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Introduction
• Clean FCC-ee environment => wide range of beyond-Standard Model 

(BSM) particle couplings and masses accessible 
✦ Probe BSM physics indirectly or directly 

• Indirect searches: Sensitivity to BSM physics through precise measurements 
of SM observables  

• Direct searches: Experimental signatures vary greatly depending on 
lifetime of new particles, consequently, detector requirements vary greatly 
✦ Prompt decays 

✦ Decay in inner tracking detectors 

✦ Decay in calorimeter / muon systems 

✦ Escape detection altogether

 2

detectable displacements between the production and decay points of an unstable particle for
cτ10 μm129.

The experimental signatures of LLPs at the Large Hadron Collider (LHC) are varied and,
by nature, are often very different from signals of SM processes. For example, LLP signatures
can include tracks with unusual ionization and propagation properties; small, localized
deposits of energy inside of the calorimeters without associated tracks; stopped particles (SPs)
that decay out of time with collisions; displaced vertices (DV) in the inner detector (ID) or
muon spectrometer (MS); and disappearing, appearing, and kinked tracks. A schematic of a
sampling of the variety of LLP signatures that are different from both SM signatures and the
majority of BSM searches at the LHC is shown in figure 2.

Because the LLPs of the SM have masses  5 GeV and have well-understood
experimental signatures, the unusual signatures of BSM LLPs offer excellent prospects
for the discovery of new physics at particle colliders. At the same time, standard
reconstruction algorithms may reject events or objects containing LLPs precisely because
of their unusual nature, and dedicated searches are needed to uncover LLP signals. These
atypical signatures can also resemble noise, pile-up (PU), or mis-reconstructed objects in
the detector; due to the rarity of such mis-reconstructions, Monte Carlo (MC) simulations
may not accurately model backgrounds for LLP searches, and dedicated methods are
needed to do so.

Although small compared to the large number of searches for prompt decays of new
particles, many searches for LLPs at the ATLAS, CMS, and LHCb experiments at the LHC
have already been performed; we refer the reader to chapter 3 for descriptions of and
references to these searches. Existing LLP searches have necessitated the development of
novel methods for identifying signals of LLPs, and measuring and suppressing the relevant
backgrounds. Indeed, in several scenarios searches for LLPs have sensitivities that greatly

Figure 1. Particle lifetime cτ, expressed in meters, as a function of particle mass,
expressed in GeV, for a variety of particles in the Standard Model [1].

129 Recently, a comprehensive collection of the vast array of theoretical frameworks within which LLPs naturally
arise has been assembled as part of the physics case document for the proposed MATHUSLA experiment [2].
Because the focus of the current document is on the experimental signatures of LLPs and explicitly not the theories
that predict them, the combination of the MATHUSLA physics case document (and the large number of references
therein) and the present document can be considered, together, a comprehensive view of the present status of
theoretical motivation and experimental possibilities for the potential discovery of LLPs produced at the interaction
points (IPs) of the LHC.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 090501 J Alimena et al
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B. Shuve

Lifetime vs mass for SM particles
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Indirect probes
• Precise measurements of EW observables: 

Indirect sensitivity to up to ~70 TeV-scale  
sector connected to EW/Higgs 

• Top sector: Search for FCNCs, sensitivity to  
Z’ bosons from top EW coupling 

• Flavor (b/c/tau): Rare decays, LFV searches, tests of LFU  

• Associated detector requirements similar to those from corresponding SM 
measurements, e.g.: 
✦ Excellent track momentum resolution (low X0) 

✦ Vertex resolution & PID capabilities for flavor tagging  

✦ Particle flow, jet energy/angular resolution for hadronic final states 

✦ See talks by J. Zhu and M. Selvaggi
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8 Alain Blondel1, Patrick Janot2: FCC-ee overview: new opportunities create new challenges

Fig. 5. Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a global EFT fit. The
constraints are presented as the 95% probability bounds on the interaction scale, ⇤/

p
ci, associated to each EFT operator.

