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'FCC-ee: baseline run plan
(according to Conceptual Design Report)
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Natural to collect data in order of Vs, over a period of ~15 years. However CERN
management insists on flexibility, with the option to collect the HZ data first. The
implications of this are being examined and will be presented in mid-term review.
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'FCC-ee: baseline run plan
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'FCC-ce: TeraZ opportunities

The enormous Z statistics (~10° x LEP) is the key feature that distinguishes
FCC-ee physics from programme at linear e*e- machines. Opens many
opportunities, which in turn places particular unique demands on detectors:

» Ultra-precise EW (and QCD) measurements

Repeat LEP measurements (and more, e.g. aqgp) With vastly increased
precision. Needs corresponding improvement in systematics from
theory, accelerator (e.g. E; measurement) and detector

— this, rather than Higgs physics, sets requirements on detector
stability, knowledge of acceptance efc.

* Flavour physics, especially with b and taus

e.g. b-sample ~15x that hoped for at Belle Il, in a very similar
environment, with higher boost and all hadron species

— best possible vertexing, hadron id and =%y id in ECAL

* New physics searches in Z decays, e.g. heavy neutral leptons
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'FCC-ee: baseline run plan
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'FCC-ee: baseline run plan
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‘ s-channel Higgs production and
monochromatisation

An intriguing possibility, under evaluation and not in CDR baseline, is to devote a
few years operation at E;=my=125 GeV to measure Yukawa coupling to electrons.

orn

But cross-section is tiny...

...& effectively decreased 14

further through ISR and 12 With ISR

With o, ~ 4 MeV

[l]TII]TT[I]T[[lTT]l]T]I]]IT[]]TI

because Higgs width (~4 MeV) g With o, ~ 8 MeV

small compared to E,, spread. 2 08

Note that natural E), spread for z:

colliding beams is ~100 MeV. 0 2

This must be reduced by < 1/10. ' = s

Requires monochromatisation ! O 12508 125.085 125.09 125.095 125.1
Ecw [GeV]

Also need good knowledge of m, (~ I'yy), good E¢ knowledge, & high E,, stability.
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“The monochromatisation challenge

Introduce horizontal dispersion and collide head on to reduce E,, spread.

~ energy)

E,.-
arrow length
—l ~200 microns ( W 9
(—

Alternatively live without cavities, and
rely on good vertex resolution to account
for correlation between x and Egy,.

Require crab cavities to achieve
head-on collisions

Sy

T
v

\‘\\

(colour ~ energy) 2E+2AE  JpoAE
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“The monochromatisation challenge

However, dispersion increases horizontal emittance and reduces luminosity.
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Currently, H—e*e" observation looks on the edge of feasibility — studies ongoing.
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‘How many interaction points ?

FCC-ee design as presented in CDR
foresaw two interaction points.

FCC-ee essentials
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‘How many interaction points ?

FCC-ee design as presented in CDR
foresaw two interaction points.

However, there are strong physics-
driven arguments for evolving to
a four interaction-point layout.

Key points (there are others):

 More data, sooner;

« Systematic robustness
with redundancy;

« Better physics coverage.

Indeed, updated design allows for
four interaction points, and this
may well become new baseline.

FCC-ee essentials
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Current desigh parameters

Parameter [4 IPs, 91.2 km,T,.,=0.3 ms]

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 36
bunch intensity [1011] 243 2.91 2.04 2.64
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25
long. damping time [turns] 1170 216 64.5 18.5
horizontal beta* [m] 0.1 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 217 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [um] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter &, / &, 0.004/.159 0.011/0.111 0.0187/0.129 0.096/0.138
rms bunch length with SR/ BS [mm] 4.38/14.5 3.55/8.01 3.34/6.0 2.02/2.95
luminosity per IP [1034 cm-2s-1] 182 19.4 7.3 1.33
total integrated luminosity / year [ab-1/yr] 87 9.3 3.5 0.65
beam lifetime rad Bhabha + BS [min] 19 18 6 9
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'Feasibility study

