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Outline 
´ The FCC-hh clearly has an enormous potential – 100 TeV c.o.m. energy, huge (+30/ab) datasets  

´ A detector at the FCC will have to operate in challenging conditions, i.e. high (~1K) pile-up  

´ Extreme granularity, excellent energy-momentum resolution beyond the LHC detectors, together 
with novel algorithms will be needed to achieve optimal object reconstruction and identification

In this talk, I will present few highlights of the physics programme stressing how they depend 
substantially on experimental conditions and crucially on detector developments
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Lot of material available – used for this talk: 
FCC Volume 1, FCC-hh, published in EPJ ST 228, 4 (2019) 755-1107 

Physics studies from older or newer documents e.g.: https://arxiv.org/pdf/1606.00947.pdf, CERN-ACC-2018 -0056.pdf, Eur. Phys. J. C 
(2019) 79:569 from M.Mangano et al. for benchmark comparisons, CERN-FCC-PHYS-2020-0004, Eur. Phys. J. C 80, 1030 (2020)
European Strategy Briefing book: https://arxiv.org/abs/1910.11775

Detector studies from ECFA Roadmap https://indico.cern.ch/e/ECFADetectorRDRoadmap 
Presentations from Phil Allport, Martin Aleksa and other published documents in http://cds.cern.ch/record/2784893/files/

Disclaimer: only a few examples given here – see also contributions at this workshop!

https://cds.cern.ch/record/2651294?ln=en
https://arxiv.org/pdf/1606.00947.pdf
https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08595-3
https://arxiv.org/abs/1910.11775
https://indico.cern.ch/e/ECFADetectorRDRoadmap
https://indico.lip.pt/event/1084/
https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf
http://cds.cern.ch/record/2784893/files/


Physics potential of FCC-hh: Higgs physics
Higgs self-coupling and nature of EWSB will remain 
unknown even after HL-LHC (which will get to a O(50%) 
precision) and FCC-ee (indirect only). 

Di-Higgs: feasibility studies employed several final states

Updates after ESPPU20 indicates an expected precision on 
the self-coupling depending on systematics assumptions: 
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [73] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp1

colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings2

at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to3

the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.4

At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross5

sections and (independently) of the decay branching ratios will be performed. Higgs couplings6

will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak7

measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of8

Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors9

will decrease by as much as two orders of magnitude at the future machines. As a consequence10

of this increased statistical precision, the requirements on the theoretical errors for EWPO [76]11

are even more stringent than for precision Higgs physics.12

To interpret these precise results significant theoretical improvements in several directions13

are required. The first is the increase of the accuracy of fixed order computations of inclusive14

quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and15

beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-16

over unknown higher order terms in the perturbative expansion. Another important element is17

the accuracy in the logarithmic resummations that are needed to account for effects of multiple18

gluon or photon radiation in a large class of observables. In this case, different techniques and19

results are available, some numerical and some analytic, of different accuracy (from next-to-20

leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-21
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Figure 13. Expected negative log-Likelihood scan as a function of the trilinear self-coupling
modifier � = �3/�

SM

3
in all channels, and their combination. The solid line corresponds to the

scenario II for systematic uncertainties. The band boundaries represent respectively scenario I and
III. The dashed line represents the sensitivity obtained including statistical uncertainties only, under
the assumptions of scenario I.
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Figure 14. Expected precision on the Higgs self-coupling as a function of the integrated luminosity.

this uncertainty is correlated across different channels when it affects the same process.
Overall normalisation uncertainties are cancelled out when a background is estimated from
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a control region. Moreover, we expect all control regions to be well-populated at the FCC-
hh. For these reasons, we assume the systematic uncertainties affecting those backgrounds
that are most likely to be estimated from well populated control regions or side bands, such
as QCD, Zbb, photon(s)+jets, and tt̄, to be negligible and we do not include them in the
fit procedure.

The combined expected negative log-Likelihood scan is shown in Fig. 13. The expected
precision for the single channels is also shown. For completeness, we introduced in the
combination also the bb̄ZZ (4`) channel, which provides a sensitivity similar to the 4b
channel. This decay channel was not re-optimized in this study and the result of the
analysis is documented in Ref [37]. The expected combined precision on the Higgs self-
coupling obtained after combining the channels bb̄��, bb̄⌧⌧ , bb̄bb̄ and bb̄ZZ (4`) can be
inferred from the intersection of black curves with the horizontal 68% and 95% CL lines.
The expected statistical precision for Scenario I, neglecting systematic uncertainties, can
be read from the dashed black line in Fig. 13, and gives �� = 3.0% at 68% CL. The
solid line corresponds to scenario II, while the boundaries of the shaded area represent
respectively the alternative scenarios I and III. From the shaded black curve one can infer
the final precision when including systematic uncertainties. Depending on the assumptions,
the expected precision for the Higgs self-coupling is �� = 3.4�7.8% at 68% CL. The signal
strength and self-coupling precision for the combination are summarized in Table 7.

The expected precision on the Higgs self-coupling as a function of the integrated lumi-
nosity is shown in Fig. 14, for the three scenarios, with and without systematic uncertainties.
With the most aggressive scenario I, a precision of �� = 10% can be reached with only
3 ab�1 of integrated luminosity, whereas approximately 20 ab�1 are required for the most
conservative scenario III. Therefore, assuming scenario I, the 10% target should therefore
be achievable during the first 5 years of FCC-hh operations, combining the datasets of two
experiments. Even including the duration of the FCC-ee phase of the project, and the tran-
sition period from FCC-ee to FCC-hh, this timescale is competitive with the time required
by the proposed future linear colliders, which to achieve this precision need to complete
their full programme at the highest beam energies.

As already discussed, the value of the self-coupling coupling can significantly alter
both the Higgs pair production cross section and the event kinematic properties. In order
to explore the sensitivity to possible BSM effects in Higgs pair production, a multivariate
BDT discriminant was optimised against the backgrounds for several values of � in the
range 0 < � < 3, in order to maximise the achievable precision for values of � 6= 1. The
BDT training has been performed only for the bb̄�� channel, which dominates the overall
sensitivity, whereas for the other channels we conservatively employ the BDT trained at
� = 1. The obtained precision as a function of � is shown in Fig. 15 8.

It can be seen that the overall precision follows the behaviour of the HH production
cross section as function of � given in Figure 2(a). The best precision, ��⇡ 2%, is reached

8
We stress once more that, as discussed in Section 2, precision projections for � 6= 1 are tied to a

scenario in which only �3 is modified, and other BSM effects on the HH cross section are assumed to be

negligible. For a recent study of the BSM modifications to kinematical distributions in presence of multiple

anomalous couplings, see Ref. [55].
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Eur. Phys. J. C 80, 1030 (2020)

More studies 
on-going and 
presented at 
this workshop

But also: differential sHiggs
measurements up to high 
pT

Higgs can probe new 
physics affecting Higgs 
dynamics up to scales of 
several TeV.

expected precision relative to 
pT Higgs > given pT min

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08595-3


Physics potential of FCC-hh: high mass new particles
Evidence for the existence of heavier particles from flavour observables or 
precision EW/Higgs measurements will require direct probes à FCC-hh is the 
only machine that can achieve that within the current technological landscape 

Increase in c.o.m energy à discovery reach @ high mass ∼ 7 times larger than 
at the (HL-) LHC

High statistics is crucial à define the needed dataset for discovery

7/2/22FCC-hh Physics potential and open questions4
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main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.

102
PREPRINT submitted to Eur. Phys. J. C

Searches for heavy resonances 
Searches for SUSY particles569 Page 14 of 23 Eur. Phys. J. C (2019) 79 :569

Fig. 10 Summary of the 95% CL limits (left) and 5σ discovery reach (right) as a function of the resonance mass for different luminosity scenarios
of FCC-hh and HE-LHC

6 Characterisation of a Z′ discovery

6.1 Context of the study

We consider in this section a scenario in which a heavy dilep-
ton resonance is observed by the end of HL-LHC run. In this
case, considering that current limits are already pushing to
quite high values the possible mass range, a collider with
higher energy in the , would be needed to study the reso-
nance properties, since too few events will be available at√
s = 14 TeV. In this section we present the discrimination

potential, among six Z ′ models, of the 27 TeV HE-LHC, with
an assumed integrated luminosity of L = 15 ab− 1. Under
the assumption that these Z ′’s decay only to SM particles,
we show that there are sufficient observables to perform this
model differentiation in most cases.

6.2 Bounds from HL-LHC

As a starting point we need to estimate what are, for
√
s =

14 TeV, the typical exclusion/discovery reaches for standard
reference Z ′ models, assuming L = 3 ab− 1 and employing
only the e+e− and µ+µ− channels. To address this and the
other questions below we will use the same set of Z ′ models
as employed in Ref. [70] and mostly in Ref. [71]. We employ
the MMHT2014 NNLO PDF set [72] throughout, with an
appropriate constant K -factor (= 1.27) to account for higher
order QCD corrections. The production cross section times
leptonic branching fraction is shown in Fig. 11 (left) for these
models at

√
s = 14 TeV in the narrow width approximation

(NWA). We assume here that these Z ′ states only decay to
SM particles.

Using the present ATLAS and CMS results at 13 TeV, [73]
and [74], it is straightforward to estimate by extrapolation the
exclusion reach at

√
s = 14 TeV using the combined ee+µµ

final states. This is given in the first column of Table 7. For
discovery, only the ee channel is used, due to the poor µµ-
pair invariant mass resolution near MZ ′ = 6 TeV. Estimates
of the 3σ evidence and 5σ discovery limits are also given
in Table 7. This naive extrapolation can be compared to the
ATLAS HL-LHC prospect analysis in Ref. [1] and is found to
be agreement. Based on these results, we will assume in our
study for the HE-LHC that we are dealing with a Z ′ of mass
6 TeV. Figure 11 (right) shows the NWA cross sections for
the same set of models, at

√
s = 27 TeV. We note that very

large statistical samples will be available, with L = 15 ab− 1,
for MZ ′ = 6 TeV and in both dilepton channels.

6.3 Definition of the discriminating variables

The various Z ′ models can be disentangled with the help of 3
inclusive observables: the production cross sections for dif-
ferent leptonic and hadronic final states, the leptonic forward-
backward asymmetry AFB and the rapidity ratio ry . The vari-
able AFB can be seen as an estimate of the charge asymmetry

AFB = AC = σ ("|y| > 0) − σ ("|y| < 0)
σ ("|y| > 0)+ σ ("|y| < 0)

, (6.1)

where "|y| = |yl | − |yl̄ |. This definition is equivalent to

AFB = σF − σB

σF + σB
, (6.2)

123

20 ab-1 as per accelerator goals, 
30 ab-1 used as target foreseeing 
(at least partial) combination of 
datasets from two experiments  



Physics potential of FCC-hh: dark matter 
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

dark matter wino/higgsino models  

´ FCC-hh will be the first collider capable of producing weakly-interacting particles with masses up to 
a few TeV, hence complementary to direct DM experiments  

´ SUSY and general WIMP DM models foresee a DM candidate with thermal relic mass in the 2-3 TeV
region (Wino, triplets under SU(2)) or in the 1-1.2 TeV region (Higgsino, doublets under SU(2))
´ both reachable exploiting disappearing track analyses  
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main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Searches for SUSY particles (EWK)

Also relevant: monojet, mono-X and soft lepton searches (e.g.
for higgsino-like semi-compressed scenarios) – see back-up



Production rates and conditions 
´ Cross sections for interesting processes increase substantially, but it comes at a price!

´ Challenge for triggering and reconstruction
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Cross-Sections for Key Processes
• Total cross-section and Minimum Bias 

Multiplicity show only a modest increase
from LHC to FCC-hh.

• The cross-sections for interesting processes, 
however, increase significantly                      
(e.g. HH x 50!)!

• Higher luminosity to increase statistics à
pileup of 140 at HL-LHC to pileup of 1000 at 
FCC-hh à challenge for triggering and 
reconstruction

• ! = 30x1034cm-2s-1: 
– 100MHz of jets pT>50GeV, 
– 400kHz of Ws, 
– 120kHz of Zs, 
– 11kHz of ttbars
– 200Hz of gg→H

ECFA Detector R&D Roadmap Input Session – M. Aleksa (CERN)February 19, 2021 7

300 kHz

3 kHz

30 Hz

30 MHz

3 GHz

Ra
te

s f
or

    
    

    
    

   
! =

 3
0 

10
34

cm
-2

s-1

almost 1000 pile-up 
10 GHz/cm2 charged particles 
Up to 1018 cm-2 1 MeV-n.eq. fluence for 30 ab-1

unprecedented 
particle flux and 
radiation levels

100 TeV FCC-hh



Kinematic coverage and geometrical acceptance
´ Processes occurring at a given Q2 = MX will be 

produced on average from collisions that are more 
asymmetric at 100 TeV compared to 14 TeV à
particles will be produced more forward

Example for ggF and VBF Higgs production   

7/2/22FCC-hh Physics potential and open questions7

1 General considerations on the acceptance

Figure 1: Kinematical coverage in the (x,MX ) plane of a
p

s = 100 TeV hadron collider (solid blue line), com-
pared with the corresponding coverage of the LHC at

p
s = 14 TeV (dot-dashed red line). The dotted

lines indicate regions of constant rapidity y at the FCC. We also indicate the relevant MX regions for
phenomenologically important processes, from low masses (Drell-Yan, low pT jets), electroweak scale
processes (Higgs, W,Z, top), and possible new high-mass particles (squarks, Z0). This figure is taken
from Ref. [18]

exploration of the high energy frontier, a detector operating at
p

s = 100 TeV must therefore be able to
detect and measure with high precision decay products in such geometrical acceptance.

1.1 Rapidity coverage

Processes occurring at a given characteristic energy scale Q2 = MX will be produced on average from
collisions that are more asymmetric at

p
s = 100 TeV compared to

p
s = 14 TeV. This effect, clearly

visible in Figure 1, is due to the fact that, for a maximally imbalanced collision, the minimum available
longitudinal momentum fraction is given by xmin =

M2
X

s . A maximally imbalanced collision corresponds
to one of the partons entering the collision parton carrying a momentum fraction xmax = 1 of the proton
momentum. In practice, due to the rapidly falling PDFs at high x, one can assume xmax ⇡ 0.5, which
gives xmin ⇡

2M2
X

s corresponding to a maximal rapidity ymax =�ln(2MXp
s ). As a result, at the FCC-hh the

decay products of the particles of interest will be produced on average more forward compared to the
LHC. For example, at

p
s = 14 TeV, a Higgs boson originating from gluon fusion can be produced up to

rapidities ymax ⇡ 4, whereas at
p

s = 100 TeV it can be produced up to ymax ⇡ 6. This effect is illustrated
in Figure 2 where the pseudo-rapidity distribution of the most forward lepton in a H ! ZZ⇤ ! 4` decay
(left) and the most forward jet in vector boson fusion Higgs (right) is shown for two different collision
energies.

This aspect of
p

s = 100 TeV collisions sets stringent requirements on the detector acceptance. In
particular, in order to maintain high efficiency for reconstructing top, Higgs, W and Z particles, which
will constitute a substantial part of the FCC-hh physics programme, the FCC-hh detector must be able
to reconstruct decay products up to very large rapidities, h ⇡ 6. Since the forward region of the detector
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Figure 2: highest lepton pseudo-rapidity for gluon-gluon fusion Higgs decaying to 4 leptons (left) and
maximum jet pseudo-rapidity for vector-boson fusion Higgs (right)

suffers from the largest levels of radiation and the worse intrinsic achievable detector performance (due
to multiple scattering and a higher relative impact of pile-up), such a requirement on the design comes
with significant challenges.

Provided that forward detectors can be operated in the extreme environment of the FCC-hh, the miss-
ing transverse energy Emiss

T performance can benefit from having a larger geometric acceptance. The
probability to reconstruct Emiss

T above some threshold in QCD events (that contain little to no generated
invisible energy) is shown in Figure 3 (left) for various assumptions on the detector h coverage. The
tails in the Emiss

T distribution result from both the intrisic resolution of the detector active element as well
as the lack of hermeticity of the detector. A large acceptance definitely benefits the Emiss

T resolution. A
reduction of the Emiss

T tails in QCD or Drell-Yan backgrounds can be highly beneficial to searches in-
volving requiring large Emiss

T in the final states. This is the case for virtually all supersymmetric (SUSY)
final states in R-parity conserving scenarios where the Emiss

T is produced by the lightest super-symmetric
particle (LSP).

Based on the above considerations, we require for the FCC-hh detector a pseudo-rapidity coverage
up to |h | = 6. Extensive details on the actual implementation of the detector geometry are discussed
in Refs. [16, 17]. More specifically, we require precise calorimetry up to |h | = 6. Given the intrinsic
limitations due to the multiple scattering in the forward region, precise tracking up to |h | = 6 forward
region will be extremely challenging. We therefore require precise tracking up to |h |= 4 for the FCC-hh
detector, as planned for the HL-LHC multipurpose experiments [19, 20], and forward spectrometry up
to |h |= 6.

1.2 Minimum momentum requirements

Higgs and SM related processes are useful benchmarks in order to define minimal detector requirements
for reconstructing and identifying low momentum objects. In particular, one of the golden Higgs decay
modes is the H!ZZ⇤ ! 4` channel. This decay channel features the presence of a very soft lepton (pT ⇡
5 GeV) originating from the off-shell Z. Another important physics case for efficiently reconstructing low
momentum leptons is electro-weakly produced SUSY. Electro-weakinos in SUSY provide compelling
weakly interacting dark matter candidates (WIMPs), the LSP. In the SUSY parameter space LSPs might
lie in so-called compressed regions, where the mass difference between the the next-to-LSP (NLSP) and
the LSP very small. This class of decay chains typically produce very soft leptons since it involves

5

highest lepton pseudo-rapidity maximum jet pseudo-rapidity 

à Set stringent requirements on detector 
acceptance

HL-LHC

FCC



A possible layout of a detector for the FCC-hh

´ Conceptual designs so far based on current detectors. In this case, 4-T main solenoid and forward solenoids 
´ As for CMS, central tracker and calorimeters placed in the bore of the main solenoid. 

´ Assume cavern length of 66 m 

7/2/22FCC-hh Physics potential and open questions8

Muon 
absorber 
disks

Main solenoid HCALECAL

Tracker
Beam Tube

Vacuum vesselRadiation shield

~ 47 m

FCC-hh CDR

Used in default DELPHES simulations

Muon chambers

Forward Solenoid
~ 9 m

https://link.springer.com/article/10.1140/epjst/e2019-900087-0


A possible layout of a detector for the FCC-hh (2)
´ Various options are explored à aim of CDR was to prove that with known  detector 

techniques the primary physics goals could be met and study potential limitations.  

7/2/22FCC-hh Physics potential and open questions9

FCC-hh: The Hadron Collider 955

Fig. 7.1. The FCC-hh reference detector with an overall length of 50m and a diameter
of 20m. A central solenoid with 10m diameter bore and two forward solenoids with 5m
diameter bores provide a 4T field for momentum spectroscopy in the entire tracking volume.
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Fig. 7.2. Longitudinal cross-section of the FCC-hh reference detector. The installation and
opening scenario for the detector requires a cavern length of 66m, which is compatible with
the baseline assumption of L⇤ = 40 m for the FCC-hh machine.

the detector are displaced from the IP along the beam axis. Two forward magnet coils
with an inner bore of 5m provide the required bending power. These forward magnets
are also solenoids with a 4 T field, essentially providing a total solenoid volume of 32 m
length for high precision momentum spectroscopy up to rapidity values of |⌘| ⇡ 4
and tracking up to |⌘ ⇡ |6. An alternative consisting of 2 dipole magnets placed in
the forward regions, with a field integral along the z-axis of about 4 Tm, similar to
the value for the ALICE and LHCb dipoles, is also studied. Although such a magnet
system shows better tracking performance in the very forward region, the fact of
losing the rotational symmetry and the requirement for a compensation system for
the hadron beam are seen as a drawback. The tracker is specified to provide better
than 20% momentum resolution for pT = 10 TeV/c for heavy Z0 type particles and
better than 0.5% momentum resolution at the multiple scattering limit at least up
to |⌘| = 3.

