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L.imitation on proton (circular) collider
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Collider LHC
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ratio

E (TeV) 7 50 7.1
Circumference
26.6 97.8 3.7
C (km)
p (km) 2.8 10.4 3.7
B (T) 8.3 16 1.9
filling factor 95 9.4 it
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E: beam energy
c: speed of light
p: momentum

e: charge

B: magnetic field
p: bending radius
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L.imitation on electron circular collider
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Collider
E (GeV)

Circumference
C (km)

p (km)
I (mA)

Psr (MW)

LEP2 FCC-eeZ FCC-eett
104.6 456 1825
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m: electron mass

c: speed of light

r,: classical electron radius
y: Lorentz factor

p: bending radius
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L.imitation on luminosity
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Overview and status of the
Future Circular Collider Study
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Future Circular Collider Study - Scope

International FCC
collaboration with CERN
as host lab to
study:

e ~100 km tunnel
infrastructure in Geneva

area, linked to CERN
 et*e collider (FCC-ee),
-> potential first step
* pp-collider (FCC-hh)
- long-term goal, defining
infrastructure requirements .

Schematic of an
80 -100 km
long tunnel

h
|
.
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~16 T = 100 TeV pp in 100 km

technology
Infrastructures

* Jons and lepton-hadron e -
options with hadron colliders




FCC : physics and performance targets

FCC-ee:

* ~20-50 fold improved precision on many EW quantities (equiv. to factor 5-7
In maSS) (mZ, mW! mtop ) S|n2 eWeff / Rbs OLQED (mZ) OCS (mZ mW m‘c)s nggs and
top quark couplings)

* Exploraing 10 - 100 TeV energy scale via couplings with precision
measurements

> Machine design for highest luminosities at Z, WW, ZH and ttbar working points

FCC-hh:

* Highest center of mass energy for direct production up to 20 - 30 TeV

* Huge rates for single and multiple production of SM bosons (H,W,Z) and
quarks

> Machine design for ~100 TeV c.m. energy & int. luminosity ~-20ab-1 in 25 years

HE-LHC:

* Doubling LHC collision energy with FCC-hh 16 T magnet technology
* c.m. energy - 27 TeV = 14 TeV x 16 T/8.33T, target luminosity =4 x HL-LHC



FCC)) CDR Study Time Line (from 2014)

2014 2015 2016 2017 2018

Study plan scope definition
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Explore options }

conceptual study of baseline J

FCC Week 2015:  develop baseline <|> detailed studies

work towards baseline FCC Week 17 & Review
Cost model, LHC results
FCC Week 2016 ~  Study re-scoping’?

Progress review Elaboration,
consolidation
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EU H2020 Design Study

Eur::CirCol

EuroCirCol

European Union Horizon 2020 program: °* 3 MEURO co-funding
« Started June 2015,

n TAMPERE ends in Dec 2019
UNIVERSITY OF TWENTE. INFN $ UNIVERSITY OF
C 15 European

z; LENﬁUE’éiﬁfﬁ beneficiaries & KEK &
Lx DARMSTADT associated FNAL,

BNL, LBL, NHFML

. # =\
%i%’l?%&.’&%&“: Covers FCC-hh ke
ethertands S ) % 2 s y

0t o seurn gt work packages:
Smer""?'m JJJJJJJJJJJJ . Optics design (arc & IR)
Isply 7 j AK o LVIRIOOL + Cryogenic beam vacuum
, UNIVERSITE system design including

'pE GENEVE beam tests at ANKA
16 T dipole design

° b
MANCHESTER -
( E) construction folder for

demonstrator magnets

EuroCirCol consortium, federating 16 partners, 1 from Japan and 1 IEIO

eeeeeeeeeeeeeeeeeeeeeee




C ST Study Documentation:

Particles and Fields Special Topics 4 CDR Volumes Su bmitted to EPJ
FCC-ee:The Ifep.ton”Collider in December 201 8.

