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Standard Model e

The beauty of the Higgs boson withexperiment, it's wrong
CMS Preiminary 2016 + 2017 7741 (13 TeV) . .
> 220F - T T Higgs potential
O 200 Z é]g?:;s) 3 2 2 )\ 4 Vi)
N =] 199-22,2¢" = — 4
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40 . : i _: 008 L M, =173.1 £ 0.6 GeV (gray)
: 10 79 :: @y(My) = 0.1184 = 0.0007(red)
20 3 ~ Olor M;, = 125.7 £ 0.3 GeV (bluc)
0™80 100 200 300 400 500 700 08 et ;; ol assuming
m,, (GeV) : validity of SM
MH = |25 GeV §_ 002 |
* optimum of the product of decay probabilities 2 ol
* near criticality of the quantum vacuum o e
002+ b Tmeadidg) = VA0S
Naturalness , u
. . 004 o o o000 N -
e is there a symmetry (SUSY?) protecting the 0 10' 105 10° 10® 102 Bo¥ M0 o P
Higgs mass and linking the Z and H bosons? RGE scale ptin GeV
The “instability scale” depends on
So far no hint of SUSY at the LHC Miop, M and os: logio A(GeV) = | |
* how much fine tuning can we bare! The Standard Model (SM) may remain valid
= HL-LHC (no NP) = 1% fine tuning up to very high energy



Beyond SM?

Known departures from SM

dark matter / energy
cosmic asymmetry
inflation

neutrino masses

Energy

,  Direct NP
424  searches

Precision Higgs
couplings

........

Electroweak
precision
observables

Precision

cf presentations by Simon Akar and Claudio Giganti

Flavour physics,
neutrino physics
and CP violation

...there iy no-experiment/facility,
proposed or conceivable (...)
which cawnv guawrantee discoveries
beyond the SM, and answers to-
the big questions of the fleld

M. Mangano

Where is New Physics!?
 within LHC reach but elusive!?
* beyond LHC energy reach!?

Higgs self-
coupling

Vector boson
4 scattering

£4  Suppressed

decays

Sensitivity



Timeline of LHC

HL-LHC

Ls1 Y
14 TeV 14 Tev energy

13 TeV
Diodes Consolidation S5to7x
splice consolidation LIU Installation cryolimit 4 nominal
7 TeV 8 TeV button collimators Cryo RF P4 inferaction | HL :'le luminosity
R2E project P7 11 T dip. coll. reqpon‘; nstallation I
Civil Eng. P1-P5
--n
ATLAS - CMS
radnnon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes L 2.5 x nominal luminosity upgrade phase?
75% AAminal bamianan, < X nom. luminosty ALICE - LHCb p— { -~
}minosiy | upgrade
Erd 190 167 380 fb 4000 1" IR
= Run-2 (pp)
PP from F. Bordry, RRB CERN 29/10/2018

* just completed
« >150 fb~'@13 TeV / exp.

w Experiments preparing for Run-3
* 2.5%xnominal luminosity @ 14 TeV
* double the statistics by 2023

m~ HL-LHC nominal
e starts 2026

|36 pile-up event BX
(CMS, October 2018) * >3 ab-'@I4TeV in 10 years
w LHeC: an e*p option at HL-LHC?
cf presentation by Marumi Kado e |/x and Q2 = HERA % 20

* luminosity = HERA x100/1000



FCC: Future Circular Colliders

I g

: Schematic of an
§ 80-100 km
g long tunnel
.
N
.

| 00-km tunnel in Geneva area

HE-LHC
FCC-ee
FCC-eh
FCC-hh

Vs L (ab™") years
HE-LHC 27 TeV 12 20
FCC-hh |00 TeV 30 25

J. (A/mm?)

Major focus at CERN:

development of |6-T Nb3Sb SC magnets
* on-going R&D on SC high-field magnets
* prepare industrialisation

FCC CDR fall 2018 CERN/SPC/1114 (2018)

27 TeV
90-365 GeV
3.5TeV
100 TeV

11

FCC

) R e he

>

first beams
2|
o e s (technically) tunnel
|.6x]03> 2040 LHC
200-1.5x 1034 2039
|.5% 1034 2043 100-km
35
3x10 2043 cf backup slide
e JASTEC 0.7 mm
= = HL-LHC0.85 mm RRP
w « = HL-LHCO.85 mm PIT
- ® KATO.7 mm

-~ ® Bochvar/TVEL 1.0 mm
~. 0 ™ © Bochvar/TVELO.7 mm

Field (T)

cf presentation by Barbara Dalena



Parton Kinematics: LHC

LHC parton kinematics
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Parton Kinematics:

10°

w0°L  V/s=100TeV

FCC-hh parton kinematics ,
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Parton Kinematics: FCC-hh

FCC-hh parton kinematics ,
10° . \ . ‘
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FCC-hh Reference Detector

Starting point Main features

* 4T solenoid, |0-m bore solenoid

* Two forward 4T, 5-m bore solenoids
* no shielding

~14 GJ stored energy

EM and H calorimetry upton =6

* high granularity (x4 ATLAS or CMS)
* trigger includes muon system

Some of the challenges
* pileup = 1000
(x10 / HL-LHC)
* radiation =
10'8 part (IMeV)/cm2
(%100 / HL-LHC)
* forward SM physics
* high-pr jets
and leptons
* |1-1.5PB/s

one billion € project

cf. presentation by Christophe Ochando



ILC: International Linear Collider

Linear e*e™ collider ,'Iﬁ

in the 200-550 GeV energy range = d2mping e~ source I

* super conducting RF (31.5 MV/m, 1.3 GHz) /\\ e

* 5 Hz, trains 730 s, 1312 bunches (2%10'°) '
* footprint:

20 km (250 GeV)

31 km (500 GeV)

et source

c
. . ILC TDR (2013) Integrated Luminosities [fb™]

Staglng scenario ILC-250 Physics Case (2017) 4000 = ch ;c-en-aﬂ-o ;‘2'0_;;93-"- ' | o | LB B B -
e« /s =250 GeV [ —— ECM =250 GeV 500 GeV -
* optimised luminosity: £ = 1.5%x10%* cm s 3000 [ _iﬂ:ﬁ?z o 4ab ]
oM = 500 Ge | ;
« +80% (£30%) e~ (e*) beam polarisation i , | 350 GeV [/ ]
- -1 : o
* (LR,RL, LL,RR) = (45%, 45%, 5%, 5%) 2000 - e | 02ab" /..
N el 250 GeV ||, P
8] S A% 500Gev /]
Strong effort by Japanese 1000|220 GVt A 15 L AN .
community to host ILC L 02abm g 18 L

e political decision expected by el | i

0
end of 2018 0 5

years 10



CLIC: Compact Linear Collider

N Lo o o 2
Compact Linear Collider (CLIC) """f"'-';/

' BN 380 GeV-114kmCUC3ED) £k

N R 1.5 %V - 29.0 km (CLIC1300) 7 Xy

Linear e*e™ collider at CERN

in the up-to multi-TeV energy range
* normal conducting high-frequency RF (X-band, 12 GHz)
e~ drive beam for RF power generation

|

TSLUNTERACTION REGION

DRVE BEAM LOCPS T Scenario in 3 stages

l """l""[‘

- n 3 ’ LA l LA A LA
SRR SRR - | Integrated luminosity
0@ 6F|l—  Total -
C L |— 1% peak 3 TeV .
! -
[ 380 Gey | 15TV > ab™ 7]
Quadrupole tPOWer-extractlon and 4r y B
. TUAN AROUND ( fansfer Structure (PETS) I | ab™ 2.5 ab™!

N

CLIC SCHEMATIC

0O 5 10 15 20 25
Year
q . - (+ o/ — o
Beam polarisation: (+80%, +80%) CERN/SPC/1114 (2018)

LR / RL = 50% / 50% 11

Integrated luminosity [ab]

o

L= 6x10% cm™s! at 3TeV Bey,
Beam power 30MW at 3TeV



FCC-ee: ete~ Circular Collider

20 GeV to final energy

Booster ring

Collider ring

Linac to 6 GeV
RF system: high-current — high gradient
3 sets of RF cavities

Vi [GV] #bunches Ipeam [MA]

Z 0.1 16640 1390

WW 044 2000 147
ZH 2.0 393 29
top 10.9 48 5.4

Asymmetric optics with beam
crossing angle of 30 mrad

FCC-ee CDR fall 2018

First-phase machine in the 100-km tunnel

built to host eventually FCC-hh

Luminosity limited by SR

* top-up injection (once per minute)
* 50 MW power/beam

* 2 interaction points

FCC-ee running scenario (2IPs)

I
1.5 ab™!

top
x10

150 ab=! [2ab™' 5ab”

'z WW  ZH
x10 x10

Luminosity [ab™']

........

Years

2039?