2021 2022

2023 2024

2025

Q2 Q3 Q4 Ql Q2 Q3

Q4 Q]

Q3 Q4 Ql Q2 Q3 Q4

Q2 Q3 Q4

®

CDR baseline design adaptations for
new implementation scenario

}

Status reports & '
study planning ,

+ Total CERN funding for the
Feasibility Study 2021 - 2025:
100 MCHF material & personnel

+ H2020 FCCIS Design Study

+ Swiss CHART programme

+ FCC collaboration resources

| | |
FCC Week &
baseline design, organisaﬁorﬂ, <:cm?munit|:c:ﬁcmI

Review : implementation,

high-risk areas site investigations, territorial integration &
environmentalinitial state studies with host states

|

general coherency, cost update
| | | | | |

FCCW followed by mid-term review:

[ detailed design towards FS report J

technology R&D programs

©

FCC Week & Review: key

Note mid-term review, in second half of next year.

Project cost update

FS Report

]

Release FSR <@)

5/7/22
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‘ Mid-term review

Mid-term review scheduled for autumn 2023. Will comprise following deliverables:

Infrastructure & placement
- Preferred placement and progress with host states
(territorial matters, initial states, dialogue, etc.)

Physics, experiments, detectors:
- Documentation of FCC-ee and FCC-hh physics cases

- Updated civil engineering design (layout, cost, excavation) - Plans for improved theoretical calculations needed to reduce
- Preparations for site investigations the theoretical uncertainties towards matching the FCC-ee
Technical Infrastructure statistical precision for the most important measurements.

- Requirements on large technical infrastructure systems - First documentation of the main detector requirements to

- System designs, layouts, resource needs, cost estimates fully exploit the FCC-ee physics opportunities

Accelerator design FCC-ee and FCC-hh Organisation and financing:

- FCC-ee overall layout with injector - Overall cost estimate and spending profile for stage 1 project.

Impact of operation sequence: Z, W, ZH, tt vs start at ZH
Comparison of the SPS as pre-booster with a 10-20 GeV linac
Key technologies and status of technology R&D program - Initial state analysis, excavation material management, etc.
- FCC-hh overall layout & injection lines from LHC and SC-SPS - Socio-economic impact and sustainability studies.

Environmental impact, socio-economic impact:

[M. Benedikt, Paris
FCC week, June 2022]

FCC-ee essentials
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‘ Timescales and finances

Statements of CERN DG in )

Paris FCC week (June ‘22)  If project approved before end of decade —

construction can start beginning of 2030s

 FCC-ee operation ~2045-2060
/ « FCC-hh operation ~2070-2090++ ~

“ Substantial resources (~5 BCHF) needed
from outside CERN'’s budget... (contributions
from non-Member States, special contributions
from Host States and other Member States;
ongoing discussion with European Commission;
private funding?) — discussions started.”

Cost category [MCHF] %

Civil engineering 5400 50

Technical infrastructure 2,000 18 - Reminder of FCC-ee costs (Z, WW and HZ

Accelerator 3,300 30 . . . .
Detector (CERN contrib) 200 2 working points, and for two IP configuration)

Total cost (2018 prices) 10,900 100

FCC-ee essentials
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Physics, Experiments and Detectors (PED)
organisation, and towards detector designs

Collaboration

Steering

Board

Informal forum of
National Contacts

G. Bernardi, T. Lesiak

Committee

l

FCC Study

Coordination

Advisory Committee

Scientific

FCC PED Study
Coordination

C. Grojean, P. Janot

Speakers Board, Editorial Board
Dissemination & Communication

Secretariat

|

AIDAInnova
ECFA R&D Roadmap
CERN EP R&D Effort

Detector R&D
Group

Detector R&D
Group

Detector R&D
Group

Detector R&D
Group

EPOL MDI Physics Software Physics Physics Detector
& Computing Programme Performanc Concepts
W . A | Including
J. Wenninger M. Boscolo G. Ganis M. McCpllough P. Azzi magnets
A. Blondel M. Sullivan C. Hqtsens F. S%\on E. Pﬁrez M. DaPmRF. Seftkow ——
. Roloff
A Y / ECFA PED ECFA PED ECFA PED ECFAPED /

Joint with accelerator Working Group 2

Working Group 1

Working Groups 1&2

Working Group 37
Q 9 P3

A

Detector R&D
Group

‘Detector concepts’ group, which will evaluate possible detector designs
against benchmark physics processes, had a kick-off meeting 22-23 June.

