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Scope of this Talk – Disclaimer
• This talk summary 

summarizes 7 
sessions, 10.5 hours!

• Will not even try to do 
justice to all the 26 
speakers!

• Apologies for having 
to drop important 
work that has been 
done

• Please go and have a 
look at the material 
from all the parallel 
sessions!
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Why FCC-hh?
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Physics Potential of FCC-hh
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Dedicated session 
Wednesday 8:30 – 10:00. 
Please have a look!

M. Mangano



Physics Program in a Nutshell
• FCC-hh — The ultimate discovery machine

– directly probe new physics up to unprecedented scale
– discover/exclude:

• heavy resonances “strong” m(q*) ≈ 50 TeV,
• “weak” m(Z’) ≈ 30TeV,
• SUSY m(gluino) ≈ 10 TeV,
• m(stop) ≈ 5 TeV

• Precision machine
– probe Higgs self-coupling to few % level, and %-level precision 

for top yukawa and rare decays
– measure SM parameters with high precision
– exploit complementarity with e+e- by probing high dim. 

operators in extreme kinematic regimes

FCC Week 2017 Berlin — M. Aleksa (CERN)June 2, 2017 5

Very interesting studies 
of FCC-hh measurements 
presented in the session 
Thursday 10:30 – 12:00. 
Please have a look!

M. Selvaggi



Physics Program  Requirements (e.g. Higgs)
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M. Selvaggi

 The FCC-hh experiments must 
be ‘general general’ purpose 
experiments with very large η-
acceptance and extreme 
granularity (W. Riegler)

VBF jets η-distr.

 Tracking target : achieve σ / p = 10-20% @10 TeV
 Muons target: σ / p = 5% @10 TeV
 Keep calorimeter constant term as small as possible.
 Long-lived particles live longer (e.g. 5TeV B-hadron travels ~50cm before decaying)
 High granularity in tracker and calos



Di-Higgs Studies

Why is Di-Higgs interesting? 

• Study shape of Higgs potential

• Study EW phase transition 
cosmological implications

• Impact on vacuum stability

• Self-coupling sensitive to new physics

Hγγbb is the golden channel for FCC-hh

• Will derive requirements for detector 
(systematics, boosted objects)
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B. Di Micco



How to Exploit Physics Potential? 
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FCC Detector – Reference Design
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• During last year converged on 
reference design for an FCC-hh
Experiment

• Plan to demonstrate in the CDR 
document, that an experiment 
exploiting the full FCC-hh
physics potential is technically 
feasible

• However, there is a lot of room 
for other ideas, other concepts 
and different technologies 



Reference Design
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W. Riegler



Cavern Size – Opening Scenarios
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H. da Silva

70m

75m

Impressive progress with opening scenarios of reference detector
 75m cavern allows for tracker extraction
 Two shafts, 15m and 10m



Magnetic Field
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M. Mentink

New reference design with three solenoids
– 4 T in 10 m  free bore

– 60 MN net force on forward solenoids handled by axial 
tie rods

– No shielding solenoid anymore (cost! smaller shaft!)

– Forward solenoids instead of forward dipoles 
rotational symmetry important for performance physics

• Solenoids extend high precision tracking by one unit 
of η

Result:
– Much simplified 

configuration

– Stored energy: 13.8 GJ

– Lowest degree of 
complexity from a cold-
mass perspective

– But: with significant stray 
field

Everything should 
be made as 

simple as 
possible, but not 

simpler
(Quote attributed 

to Einstein)



Radiation Levels Simulation
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M.I. Besana



1 MeV Neutron Equivalent Fluence for 30ab-1
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M.I. Besana

Central tracker:
• first IB layer (2.5 cm ): ~5-6 1017 cm-2

• external part: ~5 1015 cm-2 Calorimeter gap: 
from 1016 cm-2 to 1014 cm-2

Forward calorimeters:
~5 1018 cm-2 for both the EM 
and the HAD-calo

Barrel calorimeter:
EM-calo: 4 1015 cm-2

HAD-calo: 4 1014 cm-2

End-cap calorimeter:
EM-calo: 2.5 1016 cm-2

HAD-calo: 1.5 1016 cm-2

Generally ~10-30 times worse than HL-LHC
Exception: Forward calorimeter goes to higher η bigger factor



