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— NN\ 20 talks and 400 minutes.
hh =¢ Patrick Janot FCC-ee (History, motivation, overview of present status of design study and issues, run plan)

Paolo Azzurri Electroweak physics at the Z and W — experimental capabilities
Fulvio Piccinini Status and prospects for precision electroweak calculations

Alain Blondel Beam polarization (longitudinal vs transverse) and energy calibration
Markus Klute Higgs physics at FCC-ee

Patrizia Azzi Top physics at FCC-ee

Stephane Monteil Flavour physics (c, b, LFV)
David d'Enterria  QCD and gamma-gamma

Maurizio Pierini Search for New Physics at the FCC-ee

Mogens Dam FCC-ee detector requirements and specific designs

Emilia Leogrande Detector design Il (CLIC adaption)

Georgios Voutsinas Experimental environment and luminosity measurement (experimental side of MDI)

Jonathan R. Ellis Complementarity between FCC-ee and FCC-hh for BSM Searches
Christophe Grojean Higgs physics synergies
David d'Enterria QCD synergies

Oliver Fischer An example of synergy in BSM physics: right-handed neutrinos

Jiayin Gu EFT global fit of Higgs couplings at ee colliders

Dario Mueller Implications of a leptoquark explanation of the anomalous magnetic moment of the muon for
the FCC-ee

Janusz Gluza Present status on numerical calculation of complete 2-loop EWPOs and 3-loop prospects

Sven Heinemeyer  Precision Observables at FCC-ee: Status and Future




2013 European Strategy: 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

An e+e- in the energy range Z- WW - H - tt is a must do

The FCC-ee offers the best luminosity and center-of-mass definition
in addition it is obviously a possible first step towards a 100 TeV pp collider.

The idea was (re)born in 2011 as Higgs Factory; the 2102 ICFA beam dynamics workshop
recommended that a conceptual design report would be necessary.

This is what we are doing: The FCC design study was launched in Feb. 2014

Alain Blondel FCC-- ee summary




( ﬁgg FCC-ee: discovery machine, not «just» measurements!

Today we do not know how nature will surprise us. A few things that FCC-ee could discover :
EXPLORE 10 TeV energy scale (and beyond) with Precision Measurements

-- ~20-50 fold improved precision on many EW quantities (equiv. to factor 5-7 in mass)
m, my, m.,sin?0,, R, aqp (M,) o (M,; my; m,), Higgs and top quark properties
DISCOVER a violation of flavour conservation or universality
-- ex FCNC (Z --> ut, et) in 5 10!? Z decays.
+ flavour physics (1012 bb events)

DISCOVER dark matter as «invisible decay» of H or Z

DISCOVER very weekly coupled particle in 5-100 GeV energy scale

such as: Right-Handed neutrinos, Dark Photons etc...
6/2/2017



ED)

«Study the properties of the Higgs boson and other particles with unprecedented precision»

-- High (integrated) luminosity at the requested E_ *)

-- Clean environment

-- Precise knowledge of the center-of-mass energy and of the luminosity
-- Precise detectors offering plenty of redundency (and more than one)

Vs (GeV) Z WWwW HZ top

Lumi (ab™/year) 15, then 30 5 1 0.3
Events/year 1.5x10%* 1.5%x107 2.0X10° 2.0%X10°
Physics goal 150 ab™ 10 ab™! 5 ab™! 1.5 ab™!

*) note that maximum E_,, requested is ~¥20 GeV above the top pair threshold, 365-370 GeV

Alain Blondel FCC-- ee summary




‘ T
7 (91.2 GeV) : 2.8 x 10* cm2s-!

+ Runatys-~91.2GeV (Z), ~161 GeV (W), ~240 GeV (Higgs), ~350 GeV (top and Higgs)
hh = he ‘ : T T T T T T | T
g 4

—
o
[\~]

Luminosity [10** cm2s1]
o

YV (161 GeV): 3.8 x 10%° cm2s™t A CLIC (Baseline)
(6.0 x 10% with smaller £*)

X (240 GeV) 1 1.0 x 10¥ e
(1.6 x 10°% with smaller £*)

1t (350 GeV) : 2.6 x 10%

5

FCC-ee (Baseline, 2 IPs)

Wl ILC (Baseline)

ILC (Lumi/Energy Upgrade)

7% 103 with smaller )
500 GeV :1.6x 10" cm?s™

el " /
q‘m - HZ:1.5% 10% cm#s”
E i 1 = ‘"""""""'"'"'""'"'""'I"ﬁ"'IUS('IDyb'rﬁI"‘s?" o
o 1 2
= 10
2103
=10
[
Q
£
£
3
-
103 . L 1 . 1 |
10
Epeam (GeV)

Welcome the possible increase by factor 1.6 wrt
the baseline! - impact on necessary running time.

