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Overview

A two-part story

 Part 1.

» Scientific motivation

* Future ete colliders in broad strokes

* Detectors at future ete- and p+p- colliders
 Part 2:

* Higgs physics

* Electroweak precision

* Top quark physics

* [nto the unknown
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Disclaimer

* The point of the following discussions is not to compare projects in the sense of drawing

conclusions which one should be built - that is a multi-facetted question which extends beyond
performance projections shown here.

* The numerical results may not always be perfectly up-to-date - again, the goal is not to compare,
but to illustrate certain features of measurements and facilities

* | am focussing on e*e- colliders, only few remarks about p*p-




Precision Higgs Measurements

Higgs Factories and beyond
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Higgs Boson Production in ete- A

A rich field to explore MAX-PLANCK-{NSTITUT
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Higgs Boson Production in ete- &

A rich field to explore MAX-PLANCK-INSTITUT
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Higgs Boson Production in ete- &

A rich field to explore MAX-PLANCK TR HvSIk

250 GeV:
Maximum of ZH production

350 GeV.:
WW fusion kicks in
(and top pair production)
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Higgs Boson Production in ete- &

A rich field to explore MAX-PLANCK TR HvSIk

250 GeV:
Maximum of ZH production

350 GeV.:
WW fusion kicks in
(and top pair production)
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Higgs Boson Production in ete- A

A rich field to explore MAX-PLANCK TR HvSIk

250 GeV:
Maximum of ZH production

350 GeV.:
WW fusion kicks in
(and top pair production)
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Higgs Boson Production in ete- A

A rich field to explore MAX-PLANCK TR HvSIk
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250 GeV:
Maximum of ZH production

350 GeV:
WW fusion kicks in

. ‘ th (and top pair production)
S ; 500 - 1000+ GeV:

10" i ” ttH: direct access to top
HH Z .
: / > Yukawa coupling

10-2 _| W 1 A I S S TR R T S S S ]
0 1000 2000 3000 500 GeV: 1+ TeV:

's [GeV] Higgs self-coupling

240 - 250 GeV: the minimum energy for a Higgs factory

~ 350 GeV: Additional production mode, also still access to ZH

Higher energies: More processes

125 GeV, and extreme luminosity: A possibility to measure electron Yukawa coupling
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Model Independence: The Pillar of Higgs Physics in e+e- A

The ZH Higgsstrahlung process MAXPLANCKC | STLTOT
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* What model independence means: Measure the
coupling of the Higgs Bosons to elementary particles
free from model assumptions (e.g. how it decays)

* Requires: The “tagging” of Higgs production without
observing the particle directly

* Not possible at hadron colliders

o
G /<
o /
_ N\
e H\N—
CLery -
\Se7

E—— — s L e e ——— — — ——— ————— —_—

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2022




The ZH Higgsstrahlung process

Model Independence: The Pillar of Higgs Physics in e+e-
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* What model independence means: Measure the
coupling of the Higgs Bosons to elementary particles
free from model assumptions (e.g. how it decays)

* Requires: The “tagging” of Higgs production without
observing the particle directly

* Not possible at hadron colliders
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recoil mass:
measure only the Z!
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Model Independence: The Pillar of Higgs Physics in e+e- A

The ZH Higgsstrahlung process MAXPLANCKC | STLTOT
* What model independence means: Measure the
coupling of the Higgs Bosons to elementary particles
free from model assumptions (e.g. how it decays) %
* Requires: The “tagging” of Higgs production without recoil mass: % |
observing the particle directly measure only the Z! i, :

20 —

* Not possible at hadron colliders
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Hadronic Recoils & Invisible Decays A

Fully exploiting Higgsstrahlung MAXPLANGK-INSTITUT
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CLICdp Vs =350 GeV

* Significantly extending the HZ sample:
Using hadronic Higgs decays - adds x4
in statistical sensitivity

* requires careful analysis setup to
ensure model independence

LI = Vv
200 | ..C. Cdp Vs =350 Ge

70 80 90 100 11C

example from-CLIC
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Hadronic Recoils & Invisible Decays A~ e
Fully exploiting Higgsstrahlung MAX-PLANCK-INSTITUT
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200 + Significantly extending the HZ sample: g | clicap is=3s06ev 2 Hoinvis. -
o Using hadronic Higgs decays - adds x4 ; : signal (100 % BR) -

in statistical sensitivity S 4000 [ _ Hpackground -
o0 * requires careful analysis setup to . ; :
140 ensure model independence S000 B
120 200 | I.CII_ICdp /s = 350 GeV 2000 _I_'____u_l___

100
1000

80
70 80 90 100 11C 0
80 100 120 140 160 180 200
Myo, [GEV]
— » HZ events can be used to constrain
C L . .
invisible Higgs decays:
Limits on the few per mille level
-
é. 70 80 90 100 110
My, [GeV] example from CLIC
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Precision Measurements of Couplings Yo

Exploring the Higgs Sector MAX-PLANCK-INSTITUT
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* The main measurements to make:

o for Z recoil measurements

o

¢ // <

2 ®
Orecoil X 9177 4 arive directly constrain the coupling of
- \ Higgs to Z in a model-independent way
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Precision Measurements of Couplings Yo

Exploring the Higgs Sector MAX-PLANCK-INSTITUT
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* The main measurements to make:

o for Z recoil measurements

¢ 127
2 o /
Orecoil X gH77Z 4 arive directly constrain the coupling of
- \ Higgs to Z in a model-independent way
e H\—
eb&.b,-
\5
o X BR for specific Higgs decays - here the mass of 125 GeV is giving us many possibilites
C- / vc' e" /Z °
Gi1ii I \n,‘-\ Sy Fow g P 2° e
tot . L / H > A e' .H\ K. ) - K
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Precision Measurements of Couplings Yo

Exploring the Higgs Sector MAX-PLANCK-INSTITUT
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* The main measurements to make:

o for Z recoil measurements

¢ 12°
2 ® /
Orecoil X 9177 4 arive directly constrain the coupling of
- \ Higgs to Z in a model-independent way
e HN—
eb&.b,-
\$5
o X BR for specific Higgs decays - here the mass of 125 GeV is giving us many possibilites
C- / vf e" /Z °
o X BR(H— ff) oc == ,G — <€ — &%,
tot . L™ H LI "

measure couplings to fermions and bosons using production and decay
~ can be made model-independent in combination with the measurement of the HZ coupling in recoill
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Unique Measurements at Lepton Colliders A

Enabled by the clean enwronment MAX-PLANCK-INSTITUT
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. H >bb A dlfﬁcult Channel at LHC a S|mple" measurement in ete-

at LHC at e+e-

‘L"D’. 10°E -o- Data _ = = 200 i -
< = ATLAS — = = bz N N H(H—bb
3 [ Go13tev, 708" 't‘s%"’:' | - I~ IL: —JAgHEED) » Low backgrounds, and
c mu Single top > _ AN 11— :
2 0 o _ V/5 = 250GeV N 99499
g 10 -E"v“jﬁ:;“ = A, N highly capable detectors
+jet i — —1 ONWNWNW —> ]
- ™ Diboson - [ = 2son QNN * enable observations of final
NN
: 400 X states that are hard or
: N NANNNNNNNWN . .
- 200 RN BRSNS AN
102 E -
: % 90 100 110 120 130 140 150
M, [GeV]
with 1.3 fb'! data ~ 2 days running
of Higgs produced: ~4,000,000 ~400
significance: 5.40 5.20 J. Tiang, LCWS 2018
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Unique Measurements at Lepton Colliders A

Enabled by the clean environment MAX-PLANCK-INSTITUY
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* Higgs decays to jets: difficult (or
impossible) at hadron colliders

