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Abstract

The remarkable synergy and complementarity between the circular ete™ and pp colliders

has been extensively discussed. In this short document, we investigate the complementarity
between the proposed circular and linear eTe™ colliders at the electroweak and TeV scale. This
complementarity could be exploited on a world-wide scale, if both a large circular and a linear
infrastructures were available. A possible implementation of such a complementary program
is shown.
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(CEco) Motivation

1. All proposed e+e- colliders at Eletroweak Scale are called ‘Higgs Factories’
and considered to have similar performance

2. With the underlying conclusion that probably only one needs to/ can be built

3. The proponents of LC (resp. CC) protest that they can do many things!
that the other cannot do (or not as well) (and they are right)

4. Given the very strong synergetic link between the FCC-ee and the FCC-hh
>100 TeV p-p collisions provide the highest parton-E,, for the foreseable future.
{ee + hh} = -- much more favorable funding profile + stronger physics case for 100km tunnel
--considered best possible scenario in ESPP input by FCC collaboration.
FCC (ee+hh) will probably be either fully build or fully dropped

=» Will FCC-ee (or CEPC), while enabling 100TeV pp, kill the linear collider?
=>» Will the ILC kill FCC-ee (and thereby FCC-hh)?

5. We investigate here the physics differences (= complementarity) between circular
and linear colliders, which have been overshadowed by the competitive comparisons.
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In the following, for definiteness, we study the complementarity of FCC-ee and ILC
If you prefer, replace by CC-A and LC--B
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( FCC )
( Jobn o ) This remark was made since the beginning in 2012

FCC-ee as Z factory: 10'? Z/few years
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Luminosity Luminosity/Power = Energy efficiency
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Luminosity vs Energy circular below 350 GeV linear above 350 GeV
Efficiency : 9 (5) GJ/Higgs at FCC-ee with 2(4)IP vs 50GJ/Higgs for ILC250 (first 15 years)

Beam polarization:

circular: transverse = ppm beam energy calibration
linear: longitudinal : e- +80% e+ +30% —> additional d.o.f

Long term energy upgrade circular: pp collider linear: High energy lepton collisions

Interaction points circular: 2-4 linear: 1
Run limited in time by arrival of hadron collider Run is open ended upgrades are not included in the cost
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Scientific differences / complementarity
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Ec))

First stage ‘Higgs Factory’ (E.,, <365 GeV)

o “Alllow-energy Higgs factories have similar performance, to 1 order”
¢ LG, = CLIC g, = CEPC, o = FCC-€€,,0-1s6: ?

e Not quite!

HL-LHC: alone requires
total width assumptions,
with e+e- 2 model indept

Kappa fit, without/with HL-LHC

‘ J. De Blas et al., arXiv:1905.03764

LHC-dominated L
Global EFT fit, without/with HL-LHC —{L»

Collider HL-LHC ILCoasq CLIC 350 CEPCayy | FCC-ee240-365
Lumi (ab™ ") 3 2 1 5.6 5+ 02+ 1.5
Years 10 11.5 8 7 3+1+4
guzz (%) 1.5 0.30 / 0.29 | 0.50 / 0.44 | 0.19 / 0.18 0.18 / 0.17
guww (%) 1.7 1.8 /1.0 |08 /073 | 1.3 /0.88 0.44 / 0.41
GHbh ((/F) 5.1 1.8 1.1 1.9 /1.2 1.3 0.92 0.69 / 0.64
gHee (%) SM 25 /20 4.4 /4.1 22/20 1.3 /1.3
gHge (0) 2.5 23/ 14 25 /1.5 1.5/ 1.0 1.0 / 0.89
gurr (%) 1.9 1.9/1.1 31/14 1.4 /091 0.74 / 0.66

S | gupu CA) 14 5. /4.2 /44 9.0,/39 39739
gH~~ (V0) 1.8 6.8 /1.3 /1.5 3.7/ 1.2 3.9/1.2
guzy (%) 11. / 10. / 10. 8.2 /6.3 / 10.
gute (%) 3.4 /3.1 /3.2 /3.1 10. / 3.1
guun (%) 50. / 49, / 50. / 50. ;;Ei z',E
Iy (%) SM 2.2 2.5 1.7 1.1
BRiw (%) 1.9 0.26 0.65 0.28 0.19
BRexo (%) | SM (0.0) 1.8 2.7 1.1 1.1