And... we can take more..;. giondel FCC-- ec summary
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CEcD))

a Run plan with 2 IP and the baseline optics (and the B*=1mm optics)

s (GeV) Z WW HZ top
Lumi (ab™/year) 15, then 30 s (6) 1 (1.6) 0.3 (0.45)
Events/year 1.5x10%2 1.5x107 2.0x105 2.0x105
Physics goal 150 ab™! 10 ab™! 5ab™ 1.5ab™
Runtime (years) 6 2 (1-2) 5 (3) 5 (3) 18 (13.5)

+ Numbers of years are soft numbers that can be revised and negotiated (p*, # IPs)

numbers in blue were shown (almost) by M.Benedikt, F. Zimmermann

there exist two detector concepts for linear colliders
ILD based on TPC tracker and SiD(CLIC-SiD) based on all-silicon tracker
+ new IDEA for FCC-ee (and CEPC) based on drift chamber

6/2/2017 Alain Blondel FCC-- ee summary




E;E MDI: Clean experimental conditions

Beams pass at angle inside exp. solenoid

E

Detector main solenoid / 100 mrad

Main
detector

Final focus
quads

Compensating solenoid

Compensating
solenoid

screening
solenoid

Main detector

- . solencid fielc
Shielding solenoid =

Beam pipes

M. Koratziros

Asymmetric geometry works very well

to limit synchrotron radiation to LEP levels

(Voutsinas) . . .
delicate insertion magnet system

Pile-up is less than 107 challenging magnets... (keep all below 100 mrad

Alain Blondel FCC-- ee summary
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Luminosity measurement
challenging: L* is small.

Side view
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Lﬁl‘;&g Beam Polarization and Energy calibration

We have concluded that first priority is to achieve transverse polarization
in a way that allows continuous beam calibration by resonant depolarization
(energy measurement every ~10 minutes on ‘monitoring’ single bunches)
- This is a unique feature of circular e+e- colliders
- baseline running scheme defined with monitoring bunches, wigglers, polarimeter
- the question of the residual systematic error requires further studies of the
relationship between spin tune, beam energy at IRs, and center-of-mass energy
=>» target is O(+100keV) at Z and W pair threshold energies (averaged over data taking)

‘Do we want longitudinal polarization’?

=> lower priority
at Z, W, top: no information that we cannot obtain otherwise
from unpolarized A;; asymmetries or final state polarization (top, tau)

+ too much loss of luminosity in present running scheme to provide gain in precision.
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observable  Physics
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Syst Precision AL
Z Line shape 0.005 MeV E_cal
scan <10.1 MeV
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ELECTROWEAK COUPLINGS OF THE TOP QUARK(2)

»Large statistics and final state polarization allow a full
separation of the ttZ/y couplings with NO need for polarization

in the initial state.

»Optimal /s= 365-370 GeV
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GEE“C ) FCC-ee Detectors

News on this front: Emilia Leogrande

-- EP-LCD group at CERN has undertaken the adaption of CLIC-SID detector for FCC-ee
-- new IDEA, detector specifically designed for FCC-ee (and CEPC)

“CLIC-detector revisited” “IDEA”

Vertex detector: ALICE MAPS
Tracking: MEG2

Si Preshower

Ultra-thin solenoid (2T)
Calorimeter: DREAM
Equipped return yoke




CLIC to FCC
changeover
mostly straightforward.
Main changes
-- smaller beam pipe
-- smaller Bfield
- larger radius
-- CW operation,
need to increase cooling
—> thicker detectors

Work in progress
performance to come soon

Detector layout/ Vertex

w

INNER LAYER closer to the beam pipe
= depends on beam-induced background

Scale all the barrel layers*

dou_ble layer cLIC FCC
radius [mm]
1st 31-33 17-19
2nd 44-46 37-39
3rd 58-60 57-59