Measurement of H->bb, cc, gg

* Profits from excellent flavor
tagging enabled by low-mass
high-resolution vertex trackers
in moderate background
environment
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MAX-PLANCK-INSTITUT

Unique Measurements at Lepton Colliders A

Enabled by the clean environment

* Higgs decays to jets: difficult (or a) simulated data )t tamplaes b5 CLICAp 52350 GV
. . . ZH; Z — qq; H — jets candidate »_’_}_A_,,_,_,.A..::;;;;;;;;j:1i::;,_‘_W.,.,ﬂ,,,_;.._._._ |
impossible) at hadron colliders =\ e\ %

B 104 W 102
= 3 . AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
Measurement of H->bb, cc, gg S 1o 3

* Profits from excellent flavor .
tagging enabled by low-mass
high-resolution vertex trackers
in moderate background

environment
d) fit template: gg

ZH;Z —qq; H —gg




Interpreting Higgs Measurements A

A Word on Fits MAX-PLANCK TR HvSIk
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* The Higgs coupling measurements at any present and future collider unfold their full potential in global fits
of all observables - possibly beyond Higgs measurements alone

* The evaluation of the potential of future colliders is based on such fits using projected precisions on
various Higgs (and other) measurements as input
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Interpreting Higgs Measurements A

A Word on Fits MAX-PLANCK TR HvSIk
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* The Higgs coupling measurements at any present and future collider unfold their full potential in global fits
of all observables - possibly beyond Higgs measurements alone
* The evaluation of the potential of future colliders is based on such fits using projected precisions on
various Higgs (and other) measurements as input

Typical fits used in this context: Czn = 8iizz |
- g2, 8% total width as a free parameter: no
* “Model-independent” fit ALH=00 T Ty constraints imposed on BSM decays
oL 5 wapi 2 C. L giww Hbb |
minimize a x2 with =Y (Ci—1) HveVe,Hbb [y N.B.: Not fully model independent,
: - AF? : :
all measurements: i l AF; uncertainty of measurement does not account for certain possible
(o or 0xBR) BSM features of HV couplings
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Interpreting Higgs Measurements A

A Word on Fits
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* The Higgs coupling measurements at any present and future collider unfold their full potential in global fits
of all observables - possibly beyond Higgs measurements alone
* The evaluation of the potential of future colliders is based on such fits using projected precisions on
various Higgs (and other) measurements as input

Typical fits used in this context: Czn = 8hizz |
- 2 g total width as a free parameter: no
* “Model-independent” fit ZHH=00 Ty constraints imposed on BSM decays
oL 5 wapi 2 C. L giww Hbb |
minimize a2 with -, _ y (Ci—1) Hve Ve Hbb Iy N.B.: Not fully model independent,
. N . .
all measurements: z i AF: uncertainty of measurement does not account for certain possible
(o or 0xBR) BSM features of HV couplings
* "Model-dependent k" fit  the same as the MI fit, with the total width o b . ) o
constrained to the sum of the SM decays - Tilsm Hhmd ~
- Experihents at Lepton Colliders - CI;'F‘?N S:mmers—z;ldeh - - TFrank Simon (fsimon@n;pp.mpg.de) Zi
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Interpreting Higgs Measurements A

A Word on Fits MAX-PLANCK TR HvSIk
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* The Higgs coupling measurements at any present and future collider unfold their full potential in global fits

of all observables - possibly beyond Higgs measurements alone
* The evaluation of the potential of future colliders is based on such fits using projected precisions on
various Higgs (and other) measurements as input

Typical fits used in this context: Czn = 8iizz |
- g2, 8% total width as a free parameter: no
* “Model-independent” fit ALH=00 T Ty constraints imposed on BSM decays
oL : 2 C. L giww Hbb
minimize a x2 with =Y (Ci—1) HveVe,Hbb [y N.B.: Not fully model independent,
: - AF? : :
all measurements: z l AF; uncertainty of measurement does not account for certain possible
(o or 0xBR) BSM features of HV couplings
* “Model-dependent k" fit the same as the MI fit, with the total width 2 I . ) pr
. i =T md = ) K BR;
constrained to the sum of the SM decays I

* “Model-independent EFT” fit

A global fit of Higgs and other EW observables parametrizing deviations from the SM by various
operators - allows for couplings not included in k fit, includes connections between W and Z couplings

) B e - I _ —
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Extracting the Total Width A

Model independent measurement at high precision MAX-PLANCK-{NSTITUT
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* e*e-colliders provide the possibility for a model-independent measurement of the total width at the level of
a few %:
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Extracting the Total Width A

Model independent measurement at high precision MAX-PLANCK-INSTITUT
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* e*e-colliders provide the possibility for a model-independent measurement of the total width at the level of
a few %:

* In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:

4
o(ZH) x BR(H — Z7) glijZ and o(ZH) o g%,

tot
<~ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

— — —_— e e e T ——————————— —— —  ____  ———— = = ——— _ ——

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2022




e — _____ __ ___ - = — —_ R —

Extracting the Total Width A

Model independent measurement at high precision MAX-PLANCK-INSTITUT
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* e*e-colliders provide the possibility for a model-independent measurement of the total width at the level of
a few %:

* In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:

4
o(ZH) x BR(H — Z7) 915’22 and o(ZH) o g%,

tot
<~ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

<~ Profits substantially from higher energy, where WW fusion becomes relevant:

o(Hveve) x BR(H = WW7) o

o(ete” — ZH) x BR(H — bb) ~ Jiizz need the “model-independent anchor”
oclete” — Hyerve) x BR(H— bb)  giww of the ZH measurement

BRSSO T e E ———————— ——— ————— = S = e —
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Extracting the Total Width A

Model independent measurement at high precision MAX-PLANCK-INSTITUT
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* e*e-colliders provide the possibility for a model-independent measurement of the total width at the level of
a few %:

* In the “model-independent fit” framework the total width is obtained from production and decay of the Higgs:

4
o(ZH) x BR(H — Z7) 915’22 and o(ZH) o g%,

tot
<~ The low BR of H->ZZ and correspondingly large uncertainties make this determination relatively imprecise

<~ Profits substantially from higher energy, where WW fusion becomes relevant:

o(Hrev,) x BR(H — WW7™) JHWW

oc(ete™ — ZH) x BR(H — bb) N
o(ete= = Hr.v.) x BR(H — bb)

~ Higher energies important for width measurements

need the “model-independent anchor”
of the ZH measurement

< |In EFT fits W and Z are connected, there the width can be well constrained also without WW fusion
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Perspectives on Precision A~

Interplay of Measurements Energy Stages MAX-PLANCK-AN ST
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. Comparlsons of the potentlal of dlfferent colllders are non- stralghtforward The projections are based on
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic
uncertainties and machine parameters / running scenarios,...

Here: Taking the “model independent” fit results - combine the projected uncertainties on oxBR to
illustrate interplay of measurements, not to compare facilities. Results from European Strategy 2019

ILC 250  |ILC 500 CLIC 380 |CLIC3TeV |CEPC FCCee 240 |FCCee 365 | ILC 250:2 ab' @ 250 GeV
6QgHzz/QHzz 0,38 0,30 0,6 0,6 0,25 0,21 0,18 ILC 500: +0.2 ab' @ 350 GeV
OGHww/ GHww 1,8 0,40 1,0 0,6 1,4 1,3 0,44 +4 ab @ 500 GeV
6gHbb/ GHbb 1,8 0,60 2,1 0,7 1,3 1,3 0,69 CLIC 380: 1 ab @ 380 GeV
OGHeo/ Gres 24 1,2 44 1.4 22 1.8 13 | cLIC3Tev: +2.5ab7 @ 1.5TeV
6gHgg/ JHgg 2,2 0,97 2,6 1,0 1,5 1,7 1,0 +5ab1 @3 TeV
OgHtt/GHrr 1,9 0,80 3,1 1,0 1,5 1,4 0,74
SQHuu/ GHup 5,6 5,1 57 8.7 10.0 8.9 CEPC: 5.6 ab' @ 240 GeV
OgHyy/ GHyy 1,1 1,0 2,3 3,7 4.8 3,9
S/ Ot ] 6.7 ] 30 ] ] ] FCCee 240: 5 ab ™ @ 240 GeV
S/ 39 17 47 25 28 27 13 FCCee 365: + 1.5 ab™ @ 365 GeV

e e e ————————— ———— = — — = - — - 2 e —
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. Comparlsons of the potentlal of dlfferent colllders are non- stralghtforward The projections are based on
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic
uncertainties and machine parameters / running scenarios,...