Figure 7.2 shows a longitudinal cross section of the detector. The tracker cavity
has a radius of 1.7m with the outermost layer at around 1.6 m from the beam in the
central and the forward regions, providing the full spectrometer arm up to |⌘| = 3.
The Electromagnetic CALorimeter (ECAL) uses a thickness of around 30 radiation

Radiation shield needed 
to cope with high fluxes 

Forward detectors up to 
eta ~ 6 (and forward 
solenoid needed)

OVERALL: Radiation levels beyond current capabilities for detector technologies
Generally ~10-30 times worse than HL-LHC BUT much bigger for fwd calo and innermost tracking layers



A global challenge: the tracking detector   
´ Forward coverage and pile-up have huge impact on the tracking system 

´ Two proposed layouts, central (|h|<2.5 ) + forward (|h| up to 6 ) 

´ Flat geometry 
´ Tilted geometry - 50% less material budget 

to be compromised with high rad deposits 
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Fig. 7.11. Tracker layout using the so called “tilted geometry” (left) and “flat geometry”
(right).

7.5.1 Tracking

The central tracker provides precision momentum spectroscopy in the region |⌘| < 2.5
and is modelled according to the Phase-II trackers of the ATLAS and CMS detectors
[344–346]. The forward tracker for |⌘| > 2.5, which uses a forward solenoid, is unusual,
but does not introduce any novel principles, except for the task of precise tracker
alignment over a very large distance. The option of a dipole in the forward region is
closely related to the spectrometers of the present ALICE and LHCb detectors.

The layout of the tracker for a “flat geometry” and a “tilted geometry” is shown
in Figure 7.11. The barrel ECAL cryostat has an inner radius of 1.7m, and the
outermost tracking layer is placed at r = 1.55 m to leave space for services. The
central tracker extends up to 5 m from the IP and the forward tracker extends up
to a distance of 16 m from the IP. The total silicon surface amounts to 430 m2 for
the flat geometry and 391 m2 for the tilted geometry. This has to be compared to
⇡250 m2 for the Phase-II trackers of ATLAS and CMS. The tilted geometry as seen
in Figure 7.14a, represents up to 50% less material budget (thickness of material
in units of radiation length X0) for the sensor modules in the critical transition
region between barrel and endcap, resulting in a significant improvement of tracking
performance. The final advantage of the tilted over the flat layout will however depend
very much on the mechanical structure and specific service routing, which is not part
of this study. The performance of the Phase-II trackers of ATLAS and CMS will give
important insight into such layouts.

The tracker granularity is determined by the specification of 20% momentum res-
olution at pT = 10 TeV/c, the requirement of <1% occupancy at the highest luminos-
ity and specific requirements on double track separation for highly boosted objects.
The innermost tracking layer is placed at a radius of 2.5 cm and the tracker assumes
sensors with binary readout: pixels of 25–33.3µm⇥ 50–400 µm inside a radius of
r < 200 mm from the beam, macro-pixels of 33.3µm⇥ 400 µm for 200 < r < 900 mm
and striplets or macro-pixels of 33.3µm⇥ 2–50 mm for 900 < r < 1600 mm. This
represents an r-� resolution of 7.5–9.5µm per detector layer. The channel count is
5.5⇥109, 10⇥109 and 0.5⇥109 in these three regions, adding up to a total of around
16 ⇥ 109 readout channels, to be compared to 6 ⇥ 109 and 2.2 ⇥ 109 readout chan-
nels for the Phase-II trackers of ATLAS and CMS. The material budget per layer,
including services, is assumed as 1.5/2/2.5% of x/X0 in these three regions, only the
innermost vertexing layers are assumed to have 1%. These numbers are supposed to
include the services, which can of course be considered optimistic.

Detector options considered so far: 
- hybrid (either macro-pixel + strip)  

solutions; 
- CMOS monolithic active pixel sensor (MAPS) 

options. 

Radiation tolerance is an issue even 
at 𝑟 > 30cm, requiring  ~1016 neq/cm2 

Survival can be achieved with HL-LHC hybrid 
pixels but needs more work.

FCC-hh Tracker
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central 
solenoid

forward 
solenoid

Tilted layout
390m2 of silicon 

Flat layout 
430m2 of silicon

forward 
solenoid

Assuming an r-phi resolution of  
7.5-9.5μm per detector layer
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 in the central region
Momentum resolution dominated by multiple scattering up to 250GeV (limit at δpT/pT = 0.5%) 
à low material tracker!! 

BUT: ~300 MGy for micro-electronics and 
integrated fluence for the sensors of ~ 1018 1 MeV 
neq/cm2 at r=2.5cm 
à no current technology can really work under 

these conditions



A global challenge: the tracking detector   
´ Forward coverage and pile-up have huge impact on the tracking system 

´ Two proposed layouts, central (|h|<2.5 ) + forward (|h| up to 6 ) 

´ Flat geometry 
´ Tilted geometry - 50% less material budget 

to be compromised with high rad deposits 
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Fig. 7.11. Tracker layout using the so called “tilted geometry” (left) and “flat geometry”
(right).

7.5.1 Tracking

The central tracker provides precision momentum spectroscopy in the region |⌘| < 2.5
and is modelled according to the Phase-II trackers of the ATLAS and CMS detectors
[344–346]. The forward tracker for |⌘| > 2.5, which uses a forward solenoid, is unusual,
but does not introduce any novel principles, except for the task of precise tracker
alignment over a very large distance. The option of a dipole in the forward region is
closely related to the spectrometers of the present ALICE and LHCb detectors.

The layout of the tracker for a “flat geometry” and a “tilted geometry” is shown
in Figure 7.11. The barrel ECAL cryostat has an inner radius of 1.7m, and the
outermost tracking layer is placed at r = 1.55 m to leave space for services. The
central tracker extends up to 5 m from the IP and the forward tracker extends up
to a distance of 16 m from the IP. The total silicon surface amounts to 430 m2 for
the flat geometry and 391 m2 for the tilted geometry. This has to be compared to
⇡250 m2 for the Phase-II trackers of ATLAS and CMS. The tilted geometry as seen
in Figure 7.14a, represents up to 50% less material budget (thickness of material
in units of radiation length X0) for the sensor modules in the critical transition
region between barrel and endcap, resulting in a significant improvement of tracking
performance. The final advantage of the tilted over the flat layout will however depend
very much on the mechanical structure and specific service routing, which is not part
of this study. The performance of the Phase-II trackers of ATLAS and CMS will give
important insight into such layouts.

The tracker granularity is determined by the specification of 20% momentum res-
olution at pT = 10 TeV/c, the requirement of <1% occupancy at the highest luminos-
ity and specific requirements on double track separation for highly boosted objects.
The innermost tracking layer is placed at a radius of 2.5 cm and the tracker assumes
sensors with binary readout: pixels of 25–33.3µm⇥ 50–400 µm inside a radius of
r < 200 mm from the beam, macro-pixels of 33.3µm⇥ 400 µm for 200 < r < 900 mm
and striplets or macro-pixels of 33.3µm⇥ 2–50 mm for 900 < r < 1600 mm. This
represents an r-� resolution of 7.5–9.5µm per detector layer. The channel count is
5.5⇥109, 10⇥109 and 0.5⇥109 in these three regions, adding up to a total of around
16 ⇥ 109 readout channels, to be compared to 6 ⇥ 109 and 2.2 ⇥ 109 readout chan-
nels for the Phase-II trackers of ATLAS and CMS. The material budget per layer,
including services, is assumed as 1.5/2/2.5% of x/X0 in these three regions, only the
innermost vertexing layers are assumed to have 1%. These numbers are supposed to
include the services, which can of course be considered optimistic.

For pile-up suppression: 4D-tracking (with <25 ps
timing via Low-Gain Avalanche Detector or other 
technologies) as opposed to just timing layers 
(such as LHC high granularity timing detectors).

R&D on new technologies needed to achieve 
<10 ps timing resolution 
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central 
solenoid

forward 
solenoid

Tilted layout
390m2 of silicon 

Flat layout 
430m2 of silicon

forward 
solenoid

Assuming an r-phi resolution of  
7.5-9.5μm per detector layer
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 in the central region
Momentum resolution dominated by multiple scattering up to 250GeV (limit at δpT/pT = 0.5%) 
à low material tracker!! 

Timing Information for Vertex Reconstruction
• Effective pile-up: number of vertices 

compatible with reconstructed tracks 
(95%CL)
– Eff. pile-up = 1: Indication for 

unambiguous primary vertex 
identification

• Example: eff. pile-up = 1 for pT = 5GeV:
– η < |2| without timing (---)
– η < |3.5| with 25ps timing accuracy (---)
– η < |4.5| with 5ps timing accuracy (---)

• à Very challenging!

ECFA Detector R&D Roadmap Input Session – M. Aleksa (CERN)February 19, 2021 18
ATLAS HL-LHC

Vertex Reconstruc?on 

Eff. pile-up = 1: Indication for unambiguous 
primary vertex identification 



A global challenge: the tracking detector   
´ Forward coverage and pile-up have huge impact on the tracking system 

´ Two proposed layouts, central (|h|<2.5 ) + forward (|h| up to 6 ) 

´ Flat geometry 
´ Tilted geometry - 50% less material budget 

to be compromised with high rad deposits 
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Fig. 7.11. Tracker layout using the so called “tilted geometry” (left) and “flat geometry”
(right).

7.5.1 Tracking

The central tracker provides precision momentum spectroscopy in the region |⌘| < 2.5
and is modelled according to the Phase-II trackers of the ATLAS and CMS detectors
[344–346]. The forward tracker for |⌘| > 2.5, which uses a forward solenoid, is unusual,
but does not introduce any novel principles, except for the task of precise tracker
alignment over a very large distance. The option of a dipole in the forward region is
closely related to the spectrometers of the present ALICE and LHCb detectors.

The layout of the tracker for a “flat geometry” and a “tilted geometry” is shown
in Figure 7.11. The barrel ECAL cryostat has an inner radius of 1.7m, and the
outermost tracking layer is placed at r = 1.55 m to leave space for services. The
central tracker extends up to 5 m from the IP and the forward tracker extends up
to a distance of 16 m from the IP. The total silicon surface amounts to 430 m2 for
the flat geometry and 391 m2 for the tilted geometry. This has to be compared to
⇡250 m2 for the Phase-II trackers of ATLAS and CMS. The tilted geometry as seen
in Figure 7.14a, represents up to 50% less material budget (thickness of material
in units of radiation length X0) for the sensor modules in the critical transition
region between barrel and endcap, resulting in a significant improvement of tracking
performance. The final advantage of the tilted over the flat layout will however depend
very much on the mechanical structure and specific service routing, which is not part
of this study. The performance of the Phase-II trackers of ATLAS and CMS will give
important insight into such layouts.

The tracker granularity is determined by the specification of 20% momentum res-
olution at pT = 10 TeV/c, the requirement of <1% occupancy at the highest luminos-
ity and specific requirements on double track separation for highly boosted objects.
The innermost tracking layer is placed at a radius of 2.5 cm and the tracker assumes
sensors with binary readout: pixels of 25–33.3µm⇥ 50–400 µm inside a radius of
r < 200 mm from the beam, macro-pixels of 33.3µm⇥ 400 µm for 200 < r < 900 mm
and striplets or macro-pixels of 33.3µm⇥ 2–50 mm for 900 < r < 1600 mm. This
represents an r-� resolution of 7.5–9.5µm per detector layer. The channel count is
5.5⇥109, 10⇥109 and 0.5⇥109 in these three regions, adding up to a total of around
16 ⇥ 109 readout channels, to be compared to 6 ⇥ 109 and 2.2 ⇥ 109 readout chan-
nels for the Phase-II trackers of ATLAS and CMS. The material budget per layer,
including services, is assumed as 1.5/2/2.5% of x/X0 in these three regions, only the
innermost vertexing layers are assumed to have 1%. These numbers are supposed to
include the services, which can of course be considered optimistic.
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central 
solenoid

forward 
solenoid

Tilted layout
390m2 of silicon 

Flat layout 
430m2 of silicon

forward 
solenoid

Assuming an r-phi resolution of  
7.5-9.5μm per detector layer
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 in the central region
Momentum resolution dominated by multiple scattering up to 250GeV (limit at δpT/pT = 0.5%) 
à low material tracker!! 

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 up to η ~ 2 

Assuming an r-phi resolution of 7.5-9.5µm per detector layer 

pT < 200 GeV à dominated by Multiple 
scattering (need low material budget) 

Tracking resolution



Relevance of tracking for DM searches
´ Disappearing track analyses relies on the 

reconstruction of short tracks from 
charged NP (in SUSY, chargino)

´ Results at HL-LHC based on strong 
reduction of fakes background

´ Assumptions on tracking capability and 
background are crucial 

´ Transverse charged track length must be 
in specific ranges to retain sensitivity 
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(Section 4.1 of arxiv:1812.07831) 

Variation of bkg by factor 5HL-LHC/HE-LHC/FCC-hh

12 < d < 30 cm
@FCC: pT track in 1-1.4 TeV range 

980 The European Physical Journal Special Topics
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Fig. 7.26. (a) Wino, hµi = 500. (b) Higgsino, hµi = 200. Expected discovery significance
at 30 ab�1 with requirements of Nhit

layer � 5 with 200 (solid) or 500 (hatched) pile-up col-
lisions and |⌘| < 1 with the default (grey) and alternative (red) layouts. The band width
corresponds to the di↵erence of the two configurations of the soft QCD processes.

The expected significance obtained with the default tracker layout from
Figure 7.11 is shown in Figure 7.26 as the grey band. The area represents an estimate
of the uncertainty obtained from di↵erent QCD models of pile-up simulation. The
impact of a layout with 5 pixels tracking layers instead of 4 is shown in red. Two
pile-up conditions, hµi = 200 and 500, have been considered to evaluate the fake-
tracks background. A significance well above 5� for the 3 TeV wino can be reached.
However, a 5� significance for the 1 TeV higgsino can only be reached using the
alternative layout with 5 pixel layers. The sensitivity could be further improved by
using the hit-timing information to suppress fake tracks or using dE/dx information
to identify the velocity of the disappearing track.

7.7 Special purpose experiments: ions

The physics opportunities of heavy ion collisions at the FCC-hh allow one to identify
some general prerequisites for the detector design. To fully exploit the opportunities
for physics with soft probes, one requires a detector with excellent charged-hadron
identification to measure low-pT pions, kaons, protons and light nuclei, their abun-
dance, spectra, flow and correlations, as well as low-pT charm and beauty mesons
and baryons. Such identification capability could be provided by measurements of
specific energy deposition in silicon trackers, time-of-flight, Čerenkov radiation, or a
combination of these. Track reconstruction capability down to low pT , ideally starting
from few hundred MeV/c, is mandatory for all these measurements. To fully exploit
the opportunities for physics with hard probes, the basic requirements should match
those for the pp programme at the FCC, namely hadronic and electromagnetic large
acceptance calorimeters with excellent energy resolution at high-pT and excellent
detection capabilities for the leptonic decay products of hard processes. For satu-
ration physics, one requires a detector with excellent forward coverage for charged
particles, photons and jets, ideally up to |⌘| ⇡ 6.

Whether the general purpose pp detectors will be able to fulfil all these require-
ments or whether a dedicated detector should be considered is subject to further
studies. The bandwidth required for pp collisions will definitely allow all PbPb colli-
sions to be read into the high level trigger for detailed inspection. The timing detectors
planned for pile-up rejection in high luminosity pp collisions can allow for significant

Band: different QCD models of pile-up simulation 
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Table 3 Global reconstruction efficiency of high pT central objects for the HE-LHC and FCC-hh detectors in Delphes

Electrons (%) Muons (%) Photons (%) b-jets τ -jets

FCC-hh 99 95 95 (1 − pT [TeV]/15)·85% (1 − pT [TeV]/30)·60%

HE-LHC 95 95 95 (1 − pT [TeV]/5)·75% (1 − pT [TeV]/5)·60%

Table 4 Mis-identification
efficiency of high pT central
heavy flavour jets for the
HE-LHC and FCC detectors in
Delphes

Light (b-tag) Charm (b-tag) QCD (τ -tag)

FCC-hh (1 − pT [TeV]/15)·1% (1 − pT [TeV]/15)·5% (8/9 − pT [TeV]/30)·1%

HE-LHC (1 − pT [TeV]/5)·1% (1 − pT [TeV]/5)·10% (1 − pT [TeV]/5)·1%

qµ = −2 ln(L(µ, ˆ̂θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the val-
ues of the parameters that maximise the likelihood function

(with the constraint 0 ≤ µ̂ ≤ µ), and ˆ̂
θµ are the values of the

nuisance parameters that maximise the likelihood function
for a given value of µ. In the absence of any significant devi-
ation from the background expectation, qµ is used in the CLs
method [60,61] to set an upper limit on the signal produc-
tion cross-section times branching ratio at the 95% CL. For
a given signal scenario, values of the production cross sec-
tion (parameterised by µ) yielding CLs < 0.05, where CLs
is computed using the asymptotic approximation [62], are
excluded at 95% CL. For a 5σ discovery, the quantity 1-CLb
must be smaller than 2.87 · 10−7 [60] and is also computed
using the asymptotic approximation.

4 Studies at 100 TeV

4.1 Leptonic final states

The decay products of heavy resonances are in the multi-
TeV regime and the capability to reconstruct their momentum
imposes stringent requirements on the detector design. In
particular, reconstructing the track curvature of multi-TeV
muons requires excellent position resolution and a large lever
arm. In this section, the expected sensitivity is presented for
a Z ′ → ℓℓ (where ℓ = e, µ) and Z ′ → ττ separately.

4.1.1 The e+e− andµ+µ− final states

Events are required to contain two isolated opposite-sign lep-
tons with pT > 1 TeV, |η| < 4 and an invariant mass mll >

2.5 TeV. Figure 2 left shows the invariant mass for a 30 TeV
Z ′

SSM signal for the µµ channel for FCC-hh. The di-electron
invariant mass spectrum is not shown, but as expected from
the calorimeter constant term that dominates the resolution at
high pT, the mass resolution is better for the ee channel. The
di-lepton invariant mass spectrum is used as the discriminant
and a 50% normalisation uncertainty on the background is
assumed (this uncertainty is extremely conservative, but does

not affect the final results, due to the negligible background
in the largest mass regions). Figure 2 (right) shows the 95%
CL exclusion limit obtained with 30 ab−1 of data combin-
ing ee and µµ channels. Figure 4 (left) shows the integrated
luminosity required to reach a 5σ discovery as a function
of the mass of the heavy resonance. The Z ′ → ee and
Z ′ → µµ channels display very similar performance due to
the low background rates. We conclude therefore that the ref-
erence detector design features near to optimal performance
for searches involving high pT muon final states. Combining
ee and µµ channels, masses up to ∼41 TeV can be excluded
or discovered. The slope of the 5σ discovery reach becomes
softer after 15 TeV because the search becomes almost free
of backgrounds, which also explains why the 5σ discovery
reach is slightly better than the respective 95% CL exclusion
limits.

4.1.2 The τ+τ− final state

At the LHC, the most sensitive channel to search for high-
mass di-τ resonances is when both τ leptons decay hadron-
ically [63]. The analysis presented in this section focuses
on this decay channel alone. The event selection requires
two jets with pT > 0.5 TeV and |η| < 2.5, both identified
as τ ’s. To ensure no overlap between the ℓ = e, µ and τ

final states, jets containing an electron or a muon with pT >

100 GeV are vetoed. The requirements of &φ(τ1, τ2) > 2
and 2.5 < &R(τ1, τ2) < 4 are applied to suppress multi-jet
backgrounds. Furthermore, mass dependent cuts are applied
to maximise the signal significance and are summarised in
Table 5. Several proxies for the true resonance mass have
been tested, such as the invariant mass of the two τ ’s, with
and without correction for the missing energy, however the
transverse mass2 provides the best sensitivity and is therefore
used to estimate the sensitivity. Figure 3 shows the di-τ trans-
verse mass (left) for a 10 TeV Z ′

SSM and the 95% CL exclu-
sion limits for 30 ab−1 of data (right). The required integrated

2 The transverse mass is defined as mT =√
2pZ ′

T ∗ Emiss
T ∗ (1 − cos&φ(Z ′, Emiss

T )).
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using as benchmarks several BSM models of s-channel res-
onance production, (ii) to define performance targets for the
detectors, and (iii) to study the power of the HE-LHC to dis-
criminate among different models of resonances that could
be just visible at HL-LHC. We confirmed the expectation that
the discovery reach scales approximately as the increase in
the beam energy: this is not a trivial finding, since the energy
measurement and the reconstruction of the multi-TeV decay
final states (dileptons or different types of dijets) is not guar-
anteed, and requires important improvements with respect to
the performance of the LHC detectors (e.g. higher calorime-
ter granularity for the reconstruction and identification of
jets, or better momentum resolution for muons). That these
improvements are potentially within the reach of foreseeable
technology, as indicated by the preliminary detector design
proposals for FCC-hh [3], indicates that the FCC-hh physics
potential can be fully exploited.