*layer thickness may need to be
increased to accommodate water
cooling

45mm  34.5mm 24mm

14

DISKS INNER RADIUS closer to the beam
pipe

Disks to replace spirals
(no need for air flow)
double disk
z [mm]
1st 159-161
2nd 229-231
3rd 299-301




LELEF ) FCC-ee Detectors: IDEA

FCC-ee Detector Requirements

Impact parameter resolution

Momentum resolution Jet Energy

gy =adD

psin?/2 g

O

=3x105GeV™? SE/E=30%/ VE (GeV) a=~5pm; b=~15umGeV

+ Vertex detector, MAPS

o Ultra-light drift chamber
with PID

+ Pre-shower counter
+ Double read-out calorimetry

+ 2 T solenoidal magnetic
field

s Possibly instrumented
return yoke

¢ Or possibly surrounded by
large tracking volume (R =
8m) for very weakly coupled
(long-lived) particles

Instrumented return yoke

Double Readout Calorimeter

Ultra-light Tracker

MAPS S




I:CC IDEA -- Choice of tracker : He-C4H10 drift chamber 12mm drift cells

hh e= he

service area

B (FEE included)

r=2.00m

112\layers 3=14°
T2-15 mm cell width

inner wall 0.0008 X, N _—

Z-axis

56,000 cells

340,000 wires tracking efficiency

ES
to barrel calorimeter (0. 8.9913 0. 0005 Xo/m)

, 0,012 for 3 > 14° (260 mrad)
to end-cap calorimeter o wa

fast and precise, low material dE/dx. need to check tracking efficiencies, simulations




Drift Chamber Particle Id.

Particle separation (2 m track)
(cluster conting efficiency = 80% - dE/dx at 4.2%)
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ﬁ gg FCC-ee discovery potential

Today we do not know how nature will surprise us. A few things that FCC-ee could discover :
EXPLORE 10 TeV energy scale (and beyond) with Precision Measurements

-- ~20-50 fold improved precision on many EW quantities (equiv. to factor 5-7 in mass)
m, my, m.,sin?0, R, oy (M,) o (M, m, m,), Higgs and top quark couplings
DISCOVER a violation of flavour conservation or universality
-- ex FCNC (Z --> ut, et) in 5 10!? Z decays.
+ flavour physics (1012 bb events)

DISCOVER dark matter as «invisible decay» of H or Z

DISCOVER very weekly coupled particle in 5-100 GeV energy scale

such as: Right-Handed neutrinos, Dark Photons etc...
6/2/2017 Alain Blondel FCC-- ee summary




‘ ( —CC  Simulation of heavy neutrino decay in a FCC-ee detector

xy: reconstructed r yz: reconstructed

See presentation
by O. Fischer.

what is the background to this? No trigger needed — we will not lose it!

6/2/2017 Alain Blondel FCC-- ee summary
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FCC Theoretical limitations FCC-ee

SM predictions (using ot

My = 8673593 3 0.0002 > 00001 7z &= 0,0003 Sonad

0.0005 +0.0001 s = 0.0000 My FQ-VVA0heod
Sillgﬁgﬂ’:‘ = 0.231496 + 0.0000015 : + 0.000001 ’# +¢ 0.000006 :1399
0.000006 +0.0000014 °* = 0.000000 7

Experimental errors at FCC-ee will be 20-100 times smaller than the present errors.
BUT can be typically 10 -30 times smaller than present level of theory errors

Will require significant theoretical effort and additional measurements!

the above explains why we want the top running — and high Z statistics.

Freitas, Heinemeyer, Jadach, Gluza ... need for 3 loop calculations for the future!
Suggest including manpower for theoretical calculations in the project cost.




|=| FCC-ee physics WG2 — Precision EW Calculations: Write-up

on | on W1

Theoretical uncertainties for electroweak and

Higgs-boson precision measurenients at the FCC-ee
Conveners: A. Freitas!. §. HE'ullﬁnle;.ferz1
Contributors: M. Beneke?, A. Blondel!, A. Hoang®, P. Janot®, J. Reuter?,
C. Schwinn®, and S. Weinzierl?

Intrinsic uncertainties: = always a limiting factor!

