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Experiment/Detector Workshop
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Tracking and Calorimetry at
High Luminosity Circular Colliders

Case study:
FCC-ee at Z-pole luminosities
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Workshop Program
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Requirements 
and physics conditions

Silicon Detectors

Drift Chamber
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Workshop Program
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Calorimeters

Silicon Detectors

TPC
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Points to take home
• Silicon detectors

- Low-material requirements and subsequently mechanics are the 
most challenging for e+e- future silicon trackers
- Monolithic sensors (sensor/ASIC integrated) — CMOS technology likely available

- Power consumption a challenge 
- Air cooling is not trivial — requires lots of mechanical design considerations
- Consider micro-channel cooling or other new advance methods 

- Rafael Coelho (UMass) interested in collaborating with CEPC in this area
- No existing detector can satisfy CEPC requirements: ALICE ITS uses twice as 

much material/larger power consumption

- CEPC sensor R&D in the forefront of current research — readout 
rates one step ahead of ALICE

- PID detectors suggested to be integrated into full silicon tracker 
(Weiming Yao)
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PID with Silicon Trackers
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PID with Silicon Trakers

!15

Wei-Ming YAO

• Pros: PID will help jet-charge and flavor tagging. 
• Cons: Additional material budget to degrade the detector 

performance. 

Do we need to 
go all the way to 
50GeV?
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Points to take home
• Drift Chamber

- Close to satisfy required momentum resolution, but need extra silicon 
layer to achieve full performance

-  Provides decent PID
- New details of mechanics provided at workshop

• TPC
- Paul Colas present at workshop. Very useful detailed conversations 

about the TPC operation.
- Some skepticism that our Ion Back Flow estimation are correct, on the 

other hand, people are impressed with the progress with our GEM+MM 
readout boards

- Jianbei claimed even better IBF results with a different setup than the 
one used for CDR (to follow up on)
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Points to take home
• Calorimeters

- Lengthy discussion about the benefits of high-granularity versus high-resolution
- In particular, the need for high-resolution electromagnetic calorimeter
- Cost optimization of Si-based solutions

- SiPM: Significant interest on SiPM based solution and the potential of lower costs for 
SiPM

- Dual-readout calorimeter presented new preliminary results from CERN test beam
- Need 1 million USD to produce full size prototype

- First ECal Crystal Calorimeter Concept: 
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Calorimetry 
EM crystal calorimetry

!26

Sarah ENO

To be continue
in March…
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Conference (Jan 21-24, 2019)
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Attendance
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Largest attendance from all editions
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Crowd Management
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2015 2016

2018 2019
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Conference Highlights
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Conference Highlights
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FCC-ee: M. Koratzinos
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Patrick Janot 

� Two designs studied so far 
 
 
 
 
 
 

 
 

� It was demonstrated that detectors satisfying the requirements are feasible 
z Physics performance, invasive MDI, beam backgrounds 

� More complete studies, with full simulation, needed 
� Towards at least four detector proposals to be made by ~2026 

z Light, granular, fast, b and c tagging, lepton ID and resolutions, hadron ID 
z Cost effective 
z Satisfy constraints from interaction region layout 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 

FCC-ee detector design concepts 

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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Ultra Light 
Innovative 
Cost effective 

Proven concept 
Known performance  

CLD (~CLICdet) IDEA 

DCH 

DR Calo 
2T 

Si Tracker 

Si-W Calo 
2T 

LumiCal 

Two different concepts 
have been demonstrated 
to work, one a proven 
concept and the other with 
a thin solenoid and simple 
calorimeter (and a factor 2 
cheaper)  

We are now open 
to detector 
collaborations! 

Some confusion about number of FCC-ee experiments: 2 or 4
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FCC-ee Running Plan
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The FCC-ee operation model and statistics
u 185 physics days / year, 75% efficiency, 10% margin on luminosity 