Software
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FCC Software
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J. Lingemann
Supporting GEANT4 full and fast simulation and 
parameterized simulation (DELPHES & PAPAS)



A Common Tracking Software Project (ACTS)
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ACTS project:
• Idea: Extracting the ATLAS tracking SW to an independent tool-kit

• Framework and experiment independent
• Integration into FCC-SW ongoing, large parts finalized 

• Geometry from DD4HEP can be read in (e.g. TkLayout FCC tracker geometry)

J. Hrdinka



Detector Studies
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Tracker Studies
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• The challenge: ultimate FCC-hh: ~1000 collisions per bunch crossing at 
25ns bunch spacing scheme  distance <200µm and 0.5ps in time

• Primary vertex identification: 
– Important for many physics channels
– Important for pile-up suppression
– Important for B-tagging 
– However, σz resolution of single track suffers from beam-pipe material 

and tracker material 

• Background contamination level during track fitting:
– How many wrong background hits are included in the track fit?
– Ratio of background hits in track-fit should be kept <20% 

• Both problems improved by tilted layout
– Material reduction multiple scattering reduction

• Also investigating how much timing information would help

σz resolution of single track 

increase due 
to multiple 
scattering and 
track angle

Z. Drasal



Recent Design Optimization Work (4.v01)
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Z. Drasal

TkLayout: fast detector simulation and 
layout design tool



Good Performance with Tilted Layout
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Fraction of tracks 
correctly assigned to 
primary vertex w and 
w/o timing

pT = 1 GeV/c
pT = 5 GeV/c
pT = 10 GeV/c
pT = 100 GeV/c
pT = 1 TeV/c
pT = 10 TeV/c

σz resolution of single track 

δpT/pT ≤ 10% for
• ≤ 10 GeV/c and η ≤ 5.8
• ≤ 1 TeV/c and η ≤ 4.0
δpT/pT = 20% for 10 TeV/c and η = 0.0

Primary vertexing @ PU~1000 seems very difficult for 
η>4.0, even with timing res. ~5ps!

Z. Drasal

η=4.0 η=5.8



Tracking Performance
Many interesting 
studies!
• material studies
• beam-pipe 

radius
• tau decay vertex 

position 
efficiency

• B-hadron decay 
vertex position 
efficiency

• Flavor tagging
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E. Perez

Impact parameter 
resolution as a function of 
the beam-pipe radius 



Full Simulation Tracking Studies
• Full simulation studies with FCC SW are complementing 

studies with TKLayout, some aspects can only be studied 
with full simulation
– Needed to assess impact of pile-up on tracker performance
– Only way to check feasibility of pattern recognition
– Occupancy studies
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Material Budget non-
tilted layout (3.v02)

V. Völkl

18M hits per BC (pile-up of 
1000, 25µm x 50µm pixels)



Calorimetry

FCC Week 2017 Berlin — M. Aleksa (CERN)June 2, 2017 24

Reference Detector
Inspired by ATLAS calorimetry with 
excellent conventional calorimetry
and in addition high granularity to 
optimize for Particle Flow 
techniques, pile-up rejection, 
boosted objects’….
• ECAL, Hadronic EndCap and Forward 

Calo:
• LAr / Pb (Cu) (J. Faltova)

• HCAL Barrel and Extended Barrel:
• Scintillating tiles / Fe with 

SiPM (C. Neubüser)

Other options considered for ECAL
• Digital Si / W (T. Price)
• Analog Si / W (not yet studied, 

but will profit from CMS HGCal
TDR)



Electromagnetic Calorimeter (ECAL)
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ZOOM

Reference 
calorimeter in 
FCC SW 
(incl. tracker)

J. Faltova

• Detector with larger longitudinal and transversal 
granularity compared to ATLAS
– ~8 longitudinal layers, fine lateral granularity (Δη x Δφ = 0.01 

x 0.01), ~2M channels

• Possible only with straight multilayer electrodes
– Proposal: Inclined plates of absorber (Pb) + active material 

(LAr) + multilayer readout electrodes (PCB)