Quantity FCC-ee Current intrinsic unc. Projected unc.
My [MeV] 1 4 (a3, 02a5) 1
sin?6t. [107°]| 0.6 4.5 (o3, 02as) 1.5
eff - : = s :
7 [MeV] 0.1 0.5 (a2, a’ a’as aa?) 0.2
Ry, [1075] 6 15 (0fge a3, a2ay) 7
R; [1073] 1 5  (afge 03, a’ay) 1.5

6/2/2017
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G==D

Look into the future. Bookkeeping with three loops

Z — bb
Number of 1 loop 2 loops 3 loops
topologies 1 14527 =55 211-" 84 =5 50
Number of diagrams 15 2383—"F 1114 | 490387—"-P120187
Fermionic loops 0 371 116091
Bosonic loops 15 2012 374296
Planar 1T/15D | 13T/2250D 186T /426753D
Non-planar 0 1T/133D 25T /63634D
Z —sete ...
Number of 1 loop 2 loops 3 loops
topologies 1 14527 =85 211 —* 84 =550
Number of diagrams 14 2012—"5880 | 397690 —*F 91271
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 5,5

6/2/2017 Alain Blondel FCC-- ee summary

J. Gluza

such as:

MB: €"[8-dim], 1/¢[7-dim]; SD: €’[8-dim] , 1/¢[7-dim];




SO GBS PHYSICS COMPLEMENTARITY

gl

Higgs Physics -- ee = ZH fixes Higgs width and HZZ coupling ,
-- FCC-hh gives huge statistics of HH events for Higgs self-coupling

Search for Heavy Physics
-- ee gives precision measurements (m; m,, to < 0.5 MeV, m,,, 10 MeV, etc...)

sensitive to heavy physics up to ... 100 TeV
-- FCC-hh gives access to direct observation

QcCD -- ee gives o, * 0.0002 in several ways
also H>gg events (gluon fragmentation!)
-- ep provides tructure functions and o+ 0.0003
-- all this improves the signal and background predictions
for new physics signals at FCC-hh

Heavy Neutrinos -- ee: powerful and clean, but flavour-blind
-- hh and eh more difficult, but potentially flavour sensitive




BSM Higgs Studies

FCC-0e,5ab " at {3 =240 GoY
\I\lllllll\\lllllltI\IIII\IlIIlIl\\\I

ZH

ra

= Example: Higgs to invisible decays 2 000
S
@ follows ZH cross section measurement < 14000
o
@ for visualization BR(H->inv) = 100% :‘5 12000
@ 95%CL upper limit using 5ab1 is 0.44% g, 10000
@ study published using leptonic Z decays in Eur. Phys. J. C (2017) 77: 116 Y gop0
@ hadronic Z decays under study. Shows similar performance 6000
=|ncredible opportunities for BSM Higgs ‘E‘ggg
searches

BR(h—Exotics)
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(,:r—,—\\ HIGGS PHYSICS
To summarise the Higgs programme...

1.000 —

0.100 —

0.010 —

TT
ZZ WW vy gg Zy HH tt bb cc TT  pup  BRinv Ttot

0.001

e HL-LHC e FCC-ee e FCC-hh e FCC-eh

hh, eh precisions assume ee measurements esp. for Htt and HHH



Sum mary Another example of Synergy and complementarity

m Systematic assessment of heavy neutrino signatures at colliders.
m First looks at FCC-hh and FCC-eh sensitivities.

m Golden channels:
m FCC-hh: LFV signatures and displaced vertex search
m FCC-eh: LFV signatures and displaced vertex search
m FCC-ee: Indirect search via EWPO and displaced vertex search

[ S e S S :f:» ey FCC_h h 3 ble -
- ————— 1 test all flavour
EWPO < ' S\ FCC-hh 1 combinations.
o B | —
> ‘ : to > 40TeV

Good sensitivity re-
FCC—ee ach from FCC-hh &

Best sensitivity to

|6|2 from displaced
vertex searches at 101 - . . . FCC-eh.
chelel e 10 50 100 500 1000

M [GeV]
detailed study required for all FCCs — especially FCC-hh to understand feasibility at all |



':CC CONCLUSIONS

-- The study of FCC-ee Physics and Experiments is going hand-in-hand with the accelerator study

-- The Physics is fantastic (and so is the team :-)). There are still many optimizations to do!
Collaboration for the detectors is now gearing up with CLIC group and CEPC.