We also studied the discrimination potential of six Z ′

models at HE-LHC. The exercise was performed assuming
the evidence of an excess observed at

√
s = 14 TeV at a

mass mZ ′ ≈ 6 TeV. Overall it was found that the increased
production cross section and the corresponding statistical
increase from HL-LHC to HE-LHC are sufficient to ana-
lyze an extended set of observables, whose global behaviour
provides important information to distinguish among most
models. Further studies, using for example 3-body decay
modes or associated Z’ production (with jets or with SM
gauge bosons), could be considered to provide additional
handles characterizing the resonance properties.
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Appendix A: Discussion of the detector performance

In the calorimeters, the energy resolution at high energy is
determined by the constant term. The value of the constant
term is different for ECAL and HCAL calorimeters. It is ulti-

mately determined by the choice of the calorimeter technol-
ogy and the design. Large constant terms typically originate
from inhomogenities among different detector elements and
energy leakages due to sub-optimal shower containment. The
calorimeters of the FCC-hh detector must therefore be capa-
ble of containing EM and hadronic showers in the multi-TeV
regime in order to achieve small constant terms. Compar-
ing with the LHC experiments, we require a performance of
σE/E ≈ 0.3% and σE/E ≈ 3% for the ECAL and HCAL,
respectively. As shown in Fig. 13 (left), the effect induced
by the magnitude of the hadronic calorimeter constant term
on the expected discovery reach for heavy Z ′

SSM resonances
decaying hadronically is sizable. We note that, despite the
fraction of electromagnetic energy from π0’s large in jets,
the sensitivity is entirely driven by the hadronic calorimeter
resolution given its worse intrinsic resolution.

Muons cannot be reconstructed with calorimetric meth-
ods.4 Since the muon momentum is obtained through a fit
of the trajectory that uses as input a combination of track
and muon spectrometer hits, the muon momentum resolution
degrades with increasing momentum, as σp

p = a⊕b pwhere
a is the constant term determined by the amount of material
responsible for multiple scattering in the tracking volume.
As with jets, electrons and photons, a good muon momen-
tum resolution at multi-TeV energy is crucial for maintain-
ing a high sensitivity in searches for heavy new states that
might decay to muons. The reach for a Z ′ → µµ resonance
obtained with various assumptions on the muon resolution is
illustrated in Fig. 13 (right). The best sensitivity is achieved
with an assumed σp/p ≈ 5% at pT = 20 TeV correspond-
ing to our target for the FCC-hh detector, as opposed to
the projected CMS resolution of σp/p ≈ 40%. In order
to reconstruct and measure accurately the momentum of
pT = 20 TeV a large lever arm is needed and excellent
spatial resolution and precise alignment of the tracking plus
muon systems is also needed. The specifics of the design that
allows to reach such required performance are discussed in
Ref. [3].

New heavy states could decay to multi-TeV c and b-
quarks. FCC-hh detectors must therefore be capable of effi-
ciently identifying multi-TeV long-lived hadrons. A pT =
5 TeV b-hadron is qualitatively very different from pT =
100 GeV b-hadron. The latter decays on average within the
vertex detector acceptance and can be identified by means
of displaced vertex reconstruction. Conversely, the former
decays on average at a distance γ cτ = 50 cm, well outside
the pixel detector volume. Reconstructing such highly dis-
placed b-jets will require a paradigm shift in heavy flavour

4 Calorimetric information can however help for muon identification.
For example a 20 TeV muon deposits through radiative energy loss on
average %E = 200 GeV in 3 m of iron, corresponding to 1% of the
initial muon energy.
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using as benchmarks several BSM models of s-channel res-
onance production, (ii) to define performance targets for the
detectors, and (iii) to study the power of the HE-LHC to dis-
criminate among different models of resonances that could
be just visible at HL-LHC. We confirmed the expectation that
the discovery reach scales approximately as the increase in
the beam energy: this is not a trivial finding, since the energy
measurement and the reconstruction of the multi-TeV decay
final states (dileptons or different types of dijets) is not guar-
anteed, and requires important improvements with respect to
the performance of the LHC detectors (e.g. higher calorime-
ter granularity for the reconstruction and identification of
jets, or better momentum resolution for muons). That these
improvements are potentially within the reach of foreseeable
technology, as indicated by the preliminary detector design
proposals for FCC-hh [3], indicates that the FCC-hh physics
potential can be fully exploited.

We also studied the discrimination potential of six Z ′

models at HE-LHC. The exercise was performed assuming
the evidence of an excess observed at

√
s = 14 TeV at a

mass mZ ′ ≈ 6 TeV. Overall it was found that the increased
production cross section and the corresponding statistical
increase from HL-LHC to HE-LHC are sufficient to ana-
lyze an extended set of observables, whose global behaviour
provides important information to distinguish among most
models. Further studies, using for example 3-body decay
modes or associated Z’ production (with jets or with SM
gauge bosons), could be considered to provide additional
handles characterizing the resonance properties.
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Appendix A: Discussion of the detector performance

In the calorimeters, the energy resolution at high energy is
determined by the constant term. The value of the constant
term is different for ECAL and HCAL calorimeters. It is ulti-

mately determined by the choice of the calorimeter technol-
ogy and the design. Large constant terms typically originate
from inhomogenities among different detector elements and
energy leakages due to sub-optimal shower containment. The
calorimeters of the FCC-hh detector must therefore be capa-
ble of containing EM and hadronic showers in the multi-TeV
regime in order to achieve small constant terms. Compar-
ing with the LHC experiments, we require a performance of
σE/E ≈ 0.3% and σE/E ≈ 3% for the ECAL and HCAL,
respectively. As shown in Fig. 13 (left), the effect induced
by the magnitude of the hadronic calorimeter constant term
on the expected discovery reach for heavy Z ′

SSM resonances
decaying hadronically is sizable. We note that, despite the
fraction of electromagnetic energy from π0’s large in jets,
the sensitivity is entirely driven by the hadronic calorimeter
resolution given its worse intrinsic resolution.

Muons cannot be reconstructed with calorimetric meth-
ods.4 Since the muon momentum is obtained through a fit
of the trajectory that uses as input a combination of track
and muon spectrometer hits, the muon momentum resolution
degrades with increasing momentum, as σp

p = a⊕b pwhere
a is the constant term determined by the amount of material
responsible for multiple scattering in the tracking volume.
As with jets, electrons and photons, a good muon momen-
tum resolution at multi-TeV energy is crucial for maintain-
ing a high sensitivity in searches for heavy new states that
might decay to muons. The reach for a Z ′ → µµ resonance
obtained with various assumptions on the muon resolution is
illustrated in Fig. 13 (right). The best sensitivity is achieved
with an assumed σp/p ≈ 5% at pT = 20 TeV correspond-
ing to our target for the FCC-hh detector, as opposed to
the projected CMS resolution of σp/p ≈ 40%. In order
to reconstruct and measure accurately the momentum of
pT = 20 TeV a large lever arm is needed and excellent
spatial resolution and precise alignment of the tracking plus
muon systems is also needed. The specifics of the design that
allows to reach such required performance are discussed in
Ref. [3].

New heavy states could decay to multi-TeV c and b-
quarks. FCC-hh detectors must therefore be capable of effi-
ciently identifying multi-TeV long-lived hadrons. A pT =
5 TeV b-hadron is qualitatively very different from pT =
100 GeV b-hadron. The latter decays on average within the
vertex detector acceptance and can be identified by means
of displaced vertex reconstruction. Conversely, the former
decays on average at a distance γ cτ = 50 cm, well outside
the pixel detector volume. Reconstructing such highly dis-
placed b-jets will require a paradigm shift in heavy flavour

4 Calorimetric information can however help for muon identification.
For example a 20 TeV muon deposits through radiative energy loss on
average %E = 200 GeV in 3 m of iron, corresponding to 1% of the
initial muon energy.
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Table 7.3. Calorimeter system for the reference detector.

⌘min ⌘max a c �⌘ �� Fluence Dose Material Mix Seg.

Unit %
p

GeV % cm�2 MGy
EMB 0 1.5 10 0.7 0.01 0.009 5⇥ 1015 0.2 LAr/Pb/PCB 1/0.47/0.28 8
EMEC 1.5 2.5 10 0.7 0.01 0.009 3⇥ 1016 4 LAr/Pb/PCB 1/0.75/0.6 6
EMF 2.5 4 10 0.7 0.025 0.025 LAr/Cu/PCB 1/50/6 6

4 6 30 1 0.025 0.025 5⇥ 1018 5000 LAr/Cu/PCB 1/50/6 6
HB 0 1.26 50 3 0.025 0.025 3⇥ 1014 0.006 Sci/Pb/Fe 1/1.3/3.3 10
HEB 0.94 1.81 50 3 0.025 0.025 3⇥ 1014 0.008 Sci/Pb/Fe 1/1.3/3.3 8
HEC 1.5 2.5 60 3 0.025 0.025 2⇥ 1016 1 LAr/Cu/PCB 1/5/0.3 6
HF 2.5 4 60 3 0.05 0.05 5⇥ 1018 1000 LAr/Cu/PCB 1/200/6 6

4 6 100 10 0.05 0.05 5⇥ 1018 1000 LAr/Cu/PCB 1/200/6 6

Notes. Acceptance, performance goals (single electron for ECAL and single pion for
ECAL+HCAL), granularity, radiation levels for Lint = 30 ab�1 and technologies chosen.

Fig. 7.16. (a) LAr barrel ECAL geometry and (b) LAr endcap calorimeter geometry.

boards. The 2 mm steel plated lead absorber plates are inclined at 50� and 8 layers
are assumed in the radial direction. The LAr gap increases from 1.15mm at the inner
radius to 3.09 mm at the outer radius, which results in a variation of the sampling
fraction in radial direction. The ECAL therefore has to be calibrated separately for
each of the 8 layers.

The aluminium cryostat is 5 cm thick, representing 56% of X0 in front of EM
calorimeter at ⌘ = 0. In order to correct for the material in front of the ECAL, the
fact that there is a linear relation between the upstream energy loss and the energy
deposited in the first layer is exploited. The full simulation of single electrons shows
a stochastic term of a = 8.2%

p
GeV and a constant term of c = 0.15% at ⌘ = 0.

The contribution from electronics noise is estimated by calculating the capaci-
tances of the readout electrodes and scaling to the ATLAS numbers, which results in
values ranging from 1 to 35 MeV per cell. For a cluster of size �⌘⇥�� = 0.07⇥ 0.17
this gives a value for the noise term of b ⇡ 0.3 GeV. A significant contribution to the
noise term does however, come from the pile-up, therefore calling for an optimisation
of the cluster size (�⌘ ⇥�� = 0.03 ⇥ 0.08 was found to be optimal). A simulation
of 1000 superimposed minimum bias events yields a pile-up noise contribution of
b = 1.3�2.7 GeV in the region of 0 < |⌘| < 1.5 for the above mentioned optimised
cluster size. Figure 7.17a shows the energy resolution for electrons for three di↵erent
levels of pile-up. It is assumed that the out-of-time pile-up due to the electron drift
in the liquid argon gaps can been corrected by use of the full event history. The

LAr technology envisaged for ECAL
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Impact of jets, e/g, µ, t at high pT: resonances  
´ For searches for heavy resonance, good reconstruction efficiency for high pT

objects is fundamental

´ Dilepton (ee, µµ) resonance searches:
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becomes almost BG free
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• Assume 95% efficiency for reco
• Muon and tracking assumptions 

used for DELPHES:

If muon resolution is degraded to 40%
(straightforward projections of current 
CMS), 2-3 TeV difference in reach  
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Table 1 Tracking-related parameters for the FCC-hh and HE-LHC
detectors in Delphes

FCC-hh HE-LHC

Bz (T ) 4 4

Length (m) 10 6

Radius (m) 1.5 1.1

ϵ 0.95 0.95

σ (η,φ)(mrad) 1 3

σ (pT)/pT (tracks) 0.02 · pT (TeV/c) 0.1 · pT (TeV/c)

σ (pT)/pT = 5% (muons) pT = 15 TeV pT = 2 TeV

The radius of the FCC-hh inner tracking detector is 3/2
that of the HE-LHC detector with a similar magnetic field
of 4 T. The spatial resolution σrφ is 3 times smaller than
at HE-LHC, which is possible thanks to a more granular
pixel detector [49]. These specifications of the FCC-hh detec-
tor would allow measurements of pT = 1 TeV charged
hadrons with a precision of σ (pT)/pT ≃ 2%, compared to
σ (pT)/pT ≃ 10% for the HE-LHC detector.

Central and isolated high momentum charged hadron
tracks are assumed to be reconstructed with an efficiency
ϵ = 95%. However, charged particles confined inside a
highly boosted jet can be extremely collimated, resulting in
unresolvable tracker hits, especially in the innermost tracking
layers. Although an accurate description of this feature would
require a full event reconstruction by means of a GEANT4-
based simulation [50–52], a specific Delphes module aim-
ing at reproducing this effect has been designed. When-
ever two or more tracks fall within an angular separation
σ (η,φ), only the highest momentum track is reconstructed.
This effect can result in an additional inefficiency to that
shown in Table 1, and can affect the ability to reconstruct
tracks in the core of highly boosted jets, as shown in Fig. 1
(left).

Muons are also reconstructed using tracking. However, an
additional stand-alone muon measurement is provided by the

angular difference between track angle in the muon system
and the radial line connection to the beam axis, giving a large
improvement on the resolution at high pT [3]. Assuming a 2
times better position resolution of the muon system for the
FCC-hh detector, a combined muon momentum resolution
of σ (pT)/pT ≃ 5% can be achieved for momenta as high as
pT = 15 TeV, as opposed to pT = 2 TeV for the HE-LHC
detector.

3.2.2 Calorimetry and particle-flow

After propagating within the magnetic field, long-lived
particles reach the electromagnetic (ECAL) and hadronic
(HCAL) calorimeters. Since these are modeled in Delphes
by two-dimensional grids of variable spacing, the calorime-
ter deposits natively include finite angular resolution effects.
Separate grids for ECAL and HCAL have been designed for
both the FCC-hh and the HE-LHC detectors in order to accu-
rately model the angular resolution on reconstructed jets. The
FCC-hh detector features an improved angular resolution by
a factor 2 in the ECAL and a factor 4 in the HCAL com-
pared to the HE-LHC detector. The energy resolution of the
calorimeters is assumed to be the same for both detectors and
the calorimeter parameters are summarised in Table 2.

In Delphes the information provided by the tracker and
calorimeters is combined within the particle-flow algorithm
for an optimal event reconstruction. If the momentum res-
olution of the tracking system is better than the energy
resolution of calorimeters (typically for momenta below
some threshold) the charged particles momenta are mea-
sured mainly through tracking. Vice-versa at high energy,
calorimeters provide a better momentum measurement. The
particle-flow algorithm exploits this complementarity to pro-
vide the best possible single charged particle measurement
– the particle-flow tracks; these contain electron, muons
and charged hadrons. Jet collections are then formed using
several different input objects such as tracks (Track-jets),
calorimeter (Calo-jets) and particle-flow candidates (PF-

Fig. 1 Left: track
reconstruction efficiency inside
highly boosted QCD jets as
function of the angular distance
%R between the track and the
center of the jet for different
assumptions on the tracker
spatial resolution. Right:
reconstructed “soft-dropped” jet
mass of highly boosted top and
QCD jets with various sets of
input to the jet clustering
algorithm: tracks only,
calorimeters towers only and
particle-flow candidates
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Calorimetry: ECAL and HCAL  
´ Issues include unprecedented doses, massive size and huge 

particle flux

´ Optimized for particle flow: high longitudinal and 
transversal granularity crucial 
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3 Object reconstruction and identification performance

transverse granularity (h ⇥ f ) # layers resolution

tracker 0.001 12 0.5% �( pT
[TeV] )⇤1%

ECAL 0.01 8 10%p
E
�0.3%

HCAL 0.025 10 50%p
E
�3%

Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Pile-up might degrade performance considerably 
à ̀Efficient in-time pile-up suppression will be crucial 
(using the tracker and timing information) 

https://arxiv.org/abs/1912.09962

LAr ECAL, Pb absorbers (but several op;ons considered) 

Barrel ECAL – Other Options
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Resolution Linearity

Other options considered for ECAL Barrel: 
– Digital Si/W DECal (MAPS): 

• 18μm epitaxial thickness, on a substrate of 
300μm.       

• 50×50 μm2 pitch pixels are summed into 5×5 mm2

• 2.1 mm thick tungsten absorber is located directly 
after the two silicon layers, followed by a 3 mm air 
gap (space foreseen for services, cooling,…)

• Threshold at 6σnoise = 480e–

• MIP signal in 18µm Si: 1400e–

• Non-linearity for E > 300GeV due to multiple 
particles traversing single pixel à corrections 
necessary

– Option: Analog Si/W: Will profit from experience 
of CMS HGCal
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Electromagnetic Calorimeter (ECAL)
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ZOOM

Precision on Higgs 
self coupling ": 
δ"/" ≈7% 

• CDR Reference Detector: Performance & radiation considerations à LAr ECAL, Pb absorbers 
– Options: LKr as active material, absorbers: W, Cu (for endcap HCAL and forward calorimeter)

• Optimized for particle flow: larger longitudinal and transversal granularity compared to ATLAS
– 8-10 longitudinal layers, fine lateral granularity (Δη x Δφ = 0.01 x 0.01, first layer Δη=0.0025), 
– à ~2.5M read-out channels 

• Possible only with straight multilayer electrodes
– Inclined plates of absorber (Pb) + active material (LAr) + multilayer readout electrodes (PCB)
– Baseline: warm electronics sitting outside the cryostat (radiation, maintainability, upgradeability), 

• Radiation hard cold electronics could be an alternative option
• Required energy resolution achieved 

– Sampling term ≤ 10%/√Ē, only ≈300 MeV electronics noise despite multilayer electrodes
– Impact of in-time pile-up at <µ> = 1000 of ≈ 1.3GeV pile-up noise (no in-time pile-up suppression)
– àEfficient in-time pile-up suppression will be crucial (using the tracker and timing information)
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Calorimetry: ECAL and HCAL  
´ Issues include unprecedented doses, massive size and huge 

particle flux

´ Optimized for particle flow: high longitudinal and 
transversal granularity crucial 
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3 Object reconstruction and identification performance

transverse granularity (h ⇥ f ) # layers resolution

tracker 0.001 12 0.5% �( pT
[TeV] )⇤1%

ECAL 0.01 8 10%p
E
�0.3%

HCAL 0.025 10 50%p
E
�3%

Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Barrel HCAL: 
• ATLAS type TileCal optimized for 
particle flow with higher granularity 
• combined pion resolution can be
improved with NN calibration 
Endcap and Forward HCAL:
• Radiation hardness major challenge

Hadronic Calorimeter (HCAL)
Barrel HCAL:
• ATLAS type TileCal optimized for particle flow

– Scintillator tiles – steel, 
– Read-out via wavelength shifting fibres and SiPMs

• Higher granularity than ATLAS
– Δη x Δφ = 0.025 x 0.025
– 10 instead of 3 longitudinal layers
– Steel –> stainless Steel absorber (Calorimeters 

inside magnetic field)
• SiPM readout à faster, less noise, less space
• Total of 0.3M channels
Combined pion resolution (w/o tracker!): 
• Simple calibration: 44%/√Ē to  48%/√Ē
• Calibration using neural network (calo only):

– Sampling term of 37%/√Ē
Jet resolution:
• Jet reconstruction impossible without the 

tracker @ 4T à particle flow.

