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Future Circular Collider (FCC) study ; goals: CDR and

cost review for the next European Strategy Update (2018)

International collaboration :

e pp-collider (FCC-hh)
- defining infrastructure

regquirements
~16 T=100TeVin 100 km
~20T = 100 TeV in 80 km

* including HE-LHC option:
16-20 T in LHC tunnel

e e'*e collider (FCC-
ee/TLEP) as potential
intermediate step

Schematic of an
80 - 100 km

e p-e (FCC-he) option

e 100 km infrastructure in
Geneva area M. Benedikt



CepC/SppC study (CAS-IHEP), CepC CDR end
of 2014, e*e- collisions ~2028; pp collisions ~2042
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previous stuaies In italy

(SSC, VLHC, VLLC), and Japan (TRISTAN 1))
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collider c.m. energy vs. year
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FCC-hh: 100 TeV pp collider

,;__:%fm ‘ ; - | Image © 2013:DigitalGlobe
LHC “HE-LHC”  FCC-hh (alternative) | FCC-hh (baseline)

27 km, 8.33 T 27km, 20 T 80km,20 T 100 km, 16 T
14 TeV (c.m.) 33 TeV (c.m.) 100 TeV (c.m.) 100 TeV (c.m.)

B. Strauss



FCC-hh opens three physics windows

w Access to new particles in the few TeV to 30
TeV mass range, beyond LHC reach

w |mmense/much-increased rates for
phenomena in the sub-TeV mass range —
increased precision w.r.t. LHC and possibly ILC

w Access to very rare processes in the sub-
TeV mass range — search for stealth
phenomena, invisible at the LHC

M. Mangano



- HLLHC | FCChh

c.m. energy [TeV]

dipole magnet field [T] 8.33 16 (20)
circumference [km] 36.7 100 (83)
luminosity [103* cm™s] 1 5 5[—>207]
bunch spacing [ns] 25 25 (5)
events / bunch crossing 27 135 170 (34)
bunch population [10%] 1.15 2.2 1(0.2)
norm. transverse emitt. [mm] 3.75 2.5 2.2 (0.44)
IP beta-function [m] 0.55 0.15 1.1

IP beam size [mm] 16.7 7.1 6.8 (3)
synchrotron rad. [W/m/aperture] 0.17 0.33 28 (44)
critical energy [keV] 0.044 4.3 (5.5)
total syn.rad. power [MW] 0.0072 0.0146 4.8 (5.8)

longitudinal damping time [h] 12.9 0.54 (0.32)



cost-optimized high-field dipole magnets

15-16 T: Nb-Ti & Nb;Sn

20 T: Nb-Ti & Nb,Sn & HTS
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Nb;Sn vs Nb-Ti SC wire production
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Nb;Sn vs Nb-Ti SC wire production
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SC solenoid magnets (dipoles to follow
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superconducting magnet technology

SC solenoid magnets (dipoles to follow) 35T Preotof-Principle Demo

(4T HTS Test Coil in a
31T Background Magnetic Field)
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hadron-collider peak luminosity vs. year
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LHC run 1 (2012-13) accumulated more integrated
luminosity than all previous hadron colliders together!



pp IR — radiation from collision debris
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Distance from IP [cm]

HL-LHC IR can
handle 10x more
radiation than LHC

FCC-hh IR radiation
another 10-100x
higher

R. Tomas

400

FLUKA model

IR peak power and dose

energy deposition profile on the inner coil layer
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luminosity evolution with syn. rad. damping

Factor ~4 in luminosity
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LHC-type beam pipe?

Sy NC h rotron . m‘?;h?r_::g%‘}&ﬁﬁ

L] L]

radiation (SR):
28 W/m/beam Cooling tube
at 16 T "

Longitudinal weld

Beam screen tube

“Saw teeth’ Sliding ring

Copper layer

SR power mostly cooled at beam screen
options: temperature; part going to magnets at 2-4 K

« LHC-type copper coated beam screen (baseline)
 LHC-type beam screen coated with HTS

+ advanced cryogens (He-Ne mixtures)
* photon stops at room temperature D. Schulte



total cryo power for cooling of SR heat
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resistive-wall instability
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resistive-wall instability
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electron cloud

critical photon energy 4.3 keV 0. Dominguez Sanchez De La Blanca

similar to 2-3 GeV light 10
sources i.e. 100 x LHC |
dditional heat load = o
adaitional heat loa = o041} Neit = 99.9%
e o
beam stability: 50 ns @
25 ns
0.01 | 125ns @ |
| 5ns &
. M d HL at LHC (Fill #3429) ==
R&D items: 0001 Lo Measured i at e (M #9729

1 1.3 1.6 5 22 25 28 31
max .

