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The FCC Design Study

Requested from European Strategy (2013)
+ “Ambitious post-LHC accelerator project”
e Study kicked off in Geneva in Feb. 2014

International collaboration (124 institutes)

to study circular colliders

+ Fitting in a new 100 km infrastructure, in the
Geneva area

i
-
: Schematic of an

4 80-100 km
3 long tunnel

Ultimate goal: 100TeV pp collider (FCC-hh)
+ Requires R&D for 16T magnets
+ Defines the infrastructure

Possible first steps
+ et*e” collider (FCC-ee) at the intensity frontier
e High luminosity, 1/s = 90-400 GeV
+ pp collider (HE-LHC) in the LEP/LHC tunnel

European Strategy update (2019)
e With FCC-hh technology (16T — 26-27 TeV)

+ Conceptual design report (CDR)
Possible add-on + Costreview for tunnel and each collider

+ e-poption (FCC-eh) ¢ Schedules and operation models

Patrick Janot Séminaire au CPPM
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The FCC Home

Al t Locati ..
S SEEENNNN o Optimized length: 97.5 km

: ' : ‘ + Accessibility, rock type, shaft depth, etc.

¢ Tried different options from 80 to 100 km

B o Tunneling
' + Molasse 90% (easy to dig)
+ Limestone 5%, Moraines 5% (tougher)

o Shallow implementation
¢ 30m below Leman lakebed
+ Only one very deep shaft (F, 578m)
e Alternatives studied (e.g. inclined access)

~—Quaternary
—Lake
1800m ~Wildflysch
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z Mandallaz =Snaft
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2 Lake ,
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More sharing

Tunnel enlargement
at points A and G Detector cavern

for £1.2 km
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FCC-ee injector complex

o Baseline is comprised of:
¢+ Ane” ande*LINAC (length 250 m @ 25 MV/m) from ~o0 to 6 GeV
+ An e* production target and an e* damping ring (circumference 250 m)
+ A pre-booster ring (from 6 to 20 GeV) — possibly in the SPS tunnel
e The possibility of a Linac in the FCC-ee tunnel is also studied
+ A boosterring (from 20 GeV to the full FCC-ee energy), for continuous top-up injection

Booster ring

Gun

Collider ring \PBR (SPS) =

e+/e- LINAC

e’ DR

Patrick Janot Séminaire au CPPM
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(Draft) Schedule considerations

o Compare possible first steps (FCC-ee and HE-LHC)
20 22 24 26 28 30 32 34 36 38 40 42

1 1 1 1 1 1 I 1 1 ] ] ]
6 Strate?y Update 2026 assumed pro;ect deCI'SIOH

I | CE FCC-ee ring + injector

[<}}
¢
S —— [injector
o
L
Installation + test FCC-ee
Dipole short mod Dipole |
Ipoe long mo 16 T dipole indust. prototypes [ 16 T dipol .
‘:i:’ Hpsellin ikt T series production
-l
E |
- Success-oriented schedule
(but not resource loaded!)
1 1 1 1 1 1 1 1 1
+ Personal remarks
e May not have to wait for two years after the project approval: FCC-ee needs no 16T magnets
e May not have to wait 5.5 years before starting the installation of FCC-ee ring
= Was done in parallel with Civil Engineering for LEP
e FCC-ee can start physics immediately after the end of HL-LHC — no physics gap at CERN
» At least six years without physics with the HE-LHC

e FCC-ee buys time for the R&D, prototyping, and production of 16T magnets towards FCC-hh

Patrick Janot Séminaire au CPPM

26 Feb 2018



Accelerator design and performance
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FCC-ee centre-of-mass energies

o Reminder: European Strategy statement (2013)

e) There is a

strong scientific case for

an electron-positron collider,

complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

upgraded. Tailored for ILC at the time
+ Other heavy particles: the Z (91.2 Gev) & W (80.4 Gev) bosons, the top quark (173.3 Gev)
—~ 30 . =14
The Z resonance f./_ | LEP .‘ ﬁ E tt threshold - 1S mass 174éeV I
| ™ b . c12 —TOPPIK NNLO — CLIC 350 LS+ISR
30 ALEPH | § The WW threshold -% - —ILC350LS+ISR  —FCCee 350 LS+ISR
DELPHI 6 S 1L _
L3 v + 20+ " 7] % - ete” — tt
- OPAL A I 008
20 - ! +— c
[+ average mescorement, y 06
by factor 10 10 ete” = W+W- ] B
ol 0.4F[
I A YFSWW/RacoonWw -
| / / ’ ____no|ZWW vehrtex (ngmlz) : 0.2 —
5 only v_ exchange entie -
/ ete = Z— qq S e S g . Thg tt threshlold
0% 88 Co0> 92 94 0 160 180 200 345 355
E_ [GeV] Us (GeV) /s [GeV]
+ Lighter fermions (e.g., b quark, T lepton) studied with Z decays
Patrick Janot Séminaire au CPPM
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Vs = 240 GeV
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FCC-ee centre-of-mass energies, cont’'d

o Reminder: European Strategy statement (2013)

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be
upgraded.

¢ The Higgs boson (m, = 125 GeV)

220 C 2400 260 280 300 320 340 C.360

9

o
o

+ The gluon can be studied with Higgs decays (BR ~ 10%)

Patrick Janot Séminaire au CPPM
26 Feb 2018 11



FCC-ee baseline luminosities

o Reminder: European Strategy statement (2013)

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

upgraded. | N |
y 4 WW HZ o Ultimate precision with

& L & & ¢ 100000Z/second (})
A T v T v T T T T T ] T

T,; = Z(91.2GeV):4.2-4.6x10%° cm?s” , - e 1Z/secondatLEP
o — ® FCC-ee (Baseline, 2 IPs) —
g ° LEP x 105! ®  LEP3 (Baseline, 4 IPs) i + 10000W [hour
3 ) CC ® ILC (Baseline) e 20000Win 5years at LEP
o 10 éLEPB W'W (161 GeV): 6.2 - 6.8 x 10% cm?s” CLIC (Baseline) = + 1500 Higgs bosons / day
g - Y CEPC (Baseline, 2 IPs) . .
= SN 5 e 10-12 times more than ILC
= B . .\.‘ _
8 — CEPC ‘ HZ (240 GeV) : 1.5 - 1.7 x 10%° cm'%s" - ¢ 1500 top quarks / daY
E 10 . = ...in each detector
| — 3 =
- CLIC - _ _ _
st st B 7 The FCC-ee unique discovery potential
1k iLc = is multiplied by the presence of the four
Co | 1 1 1 1 1 MR | L ' .
102 108 heavy particles of the standard model
s [GeV] in its energy range
Patrick Janot Séminaire au CPPM
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FCC-ee energy upgrade

o Reminder: European Strategy statement (2013)

e) There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be
upgraded.