5/7/22
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https://indico.cern.ch/event/1165167/timetable/#20220622.detailed

Detector constraints
and requirements

« 30 mrad beam crossing angle

o Solenoid field no more than 2 T;
o Complex and tightly packed MDI,;

o Beampipe of radius 1 cm. 200/
« ‘Continuous’ beams, ~20 ns bunch spacing M T b
0.0045— -~ IDEA MS only
o No power pulsing — cooling issues. oooat | s
: e \
: Y D003 5(pT) / pT at 90° _.-"Q,L_?,_’?F"a
« Extremely high luminosities 0.003-
: - __—— . CLDMS _—
o 10-° systematic control (acceptance, o SR S
. . . 0.002— \OQE‘}/
p measurement stability, luminosity...); N
o Data set of ~10'® events; ol BEfo 6
o / . (o] at
o Event rates up to 100 kHz. 0.0005 IDEAMS 240 GeV
. . OC;‘I‘2|0"14‘OIIIB|D‘I‘8|OIJI1O‘OJ
« Capabilities in heavy-flavour physics Pt (GeV)

o Excellent vertexing; * Low-mass tracking

o Hadron PID from ~1 to ~30 GeV/c: o Momentum resolution to match
o 7 and soft y identification. beam-energy spread (BES).

[lyosepag 4]



'Current detector designs: CLD

) « Well established design
(‘CLIC-like detector’);

e Si vertex detector + tracker;

« CALICE-like calorimeter;
« Large coil outside calorimeters;

« Still much scope for optimisation,
and for continuous beam operation;

* No significant PID capabilities, but
possibilities under consideration
(~10 ps timing for TOF, RICH ?).

v

53 m

FCC-ee essentials
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'Current detector designs: IDEA

MAPS vertex detector;

Ultra light drift chamber,
which is also intended to have
significant PID capabilities
through cluster counting;

Compact coil;

Dual readout calorimeter,
possibly augmented by
crystal ECAL within coil;

Very active community, with

prototype designs & test beams.

Instrumented return yoke

Double Readout Calorimeter
27T coil

Ultra-light Tracker

MAPS

\ LumiCal

Pre-shower counters

13 m

11m

5/7/22
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Current detector designs: LAr detector

New kid on the block. Detector based around highly granular Noble Liquid ECAL.

Other components:

r{m)
T AteRsa

* (D)MAPS vertex detector 5
(ala ALICE 3 ?); |

Muon Tagger

Drift chamber tracker; HCAL Barrel

Silicon wrapper with
time-of-flight (LGAD);

I
0
o)
-
]
)

o
4]
]

=

Thin superconducting solenoid
sharing ECAL cryostat;

J283e) uony

dejpu3 1v23

Scintillator + (return yoke)
iron HCAL;

Muon tagger.

FCC-ee essentials
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Backups

5/7/22
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‘ Why 4 IPs? More data, sooner

Key example: discovery of trilinear Higgs coupling essential for characterising Higgs
potential. FCC-hh can measure it to better than +/-5% through double-Higgs prod".
However, FCC-ee has indirect sensitivity through precise x-section measurements.

FCC-ee, from EFT global fit

| 4 ; Z o —  5/abat 240 GeV |
e ) 0.02F — +0.2/ab at 350 GeV ]
: T - +1.5/ab at 365 GeV |

1 N TN N, 350 GeV alone 1

R v N N 365 GeV alone ]

\ ~ L N 0.01 5 AX2:1 ]

&' 0.00f

‘Q

-001 FCC-ee alone,
- 2 IPs, baseline
-0.02r run plan

[L¥001°6081 :AIXJe]

4 2 0 2 4
(5KA

Baseline running strategy & 2 IPs gives +/- 42% on K, , & +/ 34% with HL-LHC.