Here: Taking the “model independent” fit results - combine the projected uncertainties on oxBR to
illustrate interplay of measurements, not to compare facilities. Results from European Strategy 2019
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OQJHgg/ GHgg 2,2 0,97 2,6 1,0 1,5 1,7 1,0 +5ab1@ 3 TeV
SgHr/GHrr 1,9 0,80 3,1 1,0 1,5 14 0,74
SQHuu/ GHup 5,6 5,1 57 8.7 10.0 8.9 CEPC: 5.6 ab' @ 240 GeV
OgHyy/ GHyy 1,1 1,0 2,3 3,7 4.8 3,9
S/ Ot ] 6.7 ] 30 ] ] ] FCCee 240: 5 ab ™ @ 240 GeV
S/ 39 17 47 25 28 27 13 FCCee 365: + 1.5 ab™ @ 365 GeV
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Perspectives on Precision A~

Interplay of Measurements Energy Stages MAX-PLANCK-AN ST
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. Comparlsons of the potentlal of dlfferent colllders are non- stralghtforward The projections are based on
different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic
uncertainties and machine parameters / running scenarios,...
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Here: Taking the “model independent” fit results - combine the projected uncertainties on oxBR to
illustrate interplay of measurements, not to compare facilities. Results from European Strategy 2019

ILC 250  |ILC 500 CLIC 380 |CLIC3TeV |CEPC FCCee 240 [FCCee 365 | ILC 250:2 ab' @ 250 GeV
6QgHzz/QHzz 0,38 0,30 0,6 0,6 0,25 0,21 0,18 ILC 500: +0.2 ab? @ 330 GeV
OgHww/ gHww 1,8 =7 0,40 1,0 e=™ 0,6 1,4 1,3  ew=2 0,44 +4 ab’ @ 500 GeV
6gHbb/ GHbb 1,8 0,60 2,1 0,7 1,3 1,3 0,69 CLIC 380: 1 ab @ 380 GeV
OGHeo/ Gres 24 1,2 44 1.4 22 1.8 13 | cLIC3TeV:+2.5ab" @ 1.5 TeV
OJHgg/ GHgg 2,2 0,97 2,6 1,0 1,5 1,7 1,0 +5ab1@ 3 TeV
OgHtt/GHrr 1,9 0,80 3,1 1,0 1,5 1,4 0,74
SQHuu/ GHup 5,6 5,1 57 8.7 10.0 8.9 CEPC: 5.6 ab' @ 240 GeV
OgHyy/ GHyy 1,1 1,0 2,3 3,7 4.8 3,9
S/ Ot ] 6.7 ] 30 ] ] ] FCCee 240: 5 ab' @ 240 GeV
S/ 39 17 47 25 28 27 13 FCCee 365: + 1.5 ab™ @ 365 GeV

e e —— — = = = = ——
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Perspectives on Precision

Interplay of Measurements Energy Stages

e ———————— — —— —

. Comparlsons of the potentlal of dlfferent colllders are non- stralghtforward The projections are based on

Ap-Dyz 4t

MAX-PLANCK-INSTITUT
FUR PHYSIK

——— ———————————— — — — —

different levels of realism / pessimism / optimism in detector modeling, analysis techniques, systematic

uncertainties and machine parameters / running scenarios,...

Here: Taking the “model independent” fit results - combine the projected uncertainties on oxBR to
illustrate interplay of measurements, not to compare facilities. Results from European Strategy 2019

ILC250 [ILC500  |CLIC380 |CLIC 3 TeV |CEPC FCCee 240 |FCCee 365
8QHzz/QHzz 0,38 0,30 0,6 0,6 0,25 0,21 0,18
OgHWW/ GHWW 1,8 0,40 1,0 0,6 1,4 1,3 0,44
8GHbb/GHb 1,8 060 | | 21 0,7 1,3 1,3 0,69
8GHco/ Qe 2.4 12 | 4,4 14 2.2 1,8 13 |
8GHga/ GHag 2.2 0,97 2,6 1,0 1,5 17 10 |
SQHrt/GHrr 19 0,80 | 3,1 1,0 1,5 14 0,74
SGHp/ GHu 5,6 5,1 5,7 8,7 10.0 89 |
OgHyy/ GHyy 1,1 1,0 2,3 3,7 4.8 3,9
OgHtt/ GHit - 6,7 | - 3,0 - - -
ST/ Th 39 -9 17V | 47 ,@T@;} 2,5 2,8 27 ki) 13

ILC 250: 2 ab' @ 250 GeV
ILC 500: +0.2 abT @ 350 GeV
+ 4 ab1 @ 500 GeV

CLIC 380: 1 ab™ @ 380 GeV
CLIC3TeV:+25abT@ 1.5 TeV
+ 5ab1@ 3 TeV

CEPC: 5.6 ab”' @ 240 GeV

FCCee 240: 5 ab ™ @ 240 GeV
FCCee 365: + 1.5 ab™ @ 365 GeV

———
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Perspectives on Precision
lllustrating Interplay and Reach
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Perspectives on Precision
lllustrating Interplay and Reach
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Perspectives on Precision

include HL-LHC

BRinv BRunt

kappa-2 measured measured

Scenario

no

—e

hadron collider cannot measure width

need an assumption to close the fit

lllustrating Interplay and Reach

e.g. kv<l
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Perspectives on Precision
lllustrating Interplay and Reach
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The Relevance of Higgs Coupling Measurements A~ e
One EFT Example for ILC MAX P AN K R ek

—_— = e ———————— —————— —— ——— — = = ——— = —— T e———— — ———— e ———————— e ——— e ——

E— B —— — e _—— e e = — — — —

e T - N - - I

Integrated Luminosities [fb™]

4000

NN SURN VRS JUUNL NUAN VRN SO VRS VRN VAN VRN EUURN RV FOURR. UV U VR RUUNS NOUUS, NV RN R RO FOOURL NN AN g

- ILC, Scenario H20-staged-dBS ! ; .-

. —— ECM =250 GeV o

- —— ECM =350 GeV : 5 -

3000 | T T O —
- —— ECM =500 GeV -

2000 ? ; B SO % ........................... ) A % ...... -
1000 f" ; Sl ; ......................... ; ........................... g ______ —
I -

25
years

10

* Precision measurements of couplings
may show deviations from the Standard
Model
* “Fingerprinting” of deviation pattern

reveals underlying mechanisms

—_— —— —_— e ———————————_  ____ L S ——
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The Relevance of Higgs Coupling Measurements 5

One EF T Example for ILC MR AN K T S
Integrated Luminosities [fb™] ? 7 20 B
4000 L NS RN DU VNN UL SN UUUNL UUNDRL U UL DU L DL | ..... LI UL | ..... LI DL | ..... | — SM 1
L ILC, Scenario H20-staged- st - ILC 250 GeV 2 ab 18 <
| —— ECM =250 GeV ] pPMSSM N o
I - 6 o
3000 - ECM = 350 GeV e S — T — 2HDM-I| Higgs and cTGCs T
— ECOM=500GeY ' ' DMLY EFT interpretation 4 ©
12 '€
2000 2HDM-Y —
10 %5
Composite N
8 u —
1000 LHT-6 ©
6 O
LHT-7 e
: . 4 O
0 - — Radion 4.9 E
0 10 29 2
vyears Singlet 44 47
0
. . . S, o 2 2 L L Rsy: S
* Precision measurements of couplings W M0 0155013 mos 6 1177 o, ey
may show deviations from the Standard * Discrimination power between models illustrated with
Model EFT fit of ILC projections