CERN/SPC/1114 (2018) 12



CEPC: Chinese e*e~ Collider

Project similar to FCC-ee in China

* two colliding rings and a booster
* /s = 90-240 GeV

+ IP
High Energy

BTC Booster(7T3f 8 m Energy .
= Linac

BoosteLQ)-t“Sm,g}_ Proton .
[ Booster(0.4Km) (If(i}naac)(:wm) * Hosted in a 100-km tunnel
m

which could eventually host a
70-TeV pp collider
* several possible sites

PpC Collider Ring(i“l\'m) ’

Peak luminosity (2 IPs) (CDR parameters)
* at the Z: [.7x10% ecms™2s~! (3T)

e at the W: 1.0x103> cms™2s™! Timeline .S bef

e at the H: 3%103* cms—2s-! 2013-2015 pre-studies tarts betore
' R&D the end of the

Physics goals: 2016-2022 Engineering  HL-LHC

« >3x10' Z bosons (8 ab™') Design * possibly

« 2%]07W pairs (2.6 ab™') 2022-2030 Construction  concurrent

« 10° Higgs bosons (5.6 ab™!) 2030-2040 data taking with the ILC

CEPC CDR in preparation (2019) CEPC symposium (Nov. 2018)

13



Detector Concepts

Particle Flow Detectors
* high hermiticity FCC-ee 2 detector concepts

- high granularity e CLD:inspired from CLIC detector
« momentum resolution * |IDEA: from present state-of-the-art

 high separation power

CLIC Detector

e —

128 m

cf. presentation by Christophe Ochando

CEPC 2.5 detector concepts
* baseline: ILD/SiD concept (3T)
* IDEA concept (2T)

B=3.5T

inner tracking with silicon

central tracking with silicon

CLIC CDR (2012) highly-granular calorimeters
(revised since)

central tracking with TPC

ILC DBD (2013)

14



The Electroweak Fit

t Through quantum

v Jnn corrections, the theory

2 2 - 2
W W ) , Mw* = (1 4+ Ap)Myz=(1 — sin” O
. b i establishes relations ( p) ( , cft)
between measurable with Ap = f (Mtop ,In MH)
ZIW ZIW  ZIW Z/W parameters (of order 1%)
; N I I |l I l 1 I 1 1 I 1 I I 1 I [:. I 1 I I | I 1 I 1 ’l,—
8 - 68% and 95% CL contours iy M ":f‘_":;:';bé;\:“ -
— 80.5 — W fitw/o M, and m measurements E -- 6 =0.76 GeV —
E; N fit w/o M, m and M, measurements : {| — 0 =076 ©050,,GeV d
_ I direct M, and m, measurements ’ _
80.45 — ¥ P ]
' el =< ] :
80.4 I / /} Successful experimental
L i il strate
M, world comb. + 15 o” "t - gy
80.35 [— M, =80.385 + 0.015 GeV : = ® precision at
n e 1 , . e*e” machines
80.3 I— ( T N e discoveries at
- o N 1 e - hadron machines
B e A @, . _
P SN N et
’ - \‘:\:/ ’ LW \,"\::' ‘3\: l er SM|7
-4’1" L 1 L 1 L 1 1 41" 1 L L L',’ L L 1 l L 1 L 1 l 1 l-
140 150 160 170 180 190
m, [GeV]
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Mw : Parametric Errors

LEP Comb. o m,

| I
ATLAS Preliminary

I

80376433 MeV

@
Expe rimental “u Stat. Uncertainty
Tevatron Comb. | ~ Full Uncertainty 2038716 MeV
My = 80.385 4+ 0.015 GeV LEP+Tevatron — 20295215 MoV
ATLAS 2017 —1e @20 1O NEY

Electroweak Fit

+ e\
_ 2035818 Me\

Electroweak Fit 80250 80300 80350 80400 80450
my, [MeV]
My = 80.3584 GeV + 8.0 MeV . .

° Main parametric

+ (0Mw )tn 4.0 MeV errors:

+ (O Mw)top (0 Miop/0.76 GeV) x 5.5 MeV O e top mass

+ (6 Mw)u (6 My /0.24 GeV) x 0.1 MeV * theory

+ (6 Mw)z (0Mz/2.1 MeV) x 2.5 MeV f( boson mass

+ (Mw)a (6a/107%) x 1.8 MeV o . O

+ (0 Mw)a. (6as/3%x1073) x 2.0 MeV o * Higgs mass

16



sin20.¢r : Parametric Errors

0.23099 £ 0.00053

Arg2t o
Ae(P:) . 0.23159 % 0.00041
Experimental
AR (SLD) —e— 0.23098 * 0.00026
sin® 0% = 0.23153 4 0.00016 A e 0.23221 % 0.00029
Arg0:c o 0.23220 £ 0.00081
Qrghad ° 0.2324 £ 0.0012
Electroweak Fit &+ 0.23153 £ 0.00016
sin? 0z = 0.231488 + 7.0x107°
: off o Main parametric
(5 sin” 0 )th 4.7x10 O errors:
+ (6sin” 05 )iop  (6Miop/0.76 GeV) x 2.9x107° @  * theory
o _ * X
+ (6sin® o)y (0My/0.24 GeV) x 0.1x107° . top mass
+ (§sin? 6%, (6Mz/2.1 MeV) x 1.5x107° « = Zmass
e _ ° s
+ (6 sin? 6% ) o (6a/107%) x 3.5x107° @ S
+ (6sin? 651, (60 /3x1073) x 1.0x107°

|7



LHeC: Getting More from pp

Electrons for the LHC g U SN FDE Set-‘: s oo PDES from LHeG
* Energy Recovery Linac (ERL) | of 1TeV10Tev /8 1TV 10Tev

+ 10-60 GeV e vs -7 TeV p i o

—> /s =200 GeV-1.3 TeV ;A EEEEE
e concurrent ep and pp (Run 5-6): 225 fb™! *”/ 99 Yo : 99 ]
* dedicated e*p (4 years): +650 fb™! O e W T e e

m PDFs with unprecedented precision in extended kinematic range

Many measurements at the LHC are limited by PDF

uncertainties

Mw at ATLAS (2017)  sin28.q at CMS (2018) LH‘(*:C greatly empowers HL-

+ total = 19 MeV + total =53 1075 SAlC pestlis

* stat. = 7 MeV e stat. =36 107 * NP exclusion limits

e PDF = 9 MeV « PDE =3[ 105 * cross section measurements

« QCD = 8 MeV « theory = 16 107 * precision measurements
HL-LHC predictions HL-LHC+LHeC
* 8 MeV on Mw e 2 MeV on Mw and also QCD, EWK, Higgs, BSM...
* 20 107 on sin?Oes * 4 107 on sin20c cf backup slides

ATL-PHYS-PUB-2018-026 18



Cross Sections in e*e™

107

1 O(»

10°

10

o/ftb

10°

10

—

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv

number of events

for 5ab™

D
X
S

~

Single Z

. w
102 E_Smgle

............................

50

unpolarised

Vs /GeV

At +/s = 250 GeV
e ete~ =& ZH 200 fb (Higsstrahlung)
¢ e'e” = Hvv 8fb (Wiusion)
Cross sections decreasing as |/s:
« e'e” = qq(Y) 60 pb (incl. Zreturn)
c ete” > W'W~ 16 pb
e ete” > 77 1 pb
Slowly increasing cross sections:
YY — qq, 00 30 pb (m > 30 GeV)
cey — Ze 3.8 pb
e ey — WV 1.5 pb (WWy)
cee — ZVV 32 fb (WW2)

At /s = 380 GeV
e efe” > tt 500 fb
¢ ete” = ZH 100 fb
e e'e” = Hwv 40 fb



Physics at e*e~ Colliders

Vs Processes Physics Goals Observables
Sinzeeff
91 GeV ete” > Z ultra-precision EWV physics Mz, Tz, Nv
a, as
160 GeV e*e” &> W*W- ultra-precision W mass Mw, Tw
5160 GeV e'e” > W'W~ precision W mass and couplings Mw, aTGC
e*e” = qq, 22 (Y)| precision EW (incl. Z return) Ny
250 GeV ete- = 7H ultra.-|:.>reC|S|.on Higgs mass M
precision Higgs couplings Kv, K, ['H
360 GeV ete” O tt ultra-precision top mass Miop
ete” M tt precision top couplings
>360 GeV ee” — ZH recision Higgs couplings
ete- = HvV P on Higg pling
e'e” = ttH Higgs coupling to top Viop
e'e” = ZHH Higgs self-coupling AHHH
500+ GeV ete” > L > ff search for heavy Z’ bosons

ete” = XX
e'e” & AH, H'H"

search for supersymmetry (SUSY)
search for new Higgs bosons

20



Luminosity of e*e~ Colliders

o -Z P l CLIC CDR, 2012
Z(91.2GeV) :40-46x107 ¢cm~s
C\(.ID | o } : CLIC staged scenario, 2016
= FCC-ee (2IPg) ILC TDR, 2013
o | | | ILC Physics Case, 2015
> 5 | ILC Physics Case 250 GeV, 2017
= 10 ..y ..... FCC-eeCDR,2018
— - | LEP3 Physics Case, 2013
> | CEPC pre-CDR, 2015-2018
= i
8 240 l."lm\' < 10% cm
£ 10} |
- | |
- ! | X
.
I I .
| |
. 1LC250 (opt.)
: HZ (250 GeV) ‘: 5x 10" cm ‘5"#
s B
10° 10°

\'s [GeV]

Circular colliders
m high-luminosity from Z peak to top pair threshold
Linear colliders Circular and linear Pros&Cons

m extendability at high energy and beam L-polarisation see backup slide



Physics with 3x10'1 Z Bosons

Precision Electroweak Measurements at the CEPC

0 010' m Current accuracy

CEPC

m CEPC: baseline and improvegents

0.001}

1074|

Relative Error

10-5|

10-9|

10-7L

Jump by
factor 5 to 20
in relative precision



Physics with 5x107%2 Z Bosons

FCC-ee main source of
observable present value from ]
stat  syst systematics

Mz (MeV) 911875+2.1 0.005+0.100 e e

Ine shape beam energy
+ +
FCC-ee [z (MeV) 24952 +2.3 0.008+0.100 calibration
sin20qf (x10°) 23153+ 16 0.3 £0.2-0.5 AgH0
Ar®0 (%104 992+16 0.002%1-3 b-quark asymmetry b-jet charge
Re (x103) 20767 £25 0.06 £0.2-1 hadrons to leptons
lepton acceptance
s (X 10%) 1990 + 25 0.1 £0.4-1.6 Re
cf backup slide l/x (x103) 128952 + 14 4 +<| ArsH off-peak