+ Inet*e colliders, an energy upgrade is mostly relevant for
e The production and study of (a) putative new particle(s) at high mass
= The domain covered by CLIC (0.4 -3 TeV) is being explored by the LHC

CLIC becomes an interesting option to consider if a new particle produced
in e*e” collisions is discovered [ hinted at in this range

= A much bigger energy step is needed to go further: FCC-hh better suited
e The measurement of the ttH and HHH(H) couplings
= In combination with FCC-ee, the FCC-hh does better than linear colliders
+ The energy upgrade of the FCC-ee, i.e. FCC-hh, is the most ambitious scientifically
e The FCC-ee is not only complementary to, but also synergetic with, FCC-hh

a Conclusion of the previous four slides: the FCC-ee is the ete™ collider that
complies best with the 2013 European Strategy statement

Patrick Janot Séminaire au CPPM
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Q: Why is luminosity so much higher than LEP?

Design inspired by B factories

Fix 100 MW Synchrotron Radiation (SR) at all energies

e Larger beam currents possible at lower energies

Two separate rings for e+ and e-

e Many bunches to distribute the beam currents, without parasitic collisions

Larger ring (x4)
e P.,a E4p
Asymmetric IP

e SR@175GeV ~ LEP2
Strong vertical focusing

e B*~O(1mm)

Crab-waist crossing

e Optimize colliding area
Larger energy acceptance
e Beamstrahlung limit

Continuous injection
e Better efficiency

e Smaller asymmetry

Patrick Janot

y4 w H (ZH) ttbar
beam energy [GeV] 45.6 8o 120 175-182.5
arc cell optics 60/60 60/60 90/90 90/90
emittance hor/vert [nm]/[pm] 0.27/1.0 0.84/1.7 0.63/1.3 1.4/2.8
B* horiz/vertical [m]/[mm] 0.15/.8 0.2/1 0.3/1 1/1.6
SR energy loss /turn (GeV) 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.10 0.75 2.0 8.8-10.3
energy acceptance [%)] +1.3 +1.3 +1.7 +2.4-2.8
energy spread (SR / BS) [%] 0.038/0.132 | 0.066/0.165 | 0.099/0.165 | 0.15/0.20
bunch length (SR /BS) [mm] 3.5/12.1 3.0/7.5 3.15/5.3 2.75/3.80
bunch intensity [10%] 1.7 2.3 1.8 3.2-3.35
no. of bunches [/ beam 16640 1300 328 40-33
beam current [mA] 1390 147 29 6.4-5.4
SR total power [MW] 100 100 100 100
luminosity [1034 cm™2s] 230 34 8.5 1.9-1.7
luminosity lifetime [min] 70 24 18 25
allowable asymmetry [%6] *5 *3 *3 +3




Q: Aren’t the machine parameters stretched ?

a A:Challenging, but...
+ Now backed up by a very solid design study (2014-2017)

e Many considerations underwent complete/multi-turn/independent simulations

= Beam-beam instabilities
» Bootstrapping for first full injection
» Flip-flop effect
» Off-momentum dynamic aperture
= Working-point optimization
= Crab waist strength optimized for each /s
» Beamstrahlung and beam lifetime
= Injector cycles and minimum sustainable lifetime
» Etc. Horizontal beam size after 1000's turns
0002 e 20
o018 Q=002 —— 18 | : ]
Example: ooms | 16 - o -
Suppression of a coherent instability ] A 1‘2‘ i ]
in the x-z plane o || Simulation 1 f:; 10 Simulation 2 ]
* Byreducing §*, by afactor 3 % ooms ,/ 8 -
* By increasing the momentum oowe | 6 ]
compaction factor by afactor2 | . ; i :
o w0 om sw  am a0 o %0 1600 2800 3600 4o|oo 5000

Turn

turn

Patrick Janot
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Q: Aren’t the machine parameters stretched ?

a A:Challenging, but...

+ Now backed up by a very solid design study (2014-2017)

+ Most parameters are being commissioned at SuperKEKB

Commissioning Phase 2 starting in Oct. 2017

Some SuperKEKB parameters :

B’y : 270 um
FCC-ee (Z) : 800 um
g /e, 1 0.25%
FCC-ee (tt) : 0.2%
e* productionrate: 2.5 x 102 /s
FCC-ee(Z):0.4—2.5x10% /s
Beam current:3.6 A
FCC-ee (Z):1.4A
Off-momentum acceptance : +1.5%
FCC-ee (tt): £2.5%
Luminosity lifetime : 2.5 minutes
FCC-ee (tt) : 40 minutes
Crossing angle : 83 mrad
FCC-ee :30mrad
Centre-of-mass energy: ~10 GeV
FCC-ee : 88 - 365 GeV (*)

(*) See next slide

Phase 3 starting in fall 2018

Patrick Janot Séminaire au CPPM
26 Feb 2018
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The SCRF system: optimization and staging

a Very broad range of operation parameters
+ SR energy loss from 36 MeV to 9.21 GeV
+ Total voltage from 0.1 (Z) to 10.3 GV (tt)
+ Total current from 5.4 mA (tt) to 1.39 A (Z)
e Aim at acceleration efficiency and cost reduction at high energy
e Aim at cell shape and impedance optimization against HOMs at high current
¢ Fast acceleration from 20 to 45 —182.5 GeV in the booster

a Solution : Operation staging (single (multi (multi

cells) cells) cells)

¢ Start with 400 MHz Nb/Cu cavities @ 4.5K for the Z, WW, and Higgs operation modes

_— - - - .. ——____—_—
o W — = -

- - - ~
[z ] [ww] 2

cotider  13x2=26 |0 00 () Replace 13x2=26 HD(HD(HD(HD Add  21x2=42 m)(m)(m)(m} Q:‘Sfﬁﬁﬂ‘i‘ﬁ;:fm

oo I~ OO0 ¢ P00 eonm

+ Realign all cavities to make RF common to both beams
+ Add 800 MHz bulk Nb cavities @ 2K for the ttbar operation mode

Common RF

R T I
- Y

iy ~ Add  74+20 for both beams
HZ tt Add 82+20 m E,..=20MV/m
Patrick Janot Séminaire au CPPM Total length ~1.8km 17
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a

Power consumption

The RF system needs to compensate for 100 MW SR losses

+ Corresponds to 200 MW electric power with 50% RF power sources (klystrons)

e Klystron efficiency was ~55% at LEP2

+ Recent (2015) breakthroughs in klystron design promise 90% efficiency
e Assume 85% will be achieved and take 10 — 20% margins

lepton collider Z W ZH tt LEP2
luminosity / interaction point [10°* cm s~ '] | 207 90 19 5 1.3 | 0.012
total RF power [MW] 163 163 145 145 42
collider cryogenics [MW] 3 2 5 23 39 18
collider magnets [MW] 3 10 24 50 16
booster RF & cryogenics [MW] 4 4 6 7 N/A
booster magnets [MW] 0 1 2 5 N/A
pre-injector complex [MW] 10 10 10 10 10
physics detectors (2) [MW] 10 10 10 10 9
cooling & ventilation [MW] 47 49 52 62 16
general services [MW] 36 36 36 36 9
total electrical power [MW] 276 ~275 ~288 | ~308 ~364 | ~120

+ For comparison

e LHCRuna: 2120 MW, HL-LHC: 260 MW, FCC-hh (at 1200 TeV): ~500 MW

e CLIC: 250 MW ( at 380 GeV) to 580 MW (at 3 TeV)