Future Circular Collider Conceptual Design Report Volume P

FCC Physics Opportunities
N o S ragmy FCC-ce
- {./,Fcflfj‘yi‘csoppr’;mmges 4l e =8l FCC-hh

Preprints available since 15 January 2019 http://
European Physical Journal lhe European Physical Journal fCC'Cd rweb . Ce rn . Ch/

Michelangelo Mangano e
@ Z &) Springer
e D®

Special Topics Special Topics

CDR presentation during welcome
, _ HE-LHC: The High Energy Large Hadron Collider . "
FCC-hh:The Hadron Collider e e ey Deslgn Report Yol ¢ event thIS evenlng
o b <= B Paper copies can be requested at
B = - http://get-fcc-cdr.web.cern.ch

sciences i sciences


http://fcc-cdr.web.cern.ch/
http://fcc-cdr.web.cern.ch/
http://fcc-cdr.web.cern.ch/
http://get-fcc-cdr.web.cern.ch/

(( iy Results of FCC Conceptual Design Study

o ST Study Documentation:

Particles and Fields Special Topics 4 CDR Volumes Su bmitted to EPJ
FCC-ee:The Ifep'ton Collider in December 201 8.

uuuuuuuuuuuu ar Collider Conceptual Design Report Volume

FCC Physics Opportunities

FCC-ee
FCC-hh
HE-LHC
— “\(‘\\)\) Oa reuly . eﬁort Preprints available since 15 January 2019 http://
cOl L teS € Nn fcc-cdr.web.cern.ch/
ST . stitut® yion @' the
T ins “abOra“e Sted bzg
| CO g O pICS e 0
y  aS S‘égPPSU . CDR presentation during welcome

sl cvcnt this evening.
E s  Paper copies can be requested at
. e hitp:/get-fcc-cdr.web.cern.ch

Conceptual Design Report Volume 3

sciences i sciences


http://fcc-cdr.web.cern.ch/
http://fcc-cdr.web.cern.ch/
http://fcc-cdr.web.cern.ch/
http://get-fcc-cdr.web.cern.ch/

The FCC integral program

Comprehensive cost-effective program maximizing physics opportunities

« Stage 1: FCC-ee (Z, W, H, tt) as first generation Higgs factory, EW and top factory at
highest luminosities.

« Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh
options.

 Complementary physics

* |ntegrating an ambitious high-field magnet R&D program

« Common civil engineering and technical infrastructures

* Building on and reusing CERN's existing infrastructure.

 FCC integrated project plan is fully integrated with HL-LHC exploitation and provides for
seamless continuation of HEP in Europe. -

Geology
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[ Wildflysch Limestone
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FCC CERN (V5-P2)

 Total construction duration 7 years
* First sectors ready after 4.5 years

Future Circular Collider Study

Michael Benedikt
FCCW 2019, 24 June 2019, Brussels

Additional 200 MW
available for FCC
at each of the three 400
kV sources from
European grid
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iy S Common layouts for hh & ee

- Two main IPs in A, G for both machines.
- Common footprint except around IPs.

- FCC-ee asymmetric IR layout to limit synchrotron radiation
A mmm | DS
A (IP)

30 mrad mmm L_sep

mm | arc
— Y e Exp
134m 10.6m oo Inj. + Exp Inj + EXp.

0.3m

14km

D (RF) J “ p-coll  «— 28Kkm — extractlon :)

1 4 km
o-coll
f

FCC-ee = ~FCC-hh

-1000 -500 500 1000
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\ Michael Benedikt
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-==)) Tunnel integration in arcs

FCC-ee FCC-hh

3670 . _ , 3670
¢5500 5.5 m inner diameter 25500

3350
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(( -CE )) FCC-ee — EW factory: performance

FCC-ee reaches highest luminosities & energies
by combining ingredients and well-proven concepts of several recent colliders:

B-factories: KEKB & PEP-II:

L/AIP . sueerkeks — P ¢rccz
‘ * rccw  double-ring lepton colliders, high
BINP c-t ° A ¢
16 | habtw § ;E”I\'(ﬂ‘*tw/v oFCC-H —  beam currents, top-up injection,
' « : sFCCt  positron source
—.j;1 . AE V 4 DAFNE: crab waist, double ring
5 DAFNE CESR -c / *‘ Super I?,-fact., S-KEKB: low 3,
> LEP: high energy, SR effects
S0 R e VEPP-4M, LEP: precision E
3 VEPP-2M %  VEPP-4M ~ calibration
7 o ADONE - KEKB: HERA, LEP, RHIC: spin
DCI gymnastics
ADONE o Marica Biagini
L T T 100 1000

c.m. Energy (GeV)

ctrn Y\ Future Circular Collider Study
\ Michael Benedikt
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Highest lummosity up to 565 GeV CM

1 037: _____ I _______ l _____ |' ........................ | ................. | ............. | ......... | ........ | ...... | ..... | | ........................ | ....... -

----.w..FCC ee..(2..I.Ps) ........ e ...
é—&@mmm%) _____________ ; ________________________ §_ ______

_._._._._._._._._._._._._._._._._J._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._... ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