Ohad® (pb) 41541 + 37 0.1 £4 , luminosity
peak cross-sections

Ny (x10% 29840+82 0.05%10 measurement
From asymmetries and

= continuous +/s calibration by RDP partial width measurements,
» 100 (500) keV at Z-pole (WW) improvement by | to 2 orders of magnitude
wm energy spread (~60 MeV) at 1% on Z vector and axial-vector couplings
from scattering angle of Y pairs to leptons (e, U and T) and quarks (b and c)

m VW+Si luminometer
Also a flavour factory

cf backup slide
23



W Mass at ete— Colliders

ILC at threshold with polarisation
use LR to enhance WW

use RL to measure backgrounds

use LL and RR to control polarisation

500 fb~! (£80%,F30%) = dOMw=2.l MeV (statt+syst)

A run at v/s = 160 GeV not in the
current staged running scenario at the ILC

Above threshold

WW Cross-Section (pb)

4 . - — v
| GENTLE 2.0
. [ with ILC 161
- | beamstrahlung*

* | Each set of curves
' has my, = 80.29,
33 180.39, 80.49 GeV

20 - With |P] = 90% for e

'and |P| = 60% for e*

Need 10 ppm error

Example 6
points in \s
78% (-+),
17% (+-)
2.5%(--),

2.5%(++)

d (1.+)

Klli \\/s to tal\'ﬁct 2 Lep _— (0,0)
eVonm .-

| i / —— B - ] (+v+:
g N e : (+,-)

0
150 1528 155 1575

162.5 165 167.5 170

1000 times LEP-2 statistics
* much better detectors

FCC-ee at threshold, unpolarised

Center-of-mass energy (unc. 0.3 MeV)
* known by resonant depolarisation
Luminosity (unc.<2x[07%)

 from Bhabha events

Carefully chosen energy points

Center-of-mass Energy (GeV)

E 12 FCCee W-pair threshold

= e M, =80.385 GeV [,=2.085 GeV

> [] m,,=79.385-81.835 GeV, I',=2.085 GeV
=10 [ ]m,=80.385GeV, I',=1.085-3.085 GeV
©

AMw = 0.7 MeV
Al'w = 1.5 MeV

170
s (GeV)

24



Top Mass at Pair Threshold

Which definition for the top quark mass?
 HL-LHC — MC mass with uncertainty <200 MeV
* can the pole mass be determined at better than O(Aqcp)?

—y
PaS

b
n

cross section [pb]
o
(o' TN

O
o

o
FS

0.2

__ —TOPPIK NNLO
- —CLIC 350 LS+ISR

— W— R
_ ti threshold - 1S mass 174 GeV

/ based on CLIC/ILC Top Study

I

;llll

— ILC 350 LS+ISR
— FCCee 350 LS+ISR

1

— EPJ C73, 2540 (2013) -
1 l 1 l 1 | | | l
345 350 355
\s [GeV]

3 1 : ) ) hwﬂ.":’
o = 1 threshold - QQbar_ Threshold NNNLO
- 0.9 = ISR + FCCee Luminosity Spectrum
O 0.8 & —detaur - 171.5GeV, I, 1.37 GeV
b s m, variasons = 0.2 GeV
»n 0.7 — I, variations + 0.15 GeV
2 FCC-ee
206
©05

04

0.3

340

= simulated data points
201"/ point

prediminary

based on EPJ C73, 2530 (2013)

350
Vs [GeV]

345

Threshold mass

* safe definition

 can be translated
to pole mass with
uncertainty <100 MeV

Energy scan

* optimal choice of points

* typically 20 fb~! per point
* stat: | 5-20 MeV on Mop

* theory (NNNLO): 40 MeV

> T Y T Y
P

=10 ILC 350 GeV

8 CLIC 350 GeV

- — FCCee 350 GeV

% Aormakzed over A4l enesgy range
®10°

10*

L A

330 335

| - |

340 345

\s'[GeV]
Different luminosity spectra
at different machines

S
®1.55¢ LC. 10x 108", 0.53
) Fomf = 171.5GeV B
15 r,«1376ev §
I 20 emplate M 1)
§ 145} 04 P
. F x
1.4 "
03 8
1.35 S
13 0.2 g
1.25 L pre l'l»ln.vy. 0.1 %
L based on CLR
1.2 [ erJcrs, 2530 (oD §
3 0
1713 1714 1716 1718 1717° &
fitted m, [GeV]
also:

* [op at <100 MeV
* indirect ywop at 10%

350 355 360

25



The Ultimate Electroweak Fit

/" HL-LHC
FCCee
(direct) ’
L I I 1 I | I 1 1 1 ' I 1 ’
> - ! ! ! A
8 ~ 68% and 95% CL contours —_~"FCC-ee
= 80.5 — Il fitw/o M, and m, measurements (Z pole) | o
Eg _ fitw/o M, m and M, measurements | f—°= _F 77 .
_ I direct M, and m, measurements SM Rasteregly
80.45 — . . .
B 170 172 174 176 178
— - (GeV)
- 7 o
80.4 s
B i i AR assumes that
2 e = relevant theoretical
— M, world comb. * 1 L” I - . L.
80.35 |— m,, =80.385 + 0.015 GeV ) = uncertainties are
_ L - - - reduced to not
- o ] _ dominate the set of
80.3 N ) g parametric errors
- . 3 L _
B " 6\“00 Q’O‘"\k - ol _
~ 0, - P> »® .7 : ¢ |
80.25 — T S NG o fitter|sv): -
-"I’ 1 | 1 1 1 1 1 ,l"l 1 1 L’,] | 1 I 1 1 1 1 I | l— Through SMEFT
140 150 160 170 180 190 probes energy scales
m, [GeV] in the A>20TeV range for

certain NP operators
FCC-ee CDR (2018)
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Fermion Pair Production

e’ f
(68Cflojrm facto.rs) e FilaY =0 in SM
“conserving ED gauge invariance
FivY  FiaY (QED gaug )
FivZ FaZ Tensor couplings
LR couplings FavY'% FanY'” ) I?IT/EM CP violati
~ gLZ gRZ f AV are violating
At tree level in SM sin26w ~ 0.234
lepton b quark top quark
FivY - -1/3 +2/3
FoZip 2 VTASBw  I=(@3)sinBw  1-(8/3)sin™Bw Third generation of quarks
VITIA +0.064 +0.688 +0.376 = top fl”azlk - EWSE cca
g2 ~0.266 ~0.422 +0.344 refated to the scale
* top Yukawa close to one
gr” +0.234 +0.078 ~0.156

w (partially) composite?

m b quark: top isospin partner
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b-Quark EWK Couplings

Observables sensitive to
chiral structure: 0 and Arp

Cross section

'§ T rrrrrorr ~:
b" -+
" o) 3
® ILC250 GeV -
* LEP 4
- .
" «e :
e 0 00 3
| “
10° ) ([
I -
I “
10 3
P BT T T T O 1"‘."1‘67'7&

50 100 150 200 250
/s [GeV]

Forward- backward asymmetry

808:1 L] ] | T L I I J L I l | pr—
< | Q ]
| 3
¢ 4, E
@
..... ‘4! .

[/

/!

|/

' <4
TS LC250GeV ]
+ LEP
» Others
—e

!

) - lllLlLl_‘
200 250

(s [GeV]

S. Bilokin at al, arxiv:1709.04289

Differential cross sections as a function of cosO;
S (I + cos?0p) + A cosBy

..................................................................................

120001~ """} Generated 1 180057 ‘...  Generated ‘ ILC-ZSO
() Reconstructed 16 00 () Reconstructed F 1
) corrected t ) comectea H - 2 5 O fb_ !
10000: Z return background * 1400" Z return background :
cC background | ¢¥ background 1 H
CTYzzZAWWbeakgrownd 00 2 4 F T 22 ZH WW background # (ILD full SIm)

1000 . RL &“ :
8°°{"t' e 7 blue:

‘ | corrected
400! , for charge
- | migrations
AN A\ NN ‘ . (from data)
0708 06 04 02 0 02 04 06 08 1
cos#,
Excellent b- and c-tagging 4
m size of the beam spot : X
m particle identification . // -
o % D / \
b-charge determination .
* on event-by-event basis [
 sum of charges at secondary Ip ILD
and tertiary vertices —
~15 mm
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Tackling the LEP Anomaly

Zz
R

Long-standing anomaly
* 2 2.50 tension between

Arg? and AggP

|

* 30% deviation of 30% of the
gr? coupling

* hint of heavy quark
compositeness!?

-0.2fF
-0.4f
-0.6F

-0.8f

;llLlALl;Ll;LllllLl R

-

2 015 -01 -005 O

ILC-250 with beam polarisation provides access

to vector and axial couplings

* Ogr%/gr?~ 2% (10% at LEP)

* discard or confirm the anomaly with >50
confidence

* sign ambiguity in the anomaly can be resolved

also:
’ constraints on tensor couplings

m sensitivity to BSM scenarios

(e.g., Randall-Sundrum)
F. Richard, LCWS 2017

10

0.05

WA

.olllllllllllllllllll lllllll

-lllllll l

YT T T T
s

-

= -

-

II 11]!