Darker shades of each colour indicate the results when neglecting all SM theory uncertainties

In parallel, searches for rare decays make FCC-ee a direct discovery machine. Lepton-flavour-violating (LFV) Z
decays; rare and LFV ⌧ decays; searches for heavy neutral leptons; and rare b-hadron decays; have been explored
in Ref. [14] as benchmark or flagship searches. They are illustrative of the unique potential of a high-luminosity Z
factory. The discovery potential relies on the vertexing capabilities of the experiments, to take benefit of the boosted
topologies at the Z energy, but is mostly limited by the statistical size of the event sample.

A minimum of 5 ⇥ 1012 Z decays has been shown to be necessary to make, for example, a comprehensive study
of the rare electroweak penguin transition b ! s⌧+⌧� [49]. For example, about 1000 events with a reconstructed

B
0

! K⇤0⌧+⌧� are expected in such a sample. Should the current “flavour anomalies” [50] persist, the study of b-
hadron decays involving ⌧ ’s in the final state is required to sort out possible BSM scenarios. If these flavour anomalies
do not survive LHCb and Belle2 future scrutiny, the study of Z couplings to third-generation quarks and leptons still
constitute an excellent opportunity to unravel BSM physics.

Tau physics at the Z pole provides, still today, the most powerful tests of lepton universality and of the PMNS matrix
unitarity. The increase of statistics by five orders of magnitude with respect to LEP should allow much improvement
of these constraints, by combining measurements of the tau lifetime, the tau mass, and the leptonic branching ratios.
These measurements provide important constraints on e.g. light-heavy neutrino mixing. Similar improvements are
expected from the better precision of the invisible Z decay width measurement [14,13].

The exploration of the flavour physics program of FCC-ee is certainly in its infancy and can be expected to develop
strongly in the future [51].

6 Opportunities: QCD

The 3.5 ⇥ 1012 hadronic Z decay expected at FCC-ee also provide precious input for comprehensive QCD studies
at the Z pole [52]. In particular, the determination of strong coupling constant ↵S(m

2

Z), from the ratio R` of the
Z hadronic width to the Z leptonic width, greatly benefits from the available statistics. With the present errors
estimates, an experimental uncertainty on ↵S(m

2

Z) of 0.00015 can be contemplated, with further improvement being
actively planned for the next round of detector studies. A similar figure can possibly be obtained from tau decays,
or from the measurements of the hadronic and leptonic decay branching ratios of the W boson [22,53,54], copiously
produced with FCC-ee operating at larger centre-of-mass energies.

The energy evolution of event shapes and fragmentation functions also provide powerful tests of QCD in e+e� col-
lisions. The wide range of energies covered by FCC-ee, which can start at centre-of-mass energies as low as 30GeV [55],
will provide yet another and completely independent determination of the strong coupling constant with a precision
in the 10�4.

A. Blondel, P. Janot:  
EPJ+ 137 (2022) 92

https://indico.cern.ch/event/1298458/timetable/#90-detectors-requirements-and
https://indico.cern.ch/event/1298458/timetable/#122-introductory-talk-requirem
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exceed the search for similar, promptly decaying new particles (as is true, for example, for
directly produced staus in supersymmetry [4]). The excellent sensitivity of these searches,
together with the lack of a definitive signal in any prompt channels at the LHC, have focused
attention on other types of LLP signatures that are not currently covered. These include low-
mass LLPs that do not pass trigger or selection thresholds of current searches, high multi-
plicities of LLPs produced in dark-sector showers, or unusual LLP production and decay
modes that are not covered by current methods. Given the excellent sensitivity of LHC
detectors to LLPs, along with the potentially large production cross sections of LLPs and the
enormous amount of data expected to be collected when the LHC switches to high-luminosity
running in the 2020s, it is imperative that the space of LLP signatures be explored as
thoroughly as possible to ensure that no signals are missed. This is particularly important
now, with the recent conclusion of LHC Run 2, as new triggering strategies for LLP sig-
natures in the upcoming Run 3 can be investigated with urgency. Moreover, decisions are
currently being made about detector upgrades for Phase 2 of the LHC, and design choices
should be made to ensure that sensitivity to LLPs is retained or possibly improved through
high-luminosity running, as may indeed be the case for many of the plans under consideration
by the main experiments.

