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Introduction
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Primary references during BRN process  : European Strategy process and Briefing Book, Future 
detector CDRs, CPAD reports 

Goals for Higgs & Energy Frontier section of BRN report:

• Describe transformative physics opportunities and 
detector requirements at future colliders

Goal of this presentation:

• Convey approach and main ideas of Energy 
Frontier section of BRN report in ~12 minutes

FCC-hh hadron collider
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100 TeV FCC-hh, proton-proton
Þ See next slides

PbPb collisions at FCC-hh:
Þ See next slides

27 TeV HE-LHC, proton-proton
Larger luminosity than HL-LHC => increased radiation 
and pile-up effects with respect to ATLAS/CMS. 
Much of the challenges will be similar to FCC-hh, though 
more modest (approx. half-way between HL-LHC and FCC-hh).

↑ Study of 5 TeV jets
• Focus on most exigent detector requirements from all scenarios
• No attempt to motivate specific collider or detector scenario

• High-level Priority Research Directions:
1. Tracking
2. Calorimetry
3. Precision timing
4. Trigger and readout

5 TeV jets in FCC-hh: Linnsen, Granada 

• Be accessible to non-experts and inspirational!
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The discovery of the Higgs particle – especially with nothing else 
accompanying it so far – is unlike anything we have seen in any 
state of nature, and is profoundly “new physics” in this sense. 
...

While we continue to scratch our heads as theorists, the most 
important path forward for experimentalists is completely clear: 
measure the hell out of these crazy phenomena! 

Nima Arkani-Hamed, 11 March 2019:

"... the path forward is completely clear ..."



2020 2030 2040 2050 2060 2070 2080 2090

Linear e+e- 250-380 GeV 0.5-1.5 TeV 1-3 TeV

Circular e+e- 90-250 GeV 1-3 TeV350 GeV

Circular pp 100 TeV

100 TeV pp
90-250 GeV

e+e-Staged e+e- ➔ pp

Simplified Collider Timeline
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• Simplified collider timeline with focus on motivating detector R&D

• Based on Ursula Bassler's timeline presented at Granada Symposium.

L = 3×1035 cm-2 s-1, 1000 PU

L = 1.4 × 1034 cm-2 s-1 

at Higgs threshold

L = 9 × 1034 cm-2 s-1 

at Higgs threshold

Collider scenarios beyond HL-LHC



�5

• Elucidate theoretical mysteries of SM : Measure properties of Higgs [and top, W, etc.]

• Elucidate extant experimental mysteries :  Produce and study dark matter [and other new phenomena]

Higgs physics with FCC-comb* (e.g.)

• 0.2-1% precision on all Higgs couplings 
Up to 10× improvement over HL-LHC!

• Measure BR (H➔inv) to 0.024%  
80× improvement over HL-LHC!  Current limit <20%

• Measure self-coupling with 5% precision
10× improvement over HL-LHC!

• Model independent Higgs total width measurement

 Dual roles for future colliders : ultimate discovery & precision measurement machines

Searching for new phenomena at 100 TeV pp

• 7× increase in mass reach beyond HL-LHC! 

• Probe new structures at
1,000,000

1
× proton radius!

HL-LHC FCC-comb*

κW [%] 0.985** 0.19

κZ [%] 0.987** 0.16

κg [%] 2 0.5

κγ [%] 1.6 0.31

κZγ [%] 10 0.7

κc [%] -- 0.96

κt [%] 3.2 0.96

κb [%] 2.5 0.48

κμ [%] 4.4 0.43

κτ [%] 1.6 0.46

BRinv <1.9% < 0.024%

BRunt <4%** <1%
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** Assume KV<1
* FCC-ee240GeV +FCC-ee365GeV + FCC-eh3.5TeV + FCC-hh100TeV 

Transformative physics goals beyond HL-LHC
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Conditions