Higher luminosity of circular collider --> more statistics, in less time
- TeraZ program helps (arXiv:1907.04311)
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- longitudinal polarization helps little if HL-LHC or Giga-Z added

2P
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(G== >) High energy Higgs factories: ILC500, CLIC3000, FCC-hh.

o(e’e” — HX) [fb]

FCC-ee + FCC-hh is unbeatable

—_— Collider ILC500 ILCIOOD CLIC FCC-INT
e guzz (%) 0.24 /023 | 024 /0.23 | 0.39 /0.39 | 0.17 / 0.16
11 goww (%) | 0.31 /0.29 | 0.26 / 0.24 | 0.38 / 0.38 | 0.20 / 0.19
ete 1| g (%) 0.60 / 0.56 | 0.50 / 0.47 | 0.53 / 0.53 | 0.48 / 0.48
/ /"/ 1 | guee (%) 1.3/1.2 [091/090 | 1.4/14 | 0.96/0.96
/ A | g1ee (%) 0.98 / 0.85 | 0.67 / 0.63 | 0.96 / 0.86 | 0.52 / 0.50
fiH gurr (%) 0.72 / 0.64 | 0.58 / 0.54 | 0.95 / 0.82 | 0.49 / 0.46
gupp (%) 94/39 | 63/36 | 59/35 |043/043
1| guyry (%) 3.5 /1.2 1.9 /1.1 2.3/1.1 | 0.32/0.32
guz~ (%) — / 10. — / 10. 7. /57 |0.71/0.70
4 | guwe (%) 6.9 / 2.8 1.6 / 1.4 2.7 /2.1 1.0 / 0.95
gHHH (%J) 27. 10. 9. +2(stat)=~3(syst)
| | I'u (%) 1.1 1.0 1.6 0.91
1000 2000 3000 | BRinv (%) 0.23 0.22 0.61 0.024
's[GeV] | BRexo (%) 1.4 1.4 2.4 1.0

FCC-hh 10%° H produced, +
FCC-ee measurement of g,

2 Buwn 8hyy » BHzy » BHpp » BRiny

29.07.2020

(*)see M. Selvaggi, 3d FCC physics workshop,
9% precision in 3 years of FCC-hh running, 2004.03505v1
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(QCC‘ Scientific Complementarity: Higgs self - coupling

McCullough

FCC-ee can determine (at 4 sigma) ' J:Ff ' Hf?-’

the Higgs self-coupling by its effect on the >W y >“M“Jh
ZH cross-section vertex correction. 2> ' R h

Thanks to having two energy points

| \ll‘lh-":'__*-_ﬁ_.l W+ L _+_#_J-:.
«Traditional» two-Higgs production can be performed “.ﬁi """ L T
also, above 500 GeV by ILC, CLIC, FCC-hh S — v e v

8 8r/T
«the two are complementary, robust methods» 0/_0 or o

1910.00012v2 B. Di Mico et al
ILC500> +27% FCC-ee (4IP) 2 +27%

2.0% |

1.0%

CLIC: £9% from 380/1TeV/3TeV (2040+ 30 years)

FCC-hh: £9% after 3-5 years  (2040+ 30 years) oo 0 200 300 T 00 wo

(2 £+~3)% (50 years) 3 Q (GeV)

-1.0%L
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(( |- )) Something unique for FCC-ee: electron Yukawa coupling

Upper Limits / Precision on .