Endcap HCAL and forward calorimeter:
• Radiation hardness!
• LAr/Cu, LAr/W
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TileCal: e/h ratio very close to 1 à achieved using 
steel absorbers and lead spacers (high Z material)
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Figure 16: The cross section view of the forward calorimeter. EMF indicates the electro-
magnetic calorimeter, HF - the hadronic part. They differ in terms of the thickness of the
absorber.
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Figure 17: Schematic of one module of the hadronic barrel Tile calorimeter. The optical
components (the two scintillating tiles per layer, wavelengh shifting fiber and the SiPM) are
shown. The tubes designed for a movable radiation source (for details about the calibration
system see Sec. 2.3.4) are also sketched.

granularity long. layers HB (HEB) h�i [cm] #� (⌘ = 0)
default: �⌘ = 0.025, �� = 0.025 10 (8) 21.68 8.3full: �⌘ < 0.006, �� = 0.025

Table 4: Summary of Tile calorimeter specifications: granularity, longitudinal layers in barrel
(HB) and extended barrel (HEB), and nuclear interaction length.
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Tile Barrel HCAL
Forward CAL (E+H)

https://arxiv.org/abs/1912.09962


Di-higgs: impact of e/g resolutions 
´ For di-higgs studies but also rare decay processes (e.g. Zg), maximizing the performance requires 

minimizing the impact of multiple-scattering – i.e. minimizing material budget 

´ For the HH → bb ̄γγ decay mode, excellent energy photon resolution is needed in the E = 50 − 100 GeV 
energy range à stringent requirements for ECAL (stochastic ~ 10%, and noise term < 1.5 GeV with pile-up) 

7/2/22FCC-hh Physics potential and open questions17

Should achieve 1% gg

Pile-up could degrade 
this considerably

3 Object reconstruction and identification performance

transverse granularity (h ⇥ f ) # layers resolution

tracker 0.001 12 0.5% �( pT
[TeV] )⇤1%

ECAL 0.01 8 10%p
E
�0.3%

HCAL 0.025 10 50%p
E
�3%

Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Fig. 7.17. (a) ECAL energy resolution for di↵erent levels of pile-up at |⌘| = 0. The no
pile-up configuration uses a cluster size of �⌘⇥��=0.07 ⇥ 0.17 while with pile-up the
optimised cluster size is �⌘⇥��=0.03 ⇥ 0.08. (b) E↵ect of pile-up on the Higgs invariant
mass distribution by selecting two photons with p�

T > 30GeV.

remaining in-time pile-up represents a noise contribution that is independent of the
chosen calorimeter technology. The e↵ect of pile-up on the invariant mass peak of the
Higgs is shown in Figure 7.17b. To what extent this pile-up noise can be mitigated by
estimating the pile-up energy in a cell using tracker information must still be studied.

The endcap ECAL (EMEC) shown in Figure 7.16b assumes 1.5 mm steel plated
lead plates with 0.5 mm LAr gaps. The forward ECAL (EMF) uses same geometry
layout with 0.1 mm LAr gaps and 1 cm copper plates. A full simulation of the single
electron resolution in the endcap ECAL at |⌘| = 2 gives a = 7.6%

p
GeV, very similar

to the number for ⌘ = 0.
The barrel HCAL is divided into three sections, a central barrel (HB) and two

extended barrels (HEB) allowing for a pseudorapidity coverage of up to |⌘| = 1.81.
The radiation levels of <8 kGy allow the use of an organic scintillating tile based
calorimeter (TileCal). This calorimeter, shown in Figure 7.18a, uses tile scintillators
oriented perpendicular to the beam axis, which are read out by wavelength shift-
ing (WLS) fibres, similar to the technology employed in ATLAS. These WLS fibres
are then read out by silicon photomultipliers (SiPM). The ⌘�� granularity of the
Tile HCAL is chosen as �⌘ ⇥ �� = 0.025 ⇥ 0.025 with 10 longitudinal layers for
the barrel and 8 layers for the extended barrel, as summarised in Table 7.3. This
corresponds to cells of 72mm ⇥ 72 mm ⇥ 100 mm in ⌘ � � � r in the first layer at
⌘ = 0. The SiPM readout allows for an even finer ⌘ granularity, if needed, since the
distance between two adjacent tiles is only 18 mm. The performance for a mix of
scintillator/steel 1/4.7, as used in ATLAS, has been studied in detailed standalone
simulations [356] and provides a stochastic term of a = 43%

p
GeV and a constant

term of c = 4% for an e↵ective calorimeter depth of 9�. The proposed mix of scintil-
lator/lead/steel 1/1.3/3.3 provides an improved resolution, with a similar sampling
term, but significantly smaller constant term despite the decreased e↵ective depth to
8.6 � (dimensions in cm kept constant). This is due to an e/h ratio closer to unity
which also improves the linearity.

The single pion resolution for the combined barrel EMB + HB system using a
simple hadronic calibration, which corrects for the di↵erent e/h ratios of the EMB
and HB (benchmark method [357]), is shown in Figure 7.18b for a pseudorapidity

parameterisation scenario I scenario II scenario III
b-jet ID eff. 82-65% 80-63% 78-60%
b-jet c mistag 15-3% 15-3% 15-3%
b-jet l mistag 1-0.1% 1-0.1% 1-0.1%
⌧ -jet ID eff 80-70% 78-67% 75-65%
⌧ -jet mistag (jet) 2-1% 2-1% 2-1%
⌧ -jet mistag (ele) 0.1-0.04% 0.1-0.04% 0.1-0.04%
� ID eff. 90 90 90
jet ! � eff. 0.1 0.2 0.4
m�� resolution [GeV] 1.2 1.8 2.9
mbb resolution [GeV] 10 15 20

Table 2. Performance of physics objects for the various scenarios. Objects efficiencies and mistag
rates are given for a representative pT ⇡ 50 GeV. For b and ⌧ -tagging (and their respective mistag
rates) numbers for two different working points are given (Medium and Tight).

of the physics potential of FCC-hh for the channels considered here. In particular, for
each uncertainty source, we defined three possible scenarios, following the general principle
introduced in Section 4.2. We note that the intermediate assumptions are almost equivalent
to those made for HL-LHC projections [3, 4].

Uncertainty source scenario I scenario II scenario III Processes
b-jet ID eff. /b-jet 0.5% 1% 2% single H, HH, ZZ
⌧ -jet ID eff. /⌧ 1% 2.5% 5% single H, HH, ZZ
� ID eff. /� 0.5% 1% 2% single H, HH
` = e-µ ID efficiency 0.5% 1% 2% single H, HH, ZZ
luminosity 0.5% 1% 2% single H, HH, ZZ
theoretical cross section 0.5% 1% 1.5% single H, HH, ZZ

Table 3. Summary of the sources of systematic uncertainties in the 3 scenarios. The last column
indicates the processes that are affected by the corresponding source of uncertainty. For each given
object (b-jet, ⌧ -jet, �, lepton), the quoted uncertainty on reconstruction and identification efficiency
is applied as many times as the object appears in the final-state.

A detailed list of the systematic uncertainties considered is presented in Table 3 for all
the channels, together with the processes affected by each uncertainty. The numbers in the
table refer to the individual contributions to the overall yield uncertainty. In particular, we
consider uncertainties on:

• theoretical cross-section, affecting the single-Higgs and ZZ backgrounds. Due
to their moderate yields we assume these backgrounds to be estimated from Monte
Carlo at the FCC-hh. We also assume these two processes to be well known and well
reproduced by Monte Carlo simulations at the FCC-hh, with an overall uncertainty
varied between 0.5% and 1.5% depending on the scenario. Furthermore, we include
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Figure 7. Expected negative log-Likelihood scan as a function the signal strenth µ = �/�SM

(a) and trilinear self-coupling modifier � = �3/�
SM

3
(b) in the bb̄�� channel. The various lines

correspond to the different systematic uncertainty assumptions summarized in Table 3. The black
dashed line shows the likelihood profile when only the statistical uncertainty is included under
scenario I.

@68% CL scenario I scenario II scenario III

�µ
stat only
stat + syst
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Table 4. Expected precision at 68% CL on the di-Higgs production signal strength and Higgs
self coupling using the bb̄�� channel at the FCC-hh with Lint = 30 ab�1. The symmetrized value
� = (�+ + �

�)/2 is given in %.

mainly two channels here: the fully hadronic final state bb̄⌧h⌧h, and the semi-leptonic one,
bb̄⌧h⌧`(` = e, µ).

As spelled out in Section 3.2, several processes act as background for the bb̄⌧⌧ final
state. The largest background contributions are QCD and tt̄. QCD is a background mainly
for the bb̄⌧h⌧h decay channel. However, the absence of prompt missing energy in QCD
events makes this background reducible. We have verified that it can be suppressed entirely
and therefore has been safely neglected here. Moreover, analyses using CMS data [106] show
that QCD is overall a subdominant background at the LHC, and negligible in the signal re-
gion. As a result recent CMS Phase II projections neglect this background altogether [105].
In order of decreasing magnitude, the largest backgrounds are Z/�⇤+jets single Higgs, ttV
and ttVV, where V=W,Z.

6.2.1 Event selection

Events are required to contain at least two b-jets with pT(b) > 30 GeV and |⌘(b)| < 3.0.
We require at least, and not exactly, two bjets in order not to suppress the tt̄HH signal
contribution. For the bb̄⌧h⌧` final state the presence is required of exactly one isolated
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𝜹𝜿𝝀=3.8-10% depending 
on assumptions for 
systematics and resolution

Scenario I – target detector 
performance

Scenario III – pessimistic detector 
performance, assuming extrapolated 
HL-LHC performance using present-
day algorithms 
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Table 3. Summary of the sources of systematic uncertainties in the 3 scenarios. The last column
indicates the processes that are affected by the corresponding source of uncertainty. For each given
object (b-jet, ⌧ -jet, �, lepton), the quoted uncertainty on reconstruction and identification efficiency
is applied as many times as the object appears in the final-state.

A detailed list of the systematic uncertainties considered is presented in Table 3 for all
the channels, together with the processes affected by each uncertainty. The numbers in the
table refer to the individual contributions to the overall yield uncertainty. In particular, we
consider uncertainties on:

• theoretical cross-section, affecting the single-Higgs and ZZ backgrounds. Due
to their moderate yields we assume these backgrounds to be estimated from Monte
Carlo at the FCC-hh. We also assume these two processes to be well known and well
reproduced by Monte Carlo simulations at the FCC-hh, with an overall uncertainty
varied between 0.5% and 1.5% depending on the scenario. Furthermore, we include
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Searches for NP: high pT jets and boosted objects
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Effects of design on projections 
´ Efficiency assumptions for these studies 

11/9/20FCC-hh experimental challenges13
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Table 3 Global reconstruction efficiency of high pT central objects for the HE-LHC and FCC-hh detectors in Delphes

Electrons (%) Muons (%) Photons (%) b-jets τ -jets

FCC-hh 99 95 95 (1 − pT [TeV]/15)·85% (1 − pT [TeV]/30)·60%

HE-LHC 95 95 95 (1 − pT [TeV]/5)·75% (1 − pT [TeV]/5)·60%

Table 4 Mis-identification
efficiency of high pT central
heavy flavour jets for the
HE-LHC and FCC detectors in
Delphes

Light (b-tag) Charm (b-tag) QCD (τ -tag)

FCC-hh (1 − pT [TeV]/15)·1% (1 − pT [TeV]/15)·5% (8/9 − pT [TeV]/30)·1%

HE-LHC (1 − pT [TeV]/5)·1% (1 − pT [TeV]/5)·10% (1 − pT [TeV]/5)·1%

qµ = −2 ln(L(µ, ˆ̂θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the val-
ues of the parameters that maximise the likelihood function

(with the constraint 0 ≤ µ̂ ≤ µ), and ˆ̂
θµ are the values of the

nuisance parameters that maximise the likelihood function
for a given value of µ. In the absence of any significant devi-
ation from the background expectation, qµ is used in the CLs
method [60,61] to set an upper limit on the signal produc-
tion cross-section times branching ratio at the 95% CL. For
a given signal scenario, values of the production cross sec-
tion (parameterised by µ) yielding CLs < 0.05, where CLs
is computed using the asymptotic approximation [62], are
excluded at 95% CL. For a 5σ discovery, the quantity 1-CLb
must be smaller than 2.87 · 10−7 [60] and is also computed
using the asymptotic approximation.

4 Studies at 100 TeV

4.1 Leptonic final states

The decay products of heavy resonances are in the multi-
TeV regime and the capability to reconstruct their momentum
imposes stringent requirements on the detector design. In
particular, reconstructing the track curvature of multi-TeV
muons requires excellent position resolution and a large lever
arm. In this section, the expected sensitivity is presented for
a Z ′ → ℓℓ (where ℓ = e, µ) and Z ′ → ττ separately.

4.1.1 The e+e− andµ+µ− final states

Events are required to contain two isolated opposite-sign lep-
tons with pT > 1 TeV, |η| < 4 and an invariant mass mll >

2.5 TeV. Figure 2 left shows the invariant mass for a 30 TeV
Z ′

SSM signal for the µµ channel for FCC-hh. The di-electron
invariant mass spectrum is not shown, but as expected from
the calorimeter constant term that dominates the resolution at
high pT, the mass resolution is better for the ee channel. The
di-lepton invariant mass spectrum is used as the discriminant
and a 50% normalisation uncertainty on the background is
assumed (this uncertainty is extremely conservative, but does

not affect the final results, due to the negligible background
in the largest mass regions). Figure 2 (right) shows the 95%
CL exclusion limit obtained with 30 ab−1 of data combin-
ing ee and µµ channels. Figure 4 (left) shows the integrated
luminosity required to reach a 5σ discovery as a function
of the mass of the heavy resonance. The Z ′ → ee and
Z ′ → µµ channels display very similar performance due to
the low background rates. We conclude therefore that the ref-
erence detector design features near to optimal performance
for searches involving high pT muon final states. Combining
ee and µµ channels, masses up to ∼41 TeV can be excluded
or discovered. The slope of the 5σ discovery reach becomes
softer after 15 TeV because the search becomes almost free
of backgrounds, which also explains why the 5σ discovery
reach is slightly better than the respective 95% CL exclusion
limits.

4.1.2 The τ+τ− final state

At the LHC, the most sensitive channel to search for high-
mass di-τ resonances is when both τ leptons decay hadron-
ically [63]. The analysis presented in this section focuses
on this decay channel alone. The event selection requires
two jets with pT > 0.5 TeV and |η| < 2.5, both identified
as τ ’s. To ensure no overlap between the ℓ = e, µ and τ

final states, jets containing an electron or a muon with pT >

100 GeV are vetoed. The requirements of &φ(τ1, τ2) > 2
and 2.5 < &R(τ1, τ2) < 4 are applied to suppress multi-jet
backgrounds. Furthermore, mass dependent cuts are applied
to maximise the signal significance and are summarised in
Table 5. Several proxies for the true resonance mass have
been tested, such as the invariant mass of the two τ ’s, with
and without correction for the missing energy, however the
transverse mass2 provides the best sensitivity and is therefore
used to estimate the sensitivity. Figure 3 shows the di-τ trans-
verse mass (left) for a 10 TeV Z ′

SSM and the 95% CL exclu-
sion limits for 30 ab−1 of data (right). The required integrated

2 The transverse mass is defined as mT =√
2pZ ′

T ∗ Emiss
T ∗ (1 − cos&φ(Z ′, Emiss

T )).
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b-tagging effect: scenarios 1, 2 and 3 correspond to 
change in the slope by a factor 25%, 33% and 50%
Nominal:
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Calorimeter resolution: Muon resolution: b-tagging efficiency:

σp/p ≈ 5% (CMS~40%) at pT = 20 TeV

Different assumption on calorimeter 
resolution and muon resolution have a 
huge impact on the discovery reach 
as expected. Best assumptions:
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using as benchmarks several BSM models of s-channel res-
onance production, (ii) to define performance targets for the
detectors, and (iii) to study the power of the HE-LHC to dis-
criminate among different models of resonances that could
be just visible at HL-LHC. We confirmed the expectation that
the discovery reach scales approximately as the increase in
the beam energy: this is not a trivial finding, since the energy
measurement and the reconstruction of the multi-TeV decay
final states (dileptons or different types of dijets) is not guar-
anteed, and requires important improvements with respect to
the performance of the LHC detectors (e.g. higher calorime-
ter granularity for the reconstruction and identification of
jets, or better momentum resolution for muons). That these
improvements are potentially within the reach of foreseeable
technology, as indicated by the preliminary detector design
proposals for FCC-hh [3], indicates that the FCC-hh physics
potential can be fully exploited.

We also studied the discrimination potential of six Z ′

models at HE-LHC. The exercise was performed assuming
the evidence of an excess observed at

√
s = 14 TeV at a

mass mZ ′ ≈ 6 TeV. Overall it was found that the increased
production cross section and the corresponding statistical
increase from HL-LHC to HE-LHC are sufficient to ana-
lyze an extended set of observables, whose global behaviour
provides important information to distinguish among most
models. Further studies, using for example 3-body decay
modes or associated Z’ production (with jets or with SM
gauge bosons), could be considered to provide additional
handles characterizing the resonance properties.
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Appendix A: Discussion of the detector performance

In the calorimeters, the energy resolution at high energy is
determined by the constant term. The value of the constant
term is different for ECAL and HCAL calorimeters. It is ulti-

mately determined by the choice of the calorimeter technol-
ogy and the design. Large constant terms typically originate
from inhomogenities among different detector elements and
energy leakages due to sub-optimal shower containment. The
calorimeters of the FCC-hh detector must therefore be capa-
ble of containing EM and hadronic showers in the multi-TeV
regime in order to achieve small constant terms. Compar-
ing with the LHC experiments, we require a performance of
σE/E ≈ 0.3% and σE/E ≈ 3% for the ECAL and HCAL,
respectively. As shown in Fig. 13 (left), the effect induced
by the magnitude of the hadronic calorimeter constant term
on the expected discovery reach for heavy Z ′

SSM resonances
decaying hadronically is sizable. We note that, despite the
fraction of electromagnetic energy from π0’s large in jets,
the sensitivity is entirely driven by the hadronic calorimeter
resolution given its worse intrinsic resolution.

Muons cannot be reconstructed with calorimetric meth-
ods.4 Since the muon momentum is obtained through a fit
of the trajectory that uses as input a combination of track
and muon spectrometer hits, the muon momentum resolution
degrades with increasing momentum, as σp

p = a⊕b pwhere
a is the constant term determined by the amount of material
responsible for multiple scattering in the tracking volume.
As with jets, electrons and photons, a good muon momen-
tum resolution at multi-TeV energy is crucial for maintain-
ing a high sensitivity in searches for heavy new states that
might decay to muons. The reach for a Z ′ → µµ resonance
obtained with various assumptions on the muon resolution is
illustrated in Fig. 13 (right). The best sensitivity is achieved
with an assumed σp/p ≈ 5% at pT = 20 TeV correspond-
ing to our target for the FCC-hh detector, as opposed to
the projected CMS resolution of σp/p ≈ 40%. In order
to reconstruct and measure accurately the momentum of
pT = 20 TeV a large lever arm is needed and excellent
spatial resolution and precise alignment of the tracking plus
muon systems is also needed. The specifics of the design that
allows to reach such required performance are discussed in
Ref. [3].

New heavy states could decay to multi-TeV c and b-
quarks. FCC-hh detectors must therefore be capable of effi-
ciently identifying multi-TeV long-lived hadrons. A pT =
5 TeV b-hadron is qualitatively very different from pT =
100 GeV b-hadron. The latter decays on average within the
vertex detector acceptance and can be identified by means
of displaced vertex reconstruction. Conversely, the former
decays on average at a distance γ cτ = 50 cm, well outside
the pixel detector volume. Reconstructing such highly dis-
placed b-jets will require a paradigm shift in heavy flavour

4 Calorimetric information can however help for muon identification.
For example a 20 TeV muon deposits through radiative energy loss on
average %E = 200 GeV in 3 m of iron, corresponding to 1% of the
initial muon energy.
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using as benchmarks several BSM models of s-channel res-
onance production, (ii) to define performance targets for the
detectors, and (iii) to study the power of the HE-LHC to dis-
criminate among different models of resonances that could
be just visible at HL-LHC. We confirmed the expectation that
the discovery reach scales approximately as the increase in
the beam energy: this is not a trivial finding, since the energy
measurement and the reconstruction of the multi-TeV decay
final states (dileptons or different types of dijets) is not guar-
anteed, and requires important improvements with respect to
the performance of the LHC detectors (e.g. higher calorime-
ter granularity for the reconstruction and identification of
jets, or better momentum resolution for muons). That these
improvements are potentially within the reach of foreseeable
technology, as indicated by the preliminary detector design
proposals for FCC-hh [3], indicates that the FCC-hh physics
potential can be fully exploited.