4 IPs both increases sample sizes, & allows initial stages of FCC-ee programme
to be completed earlier, freeing up time for longer high-energy operation.

A very important lever (among several) for enabling discovery before FCC-hh !

22


https://arxiv.org/abs/1809.10041

‘ Why 4 IPs? Systematic robustness

N | AE[MeVI: 12 7 0 o1 128 ~0 01
With only two experiments, L9F
important systematic effects L 20 |
risk being overlooked. < F
20 .
At LEP, it was inspection of 1991 40 L 5 meen omaL DELPH e
individual m results from each | | | | |
experiment that led to appreciation
of effect of 'RF sawtooth’ L3 Egifgsﬁon correca:]’:itoer:
[PLB 307 (1993) 187].
ALEPH ——

On a ring containing only L3 & OPAL OPAL —o— —o—

(or ALEPH & DELPHI) this would
have been much harder to spot. DELPHI =

m; [GeV] 91160 91170 91.180  91.190  91.200

FCC-ee essentials
5/7/22 Guy Wilkinson 23


https://www.sciencedirect.com/science/article/pii/0370269393902109

‘ Why 4 IPs? Better physics coverage

Having four detectors allows for a wide range of technological solutions that can
fully exploit wide and rich physics possibilities of FCC-ee programme.

e.q. for flavour physics require PID over wide momentum range and calorimetry
with good energy resolution for soft ° reconstruction.

Such a design... ...great for this.... ...less good for this.
" {;3} »  BaBar ] E
T BoDmmmOK g
Q2 1=
O S
~— o
+ &
’ N
. | |3
b A T T

s_(GeV?*/c?)

01 LHCb

Events/1 GeV

600

=

Candidates / (4.0 MeV/c?)

(180 (1202) ¥0 d3Hr!

52‘06 5400
m([K"K"|pK~) [MeV/d]

. aF e :.La*.‘..-.-v.-imm-!-i-'ﬁ.'; :
gb 90100 110 3201351 $50° 15
Guy WilkinsiaV)

0
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https://arxiv.org/abs/hep-ex/0703037
https://arxiv.org/abs/2012.09903

‘ Requirements on E,, knowledge

Painstaking work required at LEP to ensure E,, knowledge was sufficient
for flagship EW measurements. Even more stringent goals set at FCC-ee.

Mz k: My )
g - 8B
£ s LEP 1.7 MeV 1.2 MeV 9 MeV
‘T W |
%S g FCC-ee 100 keV 25 keV 300 keV Doesn't
28 i look easy !
5 = (current estimate)

(Control of E), at this level is also necessary to keep the associated systematic
< statistical uncertainty for sin?6,, from Arg , adgep(mM;z) & many other observables.)

What were the main challenges that existed at LEP ?

* Precise measurement of E, through Resonant Depolarisation (RDP), but only
in a few fills, before or after collisions. Egy knowledge limited by modelling of
time evolution between measurements. FCC-ee requires a change of strategy !

« Beam polarisation not available at WW threshold, so RDP not possible.
This problem should not exist at FCC-ee thanks to reduced energy spread.

* knowledge of E), spread also plays a role for FCC-ee I'; & aqep(mz?)
5/7/22 25



1995

'Some mechanisms of

Time (hours)

B 1993 194 |
g f | | ]
| : ]
E, variation at LEP ST
Short- (tide) and/
P — . « long- (lake) term S i | |
LT agyzromey ring distortions. 0 g
46475 - (AC =1 mm) s | | ]
Seam Eneras NB at FCC-ee effects 7} i § _
. 3716 ! ! 1
MeV) sg70 }[/wll be |T1OX Iargertdue I o P
O smaller momentum- Days
_ i |
ot | compaction factor ! e |
I | | | 4610s| 16th August 1995 :“ II“II“‘II{“I; % ”dhrr
e, 5 015 20 25 - i :\[aJ: 42 £E |

