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CERN accelerators

* LHC
- Vs =13TeV
L. <500 fb1
- 2011 - 2023

* HL-LHC

— High luminosity upgrade of LHC

- Vs=13TeV, L,, = 4000 fb-1
- 2026 — 2038

15-04-2019

(1) CIVIL ENGINEERING “CRAB" CAVITIES

3 2 new 300-metre service tunnels and 16 superconducting ,crab” 4]
2 shafts near to ATLAS and CMS. cavities for each of the ATLAS (885

and CMS experimants to tilt the

heams before caollisions.

et
| Y
rd
o

FOCUSING MAGNETS o
12 more powerful guadnupole magnets
for each of the ATLAS and CMS
expeniments, designed to increase the
concentration of the beams before
collsions

e —

SUPERCONDUCTING LINKS BENDING MAGNETS
Electrical transmissicn lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature supercanductor 1o carry 15 10 20 new collimators and 60 replacement powerful dipale bending magnets
current to the magnets from the new service collimators to reinforce maching protection, to free up space for the new
tunnels near ATLAS and CMS. collimators.
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Future accelerators at CERN

CLIC FCC
- Linear e+e- accelerator — Circular e+e- / pp collider
- 50 km long - 100 km long
- Energies up to Vs = 3 TeV - IPNP team: T. Davidek, JF + 2

bachelor students

. % -
4 Legend

@am== CERN existing LHC

Potential underground siting :

CLIC 500 Gev
CLIC 1.5 TeV
CLIC 3 TeV

Future
Circular -~

Jura Mouritains G, g L : : Collider ;

~ v

oo
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Future Circular Collider (FCC)

International collaboration (136 institutes, 34 countries) (_ j
. e*e collider (FCC-ee) Sl

- Vs =90 - 365 GeV

* pp collider (FCC-hh)
- Vs =100 TeV
- Ongoing R&D on Nb,Sn 16 T magnets

 pe (FCC-he)

— Possible option

—» Summarized in Conceptional
Design Report for European
Strategy Update 2019/20

s Schematic of an

4 80-100 km

4 long tunnel
\‘
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Timeline
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Timeline

FCC-ee — 15 years of operation from end-2030s
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Timeline

e FCC-ee — 15 years of operation from end-2030s

* FCC-hh — 25 years of operation from mid-2060s
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FCC goals

Measurement of properties of the Higgs and EW gauge bosons

Direct searches for new particles at high masses

- e.g. search for dark matter

Indirect searches — probe energy scales beyond the direct kinematic
reach
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Higgs studies

FCC-ee: ee - ZH

- Absolute measurement of the H coupling to Z

FCC-ee + FCC-hh

- Rare decays (H- cc, H- g9, H-puu, H- Zy)
- Most of the Higgs couplings to a precision from few per mil to ~1%

— Higgs self-coupling with
a precision of 5-7% moL = HLLHC+LEP2 = +FCCee ® +FCCeh ® +FCChh HEP _

___________________________________________________________________________________
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* Broad class of models with particles of masses from GeV — 10’s TeV

Dark matter searches

 Example: Weakly interacting massive particles (WIMPSs)

The FCC covers the full mass range for the discovery of these WIMP Dark Matter candidates.
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Heavy 1ons

* Operation with heavy ions at FCC-hh

- PbPb collisions at Vsy, ~ 39 TeV
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FCC-ee operation

* Highest-luminosity electron-positron collider
* Energies from 88 to 365 GeV
e Samples of 5.1012 Z bosons, 108 WW, 10¢ H, 10¢ top quark pairs

]

— 200 N R . m— | e
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FCC-hh operation

Operation scenario

- 10 years with
~250 fb1/ year

- 15 years with
~1000 fb1/ year

- In total O(20) ab
over 25 years of
operation

Pile-up of 1000 in the

ultimate scenario

- 5 x more than on HL-LHC!