11111

padaaadase bl laaaleny

llll

|
0.1 0.15

2 - L1
2 -015 -0.1
SQf/gf

005 0 005 01 015

3 Relative accuracy %

LEP1
ILC 250 GeV

gLZ

gRZ

FilVem F1VZ FI1VA

R. Pdschl, Tohoku 2018

0.2
39719,

x5 better
than LEP
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Top-Quark EWK Couplings

Focus on most sensitive channel: 5000 ‘ 6ol
i i ° [ —ee; LR
d semlleptonlc (444) 4000 - —Rlégonstructed with cut on %2 S
ete— — tt = £Lvqqbb (£ = e, M) - - SM Background
3000 | *~Generator - Whizard
- RL
ILC 500 fb~'@500 GeV 2000
* precise reconstruction in both polarisations 1000 E
* b-charge needed to solve ambiguities in LR : -
* 2% precision on Ars T T
- - : -y ILC TDR : : 6
* improved precision with full statistics cos(6,,,)
J. Rouene, PhD thesis
. € [ LHCRun-3 Buc
* compensates lack of polarisation with gw" .

statistics (one million tt events)
* final state polarisation extracted statistically
from 2D energy/angular distribution of the 102
lepton (polarisation transferred through the
V—A decay of t = Whb)

] ]11]]'][

T 1 111”[

10° L |
P. Janot, JHEP 04 (2015) 182 g Ae ¢ r fa
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Top Quark: Sensitivity to NP

e*e” machines (ILC, CLIC, FCC-ee)

m more than one order more 6g% /g%
precise than the LHC
Light top partners Alternative 2
, 20% -+ @
arxiv:1505.0
ee also: arxiv:1608:64537 R Statistical error:
arxiv:1503.013 ILC Precision \s ~ 500 GeV/
. N e L = 500 fb™
LHC precision S
RS with Z-Z’ Mixing S.\I\
—— - \ = & :
-20% 10%

-330%

Light top partners Alternative

5D Emergent
&

Limitation at energies just above threshold:
* vanishing axial-vector couplings
* large QCD uncertainties

ILC optimal energy: /s ~ 500 GeV

——— 094/ 9%

FCC-ee Precision

==

Vs = 365 GeV
L=1.5ab™
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Higgs Recoil-Mass Analysis

s’
’
,

Higgsstrahlung in leptonic mode
ete— & ZH — £0*0H
m selection and acceptance independent
of Higgs decay channel
w high signal purity
wm- major backgrounds: 2y, ZZ, and WW

o~ 2001

less than 3 orders of
magnitude below

/ e'e” = qq

reconstruct Higgs events
independently of

(7)) - T v v —r—r—r—r—T—
H =
3 B —* Data ' the decay channel
1) 400 - —— Signal+Background
a Signal
300 - Background _ full event reconstruction

e'+e = u'u + X @ 250 GeV
200

See presentation by
Christophe Ochando

IYI‘IIIYYIIY

100
990 120 130 140 150 ~ Recoil mass:
Recoil Mass (GeV/c 2 2
( ) MX:S+MZ_2\/g(pU+ —|—p'u—)
Z—qq (60% vs 3.5% for Z—up)
can also exploited at the price of a small w with 500 fb~! at /s = 250 GeV
dependence on the Higgs decay ¢ SMy = 28 MeV

cf backup slide
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Higgs Decay Branching Ratios

Typical precision on 0XBR meas. ZH — £+£- + nothing

ing BF(H — invisible) = 100%
ILC at 250 fb~' at +/s = 250 GeV sop, 2Ssuming BF(H = invisible)
(~75 000 ZH events with LR pol.) 2 1800} [— Swnal m,=125 GeV s’ fs=2aGev
@ 1400? '_':""
| 00 zH/OzH 1200}
ILC TDR Vol. 2 - Physics (2013) ” 6% 1000?— CMS simulation
5(TxBR)/ 800}
BR (125 GeV) (GXBR) 600 2
400}
H — bb 58.4% 1.1% - Aoy
H - cc 2.9% 7.4% b - =
H - gg 8.2% 9.1% M., ... (GeV)
H - WW#* 21.4% 6.4%
H- 11 6.3% 4.2% 0(ZH)xBF(H—ZZ*) is proportional to grzz*/lH
H— ZZ* 2.6% 19% m  measurement of Iy
H— Yy 0.23% 34%
H— p'p” 0.02% = Also:
H — inv 0% <0.9% Higgs spin determination from rise of

HZ cross section near threshold

. oL . measurements at v/s = 215 and 225 GeV
Neat, but still, statistics is an issue ( \/ )
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Predicted Statistics of Higgs Events

now aiming at much integrated £ in ab™

higher statistics i@ # of years # of H events
ILC-250 2 (250) 13 0.5M
ILC 2 (250) + 0.2 (350) + 4 (500) 25 |.6M linear
CLIC | (380) + 3 (1500) + 5 (3000) 25 |.5M
FCC-ee 5 (240) + 0.2 (350) + 1.5 (365) 8 |.2M :
circular
CEPC 5 (240) 10 |.0M

one “year” data-taking time between 0.5 and 1.6x107 s

S || MG TG 8 o o
S r :]zn 2 E . s (Vs =
N 77 a 1 From the recoil analysis (v/s = 250 GeV)
%’ 20 ;Izz FCC-ee - with of the order of IM events, OzH can be
o [ LWW : determined at the 0.5% level
TR :
15[ - _
i ] 0(e+e — ZH) — 07y X gI%IZZ
10F .
sk 1 Note:
| | : 30 ab™! at FCC-hh 100 TeV (25 y)
: S L ereri P b => 40 billion Higgs boson produced!

50 60 70 80 90 100110120130 140150

a small fraction usable due to backsrounds
mRecoiI (GGV) ( g )
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Higgs couplings

m- to extract couplings from BR, one needs a measurement of the total width ['H
m to measure the total width, one needs at least one partial width and BR

P(€, e")=(-0.8, 0.3), M, =125 GeV ———————————————

400 [T T ) g = ke |3
[ II LCI LRI ----- ISM alfiH ] 000F e I
( ) 1 [ Ple.o) = (08403 & P g
— . - 1500 |- : e .
2300 il ——WWiusion - FCC-ee 8L e wmm |
5 N G000 - 500 GeV e
- ) . | W ™
"5 [ § ! ZH . _ P— - / — ’
¢ 200 7 E 1 200| e = 500 | . H—bb :
73 fo R x 1 ]
O 100F; R I 111 1 150
0 Huw : / H) / GeV
§ ' Hvv e
O‘k";.-:]'ll..“l.,..ll....l....l..... O—J | Y
200 250 300 350 400 450 500 200 250 300 350 .400 W fusion

\'s (GeV) Vs (GeV) HVVA

At given energy (>250 GeV)
o(WW — H) x BH = XX) _ (ghww X 9ixx)/Tn _ girww

oc(ZH) xBH—XX) Itz X Jixx)/TH B Itizz
XX =bb, WTW~™

w Measurements of ghww and ['H
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Higgs Couplings

FCC-ee TDR (2018)

HL-LHC ILC CLIC FCC-ee CEPC
Js (GeV|] 14000 250  +500 380  90-240  +365  90-250
L (ab 3 2 +4 0.5 5 +1.5 5
DiYears | 13 I5 +10 7 3 +6 7
ZZ (%) 35 0.38 0.30 0.80 0.25 0.22 0.25
WW (%) 3.5 18 0.4 1.3 1.3 0.46 12
T (%) 6.5 1.9 0.8 42 | 4 0.8 | 4
tt (%) 42 - - - - 3.30) -
bb (%) 8.2 18 0.6 1.3 | 4 0.7 1.3
cc (%) - 2.4 12 1.8 18 12 18
gz (%) - 2.2 1.0 | 4 1.7 0.9 | 4
YY (%) 3.6 1.16) 1.00) 47 47 1.30) 47
Mh (%) 50 3.9 1.7 6.3 2.8 15 26 () comorating
exo (%) - <l|.6 <l.3 <l|.2 <l|.2 <l.0 <l.2  HL-LHC results

ILC: using K-framework

* simple scaling of the couplings HL'LH(F MRS OwH but the
* no operator formalism extraction of giH is model-
* no assumption on total width dependent (through Gprod and I'H)

* benefits from ['H at e*e™ machines
ILC couplings using the EFT

ILC Physics TDR :
Y see backup slide
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sFitter e*e~ Comparisons

R. Lafaye et al, arxiv:1706.02174

_ e*e” colliders, assuming completed HL-LHC (3 ab™! at 14 TeV)
.a“?itter

G =y (1+A,) T#ET), Aty 68% CL

0.11

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

== ILC-base  wmm ILC-lumi === ILC-stage ' )
wem FCCee-base === FCCee-350 we Ohe o=CUIT.
1

9 ¢ ¢ % % < ¢ % W ® 9

Y

w already powerful programme at 250 GeV
wm- compelling reasons to reach higher energy

* access to W fusion production
* top physics (mass, couplings)

* constraints on A

* BSM reach
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Sensitivity to BSM Models

MSSM (tang = 5, M, = 700 GeV) MCHMS (f = 1.5 TeV)

5 15 % 15 o

. £ y A W b T c t 1 = : VA W b T ¢ t E
Different new £ 10%f 3 £ 10%F -
c -

M .3 3 - ° ° -
phZI'SIICSI (l\iIP) : sl ; § 5of composite Higgs :
models lead to = . = - -
. g 00/0_ I S — .. ..... .._': % 00/0- ....................................................... _:
different patterns 3 : - :
O d s = J

of deviations 8 -5%F pMSSM r § 5% =8 F
- - [ : x* - 1

-10%} e qummum(wmp«mm-: -10% 3 ILC Projected Higgs coupling precision (modek-ndspendan) <

I 500 Gev, 2000 " @ 350 Gev, 200 1" @ 250 Gev, 2000 8" ] [ B 500 Gev, 4000 " @ 350 GeV, 200 1" @ 250 GeV, 2000 %" ]

15 Mode! prediction ; 15 . —— Mode! preciietion o

Percent level precision is required !