* “Fingerprinting” of deviation pattern
reveals underlying mechanisms

arXiv:1708.08912
arXiv:1710. 07621

—— e i = == = = m—— —_—— —_— -  —

e - —— = —_— — —— —— — — p— — = = —_—
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The Relevance of Higgs Coupling Measurements 5

One EF T Example for ILC MAX-PLANCKNR Fvsik
Integrated Luminosities [fb™] o 20 o
T T T T T T T T T T T T T T T T T ] SM
4000 T T SO VUL SO ... 1. BB S | ......................... . | y )
- ILC, Scenario H20-staged- dBS P e & ILC 250 GeV 2 ab 8 E
Pt = UL N EP R o P +500 GeV 4 ab” Bl 15 S
3000 K- - ECM =350 GeV/ | e _— S 2HDM:- Il Higgs and cTGCs =
— ECM=500GeV HOMX EFT interpretation 4 ©
12 °E
2000 2HDM-Y —
10 G
Composite N
8 . —
1000 LHT-6 E
6 ©
LHT-7 O
0 8 i | 4 O
0 10 o5 Radion 5 E
yearS Singlet
0
* Precision measurements of couplings S PYS FHON 50N, 510N mpoghl 6 HT-> o, otey
may show deviations from the Standard * Discrimination power between models illustrated with
Model EFT fit of ILC projections
» “Fingerprinting” of deviation pattern * higher energy may be decisive
reveals underlying mechanisms arXiv:1708.08912
arX|v 1710. 07621
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Accessing the Couplings to First Generation Leptons

Requiring extreme luminosities of circular colliders

= . — _— ——— . —— —_—
e _ _ — — — . —  ————— e —_— ——

Ap-Dyzt

MAX-PLANCK-INSTITUT
FUR PHYSIK

—_—— e = e ——— = —_— o

* The only chance to access couplings to first generation: Study of s-channel Higgs production in ete

collisions

* Requires high luminosities and very small energy spread at 125.1 GeV

—

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2022

o, n(s) (fb)

0.5

0.4

0.3

0.2

0.1

0

Energy spread:
—3=0

--- 0d=4.1 MeV
—-90=7 MeV
----- d=15MeV
-~ 90=30MeV
----- 0 =100 MeV

|IIII|IIII|IIII|IIII|I]II

-~ -

T MR 4 mm 4 W 4 W o o % e oa W s o wm % % o wm o w W o e s e o w o w o wm h e s owm h w4 w4 e 4 M s e 4 e 4 e 4 e 4w e ke s e s e s e ks e s o b e s o

| | I | | | | I | | | | I | | | l | | l l l | l ]

124.99 124.995 125  125.005 125.01
s (GeV)

<~ A very challenging measurement, 4 experiments
and 3 years may reach a result

Requires special monochromatization to
reduce energy spread

spread (MeV)

See-

0

30

e* Yukawa limits. e'e—> H, {s = 125 GeV

1 2 3 4567 10 20 30 100 200

gint (ab_1)

= e — = ——— —
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Directly measuring the Coupling to the Top Quark A

A higher-energy exclusive MAX-PLANCK-INSTITUT
€ * Direct access to the top Yukawa coupling provided by ttH final state:
6’- B requires energy = 500 GeV (ideal ~ 550 GeV - 1.5 TeV)
- 10
C z ILC

Scaled to value at 500 GeV

1
= g
ttH — bbbbgqrv.
at CLIC (1.4 TeV) 1 i i i ; ; i i
10 480 500 520 540 560 580 600
Energy (GeV)
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Directly measuring the Coupling to the Top Quark A

A hlgher-energy exclus:ve MAX-PLANCK-INSTITUT

. P __ N — —— . = ———— —_— e —_— = = S = = e e ————— —  — - . — — -

—— — . —  ———— e S— — — — — Pl — _ _ —

* Direct access to the top Yukawa coupling provided by ttH final state:

6‘- requires energy = 500 GeV (ideal ~ 550 GeV - 1.5 TeV)
- 10
C E ILC
o
e
©
Q
=
g 1
S
©
Q9
ttH —> bbbbaqr v, S
at CLIC (1.4 TeV) A i i i i i i
1077480 500 520 540 560 580 600
Energy (GeV)
ILC: AgQtn/gun ~ 6.3% with 4 ab? @ 500 GeV CLIC: Agitn/gtin ~ 2.9% with 2.5ab" @ 1.4 TeV

would be ~ 3% @ 550 GeV
(and ~ 13% @ 485 GeV: achieving design energy crltlcall)

e i ISR RS e e e e ———— = e = e e
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The Higgs Self-Coupling &

Requ:res hlgher energy one of the key challenges of HEP MAX-PLANCK-INSTITUT

= — —— ————— — ————— —————— e e ——  __ — ——————————————— — — — —

. Two processes with senS|t|V|ty at e+e Colllders

= F
o
107
10°°
10‘3 W M R I R T R
0 500 1000 1500 2000 2500 3000
/s [GeV]
- e / e 73
é Z , \d 7
- -C /u N
- s \
¢ ~L . 4
& SN e./\ )
Ve
¢ \/"c the final state also receives
w7 B contributions from the quartic
w7 >

%* W coupling
e 196

e — —_— — B SE aa —  ——————————— ————— _— ———  — ——— ———— —  — — — —— —— — —— — — = - : = —_— -

Experiments at Lepton Colliders - CERN Summer Student Lectures July 2022 Frank Simon (fsimon@mpp.mpg.de) 69



The Higgs Self-Coupling &

Requ:res hlgher energy one of the key challenges of HEP MAX-PLANCK-INSTITUT
. Two processes with sensmwty at e+e Colllders .
= T I I I T
9 b3 - Em : — ZHH @ 500 GeV :
© . @) — = y
| cross section depends non- LR ‘
10" . -
linearly on A, measurements :
at different energies / of §
10°° . . : )
different processes lift | )
degeneracies 5 E
x'd N AT B B BT P i I :
19 05607000 7500 2000 2500 3000 N ST T o :
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A hgy,
— o - 12
# wéswa. _,/
- L.~ TR,
A
Ve
¢ \/vc the final state also receives
w7 contributions from the quartic
w7 >

%* W coupling
e 196
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The Higgs Self-Coupling A

Requ:res hlgher energy one of the key challenges of HEP MAX-PLANCK-INSTITUT
. Two processes with senS|t|V|ty at e+e Colllders .
= T I I | T
2 F - Em : — ZHH @ 500 GeV :
o . o) I y
| cross section depends non- AR _
10™ . 2
linearly on A, measurements :
2 at different energies / of . §
10 different processes lift E ;
degeneracies ; B
She oy Ly i | N
1OO 500 1000 1500 2000 2500 3000 |i| | o -
's [GeV] %0 05 1 15 2 25 3
A gy,
— o - 12
& Z // “ \/L-f' f’
l W W -
— s/ wd-,,"'_ N . . . .
of h\C\y 0_,/\ \ Full potential unfolds in the multi-TeV region through
Te growing o of VBF process:
- . <~ 10% measurement feasible
¢ \/vd the final state also receives | °. | |
g’ contributions from the quartic =~ Significant observation also of ZHH channel in lower-
L/~ .
a%\ m coupling energy running (up to ~ 1.5 TeV)
‘9e.