- Born
16 - < |
14 F 10° &
oF With ISR -
“E With o, ~ 4 MeV 102 b
g 1B With o, ~ 8 MeV -
@ 08 I
[+ - 10 3
0.6 — n
- i Standard Model
04— 1 = } '
0.2 [~ - % 8 2 % 8= 85
- x - - -
Il L L I L ! L A J il il il d J d I. 10_1 é_ "E -|_—-I 8 8% 8%
125.08 125.085 125.09 125.095 125.1

Jadach & Kycia arXiv:1509.02406
e+e- 2 H @ 125.xxx GeV requires
-- Higgs mass to be known to <5 MeV from 240 GeV run (FCC: under study, CEPC group did it)
-- Huge luminosity (special single cell 400 MHz RF is foreseen for low energy runs)
-- monochromatization (opposite sign dispersion using magnetic lattice) to reduce G,
-- continuous monitoring and adjustment of E.,, to MeV precision (transv. Polar.)
-- an extremely sensitive event selection against backgrounds
-- a generous lab director to spend 3 years doing this (also neutrino counting and rare Z decay)



'Value of transverse polarization in circ. collider: Z line shape example

Beam energies can be monitored at 100 keV level regularly (every 10 minutes)
FCC «EPOL group» estimated the beam energy errors on line shape parameters.

arXiv:1909.12245

Table 15. Calculated uncertainties on the quantities most affected by the centre-of-mass energy

uncertainties, under the final systematic assumptions.

QQED (m%)

statistics| Av/s, | AVS g pip| calib. stats. /5
Observable 100keV| 40keV (200 ke\/\/v 854+ 0.05 MeV
my (keV) 4 100 28 1 -
I'y (keV) 4 2.5 22 1 10
sin? 65 x 109 from ALl 2 - 2.4 0.1 -
2aqep(7) 4 15 3 0.1 0.9 - 0.1

From the three point scan extract hadron cross-sections and muon forward backward
asymmetry as function of center-of-mass energies
2> my, I, sin?0,,*" and olyp(MZ) from Az # (Pole) and the slope of AFB(s) (unique).




CFco)

Observable present FCC-ee [FCC-ee Comment and
value &+ error| Stat. Syst. leading exp. error

my (keV) 91186700 + 2200 4 100 From Z line shape scan
Beam energy calibration

'z (keV) 2495200 + 2300 4 25 From Z line shape scan
Beam energy calibration

R7 (x10%) 20767 £ 25 0.06 0.2-1 ratio of hadrons to leptons
acceptance for leptons

ag(mz) (x10%) 1196 + 30 0.1 0.4-1.6 from R above
Ry, (x10%) 216290 + 660 0.3 <60 ratio of bb to hadrons
stat. extrapol. from SLD

ol (x10%) (ub) 41541 £ 37 0.1 4 peak hadronic cross section
luminosity measurement

N, (x10%) 2996 + 7 0.005 1 Z peak cross sections
Luminosity measurement

sin26gT (< 109) 231480 £ 160 2 2.4 from AL} at Z peak
Beam energy calibration

1/&QED(m%)(x103) 128952 + 14 3 small from Ag‘ﬁ off peak
QED&EW errors dominate

AEB. 0 (x10%) 992 £ 16 0.02 1-3  |b-quark asymmetry at Z pole
from jet charge

AE%I'T (x10%) 1498 + 49 0.15 <2 T polarization asymmetry
7 decay physics

my (MeV) 80350 + 15 0.25 0.3 From WW threshold scan
Beam energy calibration

Tw (MeV) 2085 + 42 1.2 0.3 From WW threshold scan
Beam energy calibration

(\5(111%V)( x10%) 1170 + 420 3 small from REV
N, (x10%) 2920 £ 50 0.8 small ratio of invis. to leptonic
in radiative Z returns

Miop (MeV/c?) 172740 4+ 500 17 small From tt threshold scan
QCD errors dominate

Tiop (l\[CV/Cg) 1410 + 190 45 small From tt threshold scan
QCD errors dominate

)\mp/)\‘:‘% 1.2+0.3 0.10 small From tt threshold scan
QCD errors dominate

ttZ couplings =+ 30% (0.5 — 1.5%| small From /s = 365 GeV run

|Q5%[Tev]

f
lc|

Aa"\ 3

d Line

Precision EW measurements:
is the SM complete?
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-A- EFT D6 operators (some assumptions)