20

20 p ©
SM
ML LCc250  Lc2s0cev.2an’(id 18 +ILC-500 ILC250GeV,2ab [l 15
i PMSSM g S W P +350 GeV,0.2ab [l . <
2HDM-II Higgs and cTGCs 2 2HDM-II +500 GeV, 4ab’ 2
2HDM-X EFT interpretation 14 g 2HDM-X Higg§ and cTGQs 14 g
HOMLY :i g A EFT interpretation :i g
iy Composite SMEFT 8 iy Composite (d))
8 © 8 ©
LHT-6 - LHT-6 —
6 © 6 O
LHT-7 © LHT.7 ©
4 9 4 9
Radion E Radion E
2 2
Singlet Singlet
0 0

St PUSSZHON 5 OM 5p10M Moo fiT-6 AT > Pacio, gty

T. Barlow et al., arxiv:1708.08912
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Higgs Potential and BAU

Double Higes production
Vit = —1%|9]* + Mo[* a8 P

‘ HH productuon at 14 TeV LHC at (N)LOi m QCD

Higgs potential:

e My=125 GeV, MSTW2008 (N)LO pat (68%¢i)
10? 3 - '--\__\
MH ?é V 2)\?}2 30 fb b : .
Cs . PO—1HH \\ . Q
10° s e Z
e — g
w'p " v g
, e B 14TeV {3
s 2 a0 Tz s 4
Mg
24 order transition | st order transition e — —
=: H V¥ :
. Sob e
Baryon Asymmetry of the Universe (BAU) T / o e
* electroweak (EWK) baryogenesis requires T o — 3
el o ttH HZ 3
It order electroweak transition ° [ ]
b E
* Mu = 125 GeV — 29 order 03
Y4 ST
« EWK BAU implies a modification of the Higgs 107 ZHH| 3
potential 10-2.,.......,.......
; o 1 2
* il takes O(Il) deviations on A to get |t order 0 000 000\@ [GZ({(/)]O
ete— - ZHH

CLIC with 2.5 ab™'@1.4 TeV+5 ab~'@3 TeV: AN = *!1%_5
A. Robson, ECFA, Nov. 2018 39



Self Coupling at e*e~ Colliders

m OzH and OwH receive one-loop vertex corrections
which depend on the Higgs self-coupling AnnH and
vary with energy

e VA e’

|
|
~ |
N

M. Mc Cullough,
PRD 90 (2014)
015001

0.02¢
w Up to |.5% effect on Ozn at /s = 240 GeV 001l
* OzH with 0.5% accuracy |
* degeneracy between dK) and 0Kz g 0.00f
-0.01¢
Two energy points are necessary to break the
degeneracy -0.02;

FCC-ee (2IPs) : model-independent constraint
on 0Ky at the £35% level

350 300 350 400 450 500

Vs [GeV]

v VFCC-eeV, from EFT global fit

.......

——  5/ab at 240 GeV

= +0.2/ab at 350 GeV ]

««=-« 350 GeV alone 1

AAAAAA

Ay’=1 ]

{ correlation
1 due to

] interference
1 effect

see also arXiv:1711.03978
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Self Coupling at the FCC-hh

o(hh—bbyy) [fb] Significance
Factor 40 in cross-section / HL-LHC o0 S 1°
w0 T s ) :
10 =8V R R ]
- P O N .
l > 1.2 pb ¢ - ]
1.00+ : = ot - A '
. Z & s P " ;
- = = o8 S 71°
— 020+ '!S I ¢ j: .
2 =) > o -
< 0.10} 5 7140 fb T .
0.05'- ; E.‘ ...............
L0 E ’
ooz 730 b T
001} ; ; 0
= — -1 3
10 15 20 30 50 70 100 Ky,
\/: [TeV] PRD 97, 113004 (2018) FCC-hh Simulation (Defphes)
| I
m- HH — bbyy is the Golden channel the FCC-hh S o Lesow’ .
. - 3 .
* ttH is a resonant background S sooof
bbyy | bbZZ*[—4f] | bbWW#[—2jfv] | 4b+jet = E
20000 =
0Ky | 6.5% 149 40% 30% : -
m Nature of the EWV phase transition and the BAU

* first order implies strong deviations from predictions

130 132
m_ [GeV]|
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Higgs Couplings at 100 TeV

Large kinematic range for Higgs N e
[ — % _1
product|on N=0(Prs>Prmin) X 30 ab 100 Te\I/
e different hierarchy of production 30 ab
Solid: gg—>H 4
Proce.s.sels Dashes: ttH
- sensitivity to effects at large Q2 -
~ o Dotdash: WH |
At pt > 800 GeV N -
* millions of events \w\ - - -
* ttH production becomes dominant T~ e
. + _ R R 102 1 1 1 1 1 1 ’ 1 1 1 1 1 1 l \I D | I
Complementary with e*e™ precision 1000 2000 3000 4000 5000
PT,min (GGV)
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
2 SALARARE A R EEAE RAARE A RAARE RN R 3 AN LARRY RARAS LAY RAAAE LAARE RARAN RALLY RARLE
=~  (s=100Tev et (s = 100 ToV |
= | -~ -
g L=30 ab” 3 L=30 ab” Rare decays
t 10 E 10f- =
r f 5 : 3 * absolute measurements
§ I _— : . .
s fsmeryst ‘ - / * ratio to known decay in
o ol L + +| i e . . . .
T E e SB}// fiducial region
@ - - - .
s t i ¢ reduced systematic
b stat. only f_— stat. only . . . .
ok BgR(H >77) * Houn 1 uncertainties at high pr
= H i .
: (= contp) m percent-level coupling
RO T R TV TOR TPV Rl O TV OO POV PP PPN TP OV IV measurements
100 200 300 400 500 600 700 800 900 1000 50 100 150 200 250 300 350 400 450 500
Py, 1GeV] P} i [GEV]
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Unitarity and the Higgs Boson

w |In the SM, the Higgs boson “unitarises” the longitudinal W scattering amplitudes

Gauge . (Ecm/Muw)? Higgs
W W, 10° — pep——re——yyiy
; —>
E W+ W — Wi +Wp W NS Wi,
W - 10° . With the Higgs:
L + L Gauge H . exact cancellation
Wr, Wr, 10° JJJ‘I‘)\'\—\’\\ of the
_ 1074 W S
) L L unitarity-violating
o - + E? dependance of
W Wi 10 Wi Wi the scattsering
+ - H cross section at
Wi, 447 10’ {7 high energy
] WL WL
100 1 . + oo
Wr, Wr, 10° 10° 10’
+ coe ECM (GeV)

Crucial closure test of the SM
* either the Higgs regularises the theory fully
* or New Physics shows up a the TeV scale

e anomalous TGCs and QGCs
* new Higgs or gauge particles

Elucidation of the EWSB sector

* probe SM in regime where the EW
symmetry is restored (v/s » v=246 GeV)
by studying longitudinal gauge boson
scattering in the |-5TeV energy range
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FCC-hh: Selected Measurements

Scattering of longitudinal vector bosons (VBS) VBS WL W, same sign

* sensitive to the relation between gauge 6 — Inl<25 Inl<45 Pr>30Gev
couplings and the VVH coupling . :Z:::Z :::::2 Ziiﬂiii

* large QCD and EWK backgrounds

* two jets at large backward and forward
rapidities

* azimuthal correlations between the two leptons

relative cross section uncertainty

104

FCC-hh
|00 TeV

Relative Uncertainty (%)

A precise measurement necessitates
leptons down to |N| = 4 and
jets down to |n| = 6 5 10 15 20 25 30
in conditions of 1000 pile-up events! ntegrated Luminosity b

x10’
. [ dd_\J [ﬁ} optimalR + 1,/1,<0.4
Extraction yiwp from o(ttH) / o(ttZ) use Higgs g M 10 A
* most systematics cancel in the ratio properties (I'H) - FCC-hh f H
| o | frome'e™ o |ooTev / |©
Use all possible combinations of final states L |
* exclusive and boostedHiggs and Z decays 4 _ A\ J *\
. . . 1z W
* semileptonic and boosted hadronic top | 7 A
2} I/ A "‘ !
. L / A ‘ \
Measurement of the Nu/Nz ratio at the 1% level S \\g
=== I D SN .
0
60 80 100 120 140
OYtop/Ytop ~ 1% (stat+syst) My [GeV]



FCC-hh: Exploration Potential

m Mass reach enhanced by factor 5-7

depending on luminosity

m Sensitivity to rare processes
enhanced by several orders of
magnitude

SSM Z' in dilepton

LA | LB A [l'll'l LILJ

LI ) LB lllll iy

FCC simulation

srssssds . - .

10‘e

Int. Luminosity [fb)
=

. —————

| i
~  Intdgrated luminbsity versus thass lér abd

I AN NN ..