* photon capture efficiency?
 dependence on beam-pipe aperture

« surface properties at 40-60 K also G. I.adarola, H.
« surface properties of HTS coating Bartosik, et al,
IPAC2014, TUPMEOQO27

D. Schulte



electron cloud

critical photon energy 4.3 keV 0. Dominguez Sanchez De La Blanca
similar to 2-3 GeV light 10 P
sources i.e. 100 x LHC |

additional heat load §
beam stability?

0.1} Neft = 99.9%

50 ns @&
25 ns
0.01F 12.5ns @& |

| 5ns &

Measured HL at LHC (Fill #3429) ==

aside from 25 ns, 5'ns 5 5 22 25 28 3
could be possible bunch .
Spa in gé bEtter use Of SR Bartosik, et al,
. | IPAC2014, TUPMEOQO27
damping & 4-5 times

higher luminosity b. Schulte




pp IR optics — low * at 100 TeV?
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pp IR optics —low B* at 100 TeV?
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FCC-ee: e*e collider up to 350 (500) GeV

circumference =100 km
A. Blondel

Accelerator ring for top up injection

Collider ring

short beam lifetime (~7,;,,/40) due to high luminosity
supported by top-up injection (used at KEKB, PEP-II, SLS,...);
top-up also avoids ramping & thermal transients, + eases
tuning



FCC-ee: e*e collider up to 350 (500) GeV

circumference =100 km
A. Blondel

Accelerator ring fortop up injection

top-up injection is the key to
extremely high luminosity; )
requires full-energy injector

Collider ring . /

short beam lifetime (~7,;,,/40) due to high luminosity
supported by top-up injection (used at KEKB, PEP-II, SLS,...);
top-up also avoids ramping & thermal transients, + eases
tuning




FCC-ee/hh: hybrid NC & SC arc magnets

twin-aperture iron-dominated
compact hybrid “transmission
line” dipoles - for injector
synchrotrons in FCC tunnel
* resistive cable

for lepton machine
* superconducting

for hadron operation

600

required dynamic range ~100
hadron extraction 1.1 T
lepton 1njection: 10 mT

A. Milanese, H. Piekarz, L. Rossi, IPAC2014, TUOCBO1

00T



FCC-ee/hh: hybrid NC & SC arc magnets

twin-aperture iron-dominated
compact hybrid “transmission
line” dipoles - for injector
synchrotrons in FCC tunnel
* resistive cable

for lepton machine
* superconducting

for hadron operation

A. Milanese, H. Piekarz, L. Rossi, IPAC2014, TUOCBO1

00T



parameter

Epeam [GeV]
circumference [km]
current [mA]

P ot [MW]

no. bunches

N, [10"1]

g, [nm]

g, [pm]

B, [m]

B*y [mm]

c”, [nm]

O,sr [MmM]

O, tot [MM] (W beamstr.)
hourglass factor F,
L/IP [10%4 cm2s1]

Tbeam [min]

LEP2

104
26.7
3.0
22
4
4.2
22
250
1.2
50
3500
11.5
11.5
0.99
0.01

300

45
100
1450
100
16700
1.8
29
60
0.5

250
1.64
2.56
0.64
28

287

FCC-ee

Z (c.w.) )}
45 80
100 100
1431 152
100 100

29791 4490
1.0 0.7
0.14 3.3

1 1
0.5 0.5
1 1
32 130
2.7 1.01
5.9 1.49
0.94 0.79
212 12
39 72

H
120
100
30
100
1360
0.46
0.94
2
0.5
1
44
0.81
1.17
0.80
6

30

t
175
100
6.6
100
98
1.4

1.0

45
1.16
1.49
0.73

1.7

23

CepC

120
54
16.6
100
50
3.7
6.8
20
0.8
1.2
160
2.3
2.7
0.61
1.8
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FCC-ee: Shielding 100 MW SR at 350 GeV
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Copper (2mm tube)
water cooling