21-24 Jan, 2019IAS Conf. on HEP 2019, Hong Kong 5

Working point Z, years 1-2 Z, later WW HZ tt threshold… … and above

√s (GeV) 88, 91, 94 157, 163 240 340 – 350 365

Lumi/IP (1034 cm-2s-1) 100 200 25 7 0.8 1.4

Lumi/year (2 IP) 24 ab-1 48 ab-1 6 ab-1 1.7 ab-1 0.2 ab-1 0.34 ab-1

Physics goal 150 ab-1 10 ab-1 5 ab-1 0.2 ab-1 1.5 ab-1

Run time (year) 2 2 2 3 1 4

5×1012 e+e- → Z

108 e+e- → W+W-

106 e+e- → HZ

106 e+e- → tt
-

Event statistics √s precision

100 keV

300 keV

1 MeV

2 MeV

Total : 15 years

14 
Future Circular Collider Study 
Michael Benedikt 
FCC-ee Physics WS, 8 January 2019 

          FCC-ee operation model 
working point luminosity/IP 

[1034 cm-2s-1] 
Integrated lumi/y (2 IPs) physics goal run period 

[years] 
Z first 2 years 100 26 ab-1/year 

150 ab-1 4 
Z thereafter  200 48 ab-1/year 
W 25 6 ab-1/year 10 ab-1 2 
H 7.0 1.7 ab-1/year 5 ab-1 3 
machine modification for RF installation & rearrangement: 1 year 
top 1st year (350 GeV) 0.8 0.2 ab-1/year 0.2 ab-1 1 

top thereafter (365 GeV) 1.4 0.34 ab-1/year 1.5 ab-1 4 

total program duration: 15 years - including machine modifications 
phase 1 (Z, W, H): 9 years,    phase 2 (top): 6 years   
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FCC-ee running plan
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15 
Future Circular Collider Study 
Michael Benedikt 
FCC-ee Physics WS, 8 January 2019 

          FCC-ee RF staging scenario 
three sets of RF cavities to cover all options for FCC-ee & booster: 
• high intensity (Z, FCC-hh): 400 MHz mono-cell cavities (4/cryom.) 
• higher energy (W, H, t): 400 MHz four-cell cavities (4/cryomodule) 
• ttbar machine complement: 800 MHz five-cell cavities (4/cryom.)  
• installation sequence comparable to LEP ( ≈ 30 CM/shutdown) 

 
 

WP Vrf [GV] #bunches Ibeam [mA] 

Z 0.1 16640 1390 

W 0.44 2000 147 

H 2.0 393 29 

ttbar 10.9 48 5.4 

“Ampere-class” machine 

“high-gradient” machine 

26 

3 

26 

26 

10 

42 

21 

collider 

booster 
20 

19 

100 

74 

RF system re-alignment 
and modifications 

Z H t Z Z W Z H H off t t t t 

time [operation years] 

W 

Accelerator configurations changed during winter shutdown ?
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Mogens Dam / NBI Copenhagen

u FCC-ee does not produce Higgs pairs, from which self coupling can be extracted 
u But, loops including Higgs self coupling contribute to Higgs production 

u Effect of Higgs self coupling (kl) on sZH and snnH depends on √s

q Two energy points (240 and 365 GeV) lift off the degeneracy between dkZ and dk!
v Precision on kl with 2 IPs at the end of the FCC-ee (91+160+240+365 GeV) 

§ Global EFT fit (model-independent) : ±34% (3σ) ; in the SM : ±12% 
v Precision on kl with 4 IPs : ±21% (EFT fit) (5σ) ; ±9% (SM fit)

§ 5s discovery  with 4 IPs instead of 2 (much less costly than 500 GeV upgrade)

Ds
s

-4 -2 0 2 4

-0.02

-0.01

0.00

0.01

0.02

FCC-ee, from EFT global fit

Δχ2=1

5/ab at 240 GeV
+0.2/ab at 350 GeV
+1.5/ab at 365 GeV

350 GeV alone
365 GeV alone

dk
Z

C. Grojean et al.
arXiv:1711.03978

Up to 2% effect on sHZ

Higgs self-coupling at FCC-ee

21-24 Jan, 2019IAS Conf. on HEP 2019, Hong Kong 19

A. Blondel, P. Janot
arXiv:1809.10041

M. McCullough
arXiv:1312.3322+

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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H→ee, a long term plan…

 19

Mogens Dam / NBI Copenhagen

And if there is time …
u Spend few years at √s = 125.09 GeV with high luminosity

q For s-channel production e+e- → H (a la muon collider, with 104 higher lumi )

q Expected signal significance of ~0.4σ / √year in both option 1 and option 2
v Set a electron Yukawa coupling upper limit : κe < 2.5 @ 95% C.L.
v Reaches SM sensitivity after five years (or 2.5 years with 4 IPs)

q Unique opportunity to constrain first generation Yukawa’s 

CERN, 7-11 Jan 2019FCC-ee workshop: Theory and Experiment 25

(1): with ISR
(2): d√s = 6 MeV 
(3): d√s = 10 MeV 

S. Jadach, R.A. Kycia
arXiV:1509.02406

q FCC-ee monochromatization setups
u Default: d√s = 100 MeV, 25 ab-1 / year

l No visible resonance

u Option 1: d√s = 10 MeV, 7 ab-1 / year
l s(e+e- → H) ~ 100 ab

u Option 2: d√s = 6 MeV, 2 ab-1 / year
l s(e+e- → H) ~ 250 ab

u Backgrounds much larger than signal
l e+e- → qq, tt, WW*, ZZ*, gg, …–

D. d’Enterria
arXiV:1701.02663
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The case for FCC-hh
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HL-LHC FCC-ee FCC-hh
δΓH / ΓH (%) SM 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 – 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.9 (*)
δgHHH / gHHH (%) 50 ~30 (indirect) 6.5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%