25 30 35 40 45
Mass [TeV]

LAl 11113

20

LAl 111

15

-1 111
107510

alpp — Z')"BR [pb]

HH — WW
HA — BB
WW — FA
WW — BB
T, — LLCP
T -»LLCP
[
- T,
gy —
69 — R K,
& — o, a

95% CL Limits
14 TeVv,03ab™
B 14 Tev,3ab™

5 ¢ Discovery
I 100 TeV, 3 ab’
B 100 TeV, 30 ab™

15 FCC simulation = Median expected.
E [ 95% expected
I \/§= 1007eV [ 68% expected
10 -
0 [Ldt = 30ab™"
&
0%
10‘3E—
4
10"5
10°E
10°%
10””[11 a lllllllllllllll W e
5 10 15 20 25 30 35 40 45 50
Mass [TeV]

10

15 20 25
Mass scale [TeV]

wm- FCC-hh can push
the limit on fine-tuning
to 10

m FCC-hh has the
potential to discover
new resonances in

the O(10TeV) range
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Tentative Scenarios

Ce sovt les millons dépensés
Aans |"étude P(éa\ able demontravit
que ce projet est Foirevr qui

w |n the following we present a few selected scenarios el (onm;sne,\f 5 le poursvivte.

m- Schedules are taken as advertised by the projects
* some estimates may be more trustable than others \ﬁ?\ J[\

m Some level of common sense is unforced

a(plv'f/r G'OQ-CQ'

* avoid several major running machines in the same lab -
* avoid several 100-km class tunnels in the World

m- Scenarios are evaluated on the basis of 7 physics criteria evaluated at date 20XX

Circa 20XX

Direct NP New physics reach potential
flavour, top  Potential in flavour and top physics
Higgs Sensitivity on Higgs boson couplings the scores dre

ttH, HH Sensitivity on top Yukawa and Higgs self couplings arbitrary, they are just
meant as input to the

EWK@TeV Sensitivity on vector boson scattering at TeV scale .
afternoon discussion

EWK Fit Sensitivity on electroweak precision observables
EWK Vacuum Sensitivity on top quark mass and Higgs boson mass

wm- Let’s first focus on CERN only scenarios...

46



HL-LHC

202
2030

2040

2050

Run 3 Run 4
150 fb! 300 fb! 14 TeV

circa 2040

o direct NP

* flavour, top

* Higgs

ttH, HH
EWK@TeV
EWK fit

EWK vacuum

Run 5

2 ab1

Run 6

3 ab

HL-LHC




HL-LHC+LHeC

o o
AN o < LH
o (@) o o
AN AN AN AN
Run 3 Run 4 Run 5 Run 6
150 fb-1 300 fb-" 14 TeV 2 ab-! 3 ab-
. I | m HL-LHC
0.06 x 7 TeV
ERL 50 fb1 225 fb-1 1 ab-!
LHeC mmmwm I -
— LEP-3 ?

circa 2045

o direct NP

* flavour, top

* Higgs

ttH, HH
EWK@TeV
EWK fit

EWK vacuum




HL-LHC+FCC-ee

o o
N (g < L0
o o o o
AN AN AN AN
Run 3 Run 4 Run 5 Run 6
150 fb! 300 fb-! 14 TeV 2 ab 3 ab
I I . I HL-LHC
civil Z WW HZ 350|365 GeV
engineering installation |150ab' 10ab' 5ab" 0.2 [ 1.5 ab"'
FCC-ee NSNS I
— FCC-hh
2060+
circa 2055
e direct NP
* flavour, top
* Higgs
e ttH, HH
« EWK@TeV
e EWK fit

EWK vacuum




HL-LHC+HE-LHC+ILC

o
AN ™ < L0
(- (- (- (-
AN AN AN AN
Run 3 Run 4 Run 5
150 b~ 300 fb* 14 TeV > 2 ab!
EE @ Emm m HL-LHC
LHC removal
& installation — 27 TeV — 10 ab"!
HE-LHC s - o
(20 y)
250 GeV 500 fb-1 2 ab-1 50(? GeV _ 4ab
ILC s - -
(10y)
circa 2060 2
CditectNP Sl — FCC-hh*
 flavour, top Aok ok oxgA¢
e Higgs TN
e ttH, HH WIRORTOX
« EWK@TeV ool
+ EWK fit Y g g phek

EWK vacuum



HL-LHC+HE-LHC+ILC+CEPC

o o o o
N ™ < Tp)
o o o o
N N N N
Run 3 Run 4 Run 5
150 fb1 300 fb-" 14 TeV > 2 ab-!
| — - HL-LHC
LHC removal
& installation — 27 TeV
HE-LHC s ] I
(20y)
250 GeV 500 fb- 5 b
ILC I B 500GeV - sab
‘ civil y4 WwW HZ (10y)
CEPC engineering 10 ab"! 5 ab"’ 2 ab-
I |
| = = 0
circa 2060 installation >70 TeV
. direct NP Yedocicde SppC ? s
 flavour, top IIRONN
* Higgs FRTTON
e ttH, HH TR
 EWK@TeV s
+ EWK fit Py

EWK vacuum



HL-LHC+CLIC+CEPC+SppC

o

A ™ < Ty

o o o o

N A A N

Run 3 Run 4 Run 5
150 fb-’ 300 fb-! 14 TeV > 2 ab-
| R - HL-LHC
380 GeV 2 ab 1.5 TeV 3 ab™
CLIC I I I :
civil Z WW HZ
CEPC engineering 10 ab-" 5 ab-! 2 ab1
I |
| i llati 70 TeV

circa 2060 installation > e
Cdirect NP S SppC ? mmmmm——
 flavour, top IIRONN
e Higgs TN
e ttH, HH YA ghoha ko
- EWK@TeV A gkoho ko
+ EWK fit Fririededs

EWK vacuum 50w



HL-LHC+HE-LHC+CEPC

N (g < 8

o o o o

AN AN AN AN

Run 3 Run 4 Run 5
150 fb-’ 300 fb! 14 TeV 2 ab1
o msm wm  HL-LHC (+LHeC)
LHC removal
& installation — 27 TeV — 10 ab™
HE-LHC meas I ]
(20 y)
civil Z WW HZ 365 GeV
engineering installation 10 ab- 5 ab! 2 ab1 1.5 ab!
CEPC mmmmmoim ]

circa 2060
. direct NP — CLIC?
* flavour, to .
- Higgs P — IJ'CO"lder?
e ttH, HH
. EWK@TeV — SppC?
e EWK fit |
 EWK vacuum



En guise de conclusion

A few personal comments, as input for the discussion

Electron-positron collider
Following the results of the LHC, which indicate that the discovered Higgs boson is SM-like
and that BSM spectroscopy is either not kinematically reachable at present LHC energies or
weakly coupled to the SM sector; an electron-positron collider is imperative to perform
precision (sub-percent level) Higgs coupling measurements.

Linear versus circular electron-positron collider
The case for a linear collider relies on polarisation and extendability at higher energies.
The case for a circular collider relies on high luminosity in the energy range from the Z peak
to the top pair production threshold.
The anticipated precisions on Higgs coupling measurements are similar.

Proton-proton colliders beyond the LHC

Going beyond 14 TeV in proton-proton collision is mandatory to extend the direct new physics

reach, to elucidate the EVVSB sector at the TeV scale, and to perform precision measurements
of the Higgs self-coupling and the top Yukawa coupling.

Electron-Proton collider
In addition to a solid physics case, an electron-proton collider exploiting 7-TeV protons from
the LHC can empower the physics output of present and future proton-proton colliders.
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* Machine parameters and project luminosity performance of proposed future colliders at

CERN, CERN/SPC/1114

FCC

* Future Circular Collider Study, Volume | — Physics Opportunities — Conceptual Design
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* Physics at a 100 TeV pp collider: beyond the Standard Model phenomena, arxiv:1606.00947

* Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking studies, arxiv:1606.09408

* Physics at a 100 TeV pp collider: Standard Model processes, arxiv:1607.0183 |

LHeC
e A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts
for Machine and Detector, arxiv:1206.2913

CLIC
* Updated baseline for a staged Compact Linear Collider, arxiv:1608.07537

ILC
* The International Linear Collider Technical Design Report - Volume |: Executive Summary,

arxiv:1306.6327
* Physics Case for the 250 GeV Stage of the International Linear Collider, arxiv:1710.0762 1
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* Conceptual Design Report,Volume 2 — Physics and Detector, IHEP-CEPC-DR-2018-02
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LEP-l and SLD

ete” colliders /s =91 GeV

LEP-1 at CERN

e |989-1992

e circular

o ALEPH, DELPHI,
L3, OPAL

e 20 million Z’s

A fantastic legacy!

Mz = 91187.5 £ 2.1 MeV
[z= 24952 + 2.3 MeV

sin?0er = 0.23153 * 0.00016
0.1190 £ 0.0025

I+

Qs =

Nv= 2.9840 % 0.0082

27 km @

from Z line shape

from LR and FB asymmetries
(tension “leptons” vs “quarks”)

from multi-jets

from peak cross -section

and ratio of partial widths
(20 deficit)

Only three species of active, light neutrinos

10

|.2 mile long
SLC at SLAC
e |989-1998
* |inear

* ¢ beam polarisation
 SLD
* 550,000 Z’s

. ALEPH [ 3\
DELPHI TR\
L3 17\
OPAL /A

p—

|4 average measurements,
error bars increased |/
by factor 10

- /

/e‘ — Z — hadrons

86 88 9 92 94

E_[GeV] 57

cm
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Ars for leptons and heavy quarks

Vs (GeV)
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LEP-2 : Chasing Higgs and SUSY

LEP-2 at CERN 1992-2000
Vs = 120 to 209.2 GeV

6 [nb]

| V' /s> 085

— m, =114 GeV
| e'e” > HZ —qqdqq

L3

LEP-I

e'e” — e'e hadrons
WW> 5 GeV

LEP-11

e'e” = ¥/Z — qq(y)

80

e

100 120 140 160 180 200 220
/s [GeV]

Note: importance of absolute beam
nergy and luminosity measurements

efe™ WW-

efe ™ ZZ
eted> ZH
»

+ constraints on SUSY and New Physics

* 40,000 WV pairs

....
..
»

10 .Er

10 )r

10
10 .;

of '
10 plianslasy | 11 }( tl paless
I()I) ]U 104 /I)() //I\ 110 112 114 116 I/\ I )

m”((u Ve )