I

-
o
@)

| 4 ll ( -2 -1)
]
i
i
i
1
1
i
i
i
1
]
i
i
1
1
i
i
i
1
i
i
1
1
1
i
i
i
1
1
i
i
i
1
i
i
i
1
1
1
i
1
i
1
1
i
1
1
1
i
1
1
i
i
i
1
]
i
1
1
i
i
1
1
1
i
1
i
i
i
i
i
1
]
1
1
1
i
1
1
i
i
i
i
1
1
i
i
1
1
i
i
i
1
i
i
i
1
1
i
i
i
i
1
i
i
i
1
1
i
i
i
1
1
1
i
1
1
i
i
i
1
i
i
i
1
i
1
i
i
1
1
i
i
i
1
]
i
i
1
1
i
1
i
1
i
i
1
1
i
i
i
1
1
i
i
i
1
i
i
i
1
1
i
i
i
1
1
i
i
i
1
i
i
i
1
1
1
i
i
1
1
i
i
1
1
1
i
i
i
1
1
i
i
i
1
i
i
i
1
1
i
i
1
i
1
i
i
1
1
i
i
1

8N

-
(@)
N

ECM (GEV)

. In the case of FCC-ee, the luminosity scales by about £~
which is slightly better than the scaling by the SR power.

 The cross-over energy for the luminosity between circular and
inner collider is around #f threshold, assuming 100 MW SR
power and C = 100 km.




((FE5)) Fcc-ee collider parameters

parameter H (ZH) ttbar
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4
no. bunches/beam 16640 2000 393 48
bunch intensity [1011] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR/ BS [mm] 3.5/12.1 3.0/6.0 3.3/5.3 2.0/ 2.5
luminosity per IP [1034 cm-2s-1] 230 28 8.5 1.55
beam lifetime rad Bhabha / BS [min] 68/>200 49/>1000 38/18 40/ 18

F. Zimmermann



FCC-ee Baseline (CDR) Optics

A baseline optics® for FCC-ee has been established in Oct. 2016 characterized by:

100 km circumference, 2 IP/ring.

Follow the footprint of FCC-hh, except for around the IPs.

Common lattice for all energies, except for the detector solenoid (2T).
ex =1.45nm @ 182.5 GeV.

By  =(1 m, 1.6 mm) at 175 GeV, (0.15 m, 0.8 mm) at 45.6 GeV

90°/90° (Zh, t1), 60°/60° (Z, WW) FODO cell in the arc with non-interleaved sextupole pairs.

30 mrad crossing angle at the IP, with the crab-waist scheme.

Local chromaticity correction for y-plane, incorporated with “virtual” crab sextupoles .

Suppress the critical energy of SR toward the IP below 100 keV at 182.5 GeV, up to 450 m
upstream.

100 MW total SR power for all energies.

Tapering of magnets along the ring to compensate the effects of SR on orbit/ optics.

Common RF cavities for e+e- at #7. RF will be installed via staging.

Sufficient dynamic aperture considering beamstrahlung and top-up injection.

*Phys.Rev.Accel.Beams 19 (2016) no.11, 111005




Crab-waist optics around the IP (Z)

FCCee z 217 nosol 20.sad
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» The outer sexts (a)(d) of the y-CCS work as crab sexts, /121 0.15 12.1
if phase advances from the IP are chosen as: by 3700  0.0008 3700
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Ax / Oy, Apy / Opy

Ax/ Oy, Apy / Opx
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. optimisation with
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-2.8% +2.4%

-15 -10 5 0 5 10 15

Age / G

* particle tracking for
- each energy.

The initial vertical amplitude for the tracking is always set to J,/Jy = €,/¢,.
Number of turns ~2 longitudinal damping times.

K. Oide

important for top-up injection and for beam lifetime with beamstrahlung



FCC-ee wall-plug power consumption [MW]

45.6 80 120 182.5

Beam energy (GeV) 7 W yAS ttbar

RF (SR =100) 145 145
Collider cryo 1 9 14 46
Collider magnets 4 12 26 60
Booster RF & cryo 3 6

Booster magnets 0 1

Pre injector 10 10 10 10
Physics detector 8 8 8 8
Data center

Cooling & ventilation 30 31 31 37
General services 36 36 36 36
Total 259 278 282 359

F. Zimmermann



Cost CEPC

@ Technical infrastr.(2000 MCHF)
@ Civil (5400 MCHF)
© Accelerator (3100 MCHF)

FCC-ee

W Accelerator

® Civil

W Detector

B Gamma-ray line

® Proj management
» Contingency

e A - m e st of the CEPC project constituents.