FLUKA geometry layout for half
FODO cell, dipoles details,
preliminary absorber design
incl. 5 cm external Pb shield

L. Lari et al., IPAC2014, THPRIO11
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Copper (2mm tube)
water cooling

FLUKA geometry layout for half
FODO cell, dipoles details,
preliminary absorber design
incl. 5 cm external Pb shield

L. Lari et al., IPAC2014, THPRIO11
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FCC-ee: Shielding 100 MW SR at 350 G
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water cooling
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FCC-ee IR design #1
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FCC-ee IR design #1
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FCC-ee IR design #1
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FCC-ee IR design #1
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FCC-ee IR design #2
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FCC-ee IR design #2
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FCC-ee IR design #2
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Trajedores at 200 G0=-9.4 kG s/ci =1.2 cm, & %=3.5cm, E=1
G1=9.3 kGs/cm, R1=1.9 cm, A x=14.2 cm, 26=1
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FCC-ee IR design #2
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beam-beam tune shift & energy scaling

tune shift limits scaled from LEP data, confirmed by FCC
simulations (S White, K. Ohmi, H R. Assmann & K. Cornelis, EPAC2000
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e*e" luminosity vs energy

luminosity [10°* cm™s!]
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beamstrahlung lifetime

example: FCC-ee H (240 GeV c.m.)

equilibrium distribution w/o N lifetime vs. momentum
aperture limit from simulation acceptance

0.1
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K. Ohmi et al., IPAC2014, THPRIOO3 & THPRIO04



The Twin Frontiers of FCC-ee Physics

Precision Measurements

« Springboard for
sensitivity to new

physics
* Theoretical 1ssues:
— Higher-order QCD
— Higher-order EW
— Mixed QCD + EW
%0 - e - possible future nggls
§ 5: — TLEP350 Wmeasurements
Lo %iiti)+|}|+{ =1%

n
IITII

L
o
| T 11

[ HL-LHC : One experiment only

HZZ HWW Hbb  Hec  Hgg  Hwr  Hyy

« Direct searches for new
physics

* Many opportunities

« 7Z:10%?

 b,c,1: 10!

« W: 103

« H: 100

e t:10°

M. Bicer et al., “First Look at
the Physics Case of TLEP,”
JHEP 01, 164 (2014) J. Ellis



The Twin Frontiers of FCC-ee Physics

Precision Measurements

« Springboard for
sensitivity to new
physics

e Theoretical 1ssues:

FCC-ee promlses much higher precision & and
many | more rare decays than any competitors

« Direct searches for new
physics

* Many opportunities

e 7:1012

== |LC350

§ [ [=mepaso measurements

%“’:—" iLiic --possibte future Hi'ggls'--" e H: 10
sl

p— ;]riif +1%

e t:10°

M. Bicer et al., “First Look at
the Physics Case of TLEP,”

HZZ HWW Hbb  Hec  Hgg  Hwr  Hyy

JHEP 01, 164 (2014) J. Ellis



simulations confirm tantalizing performance

14 | I | |
L ngasusg ________ BBSS strong-strong simulation
— ol | w beamstrahlung
§osh | - . |
> ek | FCC-ee in Higgs production
S 47 design 1 mode (240 GeV c.m.):
2 | |
N [=7.5x103%* cm™st per IP
0 1000 2000 3000 4000 5000 6000 300 | | | |
turn ZNoCW ——
050 |- ZCW ]
BBWS crab-strong simulation -~
w beamstrahlung g 200 - crab waist ]
: . 5 150 -
FCC-ee in crab-waist mode = / _
at the Z pole (91 GeV c.m.): ° = baseline design -
WWWWW
~ 36 -2¢-1 | . | |
[=1.5x10°> cm™s™ per IP °0 20000 40000 60000 80000 10000C
K. Ohmi et al., IPAC2014, THPRIOO3 & THPRIO04 turn