15-04-2019

parameter FCC-hh HE-LHC HL-LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.33
circumference [km] 97.75 26.7 26.7
beam current [A] 0.5 1.1 1.1
bunch intensity [10'7] 1 1 2.2 2.2
bunch spacing [ns] 25 25 25 25
synchr. rad. power / ring [kW] 2400 101 73
SR power / length [W/m/ap.] 28.4 4.6 0.33
long. emit. damping time [h] 0.54 1.8 12.9
beta* [m] 1.1 0.3 0.45 0.15 (min.)
normalized emittance [pm] 2.2 2.5 25
peak luminosity [10%* cm2s] 5 30 16 5 (lev.)
events/bunch crossing 170 1000 460 132
stored energy/beam [GJ] 8.4 1.3 0.7

UNCE, Mala Skala
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FCC-hh reference detector

Barrel ECAL: Tracker: 0,;/p;~20% at Central Magnet:
0¢/E=10%/VE0.7% 10TeV (1.5m radius) B=4T, 5m radius

Forward detectors | Barrel HCAL: Muon System: |

up to n=6 0¢/E=50%/VEP3% 0,1/pr=5% at 10TeV
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FCC-hh calorimetry

—
‘ Barrel ECAL: ’ Tracker: GpT/pTzZO% at | Central Magnet: |
0¢/E=10%/VED0.7% 10TeV (1.5m radius) B=4T, 5m radius
~— N _— ' ECAL
Forward and
Endcaps
LAr / Pb (Cu)

Central HCAL
Scintillating tiles
, L A= R /| Fe + Pb

B — 77| /Lol 3 SiPM

Forward detectors Barrel HCAL: Muon System:
up to n=6 0/E=50%/VED3% 0,1/Pr=5% at 10TeV

e Inspired by ATLAS calorimetry, but with higher granularity
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Radiation hardness

(ext.)
HCal

Barrel ECal Endcaps E+HCalZ [cm]

AT R T AT

Forward E+HCal

1 MeV neq [cm_z] dose
ECal Barrel <5x10" < 100 kGy
HCal Barrel <3 x 10 < 8kGy
Endcap < 3x 10 < 1 MGy
Forward <<5x10° <5GGy>

15-04-2019
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Requirements for calorimetry

Energy resolution

Radiation hardness

Precise measurements up to [n| = 4,

coverage upto |n| =6
Fine granularity

Timing

Low top pt

15-04-2019

High top pr

F=050c

Weak boson fusion at 100 TeV

[ EE [ \ |

[ 5

S pp—> Hii,, -
0.4+ G din ™ — 100 TeV -
I : — 14 TeV ]

0.3t
0.2"

0.1

ODiILJ1 2 31|1-4'\115 'I6Il l7

max
D. Goncalves et al., arXiv:1702.05098 M|
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Central electromagnetic calorimeter

* LAr technology with Pb absorbers
- Novel design
— Higher segmentation wrt ATLAS

- Easy construction with straight inclined plates

- Using straight multi-layer read-out electrodes

i ZOOM

liquid argon absorber  readout
LA

4 /;/ 1
v
Ist layer W 7
(presampler)
no Pb

%
%

/

2mm Pb/steel plates inclined by 50°
LAr gap increases with radius:

1.15 mm-3.09 mm
8 longitudinal layers

An = 0.01 A¢ = 0.009

.
-
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Electron / photon reconstruction

* Sampling term < 10%/VE
e Constant term well bellow 0.7%

* Noise term

Electronic noise of ~300 MeV

In-time pile-up of <p> = 1000 leads to a
noise term of 1.3 GeV

o {E.)

0.12

0.1—

0.08

0.06|
0.04

0.02

FCC-hh Simulation (Geant4)

T T LI | T T T T T T |
electrons
N{n/=0

BO% ot o 051 BV
@ (=0 % 6.0.15% o .31 eV -

(W)=200 ]

/I+l-| L

b qu=1000  100% g o529, @ 1:31 GeV]

e 0
— Efficient in-time suppression is crucial a) o [GEV]
FCC-hh Simulation (Geantd)
808 5 otV e ]
- Required energy resolution achieved V ]
. . . _ g 0.097- ;{u}:O 7 7m - 1.32% +0.01%
— Noise rejection strategies needed [ w20 :
| 4a=1000 | RN 2= - 2.29% +0.06%
0.04— ; \ i
L ++ ++ d
Measurement of Higgs self-coupling with HH - bbyy LS * o3, 7
- Am =13 GeV - precision of 7% ;5:::;..0 . ++++ ]
10I"..|...|.‘.\...|...|‘.‘|...'P tis,
16 118 120 122 124 126 128 130 132 134
UNCE, Mala Skala b) m, [GeV]

15-04-2019



Central hadronic calorimeter

 Scintillator tile calorimeter
— Scintillator / Lead / Steel

— High granularity

SiPM

B Read_OUt by SIPM at the OUter Wavelength Shifting Fiber (~
radius Nl Lead |
Scintillator | /’—

* Tests with tiles and SiPMs = /) sl
being performed in the i T
laboratory g I

5 mm steel absorber plates, E;
alternate w/ 3mm Si and 4 mm Pb tiles = — _/

10 longitudinal layers
An(> 0.006) = 0.025 A¢ = 0.025 13.8cm
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Combined reconstruction of pions

 Simple calibration
- Sampling term of 48%IVE

— Constant term ~2%

* First results using a convolutional
neutral network (DNN)

— No tracker information, only high-segmented
cells in calorimeters

- Training with 8M events (no electronic noise
at the moment)

- Sampling term of 37%IVE achieved!