My > 114.4 GeV @ 95% CL
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LEP-2 : W Boson Physics

I/

Mw measurements
* threshold (I1 pb™')

210 MeV (£ 200 (stat) = 70 (syst) MeV)
e above threshold

36 MeV (% 30 (stat) + 20 (syst) MeV)

Clear observation of

triple gauge couplings Z0
et C
Vs > 189 GeV: preliminary
e
-g 20+ g
=
|
§T 10- ' GENTLE -
o 1 —— YFSWW3
o ) —— RACOONWW
B ;i - - - no ZWW vertex T
,,'J e only v, exchange]
0 L) o | . 1 " ' . 1
160 170 180 190 200

Vs [GeV]

Mtop
N
200 -
— 150 1
° : ¢ Tevatron
) B SM constraint 1
s | 68% CL
100 A -
< The LEP EWWG, -
Phys. Rep. 427,257 (2006) 1
1/ Direct search lower limit (95% CL)

50 —

1990 Tgss 2000 2005
Year
Mw from UA Mw

+ precision EW  top quark -
from LEP/SLD  discovery from LEP-I]

(Tevatron)

60



Mass Measurements

CMS  Lepton+jets, 19.7 fb™' (8 TeV)

MZ’ MW, Mtop,

are known with
good precision

Events / 2 GeV

Data/Fit

and My

Data/MC Permutations /5 Ge

> 1 2000 ) - ﬂvoo‘rec' ‘
0 tt wrong

10000 [ 11f unmatched
* Data

iSIn jle t
m Welets
m Z+jets

1 QCD multijet

Mtop (G eV)

Anero:’:s;necllon Tevatron (20|4) 174.34 £ 0.64 (i 0.37stat = 0.523yst)

World (20'4) 173.34 £ 0.76 (i O.27stat + O.71syst)
CMS(2015)  172.44 + 0.48 (2 0.13iat £ 0.475yst)
ATLAS (2017)  172.51 £ 0.50 (£ 0.27stat + 0.424yst)

Mw (MeV)
LEP-I (2006) 80 376 + 33

Tevatron (2012) 80 387 + 16
World (2012) 80 385 £ 15
ATLAS (2017) 80370+19

O ATLAS —om

10?.! 1s=7TeV, 4.1’ ;;ﬂeﬁ‘\‘i EW

100 [ Multijets

106E I ti + single top

10°

10°p

10"

10° p

10:[

1.055 { " S —

0.95: 11 hﬁ“’ — - 'w“j;
0 20 60 80 100 120

m; [GeV]

m" [GeV]

3 600,. - g:z;m ............. ; rus . > 70

s F - - Py 5= 13ToV, 361 " 1 o

< :gg-:‘aaugmm ln<‘1'fS'B| -n‘:gmodm | N ant

? 500 — ' E P 60;
T

8 2 50
w

400

B

30

20

10:

90 80 90 100 110 120 130 140 150 160 170
m,, (GeV)

Mu (GeV)
LHC (2015) 125.09 £ 0.24 (£ 0.21stat £ 0.11syst)
CMS (42) (2017) 125.26 + 0.21 (+ 0.20stat + 0.08syst)

ATLAS (40+2Y) (2017) 124.97 + 0.24 (+ 0.16stat + 0.17syst)
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FCC Technical Schedules

20 22 24 26 28 30

K. 34 36 38 40

' ' U ' ' 4 1
Y 3 Technical Design Phase St;rategy Update 202|6 - as;sume? project decision ' I I I |

42

SC Magnets

Dipole short models | |
Dipole long models
- 16 T dipole indust. proto

pes
16 T dipoles preseries
16 T series production

FCC-hh

Civil Engineering FCC-hh ring

. CE TL to LHC LHC Modification
‘ Installation + test FCC-hh

16 T magnets

FCC-ee

HE-LHC

Schedule constrained by 16 T magnets & CE
-» Possible physics operation dates
* FCC-ee: 2039

* FCC-hh: 2043
*  HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

R Fecee i wiiecor | L]
i FCC-ee
I

Installation + test FCC-ee

|
A_JA

HE-LHC

FCC-hh
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Colliding Muons?

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

1000 | . R ———
Muon collider to extend lepton collisions to 100 | ]
the multi-TeV range 10} ]
* almost no synchrotron radiation nor g \
[
beamstrahlung ° tt |
. 0.100 ]
* needs intense source of cold muons, H7
followed by fast acceleration b —
: : . ttH
* issues with radiation safety and backgrounds 0,001 b
5 10 15 20 25 30
from muon decays
. Vs [TeV]
* neutrino induced hazard (!) e gun
linac i w
MAP (US) JP. Delahaye et al, arXiv:1502.01647 to fast |
. . ] acceleration
* proton based production, Y as tertiary particles .
0.)
* large Y production cross section (mb) g
* cooling necessary s
—
Muon cooling =
LV

e MICE experiment (RAL)
* lonisation cooling — promising results
 LEMMA (Low EMittance Muon Accelerator)
* direct muon pairs at threshold (v/s = 212
MeV) 45 GeV e+ beam on thin target
* large boost (Y~200, E~22 GeV)
* small emittance possible, but low rates

(not to scale)

M. Antonelli et al, arXiv:1509.04454
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Electroweak Physics in e-p

unpolarised e*p cross section

C{l_' l\\l I_IIIIIJ< I ] |Illll|_ ] 1 IIIIIII +I I |HLELE=
% 10 U — FCC e p NC
S 1E W _NC —FCC e'pCC °
IS CC~ ---LHeC e"p NC
&—-10 E ---LHeC e*p CC
S 1 O <E N
B 10°F
U L
104k
10°F
10 °E —HERA e*p NC
107 HERA e*p CC
_8 ~ H1 data
1 O 1 1 .l lllll 1 L L1 lllll L 1 11 L'L\Jll 1 1 1 l:l\l\
10° 10* 1025 ,
Q° [GeV ]

* NC cross sections at high Q2 receive
important Z boson and Y/Z interference
contributions

* together with CC cross sections, they are
sensitive to electroweak parameters

* also interesting Higgs and BSM physics

running of sin20w(l)

WA | ALY | Y Z2a2:s ey

0.248
0.246
0.244
0.242
- Q,(e)
= 024 w
> | Q,(APV) I
‘e 0.238
w
0.236
0.234
0.232 Tevatron
0.23 SLC
0228 | | ;
0.0001  0.001 0.01 0.1 1 10 100 1000 10000
u [GeV)
couplings of light qua
>= 0.6: T T | T T T I Y T T
05 © h
0.4
03" 68% cL
0.2
0.1:— [] LHeC
- ] FCCep
O m=m H1 (H1-prelim-16-041
" [7&7] H1 & ZEUS data (PR D93 (2016) 092002)
-0.1 ---- LEP & SLD (Phys.Rept. 427 (2006) 257).
- DO (PR D84 (2011) 012007), Ay’ = 4.72
-0.2F * Standard model
: l 1 1 L 1

1 l 1 1 1
0.2 0.4 0.6



Higgs Physics in e-p

Sp/p [%] HWW and HZZ S|gna| strengths measured at once in DIS
50 e via selection of the final state (e or v) »——
WW -)H E.=60 GeV
30 — LHeC 200 fb W LHeC
FCC-eh 1pb | | -
R S . HE LHeC
“ FCCeh
10
—ei

bb WW gg tt cc ZZ vy bb WW gg tt cc ZZ vy

U. Klein, ECFA, CERN, Nov. 2018
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Future e’e™ Colliders: Pros & Cons

Linear Colliders (ILC)

Vs

beam-
strahlung

energy
spread

lumi

L-polar

misc

Circular Colliders (FCC-ee)

pros

small energy spread
(<0.1% at 240 GeV)
with top-up injection:
mean £ = 95% of peak
high-lumi obtained with
large number of bunches
increasing at lower +/s
due to less SR (spare RF
used to accelerate more
bunches)

crab waist scheme
several interaction
regions possible

precise Epeam from
resonant depolarisation
(£ peak and perhaps WW
threshold)

cons

limited by synchrotron
radiation (SR), which
increases as E4peam/R

100 km — 365 GeV max

strong: affects beam
lifetime (typically 30 min.)
top-up injection needed
to compensate for fast £
burn-off

limited by SR power at
higher energies

no L-polarisation, except
perhaps at Z peak

pros

extendable in energy

large potential /s reach
250—500— 1000 GeV
(access to ttH, ZHH, Hee)

high-lumi obtained with
nanometer-size beams
increasing naturally with
energy thanks to beam
dynamics at IP

luminosity upgrade

(1312 — 2625 bunches)

e~ beam: +80%

e" beam: £30% (£60%)
nm-beams at IP allow for
very small beam pipe
(superior for b/c tagging)

cons

running at /s smaller
than 250 GeV would
require optimisation

strong due to beam size
at interaction point (IP)
increasing with energy

larger energy spread

(86% within 1% of
nominal at 250 GeV)

low repetition rate

only one interaction
region (ILD and SLD
detectors in push-pull)
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Cross section (ab)

QED Coupling Constant o(Mz?)

-

o

10"

10°

|

~ Total

-y @xchange
Z exchange
| — 2y interl.