A. Bogomyagkov, E. Levichey, P. Piminov, IPAC2014, THPRIOOS8



SuperKEKB = FCC-ee demonstrator

beam commissioning

|
will start in early 2015 4 =

N. Ohuchi et al.,
IPAC2014, WEOCAO1

top up injection at high current
B,* =300 um (FCC-ee: 1 mm)

lifetime 5 min (FCC-ee: 220 min) {-" i
€,/€,=0.25% (similar to FCC-ee)
off momentum acceptance

(+1.5%, similar to FCC-ee) SuperKEKB goes
et production rate (2.5x10%%/s, beyond FCC-ee,
FCC-ee: <1.5x10'%/s (Z cr.waist) testing all concepts



FCC-he: high-energy lepton-hadron collider
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FCC-he: high-energy lepton-hadron collider
LHeC CDR, gw@lished in 2012
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FCC-he: high-energy lepton-hadron collider

LHeC CDR, published in 2012
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. | /
similar two options for FCC:
(1) FCC-ee ring, (2) ERL — from LHeC or new




FCC-he — 2nd option: based on LHeC

J. Osborne




FCC-he — 2nd option: based on LHeC

3 tf’
LHeC ERL design compatible
with ep collisions
at both LHC and FCC

J. Osborne Point



collider parameters FCC ERL FCC-eering m

species e (e*?)
beam energy [GeV] 60
bunches / beam -
bunch intensity [10%] 0.04
beam current [mA] 25.6
rms bunch length [cm] 0.02
rms emittance [nm] 0.17
B, ,*[mm] 1000
o, [LWm] 4.0
beam-b. parameter & (D=32)
hourglass reduction 0.94
(Hy=1.35)
CM energy [TeV] 3.5

luminosity[1034cm2s] 1.0

e* e” p
80 120 50000
4490 1360 10600
0.7 0.46 1.0
152 30 500
0.15 0.12 8
3.3(x) 0.94(x) 0.04[0.02y]
6.0,3.0 22,11 500 [250 y]
4.5, 2.3 equal
0.05 0.13 0.017(0.0002)
~0.24  ~0.60
4.0 4.9
2.3 1.2



collider parameters FCC ERL FCC-eering m

species e (e*?) e* e” p
beam energy [GeV] 60 80 120 50000
bunches / beam - 4490 1360 10600
bunch intensity [10%] 0.04 0.7 1.0
beam current [mA] 500
rms bunch length [cm] 8
rms emittance [nm] 0.04 [0.02 y]
B, ,*[mm] 6.0,3.0 22,11 500 [250 y]
o, [LWm] 4.5, 2.3 equal
beam-b. parameter & (D=32) 0.05 0.13 0.017 (0.0002)
hourglass reduction 0.94 ~0.24  ~0.60

(Hy=1.35)
CM energy [TeV] 3.5 4.0 4.9

luminosity[103*cm2s] 1.0 2.3 1.2



lepton-hadron scattering facilities till FCC-he
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M. Klein and H. Schopper
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CERN Courier June 2014



Higgs physics at LHeC & FCC-he

=g

W, Z 1 el

W,Z b, Lt

p—

h-e Higgs-boson production and decay; and precision
measurements of the H-bb coupling in WW-H production;
FCC-he also gives access to Higgs self-coupling H-HH (<10%
precision!? - under study), to lepto-quarks up to =4TeV & to
Bjorken x as low as 10”7 - 108 [of interest for ultra high energy
v scattering] M. Klein and H. Schopper, CERN Courier June2014



FCC global design study — time line

Ql [ Q2 | QB | Q4 | Q1 | Q2 | QB | Q4 | Q1 | Q2 | QB | Q4 | Q1 | Q2| QB | Q4 | Q1 | Q2 | Q3 | Q4

Kick-dff, collaboration fo'rmin'g,
[ Prlepque ] ~>study plan and organisation

(Ph1: Explore options
“weak interaction”

@Vorkshop & Review —identification of baseline

Ph 2 Co'nce|':>’ruall study of
| baseline “strong interact.”