Patrick Janot
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Interaction region and detectors

Patrick Janot

Séminaire au CPPM
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Requirements and constraints

o Maximize luminosity
+ Extremely small beta functions at the IP
° B"y = 0.8 to 2 mm (LEP2: 5o mm)
+ Verylow beam emittances (and ratio)
e £ =0.27to1.45nm (LEP2: 22 nm)
e ¢ =1to2.7pm (LEP2:250 pm)
+ Crab waist optics
e Crossing angle =30 mrad (LEP2: o mrad)
+ Calls for a focussing system (quadrupoles, sextupoles) close to the IP
e L*=2.2m chosen for FCC-ee : finalfocus quads and LumiCal inside the detector

FCC-ee
+ CLD tracker

LumicCal

Patrick J:
! 20



Requirements and constraints, con

a  Minimize adverse effects from the detector
+ Emittance blow-up from detector magnetic field (beam crossing at angle)

e Requires a compensating solenoid even closer to the IP [ Shielding solenoid |

= Which in turn limits the detector magnetic field to 2T

e And a magnetic shielding around the final focus quads

Compensating solenoid

7
B\

3m

0.1~
2m
0

™ g Luminosity counter | 1.5 Final focus quads

-0.1 gl )
1m
0.1 . 0.5
-0.1

-0.2 0
e Not much room left for the luminosity counter (with low-angle Bhabha ete™— ete™)

= Front face at 1.2 m from the IP (typically twice closer to IP than at LEP)
e Strong magnetic forces, risk of large longitudinal movements in case of quench
= LumiCal supported by the calorimeter, fixed to the central beam pipe

Patrick Janot Séminaire au CPPM
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Requirements and constraints, cont’d

o Minimize adverse effects on the detector
+ Synchrotron radiation still produces important backgrounds in the detector inner layers

e Reduced to adequate levels with beam pipe shielding
10 AMMAAAMA WAL BAVAAW LAAAL WA AUALLA LA taasis r

Central beam
pipe +/-12.5 cm
inZ.r=15mm

QC1 QC1

FF quads
| Lumical | v
\ -
o™
QcC1 LumiCal detector SA 50-100 r]'l_rad Qc1
beam axes
111 l lllllllll l llllllllll l lllllllll l L1l
Vertex det 10 -2 1 0 1 2
Patrick Janot Séminaire au CPPM
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Detector occupancy

o Dominant backgrounds

FCCee 91.2 GeV

pT (GeV)

+ Synchrotron radiation, shielded away
+ Interactions between ys from beamstrahlung
e yy — e*e” (#particles [ BX: see figure)
e Yy — hadrons (< 0.001 event / BX) 0

o Effects on first detector layer
+ Reasonable assumptions

e Silicon pixel detector, vtxa radius : 177 mm

e Pixel pitch : 25x25 um?

YY— ete”

N/BX

107

107

e Cluster multiplicity: 5

pT (GeV)

e Safety factor:3
+ Full simulation (GuineaPig, GEANT)
e Estimated occupancy/BX
» <107 attheZand ~10% at the top

o Needs for fast electronics ? 10

+ Atthe Z, one bunch crossing every 20 ns

e Keep occupancy below 0.1% with electronics i

1072 =

FCCee 365 GeV

YYy— e‘e”

10°°

ntegrati

N /BX

ontime<2us

Patrick Janot Séminaire au CPPM
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The luminosity monitor

a Design largely inspired from FCAL study for linear colliders

+ Same geometry works: “just” make it smaller and closer to the IP

e Centred around the outgoing beam (measures the outgoing particle deviation)

+

Length 10 cm (12.05 to 1.15m)

Radius from 5.4 t0 14.2 cm

30 layers (1X,) of 3.5mm W + 1mm Si
32 x 32 Si pads in (r,¢): 3x10% channels
Mechanical support on FF system

Total Acceptance: 45-95 mrad
Loose acceptance: 63-83 mrad
Tight acceptance: 68-78 mrad
o(ete™ e*e’) =6-13 nb

Statistical precision on luminosity:
Few 105 atthe Z pole
Few 104 at the tt threshold
Positioning of the two front faces
with 1pum precision (fixed to the BP)