The increased interest in LLP signatures at the LHC is naturally complementary to the
recognition that there are several BSM scenarios that give rise to particles difficult to opti-
mally detect at the LHC—either promptly decaying particles or those with naturally long
lifetimes—and that are searched for or planned to be searched for in fixed-target experiments,
B-factories, and beam dump experiments [5–7].

The growing theoretical and experimental interest in LLPs has been mirrored by an
increased activity in proposals for searches for LLPs produced at the main LHC IPs—either
within the existing ATLAS, CMS, and LHCb collaborations or with new, dedicated detectors
—new experimental analyses, and meetings to communicate results and discuss new ideas.

Figure 2. Schematic of the variety of challenging, atypical experimental signatures that
can result from BSM LLPs in the detectors at the LHC. Shown is a cross-sectional
plane in azimuthal angle, f, of a general purpose detector such as ATLAS or CMS.
From [3].

J. Phys. G: Nucl. Part. Phys. 47 (2020) 090501 J Alimena et al
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H. Russell

• Examples of studied  
BSM phenomena: 
✦ Axion-like Particles (ALPs)  
✦ Heavy neutral leptons (HNL)  
✦ Exotic Higgs boson decays  
✦ Dark photons (ZD) 

✦ Z’  

✦ Light SUSY and light scalar scenarios  

• Complementarity between prompt/long-lived searches! 

• BSM landscape discussed by Z. Demiragli

Direct BSM 
searches

https://indico.cern.ch/event/1298458/timetable/#105-bsm-at-fcc-ee
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Detector concepts

• Studies so far primarily relied on Delphes fast simulation with IDEA card
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CLD ALLEGRODetector benchmarks
6

▪ Full silicon vertex + strip tracker
▪ CALICE-like 3D-imaging high-

granular calorimetry with Si-W 
for ECAL and Sci-iron for HCAL

▪ Muon system with RPCs
▪ Coil outside of calorimeters

▪ Silicon vertex + ultra-light tracker
▪ Monolithic dual readout calorimeter 

with Cu-fibers (possibly augmented by 
dual-readout crystal ECAL)

▪ Muon system with µ-RWELL
▪ Coil inside calorimeters

▪ Silicon vertex + ultra-light tracker
▪ High granularity noble liquid ECAL 

(LAr or LKr with Pb or W absorbers)
▪ CALICE-like or TileCal-like HCAL
▪ Muon system
▪ Coil outside of ECAL

Four detector benchmark sessions on Tuesday and Thursday afternoons 

Four detectors considered for FCC-ee

CLD IDEA ALLEGRO

J. Zhu

IDEA

https://indico.cern.ch/event/1298458/timetable/#90-detectors-requirements-and
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Detector requirements
• Identifying long-lived particles places distinct detector requirements 

✦ Impact parameter resolution for large displacements  

✦ Tracking detectors: additional layers / continuous tracking 

✦ Calorimetry: high radial segmentation, tracking capability 

✦ Muon detectors: standalone tracking capability 

• Large decay lengths implies extended detector volume  

• Invisible final states => hermetic detectors 

• Triggerless readout  

• Precise timing for velocity (mass) estimates 

• Next slides highlight select recent work within BSM group to illustrate 
detector requirements, not a complete overview of all BSM work done!
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• Hypothetical pseudoscalar appearing naturally in many SM extensions; 
mass and coupling can range over many orders of magnitude  

• ALP associated production vs ma and coupling to vector bosons (Cγγ)  

• Particularly relevant at FCC-ee is final state with three photons  
✦ Imposes requirements on ECAL performance  

✦ Masses ≳5 GeV: Sensitivity dominated by ECAL resolution, require high 
momentum prompt photons 
Masses ≲5 GeV: Large contribution from position resolution and photon-
photon separation power (granularity) 

Axion-like particles (ALPs)
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decays, depend on two independent couplings, under certain assumptions a few processes
only depend on a single coupling parameter. For example, the e

+
e
�

! �a ! 3� and
e
+
e
�

! Za ! Z�� processes only depend on the ALP-photon coupling c�� when it is
assumed that both the ALP-photon and the ALP-photon-Z couplings originate from the
ALP coupling to either SU(2)L or U(1) gauge bosons before EW symmetry breaking. If
the ALP only couples to U(1) gauge bosons, then c�Z = �s

2
wc�� . In this case, Figure 7(a)

shows the projected sensitivity of FCC-ee to c�� using the e
+
e
�
! �a ! 3� channel [188].