15-04-2019

FCC-hh simulation (Geantd) EMB+HB
100 GeV 7~ @ 5 = 0.36, (i) = 0, topo-cluster

UNCE, Mala Skala
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0.14) —+— Benchmark 48%/VE & 2.2% —
0125\ —— DNN 37%/1E o 1% E
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0.04 [ x
002 EMB+HB -
of e limwg ]
10 10° 10*
E [GeV]

21



LAr-based calorimeter for FCC-ee (1)

High-segmented LAr ECAL shown to be suitable for FCC-hh

- R&D projects concerning cryostat material optimisation, readout through PCBs and
timing defined

Could such a detector be used for FCC-ee?

— Until now two concepts for ECAL considered: Si/W (CLIC concept), Dual read-out
calorimeter (IDEA)

— LAr technology: reliable and proofed concept (lot of experience from ATLAS), very
cheap
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Requirements for FCC-ee calos (I)

Radiation tolerance similar to LHC
Particle flow technique
Excellent particle identification

Good timing
- ATLAS LAr: <200 ps

Position resolution

Excellent jet resolution (~30%/VE) to separate W and Z decays
- LAr+HCAL, no tracker: 37%/VE using DNN

15-04-2019 UNCE, Mala Skala
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Requirements for FCC-ee calos (II)

* Measure particles down to 300 MeV
— This is the size of the noise term at the moment
* How to decrease the noise
- Minimize material in front of the calorimeter (cryostat)

— Optimization of the cluster sizes for low energy deposits

- Slower shaping time P .. ...
o] n=0 ]
® - — current estimation |
.g 0'5._ —

- = wider shields %
- 100 MeV noise T I P 7]
- £ 0.4 half calorimeter (4 layers)
seems feasible 8
[ AnxAg=0.03x0107 / ]
0.2:— / _
&) / ------ — 100 MeV / cluster|
0.“ Lo L R 4 L Lot b o L L LL b i L b b o L1 )

[N Y S ) e T DR R RO | 11
0 0.002 0.004 0.006 0.008 0.01 0.012
cluster size [AnxAg]
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Conclusions

e Conceptional Design Report (CDR) released in January 2019

— Detailed documents planned for 2019

e (Calorimeter studies

- R&D projects defined
— Optimisation of LAr-based ECAL for FCC-ee

 More people more fun

15-04-2019 UNCE, Mala Skala
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Backup
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Cost

Table 5: Summary of capital cost to implement the integral FCC programme (FCC-ee followed by FCC-hh).

Domain Cost in MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 2 - Civil Engineering complement 600
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 - FCC-hh Machine and Injector complex 13,600
TOTAL construction cost for integral FCC project 28,600

~ Stage 1: Civil Engineering
19%

Stage 2 FCC-hh Machine
Stage 1 Technical Infrastructure and Injector complex

s a7%

Stage 1 FCC-ee Machine and
Injector Complex
14%

Stage 2 Technical
Infrastructure adaptation
10%

Stage 2 Civil Engineering
complement —
2%

Figure 10: FCC-hh capital cost per domain for the integral FCC project.
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Higgs studies - precision

Collider HL-LHC FCC-ee FCC-eh
* FCC-ee Luminosity (ab-1) 3 5@ 240GeV | +1.5@ 365GeV | +HL-LHC 2
Years 25 3 +4 . 20
e FCC-hh 8Ty /Ty (%) SM 27 13 1.1 SM

88nzz/Buzz (%0) 13 0.2 0.17 0.16 043
Sguww/ uww (%) 1.4 1.3 0.43 0.40 026
88ubn/Eupp (Vo) 2.9 13 0.61 0.55 0.74
88hcc/8hce (V0) SM 17 1.21 118 135
08Hgg/8Hgg (V0) 1.8 1.6 1.01 0.83 117
08 1re/ rvr (Y0) 1.7 1.4 0.74 0.64 1.10
88hup/ Brpy (Vo) 4.4 10.1 9.0 3.9 n.a.
88hyy/Buyy (V) 1.6 4.8 39 11 23
88ute/8uee (V) 25 - - 2.4 1.7
BRexo (%) SM (0.0) <12 <1.0 €14 na.