160 T

140

120

100

—100 }

—120

—140

—160

- 142 mm
- 132 mm

- 112 mm
- 85 mrad

= (45, 60) mrad
- (51, 66) mrad

= (94, 109) mrad
= (107, 122) mrad
= (111, 126) mrad

- = (119, 134) mrad
~~~~~ (126, 141) mrad

—20 0 20 40 60 80

100 120 140 160 020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220

Patrick Janot
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The central detector

With 100,000 Z [ second [ detector, expect more than 2x10*2Z | year
+ Statistical accuracies on cross sections, asymmetries, etc. of 105 or better
e Experimental uncertainties must be controlled at this level too
» Demands state-of-the-art performance for all detector subsystems

Vertex detector
+ Excellent b- and c-tagging capabilities : few um precision for charged particle origin
e Small pitch, thin layers, limited cooling, first layer as close as possible from IP
Tracker
+ State-of-the-art momentum and angular resolution for charged particles.
e Typically o(1/p) ~2-3 x105GeV2*and o(0, ¢) ~ 0.2 mrad for 45 GeV muons
e Almost transparent to particles (as little material as possible)
+ Particle ID is a valuable additional ability

Calorimeters
+ Good particle-flow capabilities and energy resolution
e Transverse segmentation ~ cm : separate clusters from different particles in jets
e Longitudinal segmentation : identify or even track electron/photon and hadron showers
e O(E) ~ 10%+/E for e, y and ~30%-/E for pions
e Inside solenoid coil, or alternatively, extremely thin coil
Instrumented return yoke OR large tracking volume outside the calorimeters
+ Muon identification and long-lived particle reconstruction

Patrick Janot Séminaire au CPPM
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Baseline detector design #a : All Silicon

a The CLIC detector is being adapted for FCC-ee

+ Changeover mostly straightforward

e Smaller beam pipe radius (15mm)

= Inner pixel layer closer to IP

e Notinstrumented from o to 150 mrad

e Smaller B field

= Larger tracker radius (1.5 — 2.2m)

e Smaller energies

» Thinner HCAL (4.2m — 3.7m)

e Continuous operation
= Increased cooling ?

= Thicker pixel/tracker layers ?

= Reduced calorimeter granularity

o Performance being revisited

+ e.g. Pixel detector

20+

10

0

30

IIIIIIIII

Same/better performance with up to 2-3x thicker layers

lllllllllIl1|lilllllllll|llIlIllIl;IIllllllllllll

0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
X/X0 per VTX double layer

Patrick Janot
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Baseline detector design #2 : IDEA

o New IDEA, a detector specifically designed for FCC-ee
+ Vertex Si detector
e With light MAPS technology Ultra Light
e 7 layers, up to 35cm radius Cost effective
o Ultra light wire drift chamber Tig e
e 4mlong, 2 mradius, 0.4% X,
e 112 layers with Particle ID
+ One Silayer for acceptance determinatio
e Precise tracking with large lever arm
= Barrel and end-caps
Ultra-thin 20-30cm solenoid (2T)
e Acts as preshower (1X,)

e OriX, Pbif magnet outside calo
+ Two u-RWell layers

e Active preshower measurement : :
P Design, R&D, test beam, performance studies

+ Dual readout fibre calorimeter have started and will be continued

e 2m thick, longitudinal segmentation during the FCC-ee technical design phase.
Performance tailored for FCC-ee physics.

*

¢ Instrumented return yoke

Patrick Janot Séminaire au CPPM
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FCC-ee physics discovery potential

e) There is a strong scientific case for an electron-positron collider,

complementary to the LHC, that can study the properties of the Higgs boson and
other particles with unprecedented precision and whose energy can be

upgraded.

Patrick Janot Séminaire au CPPM
26 Feb 2018
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The FCC-ee discovery potential in a nutshell

o EXPLORE the 10-100 TeV energy scale

+ With precision measurements of the propertiesof the Z, W, Higgs, and top particles
e 20-50 fold improved precision on ALL electroweak observables
= my, I';, my, my,, sin 0%, R,, 0gep (M,), o, (M), top EW couplings ...

e 10 fold more precise and model-independent Higgs couplings maasurements

o DISCOVER that the Standard Model does not fit

+ Then extra weakly-coupled and Higgs-coupled particles exist

Synergy with
FCC-hh

+ Understand the underlying physics through effects via loops

o DISCOVER a violation of flavour conservation
o Examples: Z — T in 5x10*2 Z decays; or t — cZ, cH at /s = 240 or 350 GeV

+ Also alot of flavour physics in 10%2 bb events, e.g., with B°— K*t*t~ or B~ t*t

o DISCOVER dark matter as invisible decays of Higgs or Z
o DISCOVER very weakly coupled particles in the 5-100 GeV mass range

¢ Such asright-handed neutrinos, dark photons, ...
e May help understand dark matter, universe baryon asymmetry, neutrino masses

Today, we do not know how nature will surprise us: other things may come up with FCC-ee

Patrick Janot Séminaire au CPPM
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Precision < Discovery !

o Electroweak observables are sensitive to heavy particles in “loops”

+ Forexample, in the standard model: I'(Z—p*n~) or m,,
w w

2
2 x(1+8p)|  [sint 0 =[1-7 | qaan)| |m = Ty (117) -
) , \/EGF sin® 0 1-Ar

4

hy

3
r, =S m (1+[l—sin28§f

2 2 2 D 2
=gm,2 _“ Logm’;’ to=1% Ar=—cf)82 Dw gy & l_l% Logm—’,j+---z1%
Tm, 4x m; sin” ¥, 37|2 31-tan" ¥, m,

+ With precise measurements of the Z mass, Z width, and Weinberg angle [+ o.,cp(m;)]
e LEP was able to infer the existience of the top quark and predict m,,, and my,

¢ With the observation of the top (Tevatron) at the right mass
e LEP was able to infer the existence of the Higgs boson and predict m,,

+ With the observation of the Higgs (LHC) at the right mass
e LEP was able to improve the m, prediction (and measured m,, as well)

Patrick Janot Séminaire au CPPM
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M,, [GeV]

Precision < Discovery !, cont'd

a  With m,,, m,, and my, known, the standard model has nowhere to go

[ T T T T | T T T T | T T T T | T [ J T T | T T T T | T I,_
- o, o, | : | m, world comb. = 1o |
~ 68% and 95% CL contours U1 . m, = 173.34 Gev 7]

80.5 — B fit w/o M,, and m, measurements =] -- 0=0.76 GeV . —
_ fit w/o M,,, m_and M, measurements g" — 0=0.76 ©0.50,,,,GeV d

80.45 :_ M direct M, and m, measurements E ] m,, prediction from LEP in the SM
i D) ]

- ) = _
B Ny o my = 80.3584 i0'0055mmp +0.0025,,, = O.OOlSQQED

80.4 ” - Iy +0.0020, + 0.0001,,, =+ 0.0040¢c0ry GeV

) _LEP,Tevatfon,LHc ...................................................... : eoRcconacasnacaansns, 3 = 80.358 iO'OOBtotal GeV,

- My world comb. = 1o
80.35 [— m,, =80.385 = 0.015 GeV

m,,, and theory uncertainties dominates today

80.3 [ = _ -