—— —_— — —— = — - = —
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Indirect Measurement of the Self Coupling A

MAX-PLANCK-INSTITUT

Accessible via particle loops

T e———— — ———— e ———————— e ——— e —— — — —

== — e — — = I — e e ——— —_— —
== i —— —— o - = = = == = — — _ —

* The self-coupling also influences single Higgs production:

” - = \
4 \
[
h----- \ F----h
/
‘o h’ /
n Ve i Ve Model-dependent: assumptions required for
e —— C —— : :
Interpretation!
wr ~ h W . h
oo o
- o W-— b . .. o
i . y Overall precision limited, ~ 33% at FCC-ee
= —— € s e € . . . .
" an - 7 amdt - combined with HL-LHC (which provides ~ 50%)
- 1Experiments at Lepton Colliders - CERN ;J;mmer;eh - S Frank Simon (fsimon@rr]pp.mpg.de) ;6



o [fb]

Higgs Physics at Muon Colliders Vs

Brief overview MAX-PLANCK TR HvSIk

_ — — e —— —_—
— = E— B —_— — e —_— ——— . —  ——— e — —

E—_— = __ — — = p— ———- = = __ —— = —

* |In general the same processes as for ete, but with the backdrop of a much larger background, and reduced
acceptance at small angles (which has an impact on WW fusion processes in particular). Here (much)

higher energy can compensatel
p*u~ Higgs Production
1000 ¢ 2

100 |

104

0.100 |

0.010 ;

0.001

05 1 5 18 50

Vs [TeV]
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Higgs Physics at Muon Colliders

Brief overview
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APRAY S 3

MAX-PLANCK-INSTITUT
FUR PHYSIK

* |In general the same processes as for ete, but with the backdrop of a much larger background, and reduced
acceptance at small angles (which has an impact on WW fusion processes in particular). Here (much)

higher energy can compensatel

pu-h

mp=125 GeV ;
[,=4.07 MeV

ISR & R=0.003%

Breit-Wigner

§~

ISR & R=0.01%

p*u~ Higgs Production 70k
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Overall Precision Perspective A

Including muon colliders MAX-PLANCK-INSTITUT
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* An EFT fit, performed for Snowmass - hot of the press from earlier this week!

precision reach on effective Higgs couplings from SMEFT global fit

1 |[MHL-LHC S2 + LEP/SLD B CEPC Z,00/WWz/240GeV,, [MILC/C? 250GeV, B CLIC 380GeV, B MuC 3TeV, 1
(combined in all lepton collider scenarios) [[llCEPC +360GeV Bicc’ +350GeV, ,+500GeV, [ CLIC +1.5TeV, 5 B MuC 10TeV 4,
Free H Width [WW, BILC/C® +1TeV, BCLIC +3TeVs B MuC 125GeV, o,+10TeV 4o

" 1 no H exotic ecay | M FCC +365GeV 5 subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold ‘ _ T
= | | | [ ] | 41 ==
g 10°¢ L~
?31 m | 7
: - Q
- 2 O
8 1072 — —107 €
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Electroweak Precision

A Playground for Circular Colliders

e e —— = — == — —— — ———
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The FCC-ee Program at Z and WW A

The ultimate electroweak program MAX-PLANCK-INSTITUT

E— —— e —— — e _—— e e = — — = _ ==

— = — — — = — = = = — . = = S

.@; * Building on the success of LEP & LEP |
* High-statistics program at the Z - pole

« W pair production - mass measurement

and beyona with 2 IPs:

5x1012 Zs (105 x LEP)
108 W pairs (2x103x LEP)

N.B.: Measurements also possible at linear colliders,
but the statistics will be orders of magnitude smaller
due to their lower luminosity at low energy.

T s i e e e ——
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The FCC-ee Program at Z and WW A

The ultimate electroweak program MAX-PLANCK-INSTITUT
ﬁ; * Building on the success of LEP & LEP |
* High-statistics program at the Z - pole
- * W pair production - mass measurement
A and beyond

with 2 IPs:

=~ Improving electroweak precision 5x1072 Zs (10° x LEP)
observables, enter into global fits 108 W pairs (2x103 x LEP)

< Indirect searches for New Physics

N.B.: Measurements also possible at linear colliders,
but the statistics will be orders of magnitude smaller
due to their lower luminosity at low energy.
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Flectroweak Measurements A

Cross sections and asymmetries MAX-PLANCK-NSTITYX
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Flectroweak Measurements A

Cross sections and asymmetries MAX-PLANCK- NS TITYT
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Lineshapes and Thresholds A

The things to explore MAXPLANCKC | STLTOT

12 FCCee W-pair threshold

— m,,=80.385 GeV TI,=2.085 GeV
m,,=79.385-81.835 GeV, I',,=2.085 GeV
m,,=80.385 GeV, T,=1.085-3.085 GeV,

— Yy exchange

Cross section (ab)
o

o(WW) (pb)
l

Z exchange

10° — Zy interf. 8
107 6

: : : : s : s : : 4 —
106 ............ ................... . ................... . ................... . ................... , ................... '«. .......... i

105 = ................... ............... ................. ................... ................... ............
- o~ 0 | I | | l | 1 | | l | I |
50 60 70 80 90 100 110 120 130 140 150

Vs (GeV) 155 160 165 170
s (GeV)

* Lineshapes, cross sections, asymmetries provide access to a wide range of electroweak precision
measurements, putting the Standard Model to extremely stringent tests
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FCC-ee Electroweak Projections

Ap-Dyz 4t

Summary MaXPLANCK-NETITUY

Observable Present FCC-ee FCC-ee Comment and dominant exp. error
value * error Stat. Syst.

myz (keV) 91, 186,700 4 2200 4 100 From Z lineshape scan; beam energy calibration
'z (keV) 2.495 200 - 2300 . . 4 25 From Z lineshape scan; beam energy calibration
Rez (x10°) 20, 767 &= 25 0.06 0.2 —-1.0 Ratio of hadrons to leptons; acceptance for leptons
as(mz) (x10%) 1,196 £ 30 0.1 0.4—1.6 From RZ above
Rb (x10°) 216, 290 £ 660 0.3 < 60 Ratio of bb to hadrons: stat. extrapol. from SLD
o, 4 (x10°) (nb) 41,541 £ 37 0.1 4 Peak hadronic cross section; luminosity measurement
N, (><103) 2,996 &= 7 0.005 1 Z, peak cross sections; luminosity measurement
sin” Heﬁ (x10°) 231,480 £ 160 1.4 1.4 From A~ ‘é at Z peak; beam energy calibration
1 /aQED(mZ) (x10%) 128,952 + 14 3.8 12 From ALL off peak
A%]Og (x10%) 992 £+ 16 0.02 1.3 b-quark asymmetry at Z pole; from jet charge
A, (x10%) 1,498 £+ 49 0.07 0.2 from Ag%l"r; systematics from non-7 backgrounds
mw (MeV) 80,350 £ 15 0.25 0.3 From WW threshold scan; beam energy calibration
I'w (MeV) 2,085 + 42 12 0.3 From WW threshold scan; beam energy calibration
N, (x109) 2,920 = 50 0.8 Smal Ratio of invis. to leptonic in radiative Z returns
as(m;) (x10%) 1,170 £ 420 3 Smal From R)"

S pEa——————
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Flavour Physics U

Increasing interest MAX-PLANCK TR HvSIk
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* An e*e collider running at the Z pole is also an excellent flavour factory!
The 5x 1012 Zs at FCC-ee will provide: 102bb events, 1.7 x 1011 t+t-events
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes
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Flavour Physics U

Increasing interest MAX-PLANCK TR HvSIk

_ — — e —— —_—
— E— B —_— — e —_— ——— . —  ——— e — —

E—_— = __ — = p— ———- = = __ —— = —

* An e*e collider running at the Z pole is also an excellent flavour factory!
The 5x 1012 Zs at FCC-ee will provide: 102bb events, 1.7 x 1011 t+t-events
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

High-statistics measurements to follow up on
hints for Lepton Flavour non-universality seen in
b->sll transitions

& T I r .
L F n
= 50F ‘FCC-eeI 3
O I 1
S 40 =
S -
» 30F B° = K*(892) T*T-
- - -
S oob :
20 —El
10F DX =
R T N A

4.5 5 5.5 6 6.5

mg, GeV/c?