facility electricity cost 2014/15 in Euro / MWh

160
140
120
100
80
60
40
: LT
0
S Se & & & 900” @‘; N @\gé“(’ § @@x Nl

M. Koratzinos
@ICNFP 2019



e I Aim at ~one order of magnitude
B 1E+35 rechn performance increase in both energy
= / and luminosity w.r.t LHC
— [ e 100+ TeV cm collision energy (vs 14
‘% 1E+33 / TeV for LHC)
= . o ISR o ruIC o 20 ab-! per experiment collected over
§ | 25 years of operation time (vs 3 ab-1 for
w  1B+31 — LHC).
= SPpS o _
S 1E430 Similar performance increase as from

0.01 0.1 1 10 100 1000 evatron to LHC.

c.m. energy [TeV] Key technology: High-field magnets

From LHC technology via HL-LHC technology to 16 T Nb;Sn

8.3 T NbTi 11 T Nb;Sn EuroCirCol, Chart, US MDP

¥

ctrn Y\ Future Circular Collider Study

Michael Benedikt
SZ A\ FCCW 2019, 24 June 2019, Brussels




SC Mag net R&D — 71 magnets would allow to reach much higher pp collision energies

e L ,’ , h
Wk FRESCA2 @ CERN C

Training curve FRESCA2 at 10A/s-a,b and c
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SC Magnet R&D — alternative materials for high-J,, at high magnetic field

104 -
HTS-Insert _/

Nb-Ti
35T

Maximal J, at 1.9 K for entire LHC NbTi
quadrupole strand \ strand production (CERN-T. Boutboul '07).

(Boutboul et al. 2006) / Reducing the temperature from 4.2 K
= produces a ~3 T shift inJ, for Nb-Ti

4.2 K LHC insertion

| 55x18 filament B-OST strand with NHMFL
50 bar Over-Pressure HT. J. Jiang et al.
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FCC

n==r= / JFCC Integrated project technical schedule

3 €3 36 B 38 B <0 B 2 BB
15 years operation ~ 25 years operation
LHC run 3 1S3 [HCrund  ||Ls4]| tHCrun5 J(Ls5)(  LHCruns
4 | | AY4 ) s N
Project preparation & . Update
o Permis- L
administrative processes . Permission,
Funding & governance strategy oIons Funding
\ J\ J \ J
( - - \( ) 4 . . )
Geological investigations, . L FCC-ee dismantling, CE
. . . Tunnel, site and technical infrastructure .
infrastructure detailed design and . & infrastructure
. . construction .
tendering preparation adaptations FCC-hh
\. J \. y,
(" Y4 N\ [ CCChh erat N\ ( )
. -hh accelerator ,
FCC-ee accelerator R&D and technical design FCQ-ee Ao eIeratorgon§ trgcuon, R&D and technical FC.C'hh a8 Jeeldl gon§trgct|on,
installation, commissioning design Installation, commissioning
\(FCC detect \ \( FCC-hh detect \( FCC-hhd
Detector R&D and oo elodlor FCC-ee detector AL -h detector
technical design, L . o R&D, construction, installation,
concept development . construction, installation, commissioning . . L
collaborations technical design commissioning
\. J\ VAN J J \_ J
4 \( AY4 A
Superconducting wire and high-field magnet R&D SC wire and HFM magnet R&D,Imodel magnets, HFM dipole magnet
prototypes, preseries series production
\.

 FCC integrated project plan is fully integrated with HL-LHC exploitation
» provides for seamless further continuation of HEP in Europe.

ctrn Y\ Future Circular Collider Study

Michael Benedikt
SZA FCCW 2019, 24 June 2019, Brussels




Technical schedule

ear

LHC

Project
management

tunnel &
technical
infrastructure

FCC-ee

high field
magnet

FCC-hh

Run 3

112/3/4|/5/6/7|8|9

Funding & pre-
governance missi
strategy ons

geological
investigation

accelerator technical design

detgg’g)cl‘:;ffD detector
el i tech. design
wire & magnet R&D

Run 4 | | Run 5 |

technical design

| Run 6

construction

accelerator construction
commissioning

detector construction
commissioning

Update permissions &

funding

FCC-ee operation

V4 WW

model magnets, prototypes, preserves
accelerator technical design

detector R&D, technical design

Zh

tt

FCC-ee
dismantle
FCC-hh
adaptation

series production of dipoles

accelerator construction
commissioning

detector construction

commissioning

10/11(12|13|14|15|16(17 |18 |19 (20|21 |22 (23|24 (25|26 |27 |28 |29 |30 |31 32|33 |34 35 36 |37 | 38 |39 |40 41 42 43 44 45 46 47