- 1™ Similar precision for m,, measurement
C 00, ch, (_:
80.25 — %~ = el fitter |« ]
C |’/| L1 - L1 : [ R R R B
140 150 160 170 180 190
m, [GeV]

a The FCC-ee will significantly improve precision on all fronts
+ More precise measurements become sensitive to other (heavier) particles in the loops
e Theoretical calculations need to be brought to higher orders (more loops)
e If one ingredient is missing, the sensitivity to new physics drops / vanishes
= Full programme (from the Z pole to above the top threshold) well justified
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Luminosity goals and operation model

a The FCC-ee physics goals require at least
150 ab® at and around the Z pole (v/s~91.2 GeV)
10 ab* at the WW threshold (1/s~161 GeV)

*
2
+ 5 abatthe HZ cross section maximum (v/s~240 GeV)
s 0.2 ab*at the top threshold (\/s~350 GeV) and 1.5 ab* above (1/s~365 GeV)

o Operation model (with 10% safety margin) with two IPs
+ 200 scheduled physics days per year (7 months — 13 days of MD / stops)

+ Hubner factor ~ 0.75 (lower than achieved with KEKB top-up injection, ~0.8)

+ Half the design luminosity in the first two years of Z and top operation (~LEP1)

+ Machine configuration between WPs changed during Winter shutdowns (3 months/year)

Working point Z, years 1-2 Z, later ww HZ tt threshold 365 GeV
Lumi/IP (1034 cm2s?) 100 200 31 7-5 0.85 1.5

Lumi/year (2 IP) 26 ab™? 52 ab? 8.1ab™ 1.95ab? 0.22 ab+* 0.39 ab™
Physics goal 150 10 5 0.2 1.5
Run time (year) 2 2 1 3 1 4

a Total running time : 13 (+1) years (~ LEP)

T

Séminaire au CPPM
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Longer shutdown: install 74 RF CMs
LEP Record: 32 in one shutdown!
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Electroweak precision measurements

o Boils down to measuring cross sections and asymmetries e u*
x
—. 10 (R . R B
e :F | | v, Z
° [ _ ete” = utu”
© - | aa(g#v
10 "=
E ete"—qq, WW, tt e w
<(1.0_. 7z [T ™
6 08f \ 1 ® [Ao/ \
107 o ra () e N
s T : E \# - /
5 F A E . / !
10 "= \ / 7\ /
£ mz \ -O'Zf\ / E \ \
F 0af ) : W ¥ With 2x40 ab™
4'- ~N 065 / : L i
- b T 0qgp accuracy from A:B at FCC-ee
10 3 ZmW\\ -o.a; \Js (GeV) ; | T | Vs (GeV)
E \ '1'%0 60 70 80 920 100 110 120 130 \E(ggv) 150 10 50 60 70 80 90 100 110 120 130 6(1642\/) 150
r v WW- 2
3 N =Ny" S—m
10 " = F B 2 geff z ‘02 gl
= 2my,, || g = —————= f(sin” Oy )+ 0y, (5) g(sin” 9 )
F N +NY* 2s
- tt F B
10 2 HZ « Measure sin?0,, with A at \/s =m,
: T \I/S (l e\l/) « Measure 0gp(m,) with A at /s = 87.9 and 94.3 GeV
o 200 400 * Also useful for the Z resonance scan (m,, I')

+ The dominant experimental uncertainties come from the beam energy knowledge

Patrick Janot
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Beam energy calibration

o Achieve [ measure beam transverse polarization
+ Forafew 10’s of non-colliding “monitoring” bunches - out of 16000 (Z) or 1300 (W)
e Excellent polarization level attheZ  Enough polarization at the W (~LEP at the Z)

44494 45.12 45.30 E(GeV) 79-75 79-93 80.11 E(GeV)
100 . ' . : 100 T ~ r :
Linear
§ 80 | N o/ ‘. ~,. g 80 L SITROS
S 60} § 60}
© ®©
& 40t T 40
@ LY
° o
& 20 Linear o 27
0 SITROS , ‘ 0 o o
102 102.4 102.8 Vg 181 181.4 181.8 Vg

+ Need wigglers to have polarization fast enough during physics run

a “Continuous” beam energy calibration with resonant depolarization
+ See backup for an explanation of “resonant depolarization”
+ Aunique feature of circular ete” colliders !
e Demonstrated (and used) at LEP, outside physics runs (extrapolation error 2 MeV)
e Target precision at FCC-ee is + 100 keV on +/s at the Z pole and WW threshold
= Crucial for sensitivity to new physics of the electroweak measurements

Patrick Janot Séminaire au CPPM
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Summary of precisions achievable at FCC-ee

Observable Measurement Current precision | FCC-eestat. | Possible syst. Challenge
m; (MeV) Lineshape 91187.5+ 2.1 0.005 <0.1 QED corr.
T, (MeV) Lineshape 2495.2 £2.3 0.008 <0.1 QED/EW

R, Peak 20.767 * 0.025 0.001 <0.001 Statistics
R, Peak 0.21629 + 0.00066 | 0.000003 < 0.00006 g—bb
N, Peak 2.984 + 0.008 0.00004 < 0.004 Lumi meast
sinz0,, % Agg"™ (peak) 0.23148 £ 0.00016 | 0.000003 <0.000005 Beam energy
1/0qep(my) Agg (off-peak) 128.952 + 0.014 0.0035 < 0.0035 QED /EW
o,(my) R, 0.1196 * 0.0030 0.00001 <0.0002 New Physics

m,, (MeV) Threshold scan 80385+ 15 0.6 <0.6 EW Corr.

N, ete™™yZ, Z—vv, |l 2.92 + 0.05 0.001 < 0.001 g
o,(my) Bhad = Chad/T o)W B .q = 67.41 % 0.27 0.00018 < 0.0001 CKM Matrix

My, (MeV) Threshold scan 173340 % 760 £ 500 20 <40 QCD corr.

Iiop (MeV) Threshold scan g 40 <40 QCD corr.

Mop Threshold scan Uw=1.2%0.3 0.08 <0.05 QCD corr.

Patrick Janot
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Summary of precisions achievable at FCC-ee

+0.0002,,
80.3584  £0.0006¢xp

+ 0.0000

0.0040,},.0.0GeV,

+ 0.0

Observable Measurement Current precision | FCC-eestat. | Possible syst. Challenge
mMeV) | mw = 80.3584 £0.0055, =+ 0.0025,, +0.0018,, QED corr.
I, (MeV) +0.0020 5 == 0.0001,,,, & 0.0040¢pe0ry GeV hyep /ew
=  80.358 +0.008,,, GeV, Bef
R, crore Statistics
R, Peak 0.21629 + 0.00066 [ 0.000003 < 0.00006 g—bb
my = 80.3584 £0.0002,, =+ 0.0001,,

m,, (MeV)

Threshold scan

80385 = 15

0.6

<0.6

EW Corr.

N

o (m

(M The necessary theoretical work is doable in 5-10 years perspective, due

Myop (N

Fop (M

Mo

Patrick Janot

¥ Conclusion from Precision Calculations Mini-Workshop in January 2018:

to steady progress in methods and tools, including the recent
completion of NNLO SM corrections to EWPOS. This statement is
conditional to a strong support by the funding agencies and the overall
community. Appropriate financial support and training programs for
these precision calculations are mandatory. This point was explicitly
raised and agreed by participants of the mini-workshop.

X
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e Oreven better, data may not fit to the SM
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After FCC-ee: A > 5o-100TeV ?
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The FCC-ee as a Higgs factory : /s = 240 GeV

o Model-independent precision measurements
+ AHiggs boson is tagged by a Z and the recoil mass

m;, =S+m, —2\/;(E+ +FE)

Measure o(ete” — HZ)

°
e Deduce g,,, coupling

e InferI'(H—Z2Z)

e Select events with H—ZZ"

e Measure o(ete” — HZ, with H—ZZ")

o(e*e” — HZ — 777) = o(ete” — HZ)x (H — 7Z7)

H

Deduce the total Higgs boson width I',,
Select events with H — bb, cc, gg, WW, Tz, vy, uu, Zy, ...

°
°
e Deduce gy Ghcer Hggr Iww s Drver Driyyr G s Frizys -
e Select events with H — “nothing”

e Deduce I'(H—invisible)
¢ With 10® HZ events, expect precisions ranging from 0.1% to 1%

Patrick Janot Séminaire au CPPM