S —— — s ————— — — e - — - — = == E— _—= —
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Flavour Physics U

Increasing interest MAX-PLANCK TR HvSIk
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* An e*e collider running at the Z pole is also an excellent flavour factory!
The 5x 1012 Zs at FCC-ee will provide: 102bb events, 1.7 x 1011 t+t-events
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

High-statistics measurements to follow up on Explore rare be decays with unprecedented precision.
hints for Lepton Flavour non-universality seen in Study of CP violation, the CKM matrix, ...
b->sll transitions
—— Total fit
&G _ ' ' v - 1201 FCC-ee P e T
Ny ; i 0 - ] : —— BV utyu
% 50-_ ‘FCC-eeI — - Z" — bb Delphes simulation T
Q) T ] 2 1001 {  Simulated data
S 40f . <
(- — —
S 3 i
~ _ B° — K*(892) T*T- -
@ 30 (892) _ g
C - - =
o - - 5
m 20 P E 40
E 3 O
10:_ » , _: 20
0 : g 'WPP TS ] ... ;."i"'r---l---....:t;.".--'.- :i&;“f\"}‘.?";_- -~ : 0 g . Sah } t
4.5 5 5.5 6 6.5 5350 5400 5450
mg, GeV/c? m(pt ) [MeV/c?
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Flavour Physics Ve

Increasing interest MAX PLAN KR bSik
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* An e*e collider running at the Z pole is also an excellent flavour factory!
The 5x 1012 Zs at FCC-ee will provide: 102bb events, 1.7 x 1011 t+t-events
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

e A precise study of the 1 - extending beyond Belle 1l now beginning
P Today (2018)
>
U 18
T et Observable Current precision FCC-ee stat. Possible syst.
Lo
= m. [MeV] 1776.86 + 0.12 0.004 0.1
17.80 —
T, [fs] 290.3 £ 0.5 fs 0.001 0.04
17.75 — B(t—evv) [%] 17.82 + 0.05
0.0001 0.003
B(t—puvv) [%0] 17.39 + 0.05
1770 =
Lepton universality with
m,.=1776.86 + 0.12 MeV
17.65 — |

289 290 201
T lifetime [fs]

e R —— e =
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Flavour Physics Ve

Increasing interest MAX-PLANCK- NS TITYT
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* An e*e collider running at the Z pole is also an excellent flavour factory!
The 5x 1012 Zs at FCC-ee will provide: 102bb events, 1.7 x 1011 t+t-events
An excellent testing ground of universality, rare decays; precision measurements of masses and lifetimes

e A precise study of the 1 - extending beyond Belle 1l now beginning
P Today (2018)
>
U 18
T R Observable Current precision FCC-ee stat. Possible syst.
-
= m. [MeV] 1776.86 £ 0.12 0.004 0.1
17.80 —
T, [fs] 290.3 £ 0.5 fs 0.001 0.04
17.75 — B(t—evv) [%0] 17.82 £ 0.05
0.0001 0.003
B(t—puvv) [%0] 17.39 £ 0.05
17.70 —
Lepton universality with - - A - - .
bt (At it N.B.: Flavour physics introduces specific detector
17.65 — | ';‘ : : _ )
eh . e requirements such as PID, typically not front-and
T lifetime [fs] center in Higgs Factory detector designs

- e — e e
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The Top Quark

A new arena at 350 GeV and above
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Overview: Top Physics at ete- Colliders A

Understanding the Top, using the Top MAX-PLANCK-{NSTITUT
3
§10 L B A B
~ t
10 ‘
.T 10 ¢ E
()] m
A -
o
° | : _
10—1 A AT | 7 A N T TR TN T N SR SR T T
0 1000 2000 3000
/s [GeV]
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Overview: Top Physics at ete- Colliders A

Understanding the Top, using the Top MAX-PLANCK-INSTITUT

—=10° e Measuring the top quark mass (and
= other parameters) in theoretically well-
> 102 L _ defined frameworks
R : §
? : :  Search for BSM decays in clean environment
. 10F (74 E
() = .
A : _
o | / :
° 1 E

§ ttH :

10—1 I W A | 7 A S A TN TN T SAN NN S S S _—_
0 1000 2000 3000
/s [GeV]
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Overview: Top Physics at ete- Colliders A

Understanding the Top, using the Top MAX-PLANCK-INSTITUT
—=10° 1 » Measuring the top quark mass (and
= other parameters) in theoretically well-
> 102 L _ defined frameworks
R :
*1_: : » Search for BSM decays in clean environment
o 10F iz 3
(()) m m
0 - : _ w™
© 1 B / ) t . * Electroweak couplings of the top quark as a
—_ : =4 probe for New Physics
10—1 T AT | 7 A T A TN SN TR TR N TN S S W‘
0 1000 2000 3000
/s [GeV]
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Overview: Top Physics at ete- Colliders A

Understanding the Top, using the Top MAX-PLANCK-INSTITUT
—=10° | * Measuring the top quark mass (and
= other parameters) in theoretically well-
> 102 L _ defined frameworks
R §
? : » Search for BSM decays in clean environment
10 F : E
o f ttZ 5
o - ([ s - _ w”
B ; _ — . * Electroweak couplings of the top quark as a
: probe for New Physics
1 | u:"
1 — L
0 0
t
Y * Direct measurement of the top Yukawa
\ N coupling, ultimate potential of 2%
2/y [requires > 500 GeV, full scope assumes ~ 1 TeV]
<
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The Top Quark Mass (and other parameters) A

Possibilities & Pr ecision MAX-PLANCK TR HvSIk
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* The accelerator side: Requires sufficient collision energy for top pair production
* So far thoroughly studied for ILC, CLIC, threshold studies common for CLIC, FCC -eg, ILC

3'0.7: R A— — .
Lo
The threshold scan 5 Fos| oo
~ around 350 GeV 500E : Extraction of the mass in
’ N 0.3 . .
€€ approaches o | s i o theoretically well-defined
. lothetopmass 01} premses oty mass definition (1S, PS):
a0 s 'Féo' ' can directly be used in
s [GeV] L. .
The top mass from LU e e precision calculations,
e | 4001 ¢ » tly, CLIC, /s=380GeV o .
radiative events % 5 e auiien ”M minimal conversion
S SRR - uncertainties to MSbar
8 % 1000 [~ tt fully-hadronic i { i
. : . S ool ¢ oimiseddaa ] § [C=raereEs lﬂi : mass etc.
Direct kinematic 3 | Bon f background - ~ p i
. %’ 600 |- . i H
reconstruction 5t - 100} e .
i i - |
200 - ; B LSRRI 5 % 5 e 5 5 o
o : 340 350 360 370
: T_és 2 : \S' [GeV] o n 1
=g of - measurement of a “MC mass”: Interpretation
100 150 tf,gomass [Ges?o uncertainties of several 100 MeV
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The Top Quark Mass A

Ultimate precision at the threshold MAX-PLANCK-INSTITUT

- — . . . . .
8.1.4 [ ttthreshold - QQbar Threshold NNNLO 1 * Exploit precise theoretical calculations of cross section in
@ [ — theory prediction - m™ 171.5 GeV : the threshold region, in well-defined mass schemes (m:Ps,
T 1.2 — ---- scale variations p = 50 GeV - 350 GeV . . .
o & 1 mIS..) -> Can be converted directly into MSbar mass.
o 1 .
© T -