Observable Parameter | Precision (stat.) | Precision (stat.+syst.+lumi.)
u=o(H)xB(H-yy) du/u 0.1% 1.45%
u=oc(H)XxB(H - up) Su/u 0.28% 1.22%
uw=oc(H) xB(H - 4w du/u 0.18% 1.85%
u=oa(H)xB(H - yup) Su/u 0.55% 1.61%

W= o(HH) x B(H - yy) B(H - bb) s/ 5% 7.0%

R =B(H - pp)/B(H - 4p) S§R/R 0.33% 1.3%

R = B(H - yy)/B(H > 2e2) S§R/R 0.17% 0.8%

R = B(H - yy)/B(H - 2p) SR/R 0.29% 1.38%

R =B(H - puy)/B(H - pp) dR/R 0.58% 1.82%

R = o(ttH) x B(H > bb)/o(ttZ) x B(Z > bb) | SR/R 1.05% 1.9%

B(H - invisible) B@95%CL 1x104 2.5%10
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FCC-hh: Searches for new particles

* Mass reach extended by a factor of
5 to 7 compared to LHC

2.1x10° 46x 108 3.3x 108 9.6 x 108 3.6 x 107

24 x 10°
180 170 100 110 530 390

_ 1
N0 = O1001ey X 30ab

- -1
Nyg = Oy4rey X 3ab

FCC-hh Simulation (Delphes), \s = 100 TeV

T T T T T T T T ] T T T T ] T T T T ] T T T T I
i
Q* > ii B
5 chiscoveryj
Ly — i 7] 25ab"
3 1 : _5
Mzt 10
. i 100 ab™
"’ )
Gps > W'W 1 | 1G4
e e : : -11
LSSM =2 TR - ] J i ]0
Y, | ST T N | | N N} ]0 50 ]00 500 1000

0 10 20 30 40 50

Mass scale [TeV] M [GeV]

Figure 5: Left: FCC-hh mass reach for difterent s-channel resonances. Right: Summary ot heavy sterile neutrino discovery
prospects at all FCC facilities. Solid lines show direct searches at FCC-ee (black, in Z decays), FCC-hh (blue in W decays) and
FCC-¢h (in production from the incoming electron). The dashed line denotes the impact on precision measurements at the
FCC-ee, it extends up to more than 60 TeV.
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FCC-ee: EW sector

Table 3: Measurement of selected electroweak quantities at the FCC-ece, compﬂrcd with the present precision. The systematic

uncertainties are present estimates and might improve with further examination. This set of measurements, together with

those of the Higgs properties, achieves indirect sensitivity to new physics up to a scale A of 70 TeV in a description with dim

6 operators, and possibly much higher in some specific new physics models.

Observable present value * error FCC-ée stat. | FCC-ee syst. Comment and dominant exp. error
my (keV) 91186700+2200 5 100 7 line shape scan; beam energy calibration
[y (keV) 24952002300 8 100 Z line shape scan; beam energy calibration
Rf (X103 20767125 0.06 0.2-1.0 ratio hadrons / leptons, lepton acceptance
&, (mz) (X10%) 119630 0.1 0.4-1.6 from RZ above
Ry, (x106) 216290+660 0.3 <60 ratio bb/hadrons, stat. extrapol. from SLD
a‘f,’ad (%103 (nb) 4154137 0.1 4 peak hadronic cross section, luminosity meas.
N, (x10%) 2991+7 0.005 1 Z peak cross sections, luminesity measurement
sin20% (x106) 231480+160 3 2-5 from Ay at Z peak, beam energy calibration
1/aqep(mz) (X10%) 128952+14 4 Small from ARk off peak
Agi;} (x10% 992+16 0.02 1-3 b-quatk asymmetry at Z pole, from jet charge
AR (x104) 1498+49 0.15 <2 T polarisation, charge asymmetry, T decay physics
my (MeV) 80350+15 0.6 0.3 WW threshold scan; beam energy calibration
[y (MeV) 208542 1:5 0.3 WW threshold scan; beam energy calibration
a, (my) (X109 1170+420 <] Small from R}"
N, (x103) 2920£50 0.8 Small ratio invisible to leptonic in radiative Z returns
Meop (MeV) 172740500 20 Small tt threshold scan; QCD errors dominate
[Cop MeV) 1410£190 40 Small tt threshold scan; QCD errors dominate
Aiop/ Aop 1.24+0.3 0.08 Small tt threshold scan; QCD errors dominate
ttZ couplings +30% 0.5 -1.5% Small from Eqy = 365 GeV run

UNCE, Mala Skala
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FCC Collaboration
Global FCC Collaboration
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FCC-ee: Power consumption

* Electric power consumption is one of the operating costs, but not the cost-
driver
* Average electricity consumption
CERN today 1.2 TWhl/year
HL-LHC 1.4 TWhlyear
FCC-ee 1.9 TWhl/year
FCC-hh 4.0 TWhlyear
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LAr granularity

How to Achieve High Granularity?