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Expected precisions and syne

a FCC-ee precisions one order of magnitude better than HL-LHC
HL-LHC BFCC-ee mFCC-hh FCC-eh

-
o
o
o

Precision

0.100

0.010

Sensitivity to Higgs-coupled new physics : A ~ 5-10 TeV
0.001 | | | | | | | |
ZZ WW vy g9 Zy HH tt bb cc T M4 BRinv Ttot

+ FCC-ee precisions are model-independent
+ FCC-eh precisions assume standard model for g,,,,, 9w, @nd I, (1)
+ FCC-hh precisions enjoy g,,,7, 9,ww @and I';, as measured by FCC-ee
e Forg,,, FCC-hh also benefits from the g,,, measurement from FCC-ee

Patrick Janot Séminaire au CPPM
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New-physics model building / testing

o Pattern of deviations will point to specific new physics
+ Example: correlated effect on g,,,, and g,,,, from 4D-Composite Higgs models

2 L - -
3 . ILC )
ED 0 E HLTHC — ... Q FCC-¢ee
o u
-0.05— 4D-CHM | P Lot
- f<2TeV
-0. 1

015/ o

_0 L.I ) WS WS S - i § S Vo - J WS S - A -l.. I S Lii ) VNS WS

606 -005 -0.04 -003 -002 -001 0 0.01
AgHZZ/gHZZ

e All other couplings affected in a similar manner
¢ FCC-eesensitivity : f > 4-5 TeV, just from Higgs measurements

e Expect deviations from other sectors as well (next slides)

Patrick Janot Séminaire au CPPM
26 Feb 2018

40



New-physics model building / testing, cont’d

+

a 4D-Higgs composite models also affect EW couplings ¢ t
+ Presence of heavy Z' and modified Ztt / Zee couplings 2y
e Modifiy angular and energy distributions of t decay products (I, b)
e Best precision on Ztt / ytt couplings at v/s = 365 GeV (!)
‘A e t
'- 1 Aer/gr(%) .
1 LHC X \?O'E '!""!""!""!""!""!"'é
!‘-IL R . % 03 ;_ ............. ................ ete”— M+M_ ......... 4D'CHM, m,, = 3Tev 44444444 _;
- -+ 20% B 02t R N Standard model  |... =
4D-CHM: _ Y R | | : , E
mz < lI'TeV\ \ - |0%“\ L=1.5 ab? 01 §
1 | at365GeV 0F
‘ \ ~0.1E-
—teooot+——o | | ook
-30% -20% O%EC(-ep!0% | 20%  30% “E
\ g \ ~0.3 [ | . | | s
.\‘ - -10% “‘ AgL/gL(%) -0.4 %_ 4D Composite Higgs model with m, =3TeV U0 Y I _§
r \ - . Standard Model with m,, T';, and sinzeW fromLEP | | _E
® L 1-20% A -05E : : : : E
p— . 1 0 ) A NN ST AU NS S U SIN M R
e*e”— tt — blv bqq . ; 100 150 200 250 300 Sfo
' ' s [GeV]

e Also modify cross sections and asymmetries for ete™ — p*u- at all /s
+ Data do not fit the standard model (by many standard deviations)
e FCC-ee precision allows the model to be fully characterized up to f ~ 5 TeV
= (Work in progress)

Patrick Janot Séminaire au CPPM
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Flavour physics

o Current tensions (several 2-30 deviations) of LHCb data with SM predictions
+ In particular, lepton flavour universality is challenged in b —s £+£- transitions
e For example, the rates of B° (B*)— K*° (K*) £*£~ are differentfor# =eand f=pn
e Differences are also observed in the lepton angular distributions
+ This effect, if real, could be enhanced for £ =<, in B— K* t*t-
e Extremely challenging in hadron colliders
e With 10%2 Z — bb, FCC-ee is beyond any foreseeable competition

» Decay can be fully reconstructed % 120 L

= Full angular analysis possible gwo FCCee] 1

- - .~ " — 1

a Also sensitive to new physics: Bc— p*u S & BO— K* (892) v+
+ None found yet at the LHC (~50 events) 2 e
c

BRBY= prp™)=(3.0£0679) x 107 ~sm & 4
e Expect afew 1000’s by the end of LHC 20

¢ B;—Tt*t"is 250 times more abundant
e But almost hopeless at the LHC ?nt, GeV/cE
+ Again, FCC-ee is beyond any foreseeable competition
e Several 100,000 events expected - reconstruction efficiency under study

Patrick Janot Séminaire au CPPM
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Discovery of very-weakly-coupled particles

a “With the Higgs discovery, the standard model is complete”
+ Not quite true : three right-handed neutrinos are missing

Three Generations
of Matter (Fermions) spin %

The SM

mass - 24 Mev 127 Gev 1732 Gev
charge - |34 u % C » t
name - uo cham top
[ eeme 104 Mev 42Gev
E -v.d B S -4 b
4 down Strange. bottom
ove o\ °V1-
oy
" 0511 Nev 105.7 Mev 1.777 Gev
5 - -
é -1 e 1 . 1 T
- electron muon |y

3

e Could explain everything: Dark matter, Baryon asymmetry, Neutrino masses
+ Searched forin very rare Z — vN, , decays

e Followedby N, . — W€ orZv
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The FCC-ee discovery potential in a nutshell

EXPLORE the 10-100 TeV energy scale
+ With precision measurements of the propertiesof the Z, W, Higgs, and top particles

e 20-50 fold improved precision on ALL electroweak observables

= 100 keV for m;, 500 keV for my,, 20 MeV for m,,,, 3x263 for 0,qgp(M;), 6x10° for sinz0, =

e 10 fold more precise and model-independent Higgs couphngs measurements

DISCOVER that the Standard Model does not fit

¢ Then extra weakly-coupled and Higgs-coupled particles exist

Synergy with

+ Understand the underlying physics through effects via loops FCC-hh

DISCOVER a violation of flavour conservation
+ Examples: Z — T in 5x10%2 Z decays; ort — cZ, cH at y/s = 240 or 350 GeV

+ Also alot of flavour physics in 102 bb events, e.g., with B°— K*0t*t~ or B.— t*t

DISCOVER dark matter as invisible decays of Higgs or Z
DISCOVER very weakly coupled particles in the 5-100 GeV masps range

¢ Such asright-handed neutrinos, dark photons, ...
e May help understand dark matter, universe baryon asymmetry, neutrino masses

Today, we do not know how nature will surprise us: other things may come up with FCC-ee

Patrick Janot Séminaire au CPPM
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Strategic vision for the future
(Personal concluding remarks)

Patrick Janot
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What have we learnt since ESU 2013 ?

o LHC

s TheRun2 at/s=13 TeV is proceeding extremely well — already 100 fb* since 2010
+ The experiments perform equally well, see e.g., EPS-HEP2017 in Venice
+ No convincing hints of strong deviations from standard model just as yet
e Airis getting thinner and thinner for new physics in the TeV region
¢ HL-LHC has become a project: may occupy CERN until 2039, if nothing else come up

a Policy [/ Politics
¢ Support to HL-LHC from Europe, US, Japan
+ The FCC design study took place, with financial support
e All configurations studied (ee, hh, eh) with schedule and funding profile by 2018
s ThelLC baseline is now limited to 1/s = 250 GeV instead of 500 GeV (cost and physics)
s The CLIC first stage is now reduced to /s = 380 GeV instead of 500 GeV (physics)
+ China has come up with a conceptual design study of a circular machine
e Largely “inspired” from FCC
» Current focus on a 9o-250 GeV e*e™ machine, followed by a 70 TeV pp collider
+ CERN's new alternative: HE-LHC@27 TeV, with FCC-hh magnets in the LHC tunnel
e Note: a high-lumi 9o-250 GeV e*e™ machine (LEP3) could use the same tunnel