We also studied the discrimination potential of six Z ′

models at HE-LHC. The exercise was performed assuming
the evidence of an excess observed at

√
s = 14 TeV at a

mass mZ ′ ≈ 6 TeV. Overall it was found that the increased
production cross section and the corresponding statistical
increase from HL-LHC to HE-LHC are sufficient to ana-
lyze an extended set of observables, whose global behaviour
provides important information to distinguish among most
models. Further studies, using for example 3-body decay
modes or associated Z’ production (with jets or with SM
gauge bosons), could be considered to provide additional
handles characterizing the resonance properties.
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Appendix A: Discussion of the detector performance

In the calorimeters, the energy resolution at high energy is
determined by the constant term. The value of the constant
term is different for ECAL and HCAL calorimeters. It is ulti-

mately determined by the choice of the calorimeter technol-
ogy and the design. Large constant terms typically originate
from inhomogenities among different detector elements and
energy leakages due to sub-optimal shower containment. The
calorimeters of the FCC-hh detector must therefore be capa-
ble of containing EM and hadronic showers in the multi-TeV
regime in order to achieve small constant terms. Compar-
ing with the LHC experiments, we require a performance of
σE/E ≈ 0.3% and σE/E ≈ 3% for the ECAL and HCAL,
respectively. As shown in Fig. 13 (left), the effect induced
by the magnitude of the hadronic calorimeter constant term
on the expected discovery reach for heavy Z ′

SSM resonances
decaying hadronically is sizable. We note that, despite the
fraction of electromagnetic energy from π0’s large in jets,
the sensitivity is entirely driven by the hadronic calorimeter
resolution given its worse intrinsic resolution.

Muons cannot be reconstructed with calorimetric meth-
ods.4 Since the muon momentum is obtained through a fit
of the trajectory that uses as input a combination of track
and muon spectrometer hits, the muon momentum resolution
degrades with increasing momentum, as σp

p = a⊕b pwhere
a is the constant term determined by the amount of material
responsible for multiple scattering in the tracking volume.
As with jets, electrons and photons, a good muon momen-
tum resolution at multi-TeV energy is crucial for maintain-
ing a high sensitivity in searches for heavy new states that
might decay to muons. The reach for a Z ′ → µµ resonance
obtained with various assumptions on the muon resolution is
illustrated in Fig. 13 (right). The best sensitivity is achieved
with an assumed σp/p ≈ 5% at pT = 20 TeV correspond-
ing to our target for the FCC-hh detector, as opposed to
the projected CMS resolution of σp/p ≈ 40%. In order
to reconstruct and measure accurately the momentum of
pT = 20 TeV a large lever arm is needed and excellent
spatial resolution and precise alignment of the tracking plus
muon systems is also needed. The specifics of the design that
allows to reach such required performance are discussed in
Ref. [3].

New heavy states could decay to multi-TeV c and b-
quarks. FCC-hh detectors must therefore be capable of effi-
ciently identifying multi-TeV long-lived hadrons. A pT =
5 TeV b-hadron is qualitatively very different from pT =
100 GeV b-hadron. The latter decays on average within the
vertex detector acceptance and can be identified by means
of displaced vertex reconstruction. Conversely, the former
decays on average at a distance γ cτ = 50 cm, well outside
the pixel detector volume. Reconstructing such highly dis-
placed b-jets will require a paradigm shift in heavy flavour

4 Calorimetric information can however help for muon identification.
For example a 20 TeV muon deposits through radiative energy loss on
average %E = 200 GeV in 3 m of iron, corresponding to 1% of the
initial muon energy.
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Table 7.3. Calorimeter system for the reference detector.

⌘min ⌘max a c �⌘ �� Fluence Dose Material Mix Seg.

Unit %
p

GeV % cm�2 MGy
EMB 0 1.5 10 0.7 0.01 0.009 5⇥ 1015 0.2 LAr/Pb/PCB 1/0.47/0.28 8
EMEC 1.5 2.5 10 0.7 0.01 0.009 3⇥ 1016 4 LAr/Pb/PCB 1/0.75/0.6 6
EMF 2.5 4 10 0.7 0.025 0.025 LAr/Cu/PCB 1/50/6 6

4 6 30 1 0.025 0.025 5⇥ 1018 5000 LAr/Cu/PCB 1/50/6 6
HB 0 1.26 50 3 0.025 0.025 3⇥ 1014 0.006 Sci/Pb/Fe 1/1.3/3.3 10
HEB 0.94 1.81 50 3 0.025 0.025 3⇥ 1014 0.008 Sci/Pb/Fe 1/1.3/3.3 8
HEC 1.5 2.5 60 3 0.025 0.025 2⇥ 1016 1 LAr/Cu/PCB 1/5/0.3 6
HF 2.5 4 60 3 0.05 0.05 5⇥ 1018 1000 LAr/Cu/PCB 1/200/6 6

4 6 100 10 0.05 0.05 5⇥ 1018 1000 LAr/Cu/PCB 1/200/6 6

Notes. Acceptance, performance goals (single electron for ECAL and single pion for
ECAL+HCAL), granularity, radiation levels for Lint = 30 ab�1 and technologies chosen.

Fig. 7.16. (a) LAr barrel ECAL geometry and (b) LAr endcap calorimeter geometry.

boards. The 2 mm steel plated lead absorber plates are inclined at 50� and 8 layers
are assumed in the radial direction. The LAr gap increases from 1.15mm at the inner
radius to 3.09 mm at the outer radius, which results in a variation of the sampling
fraction in radial direction. The ECAL therefore has to be calibrated separately for
each of the 8 layers.

The aluminium cryostat is 5 cm thick, representing 56% of X0 in front of EM
calorimeter at ⌘ = 0. In order to correct for the material in front of the ECAL, the
fact that there is a linear relation between the upstream energy loss and the energy
deposited in the first layer is exploited. The full simulation of single electrons shows
a stochastic term of a = 8.2%

p
GeV and a constant term of c = 0.15% at ⌘ = 0.

The contribution from electronics noise is estimated by calculating the capaci-
tances of the readout electrodes and scaling to the ATLAS numbers, which results in
values ranging from 1 to 35 MeV per cell. For a cluster of size �⌘⇥�� = 0.07⇥ 0.17
this gives a value for the noise term of b ⇡ 0.3 GeV. A significant contribution to the
noise term does however, come from the pile-up, therefore calling for an optimisation
of the cluster size (�⌘ ⇥�� = 0.03 ⇥ 0.08 was found to be optimal). A simulation
of 1000 superimposed minimum bias events yields a pile-up noise contribution of
b = 1.3�2.7 GeV in the region of 0 < |⌘| < 1.5 for the above mentioned optimised
cluster size. Figure 7.17a shows the energy resolution for electrons for three di↵erent
levels of pile-up. It is assumed that the out-of-time pile-up due to the electron drift
in the liquid argon gaps can been corrected by use of the full event history. The

LAr technology envisaged for ECAL
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For di-jet resonances, HCAL constant term has huge impact 
on the luminosity needed to get the same reach. Furthermore:  
• Need full shower containment 
• Large HCAL depth (~ 12 lint)  

3 Object reconstruction and identification performance

transverse granularity (h ⇥ f ) # layers resolution

tracker 0.001 12 0.5% �( pT
[TeV] )⇤1%

ECAL 0.01 8 10%p
E
�0.3%

HCAL 0.025 10 50%p
E
�3%

Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Heavy particles can decay into highly boosted top/W/Z
à collimated jets - @ 10 TeV, R = 0.02 for W boson! 
• Particle flow exploit complementarity of tracking and calo 
• reconstruction of jet substructure variables also benefit from small 

cell sizes of the hadronic calorimeters
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b-tagging requirement 
´ Capability of efficiently identify b-jets is fundamental

´ Various scenarios compared in the context of a search for Z’ into a top pair: 
´ 1,2 and 3 corresponding to reduction in efficiency respectively by a factor 25%, 33% and 50% of 

the nominal efficiency  

´ Nominal assumptions: 
´ B-tag Efficiency 

´ mis-identification efficiency: 

Degrading the performance by 50% increases 
the needed lumi for a discovery by more than 
an order of magnitude regardless the mass!
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Fig. 13 Luminosity versus mass for a 5σ discovery for different calorimeter resolution (left), muon resolutions (right) and b-tagging scenarios
(bottom)

reconstruction. The success of algorithms exploring large hit
multiplicity discontinuities among subsequent tracking layer
heavily relies on excellent granularity of the tracking system,
in both longitudinal and transverse directions. High efficien-
cies (ϵb > 60%) for corresponding low mis-identification
probability (ϵu ,d,s < 1%) from light jets have to be achieved
up to p T = 5 TeV. For example, searches for heavy reso-
nances decaying to hadronic t t̄ pairs heavily rely on efficient
b-tagging performance at such energies. The discovery reach
for a specific Z ′ model assuming several scenarios for b-jet
identification at high energies is shown in Fig. 13 bottom.
Various scenarios of b-tagging efficiencies at very large p T
are considered. The nominal efficiency is given in Table 3,
and scenarios 1, 2 and 3 correspond to reduction of the slope

respectively by a factor 25%, 33% and 50%. As expected the
discovery reach strongly depends on the b-tagging perfor-
mances.

Appendix B: Tagging rate function

Given a jet with specific values of η, p T and with flavour f ,
its tagging probability can be denoted as:

ε ( f, |η|, p T) .

For a given event with N jets, its probability of containing
exactly one b-tag jet can be computed as:
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Table 3 Global reconstruction efficiency of high pT central objects for the HE-LHC and FCC-hh detectors in Delphes

Electrons (%) Muons (%) Photons (%) b-jets τ -jets

FCC-hh 99 95 95 (1 − pT [TeV]/15)·85% (1 − pT [TeV]/30)·60%

HE-LHC 95 95 95 (1 − pT [TeV]/5)·75% (1 − pT [TeV]/5)·60%

Table 4 Mis-identification
efficiency of high pT central
heavy flavour jets for the
HE-LHC and FCC detectors in
Delphes

Light (b-tag) Charm (b-tag) QCD (τ -tag)

FCC-hh (1 − pT [TeV]/15)·1% (1 − pT [TeV]/15)·5% (8/9 − pT [TeV]/30)·1%

HE-LHC (1 − pT [TeV]/5)·1% (1 − pT [TeV]/5)·10% (1 − pT [TeV]/5)·1%

qµ = −2 ln(L(µ, ˆ̂θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the val-
ues of the parameters that maximise the likelihood function

(with the constraint 0 ≤ µ̂ ≤ µ), and ˆ̂
θµ are the values of the

nuisance parameters that maximise the likelihood function
for a given value of µ. In the absence of any significant devi-
ation from the background expectation, qµ is used in the CLs
method [60,61] to set an upper limit on the signal produc-
tion cross-section times branching ratio at the 95% CL. For
a given signal scenario, values of the production cross sec-
tion (parameterised by µ) yielding CLs < 0.05, where CLs
is computed using the asymptotic approximation [62], are
excluded at 95% CL. For a 5σ discovery, the quantity 1-CLb
must be smaller than 2.87 · 10−7 [60] and is also computed
using the asymptotic approximation.

4 Studies at 100 TeV

4.1 Leptonic final states

The decay products of heavy resonances are in the multi-
TeV regime and the capability to reconstruct their momentum
imposes stringent requirements on the detector design. In
particular, reconstructing the track curvature of multi-TeV
muons requires excellent position resolution and a large lever
arm. In this section, the expected sensitivity is presented for
a Z ′ → ℓℓ (where ℓ = e, µ) and Z ′ → ττ separately.

4.1.1 The e+e− andµ+µ− final states

Events are required to contain two isolated opposite-sign lep-
tons with pT > 1 TeV, |η| < 4 and an invariant mass mll >

2.5 TeV. Figure 2 left shows the invariant mass for a 30 TeV
Z ′

SSM signal for the µµ channel for FCC-hh. The di-electron
invariant mass spectrum is not shown, but as expected from
the calorimeter constant term that dominates the resolution at
high pT, the mass resolution is better for the ee channel. The
di-lepton invariant mass spectrum is used as the discriminant
and a 50% normalisation uncertainty on the background is
assumed (this uncertainty is extremely conservative, but does

not affect the final results, due to the negligible background
in the largest mass regions). Figure 2 (right) shows the 95%
CL exclusion limit obtained with 30 ab−1 of data combin-
ing ee and µµ channels. Figure 4 (left) shows the integrated
luminosity required to reach a 5σ discovery as a function
of the mass of the heavy resonance. The Z ′ → ee and
Z ′ → µµ channels display very similar performance due to
the low background rates. We conclude therefore that the ref-
erence detector design features near to optimal performance
for searches involving high pT muon final states. Combining
ee and µµ channels, masses up to ∼41 TeV can be excluded
or discovered. The slope of the 5σ discovery reach becomes
softer after 15 TeV because the search becomes almost free
of backgrounds, which also explains why the 5σ discovery
reach is slightly better than the respective 95% CL exclusion
limits.

4.1.2 The τ+τ− final state

At the LHC, the most sensitive channel to search for high-
mass di-τ resonances is when both τ leptons decay hadron-
ically [63]. The analysis presented in this section focuses
on this decay channel alone. The event selection requires
two jets with pT > 0.5 TeV and |η| < 2.5, both identified
as τ ’s. To ensure no overlap between the ℓ = e, µ and τ

final states, jets containing an electron or a muon with pT >

100 GeV are vetoed. The requirements of &φ(τ1, τ2) > 2
and 2.5 < &R(τ1, τ2) < 4 are applied to suppress multi-jet
backgrounds. Furthermore, mass dependent cuts are applied
to maximise the signal significance and are summarised in
Table 5. Several proxies for the true resonance mass have
been tested, such as the invariant mass of the two τ ’s, with
and without correction for the missing energy, however the
transverse mass2 provides the best sensitivity and is therefore
used to estimate the sensitivity. Figure 3 shows the di-τ trans-
verse mass (left) for a 10 TeV Z ′

SSM and the 95% CL exclu-
sion limits for 30 ab−1 of data (right). The required integrated

2 The transverse mass is defined as mT =√
2pZ ′

T ∗ Emiss
T ∗ (1 − cos&φ(Z ′, Emiss

T )).
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Table 3 Global reconstruction efficiency of high pT central objects for the HE-LHC and FCC-hh detectors in Delphes

Electrons (%) Muons (%) Photons (%) b-jets τ -jets

FCC-hh 99 95 95 (1 − pT [TeV]/15)·85% (1 − pT [TeV]/30)·60%

HE-LHC 95 95 95 (1 − pT [TeV]/5)·75% (1 − pT [TeV]/5)·60%

Table 4 Mis-identification
efficiency of high pT central
heavy flavour jets for the
HE-LHC and FCC detectors in
Delphes

Light (b-tag) Charm (b-tag) QCD (τ -tag)

FCC-hh (1 − pT [TeV]/15)·1% (1 − pT [TeV]/15)·5% (8/9 − pT [TeV]/30)·1%

HE-LHC (1 − pT [TeV]/5)·1% (1 − pT [TeV]/5)·10% (1 − pT [TeV]/5)·1%

qµ = −2 ln(L(µ, ˆ̂θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the val-
ues of the parameters that maximise the likelihood function

(with the constraint 0 ≤ µ̂ ≤ µ), and ˆ̂
θµ are the values of the

nuisance parameters that maximise the likelihood function
for a given value of µ. In the absence of any significant devi-
ation from the background expectation, qµ is used in the CLs
method [60,61] to set an upper limit on the signal produc-
tion cross-section times branching ratio at the 95% CL. For
a given signal scenario, values of the production cross sec-
tion (parameterised by µ) yielding CLs < 0.05, where CLs
is computed using the asymptotic approximation [62], are
excluded at 95% CL. For a 5σ discovery, the quantity 1-CLb
must be smaller than 2.87 · 10−7 [60] and is also computed
using the asymptotic approximation.

4 Studies at 100 TeV

4.1 Leptonic final states

The decay products of heavy resonances are in the multi-
TeV regime and the capability to reconstruct their momentum
imposes stringent requirements on the detector design. In
particular, reconstructing the track curvature of multi-TeV
muons requires excellent position resolution and a large lever
arm. In this section, the expected sensitivity is presented for
a Z ′ → ℓℓ (where ℓ = e, µ) and Z ′ → ττ separately.

4.1.1 The e+e− andµ+µ− final states

Events are required to contain two isolated opposite-sign lep-
tons with pT > 1 TeV, |η| < 4 and an invariant mass mll >

2.5 TeV. Figure 2 left shows the invariant mass for a 30 TeV
Z ′

SSM signal for the µµ channel for FCC-hh. The di-electron
invariant mass spectrum is not shown, but as expected from
the calorimeter constant term that dominates the resolution at
high pT, the mass resolution is better for the ee channel. The
di-lepton invariant mass spectrum is used as the discriminant
and a 50% normalisation uncertainty on the background is
assumed (this uncertainty is extremely conservative, but does

not affect the final results, due to the negligible background
in the largest mass regions). Figure 2 (right) shows the 95%
CL exclusion limit obtained with 30 ab−1 of data combin-
ing ee and µµ channels. Figure 4 (left) shows the integrated
luminosity required to reach a 5σ discovery as a function
of the mass of the heavy resonance. The Z ′ → ee and
Z ′ → µµ channels display very similar performance due to
the low background rates. We conclude therefore that the ref-
erence detector design features near to optimal performance
for searches involving high pT muon final states. Combining
ee and µµ channels, masses up to ∼41 TeV can be excluded
or discovered. The slope of the 5σ discovery reach becomes
softer after 15 TeV because the search becomes almost free
of backgrounds, which also explains why the 5σ discovery
reach is slightly better than the respective 95% CL exclusion
limits.

4.1.2 The τ+τ− final state

At the LHC, the most sensitive channel to search for high-
mass di-τ resonances is when both τ leptons decay hadron-
ically [63]. The analysis presented in this section focuses
on this decay channel alone. The event selection requires
two jets with pT > 0.5 TeV and |η| < 2.5, both identified
as τ ’s. To ensure no overlap between the ℓ = e, µ and τ

final states, jets containing an electron or a muon with pT >

100 GeV are vetoed. The requirements of &φ(τ1, τ2) > 2
and 2.5 < &R(τ1, τ2) < 4 are applied to suppress multi-jet
backgrounds. Furthermore, mass dependent cuts are applied
to maximise the signal significance and are summarised in
Table 5. Several proxies for the true resonance mass have
been tested, such as the invariant mass of the two τ ’s, with
and without correction for the missing energy, however the
transverse mass2 provides the best sensitivity and is therefore
used to estimate the sensitivity. Figure 3 shows the di-τ trans-
verse mass (left) for a 10 TeV Z ′

SSM and the 95% CL exclu-
sion limits for 30 ab−1 of data (right). The required integrated

2 The transverse mass is defined as mT =√
2pZ ′

T ∗ Emiss
T ∗ (1 − cos&φ(Z ′, Emiss

T )).
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Requirements for an FCC-hh detector

´ High granularity of tracker and calorimeters, high efficiency for vertex reco, b-tag, t-tag, particles ID, low calo 
constant term and high resolution  à achieve all this with pile-up of 100 (timing) and radiation hardness detectors 

´ Not mentioned here: studies (and challenges) for magnets, read-out electronics, triggers, power and cooling  

7/2/22FCC-hh Physics potential and open questions20

Muon 
absorber 
disks

Main solenoid HCAL
(barrel)

ECAL
(barrel)

Muon chambers

Forward Solenoid

Tracker
Beam Tube

Vacuum vesselRadiation shield

~ 47 m
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FCC-hh CDR

Impact of e/g and µ resolutions: higgs
´ For higgs rare decay processes (e.g. µµ, Zg) or di-higgs studies, maximizing the performance 

requires minimizing the impact of multiple-scattering – i.e. minimizing material budget 

´ Ideally, track momentum resolution should be σ(p)/p ≈ 0.5% at η ≈ 0, corresponding to about 0.2X0

radiation length of material for the entire tracking volume. 