-- Higgs and EWPOs are complementary
-A- top quark mass and couplings essential!
(the 100km circumference is optimal for this)

<-- systematics are preliminary

(aim at reducing to systematics)
<--tau, b, and c observables still to be added
<-- complemented by high energy FCC-hh
Theory work is critical and initiated 1s09.01830



(G==D)’ Scientific Complementarity: Electroweak Physics

Low Energy: the realm of FCC-ee o.10f 5‘.;1?85.%“
Highest luminosities at 91, 160 and 350 GeV [ é:ﬂﬁﬂiﬁ”
0.05F HL+CEPC

Transverse pol. at 91 and 160 GeV—>Ecm calibration @ HuFee,

[ .~ HL+CLIC3a0,6igaz

m, (100 keV) I', (25 keV), my, (<500 keV), oqep(m;) (3.107] o ooof - hacuuon;
Complete set of EW observables can be measured '

Precision unique to FCC-ee + new physics sensitivity -00%

[ HEPIT:
=>» a lot more potential than present treatment. -0.10f gl I
-0:10 -0j05 0.;.]0 0..05 0.:10
ILC GigaZ or Zy evts also interesting with longitudinal polar. . _ T
but requiresboth polarized electrons and positrons o0 _2-oregon
P-violating asymmetries: A A;; "' (but no new information) . s
-UST' @ HL+FCC,,
High Energy: the realm of ILC, CLIC o 0.00f
cross-sections and beam polarization asymmetries _0.0s} ;
for all charged leptons and quarks, WW, ZZ..etc. S :
Sensitivity at 3 TeV same ballpark as FCC-hh electroweak. . . . e
-0.10 -0.05 0.00 0.05 0.10
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(G== D)
Q More on TeraZ

The Flavour Factory

Progress in flavour physics wrt SuperKEKb/BELLEII requires > 10 b pair events,
FCC-ee(2): will provide ~1012b pairs. “Want at least 5 1012 Z...”
- precision of CKM matrix elements
- Push forward searches for FCNC, CP violation and mixing
- Study rare penguin EW transitions such as b —s 7+ 1- , spectroscopy (produce b-baryons, B, ...)
- Test lepton universality with 10! 7 decays (with 7 lifetime, mass, BRs) at 10-°level, LFV to 10-1°
-- all very important to constrain / (provide hints of) new BSM physics.

need special detectors (PID); a story to be written!

The 3.5 x 102 hadronic Z decay also provide precious input for QCD studies
High-precision measurement of as(mz) with Rt in Z and W decay, jet rates, T decays, etc.: 10 -3 —10 ~4
huge Vs lever-arm between 30 GeV and 1 TeV (FCC vs ILC), fragmentation, baryon production ....

Testing running of as to excellent precision

29.07.2020 Alain Blondel Circular and Linear e+e- Complementarity 14
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BSM exploration at high energy: ILC/CLIC (E>500 GeV)

Observation of WIMPs (with masses m, of a few 100 GeV, and small AM with LSP)
¢ Such particles may have escaped LHC and may continue to escape HL-LHC/FCC-hh

Higgsino-like EWK processes

Briefing book

T T T I T T ] L T '| LI | T T | T

. 1iab

. 2.5/ab
. Siab

0 CLE,, (FCC-e8,,

- HL-LHC 3fab, 14 TeV (soft-leptan A)

HL-LHC 3fab, 14 TeV {soft-leptan B}
sssssss  HE-LHC 15fahb, 27 TeV (soft-lepton B)

[ FCC-hh [ME-LHC approx. rescaling)

)
Burapean Strat

* GLIC: extrapolated below & GeV

— HL-LHC monojes

aceleh LG manofat-Ike (proj)

—HE-LHC marajet
H FGC-ah monojetine

i FSC-h menciet

4
!
l
I

hu'lanqm reach In A m{NLSP LSP) noldlspldyod

EEE‘&]“LFJ:‘I'T_F]C'IJF':—I I_'