This analysis assumes at least four signal events and combines the Z-pole run with runs at
p
s = 2mW and

p
s = 250 GeV. Further details are provided in [188]. Another process that

depends only on a single coupling is e
+
e
�
! �a ! �`

+
`
� when the ALP-photon and the

ALP-photon-Z couplings are induced via a loop of leptons. In this case,

c�� =

X

`=e,µ,⌧

c``B1(4m
2
`
/m

2
a) and c�Z = (s

2
w � 1/4)c�� . (18)

Figure 7(b) shows the projected sensitivity of FCC-ee to c`` using the process e+e� ! �a !

�`
+
`
� [188].

(a) (b)

Figure 7: Projected sensitivity of FCC-ee in (a) e
+
e
�
! �a ! 3� and (b) e

+
e
�
! �a !

�`
+
`
� in purple. Figure adapted from Figure [188].

The e
+
e
�

! �a ! 3� and e
+
e
�

! �a ! �`
+
`
� searches are sensitive to ALP decay

lengths of up to 1.5m and 2 cm, respectively. The search for long-lived ALPs may be
significantly improved with the installation of a dedicated far detector that could probe
decay lengths of up to 100m [193, 194]. For FCC-ee reach on the relaxion, see Ref. [195].
In addition to direct measurements, FCC-ee will be able to significantly constrain the ALP
contribution to the oblique parameters [187,188], whose determination is expected to improve
by an order of magnitude [196].
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The Delphes 3 software and the IDEA fast simulation • 173

Z/γ
a

e−

e+

γ

γ

γ

Figure 5.1: Feynman diagram for the ALP being radiated by a Z boson or a photon
and produced in association with a photon.

CγZ = −s2wCγγ. The relevant ALP branching ratio into the observed final state is

set to 100%.

5.2 The Delphes 3 software and the IDEA fast simula-

tion

The Delphes 3 software [120] is designed to simulate the response of a simplified and

generic collider detector composed of an inner tracker, electromagnetic and hadron

calorimeters, and a muon system. It is mostly used for phenomenological studies for

which a parameterized detector response is in general good enough. Recently, the

IDEA Collaboration adopted it as its fast-simulation framework.

All sub-detectors are cylinders organized concentrically around the beam axis. The

user can specify the dimensions, the calorimeter cell segmentation and the strength

of the (uniform) magnetic field. The sub-detectors performance, like the tracker

momentum resolution and the calorimeter energy resolution, are provided by the

user through dedicated detector description cards.

The input is made of the collection of stable particles from the most common event

generators. Long-lived particles are propagated in the magnetic field inside the

inner tracker volume. Charged particles follow an helicoidal trajectory up to the

calorimeter volume, while neutral particles reach the calorimeter through straight

lines. Charged particles are reconstructed as tracks according to a user-defined prob-

ability and a smearing on the norm of the transverse momentum vector is applied

at the stage of particle propagation.

The simplified calorimeter system has a finite user-defined segmentation in pseudo-
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Axion-like particles
• Analysis considers ma = 0.2–360 GeV at different √(s) in 3 photon channel 

✦ Signal/background: MG5 + Pythia8; DELPHES for IDEA fast simulation  

✦ Signal discrimination based on 𝛾𝛾 invariant mass, opening angle and energy 
of third photon  

• Low mass ALPs (<5 GeV) sensitive to  
effective separation of collimated  
photons => excellent benchmark  
for detector optimisation  

• Full simulation studies needed to  
assess sensitivity at low mass / potential  
for separating the two nearby photons
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L. Pezzotti thesis

Results • 183
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Figure 5.6: Projected sensitivity regions for searches for e+e− → γa → 3γ at the
FCC-ee IDEA Detector assuming Br(a → γγ) = 1.

https://iris.unipv.it/handle/11571/1429275
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Heavy neutral leptons (HNLs)
• Dirac or Majorana fermions with sterile neutrino quantum numbers  