´ For the HH → bb ̄γγ decay mode, excellent energy photon resolution is needed in the E = 50 − 100 GeV 
energy range à translates into stringent requirements on stochastic and noise terms 
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Figure 4: Left: Reconstructed di-muon invariant mass spectrum of H ! µ+µ� decays obtained with
the CMS-phaseII and the FCC-hh tracker designs. Right: Expected precision on the Higgs
self-coupling modifier kl obtained by varying the photon reconstruction performance in two
scenarios with nominal (Dmgg = 1.3 GeV) and degraded (Dmgg = 2.9 GeV) energy resolution.

Equation 1 is a the level sE/E ⇠ 10%/
p

E and the noise term is kept under control. Pile-up will lead
to additional noise in the calorimeter. The effect of the noise term of pile-up on the photon energy resol-
ution has been studied extensively in full simulation and is discussed in Ref. [17]. The expected pile-up
of hµi = 200 and hµi = 1000 for the FCC-hh baseline and ultimate scenario, respectively, will lead to
energy deposits from pile-up collisions on top of the hard scatter of interest. The induced degradation
has been parameterised directly on the di-photon invariant mass and its impact on the expected precision
of the Higgs self-coupling has been studied and summarised in Ref. [5]. The result of this study, shown
in Figure 4 (right), shows that the presence hµi = 200 pile-up interactions can lead to an absolute de-
gradation of ⇡ 1% (or 20% relative) on the self-coupling precision. It should be noted that this study
does not include the effect of pile-up on the photon isolation and it assumes a standalone calorimeter
reconstruction. A combined reconstruction using tracking, calorimetry and timing information will be
needed to reduce the impact of pile-up and achieve the target photon energy resolution.

2.2 The high energy limit

With the exception of muons and neutrinos, all particles originating from the collision end their journey
in the calorimeters. Therefore, the energy resolution of electrons, photons and jets at high energy will be
determined entirely by the calorimeter performance. In contrast, high energy muons traverse calorimet-
ers and their momentum is determined via a combination of tracking, calorimeter and muon chambers
measurements. Multi-TeV resonances constitute useful processes for determining detector performance
goals in the high energy regime. A summary of the physics reach of the FCC-hh for heavy resonances
searches can be found in Refs. [22, 23].

2.2.1 Electrons, photons and hadrons

As discussed previously, the energy resolution at high energy is determined by the constant term defined
in Equation 1. The value of the constant term is different for electro-magnetic (ECAL) and hadronic
(HCAL) calorimeters. It is ultimately determined by the choice of the calorimeter technology and the
design. Large constant term typically originate from inhomogenities among different detector elements
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Equation 1 is a the level sE/E ⇠ 10%/
p

E and the noise term is kept under control. Pile-up will lead
to additional noise in the calorimeter. The effect of the noise term of pile-up on the photon energy resol-
ution has been studied extensively in full simulation and is discussed in Ref. [17]. The expected pile-up
of hµi = 200 and hµi = 1000 for the FCC-hh baseline and ultimate scenario, respectively, will lead to
energy deposits from pile-up collisions on top of the hard scatter of interest. The induced degradation
has been parameterised directly on the di-photon invariant mass and its impact on the expected precision
of the Higgs self-coupling has been studied and summarised in Ref. [5]. The result of this study, shown
in Figure 4 (right), shows that the presence hµi = 200 pile-up interactions can lead to an absolute de-
gradation of ⇡ 1% (or 20% relative) on the self-coupling precision. It should be noted that this study
does not include the effect of pile-up on the photon isolation and it assumes a standalone calorimeter
reconstruction. A combined reconstruction using tracking, calorimetry and timing information will be
needed to reduce the impact of pile-up and achieve the target photon energy resolution.

2.2 The high energy limit

With the exception of muons and neutrinos, all particles originating from the collision end their journey
in the calorimeters. Therefore, the energy resolution of electrons, photons and jets at high energy will be
determined entirely by the calorimeter performance. In contrast, high energy muons traverse calorimet-
ers and their momentum is determined via a combination of tracking, calorimeter and muon chambers
measurements. Multi-TeV resonances constitute useful processes for determining detector performance
goals in the high energy regime. A summary of the physics reach of the FCC-hh for heavy resonances
searches can be found in Refs. [22, 23].

2.2.1 Electrons, photons and hadrons

As discussed previously, the energy resolution at high energy is determined by the constant term defined
in Equation 1. The value of the constant term is different for electro-magnetic (ECAL) and hadronic
(HCAL) calorimeters. It is ultimately determined by the choice of the calorimeter technology and the
design. Large constant term typically originate from inhomogenities among different detector elements
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Should achieve 1% gg

Pile-up might degrade 
this considerably

3 Object reconstruction and identification performance

transverse granularity (h ⇥ f ) # layers resolution

tracker 0.001 12 0.5% �( pT
[TeV] )⇤1%

ECAL 0.01 8 10%p
E
�0.3%

HCAL 0.025 10 50%p
E
�3%

Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Fig. 7.17. (a) ECAL energy resolution for di↵erent levels of pile-up at |⌘| = 0. The no
pile-up configuration uses a cluster size of �⌘⇥��=0.07 ⇥ 0.17 while with pile-up the
optimised cluster size is �⌘⇥��=0.03 ⇥ 0.08. (b) E↵ect of pile-up on the Higgs invariant
mass distribution by selecting two photons with p�

T > 30GeV.

remaining in-time pile-up represents a noise contribution that is independent of the
chosen calorimeter technology. The e↵ect of pile-up on the invariant mass peak of the
Higgs is shown in Figure 7.17b. To what extent this pile-up noise can be mitigated by
estimating the pile-up energy in a cell using tracker information must still be studied.

The endcap ECAL (EMEC) shown in Figure 7.16b assumes 1.5 mm steel plated
lead plates with 0.5 mm LAr gaps. The forward ECAL (EMF) uses same geometry
layout with 0.1 mm LAr gaps and 1 cm copper plates. A full simulation of the single
electron resolution in the endcap ECAL at |⌘| = 2 gives a = 7.6%

p
GeV, very similar

to the number for ⌘ = 0.
The barrel HCAL is divided into three sections, a central barrel (HB) and two

extended barrels (HEB) allowing for a pseudorapidity coverage of up to |⌘| = 1.81.
The radiation levels of <8 kGy allow the use of an organic scintillating tile based
calorimeter (TileCal). This calorimeter, shown in Figure 7.18a, uses tile scintillators
oriented perpendicular to the beam axis, which are read out by wavelength shift-
ing (WLS) fibres, similar to the technology employed in ATLAS. These WLS fibres
are then read out by silicon photomultipliers (SiPM). The ⌘�� granularity of the
Tile HCAL is chosen as �⌘ ⇥ �� = 0.025 ⇥ 0.025 with 10 longitudinal layers for
the barrel and 8 layers for the extended barrel, as summarised in Table 7.3. This
corresponds to cells of 72mm ⇥ 72 mm ⇥ 100 mm in ⌘ � � � r in the first layer at
⌘ = 0. The SiPM readout allows for an even finer ⌘ granularity, if needed, since the
distance between two adjacent tiles is only 18 mm. The performance for a mix of
scintillator/steel 1/4.7, as used in ATLAS, has been studied in detailed standalone
simulations [356] and provides a stochastic term of a = 43%

p
GeV and a constant

term of c = 4% for an e↵ective calorimeter depth of 9�. The proposed mix of scintil-
lator/lead/steel 1/1.3/3.3 provides an improved resolution, with a similar sampling
term, but significantly smaller constant term despite the decreased e↵ective depth to
8.6 � (dimensions in cm kept constant). This is due to an e/h ratio closer to unity
which also improves the linearity.

The single pion resolution for the combined barrel EMB + HB system using a
simple hadronic calibration, which corrects for the di↵erent e/h ratios of the EMB
and HB (benchmark method [357]), is shown in Figure 7.18b for a pseudorapidity

Use tilted module geometry 

Impact of e/g and µ resolutions: higgs
´ For higgs rare decay processes (e.g. µµ, Zg) or di-higgs studies, maximizing the performance 

requires minimizing the impact of multiple-scattering – i.e. minimizing material budget 

´ Ideally, track momentum resolution should be σ(p)/p ≈ 0.5% at η ≈ 0, corresponding to about 0.2X0

radiation length of material for the entire tracking volume. 

´ For the HH → bb ̄γγ decay mode, excellent energy photon resolution is needed in the E = 50 − 100 GeV 
energy range à translates into stringent requirements on stochastic and noise terms 
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Figure 4: Left: Reconstructed di-muon invariant mass spectrum of H ! µ+µ� decays obtained with
the CMS-phaseII and the FCC-hh tracker designs. Right: Expected precision on the Higgs
self-coupling modifier kl obtained by varying the photon reconstruction performance in two
scenarios with nominal (Dmgg = 1.3 GeV) and degraded (Dmgg = 2.9 GeV) energy resolution.

Equation 1 is a the level sE/E ⇠ 10%/
p

E and the noise term is kept under control. Pile-up will lead
to additional noise in the calorimeter. The effect of the noise term of pile-up on the photon energy resol-
ution has been studied extensively in full simulation and is discussed in Ref. [17]. The expected pile-up
of hµi = 200 and hµi = 1000 for the FCC-hh baseline and ultimate scenario, respectively, will lead to
energy deposits from pile-up collisions on top of the hard scatter of interest. The induced degradation
has been parameterised directly on the di-photon invariant mass and its impact on the expected precision
of the Higgs self-coupling has been studied and summarised in Ref. [5]. The result of this study, shown
in Figure 4 (right), shows that the presence hµi = 200 pile-up interactions can lead to an absolute de-
gradation of ⇡ 1% (or 20% relative) on the self-coupling precision. It should be noted that this study
does not include the effect of pile-up on the photon isolation and it assumes a standalone calorimeter
reconstruction. A combined reconstruction using tracking, calorimetry and timing information will be
needed to reduce the impact of pile-up and achieve the target photon energy resolution.

2.2 The high energy limit

With the exception of muons and neutrinos, all particles originating from the collision end their journey
in the calorimeters. Therefore, the energy resolution of electrons, photons and jets at high energy will be
determined entirely by the calorimeter performance. In contrast, high energy muons traverse calorimet-
ers and their momentum is determined via a combination of tracking, calorimeter and muon chambers
measurements. Multi-TeV resonances constitute useful processes for determining detector performance
goals in the high energy regime. A summary of the physics reach of the FCC-hh for heavy resonances
searches can be found in Refs. [22, 23].

2.2.1 Electrons, photons and hadrons

As discussed previously, the energy resolution at high energy is determined by the constant term defined
in Equation 1. The value of the constant term is different for electro-magnetic (ECAL) and hadronic
(HCAL) calorimeters. It is ultimately determined by the choice of the calorimeter technology and the
design. Large constant term typically originate from inhomogenities among different detector elements
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does not include the effect of pile-up on the photon isolation and it assumes a standalone calorimeter
reconstruction. A combined reconstruction using tracking, calorimetry and timing information will be
needed to reduce the impact of pile-up and achieve the target photon energy resolution.
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With the exception of muons and neutrinos, all particles originating from the collision end their journey
in the calorimeters. Therefore, the energy resolution of electrons, photons and jets at high energy will be
determined entirely by the calorimeter performance. In contrast, high energy muons traverse calorimet-
ers and their momentum is determined via a combination of tracking, calorimeter and muon chambers
measurements. Multi-TeV resonances constitute useful processes for determining detector performance
goals in the high energy regime. A summary of the physics reach of the FCC-hh for heavy resonances
searches can be found in Refs. [22, 23].
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transverse granularity (h ⇥ f ) # layers resolution
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E
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Table 1: Requirements for tracking and calorimetry for the FCC-hh detector at |h |⇡ 0.

and energy leakages due to sub-optimal shower containment. The calorimeters of the FCC-hh detector
must therefore be capable of containing EM and hadronic showers in the multi-TeV regime in order
to achieve small constant terms. Compatibly with the LHC experiments, we require a performance of
sE/E ⇡ 0.3% and sE/E ⇡ 3% for the ECAL and HCAL respectively. As shown in Figure 5 (left),
the effect induced by the magnitude of the hadronic calorimeter constant term on the expected discovery
reach for heavy Z0 resonances decaying hadronically is sizable. We note that, despite the fraction of
electromagnetic energy from p0’s large in jets, the sensitivity is entirely driven by the hadronic calori-
meter resolution given its worse intrinsic resolution. The shower maximum in the longitudinal direction
grows logarithmically with the energy. Naive scaling leads therefore to an increase respectively of 1 X0
and 1 lI compared to the calorimeters of the LHC experiments. More detailed studies, summarised in
Ref. [17, 24], show that an average 95% containment of E = 20 TeV particles showers can be achieved
with ⇡ 30X0 radiation lengths for EM particles and a total thickness of ⇡ 11lI for hadrons allowing
to match respectively the required criteria for the electro-magnetic and hadronic calorimeters constant
terms.

2.2.2 Muons

Muons can hardly be fully reconstructed with calorimetric methods 4. Since the muon momentum is
obtained through a fit of the trajectory that uses as input a combination of track and muon spectrometer
hits, the muon momentum resolution resolution degrades with increasing momentum, as shown already
in Equation 2. As with jets, electrons and photons, a good muon momentum resolution at multi-TeV
energy is crucial for maintaining a high sensitivity in searches for heavy new states that might decay to
muons. The reach for a Z0 ! µµ resonance obtained with various assumptions on the muon resolution
is illustrated in Figure 5. The best sensitivity is achieved with an assumed sp/p ⇡ 5% at pT = 20 TeV
corresponding to our target for the FCC-hh detector, as opposed to the projected CMS resolution of
sp/p ⇡ 40%. In order to reconstruct and measure accurately the momentum of pT = 20 TeV a large
lever arm is needed and excellent spatial resolution and precise alignment of the tracking plus muon
systems is needed. The specifics of design that allows to reach such required performance is discussed
extensively in Ref. [25].

3 Object reconstruction and identification performance

As a general rule, object identification requires the use of the combined information of several sub-
detector systems and relies on complex algorithms that require a detailed knowledge of the detector and

4 Calorimetric information can however help for muon identification, especially at high energies. For example a 20 TeV muon
deposits through radiative energy loss on average DE = 200 GeV in 3 meters of iron, corresponding to 1% of the initial
muon energy.
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Fig. 7.17. (a) ECAL energy resolution for di↵erent levels of pile-up at |⌘| = 0. The no
pile-up configuration uses a cluster size of �⌘⇥��=0.07 ⇥ 0.17 while with pile-up the
optimised cluster size is �⌘⇥��=0.03 ⇥ 0.08. (b) E↵ect of pile-up on the Higgs invariant
mass distribution by selecting two photons with p�

T > 30GeV.

remaining in-time pile-up represents a noise contribution that is independent of the
chosen calorimeter technology. The e↵ect of pile-up on the invariant mass peak of the
Higgs is shown in Figure 7.17b. To what extent this pile-up noise can be mitigated by
estimating the pile-up energy in a cell using tracker information must still be studied.

The endcap ECAL (EMEC) shown in Figure 7.16b assumes 1.5 mm steel plated
lead plates with 0.5 mm LAr gaps. The forward ECAL (EMF) uses same geometry
layout with 0.1 mm LAr gaps and 1 cm copper plates. A full simulation of the single
electron resolution in the endcap ECAL at |⌘| = 2 gives a = 7.6%

p
GeV, very similar

to the number for ⌘ = 0.
The barrel HCAL is divided into three sections, a central barrel (HB) and two

extended barrels (HEB) allowing for a pseudorapidity coverage of up to |⌘| = 1.81.
The radiation levels of <8 kGy allow the use of an organic scintillating tile based
calorimeter (TileCal). This calorimeter, shown in Figure 7.18a, uses tile scintillators
oriented perpendicular to the beam axis, which are read out by wavelength shift-
ing (WLS) fibres, similar to the technology employed in ATLAS. These WLS fibres
are then read out by silicon photomultipliers (SiPM). The ⌘�� granularity of the
Tile HCAL is chosen as �⌘ ⇥ �� = 0.025 ⇥ 0.025 with 10 longitudinal layers for
the barrel and 8 layers for the extended barrel, as summarised in Table 7.3. This
corresponds to cells of 72mm ⇥ 72 mm ⇥ 100 mm in ⌘ � � � r in the first layer at
⌘ = 0. The SiPM readout allows for an even finer ⌘ granularity, if needed, since the
distance between two adjacent tiles is only 18 mm. The performance for a mix of
scintillator/steel 1/4.7, as used in ATLAS, has been studied in detailed standalone
simulations [356] and provides a stochastic term of a = 43%

p
GeV and a constant

term of c = 4% for an e↵ective calorimeter depth of 9�. The proposed mix of scintil-
lator/lead/steel 1/1.3/3.3 provides an improved resolution, with a similar sampling
term, but significantly smaller constant term despite the decreased e↵ective depth to
8.6 � (dimensions in cm kept constant). This is due to an e/h ratio closer to unity
which also improves the linearity.

The single pion resolution for the combined barrel EMB + HB system using a
simple hadronic calibration, which corrects for the di↵erent e/h ratios of the EMB
and HB (benchmark method [357]), is shown in Figure 7.18b for a pseudorapidity
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10TeV (1.5m radius)

Central Magnet:
B=4T, 5m radius
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Table 1 Tracking-related parameters for the FCC-hh and HE-LHC
detectors in Delphes

FCC-hh HE-LHC

Bz (T ) 4 4

Length (m) 10 6

Radius (m) 1.5 1.1

ϵ 0.95 0.95

σ (η,φ)(mrad) 1 3

σ (pT)/pT (tracks) 0.02 · pT (TeV/c) 0.1 · pT (TeV/c)

σ (pT)/pT = 5% (muons) pT = 15 TeV pT = 2 TeV

The radius of the FCC-hh inner tracking detector is 3/2
that of the HE-LHC detector with a similar magnetic field
of 4 T. The spatial resolution σrφ is 3 times smaller than
at HE-LHC, which is possible thanks to a more granular
pixel detector [49]. These specifications of the FCC-hh detec-
tor would allow measurements of pT = 1 TeV charged
hadrons with a precision of σ (pT)/pT ≃ 2%, compared to
σ (pT)/pT ≃ 10% for the HE-LHC detector.

Central and isolated high momentum charged hadron
tracks are assumed to be reconstructed with an efficiency
ϵ = 95%. However, charged particles confined inside a
highly boosted jet can be extremely collimated, resulting in
unresolvable tracker hits, especially in the innermost tracking
layers. Although an accurate description of this feature would
require a full event reconstruction by means of a GEANT4-
based simulation [50–52], a specific Delphes module aim-
ing at reproducing this effect has been designed. When-
ever two or more tracks fall within an angular separation
σ (η,φ), only the highest momentum track is reconstructed.
This effect can result in an additional inefficiency to that
shown in Table 1, and can affect the ability to reconstruct
tracks in the core of highly boosted jets, as shown in Fig. 1
(left).

Muons are also reconstructed using tracking. However, an
additional stand-alone muon measurement is provided by the

angular difference between track angle in the muon system
and the radial line connection to the beam axis, giving a large
improvement on the resolution at high pT [3]. Assuming a 2
times better position resolution of the muon system for the
FCC-hh detector, a combined muon momentum resolution
of σ (pT)/pT ≃ 5% can be achieved for momenta as high as
pT = 15 TeV, as opposed to pT = 2 TeV for the HE-LHC
detector.

3.2.2 Calorimetry and particle-flow

After propagating within the magnetic field, long-lived
particles reach the electromagnetic (ECAL) and hadronic
(HCAL) calorimeters. Since these are modeled in Delphes
by two-dimensional grids of variable spacing, the calorime-
ter deposits natively include finite angular resolution effects.
Separate grids for ECAL and HCAL have been designed for
both the FCC-hh and the HE-LHC detectors in order to accu-
rately model the angular resolution on reconstructed jets. The
FCC-hh detector features an improved angular resolution by
a factor 2 in the ECAL and a factor 4 in the HCAL com-
pared to the HE-LHC detector. The energy resolution of the
calorimeters is assumed to be the same for both detectors and
the calorimeter parameters are summarised in Table 2.