46490|

Rise of dipole fields ’V
due to stimulation from
returning current from TGV. ]

464861 |

Equivalent Beam Energy (MeV)

A3 -

5/7/22

Bending field [Gauss| Voltage on beam pipe [V]

46478
| W IEETY " ry
I L‘FH( Tyt
B i 1 a2 |- -
16474 ! Noisy period Quiier period B e | -
A A B S B BN I B B IR N . e b i
1%0&(1:8 00 20:00 22:00 100 00 02:00 04:00 06 oo LEP NMR
ee essentials D . . L . L L L L
aytime . T3 )
Vi 16:50 16:55 Time

Guy Wilkinson
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[see arXiv:1909.12245]

‘ Requirements on E,, knowledge

Ec-u calib. must be a central consideration in FCC-ee design & operational strategy.

* RDP quasi-continuous: perform on pilot bunches for e- and e* several
times an hour (overhead: for Z running need to spend ~1 hour at
start of fill with wigglers on to allow polarisation to accumulate)

— removes to 1%t order all E, time-variation issues that plagued LEP.

» frr change to keep beams centred in quadrupoles to suppress residual
tidal effects on E,; furthermore beam-beam offsets must be minimised
to suppress dispersion-induced biases on Ey,.

* Investment in instrumentation & detailed logging of all machine parameters.
Willingness to devote machine time to calibration studies (at LEP >50 full
days taken in this manner from 1993 onwards).

Experiments must do their part: continual accumulation of Z—I*I- events enables
relative energy changes, crossing angle, and energy spread to be monitored.

FCC-ee essentials
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https://arxiv.org/abs/1909.12245

‘ Machine-detector interface

Careful attention must be paid to MDI layout so as not to limit performance.

200 T T BRI L B T

ul umiCa ]

r Qc1 Central chamber QC1 1

L =+-9cl |
100 e

mm F

- e 3>
L « w-1m > 4
-100 - -
= umiCal iCal 1

-200 I A [P I |
- - - 0

[86960°G01 Z:AIXJE]

Agreed boundaries between machine & detector + conditions largely satisfactory:
« 2T solenoidal field at Z (possibility of 3T at higher energies under study)
* Low angle acceptance down to 100 mrad. This small value desirable because:
- Minimises impact on energy-flow measurements;

- Helps keep systematics manageable for high
statistics cross-section measurements. 28


https://arxiv.org/abs/2105.09698

Why 4 years and ~150 ab! at & around the Z pole ?

With the discovery of the Higgs, all particles of the SM have now been found.
Very precise measurements of their properties & behaviour, e.g. through electroweak
observables at (& above) Z pole, will stress-test self-consistency of theory.

A rich array of measurements awaits, = T T ]
for example lineshape parameters: E o Ecmknowledge %y
% | critical —see later /i
LEP Current FCC-ee 6 | i
uncertainty estimate 30 L LEP 1 ;:.- \ ]
m, 2200keV  100keV (1061!) '
r 2300 keV 25 keV (10°! i L |
4 € € ( ) 20 _ :!(. - |
These measurements will unavoidably o measurementsgeror bar
remain systematics limited (foreseen stat. T S :
uncertainty ~4 keV for both), but will require [ e QED:}/
significant time and attention to get right. EM
P T T N S T T N \1/ /R |
Year-1 of Z run will not yield the final result ! 86 88 90 92 94
E_ [GeV]

FCC-ee essentials
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' Why 4 years and ~150 ab™ at & around the Z pole ?