 17

Higgs couplings after FCC-ee / hh

* From BR ratios wrt B(H→4lept) @ FCC-ee

** From pp→ttH / pp→ttZ, using B(H→bb) and ttZ EW coupling @ FCC-ee

End of 
century
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 22* M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC,  
CERN-LPCC-2018-04, https://cds.cern.ch/record/2650162. 

FYI: Higgs self-coupling projections @ HL-LHC *
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The case for HE-LHC
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HL-LHC: λ/λSM ~1±0.5 (68%CL) 
HE-LHC: λ/λSM ~1±0.15 (68%CL) 

Higgs self-coupling at HE-LHC vs HL-LHC

See also:

Around 
2060?
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HE-LHC: the challenges

• 16T Nb3Sn magnets: more challenging than 
for FCC-hh, due to reduced space in the 
tunnel (requires dedicated R&D)

 46

• SPS upgrade, to SC technology, to allow injection at 0.9-1.3 TeV

• Full replacement and strengthening of all infrastructure on the surface 
and underground cryogenics

• Significant civil engineering work both on the surface and in the tunnel 
(new SPS transfer lines, new caverns for cryogenics, 2 new shafts, …)

• Overhaul/full replacement of detectors (radiation damage after HL-LHC, 
limited lifetime of key systems like magnets, use of new technologies, …)

• …

 48

HE-LHC, preliminary cost estimates

23 years implementation
Earliest starting date late 2040’s
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Conference Highlights
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Conference Highlights
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FCC-ee precision
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Mogens Dam / NBI Copenhagen

Sample of EW observables, experimental precisions

21-24 Jan, 2019IAS Conf. on HEP 2019, Hong Kong 

FCC-ee workshop: Theory and Experiment

Observable Measurement Current precision TLEP stat. Possible syst. Challenge

mtop (MeV) Top Threshold scan 173340 ± 760 ± 500 17 < 40 QCD corr.

Gtop (MeV) Top Threshold scan ? 45 < 40 QCD corr.

ltop Top Threshold scan µ = 1.28 ± 0.25 0.10 < 0.05 QCD corr.

ttZ couplings √s = 365 GeV ± 30% 0.5 – 1.5% < 2% QCD corr

Z
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Observable Measurement Current precision TLEP stat. Possible syst. Challenge

mtop (MeV) Top Threshold scan 173340 ± 760 ± 500 17 < 40 QCD corr.

Gtop (MeV) Top Threshold scan ? 45 < 40 QCD corr.

ltop Top Threshold scan µ = 1.28 ± 0.25 0.10 < 0.05 QCD corr.

ttZ couplings √s = 365 GeV ± 30% 0.5 – 1.5% < 2% QCD corr

Observable Measurement Current precision TLEP stat. Possible syst. Challenge

mw (MeV) WW Threshold scan 80385 ± 15 0.6 0.3 Beam energy

GW (MeV) WW Threshold scan 2085 ± 42 1.5 0.3 Beam energy

Nn (×103) e+e-→ gZ, Z→ nn, ll 2920 ± 50 0.8 small ?

as(mW) (×104) Bl = (Ghad/Glep)W 1170 ± 420 2 small CKM Matrix

Observable Measurement Current precision FCC-ee stat. FCC-ee syst. Dominant exp. error

mZ (keV) Z Lineshape 91187500 ± 2100 5 < 100 Beam energy

GZ (MeV) Z Lineshape 2495200 ± 2300 8 < 100 Beam energy

Rl (×103) Z Peak  (Ghad/Glep) 20767 ± 25 0.06 0.2 – 1 Detector
acceptance

Rb (×106) Z Peak (Gbb/Ghad) 216290 ± 660 0.3 < 60 g → bb

Nn (×103) Z Peak (shad) 2984 ± 8 0.005 1 Lumi measurement

sin2qW
eff (×106) AFB

µµ (peak) 231480 ± 160 3 2 – 5 Beam energy

1/aQED(mZ) (×103) AFB
µµ (off-peak) 128952 ± 14 4 < 1 Beam energy

as(mZ) (×104) Rl 1196 ± 30 0.1 0.4 – 1.6 Same as Rl
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