In Delphes the information provided by the tracker and
calorimeters is combined within the particle-flow algorithm
for an optimal event reconstruction. If the momentum res-
olution of the tracking system is better than the energy
resolution of calorimeters (typically for momenta below
some threshold) the charged particles momenta are mea-
sured mainly through tracking. Vice-versa at high energy,
calorimeters provide a better momentum measurement. The
particle-flow algorithm exploits this complementarity to pro-
vide the best possible single charged particle measurement
– the particle-flow tracks; these contain electron, muons
and charged hadrons. Jet collections are then formed using
several different input objects such as tracks (Track-jets),
calorimeter (Calo-jets) and particle-flow candidates (PF-

Fig. 1 Left: track
reconstruction efficiency inside
highly boosted QCD jets as
function of the angular distance
%R between the track and the
center of the jet for different
assumptions on the tracker
spatial resolution. Right:
reconstructed “soft-dropped” jet
mass of highly boosted top and
QCD jets with various sets of
input to the jet clustering
algorithm: tracks only,
calorimeters towers only and
particle-flow candidates
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https://link.springer.com/article/10.1140/epjst/e2019-900087-0


Summary 
´ The potential of the FCC-hh is enormous:

´ New possible heavy particles could be directly discovered if 
they have masses up to 20-40 TeV

´ Huge potential also from indirect searches [not discussed here] 

´ Highest reach in sensitivity also for di-higgs studies, dark 
matter searches and more 

´ E.g. can conclusively test the hypothesis of thermal DM
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Fig. 10 Summary of the 95% CL limits (left) and 5σ discovery reach (right) as a function of the resonance mass for different luminosity scenarios
of FCC-hh and HE-LHC

6 Characterisation of a Z′ discovery

6.1 Context of the study

We consider in this section a scenario in which a heavy dilep-
ton resonance is observed by the end of HL-LHC run. In this
case, considering that current limits are already pushing to
quite high values the possible mass range, a collider with
higher energy in the , would be needed to study the reso-
nance properties, since too few events will be available at√
s = 14 TeV. In this section we present the discrimination

potential, among six Z ′ models, of the 27 TeV HE-LHC, with
an assumed integrated luminosity of L = 15 ab− 1. Under
the assumption that these Z ′’s decay only to SM particles,
we show that there are sufficient observables to perform this
model differentiation in most cases.

6.2 Bounds from HL-LHC

As a starting point we need to estimate what are, for
√
s =

14 TeV, the typical exclusion/discovery reaches for standard
reference Z ′ models, assuming L = 3 ab− 1 and employing
only the e+e− and µ+µ− channels. To address this and the
other questions below we will use the same set of Z ′ models
as employed in Ref. [70] and mostly in Ref. [71]. We employ
the MMHT2014 NNLO PDF set [72] throughout, with an
appropriate constant K -factor (= 1.27) to account for higher
order QCD corrections. The production cross section times
leptonic branching fraction is shown in Fig. 11 (left) for these
models at

√
s = 14 TeV in the narrow width approximation

(NWA). We assume here that these Z ′ states only decay to
SM particles.

Using the present ATLAS and CMS results at 13 TeV, [73]
and [74], it is straightforward to estimate by extrapolation the
exclusion reach at

√
s = 14 TeV using the combined ee+µµ

final states. This is given in the first column of Table 7. For
discovery, only the ee channel is used, due to the poor µµ-
pair invariant mass resolution near MZ ′ = 6 TeV. Estimates
of the 3σ evidence and 5σ discovery limits are also given
in Table 7. This naive extrapolation can be compared to the
ATLAS HL-LHC prospect analysis in Ref. [1] and is found to
be agreement. Based on these results, we will assume in our
study for the HE-LHC that we are dealing with a Z ′ of mass
6 TeV. Figure 11 (right) shows the NWA cross sections for
the same set of models, at

√
s = 27 TeV. We note that very

large statistical samples will be available, with L = 15 ab− 1,
for MZ ′ = 6 TeV and in both dilepton channels.

6.3 Definition of the discriminating variables

The various Z ′ models can be disentangled with the help of 3
inclusive observables: the production cross sections for dif-
ferent leptonic and hadronic final states, the leptonic forward-
backward asymmetry AFB and the rapidity ratio ry . The vari-
able AFB can be seen as an estimate of the charge asymmetry

AFB = AC = σ ("|y| > 0) − σ ("|y| < 0)
σ ("|y| > 0)+ σ ("|y| < 0)

, (6.1)

where "|y| = |yl | − |yl̄ |. This definition is equivalent to

AFB = σF − σB

σF + σB
, (6.2)
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters. The
gap in performances between CEPC or FCC-ee with respect to ILC250 or CLIC380 is most likely
due to the lack of dedicated di-fermion production studies as discussed in Sect. 8.2.1.

posite (`H 6= 0). The coupling parameter g⇤ represents the interaction strength among particles1

originating from the Composite Sector. It controls the strength of the Higgs couplings to the2

r resonance and it sets the scale of couplings that appear in the EFT Lagrangian. The internal3

coherence of the construction requires g⇤ to be larger than the EW coupling (g⇤ & 1) but smaller4

than the perturbative unitarity limit (g⇤ . 4p).5

Among the operators in the Composite Higgs EFT, Of (defined as in [39]), OW and O2W6

are the most representative and offer the best sensitivity at all colliders. Parametrically, their7

Wilson coefficients are8

cf

L2 ⇠ g2
⇤

m2
⇤
,

cW

L2 ⇠ 1
m2

⇤
,

c2W

L2 ⇠ 1
g2

⇤m2
⇤
.

These relations are merely estimates of the expected magnitude of the Wilson coefficients,9

which hold up to model-dependent order-one factors. In the current analysis, these relations10

are taken as exact equalities, so the results should not be interpreted as strictly quantitative, but11

only as a fair assessment of the sensitivity.12

Figure 8.4 shows the exclusion reach on m⇤ and g⇤ from the highly complementary probes13

on the operators Of , OW and O2W with different experimental strategies in different colliders.14

For the FCC project, Of is most effective at large g⇤, and it is well probed by Higgs couplings15

measurements at FCC-ee. However FCC-hh and FCC-eh further improve the reach on cf as16

shown in the figure. The reach on cf for all collider options is extracted from the summary17

Table 8 of Ref. [39], with the exception of HL-LHC for which a more conservative value of18

cf |1s = 0.42/TeV2 (also reported in Ref. [39]) is employed. The operator O2W is instead19

effective at low g⇤, and it is probed by high-energy charged DY measurements at FCC-hh [439].20

The mass-reach from OW is instead independent of g⇤. The reach of direct resonance searches21

is also shown in Fig. 8.4, for the FCC-hh and the HL-LHC. It represents the sensitivity to an22

EW triplet r vector resonance, generically present in Composite Higgs models. The reach23

is extracted from ref. [440–442], and it emerges from a combination of dilepton and diboson24
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [73] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp1

colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings2

at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to3

the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.4

At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross5

sections and (independently) of the decay branching ratios will be performed. Higgs couplings6

will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak7

measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of8

Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors9

will decrease by as much as two orders of magnitude at the future machines. As a consequence10

of this increased statistical precision, the requirements on the theoretical errors for EWPO [76]11

are even more stringent than for precision Higgs physics.12

To interpret these precise results significant theoretical improvements in several directions13

are required. The first is the increase of the accuracy of fixed order computations of inclusive14

quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and15

beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-16

over unknown higher order terms in the perturbative expansion. Another important element is17

the accuracy in the logarithmic resummations that are needed to account for effects of multiple18

gluon or photon radiation in a large class of observables. In this case, different techniques and19

results are available, some numerical and some analytic, of different accuracy (from next-to-20

leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-21

´ Extreme granularity, excellent energy-momentum resolution beyond the LHC detectors, together with novel 
algorithms will be needed to achieve optimal object reconstruction and identification

´ Comparative studies considering different hypotheses for detector performance have been made using some searches 
as benchmarks  à more should/could be done for interesting and challenging scenarios 

´ Developments on theoretical calculations, modeling of backgrounds, PDFs, studies of synergies of the ee/eh/hh programmes and 
continuous collaborations between theorists and experimentalists are fundamental and should be pushed further 

´ Finding technologies that function adequately given the extreme conditions and requirements is a challenge ® at 
least 20 years should be anticipated for most demanding technology aspects, also profiting from R&D for HL-LHC

´ Quoting P. Allport: Without the required investment in detector R&D, the opportunities this offers will be squandered 
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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 à bigger factor

https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf
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Dose of 300 MGy (30 Grad) in the first tracker layers.
< 10 kGy in HCAL barrel and extended barrel.

https://indico.cern.ch/event/994685/contributions/4181747/attachments/2193376/3726765/20210219-ECFA-DetRnD-Input-FCC-hh.pdf


Parameters and cross-sections 
´ Parameters 
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Table 7.1. Key numbers relating the detector challenges at the di↵erent accelerators.

Parameter Unit LHC HL-LHC HE-LHC FCC-hh
Ecm TeV 14 14 27 100
Circumference km 26.7 26.7 26.7 97.8
Peak L, nominal (ultimate) 1034 cm�2 s�1 1 (2) 5 (7.5) 16 30
Bunch spacing ns 25 25 25 25
Number of bunches 2808 2760 2808 10 600
Goal

R
L ab�1 0.3 3 10 30

�inel[340] mb 80 80 86 103
�tot[340] mb 108 108 120 150
BC rate MHz 31.6 31.0 31.6 32.5
Peak pp collision rate GHz 0.8 4 14 31
Peak av. PU events/BC, nom-
inal (ultimate)

25
(50)

130 (200) 435 950

RMS luminous region �z mm 45 57 57 49
Line PU density mm�1 0.2 1.0 3.2 8.1
Time PU density ps�1 0.1 0.29 0.97 2.43
dNch/d⌘|⌘=0 [340] 6.0 6.0 7.2 10.2
Charged tracks per collision
Nch [340]

70 70 85 122

Rate of charged tracks GHz 59 297 1234 3942
hpT i [340] GeV/c 0.56 0.56 0.6 0.7
Bending radius for hpT i at
B = 4 T

cm 47 47 49 59

Total number of pp collisions 1016 2.6 26 91 324
Charged part. flux at 2.5 cm,
est. (FLUKA)

GHz cm�2 0.1 0.7 2.7 8.4 (10)

1MeV-neq fluence at 2.5 cm,
est. (FLUKA)

1016 cm�2 0.4 3.9 16.8 84.3 (60)

Total ionising dose at 2.5 cm,
est. (FLUKA)

MGy 1.3 13 54 270 (300)

dE/d⌘|⌘=5 [340] GeV 316 316 427 765
dP/d⌘|⌘=5

kW
0.04 0.2 1.0 4.0

90% bb pb
T > 30GeV/c [341] |⌘| < 3 3 3.3 4.5

VBF jet peak [341] |⌘| 3.4 3.4 3.7 4.4
90% VBF jets [341] |⌘| < 4.5 4.5 5.0 6.0
90% H ! 4l [341] |⌘| < 3.8 3.8 4.1 4.8
bb cross-section mb 0.5 0.5 1 2.5
bb rate MHz 5 25 250 750
bb pb

T > 30GeV/c cross-
section

µb 1.6 1.6 4.3 28

bb pb
T > 30GeV/c rate MHz 0.02 0.08 1 8

Jets pjet
T > 50GeV/c cross-

section [340]
µb 21 21 56 300

Jets pjet
T > 50GeV/c rate MHz 0.2 1.1 14 90

W+ + W� cross-section [12] µb 0.2 0.2 0.4 1.3
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Table 7.1. Key numbers relating the detector challenges at the di↵erent accelerators.

Parameter Unit LHC HL-LHC HE-LHC FCC-hh
Ecm TeV 14 14 27 100
Circumference km 26.7 26.7 26.7 97.8
Peak L, nominal (ultimate) 1034 cm�2 s�1 1 (2) 5 (7.5) 16 30
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R
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(50)
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dE/d⌘|⌘=5 [340] GeV 316 316 427 765
dP/d⌘|⌘=5

kW
0.04 0.2 1.0 4.0

90% bb pb
T > 30GeV/c [341] |⌘| < 3 3 3.3 4.5
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Jets pjet
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section [340]
µb 21 21 56 300

Jets pjet
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W+ + W� cross-section [12] µb 0.2 0.2 0.4 1.3
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Table 7.1. (Continued.)

Parameter Unit LHC HL-LHC HE-LHC FCC-hh
W+!l + ⌫ cross-section [12] nb 12 12 23 77
W+!l + ⌫ rate kHz 0.12 0.6 5.8 23
W�!l + ⌫ cross-section [12] nb 9 9 18 63
W�!l + ⌫ rate kHz 0.1 0.5 4.5 19
Z cross-section [12] nb 60 60 100 400
Z rate kHz 0.6 3 25 120
Z ! ll cross-section [12] nb 2 2 4 14
Z ! ll rate kHz 0.02 0.1 1 4.2
t t cross-section [12] nb 1 1 4 35
t t rate kHz 0.01 0.05 1 11

precision of <5 µm in r�� direction for the vertex tracker as well as an increase of the
transverse calorimeter granularity over the present ATLAS and CMS values by at
least a factor 4.

The measurement of jets from Vector Boson Fusion (VBF) represents another
key task that puts stringent demands on the detector acceptance. At LHC energies,
the ⌘-distribution of these jets peaks at |⌘| ⇡ 3.4 and they are measured in the
forward calorimeters that extend up to |⌘| ⇡ 5. For the Phase-II upgrades of ATLAS
and CMS, the increase of tracking acceptance from |⌘| = 2.5 to |⌘| = 4 relates to
the challenge of measuring these jets in an environment of up to 200 p–p collisions
per bunch-crossing [344–346]. At 100TeV the VBF jet distribution peaks around
|⌘| = 4.4 with a significant tail towards larger values, therefore calorimeter acceptance
of up to |⌘| = 6 is required.

The large number of p–p collisions per bunch-crossing, the so called pile-up,
imposes stringent criteria on the detector design. While the present LHC detec-
tors have to cope with pile-up numbers up to 60, the HL-LHC will produce values
of up to 200. The projected value of 1000 for the FCC-hh creates a challenge that
needs to be addressed. Continuing technology advancements, specifically in the con-
text of high precision timing detectors, will likely allow such numbers to be handled.
While the overall impact of the pile-up on detector performance and resolution can
be quantified, the impact on the physics performance cannot be assessed in a general
manner. For the search of high mass objects the impact of pile-up will be less rele-
vant. For signatures related to e.g. displaced vertices, only a full cycle of simulation,
reconstruction and analysis can quantify it’s impact. Since these detailed studies
will only be conducted in the future, it is important that the accelerator design
can accommodate scenarios with smaller bunch-crossing intervals (12.5 or 5 ns) or
higher harmonic cavities that allow stretching the luminous region to reduce this
e↵ect.

7.2 Detector reference design

Figures 7.1 and 7.2 show the layout of the FCC-hh reference detector. This detector
concept does not represent a specific choice for the final implementation, but it serves
as a concrete example for sub-system and physics studies and allows identification
of topics where dedicated R&D e↵orts are needed. The detector has a diameter of
20 m and a length of 50 m, comparable to the dimensions of the ATLAS detector.
The central detector with coverage of |⌘| < 2.5 houses the tracking, electromagnetic
calorimetry and hadron calorimetry inside a 4 T solenoid with a free bore diameter
of 10m. In order to reach the required performance for |⌘| > 2.5, the forward parts of
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1 General considerations on the acceptance

Figure 1: Kinematical coverage in the (x,MX ) plane of a
p

s = 100 TeV hadron collider (solid blue line), com-
pared with the corresponding coverage of the LHC at

p
s = 14 TeV (dot-dashed red line). The dotted

lines indicate regions of constant rapidity y at the FCC. We also indicate the relevant MX regions for
phenomenologically important processes, from low masses (Drell-Yan, low pT jets), electroweak scale
processes (Higgs, W,Z, top), and possible new high-mass particles (squarks, Z0). This figure is taken
from Ref. [18]

exploration of the high energy frontier, a detector operating at
p

s = 100 TeV must therefore be able to
detect and measure with high precision decay products in such geometrical acceptance.

1.1 Rapidity coverage

Processes occurring at a given characteristic energy scale Q2 = MX will be produced on average from
collisions that are more asymmetric at

p
s = 100 TeV compared to

p
s = 14 TeV. This effect, clearly

visible in Figure 1, is due to the fact that, for a maximally imbalanced collision, the minimum available
longitudinal momentum fraction is given by xmin =

M2
X

s . A maximally imbalanced collision corresponds
to one of the partons entering the collision parton carrying a momentum fraction xmax = 1 of the proton
momentum. In practice, due to the rapidly falling PDFs at high x, one can assume xmax ⇡ 0.5, which
gives xmin ⇡

2M2
X

s corresponding to a maximal rapidity ymax =�ln(2MXp
s ). As a result, at the FCC-hh the

decay products of the particles of interest will be produced on average more forward compared to the
LHC. For example, at

p
s = 14 TeV, a Higgs boson originating from gluon fusion can be produced up to

rapidities ymax ⇡ 4, whereas at
p

s = 100 TeV it can be produced up to ymax ⇡ 6. This effect is illustrated
in Figure 2 where the pseudo-rapidity distribution of the most forward lepton in a H ! ZZ⇤ ! 4` decay
(left) and the most forward jet in vector boson fusion Higgs (right) is shown for two different collision
energies.

This aspect of
p

s = 100 TeV collisions sets stringent requirements on the detector acceptance. In
particular, in order to maintain high efficiency for reconstructing top, Higgs, W and Z particles, which
will constitute a substantial part of the FCC-hh physics programme, the FCC-hh detector must be able
to reconstruct decay products up to very large rapidities, h ⇡ 6. Since the forward region of the detector

4

Kinematic coverage and geometrical acceptance
´ Processes occurring at a given Q2 = MX will be 

produced on average from collisions that are more 
asymmetric at 100 TeV compared to 14 TeV à
particles will be produced more forward
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Assuming that forward detectors can operate in extreme 
environment, this could be an advantage for Missing ET

resolution (better coverage in eta) 
1 General considerations on the acceptance
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Figure 3: Left: Probability of reconstructing Emiss
T greather than Emiss

T (min) in di-jet QCD events for
various assumptions on the detector acceptance. Right: Probability of reconstructing the softest
lepton in electroweakino production for different scenarios of compressed super-symmetric
spectra.

the production of highly off-shell W or Z bosons. The probability to reconstruct the softest leptons in
p p! c̃±

1 c̃0
2 ! c̃0

1 `nc̃0
1 `` events as a function of the threshold on the pT of the lepton is given in Figure 3

(right) for three hypothetical compressed SUSY scenarii. It appears clearly that in order to maintain the
largest possible sensitivity to such signatures the FCC-hh detector will need to be able to reconstruct and
unambiguously identify leptons down to momenta of few GeVs.