081 [ N N

0.6 - -

0.4 -

0.2 |- -

/s [GeV]
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The Top Quark Mass A

UItlmate prec:s:on at the threshold MAX-PLANCK-INSTITUT
- — . . . . .
214 tthreshold - QQbar Threshold NNNLO 1 * Exploit precise theoretical calculations of cross section in
@ [ — theory prediction - m™ 171.5 GeV : the threshold region, in well-defined mass schemes (m:Ps,
T 1.2 — ---- scale variations p = 50 GeV - 350 GeV . . .
o & 1 mIS..) -> Can be converted directly into MSbar mass.
o 1 .
© T -
081 TN N
0.6 - -
0.4 -
0.2 |- -
. CLICdp -
| ! ! ! ! I ! ! !
340 345 350
/s [GeV]

The threshold is sensitive to top quark propertles

— ——= B —— e — = — - = e S
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The Top Quark Mass A

Ultlmate prec:s:on at the threshold MAX-PLANCK-INSTITUT
- — . . . . .
214 tthreshold - QQbar Threshold NNNLO 1 * Exploit precise theoretical calculations of cross section in
@ [ — theory prediction - m™ 171.5 GeV : the threshold region, in well-defined mass schemes (m:Ps,
T 1.2 — ---- scale variations p = 50 GeV - 350 GeV . . .
o & 1 mIS..) -> Can be converted directly into MSbar mass.
o 1 .
© T -
0.8 S .
0.6 - -
0.4 -
0.2 |- -
. CLICdp -
| ! ! ! ! I ! !
340 345 350
/s [GeV]

The threshold is sensitive to top quark propertles

— ——_—— = e — = — - = e S
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The Top Quark Mass A

Ultlmate prec:s:on at the threshold MAX-PLANCK-INSTITUT
- — . . . . .
S 1.4 [ ttthreshold - QGbar Threshold NNNLO 1 * Exploit precise theoretical calculations of cross section in
@ [ — theory prediction - m™ 171.5 GeV : the threshold region, in well-defined mass schemes (m:Fs,
T 1.2 [ ---- scale variations p = 50 GeV - 350 GeV . ] )
o & 1 my’S..) -> Can be converted directly into MSbar mass.
o 1 .
© T -
0.8 Y = ) N TR PP P PP =
0.6 [ =
0.4 -
0.2 —
- CLICdp -
| I
340 345 350
s [GeV]

The threshold is sensitive to top quark propertles
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The Top Quark Mass A

Ultlmate prec:s:on at the threshold MAX-PLANCK-INSTITUT
- — . . . . L
S 1.4 [ ttthreshold - QGbar Threshold NNNLO 1 * Exploit precise theoretical calculations of cross section in
@ [ —theory prediction - m™ 171.5 GeV § the threshold region, in well-defined mass schemes (m:Fs,
T 1.2 [ ---- scale variations p = 50 GeV - 350 GeV . ) .
o & 1 my'S..) -> Can be converted directly into MSbar mass.
+® 1 __ __ Feb 2019
® T j =07
08 TN = o ~ it threshold - QQbar_Threshold NNNLO ]
-, i c 0.6 [ 'SR + ILC Luminosity Spectrum i
0.6 [~ . O [ —default-m® 1715 GeV, T, 1.37 GeV -
- 1 e . . S ”c, 8 B m, variations = 0.1 GeV ]
0.4 71 ISR, luminosity spectrum,® @ 0-5 [ — r, variations = 0.15 Gev .
i i ) 7)) B _
0.2 - - reconstruction DAL -
: - CLICdp - 2 04+ :
| I ! | _
340 345 350 . 03 _:
\FS [GeV] The pOtentlal for d B I simulated data points ]
measurement of the 0.2 - 200 fb total -
mass with < 50 MeV tota ; i T
. . 01 efficiencies and signal yields ]
uncertainty (dominated : from EPJ C73,2530 (2013) -
by 'theory) - S'ta‘t. O B | | | | | | | | | | | | i
.. 10 MeV 340 345 350

The threshold is sensitive to top quark propertles
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Electroweak Couplings of the Top Quark A

Access via cross section and asymmetries MAX-PLANCK- NS TITYT
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* At Linear Colliders:
* Using different beam polarisations
* Measuring cross section, Arg, and helicity angle (some studies)
+ * Particularly powerful with two (or more) energy points

Accessing electroweak couplings in ttbar

I 1 L] I L] I

—

™ ——T I
S 5000 [ (s = 380 GeV, D CLICdp -
B —— WHIZARD Zint=05ab
g 4000 ........ Reco. corrected

—— P(e) =-80%
—— P(e) = +80%

>
L 3000

IIIIIIIIIIIIIIII

llllJngllIll

2000

1000

0 : YR T SR TN NN TN S S PR T T PR T
~1 -0.5 0 0.5 1
cos(6%)

—_— e —— i — — =
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Electroweak Couplings of the Top Quark A

Access via cross section and asymmetries MAX-PLANGK-INSTITUT

e —— —_——— e S = — e e e . S s — — _ S
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* At Linear Colliders:
* Using different beam polarisations
* Measuring cross section, Arg, and helicity angle (some studies)
* Particularly powerful with two (or more) energy points

Accessing electroweak Cuplings in ttbar As an example: CLIC EFT-interpretation -> Reach up to 100 TeV

102 101 TeV
— - —r 1 1 1
. B 0 _ . CLICdp
() 5000 : \(g = 380 GeV, D<1 CLICdp - 0'%988? Cl B 0-D00%7 047 I semi-leptonic t#
B i WHIZARD Ziw=05ab" . “ 0.0025 | 380 GeV + 1.4 TeV + 3 TeV
i i : : 380GeV +1.4TeV
4000 ........ Reco. corrected . 0:00075 Gy vy (Y — ROy
g) [ P(e-) = -80% . 0.0031 |
i ) i 0.00018
LLI 3000 :_ —— P(e) = +80% - ~ 0.00054 Cyy 0.00045 | | 00021
: : Yoot © fokeras
2000 =T F- tB 0.0038
: 0016 Clyy Y I —
_ 0.0054 |
1000
0.059 0.033
07 Oy s 11 Wi
or—+——— 1. E— EE— 0.061 e 0.034]
1 0.5 0 0.5 1 0:085 Ot “—
. .
COS(G ) TeV —2 10—4 10—3 10—2 10—1 TeV—2

e e e = e e — —
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Into the Unknown

Searching for New Physics
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Into the Unknown

FUR PHYSIK

MAX-PLANCK-INSTITUT

Searching for Dark Matter

* A (very) wide range of possibilities - a few obvious examples

Search for Dark Matter

500 GeV ete

120 GeV
160 GeV

1M, = 200 GeV

o

o

..