Ll

L IIl.III.|

L

e Could affect EWPO: Z pole run of FCC-ee ggsino-li
e Directly produced at linear colliders if m, < \Vs/2 g I [
e May also be found at FCC-hhinthe same massrange g [—— e, 0515
3 LHCanalyses show that itis possible 3 (L gtlg
CMS Coll., arXiv:1905.13059, Fig. 6 % F i
T N
Observation of heavier particles (5 — 50 TeV) 10F N
+ Require a100 TeV hadron collider i
e Coloured particles /
e Higgs bosons 1 :
o WIMPs 200 400

A complete coverage require all colliders (FCC-ee, ILC, FCC-hh)

29.07.2020
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Dark Sector at Z factory

With the Higgs discovery SM works perfectly, yet we need new physics to explain the baryon
asymmetry of the Universe, the dark matter etc... without interfering with SM rad. corr.

mediator
or
mixing

AN

Dark photons, axion like particles, sterile neutrinos, all feebly coupled to SM particles

29.07.2020 Alain Blondel Circular and Linear e+e- Complementarity 16



(G==p)
gpicture is relevant to Neutrino, Dark sectors and High Energy Frontiers.

FCC-ee (Z) compared to the other machines for right-handed (sterile) neutrinos
How close can we get to the ‘see-saw limit’?

10_7 Electron coupling dominance: U:.: fo: U2 =1:0:0
] . . 2
== \\
2 10_3 European Strate \ \
i TN
~ 10~ Belle_
1073 f
\
106 |\
b CHARM
SN
1 0—7 e \\\//ﬁ_ \ N — 1LC,.,, Gisplaced vertex
< s \_,” l \ S CEPC. displaced vertex
10 | .2 - e e
5 S b s CEPC, mono Higgs
l 0_ £ 5 —  CEPC, EWPO @ 2= I8 = 0 f + 10 F
5 "SH[[)
—-10 — FCC-ve, displaced vertex
1 O = = FCC-ee, Higgs BRs
~11 — FCC-ee. mono Higgs
lO . ee: aw — FCC-ve, EWPO @ 20 16t = W[ + 10
—12 1 1 'R A B A A | ! 1 g gegegngugi] 1 Lo gl 1 ]
10
— 2
107! 1 10 10

m,, (GeV)

-- the purple line shows the reach for observing heavy neutrino decays (here for 10%? 7),
-- the horizontal line represents the sensitivity to mixing of neutrinos to the dark sector,
using EWPOs (G; vs sin20,,f"and m,, m,,, tau decays) which extends sensitivity

to 10~ mixing all the way to very high energies (60 TeV at least).
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10°¢
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CLIC; €' € —Ya

FCC-ee,e' e > va

—— —

1 lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 11 1 1111

10™ 1 10 102

Complementarity with High energy lepton collider,
Much more left to explore at FCC-ee-Z and FCC-hh!

10° 10"
m, (GeV)



GED)
BSM Physics: what if?

A high energy e+ e- collider might become «urgent» (like the ‘Higgs Factories’ today)
if a SM coupled new particle is found at a hadron collider (HL-LHC, FCC-hh), for which
missing information precludes essential knowledge to be gathered.

We are not in that situation today, but we never know.

ILC or CLIC cover the high energy e+e- in the energy range from 400 to 3000 GeV.
the CLIC and Muon collider R&D will be continued at CERN.

- ILC

THIS...
IS A STRONG ARGUMENT TO KEEP LINEAR e+e- ALIVE  ©|=

- CLIC
-®-FCC-ee (2 IPs)
MAP-MC

Vs [TeV]

29.07.2020 Alain Blondel Circular and Linear e+e- Complementarity
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CFco)

Summary of complementary qualities:

29.07.2020 Alain Blondel Circul:

Table 3: Summary of complementary qualities of the proposed circular and linear colliders FCC-ee and
ILC. Notes: ' single-parameter sensitivity, full program; ? multi-parameter sensitivity up to 365/500 GeV;
LFUV: Lepton Flavour Universality Violation; LNV: Lepton Number Violation.

| Quality FCC-ee ILC
| Energy Range (GeV) | 88 to 240, up 365 (91) 240 up 500, 1000
‘ Interaction points 2-4 1