• 1000 pile-up 5-7× HL-LHC

• Radiation : 1×1018 neutrons/cm2, 300 MGy for inner detectors 
100× HL-LHC

• Occupancy: 20 GHz/cm2 in first tracking layer  10× HL-LHC

Kinematics

• Dynamic range:  20 GeV - 20 TeV  10× HL-LHC

• Pseudorapidity coverage: |η| < 6   |η| < 3-4 at HL-LHC

• Angular resolution : 10 mrad separation between constituents 
in highly collimated jets; e.g. 10 TeV W➔hh   0.1×  HL-LHC

• Secondary vertices :  βγcτ ~ 50 cm for 5 TeV B mesons 
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Physics requirements

Anna Zaborowska

 6

Physics requirements Anna Zaborowska

Extreme conditions at 100 TeV pp collider

max



FCC-hh reference detector
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FCC-hh Reference Detector 50m long, 20m diameter
Cavern length 66m
L* of FCC 40m.

90% of ‘heavy‘ physics will take place in η<2.5.

Increase of acceptance for precision spectroscopy and calorimetry from 2.5 at LHC to 3.8-4 for SM physics.
CMS profile for reference

Greatly enhanced forward 
coverage w.r.t. HL-LHC

• Future detectors will be designed for "particle flow" reconstruction algorithms in which 
each final state particle is reconstructed from the combination of corresponding information 
from all tracking detectors and calorimeters

• requires high granularity for separating energy deposits

FCC-hh CDR Vol3



PRD #1 : Integrated precision timing
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Per particle timing resolution requirement:

• Effective pile-up  = number of vertices compatible with track (η, pT)

• CMS at HL-LHC : effective PU = 1 for 1 GeV track at η=4 with 25ps resolution.

• 100 TeV pp requires 5 ps per particle resolution for comparable performance.

Requirements for detectors:

• Multiple measurements of each charged particle 
ToA with trackers with per pixel precision 
timing.

• Multiple time measurements of neutral particle 
showers with granular calorimeters with per 
cell precision timing.

• Precise clock distribution 

FCC-hh: The Hadron Collider 967
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Fig. 7.15. (a) E↵ective pile-up for di↵erent particle momenta. (b) Examples of b-tagging
performance at very large pT .

challenging time resolutions of 5 ps per track bring these numbers down by a factor
of 5, keeping the e↵ective pile-up below 1 within the central region. A similar e↵ect
can be achieved by stretching the luminous region by a factor of 2.

The level at which this pile-up becomes a problem depends very much on the spe-
cific physics topic under study and only a detailed simulation including reconstruction
and analysis can give a definite answer to this question.

7.5.2 Calorimetry

The energy resolution of a calorimeter can be parameterised according to

�E

E
⇡

a
p

E
�

b

E
� c , (7.1)

where a is the “stochastic term” due to shower fluctuations and sampling, b the
“noise term” due to electronic noise and pile-up and c the “constant term” due to
numerous e↵ects like shower leakage, construction uniformity and cell-to-cell calibra-
tion variations. Table 7.3 shows the performance goals, granularity, radiation levels
and technologies chosen for the calorimeter system of the FCC-hh reference detector.
It has to be pointed out that the longitudinal segmentation is still preliminary and
must be optimised with detailed performance studies.

LAr calorimetry is used as reference technology for the ECAL because of its
intrinsic radiation hardness and stability as well as the successful application in the
ATLAS experiment [354]. Another technology that can cope with a 1-MeV-neq flu-
ence of 1016/cm2 is the Si/Pb or Si/W calorimetry that will be used for the endcap
calorimetry of the CMS Phase-II upgrade [355] and could be a possible choice for an
FCC-hh barrel detector. The ⌘�� granularity of the barrel ECAL (EMB) is chosen
as �⌘ ⇥�� = 0.01 ⇥ 0.009 except for �⌘ = 0.0025 in the second layer to optimise
⌘-resolution and ⇡