Workshop & Review, cost model,

‘@ LHC results - study re-scoping?
Ph 3: Study ]

consolidation

Y

Report

|
Workshop & Review
4 large FCC Workshops
distributed over = contents of CDR

participating regions ! | | ' |

Release CDR & Workshop on next steps @

- presently discussions with potential partners (MoUs)
- first international collaboration board meeting at CERN
on 9 & 10 September 2014 M. Benedikt




Future Circular Collider Study

Kick-off Meeting

University of |
C. Blanchard,
C. Doglioni, G. lac
M. Koratzinos

CERN _
M. Benedikt, E. Delucinge,
J. Gutleber, D. Huds:
C. Potter, F. Zimmermann

. SCIENTIFIC ORGANIZING

‘ COMMITTEE 2
FCC Coordination Group

/ A. Ball, M. Benedikt, A. Blondel,

F. Bordry, L. Bottura, O. Briining,

P. Collier, J. Ellis, F. Glanotti,

B. Goddard, P. Janot, E. Jensen, -

J. M. Jimenez, M. Klein, P. Lebrun,

M. Mangano, D. Schulte, '

F. Sonnemann, L. Tavian,

J. Wenninger, F. Zimmermann.

http:/findico.cern.ch/
effcc-kickoff

http://indico.cern.ch/e/fcc-kickoff
http://cern.ch/fcc

FCC Kick-off Meeting
University of Geneva
12-15 February 2014

>340 participants

_\—“— _f_

—_—.-—_.____._.,

Kick-off Maet‘in‘g of the Future Circular Colliders Design Study :
12 - 15 February 2014, University of Geneva / Switzerland:



possible evolution of FCC complex

FCC-ee (80-100 km,
e*e’, up to 350
or 500 GeV c.m.)

FCC-hh
HL-LHC (pp up to
LHeC & SAPPHIRE () 100 TeV c.m.
& AA)

LHeC as FCC- iector? FCC-he as ring'ring

LHeC-based FCC-he collider?! collider ?!
FCC-he: e* (60-250 GeV) — p(50 TeV)/A collisions

>50 years e*e’, pp, e p/A physics at highest energies



tentative time line

1990 2000 2010 2020 2030 2040

LHC LR Constr. Physics
R&D

Design,
R&D

HL-LHC Constr. Physics

Design,
R&D

FCcC
ee Design,  constr. Physics
hh R&D
he

LHeC/SAPPHIRE? Constr.  Physics



L,Willst du ins Unendliche
schreiten, Geh nur im Endlichen
nach allen Seiten.”

Future Circular Collider Ve B Johann Wolfga Ng von Goethe

Circumference: 80-100 km
Energy: 100 TeV (pp) :
>350 GeV (e*e) /

Large Hadron Collider
Circumference: 27 km
Energy: 14 TeV (pp)

209 GeV (e*e’)

Tevatron (closed)
Circumference: 6.2 km
Energy: 2 TeV

Werke — Hamburger Ausgabe Bd. 1,
Gedichte und Epen |, Spriche

(Weimar - 169 km from Dresden)



FCC-related IPAC’14 talks on Tuesday:

G. Apollinari, High-field Magnet Development toward Higher Luminosity
Performance of the LHC, TUOCBO02

A. Milanese, H. Piekarz, L. Rossi, Concept of a Hybrid (Normal and

Super-conducting) Bending Magnet based on Iron Magnetization
for 80-100 km Lepton/Hadron Colliders, TUOCBO01

FCC-related IPAC’14 posters on Thursday:

K. Ohmi, Y. Zhang, D. Shatilov, D. Zhou, Beam-Beam Simulation Study for
CepC, THPIR003

K. Ohmi, F. Zimmermann, Beam-Beam Simulations with Beamstrahlung
for FCC-ee and CepC, THPRIO04

A. Bogomyagkov, E. Levichey, P. Piminov, Interaction Region Lattice for
FCC-ee (TLEP), THPRIOOS

H. Garcia, L. Medina, R. Tomas, FCC-ee/TLEP Final Focus with
Chromaticity Correction, THPRIO10

L. Lari, F. Cerutti, A. Ferrari, A. Mereghetti, Beam-Machine Interaction at
TLEP: First Evaluation & Mitigation of the Synchrotron Radiation
Impact, THPRIO11
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