FCC-hh
operation



Luminosity [ab™]

FCC-ee operation model and statistics

. 185 physics days / year, 75% efficiency, -10% margin on luminosity
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
/s precision (MeV) <0.1 0.3 1 2
Lumi/IP (1034 cm-2s-1) 115 230 28 8.5 0.95 1.55
Lumi/year (2 IP, ab-1) 24 48 6 1.7 0.2 0.34
Physics goal (ab-1) 150 ab-1 (30,90,30 ab-1) 10 ab-1 5 ab1 0.2 ab1 1.5 ab-
Run time (year) 2 2 2 3 1 4
106 HZ 1ot
Number of events 5x1012 Z 108 W+W 25K WW— H 200k HZ
50k WW— H
200_ N B B B B B 57/ I . 2,088 [/nbjsec] @10:18
150 % — . . 2|
: /‘ D]fferent prOJ eCtS use § .90 O 5 O WP .0 05 P PO . . O V0. PO 5 2V VA 0 LU0 0 A O .
% : T .l | B
. % - different definition for a HE
% ‘vear’: !
: % * 1ILC year =1.5 FCC years [
50| % - % |
ok — Lt A v i |
0 9 10 11 1213 14 15 g

Years

KEKB has demonstrated a very high efficiency
Total : 15 years >80% with top-up (continuous) injection

d [utw] swnayry 1

[eJ] ainssal

poddo] @ pamAlRp |
[qJ/] “wirr “Boqu]



Jorgen D’Hondt 2020-2040 2040-2060 2060-2080
@ICNFP 2019 HL-LHC era Z/W/H/top-factory era  energy frontier era

SCRFE ~ 30 MV/m SCRFE ~ 50 MV/m SCRFE ~ 70 MV/m
B~11T B~14T B>16T (HTS?)
plasma demo plasma collider
muon demo muon collider

our
technology

Al for new physics quantum computing
quasl-online analysis self-learning

digital imaging simulation
new transistors

other
technology

eco friendly gases energy consumption human vs machine
careers at mega- long-term engagement
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Construction cost phase1 (FCC-ee) is 11,6 BCHF

- 5,4 BCHF for civil engineering (47 %)
- 2,2 BCHF for technical infrastructure (19%)
- 4,0 BCHF accelerator and injector (34%)

= Civil Engineering 5400 MCHF, 47% = Technical Infrastructure 2200 MCHF, 19%
= Machine & injector 4000 MCHF, 34%

Construction cost phase 2 (FCC-hh) is 17,0 BCHF.

- 13,6 BCHF accelerator and injector (57%)

totalling 9,4 BCHF, targeting 2 MCHF/magnet.

- CE and Tl from FCC-ee re-used,
0,6 BCHF for adaptation

- 2,8 BCHF for additional TI, driven by cryogenics

FCC-hh - combined mode: capital cost per domain

- Major part for4,700 Nb3sSn 16 T main dipole magnets, I

(Cost FCC-hh stand alone would be 24,0 BCHF.)
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= Civil Engineering 600 MCHF, 4% = Technical Infrastructure 2800 MCHF,16%
» Machine & injector 13600 MCHF, 80%
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Next steps 2019 - 2020

* |teration of tunnel and surface structures layout and
Implementation with host states.

» Adaptation of CE, machine designs, etc. according to
Implementation optimisation.

* Following Integral Project proposal, presently focus on FCC-ee

as potential first step (awaiting strategy recommendation).
* Review and more detailed design for FCC-ee injector concept
» Detailed design of technical infrastructure for FCC-ee

* Preparation of EU H2020 DS project (INFRADEYV call
November 2019), focused on preparations for infrastructure
Implementation.
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=CC

~=r= /4 Conclusions from HE LHC studies

Performance
HC tunnel 26 - 27 TeV cm collision energy

gometer 3.8 m ~10 ab-! per experiment collected
over 20 years

Key technology: high-field magnets

FCC-hh
- Point 5 Very challenging option due to existing
Point 4 — =X Pointe oundary conditions:
3.
) Ty - Machine integration due to space
limitations (tunnel cross section,
— straight section length, caverns) of

— Point 7 o :
existing underground infrastructures

Compatibility with safety requirements

Point2 é\_ N\ Point8 ° Increased cryogenics requirements
| ([

. Injector requirements
8 additional 1.8 K refrigeration unft§nt 1

8 new higher-power 4.5 K cryoplants
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