0 rejection. This corresponds to cells of 20 ⇥ 20 mm at rapidity
⌘ = 0, 8⇥ 8 mm at |⌘| = 2 and 6⇥ 6 mm at |⌘| = 4. This high granularity, together
with the importance of longitudinal segmentation, demands a geometry that is dif-
ferent from the “accordion” geometry employed in the barrel ECAL of the ATLAS
experiment. Figure 7.16a shows a geometry using straight inclined plates as assumed
for this study. It allows highly granular readout by use of multilayer printed circuit

FCC-hh CDR Vol3

• Extreme pile-up and occupancy must be mitigated with high-granularity tracking detectors 
and calorimeters capable of precise measurements of particle time-of-arrival (ToA).



PRD #2 : Low-mass, 4D tracking detectors
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• Excellent pT resolution over large pT range requires large, low-mass trackers

• The beam structure at an ILC-like collider allows power pulsing ➔ air cooling ➔ low mass

• Monolithic active pixel sensors provide another path low mass 

Putting all of these requirements together, transformative innovative technologies required for the next
generation of energy frontier experiments focused on precision Higgs and SM physics as well as searches for
BSM phenomena include (i) low-mass, highly-granular tracking detectors and (ii) highly-granular calorime-
ters, both with (iii) high-precision timing capabilities, and both with (iv) flexible trigger and readout systems
closely integrated with the active detector components in order to handle the huge data rates associated with
these highly granular, high dynamic range, precise detectors.

2.4.1 PRD #1: Low-mass, high-granularity, 4D tracking detectors

Particle position and momentum are typically measured with exquisite precision with silicon-based tracking
detectors that measure many points along each particle’s trajectory. At e+e� colliders, tracking detectors
will require excellent resolution on particle transverse momentum (pT) of �pT/p

2
T ⇡ 2 ⇥ 10�5 GeV�1 over

a large momentum range. Maintaining excellent pT resolution at high pT requires multilayer, large radius
detectors; excellent resolution at low pT requires very low mass trackers; linear e+e� colliders will be able to
take advantage of the low frequency of collision periods by pulsing their tracker power at frequency of a few
Hz, thereby obviating the need for active cooling and the associated mass of a cooling system. In addition, to
allow for a complete and e�cient measurement of Higgs branching fractions and rare Higgs decays, tracking
detectors will need excellent impact parameter resolution of �r� ⇡ 5

L
15 (p [GeV] sin

3
2 ✓)�1 µm.

Not only will trackers at a 100 TeV pp collider require similar pT resolution for the bulk of the pT
range, with approximately 1% pT resolution at low pT dominated by multiple scattering, but they must also
withstand the harsh environment in which particle rates will reach 10 GHz/cm2 with an average distance
between pileup collision vertices of 125 µm. – almost 50 times more closely spaced than the LHC. Such
an environment requires small cell size of approximately 25⇥ 50µm2 in inner layers (to cope with the high
occupancies) and single-hit position resolution better than < 5µm (to obtain two-track separation necessary
for reconstruction of highly collimated jets and to cope with the high pileup). In addition, the silicon tracking
sensors and electronics must maintain good performance after unprecedented exposure to radiation: 1⇥1018

1MeV-equivalent neutrons cm�2 and 300 MGy.
Finally, as described below in more detail, future 4D tracking detectors will not measure just the position

of particles, but also the time of arrival of those particles.
[FIXME: Mention MAPS]

2.4.2 PRD #2: High-granularity, 5D imaging calorimeters

In order to reconstruct substructure within highly collimated energetic jets with 10 mrad separation between
jet constituents, high granularity electromagnetic calorimeters (ECAL) will have minimum cell dimensions of
0.0025-0.01 radians (6-20 mm) depending on pseudorapidity and depth, while hadron calorimeters (HCAL)
will use cells of 0.025 radians. Future detectors must have su�ciently low jet energy resolution to distinguish
between hadronically decaying W and Z bosons, which a measurement precision of 2� 3% at 50 GeV, which
can be achieved via particle flow methods described above.