✦ Promising new physics channel at Z pole  

✦ Rich set of signatures, both prompt & long-lived  

• Analysis: HNL => µjj  Require one muon + two jets 
✦ High mass / prompt signal 

• Background rejection through constraints on HNL mass and missing energy  
• Requirements on jet energy resolution and vertexing performance  

✦ Low mass / displaced signal  
• Background suppression through displaced vertex 
• Requirements on vertexing and timing performance 

✦ Signal: MG5 + Pythia8; Delphes for IDEA fast simulation  
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Figure 10: Representation of an event display at an FCC-ee detector of a HNL decay into
an electron and a virtual W decaying hadronically. Courtesy of the FCC collaboration.

3.2.1 Production and Kinematics of Electroweak-scale HNLs

As a first step to exploring the sensitivity of FCC-ee to EW-scale HNLs, Table 1 shows the
cross section (center column) and the expected number of events (right column) for an HNL
with a mass of mN = 50 GeV when produced and decayed through the process described in
Eq. (22) and shown in Figure 11.

(a) (b)

Figure 11: Representative diagrams depicting the e
+
e
�

! Z ! N⌫` process at leading
order, with N decaying via (a) charged current and (b) neutral current channels to the
two-neutrino, two-charged lepton final state.

Results are shown for several choices of active-sterile mixing |VeN |, and assume that an
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HNL => µjj
• Using sum of visible four-momenta to select HNL mass and ν recoil energy 

• Prompt analysis uses selection on muon transverse impact parameter to 
suppress background (d0,µ < 8σ; σ~5µm) => tracker pointing resolution  

• Fast simulation with parametric particle energy resolution:  
EM∼11%/√(E) ; HAD∼30%/√(E) ; 1% constant term 

✦ Simplified approach to estimate impact of calorimeter resolution: estimate 
variation of background when varying mass window vs jet-jet mass resolution
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• Baseline: Integrated Lumi =  𝟐𝟒𝟎 𝐚𝐛−𝟏 ↔ 8 × 1012 Z boson events

• Looking for 𝑈2 producing 95% CL excess of  events

For each HNL mass 𝑀: 𝑃 𝑛 < 𝑏 𝐻𝑁𝐿 𝑀,𝑈2 ] = 1 − CL

• Impact of  the impact parameter cut:

𝑏 = #background events

Preliminary results G. Polesello, N. Valle
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• Fast simulation with parametric particle energy resolution 
• EM: ∼ 11% / 𝐸 ;   HAD: ∼ 30% / 𝐸 ;  1% constant term

• Impact of  calo resolution could be assessed by smearing energy of  jets built from stable particles

• Preliminary simplified approach: estimate variation of  background when varying mass window as a 
function of  the jet-jet mass resolution

Preliminary results G. Polesello, N. Valle

Spring2021Spring2021

G. Polesello, N. Valle



Louise Skinnari (Northeastern University) FCC Week 2024

HNL => eeν/µµν
• Require two leptons (e/µ) 

• Signal simulation: MG5+Pythia8 + Delphes with IDEA detector card  
✦ Shape-based analysis from dR with ML fit 

• Requirements on reconstructed vertex incl. Lxy < 2000mm, |d0| > 0.55mm
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S. Giappichini, M. Klute, 
O. Panella, M. Presilla, 

X. Zuo

Institute of Experimental Particle Physics (ETP)May 16, 20245

LLP SELECTION

May 16, 2024 – Sofia Giappichini

Adding requirements on the reconstructed vertex:

𝜒2 < 10

𝐿𝑥𝑦 < 2000 𝑚𝑚

𝑧 < 2000 𝑚

𝑑0 > 0.55 𝑚𝑚 to finally suppress all MC background events

Institute of Experimental Particle Physics (ETP)May 16, 20244

ANALYSIS

May 16, 2024 – Sofia Giappichini

arXiv:2404.06614

Shape-based analysis from Δ𝑅 with ML fit, statistical significance computed with COMBINE Higgs 
tool arXiv:2404.06614

The results show improvement from previous studies using only the number of signal and 
background events
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LLPs from exotic Higgs decays @ FCC-ee
• Targeting the Zh stage of FCC-ee and signal process:  

 with   or  and 


• Experimental signature:

• A reconstructed Z boson from the   or  pairs

• Displaced vertices (DVs) from the long-lived scalar decays

!+!−  → " h "  → !+!−  #+#− h  → $$  → %%̄%%̄

!+!−  #+#−

!+ !−

PV
s s

DVsDVs

b-jet

b-jet

b-jet

b-jet

6

LLPs!