Witﬂ)]
Ve

Lessons from history: a puzzling E,

K.

bctroweak

obsd calibration test during 1993 resonance
scan required second scan campaign
Arig in 1995 to understand... ~
for g _ sms 3 °p CROP
o~ L e L L L | I.I LA '. T = —— Tid
E [ August 29th 1993 (After Tade correction)] - "t oo T:dg and NMR rise 1999
L J 6 F
— [ s ] w
& i sppt? A = .
: “0r P19 , " e $ ] > ° ‘/ Degtmﬁ%jﬁm;%
a4 I ‘b + % 4+ E‘jj:thd:‘]f = %
my| £ _ - S st o
2 w05 o b \ ] -
[ ot | é
- Expected evolution 1r
gl 0
The 2:00 600 10:00 14:00 18:00 22:00  2:00 N E, = 50.0 GeV
rem paime e [N
. . . . . El d ti [h ]
uncd ...with full validation only coming in 1999. apeecime LA
sign .
L] L] . 94
Year-1 of Z run will not yield the final result E_ [GeV]

5/7/22
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Why 4 years and ~150 ab! at & around the Z pole ?

Many Z observables have very small intrinsic experimental systematics, which will be
further reduced, & may become sub-dominant, with hard work & data-driven studies.

e.g. forward-backward lepton asymmetries (on-peak & off) (A'F'B), lepton-to-hadron

ratios (R,), tau-polarisation asymmetries (A

Arg for muons

b
FB

pol, T

rs ), b-specific observables (A

R,).

P. vs. cos6; Agg for b production

=
— [ = Ay from fit %}:‘Egg] ]
E o= QED corrected B‘;’AL 0.1 ALEPH + 7
« L * average measurements P DELPHI ] - o ALEPH Data
| ] T + 1 15000 . .
0.2 ol B -— Simulation
+ i [ -3 b forward
0 i h -
A L 10000 =2 b forward
(0 P A 0.1 . 5 /
s 1 <000 / |
1 N 1
02t . ] f
-0.3 no universality
-------- universality 0 A
M, . i 1 2 15 - E 2
04 o [ | I | I I L | | I ] QFB
88 90 92 94 04 -1 08 06 04 02 0 02 04 06 08 1
E_, [GeV] cosO__
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[JHEP 02 (2016) 053.

Excellent experimental control of off-peak di-muon
asymmetry motivates campaign to collect 50-80 ab*
off peak to gain highest sensitivity to Z-y interference

Allows for clean determination of aggp(mz?), which
is a critical input for my, closure tests (see later).

Aolot

JHEP 11 (2017) 164]

Why 4 years and ~150 ab! at & around the Z pole ?

107

877 v2aQED (5)

3
AF]';(S) ~ ZAEA“ X |:1 —

relative aqep uncertainty with 80 ab”

100 110 120 130 140
s (GeV)

150

5 — m%
2 A ain2 peffy2  2g
myGE (1 4 sin” Oy, )

-
£ | DELPHI 93 — 95
8 |
% 1F ete” > uu ()
S I
E |
Ed L Peak
o
T o8|
06}
- + +
| +
- #+
044 P+2 4%
: *i ‘_f#
ii‘iiﬂﬁf*** 4
0z oy ++++++H**
o_3~ ~05 0 05 1
cos(9,.)

This dependence, & location of
half-integer spin tunes, guides the choice
of off-peak energies: 87.8 & 93.9 GeV.

Goal: measure 1/0qgp(m,?) to +/- 0.003.
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Why ~150 ab™! @ Z ? Flavour-physics opportunities

For a flavour physicist more is never enough! There are always important
measurements that will remain statistics limited. Baseline will deliver a b sample
that will be x15 Belle Il (+ B, B, & \,) & highly complementary to LHCb upgrades.

L L L L e
— 120 I~ -
Afrequently,shown plqt, g °F | BOK*r*T [Fooee] 3
but one that’s very topical. > 100 F- Background : 4 ¢
& 100 T signal 1 @
_ ~ [ involving ; 1 o
(however there are very nice more S g0 B—D.(1v)X q <
recent studies, e.g. B,—1v. See = [ decays ]
Tues parallel and arXiv:2105.13330) 5 o N
L o
B (o)}
. oy rpegs 40 '
Unique possibilities at FCC-ee ! - =
- (@)
20 ©
« Example of a measurement e, X S
that LHCb can’t really do; oY E— P g
. . . . ., GeV/c?
« Z samples achievable at linear colliders (if any) Meg EHE

will be too small for frontier b physics, in this mode or in almost any other.