= Proposed in 2011, cost effective, but not advertized ("would undercut the FCC-ee”)
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What will we know by ESU 2019 ?

a If new physics is found by the end of LHC Run2 or Run3
+ It will - hopefully — point to the best new accelerator to build
e Will in turn make it easier to get financial/political/societal support
+ This hypothesis is, unfortunately, getting less and less likely

o Much greater challenge if no new physics is convincingly found
+ Cannot continue indefinitely with R&D towards all possible future facilities
e A choice will have to be made in 2019-2020

a Physics absolutely need an ete” EW factory with 9o < /s < 400 GeV
+ Five ete™ collider studies on the planet (ILC, CLIC, CEPC, LEP3, FCC) in this range !
e Today’s lecture hinted at what could be the best choice
= FCC covers the whole range (unlike ILC, CLIC, LEP3, CEPC): Z, W, H, and top.
with the highest luminosities (10xILC at 250 GeV, 105xLEP at 9o GeV)
with unique discovery potential to very high scale and very small couplings
is technologically ready today - future R&D can only improve the case
seems to be (close to) affordable within CERN constant budget
s Much harder to make a convincing physics case for e*e™ colliders with 1/s > 400 GeV
e Exploration of the energy frontier best done with a hadron collider (e.g., FCC-hh)
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(Even more personal) remarks : HE-LHC vs FCC-ee

o HE-LHC: the best first step for FCC-hh ?
+ Similar remark for HE-LHC wrt FCC to that made for LEP3 wrt FCC-ee
e The HE-LHC does strategically undercut the long-term plan to reach 100 TeV

1.  The HE-LHC in direct competition with FCC-ee (in budget, in time)
2. The HE-LHC leaves a gap in physics at CERN for at least 6-7 years

3. The choice of HE-LHC leaves CERN vulnerable to the possibility that a lepton collider is

built elsewhere with worse performance, but still sufficient to render the case for FCC-ee
more difficult to make

4. The HE-LHC keeps physicists doing physics with the same techniques for many many
years (especially after 30 years of LHC and HL-LHC, and before 30 years of FCC-hh): it
may not be a very healthy plan to maintain CERN attractiveness ?

5. The HE-LHC weakens the case for FCC-hh in two ways: it reduces the relative physics
potential (small +/s increment), and the absolute physics potential (no more FCC-ee)

o FCC-ee: the best first step for FCC-hh ?

¢ Itis complementary and synergetic on many fronts [also turns 2., 3., 4., 5. into advantages]

1.

2.

3.

4.

It gives a preview of the new physics to be searched for, up to a scale of 100 TeV

It significantly reduces systematic uncertainties on many FCC-hh measurements

It provides handles to understand the underlying theory upon particle discovery at the FCC-hh
It provides the infrastructure (tunnel, experimental shafts, cryogenics, ...) at reasonable cost
It buys time to develop 16T (or — why not? — 20T) magnets for FCC-hh at lower cost

It can even be a springboard for a FCC-uu (circular p*u- collider with /s =6, 28, or 100 TeV?)

Patrick Janot
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A successful model !

a Back to the future ... CERN 76-18
' 8 November 1976

PHYSTCS WITH VERY HIGH.ENERGY

e'e” COLLIDING BEAMS e*e— 1989-2000
L. Camilleri, D. Cundy, P. Darriulat, J. Ellis, J. Field,
H. Fischer, E.-Gabathuler, M.K. Gaillard, H. Hoffmann, pp 2010-2039

K. Johnsen, E. Keil, F. Palmonari, G. Preparata, B. Richter,
C. Rubbia, J. Steinberger, B. Wiik, W. Willis and K. Winter

ABSTRACT

This report consists of a collection of documents produced by a Study
Group on Large Electron-Positron Storage Rings (LEP). Ihe reactions of

+ Did these people know that we would be running HL-LHC

in the same tunnel more than 6o years later ?

LARGE HADRON COLLIDER
IN THE LEP TUNNEL

It

Let’s not be shy !
The FCCs are shaping up as the most natural, complete,
and powerful aspiration of HEP for its long-term future
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LEP civil engineering
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HL-LHC schedule (April 2017) -

e Peak luminosity =—Integrated luminosity
8.0E+34 e D 2 N 1 R
| | L 4000
7.0E434
| 3500 =
6.0E+34 - o
. 3000 5.
— +=
" 5.0E+34 - 2
£ : — ; NN 2500 ¢
& 4.0E+34 4t ) |t (Vo N N Vg | €
> ; - i i 2000 =
=] -
8 3.0E+34 - Q
= 1500 ©
- | | o oy
S 2.0E+34 - et peve sieie 1000 €
.
i ® i _/ o P i
| ® | i i i P i i
0.0E+00 e~ —_— - , 10
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
Year
After LS4, proton physics days increase from

standard 160 days to 200 and after LS5 to 220

—_—E.

Patrick Janot Séminaire au CPPM
26 Feb 2018 52



Energy calibration with resonant depolarization

a Reminder: Measurement of the beam energy at LEP

+ Ultra-precise measurement unique to circular colliders

Electron with momentum p in a uniform vertical
magnetic field B:

“Bdipole
-
P
/— T T~
l/ e \\
\ \ /
S -
\~~ _ -
LEP ~~=--o__-- - -

L = 2R = 27km
E~p=eBR=(e/l2n) BL

In real life, B non uniform, ring not circular

The electrons get transversally polarized (i.e.,
their spin tends to align with B)

40 L e Bunch 1 \
| ee Bunch2 |

w
S
T

Polarization (%)
S 3

R —
| O I

— Bunch 2 colliding

0" §
Coeovovv v b e e e e e ey T
22:00  24:00  02:00  04:00  06:00  08:00  10:00

Daytime

Slow process (especially at FCC-ee)

E = € Bdl! ¢ P=10%in2.9h at 45 GeV (zpole)
2T b To be e P=10%in1.6h at 80 GeV (WWw threshold)
measured
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Energy calibration with resonant depolarization

o The spin precesses around B with a frequency proportional to B (Larmor precession)
+ Hence, the number of revolutions v, for each LEP turn is proportional to BL (or [Bdl)

_2 L] L]

=8 Resonant depolarization: E MeV]
zme 1 44717 44717.5 44718 44718.5_ 44719

E ] T T T T I ] 1 Al T I T T T T ‘ L 1 T ] T

& 1 —— ------------ ¥ \. .................. ,[A.+AJ ....... s

- 2 i 3 o
d LR A
05 24— :'

~ By osciIIating/ﬁeId with frequencyv _7

~

] Vary v untll PoI 0 (V=)
- A PP PR T
In gns pOInt Ofthe rlng - -0.5 101.48 101.481 101 482 101.483 101.484

Intrinsic precision: 100 keV ~ ,,
¢ LEP was colliding 4 bunches of e*and e~

e Specific calibration runs were needed: extrapolation error ~ 2.2 MeV
¢ FCC-ee will have 10,000’s of bunches.
e Use ~100 “single” bunches to measure E;;,,, with resonant depolarization
= Each measurement gives 100 keV precision, with no extrapolation uncertainty
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Theoretical limitations

a SM predictions (using other inputs)
s After LEP

My = 80.3593 £0.0056,,, )+ 0002617, + 0.00184,,,

+ 0.0017,, & 0.000257,, +0.0040¢},00

—

sin?6’s = 0.231496 + 0.000030,,,, = 0.000015 7, +0.000035 a0,