Electrons and muons are reconstructed as charged particle trajectories in the tracking volume. The
identification of the electrons performed via a combination of tracking and electro-magnetic calorimeter
(ECAL) based observables. Due to presence of a large magnetic field, electrons can be identified if
their momenta is above some threshold pmin

T , defined as the momentum required to reach the ECAL.
Like-wise, muons can be identified only if they are able reach the muon spectrometers. To be more
concrete, we assume a multi-purpose detector setup with a tracking volume and a calorimeter embedded
inside a solenoidal magnetic field. Muon chambers are placed after the solenoid, therefore the minimal
momentum for reconstructing and identifying muons pmin

T is typically larger than for electrons. As
discussed in the next paragraph, a large magnetic field and a large detector volume are desirable in order
to obtain a good tracking momentum resolution, which is in tension with the requirement of being able
to identify low momentum leptons. Defining the maximum radial distance Rmax for the identification
detector (ECAL for electrons and first muon station for muons), and using pT = 0.3Br , where B is the
solenoidal magnetic field strength in [T ], r is the track curvature in [m] and Rmax = 2r we can derive
Rmax. We find that in order to reconstruct muons with pmin

T = 4 GeV, the first muon station needs to placed
at Rmax = 6.5 m with a detector operating in a field B = 4 T. If we consider the energy loss of muons
in the calorimeter absorbers the threshold increases by a few GeV to pmin

T = 6�7 GeV. With a tracking
volume defined as a cylinder with R = 1.5 m (corresponding approximately to the start of the ECAL),
this corresponds to a threshold for being able to identify electrons of pmin

T = 1 GeV. It should be noted
however that in practice this should be considered as an idealized limit. In current LHC multi-purpose
experiments ATLAS and CMS, electrons with pT < 3 GeV can be hardly identified unambiguously due
to energy loss, even with a lower lever-arm. We therefore set pmin

T = 4 GeV for electrons as a target.
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THE ORIGIN OF THE HIGGS MASS
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Figure 9.2: Left: Exclusion potential for stops at FCC-hh. The area below the solid red (black) curve
represents the expected exclusion and the ±1� contours for the nominal (conservative) scenario of asso-
ciated systematic uncertainties. Right: 5� stop discovery potential.

9.2.1 Direct Stop Search at FCC-hh
A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates
of the reach [276], exposes some of the detector challenges met when using hadronic decays of highly
energetic top quarks, helping to define the detector design criteria. Here the main findings of the detailed
analysis of Ref. [277] are presented.

Stops are pair produced via qq̄ or gg initial states, and the leading decay t̃ ! t�̃0 is consid-
ered. The final state of interest has two high-energy b-tagged jets and large E/T , caused by the neu-
tralinos �̃0. Hadronically decaying multi-TeV top quarks fall within the calorimeter granularity of
(�⌘, ��) = (0.1, 0.1), and track-based algorithms are used to explore their internal structure, adapt-
ing and optimising standard jet substructure techniques used at the LHC. The leading backgrounds in-
clude tt̄ production (the neutrino source of E/T is suppressed by vetoing the presence of charged leptons),
tt̄Z(!nn), and poorly measured jet final states. A large separation �� between the jets and the E/T di-
rection is used to reduce the latter two backgrounds. Additional backgrounds like V+jets, tt̄W or ttt̄t̄
are determined to be small. The overall background contribution is estimated by transferring the rates
obtained in control samples to the signal region, assigning 10% (nominal, based on the LHC experience)
or 20% (conservative) overall uncertainties. The final results are shown in Fig. 9.2, proving a sensitivity
(5� discovery reach) reach up to 10 (8) TeV in mass, for neutralino masses up to 4 (3) TeV.

9.3 Composite Higgs
Another class of models that can provide a microscopic origin for the Higgs mass and naturally accom-
modate the large hierarchy between the EW scale and the Planck scale are known as ‘Composite Higgs’
models. These models bear some resemblance to the story of the Ginzburg-Landau (GL) and BCS mod-
els of superconductivity, wherein the bosonic scalar field observed at low energies (long distances) is, at
the microscopic level, actually a composite of fermionic degrees of freedom. A stronger similarity holds
with the pions in QCD. In QCD at high energies the fundamental degrees of freedom are the quarks and
gluons studied at high energy colliders. However, below the scale at which the QCD interactions become
strong, the quarks and gluons become confined into composite states. The lightest of these states are the
pions, which are made of a quark-antiquark pair.

PREPRINT submitted to Eur. Phys. J. C
103

Examples of prospects relying on MET: top squarks   
´ Analyses for large and medium DM (stop, N1): ETMiss could be as high as 5-10 TeV

´ Monojet analyses (jet+MET) sensitive to compressed scenarios, small DM = mstop – mLSP : 
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à recoil-jet pt thresholds can be adjusted 
à Depends on capability of reconstructing 

real MET in high-pT tails  

with ColliderReachTool: 
HL-LHC à 0.95 TeV; [confirmed exp.]

HE-LHC à 2 TeV; 
FCC-hh à 5 TeV

DM ~ 2 – 10 GeV

Results for FCC-hh are projections  
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Discovery potential at 30/ab 
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Figure 2: The pmiss
T distribution in background and signal events with Nt � 2 and Nb = 1 (left) or with

Nt � 2 and Nb � 2 (right). The background processes are displayed with solid histograms and
the distribution of one signal model is shown with solid red line. The expected yields are scaled
to 30 ab�1.

where Npred
LL (SR) is the predicted number of LL events in the SR, NMC

LL (SR) the expected number of
events in the SR, and NMC

LL (CR) and N“data”(CR)
LL , the expected and observed events in the CR.

The ttZ background is estimated using a three–lepton control sample. We require the presence of ex-
actly three leptons (electrons or muons) that satisfy pT > 30 GeV and no additional lepton with pT > 10
GeV. We further require at least two jets, of which at least two are b-tagged. The same–flavor, opposite–
sign lepton pair with the highest dilepton pT is assumed to originate from Z boson decay. We require the
presence of such a pair with the invariant mass near the Z boson mass (80� 100 GeV) and pT greater
than 1 TeV to probe boson kinematic properties similar to those in the search sample. A small, yet not
negligible tt contribution is expected in the three–lepton control sample. The region outside the Z boson
mass window is used to constrain the tt background. Correction factors are extracted by comparing the
expected and “observed” yields in bins of pT(Z) in the three–lepton sample; These correction factors are
then used to correct the ttZ expectation.

The dominant systematic uncertainty in the background estimation, especially in the SRs with tight
selection in pmiss

T and Nt , arises from the limited statistics of the CRs. Other possible sources are expected
to be more relevant in regions with moderate pmiss

T . Based on the current searches at the LHC (e.g. [35])
we consider two scenarios for the remaining systematic uncertainties, which we label as “nominal” and
“conservative”. In the nominal (conservative) scenario we assume a 10% (20%) uncertainty, uncorrelated
across all SRs and between the background processes. For signal we assign a 10% systematic uncertainty
uncorrelated across the SRs.

5 Results

The statistical interpretation of the results in terms of exclusion and 5s discovery potential for the signal
models being considered in this analysis are based on a binned likelihood fit to the expected background

6

(LL=lost lepton bkg) 

http://collider-reach.web.cern.ch/collider-reach/
https://link.springer.com/article/10.1007/JHEP09(2018)050


124 CHAPTER 8. BEYOND THE STANDARD MODEL

 

 
 

m(NLSP)
200 400 600 800 1000 1200 1400

 m
(N

LS
P,

 L
SP

) [
G

eV
]

Δ

1

10

210

Higgsino-like EWK processes

HL-LHC 3/ab, 14 TeV (soft-lepton A)
HL-LHC 3/ab, 14 TeV (soft-lepton B)
HE-LHC 15/ab, 27 TeV (soft-lepton B)
FCC-hh (HE-LHC approx. rescaling)

, 0.5/ab500ILC
, 1/ab1000ILC

380 / FCC-ee380CLIC
, 2.5/ab1500CLIC
, 5/ab3000CLIC

HL-LHC monojet

LHeC monojet-like (proj)

HE-LHC monojet

FCC-eh monojet-like

FCC-hh monojet

 m(NLSP,LSP) not displayedΔMonojet reach in 

CLIC: extrapolated below 5 GeV

Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-

SUSY searches: lepton pT resolution 
´ Low momentum objects are fundamental for several SM and BSM processes 

´ Precision measurements: e.g. Higgs in 4 leptons (one of them very soft, pT ~ 5 GeV) 

´ Searches: electro-weakly produced SUSY particles: 

´ in compressed models, W and Z might be off-shell 

´ Estimate probability of having pT(l) above a threshold
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2)

FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.
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1 General considerations on the acceptance
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Figure 3: Left: Probability of reconstructing Emiss
T greather than Emiss

T (min) in di-jet QCD events for
various assumptions on the detector acceptance. Right: Probability of reconstructing the softest
lepton in electroweakino production for different scenarios of compressed super-symmetric
spectra.

the production of highly off-shell W or Z bosons. The probability to reconstruct the softest leptons in
p p! c̃±

1 c̃0
2 ! c̃0

1 `nc̃0
1 `` events as a function of the threshold on the pT of the lepton is given in Figure 3

(right) for three hypothetical compressed SUSY scenarii. It appears clearly that in order to maintain the
largest possible sensitivity to such signatures the FCC-hh detector will need to be able to reconstruct and
unambiguously identify leptons down to momenta of few GeVs.

Electrons and muons are reconstructed as charged particle trajectories in the tracking volume. The
identification of the electrons performed via a combination of tracking and electro-magnetic calorimeter
(ECAL) based observables. Due to presence of a large magnetic field, electrons can be identified if
their momenta is above some threshold pmin

T , defined as the momentum required to reach the ECAL.
Like-wise, muons can be identified only if they are able reach the muon spectrometers. To be more
concrete, we assume a multi-purpose detector setup with a tracking volume and a calorimeter embedded
inside a solenoidal magnetic field. Muon chambers are placed after the solenoid, therefore the minimal
momentum for reconstructing and identifying muons pmin

T is typically larger than for electrons. As
discussed in the next paragraph, a large magnetic field and a large detector volume are desirable in order
to obtain a good tracking momentum resolution, which is in tension with the requirement of being able
to identify low momentum leptons. Defining the maximum radial distance Rmax for the identification
detector (ECAL for electrons and first muon station for muons), and using pT = 0.3Br , where B is the
solenoidal magnetic field strength in [T ], r is the track curvature in [m] and Rmax = 2r we can derive
Rmax. We find that in order to reconstruct muons with pmin

T = 4 GeV, the first muon station needs to placed
at Rmax = 6.5 m with a detector operating in a field B = 4 T. If we consider the energy loss of muons
in the calorimeter absorbers the threshold increases by a few GeV to pmin

T = 6�7 GeV. With a tracking
volume defined as a cylinder with R = 1.5 m (corresponding approximately to the start of the ECAL),
this corresponds to a threshold for being able to identify electrons of pmin

T = 1 GeV. It should be noted
however that in practice this should be considered as an idealized limit. In current LHC multi-purpose
experiments ATLAS and CMS, electrons with pT < 3 GeV can be hardly identified unambiguously due
to energy loss, even with a lower lever-arm. We therefore set pmin

T = 4 GeV for electrons as a target.
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Long lived particles: a challenge  

´ Several new physics models 
predict existence of long-lived 
particles:

´ Small couplings

´ Small mass-splittings

´ Phenomenology depends on 
lifetime and decays (hadrons, 
charged leptons, neutrals) 

7/2/22FCC-hh Physics potential and open questions30

“Long-lived” SUSY particles 
´ Widely consider prompt production, non-prompt decays. In SUSY:

´ small couplings: RPV decays

´ small mass-splittings: almost degenerate next-LSP, decay through heavy squarks, Gauge-mediated models 

´ Phenomenology depends on lifetime and decays (hadrons, charged leptons, neutrals) 

14/5/19SUSY Experimental prospects, Monica D'Onofrio36

Response depends on the 
size/position of the detector!

For example:  
@ HL-LHC: O(mm) à O(m)
@ Mathusla: O(100m) à O(km) 

Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 

E.g. @ HL-LHC 

100m

10
0m

~25m

200m

neutral
LLP

Scintillator
surrounds
detector

Multi-layer
tracker in roof

LHC beam pipe

ATLAS
or CMS

Surface
Air

leptonic decay hadronic decay

IP

20m

Fig. 1: Simplified detector layout showing the position of the 200 m ⇥ 200 m ⇥ 20 m LLP decay volume used
for physics studies. The tracking planes in the roof detect charged particles, allowing for the reconstruction of dis-
placed vertices in the air-filled decay volume. The scintillator surrounding the volume provides vetoing capability
against charged particles entering the detector.

vertexing capability necessary to confirm the DV signal topology. The entire bottom and sides of the
decay volume4 are covered with scintillator to veto incoming charged particles such as high-energy
muons coming from the primary pp interaction.

The sensor technology should be proven and cheap in order to achieve the requisite fiducial volume
at a reasonable cost. Resistive Plate Chambers (RPC) is the current default detector technology, though
other options are not excluded at this early stage of the design process. Its tracking performance has
been proven in many earlier experiments. Indeed, the performance requirements for MATHUSLA are
less stringent than what has already been achieved in large-scale deployments.

For example, ATLAS has achieved a timing resolution of 1 ns and a spatial resolution of 1 cm,
while CMS has achieved a timing resolution of 1 ns [34] and a spatial resolution of 0.81 cm [35]. RPCs
operating in streamer mode at the YangBaJing laboratory for cosmic ray studies have demonstrated the
required rate capability [36]. Higher rates can be achieved by operating in avalanche mode. RPCs have
also been deployed in detectors with similar geometry and areas greater than ⇠ 7000m2 [37, 38]. It is
also worth noting that ARGO YBJ operated for 5 years almost unattended, testifying to the reliability
of the technology. The construction procedure is straight-forward and has been industrialized, making
its unit cost superior to the most obvious alternatives. There are no fundamental obstacles to achieve
the production rate needed to match the HL-LHC time scale. Nevertheless, MATHUSLA will require a
larger area of RPC than has been used in any single experiment before. Since the basic technology of RPC
is well understood, the ongoing effort in exploring this detector option is focused on cost performance
optimization.

As we discuss in the next subsections, this minimal detector design is sufficient for LLP discovery
and background rejection via geometrical DV reconstruction. It also allows for event-by-event measure-
ment of the LLP boost [19], which can reveal important information about the LLP mass and production
mode.

MATHUSLA is a unique detector with unusual requirements, and its detailed design will require
further study. However, its reliance on proven and cost-effective technology means there is no funda-
mental obstacle for its deployment in time for the HL-LHC upgrade.

12

Detailed studies are very difficult without a proper detector layout - even HL-LHC projections 
need ‘assumptions’ e.g. on the capability of reducing the background to zero. 



Example: disappearing track
´ Disappearing track signatures appear in a variety of models for Dark Matter: 

´ SUSY … 

´ Thermal freeze-out mechanism: massive particle with EW gauge interactions only. Spin-1/2 particles 
transforming as doublets or triplets under SU(2) symmetry, usually referred to as Higgsino and Wino

7/2/22FCC-hh Physics potential and open questions31

8.5. DARK MATTER 131

��� ��� ��� � � �
�χ [���]

Indirect Detection

FCC-hh

FCC-eh

HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee

CEPC

Pure Higgsino

2σ, Disappearing Tracks
Kinematic Limit: s /2

Thermal

2σ, Indirect Reach

CLIC380

LE-FCC

CLIC1500

��� ��� � � ��
�χ [���]

Indirect Detection

FCC-hh

FCC-eh

HE-LHC

HL-LHC

CLIC3000

ILC

FCC-ee

CEPC

Pure Wino

2σ, Disappearing Tracks

Kinematic Limit: s /2

Thermal

2σ, Indirect Reach

CLIC380

LE-FCC

90% CL Direct Detection Projection

CLIC1500

Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

FCC-hh can conclusively test the hypothesis of thermal DM in both scenarios – but 
what are the assumptions? 



Disappearing track signatures @ HL-LHC 
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS
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The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one

105

A disappearing track occurs when the decay products of a 
charged particle, like a supersymmetric chargino, are not 
detected (disappear) because they either interact only weakly 
or have soft momenta and hence are not reconstructed. 

Section 4.1 of arxiv:1812.07831

ATL-PHYS-PUB-2018-031

Tracklet reconstruction: 
• “standard” tracks are reconstructed; 
• track reconstruction is then rerun with looser criteria 

à >= 4 pixel hits using only input hits not associated 
with tracks

• Tracklets are then extrapolated to the strip detectors 
• pT > 5 GeV and |h| < 2.2 

Event selection: 
• Use boosts from ISR jets to trigger events 
• Lepton veto and kinematic selections applied to 

reduce background 

https://arxiv:1812.07831
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to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS
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1 which decays after the first few layers of the inner
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The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS
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1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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A disappearing track occurs when the decay products of a 
charged particle, like a supersymmetric chargino, are not 
detected (disappear) because they either interact only weakly 
or have soft momenta and hence are not reconstructed. 

Two sources of background contributions: 

• SM particles that are reconstructed as tracklets, 
i.e. hadrons scattering in detector material or 
electrons undergoing bremsstrahlung

• Events which contain fake tracklets:
• from Z à nn or W à ln where lepton is lost
• Scaled by the expected fake tracklet

probability 
• Fakes are also the largest source of 

uncertainties (~30% of total background)

SR
Total SM 4.6 ± 1.3

V +jets events 0.17 ± 0.05
tt̄ events 0.02 ± 0.01
Fake tracklets 4.4 ± 1.3

Table 4.1.1: Yields are presented for the disappearing track SR selection with an integrated luminosity of 3 ab�1at
p

s = 14 TeV. The errors shown are the total statistical and systematic uncertainty.

energetic ISR jet. The minimum azimuthal angular distance between the first four jets (ordered in pT)
and the Emiss

T is required to be greater than 1, in order to reject events with mis-measured Emiss
T .

There are two main background contributions: SM particles that are reconstructed as tracklets, and
events which contain fake tracklets. The SM particles reconstructed as tracklets are typically hadrons
scattering in the detector material or electrons undergoing bremsstrahlung. The probability of an isolated
electron or hadron leaving a disappearing track is calculated using samples of single electrons or pions
passing through the current ATLAS detector layout, and is then scaled to take into account the ratio of
material in the current ATLAS inner detector and the upgraded inner tracker. The second background
contribution arises from events which contain “fake” tracklets. These events arise from Z ! ⌫⌫ or
W ! `⌫ (where the lepton is not reconstructed) and are scaled by the expected fake tracklet probability:

pITk
fake,tight = pATLAS

fake,tight ⇥
RITk

fake,loose

RATLAS
fake,loose

⇥
✏ITk
z0

✏ATLAS
z0

. (4.1.1)

In this equation, pATLAS
fake,tight is the fake rate of the current Run-2 analysis [331], computed using a d0

sideband for the track reconstruction, RITk
fake,loose is the fake rate in the same d0 sideband for ITk com-

puted with a neutrino particle gun sample, such that all tracks are purely a result of pile-up interactions,
RATLAS

fake,loose is the fake rate in the d0 sideband for ATLAS computed on data, ✏ITk
z0

is the selection efficiency
of the tracklet z0 selection in ITk, and ✏ATLAS

z0
is the selection efficiency of the tracklet z0 selection in

ATLAS.
Systematic uncertainty projections for both searches have been determined starting from the sys-

tematic uncertainties studied in Run-2 and evolving them to a level which the ATLAS and CMS collab-
orations have agreed to consider as a sensible extrapolation to HL–LHC. Hence, the theory modelling
uncertainties are expected to halve while the recommendations for detector-level and experimental uncer-
tainties are dependent upon the systematic uncertainty under consideration and are scaled appropriately
from the Run-2 analysis. When setting exclusion limits, an additional systematic uncertainty of 20% is
set to account for the theoretical systematic uncertainty on the models under consideration. The dominant
uncertainties in the disappearing track analysis arise from the modelling of the fake tracklet component,
and the total uncertainty on the background yield is extrapolated to be 30%.

Table 4.1.1 presents the expected yields in the SR for the disappearing track search for each back-
ground source, corresponding to an integrated luminosity of 3 ab�1. As seen in the table the dominant
background source corresponds to events with a “fake” tracklet, arising predominantly from Z ! ⌫⌫
events with an ISR jet and high Emiss

T , which contain spurious hits that are reconstructed as a tracklet.
Limits at 95% C.L. on the chargino lifetime are shown in Fig. 4.1.2 as a function of the �̃±

1 mass.
The simplified models of chargino production considered include chargino pair production and chargino-
neutralino production (both �̃±

1 �̃0
1 and �̃±

1 �̃0
2. The potential for the full HL-LHC dataset is expected to

exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
charginos are excluded up to m(�̃±

1 ) = 1100 GeV (750 GeV) for lifetimes of 1 ns. The discovery
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1) use samples of single e or p passing through the current 
ATLAS detector layout to estimate the probability that an 
isolated e or hadron leave a disappearing track 
2) Scale it to account for ratio of material in the current ATLAS 
inner detector and the upgraded inner tracker

~ 200 (depends 
strongly on pile up)

~ 0.12 (due to 
differences in 
tracket selection)
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