Luminosity
Main statistics
Z

WW

HZ

tt and above

oc B 20 x Radius x Power x #1P

5.10%% 7
3.10° WW
10° H
10° tt at 365 GeV

o Ebeam x Power

5.10° 7
10" WW
4.10° H

3.10° tt at 500 GeV

Beam Polarisation
For
Beam Energies

Transverse
eTand e~
up to WW threshold

Longitudinal
e™ (£80%), e (£30%)
all energies

Use +/s ppm calibration helicity cross-sections
Monochromatisation a5=4—10 MeV no
Use s-channel H production

Higgs Physics

Hee Coupling

HHH Coupling:
from a(ete” — ZH)
from HH production

SM (me) = 15-50%

+14! — 332%

+25% — 382%
+ 27% (500 GeV), + 10% (1 TeV)

Electroweak

mz, Lz, mw (100, 25, 600 keV)

sin? 857 (3.107%) Aaqep(3.107%)
LFUV ga (107%), gv (107°)
EFT operators up to 70 TeV

High-energy polarised
Cross sections and asymmetries
for leptons, quarks and bosons
contact interactions up to 100 TeV

Flavour Physics

e/p/T LNV 10710
LFUV < 107°
b and ¢ hadrons properties
rare decays and CPV

QCD

30-365 GeV jet systems
hadronisation
as in Z,W,r (107%)

240-1000 GeV jet systems
hadronisation

New particle search

in Z decays:
Feebly coupled particles
RH neutrinos, ALPs etc.

up to 500 GeV pair production
searches in gaps left by
hadron collider




Summary |-

29.07.ZOiO

Between 30 and 240 GeV : FCC-ee

High luminosity for Z, Hee, WW, HZ;

Exquisite energy calibration at the 7Z, Hee, WW:;

Monochromatisation at /s = my;

Z and W factory with 5.10'?Z and 3.10° WW, enabling electroweak measurements,
aqep and agep determination, flavour (b, ¢, 7) studies, QCD physics, searches for SM
symmetry violations and feebly coupled particles: RHnu, ALPS, etc;

s-channel Higgs production: gge. coupling

Between 250 and 380 GeV : ILC and/or FCC-ee

Higes main couplings determined from copious decay modes in a model-independent way, FCC-ee
with clear advantage for FCC-ee at 240 GeV due to 5-to-10 times higher luminosity;
Higgs self-coupling inferred from ZH cross section energy dependence, also benefiting
from larger luminosities (up to 4o significance for FCC-ee);

Measurements of myep to better than 20MeV. Determination of top neutral-current
couplings, with some specificity for ILC because of beam polarization. v ILC

Above 380 GeV: ILC or CLIC (but competition from hadron collider)

Determination of Higgs self-coupling from double Higgs production;

Searches for new particles in the gaps left by hadron colliders. May be essential if a new
particle is discovered at the hadron collider in ILC energy range;

High energy EW processes: lepton, quarks and boson pairs, with polarised beams

Alain Blondel Circular and Linear e+e- Complementarity 21



CECD) Conclusions

Significant domains of physics exist, in which either FCC-ee or ILC is unique

For FCC-ee:

High luminosity and exquisite energy calibration at the Z, WW, and ZH energies
Unique opportunities of multitude of EW measurements, flavour physics,
searches of SM symmetry violations and feebly coupled particles.

Possibility of monochromatisation at vs = m,, , = electron Yukawa coupling
Essential synergy with the >100 TeV hadron collider

For ILC:
Unique ability to explore lepton collisions above 365 GeV to fill interesting gaps left by LHC
(or if a new particle is discovered at LHC in the suitable mass range).

This complementarity can be exploited with a suitable modification of the run plans
Leading to global cost saving and overall improvement of physics performance
compared to the simple addition of the original run plans



@
8]
ol ]

And indeed...

Prea m ble The particle physics community is ready to take the next step towards
even higher energies and smaller scales. The vision is to prepare a Higgs factory.
followed by a future hadron collider with sensitivity to energy scales an order of
magnitude higher than those of the LHC, while addressing the associated technical
and environmental challenges.