Just as the 4D tracking detectors described above will provide precise time-of-arrival (ToA) measurements
for charged particles, future calorimeters must provide ToA measurements for neutral (and charged) particles
with similar precision in order to mitigate pileup and detect long-lived particles.

[FIXME: Mention MAPS]

2.4.3 PRD #3: Integrated precision timing

As described above, the extreme linear density of pileup vertices and particle rates require precision time
measurements with high granularity to maintain reasonable detector occupancy levels and identify and reject
pileup. In addition to mitigating e↵ects of pileup and high occupancy, precise measurements of particle arrival
time allow the reconstruction and identification of new long-lived particles, which naturally occur in theories
with new particles very weakly coupled to the SM.

In just the past ten years, the technology has progressed to allow consideration of pileup identification
via the precise measurements of particle arrival times. Today, state-of-the-art timing detectors can obtain
30-40 ps resolution in medium scale systems, which is su�cient for HL-LHC pileup levels, assuming the
performance can be maintained in a large scale system. At the next super collider, e↵ective pileup rejection
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• .
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ters, both with (iii) high-precision timing capabilities, and both with (iv) flexible trigger and readout systems
closely integrated with the active detector components in order to handle the huge data rates associated with
these highly granular, high dynamic range, precise detectors.

2.4.1 PRD #1: Low-mass, high-granularity, 4D tracking detectors

Particle position and momentum are typically measured with exquisite precision with silicon-based tracking
detectors that measure many points along each particle’s trajectory. At e+e� colliders, tracking detectors
will require excellent resolution on particle transverse momentum (pT) of �pT/p

2
T ⇡ 2 ⇥ 10�5 GeV�1 over

a large momentum range. Maintaining excellent pT resolution at high pT requires multilayer, large radius
detectors; excellent resolution at low pT requires very low mass trackers; linear e+e� colliders will be able to
take advantage of the low frequency of collision periods by pulsing their tracker power at frequency of a few
Hz, thereby obviating the need for active cooling and the associated mass of a cooling system. In addition, to
allow for a complete and e�cient measurement of Higgs branching fractions and rare Higgs decays, tracking
detectors will need excellent impact parameter resolution of �r� ⇡ 5

L
15 (p [GeV] sin

3
2 ✓)�1 µm.

Not only will trackers at a 100 TeV pp collider require similar pT resolution for the bulk of the pT
range, with approximately 1% pT resolution at low pT dominated by multiple scattering, but they must also
withstand the harsh environment in which particle rates will reach 10 GHz/cm2 with an average distance
between pileup collision vertices of 125 µm. – almost 50 times more closely spaced than the LHC. Such
an environment requires small cell size of approximately 25⇥ 50µm2 in inner layers (to cope with the high
occupancies) and single-hit position resolution better than < 5µm (to obtain two-track separation necessary
for reconstruction of highly collimated jets and to cope with the high pileup). In addition, the silicon tracking
sensors and electronics must maintain good performance after unprecedented exposure to radiation: 1⇥1018

1MeV-equivalent neutrons cm�2 and 300 MGy.
Finally, as described below in more detail, future 4D tracking detectors will not measure just the position

of particles, but also the time of arrival of those particles.
[FIXME: Mention MAPS]

2.4.2 PRD #2: High-granularity, 5D imaging calorimeters

In order to reconstruct substructure within highly collimated energetic jets with 10 mrad separation between
jet constituents, high granularity electromagnetic calorimeters (ECAL) will have minimum cell dimensions of
0.0025-0.01 radians (6-20 mm) depending on pseudorapidity and depth, while hadron calorimeters (HCAL)
will use cells of 0.025 radians. Future detectors must have su�ciently low jet energy resolution to distinguish
between hadronically decaying W and Z bosons, which a measurement precision of 2� 3% at 50 GeV, which
can be achieved via particle flow methods described above.