-- The collaboration with theory for ideas, concepts and calculations is strong

-- We are gearing up to prepare the CDR!

6/2/2017 Alain Blondel FCC-- ee summary
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PHYSTCS WITH VERY HIGH ENERGY CERN 76-18
¢'e” COLLIDING BEAMS - 8 November 1976

L. Camilleri, D. Cundy, P. Darriulat, J. Ellis, J. Field,

-

H. Fischer, E.-Gabathuler, M.X. Gaillard, H. Hoffmann,
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 suspect that we would be running HL-LHC in that tunnel >60 years later?

Let’s not be SHY!

6/2/2017 Alain Blondel FCC-- ee summary




. CDR Vol. 5 Outline

a Vol. 5 "FCC-ee: Physics & Experiments”

+ Introduction (running plan, history, motivation, ...)

+ Electroweak physics with Z's and W's

. Higgs physics 5 - Lepton Collider Comprehensive
+ Top quark physics Experiment
+ QCD and yy physics

+ Flavours

¢ BSM (Physics behind precision, global fits, direct searches)

+ MDI and experimental environment

+ Polarization and beam energy measurement

+ Detector designs

+ Summary and outlook

e Each of the “physics” sections will contain
» The theory counterpart (e.g., the quest for precision calculations)
» The requirements on detectors (geometry, acceptance, resolution, tolerances)

/ = The requirements on accelerator (luminosity, polarization, E__, . knowledge)
6/2/




Synergy and complementarity

FCC-ee is a very powerful precision machine covering considerable new territory, with
discovery potential in its own right.

There are presently four proposals for e+e- colliders covering the H and top (and Z, WW)
{ILC, CLIC} and {FCC-ee, CEPC}.*) There is a consensus that physics needs such a machine
FCC-ee is unique for its precision and luminosity at the W,Z,H.

Only the circular machines come with a tunnel, cryo, etc... for a 100 TeV «ultimate» step
Synergy : cost (ee+hh) < cost (ee) + cost (hh)

The Physics of the hadron collider is quite complementary but in many cases it benefits from
the ee measurements in ways that should be quantified further in the 2d Physics Workshop
Complementarity:

Physics (ee+hh+ ep) > Physics(ee) + Physics (hh) + Physics (ep) >> Physics (ee), (hh), (ep)

*) we are starting to work together, but one could do more!




Physics and Experiments Studies Coordination

Physics Studies coordination
A. Blondel, P. Janot (EXP),

Higgs properties Top quark physics

EW Physics with Z’s and W's

S. Heinemeyer, A. Freitas S. Heinemeyer, A. Freitas

S. Heinemeyer, A. Freitas
Synergies with FCC-hh physics, LC studies, LEP legacy

Global Analysis

New physics

QCD and yy physics Flavours physics

Physics software Online selection & DAQ Polarization, Vs measurement MDI, Exp’tal environment
C. Bernet, B. Hegner, C. Leonidopoulos A. Blondel M. Boscolo
C. Helsens N. Bacchetta

Synergy with FCC-hh, LC, LHC Joint with FCC-ee Accelerator Adapt (to) the interaction region

Joint with FCC-ee Accelerator
Detector designs Synergy with LC and CEPC

A. Cattai. G. Rolandi Set constraints on designs
: o : fo match statistical precision
Propose detector desighs
Patrick Janot FCC Week, Berlin 4 F

29 May - 2 June 2017
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Challenges

Readout electronics

¢ Few ns beam crossing time:
0 To maintain backgrounds (off-momentum particles, etc) at a tolerable level, need
very fast readout (one or few crossings)

A Continous beam:
* No power pulsing possible: heat dissipation, how to maintain mechanical
stability
Control of geometry to few um

¢ For increased acceptance in tight geometry suggest conical layout of monitors
0 Need detailed plan for mechanical assembly

¢ Heat dissipation:
0 Need detailed plan for cooling

High integrated rate particularly at low radii

+ Possible need for radiation tolerant sensors and electronics

FCC-ee group (Copenhagen) invited to join ILC FCAL Collaboration for
discussion of forward instrumentation issues