90 100 110 120 130 _ 140 150
s (GeV)

[ —1
g CCUracy from Arg at FCC-ee :

I I N D

one year of running at any given Vs

l/¢(Mz?) = 128.952 £ 0.014 (— oo/ = |.1x107%

 uncertainty dominated by hadronic vacuum
polarisation (from low energy data)

e currently second largest source of parametric error
on sin20e (first=theory)

* can be measured from the slope of the
FB p asymmetry in the vicinity of the Z pole

s — M? STV 2
Ay (s) ~ AOFg 1+ Z my2

25  M2Gr(1 — 4sin® Og)?

FCC-ee |/xX(Mz?) at the 4% 107 level
from 40 fb~' at £3 GeV of Z pole

« param. error < |.2x107 on sin20es
e param. error < 0.6 MeV on Mw

Note: computation of
P. Janot, JHEP 02 (2016) 053 miSSing EW higher-order

corrections is needed 67



Triple Gauge Couplings at 250 GeV

Measurements of YWW and ZWW TGCs: test of the SU(2).xU( 1)y self-coupling structure
CP conserving and CP-violating effects are separately measurable

total error (x10~%)
e’e” = WIW Exp Nowr || 91 | £y Ay Uncertainties
_ - LEP 2 3 516 | 618 376 _4
ey @ VW of a few 10
ILC 250 3 4.4 | 5.7 4.2 Iread 250 GeV
1ILC-250 LEP 2 1 300 | 626 292 already at €
semileptonic channel only IEIEEHC 1 31199 1106707 128
ILC 250 1 3.7 | 5.7 3.7

Full angular analysis, five observable angles as polarisation analysers
Beam polarisation used to disentangle YWW and ZWWV couplings

w|EP2 w==ATLAS ==CMS ==HL-LHC ==ILC 250 — | EP2 _ — ILC 250

Ag, : Ag) i
D-.-.--...h---....-.‘:- ------------------------- - .....-.....-....---....-E ...................... -

Ax, : ; : Ax, i
---------- b----.----d;--—-.--------.------d----— -.----.--------.------.—f--------.-I-----------—

H :
" 3 1 i L 1 L s I 1 L 2 1 i 2 1 1 2 I L 2 A A A A 1 A A A A l A A A A l A A A A

-0.05 0 0.05 0.1 -0.05 0 0.05

TGC Limits @ 68% CL TGC Limits @ 68% CL 68



Anomalies in Flavour Physics

Bt

2

Candidates / ( 50 MeV/¢*)

LHCb
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! |
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New Physics in
flavour-changing neutral currents?

Rk = B2 K*u*u~ / B2 K*ete™
I | | | .

L ) ] LI LI B LI L ] L I L] L ]
-
(= -
-
o L
-~
Q -
T Y ae d
= -

08 -
: I I ] :

L

0.6 £ -

® LHCb
BIP

04 v -
2.60 CDHMV ]
L B EOS
0.2 ® flav.i0 "]
- LHCb .
U.U-llllllllllllllllllllllllllllll-
0 1 2 3 i ) 6
9 ] D A
q° |GeV=/c
R(DM) =B—DOTVv/B—=DOUv
N e BaBar PRLIGIOISONIY) ., . A A
e 05 = w— Belle, PRDP2 072014(2015) Ayx” = 1.0 contours .
~z o LHC®, PRL115,111803(2015) . - -
045 Belle, PRDA 072007(2016) === Average of 3! .
| = Belle, PRL118 211801(2017) R(D) = 0299 £ 0003 -
fe — LMCY PRLI2O 171802(2018) RD*) =025 1 0003 K
04 TR Averae 4 =
035 to e
03f l o i
| - -
025
- SM
02F
| = T 1 ——eiy ad Femtvader TEC.
0.2 03 04 05 0.6
R(D)

Lepton flavour non-universality?

cf presentation by Simon Akar

Remember:
e tension in SLD/LEP
LR/FB asym. (2.50)

* tension in Ny (20)

Also:
* p(g-2) anomaly (40)
* suppressed
Bs = $£*0 (30)
* tensions in
inclusive/exclusive

Vus| and [Ves| (30)

All flavour anomalies
to be probed

with high confidence
at LHCb and BELLE-2
in the next 5 years
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Precision Higss Boson Mass

Motivation: reduce theory uncertainty on
VV* partial widths (WW?*, ZZ¥)
* ['vstrongly depends on My
5(+/Tv) = 7-8 dMu
* predictions at the 0.1% level
=> precision on My better than 20 MeV
* LHC current precision: ~200 MeV
* HL-LHC ultimate precision: <|00 MeV

— [T T T ™T T T T T ™ T T
L0 Zh—p'uX
o 250 \s = 250 GeV 1
‘\" Lo =250, P(e, ") = (-0.8, +0.3) -
-.(2200 - o Signal+Background (MC) ]

C Fitted Signal+Background |

m Fitted Signal

=150 -
LIJ ....... Fitted Background

100+
sof T ¥
O L Jl ,,,,,,

[ ! !
120 130 140 150
Mrecoil [GeV]

Hengne Li, LAL, PhD

—

» 1 2
o &
© m §
2 | . 'é‘
§ K gg )
c 107 E
5 : »774 S :
CC
102}
-‘,.;, Z\{
/~7<_\\

103C
100 120 140 160 180 200
My [GeV]

From leptonic recoil at the ILC
w500 fb~! at +/s = 250 GeV (6y)
« 8Mn = 28 MeV (LR+LR)
w2 ab~! at +/s = 250 GeV (I5y)
« 8Mn = 14 MeV (LR+RL)

J. Yan et al, PRD 94 (2016) 113002
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ILC: Higgs Couplings with EFT

Precision of Higgs boson couplings [%)]

Model Independent EFT Fit
U ILC250

V4 W b T g c M Tk
068 067 I.I 12 1.7 19 032 25
035 034 06 08 1.0 12 029 1.6

HL-LHC (ATLAS) 3 ab™!
Green + ILC-250 2 ab™!
Blue + ILC-500 4 ab~! + ILC-360 200 fb™!

EFT = Effective Field Theory

EFT-based framework

* all dim-4 and dim-6 operators
consistent with SU(2).xU(l)y
(implies custodial symmetry)

* no new light particle

* invisible decay of H boson as
new degree of freedom

Results obtained with the EFT
for 2 ab™! at 250 GeV already in

the 1% range for most couplings

Still compelling reasons to pursue
with higher energies
* access to W fusion production

for independent guww meas,
* top physics (mass, couplings)
* constraints on AHHH
* BSM reach
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Patterns of Deviation

Different new physics (NP) models lead to different patterns of deviations
ILC TDR 2013

The size of deviations depends on the NP scale
MSSM (tang = 5, M_ = 700 GeV)

-t
O,

: %
MSSM and 2-Higgs doublets models (2HD) E o fZ Wb ot oo
w- one light CP-even state (h) with SM couplings s
w deviations induced through mixing with extra Higgs states  § °%f - E
w types |, Il, X and Y: discrete symmetries to protect FCNC S; 0% - s - -
8
§ -5%- =
1 TeV' ® ook :
'ghﬂ — ghTT ~Y 1 1 7(7 e _109,-0._.. lCPr'Wﬂqrcmﬂmgmcmq(ml-mﬁﬂmt;
SM SM — —|_ . 0 E mm:n‘:zzawccv,xmb @ 250 GeV, 2000 " ]
Ynbb  Ihrr mA 15
5 MCHMS (f = 1.5 TeV)
=
Composite Higgs (é Z W b 1t ¢
: 2 10% .
m solves hierarchy problem 5
w all coupling reduced according to composite scale f g 5% E
2
2 = 0%F ’ -
gnff _ Ghvv 1 TeV E - :
e ~1—3% % colf = m BB
SM SM f g -O%f ]
9ne Invv =k :
Percent level precision is required ! 15
Coupling precision
credit: M. Mangano after full ILC running
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Sensitivity to BSM Models

Deviations to SM Higgs boson couplings (in %)

models consistent with no
discovery at the HL-LHC
(incl. Higgs partners)

Model bb cc gg WW 11 ZZ vy JLLL

1 MSSM [3§] +48 -08 -08 -02 +04 -0.5 +0.1 +0.3

2 Type Il 2HD [39] +10.1 -02 -02 00 +98 00 +0.1 +938

3 Type X 2HD [39] 02 -02 -02 00 +78 00 00 +7.8

4 TypeY 2HD [39] +10.1 -02 -02 00 -02 0.0 0.1 -0.2

5 Composite Higgs [40] 64 -64 -64 -21 -64 -21 -21 -64

ILC-250 ILC-250+ILC-500
SM c SM 20 ©
ILC 250 GeV, 2 ab™’ = ILC 250 GeV, 2 ab ' |8l 18 <
PMSSM c MM +350 GeV, 0.2ab" Ml .. <
PHOM-I Higgs and cTGCs S ovoma +500 GeV, 4 ab’ 2
2HDM-X EFT interpretation g SHOM-X Higgs and cTGCs 14 g
£ EFT interpretation 12 £
2HDM-Y : 2HDM.Y 10 =
Composite SMEFT G Composie SMEFT 3
LHT-6 ' 44 —_— LHT-6 —_—
a 6 ©
LHT-7 T LHT.7 ©
C 4 @)
Radion | 44 E Radion E
Singlet Singlet (2)
St MO 300 3108 SompiLiT-6 T Facton ey St PMSSZHON S ON SF10M Mool iT-6 “HT-> Vadton Morey

T. Barlow et al., arxiv:1708.08912
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Flavour Physics at the FCC-ee

w- 10'2Z — bb
* the ultimate e*e™ B factory
* access to BO, Bs, B, B hadrons

e |00000Bs & T T

= example
test of the b—=s£7£~ anomaly for £ = T

Ll I L Ll Ll Al l' L Ll L) L) ]’ Ll Al L} L)
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Events / (0.02 GeV/c?)
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*
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+
—ll
lllllllllllllllllllllllll

m
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Past, Present & Future Projects
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16-T SC Magnet Developments
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HL-LHC+HE-LHC
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