O
Y

e
N,

A ..
AN NN
R,

S

250

E, [GeV]

150

100

200

50
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Into the Unknown
Searching for Dark Matter MAX-PLANCK-INSTITUT

* A (very) wide range of possibilities - a few obvious examples:

Search for Dark Matter

500 GeV ete

H. > | I I I I I I I I I 1 I 1 1 1 I 1 1 1 I 1 1 LI

> =120 GeV ® 5000 [ CLICdp Vs=350GeV  ZH;H-invis. ]

4V ) . -

I 10 N 160 GeV % - [ |signal (100 % BR) -
— c I background -

L . =200 GeV S 4000 Hbackg

B 10 I

©

SRR
SHHHA &
rerer e %

L IR HHHHH A
R SRR IR I HAH AN
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SRHAA

3505
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-,

2505

5552
A ogese,

5 TR ARHHRLRARHHRLKS

R SXHH R aetetete steteteloletedeloleteded Satel tatetetetetetetetete:

B X S R o S S S S X R R |
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Into the Unknown
Searching for Dark Matter MAX-PLANCK-INSTITUT

FUR PHYSIK

* A (very) wide range of possibilities - a few obvious examples:

Search for Dark Matter

900 GeV ete
M, =120 GeV
 |M, =160 GeV
M, =200 GeV

| I I I I I I I I I I I 1 1 1 I I I I I 1 1 1

5000 |- CLICdp Vs =350GeV  ZH; H— invis. _

! [signal (100 % BR) -

—

- . background -

—
<

4000

do /dE [a.u.]
Events / 4 GeV

3000

Sensitivity depends on

5;.‘:’:’:.0:’0’.0:’0’.0:‘0’.0:‘: é:.é:"?o z

* Energy reach -> Mass coverage

* Background levels: Sensitivity to small
couplings

2000

1000

s s s
g:o:o‘o:::o:o‘oszo:0‘05:.:0‘05:0‘0’05’0‘6'0‘::0? Lo IR HAHARS
B X AR KK HRHHARHAXH

R A e S S IR IR HHL AR HL KRS
e oo oot S SISO st e ttiset
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Into the Unknown A

Dark Sector Searches an FCC -e€ example MAX-PLANCK-INSTITUT
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CIRCULAR * Exploiting extreme statistics to search for heavy neutral

COLLIDER

leptons (right-handed sterile neutrinos, ...): Z-> v+HNL
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Into the Unknown A

Indirect and direct exploration of the highest energy scales MAX-PLANCK-{NSTITUT
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* Indirect probes with lepton colliders
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For many generic models & new interactions:
Corrections to SM suppressed by 1/(mass scale)?
<~ Sensitivity grows with s
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Into the Unknown A

Indirect and direct exploration of the highest energy scales MAX-PLANCK-{NSTITUT
* |ndirect probes with lepton colliders extreme precision with Z-pole programs
e (and other measurements we talked about)
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Indirect and direct exploration of the highest energy scales
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* Indirect probes with lepton colliders
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extreme precision with Z-pole programs
(and other measurements we talked about)




Into the Unknown A

Indirect and direct exploration of the highest energy scales MAX-PLANCK-{NSTITUT
* |ndirect probes with lepton colliders extreme precision with Z-pole programs
e N (and other measurements we talked about)
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For many generic models & new interactions:

Corrections to SM suppressed by 1/(mass scale)? Potential for direct production at highest
= Sensitivity grows with s energies - primarily hadron colliders, or 10+ TeV

muon colliders
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Sensitivity to High Scales A

The Strength of CLIC and Muon Colliders MAX-PLANCK-INSTITUT
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* Pushing limits on dark matter
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Sensitivity to High Scales A

The Strength of CLIC and Muon Colliders MAX-PLANCK-INSTITUT
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* Pushing limits on dark matter SM } visible recoil
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Sensitivity to High Scales A

The Strength of CLIC and Muon Colliders MAX-PLANCK-NSTITUT
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* Pushing limits on dark matter SM } visible recoil
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Sensitivity to High Scales A

The Strength of CLIC and Muon Colllders MAX-PLANCK-{NSTITOT
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* Discovery potential for new particles - SUSY as an example
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Lepton colliders: Full collision energy available for new particles -> Sensitivity up to kinematic limit.
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Conclusions

Wrapping up
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Compelling Scientific Opportunities A

MAX-PLANCK-INSTITUT
FUR PHYSIK
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* An e*e collider operating around 250 - 380 GeV will provide a model-independent, precise investigation of
the Higgs sector, and studies of unprecedented precision of the top quark

* A revisit to the Z pole with much higher luminosity than LEP will enable to electroweak precision tests of the
Standard Model at completely new levels. At the same time, this will also be a high-statistics flavour
physics program.

* Scales in the TeV region and above can directly be probed by high-energy lepton colliders - CLIC, a
(multi-)TeV ILC, and a muon collider. This also includes the measurement of the self-coupling of the Higgs.
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* An e*e collider operating around 250 - 380 GeV will provide a model-independent, precise investigation of
the Higgs sector, and studies of unprecedented precision of the top quark

* A revisit to the Z pole with much higher luminosity than LEP will enable to electroweak precision tests of the
Standard Model at completely new levels. At the same time, this will also be a high-statistics flavour
physics program.

* Scales in the TeV region and above can directly be probed by high-energy lepton colliders - CLIC, a
(multi-)TeV ILC, and a muon collider. This also includes the measurement of the self-coupling of the Higgs.

CERN is currently studying the feasibility of the Future Circular Collider:
* An e*e- machine running from the Z-pole up to 365 GeV - precision Higgs, Top, Electroweak.

* Followed by a ~ 100 TeV hadron collider - exploration of the highest energy scales, measurement of the
self-coupling of the Higgs.

* CLIC is studied as “Option B” in case FCC cannot go forward.
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Japan

China

CERN

{

The Way Forward A

Strategies and Timescales - taken from this week’s Snowmass Meeting MAX-PLANCK-INSTITUT
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2038 start * |Indicative timelines as discussed on

ILC: 250 GeV ‘ -
20km tunnel . : D AE 4 abt Tuesday in Snowmass @ Seattle

hysics

5 years

31km tunnel 40 km tunnel

- NB: Degree of political and
resource realism varies - most

2035 start physics

CepC: 90/160/240 GeV
100km tunnel 100/6/20 ab™? SppC: 75-125 TeV, 10-20 ab’

LHC HL-LHC (14TeV, 3 ab)

(13.6TeV, 450 fb!)

ICS

2048 start phy

100km tunnel, installation FCC-ee: 90/160/250 GeV 350-365 installation

-150/10/5 ab™! GeV 1.7 ab
1

FCC hh: 100 TeV = 30 ab™

2048 start physics

CLIC: 380 GeV
holding 11 km tunnel 1.5 ab-1

50 km tunnel

29 km tunnel

T 1 1 T I O
2020 2030 2040 2050 2060 2070 2080 209C
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The Way Forward A

MAX-PLANCK-INSTITUT
FUR PHYSIK
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2038 start physics

250 Ge el e * |Indicative timelines as discussed on
Tuesday in Snowmass @ Seattle

31km tunnel 40 km tunnel

2035 start physics

CepC: 90/160/240 Gev
100km tunnel 100/6/20 ab? SppC: 75-125 TeV, 10-20 ab-!

|

- NB: Degree of political and
resource realism varies - most

LHC HL-LHC (14TeV, 3 ab™)
(13.6TeV, 450 fb')

E e Fg/:;s ::)1/160/250GEV ?Sz?/fgzb FCC hh: 100 TeV = 30 ab™
-ﬁ--' | I N I I -------fk- t::L----::km:::------ T N I
2020 2030 2040 2050 2060 2070 2080 2090
Proposals emerging from this Snowmass for a US based collider
2040 start physics
CCC CCC: 250 GeV 550 GeV 2 TeV .
5 years 8 km tunnel > bt v - 4 ab! purely technical!
Y, Muon Collider 2oizuzgr:tdeh i No approval process yet,
Sia SICS .
> u e hosting unclear
13 years 4km & reuse Tevatron 1
ring . Note: Possibility of
OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1
e g0 s JJJq 0 (s JJJ 0 s 0 g s g s ]
2020 2030 2040 2050 2060 2070 2080 2090
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Final Words A

MAX-PLANCK-INSTITUT
FUR PHYSIK

There are very exciting questions in high energy physics - a new ete-collider may answer
some of them!

Global large projects = long time scales - but contributions are needed now to make them
happen.

This will be your HEP facility!
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