 
generated in every 
ionisation cluster 
( ≈12cm-1)

• reconstruct the 
trajectory at the 
position most likely 
generating the 
sequence

Figure 11: Measured average impact parameter resolution of an 8mm drift tube
as a function of the He fraction in the He� iC4H10 gas mixture under cosmic
rays. The estimated multiple scattering contribution is indicated

Figure 12: Measured drift distance residue distribution in the MEG2 drift cham-
ber prototype under cosmic rays. 85%He� 15% iC4H10 gas mixture.

7.3 Transverse momentum, momentum and angular reso-
lutions

The analytical parameterisations of transverse momentum resolution and angu-
lar resolutions are the following:
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measured resolution for the MEGII 
prototype, corresponding to 
σxy  ≈ 100 μm
σz  ≈ 1000 μm
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Cluster Counting/Timing and P.I. expected performance 

analytic evaluation, 
to be checked with detailed simulations 
and test beams 

Cluster Counting/Timing and P.I. expected performance 

From the ordered sequence of  the electrons arrival times, 
considering the average time separation between clusters and their 
time spread due to diffusion, reconstruct the most probable 
sequence of  clusters drift times: ti

cl{ }       i =1,Ncl
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truncated mean cut (70-80%) reduces the amount of  collected  
information n = 112 and a 2m track  at 1 atm give  
                          � ≈ 4.3% 
Increasing P to 2 atm improves resolution by 20% (� ≈3.4%) but  
at a considerable cost of  multiple scattering contribution to  
momentum and angular resolutions. 

�cl = 12.5/cm for He/iC4H10=90/10 and a 2m track give   
                      � ≈ 2.0% 
A small increment of  iC4H10 from 10% to 20% (�cl  = 20/cm) 
improves resolution by 20% (� ≈1.6%) at only a reasonable cost of  
multiple scattering contribution to momentum and angular 
resolutions.  
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For more details see poster: Application of  the Cluster Counting and Timing techniques to improve the Drift Chamber performance 

04/10/2018 G.F. Tassielli - FCC-week 2018, Amsterdam 6/16 
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• ≈ 2%
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 Last but not least: the Calorimeters!

ECal

HCal

Contributors: 
• J.C Brient 
• Jianbei Liu 
• Roberto Ferrari 
• Sarah Eno 
• Mingyi Dong 
• Boxiang Yu 
• Gabriella Gaudio
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6

Key to PFA: High Granularity 
• Central requirement: separate showers in calorimeters 

produced by charged and neutral particles in a jet
– To avoid double or under-counting of shower energy

• A highly segmented and full-contained calorimeter system is 
the core element in realizing PFA. 
– Combined with a transparent tracking system.

• High-granular calorimeters also provide essential information 
for particle identification: electrons, hadrons, muons

• High 3-d granularity of both ECAL and 
HCAL is the key to PFA
® Granularity should be significantly smaller 

than typical shower size.

• A highly-granular HCAL plays a central 
role in realizing PFA
® Hadron showers account for 75% of a jet

✴ Particle flow paradigm: 

As long as you have an imaging detector reconstructing the 
shower development, make the best possible use of the 
reconstructed tracks, match them to the showers and 
assign the energy measurement accordingly: 

 Charge particles (65%): use the momentum [σE/E ≈ 0.1%] 

 Neutral Hadrons (10%): Hadron calorimeter [σE/E ≈ 45%] 

 Photons (25%); EM Calorimeter [σE/E ≈ 20%] 

[numbers by Sarah Eno]

Jianbei Liu
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�27Granularity does not come for free, neither in terms of complexity not cost:

2

HL e+e- colliders   - FCCee, CEPC 

Why PFA
• tag the boson through their di-jets decays (better use of the luminosity) 
• be able to use the tau decays as a polarimeter (see Weinberg angle measurement from Ae and AW at Z peak)
• be less sensitive to noise in the detector (particles have clean topological signature in calo)
• be able to use timing for particle ID (see M.Ruan presentation  at CEPC workshop dec. 2018)

Why silicon
• PFA needs small pixels size , good S/N at MIP, good linearity, stability
• be able to read the energy deposited at high frequency (40 mHz – no slow pulse like in some scintillators)
• to run at Z peak with reasonable occupancy  (very small pixels size with fast readout) 