However, no cause for complacency:

* Having smaller samples would be uncomfortable (& larger would be fantastic!)

c.f. LHCb has ~5000 decays in the sister BO—K*uu study [PRL 125 (2020)011802].
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https://arxiv.org/abs/2106.01259

Why ~150 ab™! @ Z ? Flavour-physics opportunities
Tau physics leadership passed from LEP, to B factories, & then to Belle Il. FCC-ee
will deliver 3-4 x more taus than at Belle Il, with equally clean environment & boost.

Outstanding opportunities to push lepton-universality tests in muons vs taus
(essentially G measurement with taus) to new frontier of precision !

=]
n
o

— — 17.90-
) X
o 315 e Today (2018)
E =
g 310 <
= %, 17.85—
300 o
(an]
295
17.80—
200 204 FCC-ee
285
280

1775~

17.70—- \

Lepton universality with
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Also probe for LFV in tau decay, e.g. T—upu to 1019 — very important
ins,centext of hints for lepton-universality violation in LHCb data & elsewhere.
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' Why 5 x 1012 Z0 ? Direct searches

FCC-ee will be a discovery machine, both through indirect searches (e.g. precision
EW, Higgs and flavour physics), but also for direct searches for non-SM phenomena.

e.g. 90% CL exclusion limits for heavy neutral lepton

107 ¢

®fF = |Uf?

[82220°CL9L:NXIe ‘GL/LL 0L6L AIXIe]

10—12 | 1 1
107! 1 10 107

my, (GeV)
FCC-ee Z-pole running will have enormous potential in searches for LFV decays,
heavy sterile neutrinos, axion-like particles etc. In all cases integrated lumi is key !
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Why 2 years and 12 ab™! at W*W- threshold ?

Threshold scan of 12 ab-', taken at 157.5 and 162.5 GeV will yield a statistical
precision on my, of 0.5 MeV. Provided Ey can be controlled at similar, or better,
level, this will give order of magnitude improvement on best hopes of LHC.
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Will also be greatly

Electroweak Fit ‘

-
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1
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Data very valuable for other studies, e.g. V., from flavour-tagged jets, agcp(my?)
from BRs... Furthermore Zy return events will provide 10-3 determination of N,..
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‘ Why measure my, to ~0.5 MeV ?

Best possible precision on my, required to perform critical closure test on SM.

;‘ B 1 I I 1 | I I 1 1 I 1 1 I I | :: I I 1 | I 1 1 I 1 |’_
8 — 68% and 95% CL contours H m ‘::m_bi ;52127 ey .
— 805 — M Fitw/o M,, and m measurements :: - =046 GeV ',"’ ]
Eg L Fit w/o M,,, m and M, measurements 1] —c=0.46 ©0.50,,, GV —
@ Direct M,, and m measurements :: e i
80.45 [ 555 -
- Current status H e
n g ]

80.4 [ - ,

- M, comb +1c
80.35 — 1, - 80.379 + 0.013 GeV o N
80.3 — A ) —
B ML ’ & S’ i i o) - ]
- )i & [C5ee G- —
_ ets 05 ®», e z
8025 — O AN ] fitter[-]" -
C | 1 1 | 1 1 | | ‘*" | | 1 L" | :E: 1 1 | | 1 | | 1 I | |_
140 150 160 170 180 190

m, [GeV]
Note, it's not only m, we need to improve, but also indirect prediction & also m;.

FCC-ee essentials
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‘ Why measure my, to ~0.5 MeV ?

Best possible precision on my, required to perform critical closure test on SM.

;‘ B 1 I I 1 | I I 1 1 I 1 1 I I | : : I I 1 | I 1 1 I 1 I_
(i) —~ 68% and 95% CL contours H m‘ comb. £ 1o =
G - . B =172.47 GeV . .
— 80.5 — M Fitw/o M,, and m measurements Vi -- o =0.46 GeV e —
.Eg - Fit wio M,,, m and M, measurements 11 — o =046 ®0.50, GéV /

Current sensitivity on predicted value limited by auxiliary parameters.

my = 80.3584  +0.0055,, ~+0.0025,, +0.0018,
+0.0020,,, % 0.0001,,, +o. 0040theory GeV
— 80.358  +0.008,,; GeV.