• Target Zh (240 GeV) run with signal process: 

• Experimental signature: Reconstructed Z boson 
+ displaced vertices from long-lived scalar decays 

• Simulation: MadGraph v3.4.1 + Pythia8 +  
Delphes with winter2023 IDEA vs CLD card 

• Recent detector card comparison illustrate benefit 
of continuous tracking / many tracker layers

Exotic Higgs decays
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LLPs from exotic Higgs decays @ FCC-ee
• Targeting the Zh stage of FCC-ee and signal process:  

 with   or  and 


• Experimental signature:

• A reconstructed Z boson from the   or  pairs

• Displaced vertices (DVs) from the long-lived scalar decays
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6

LLPs!

A. Gallén, G. Ripellino, M. Vande Voorde, 
R. Gonzalez Suarez

<latexit sha1_base64="kryDtWGMfj78K CiMThd2tJPrGnA="></latexit>

e+e� ! Zh with Z ! e+e�/µ+µ� and h ! ss ! bb̄bb̄

M. Larson, LS

Signal Sensitivities

16

Final Cut Efficiencies: 

Final Events Selected: 

Sensitive (> 3 
events) 

Not sensitive 
(< 3 events)

Mean proper 
lifetime cτ [mm]

Final # 
events 

selected

3.4 341.7 34167.0 0.9 87.7 8769.1
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Conclusions
• Understanding the impact of detector design and performance is crucial 

given the broad range of unconventional signatures and rich 
phenomenology involved! 

• Exciting opportunity to optimize detector designs specifically for long-
lived particle searches  

• Beyond optimizing general purpose detectors for BSM physics, options 
for targeted detectors and facilities, e.g.: 
✦ HErmetic CAvern TrackEr (HECATE): 

Proposes additional instrumentation on the cavern walls for large gain in 
sensitivity for LLPs (4π solid angle coverage for displacements of 20m) 

✦ Forward Physics Facility (FPF): See talk by S. Trojanowski (Anncey 2024)
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M. Chrzaszcz, M. Drewes, J. Hajer, EPJC 81 (2021) 546

https://indico.cern.ch/event/1307378/timetable/?view=standard#132-new-physics-in-the-forward
https://doi.org/10.1140/epjc/s10052-021-09253-y


Louise Skinnari (Northeastern University) FCC Week 2024

Backup
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FCC-ee machine parameters
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2024-02-01 FCC-ee: main machine parameters

F. Gianotti

3 years 
2 x 106 H 

5 years
2 x 106 tt pairs 

2 years
> 108 WW 
LEP x 104

4 years
5 x 1012 Z 
LEP x 105

❑ x 10-50 improvements on all EW observables
❑ up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC
❑ x10 Belle II statistics for b, c, τ 
❑ indirect discovery potential up to ~ 70 TeV
❑ direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points → robustness, 
statistics, possibility of specialised detectors
to maximise physics output

currently assessing 
technical feasibility 
of changing operation 
sequences
(e.g. starting at ZH energy)

Parameter Z WW H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 4.9

number bunches/beam 11200 1780 440 60

bunch intensity  [1011] 2.14 1.45 1.15 1.55

SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4

total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4

long. damping time [turns] 1158 215 64 18

horizontal beta* [m] 0.11 0.2 0.24 1.0

vertical beta* [mm] 0.7 1.0 1.0 1.6

horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59

vertical geom. emittance [pm] 1.9 2.2 1.4 1.6

horizontal rms IP spot size [mm] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51

beam-beam parameter xx / xy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2

luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25

total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15

beam lifetime rad Bhabha + BS [min] 15 12 12 11

M. Benedikt et al 
Chamonix workshop 2024