—_ R o\
High-priority future
initiatives

An electron-positron Higgs factory is the highest-priority next collider. For the longer
term, the European particle physics community has the ambition to operate a proton-
proton collider at the highest achievable energy. Accomplishing these compelling goals
will require innovation and cutting-edge technology:

the particle physics community should ramp up itz R&D effort focused
- on advanced accelerator technologles. In particular that for high-fleld
superconducting magnets. Including high-temperature superconductors;

- Europe, together with Its international partners, should Investigate the technical
and flnancial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibliity study of the colllders and
related Infrastructure should be establizshed as a global endeavour and be
completed on the timescale of the next Strategy update.

The timely realisation of the electron-positron International Linear Colllder {ILC)
In Japan would be compatible with this strategy and, In that case, the European
19/06/2020 particle physics community would wish to collaborate.
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SPARE SLIDES
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<§=® Financial Complementarity

The complementarity for physics is well established can we make use of
it to gain financial advantage?

-- Two facilities?

-- IFF we are in that situation, we could optimize the run plan and the set-up
to minimize cost (LC+FCC-ee) < cost (LC) + cost (FCC-ee)

-- the simplest way is to run each facility in its best domain of performance
e.g. let the FCC take the data at and below 240 GeV
and ILC start at 250 and take data at and above 380 GeV



(

a Top-pair threshold scan and just above: v/s = 340 — 380 GeV
+ Similar luminosity and energy efficiency at FCC-ee and ILC

Scientific Complementarity: Top phys

André H. Hoang

+ First main output: measurement of the top mass with precision ~20 MeV (stat)

e Essential input to reduce parametric uncertainties in EWPO

o Today’'s ag(m;) uncertainty is a limiting factor: 5my,, = 70 MeV
> Precise as(mz) @ FCC-ee helps: 6my,, <10 MeV

e Complementary: Effective threshold scan with ISR
> Bestresult at 365/380 GeV (~100 MeV)

¢ Second main output: measurement of the top EW couplings with % preusmn

e Can determine four couplings: g, ¢(Z,7)

2 Either with longitudinal beam polarization (LC)
> Orwith final-state top-quark polarization (CC and LC)
With lepton / b-quark angular and energy distributions

o Figure shows similar sensitivity for g, z(Z) @ ILC,,, and FCC-ee,
2 Similar result with CLIC,g,
e Only afirst look for FCC-ee: still much understanding to gain

Patrick Janot 3rd FCC Physics Workshop
17 Jan 2020
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Q@cc; Top Physics at High Energies

w0 —_
.t

More general EFT analysis of top EW couplings =— FCC-eess
with 10 independent form factors e ey o it
G. Durieux et al 1807.02121 e 87 4 2=

L 1= et it L 1t

Figure 23, Clobal cne-sigma constrainte and ecrrelation matrix deriving from the measurements

Req Uires two energies 365/380 Gev + e.g. 500 of statistically optimal observables in a cireular collider {OC-)like benchmark muin scenario

. . . . . : [r— statistirally optimal obesrmbies
Longitudinal polarization adds to the info A m—— O

Tab=! b 5 = LTV
Piet =] = (£305, TR )

= T ILCso-1000

but also given by observables resulting from
top polarization analysed by V-A decay,
having high energy point is more important!

SR B I e s s R s
Sps H =i

L Lo-* (L i} 1 10

Figure 24. Globol onc-sigma constraints and comrelation matrix deriving, frome the measurements
of statistically optimal observables, in an [LC-like benchmark run scenario

need high energy (>500 GeV) lepton collider

statistimally opiimal olservabiles
CLIC: lke run seesario
W G008 ab s = 3800V
Loab™" at fF = LATeV
Bab~h an o = 2TV
et e ) = (09, S8

CLICs50-3000

1" iy
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G== ) Turn FCC into an ERL ?

| Z (91.2 GeV) 30IIVIWI ERL | .I Ipclc_w [Bassling, 2 IPs)
- 00%

. FCC-pa (with 10% salety margin

| 1 1110

B ILC (250 GeV baseling)

ILC: iwilh lumitenengy Lipgrade)

|

paper study by Litvinenko et al
--could improve energy efficiency!