All of these (my,,, Mz, dgep, Os, My) Will be greatly improved at FCC-ee !

— \\‘\f‘"* \\g\@ \&\5\’/ \&Y}’,:': & TR T TSV _]
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Note, it's not only m, we need to improve, but also indirect prediction & also m;.
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‘ Going to higher energies: m,

m, known to ~0.5 GeV. Significant improvement needed for myy closure test.
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|
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[~ I T T T T I T T
- it threshold - QQbar_Threshold NNNLO

based on EPJ C73, 2530 (2013)
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?06F I
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0.4 i
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N = simulated data points .
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| ] A I | | L A f ! | L
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s [GeV]

Multi-point threshold scan with 20 fb-' / point will determine m, to <20 MeV

FCC-ee essentials
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Status of closure test after Z progamme,

W**W- and tt threshold scans

5/7/22
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Cross section (fb)

Why study Higgs at two energies ?

Central goal of FCC-ee: model-independent measurement of Higgs width and
couplings with (<)% precision. Achieved through operation at two energy points.

T T 5 ab-1 at 240 GeV T T [ r 1T [ 1T 7
105 HZ events
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Sensitivity to both processes very helpful in improving precision on couplings.
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‘ Why study Higgs at two energies ?

Central goal of FCC-ee: model-independent measurement of Higgs width and

High precision achievable for all couplings; good complementarity to HL-LHC:

Collider HL-LHC ILCasp CLIC3g0 LEP3240 CEPCasp FCC-ee240+365

Lumi (ab™1) 3 2 1 3 5 5240 + 1.53¢5 + HL-LHC
Years 25 15 8 [§ 7 3 +4

8Tu/ Ty (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
dguzz/gnzz (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16
dguww /gaww (%0) 1.7 1.7 1.0 1.7 1.4 1.3 043 0.40
Sgunn/ guw (T0) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56
bgHee/ gHee (90) SM 23 4.4 23 22 1.7 1.21 1.18
58Hee/ gtge (T0) 2.5 22 2.6 2.1 1.5 1.6 1.01 0.90
bguee/gher (%0) 1.9 1.9 3.1 1.9 1.5 14 0.74 0.67
SgHmm/grpy (%) 4.3 14.1 n.a. 12 8.7 10.1 2.0 38
581y / gty (90) 1.8 6.4 n.a 6.1 3.7 4.8 39 1.3
Sgrn/gny (%) 34 - - - - - - 3.1
BRExo (%) SM < 1.7 < 2.1 < 1.6 < 1.2 < 1.2 < 1.0 < 1.0

Relative duration of 240 vs 365 GeV runs an interesting optimisation question
in context of sensitivity to Higgs self coupling (see 2 IP vs 4 |IP discussion).

Sensitivity to both processes very helpful in improving precision on couplings.

FCC-ee essentials
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“The monochromatisation challenge

Studies still underway — likely require several years to reach SM value at 30.
However, can do vastly better than any other machine. Also, motivation for 4 IPs !

Upper Limits / Precision on «,

v E
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E g‘% %g S = 85 85 —+ Studies still
oL OF £ 7 S Oa o under way)
10 = T s I o

Final remark: operation at E;,=125 GeV is also valuable for accumulating radiative
returns to the Z and improving sensitivity to the number of neutrino families.


https://arxiv.org/abs/1912.11871

Power costs

Luminosity vs. electricity consumption

1,000
-@- FCC-ee (2 collision points)
~—;‘ 100 - @ CLIC
= 4 ILC
T 104 @ MAP-MC
o O
l -1 ) m
£, %60mbTMwnl it o
o -
5 _
o G
2
S
= 0.01 -
|
0.001 | |
0.01 0.1 1 10
Vs (TeV)

Electricity cost ~200 CHF per Higgs boson
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