Just as the 4D tracking detectors described above will provide precise time-of-arrival (ToA) measurements
for charged particles, future calorimeters must provide ToA measurements for neutral (and charged) particles
with similar precision in order to mitigate pileup and detect long-lived particles.

[FIXME: Mention MAPS]

2.4.3 PRD #3: Integrated precision timing

As described above, the extreme linear density of pileup vertices and particle rates require precision time
measurements with high granularity to maintain reasonable detector occupancy levels and identify and reject
pileup. In addition to mitigating e↵ects of pileup and high occupancy, precise measurements of particle arrival
time allow the reconstruction and identification of new long-lived particles, which naturally occur in theories
with new particles very weakly coupled to the SM.

In just the past ten years, the technology has progressed to allow consideration of pileup identification
via the precise measurements of particle arrival times. Today, state-of-the-art timing detectors can obtain
30-40 ps resolution in medium scale systems, which is su�cient for HL-LHC pileup levels, assuming the
performance can be maintained in a large scale system. At the next super collider, e↵ective pileup rejection
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10× better than LHC
• Resolution driven by e+e- collider requirements : 

• Additional requirements at 100 TeV pp collider:

• 4D tracking detector with 5 ps per particle resolution ➔ per pixel time resolution of ~10 ps

• small pixels (~25μm) to cope with high occupancy

• <5 μm single hit resolution to allow two-track separation in highly collimated jets.

• Radiation tolerant sensors and readout electronics

Tracker Momentum Resolution

The momentum resolution is around 20% for 
pT = 10TeV/c in the central region.

The resolution limit due to multiple scattering 
is around 0.5% in the central region. 

The material dominates the resolution up to 
pT = 250GeV/c.

In the forward region beyond η = 3.5 the 
momentum resolution deteriorates due to 
the ‘loss of lever arm’ in the solenoid field.

Using dipole magnets in the forward region 
the momentum resolution can be kept below 
1% even up to η = 6. 

The resolution curves for the solenoid field 
can be reproduced with the standard ‘pocket’ 
formulas.

FCC-hh CDR Vol3

σ/pT ~ 0.5% at low pT driven 
by multiple scattering.



EMCAL 

The Higgs mass resolution decreases from 1.3% to 2.3% 
when going from pile-up zero to pile-up 1000.

These number do however not use any tracking information 
that can reduce the pileup effect.

PRD #3 : high-granularity, 5D calorimeters

• Lepton colliders require particle flow jet energy 
resolution σE/E ~ 3.5-5%

• distinguish W/Z/H ➔ qq 

• measure Higgs total width in ee ➔ ZH

highly granular calorimetry

Linssen, Granada symposium 2019 14

To reach jet energy resolution of ~3%, most e+e- detectors choose:

Highly granular calorimetry and Particle Flow Analysis technique

• Separate individual particles in jets + use best information 

(tracker or calorimeter) for each particle

• Separate ”physics event” particles from beam-induced 

background particles (CLIC example)

• General asset for particle identification

Example: ILD detector @ ILC, proposing CALICE collab. technologies 

ECAL option ECAL option HCAL option HCAL option
Active layer silicon scint+SiPM scint+SiPM glass RPC

Absorber tungsten tungsten steel steel

Cell size (cm×cm) 0.5×0.5 0.5×4.5 3×3 1×1

# layers 30 30 48 48

Readout analog analog analog Semi-dig (2 bits)

Depth # (X0/Λint) 24 X0 24 X0 5.5 Λint 5.5 Λint

# channels [106] 100 10 8 70

Total surface 2500 2500 7000 7000

PFA calorimetry 

also adopted by:

CLIC

FCC-ee

CEPC

FCC-hh

CMS HGCal

DUNE ND

ESPPU input, ID=107

Calorimetry
The calorimeter system is ‘inspired’ by ATLAS (LAr, TileCal), with 
increased granularity and with the forward for (η > 2.5) moved to 
z=16.5m to make space for the forward tracker und to achieve 
coverage up to η = 6.