• Pros: Easy construction (compared to ATLAS accordion), 
higher precision

• Cons: Sampling fraction changes with radius: 
– Possible to achieve targetted electron/photon energy 

resolution of 10% / sqrt(E) ⨁ 1%?
– Electronics noise with PCB readout



ECAL First Performance Results
• First performance results very 

encouraging
• Very critical dependence on upstream 

material (tracker, services and cryostat)
– Dead material correction applied

• Next steps: Add electronics noise, pile-
up, geometry optimization, other 
absorber materials
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J. Faltova

without noise for 
the moment



HCAL Barrel
Reference Detector:
• ATLAS type

– Scintillator tiles – steel

• Higher granularity than 
ATLAS
– Δη x Δφ = 0.025 x 0.025
– 10 instead of 3 

longitudinal layers
– Steel –> stainless Steel 

absorber (Calos in 
magnetic field)

• SiPM readout  faster, less 
noise, less space
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How could we achieve 
compensation? 
 Higher Z material (e.g. 
Pb spacers)

C. Neubüser



ECAL & HCAL Barrel First Performance Results

• ECAL and HCAL in EM scale 
– Comparable with ATLAS results
– Calibrated pion resolution will be better
– In addition fine granularity will be exploited 

for particle flow

• Next steps: corrections/calibration, 
clustering, jet algorithms, particle flow
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C. Neubüser



Digital ECAL

Interesting digital ECAL option using CMOS MAPS

FCC Week 2017 Berlin — M. Aleksa (CERN)June 2, 2017 29

T. Prize

Generally the more active layers the better the resolution 
(speaking about 30 – 50 layers)
Absorber material: Pb and W equivalent in terms of 
resolution, but Pb lead shows better linearity (wider shower)

Number of hits per layer 
defines necessary granularity



Digital ECAL First Performance Results
• Optimal granularity: pixel pitch ~50µm
• Sensor thickness ~18µm
• With realistic geometry (1mm air gap for read-out, 

cooling, power) achieving 14% / Sqrt(E) at η = 0.
• Linearity is of concern (more than one particle per pixel)
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T. Prize

Linearity
Resolution

Energy [GeV] 500 GeV



Calorimeter Granularity Studies

• What is the required lateral 
segmentation for FCC calorimetry?
– Studies based on SLIC SW.
– Jet substructure studies for jets up 

to 20 TeV:
• Optimal HCAL size using is 5x5 cm 

(vs ~20x20 cm for ATLAS/CMS) 
– almost no improvement anymore 

for smaller cell sizes

• Corresponds well to Δη x Δφ = 0.025 
x 0.025 in reference detector.
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S. Chekanov



Muon System
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W. Riegler



Muon System
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W. Riegler

10%

3TeV/c 20TeV/c

With 50µm position resolution 
and 70µrad angular resolution 
we find (η=0):

≤10% standalone momentum 
resolution up to 3TeV/c
≤10% combined momentum 
resolution up to 20TeV/c

material assumed 
for multiple 
scattering



Trigger & DAQ
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J. BrookeScaling up from 
CMS



Common Technologies
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Common Technologies: Si Sensors
Extremely interesting 
survey over different 
kinds of Si sensors
• very fast 

development
• for tracking (Hybrid 

vs MAPS) 
• for timing (e.g. 

LGAD)
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N. Wermes

Need to make sure 
that high momentum 
in this field is 
maintained after HL-
LHC  Strategic R&D



Silicon Photonics for HEP?
• Silicon Photonics: 

– Use of silicon substrate and ASIC production techniques to pattern waveguide and optical field 
manipulating structures

– Allows the fabrication of optical modulators and high level of integration of optical circuits like 
couplers and gratings

– Promise of lower power & cost
– But still need a source of optical power (that could be located remotely)

• Is radiation resistance sufficient?
– Some work assessing this technology has started
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First attempts to improve 
radiation hardness very promising

J. Troska



Conclusions
• Great progress since last FCC Week

• New reference design with 4T solenoid (10m diameter) and forward 
solenoids

• Detector studies reach impressive level of detail
– Results from extrapolations from HL-LHC and FCC simulation (full 

simulation, fast simulation, parameterized simulation)

– No show-stoppers to build an FCC-hh detector exploiting the full physics 
potential – however, challenging environment, detailed work on detector 
design and performance important

• Getting prepared for the CDR 
– Outline exists 

– Next step: starting to write!
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Thank You for Your Attention!
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Back-Up
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Magnet – Electrical Scheme and Quench Protection
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M. Mentink



FCC-hh Detector and Experiments CDR Outline
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