PREAMBLE

Tungsten-
Silicon

• # people working on ECAL
• Silicon a good choice ??
Æ

opening slide by JC Brient

v 130T of Tungsten (watch the commodity market..)
v 3000 m2 of pixelated Silicon
v 250 Mpixel (well calibrated and stable…)

Today: reduced to 100 Millions….
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Information about the radiator

Information about the active device

Np.e. /MIP linearity Longitudinal 
segmentation

Timing (ps) at mip cost

Scintillator (3 mm & SiPM) 10-20 <1000 mip *** ?? (pb related to noise) **

Silicon (300Pm) 24000 No limit *** 30/(Nlayer) 1/2 *

Shashlik type *** Yes * 30 ***

X0 (cm) OI (cm) Ratio Molière Rad (cm) Mechanics cost

Fe 1.76 16.8 9.5 1.69 *** ***

Cu 1.43 15.1 10.6 1.52 *** *

W 0.35 9.6 27.4 0.93 ** *

Pb 0.56 17.1 30.5 1.00 * ***

Good ratio, small Molière radius and good mechanical behaviour  Æ Tungsten

Good S/N @mip for <1mm thickness,  timing measurement, small pixel size, ..   Æ Silicon

Why Silicon?

Why Tungsten?

5

Information about the radiator

Information about the active device

Np.e. /MIP linearity Longitudinal 
segmentation

Timing (ps) at mip cost

Scintillator (3 mm & SiPM) 10-20 <1000 mip *** ?? (pb related to noise) **

Silicon (300Pm) 24000 No limit *** 30/(Nlayer) 1/2 *

Shashlik type *** Yes * 30 ***

X0 (cm) OI (cm) Ratio Molière Rad (cm) Mechanics cost

Fe 1.76 16.8 9.5 1.69 *** ***

Cu 1.43 15.1 10.6 1.52 *** *

W 0.35 9.6 27.4 0.93 ** *

Pb 0.56 17.1 30.5 1.00 * ***

Good ratio, small Molière radius and good mechanical behaviour  Æ Tungsten

Good S/N @mip for <1mm thickness,  timing measurement, small pixel size, ..   Æ Silicon

JC. Brient



�29
Prototyping certainly advanced:

14

Carbon fiber –Tungsten structure with Alveola
to slide in the active layers.

No DEAD ZONE !!!

J.-C. Brient ( LLR)

ECAL geometry

15

20 to 30 readout layers and 
20-24 Rad. Length within thickness<25 cm

Geometry could be the one of ILD

J.-C. Brient ( LLR)

21

DIF board

Test Beam DESY July 2018

Analysis on going
J.-C. Brient ( LLR)

1.6m long , almost the full scale for the final detector 

Detector test ; long slab

On beam at DESY in 2018



�30Moving on to the Hadron Calorimeter [JIanbei Liu]: 

13

PFA HCAL Technology Options

• Absorber material
– Tungsten
– Iron

Micro-pattern 
gaseous detectors

W vs. Fe W: dense® a compact detector, expensive, 
large lI/X0 ratio®EM under-sampled, poor 
mechanical properties. 
Fe: cost-effective, rigid & self-supporting, 
moderate lI/X0 ratio, large volume.

• Active medium
– Dense: scintillator

• Analog readout
good linearity,  large cell size allowed 
® less channels.

– Thin: gaseous detectors
• Digital readout
simple readout, subjected to saturation 
® multi-threshold readout (semi-digital), 
finely segmented readout required ®
more channels.

23

Sci-AHCAL

• Rapid development of SiPM technology made a 
scintillator-based PFA calorimeter possible.

• A large-scale physics prototype was built
– scintillator tiles in varying size, WLS+SiPM, FEE not imbedded

– 38 layers, cross-section: 1´1m2, volume: 1m3, ~7.6 k channels

– tested with both tungsten and steel absorber

Analog HCAL:

24

Energy linearity and Resolution

• Software compensation improves energy resolution 
significantly while preserving linearity. 