For the EMCAL Barrel, the demand for increased granularity 
motivated a deviation from the ATLAS ‘accordion’ structure to a 
geometry with inclined plates.

HCAL Barrel

LAr and Fe/Pb/Sci are used as reference technologies.
Silicon calorimetry will be extensively ‘evaluated’ in the 
CMS Phase-II upgrade.

• Underlying calo energy resolution 

• a = 10% (50%) for ECAL (HCAL)

• c = 0.7% (3%) for ECAL (HCAL)

• Granularity (Δη x Δφ):

• 100 TeV pp ECAL : 0.01 × 0.01  (2 cm2 at 2m) 

• 100 TeV pp HCAL : 0.025  × 0.025

• e+e- ECAL : 0.5 cm × 0.5 cm

• e+e- HCAL : 1-3 cm2

4× more granular than LHC

No tracking-
based PU removal 

• Per cell time measurement providing 
5 ps resolution per shower.

• Radiation tolerant sensors and readout electronics



PRD #4 : Trigger and DAQ
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Requirements:

• High data rate + high granularity = >1 Pb/s of data

• Require comprehensive trigger incorporating calorimetry, 
tracking, and timing ... or triggerless readout

• Require low latency for trigger or selection decisions 

Solution will involve
1. Initial data selection/compression/concentration on-detector with 

radiation-tolerant, low-power electronics ➔ currently ASICs
2. High-bandwidth, radiation-tolerant transmitters  ➔ currently 

VCSEL with custom ASIC driver
3. Flexible, off-detector electronics  ➔ currently FPGA + CPU

HL-LHC 100 TeV pp

σ 
[nb]

rate 
[kHz]

σ 
[nb]

rate 
[kHz]

jet 
(50 GeV) 21k 1100 300k 90k

bb 
(30 GeV) 1600 80 28k 8k

W ➔ ℓv 200 10 1300 390

Z ➔ ℓℓ 2 0.02 14 4.2

tt 1 0.05 35 11
Directions for R&D

• Improved ASIC rad tolerance and power dissipation

• Silicon photonics & high-bandwidth rad tolerant transmitters

• Flexible systems with hybrid hardware : FPGA + CPU + GPU ...

• Machine learning techniques for low-latency and high throughput

FCC-hh CDR Vol3



Summary
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• The physics opportunities beyond HL-LHC are transformative ...

• ...but future colliders place similarly transformative requirements on future detectors.

• To meet the needs, we require ambitious R&D in four areas:
1. Fully integrated precision timing
2. Low-mass, 4D tracking
3. High granularity, 5D calorimeters
4. High bandwidth, low latency trigger and DAQ



Additional material
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Beyond HL-LHC
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• Collider timeline with focus on motivating detector R&D
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FCC-hh tracker resolution
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W Reigler, March 2019

Tracker Momentum Resolution

The momentum resolution is around 20% for 
pT = 10TeV/c in the central region.

The resolution limit due to multiple scattering 
is around 0.5% in the central region. 

The material dominates the resolution up to 
pT = 250GeV/c.

In the forward region beyond η = 3.5 the 
momentum resolution deteriorates due to 
the ‘loss of lever arm’ in the solenoid field.

Using dipole magnets in the forward region 
the momentum resolution can be kept below 
1% even up to η = 6. 

The resolution curves for the solenoid field 
can be reproduced with the standard ‘pocket’ 
formulas.

Vertex Resolution

d0 and z0 resolution of  30μm 
at η = 0 for pT = 1GeV/c, limited 
by multiple scattering. 

Vertex Resolution

d0 and z0 resolution of  30μm 
at η = 0 for pT = 1GeV/c, limited 
by multiple scattering. 