Realize read-out electrodes as multi-
layer PCBs (1.2mm thick)

*  Signal traces (width w,) in dedicated signal
layer connected with vias to the signal pads

*  Traces shielded by ground-shields (width w,)
forming 250 — 50Q) transmission lines

e > capacitance between shields and signal
pads C, will add to the detector capacitance C,

« >, =C,+C,~100-1000pF

*  The higher the granularity the more shields
are necessary > C_,, increases

. . L e S e RO il | i
-> Serial noise contribution SR R e s T
proportional to e : E - E
capacitance C_,, .
9 4 = 40|Vlev noise per . Hadronic showers: | ot L et
read-out channel assuming | Energy sums over | S R S=e ot R O R S
ATLAS-like electronics O(500-10000) cells . ploteA ZAB6toWeka, ). FaltoUs
January 9, 2019 11th FCC-ee Workshop — M. Aleksa (CERN) 13
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Cross sections

The  BeY EDe "Tone, : -
10°—— 5 5 5 10° Total cross-section similar to LHC
103 tatal ‘ . E . . : 103 ]
é i i i 107 Small increase pro low energy
10° collisions (Min. bias events)
5
b — Cross-section for inelastic collisions
0 of 80 - 108 mb
—_ 10
= 102 - <p;> of charged particles 0.6 GeV
© 10 - 0.8 GeV

Significantly higher cross-

10" : : :

2  sections for “interesting

10° processes”

10° - Another difference: p; up to 7x
-5

10 larger compared to LHC

M. Mangano,
arXiv:1710.06353
CERN-2017-003-M
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Rozptyl WW, VBF mechanismus

« Duikladné méreni procesu WW — WW jako dilezity test zkoumani

naruseni elektroslabé symetrie

* Nova fyzika by se mohla neprfimo prokazat v tomto procesu. Hledani

téZkych bosont rozpadajicich se na WW, ZZ, HH, ....

1 1 Rozptyl WW

W
W AMAAVWAAAANAANWT
H

W W

W

q q

e Vector Boson Fusion (VBF) pri
produkci Higgsova bosonu

- Potfebujeme zachytit jety v dopredné
oblasti

— 100 TeV: jety mezi |n| = 2 — 6 musime
byt schopni namérit a odlisit od pile-
up jetd

Produkce Higgsova
bosonu pomoci VBF

= 0

Z/W

GDB[

o

1525 GeV

003
0.02 |-

001

0
0 2

Contino et al.

15-04-2019 UNCE, Mala Skala
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Presné mereni Higgsova bosona

* H -4 leptony F = f
- 30-50% ztrata v akceptanci na 100 TeV v é -
porovnani se 14 TeV, pokud mame drahovy £
detektor a pfesné méfeni z EM kalorimetru 5

do [n|<2,5 (ATLAS, CMS) oot

0.005

- Pokud rozSifime oblast presného méreni do

In|<4,0, mizeme se dostat na Uroven o

experimentt na LHC

* Higgs self-coupling
— produkce HH (42 x CastejSi nez na LHC)

‘M. Mangano,
C arXiv:1710.06353
~ CERN-2017-003-M

| B RLSLHLRT B
— WH 14TeV

WH 33TeV
— WH 80TeV
— WH 100TeV -

Brnn~ AV

FCC

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up

CLIC1400 CLIC3000

HE-LHC VLHC

GcV) 14000 500 500 500/1000 500/1000

1400 3000

33,000 100,000

f;at () 3000 500 1600 500/1000 16 00% 1500 2000 3000 3oaq
AU | R 16% 21% @ 21% 20% 8% )
15-04-2019 UNCE, Mal4 Skala 36



Rate of possible
new DY
resonances (fb)

15-04-2019

W’, Z’ at FCC-hh

o(pp—>Z'W'") (fb)

10—1 L
10—2_

10~3

100 TeV

UNCE, Mala Skala

g —
S O
~l oc

=
Number of Events with 10 ab™!

1 105
. 104
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