The Sci-AHCAL concept is validated 



�31Any alternative? Dual Readout calorimetry [Roberto Ferrari & Gabriella Gaudio]

We know that:

 Calorimetry is a “fluctuation game” [leakage, sampling, e.m. fraction, invisible 
energy, noise];
 In hadron initiated showers, the main fluctuations in the 
event-to-event response are due to:
• the share between the e.m. and and hadronic 

component 
• the fluctuations in the “invisible energy”

and the e.m. component is giving a significant contribution, growing with 
energy:

an example of the improvement that can be expected in the measurement of a 
sample of 100 GeV π’s if fe.m. is NOT measured (top plot) or if fe.m. bins are singled 
out

R. Wigmans, NIM A572 (2007) 215-217

We also know that:

 if you embed in the same calorimeter a detector responding primarily to the e.m. fraction 
and detector responding to the total dE/dX, you can single out fe.m. .

This was proposed (and successfully demonstrated in a series of different implementations) 
using Cherenkov light [produced by relativistic particles and dominated by the e.m. shower 
component] and scintillation => DUAL READOUT CALORIMETRY

Hong Kong, Jan. 18, 20194Dual-Readout Calorimetry

The Math

4

S = E × [  f
em

 + (h/e)
S
 × (1 – f
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) ]
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 detector specific constants.
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 can be reconstructed:

                         E = (S - χ C) / (1 – χ)

where:

                       χ = (1 – (h/e)
S
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C
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                                = (E – S) / (E – C)

→ χ can be extracted from testbeam data
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The Math
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with (h/e)
S
 and (h/e)

C
 detector specific constants.

Solving the system, both E and f
em

 can be reconstructed:

                         E = (S - χ C) / (1 – χ)

where:

                       χ = (1 – (h/e)
S
)  / (1 – (h/e)

C
) 

                                = (E – S) / (E – C)

→ χ can be extracted from testbeam data

Two exemplary results from the DREAM/RD52 calorimeters: 
[NIM A537 (2005) 537-561 - NIM A735 (2014) 130-144 - NIM A732 (2013) 475]

• referred to the RD52 calo 
with Pb converter

• affected by lateral leakage 
and light attenuation
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So far, the idea of integrating such a 
detector concept in a 4π detector 
turned the DREAM into a nightmare

And it was so until when the Silicon 
age entered the photonics world and 
PMT were replaced by SiPM:

[sampling fraction 4.5%]

10x10 fibers

3D-sketch

Event Display

more info:
our NIM paper, 
available on the ArXiv: 
1805.03251

Hong Kong, Jan. 18, 201911Dual-Readout Calorimetry

lateral shower profile w/ SiPM

em shower are very narrow:

~10% (~50%) within ~1 (~10) mm from shower axis

→ fibre readout can easily provide (powerful) input to PFA

10 / 40 GeV e-

θ, Φ = 0°

TB Data Geant4

Test beam 2017 results:
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Hong Kong, Jan. 18, 201916Dual-Readout Calorimetry

A non exhaustive list:

1) absorber

2) longitudinal segmentation

3) alternative approaches (i.e. tiles vs. fibres)

4) front-end electronics (ASIC)

5) feature extraction

6) machine learning for jets

… more controversial issues

Hong Kong, Jan. 18, 201917Dual-Readout Calorimetry

Absorber Choice

absorber : active volume = 62 : 38

Iron Brass (Cu260) Lead

ρ (gr/cm3) 5.31 5.71 7.46

λ
N
 (cm) 23.7 23.3 24.7

χ
0
 (cm) 2.75 2.35 0.9

R
M
 (cm) 2.48 2.38 2.32

ρ × λ
N

3  (kg) 71 72 113

λ
N
 : χ

0 8.6 9.9 27.6

Lead:

(-) ~ 60% more mass

(+) a factor of ~ 3 in 
longitudinal separation of em 
and hadronic showers

Hong Kong, Jan. 18, 201920Dual-Readout Calorimetry

Impact on Performance

χ : the lower the better ...

Hadronic resolution vs. χ

em performance ~ almost unaffected 
(dominated by sampling fluctuations)

hadronic performance 
(dual-readout formula):

take care: ideal, perfect, Geant4 detector
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Hong Kong, Jan. 18, 201916Dual-Readout Calorimetry

A non exhaustive list:

1) absorber

2) longitudinal segmentation

3) alternative approaches (i.e. tiles vs. fibres)

4) front-end electronics (ASIC)

5) feature extraction

6) machine learning for jets

… more controversial issues

Hong Kong, Jan. 18, 201927Dual-Readout Calorimetry

different-length (staggered) fibres ?

(at least) 4 kind of fibres:

S-short, S-long, 
C-short, C-long

short fibres → hadronic compartment(s)
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