107

A CUC (Baseline)
v CEPC {100km, doutis fng)

B ERL based e'e collider at 30 MW §

s EERET

Luminosity [10% cm2s]

-- No stable transverse polarization: N 12 (260 Gy NGHH (500 GeV)
- not for Z and W! 10 = (iH (600 GeV) E
-- improve performance by large factors § Oyt 1
-- higher Lumi for Higgs, top I ' |
-- can reach 600 GeV E, 'E . L — E
10 10 Vs [GeV]
More rings, more RF Volts = cost? Main portion (5/6) of the ring arcs

e +— gt

-- not ready enough for discussion
May not be feasible or affordable
Will be studied!

14.45 GeV decelerating

25.25 GeV accelerating
electron itr

_ . . . positron

61.02 GeV decelerating “cooling” Fing  “cooling™ ring

182.25 GeV

colliding e*e-

20

with top-off with top-off

71.74 GeV accelerating
108.28 GeV decelerating

118.02 GeV accelerating arXIVl 909 0443 7

158.33 GeV decelerating

163.12 GeV accelerating
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A complementary FCC-ee / ILC operation plan ?

Disclaimer

Presented operation models are hypothetical, for illustration purpose.
The real run plan will be discussed in due time by users and committees of both facilities

Assumptions

ILC is (soon) approved by the Japanese government = ILC starts in 2030’s (no “maybe”!)
Required to allow for run plans logistics early enough

ILC claimed (upgraded) luminosities can be demonstrated
To reach luminosities similar to FCC-ee at and above the top-pair threshold
Luminosity upgrade occurs after 5 years of running at a given energy

FCC tunnel studies and FCC-INT TDR encouraged by the 2020 European Strategy
For FCC-ee to start in 2038, seamlessly after HL-LHC

FCC-ee designed and run with four IPs, maximise energy efficiency (more Higgs / GJ)
- factor 1.7 with respect to CDR values

Vs monochromatisation can be achieved at FCC-ee (Hee coupling measurement at vs = mH)
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(( SRS )) A would-be FCC-ee operation model complementary to ILC

Use the six years saved by not operating at the top-pair threshold and above
To run 2x longer at the HZ maximum
To run 3 years at Vs = 125 GeV 300
start at ZH point

. 200
o With 4 IPs, accumulate

Luminosity [ab™]

¢ 2.9ab?at240GeVinthe first 2 years
e ~600,000 Higgs in 2040

¢ 20ab?inat240 GeV over a decade 100
e Total: 4 million Higgs

+ 250ab?aroundthe Z polein 3 years
e Almost 10*3 Z produced 0

+ 10ab*atthe WW threshold in 1 year
¢ 130ab?at+/s=125GeVin3years

L1 i
10 11 12 13 14 15
Years

e -~15-30ab* with 6-10 MeV monochromatization: 15% precision on Hee 30



(G== D) A would-be ILC operation model complementary to FCC-ee

o Inthe time initially foreseen at /s = 250 GeV (400,000 Higgs bosons in 2040-45)

¢ Runinstead at the top threshold and just above

e Two years at 340-350 GeV for the threshold scan: 0.2 ab™

e 4 ab?at 380 GeV (best compromise between top and Higgs physics)

29.07.2020

> Top mass and EW couplings

> Higgs complementary to FCC-ee

2 Couplings as precise as FCC-ee
Note: Detector calibration at the Z pole?

4P

240-365

Collider FOC-eeqll | ILCsgq | Combin.
guzz () 0.11 .25 0.11
grww (%) 0.65 .43 0.31
gueh (72) 0.67 00.80 0.41
GHee (%) 0.87 2.2 0.67
GHgy (V0) 0.83 1.2 0.59
Gure (70) 0.71 1.3 0.47
guun [7) 24,
Tu (%) 0.9 1.3 .8 |
BRi., (%) 0.11 033 010
BRexq (%) 0.60 14 0.55
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Luminosity [ab™]

Topii 380
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