+0.000010,4 =& 0.000002,7,, +0-000047 00

+ Requires additional measurements
e Dominant uncertainties explain why we want high Z statistics, and ttbar running
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Theoretical limitations

a SM predictions (using other inputs)
+ After FCC-ee

Mw = 80.3593 4 0.0002 @f 0.0001 ,, + 0.0004 Achad
0.0005 + 0.0001 ¢ == 0.0000 \/;; -0040the5
Shl?()gﬁ = 0.231496 4+ o.0000015 'm, == 0.000001 My =4 0.000006 Aa\

ha

0.000006 T 0.0000014 a5 = 0.000000 N

+ Requires additional measurements

e Dominant uncertainties explain why we want high Z statistics, and ttbar running
+ Experimental errors will be 20-50 times smaller than present errors

e BUT also 10-30 times smaller than present level of theory uncertainties !

a  Will require significant theoretical effort for a 10-fold improvement
+ Need for multi-loop (3 or more) calculations in the future
e Suggest including manpower for theory calculations in the project cost
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Theoretical limitations: work has started

Theoretical uncertainties for electroweak and
Higos-boson precision measurements at the FCC-ee
D0 I

Look into the future. Bookkeeping with three loops

Conveners: A. Freitas!, S. HPill(’l’l’lE}"ﬂl‘z, 7 — bb
Contributors: M. Beneke®. A. Blondel®, A. Hoang”, P. Janot® J. Reuter”, Number of 1 loop 2 loops 3 loops
C. Schwinn®, and S. Weinzier!? topologies 1 1454 7 5BH 2112 84 =B R0
Number of diagrams 15 2383—4B 1114 | 490387—" 2120187
Intrinsic uncertainties: = always a limiting factor! Fermionic loops 0 371 116091
Bosonic loops 15 2012 374296
Quantity FCC-ee Current intrinsic unc. Projected unc. Planar 1T/15D 13T/2250D 186T/426753D
My, [MeV] 1 4 (a3 0?as) 1 Non-planar 0 1T/133D 25T /63634D
sin?04 [107°%]| 0.6 4.5 (a3, a%as) 1.5 7 > ete .. ..
rz [MeV] 0.1 05 (ol a® a’as aa?) 0.2 Number of 1 loop 2 loops 3 loops
R, [1079] 6 15 (0ds 03, a?ay) 7 topologies 1 14527 =55 211 =7 84 =550
Ry [1073) 1 5 (0840 a3 02ay) 15 Number of diagrams 14 2012—"5880 | 397690 —"F 01271
Fermionic loops 0 301 92397
Bosonic loops 14 1711 305293
Planar 1 13 186
Non-planar 0 1 25

Genuine virtual loops (alTALC, qgraf, FeynArts).
(A) - no tadpoles, no product of lower loops, (B) - symmetry included 1o/

MB: €°[8-dim], 1/¢[7-dim]; SD: €’[8-dim] , 1/¢[7-dim]; J. Gluza

Mini workshop: Precision EW and QCD calculations
for the FCC studies: methods and techniques

12-13 January 2018
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o Why

Towards FCC-uu ?

high energy muon colliders ?

¢ Muons are leptons (like electrons)

e Collisions at the full energy, small physics background, (E,p) conservation
= Muons can a priori do all what electrons can do

+ Muons are heavy (like protons)

e Negligible synchrotron radiation, no beamstrahlung
= Small circular colliders, up to very large /s
» Excellent energy definition (up to a few 107>)

+ Muons are naturally longitudinally polarized (100%)

e Because arising from = decays to p*v,
= Ultra-precise beam energy and beam energy spread measurement

o Recent intriguing approach to muon collider
¢ Produce muon beams with low emittance with e*e~ — u*u~ at production threshold

e The threshold e* energy for u*u~ production on a thin target (e”) is ... 43.7 GeV'!

= Can use the FCC-ee e* ring (or the FCC-ee booster) as p accumulation and
internal target ring !
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Towards FCC-uu ?

>
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__OOA

Front End

|

Acceleration

Collider Ring

fast acceleration

— —
| e
) S E o X3 5 ®B|E & 2 & £
= = = = =
= g [=] e —o® S © (=} S S ) =3
o £ S E |29 2 TS 8 8§ §&% 8§ S8
wy E— w
=} O © O < [E ob a2 =S s 5
o T O D = | 2 o © = Accelerators:
=t § (=) e == Linacs, RLA or FFAG, RCS

background

kev chall ~1013-10" ./ sec fast cooling tiaati d f d
ey challenges tertiary particle p—z-u: (t=2us) mitigating u decay rom p decay
by 10¢ (6D)

oo
. c v
Positron Beam = Acceleration Collider Ring
&
.________________________________/
4+~ [G
bo®g 5 g 2
B3 59 c9 2 o
. = >
% 8 g Q ™~ 2 3 e %0 Accelerators: H H
R S o ©O = c = Linacs, RLA or FFAG, RCS
O 3 o S c -
Q 03 = < o
I Y O b o N
2= S = = 8%
© ~ —

key challenges

~10"" u / sec from e*e=>u*u”

Key R&D

process in e+ ring

1075 e+/sec, 100 kW class target, NON destructive
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Towards FCC-uu ?

o Then inject, accelerate, and collider muons in, e.g., LHC

+ Before they decay (~1000 turns)

Vs =14 TeV

~7 GeV SCRF
Pulsed magnets
Cost~LHC?

& Cessy
(&)
Echenevex

......

Sergy

", O,

Rl ; o
o~ 1%‘!&/‘) : Meyrin
L Site de Meyrin
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Towards FCC-uu ?

a Q: And how about a linear e*e™ collider at high energy instead ?
+ E.g., with 1 GV/m plasma acceleration (30 km =30 TeV!)

a A1:Power consumption prohibitive

¢+ Need~3GWatioTeV!

a A2:Beamstrahlung, SR
+ yy — hadrons (pileup)
2 '\/Seﬂ: << '\/S

A

Z pole: 1500
WW: 200

80.00

FCC-ee

IO'I
cm’s !
/mMw

C.M. colliding beam energy (TeV)
—=iLC —-@-CLIC —w PWFA  ——ILPA DLA ~@-Muon Colliders —+=FCC(TLEP)

Patrick Janot

Séminaire au CPPM

26 Feb 2018 61



Even more personal views : China

o Will China be in a position to build an e*e™ Higgs factory ?
+ Maybe followed by a hadron collider ?
e Financially, yes ! But...
e ...size of the community, expertise, scientific and organizational structure
= In both accelerator and particle physics
e ... and political progress not as fast as anticipated

a There will be, most probably, only one such machine in the world

o Don't underestimate the value of CERN
+ ...andits 6o-years track record and treaty in comparison

o CERN should continue to expand geographically
+ With new associate member states
+ With financial contributions of associate members
¢ ... and maybe persuade China to make a large in-kind contribution to accelerator ?
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o Seven volumes to be ready for the European Strategy Update (2019)

The road to the CDR

+ Available in October 2018

1 - PHYSICS

Physics
opportunities
across all
scenarios

2
Hadron
Collider

4
Lepton
Collider

3 - Hadron Collider Comprehensive

Accelerator Injectors eh

Infrastructure Operation

5 - Lepton Collider Comprehensive

Accelerator Injectors

Infrastructure Operation

7 - High Energy LHC Comprehensive

Accelerator Injectors

Infrastructure Operation

Technologies

Experiment

Technologies

Experiment

Technologies

Experiment
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FCC Week 2018

a Last collaboration meeting before the European Strategy update

FCC Neek Amsterdam (NL)

- an.,.,_BerIage Conference Centre
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