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Overview

A two-part story

 Part 1:

e Scientific motivation

* Future ete- colliders in broad strokes

* Detectors at future ete- and y+u- colliders
e Part 2:

* Higgs physics

* Electroweak precision

* Top quark physics

* |nto the unknown
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Disclaimer

| have taken material from many different presenters - impossible to list them all. | want to single out
Mogens Dam, who gave excellent lectures on the same topic a few years ago, which | took as inspiration.
An excellent resource reflecting the current state of this field is the Snowmass 21 CSS Meeting in Seattle

in July 2022: https://indico.fnal.gov/event/22303

The selection of material reflects my personal bias. | am not trying to “sell” a particular future facility - but
use your own judgment to form you opinion!
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Introduction

Where we are, how we got there
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The Standard Model of Particle Physics

A CO”IO’GI’ SUCCGSS StOry Karlsruhe Institute of Technology

L

SPEAR /AGS 1974
Fermilab 1977

Tevatron 1995 PETRAT979
SppS 1983
AGS 1962
SPEAR 1975 LHC 2012

Fermilab 2000

- Contributions from

| o e+e- colliders

* The result of generations of accelerators, and the interplay of experiment and theory
Providing testable predictions
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Understanding the Universe

- AT

SUCCGSS and /ImItS Of the Standard MOO’G/ Karlsruhe Institute of Technology
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Dark Matter? | Origin of Mass!?
l Higgs Boson!

Jesse Thaler,
Snowmass CSS ‘22
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Understanding the Universe ﬂ(IT

SUCCGSS and /ImItS Of the Standard MOO’G/ Karlsruhe Institute of Technology
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— Matter/Anti-Matter?

Three Generations?

Strong CP? | | —

Neutrino Masses!? —
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T T Unification?
Dark Matter? Origin of Mass!? A
R ‘ Higgs Boson! %”a"F“T
ravity?
Dark Energy?
A S ———————— Jesse Thaler,

Inflation? Hierarchy Problem!? Snowmass CSS ‘22
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Strategies for Discovery in Particle Physics S(IT

DII’eCt and IndlreCt Karlsruhe Institute of Technology

e ———————— — ——— ——

Direct observation of
new particles:
Requires sufficient
energy for production
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Strategies for Discovery in Particle Physics J(IT

Dil’GCt and indireCt Karlsruhe Institute of Technology

e ———————— — ——— ——

Direct observation of
new particles:
Requires sufficient
energy for production

Indirect discovery:
Deviations from
expectation hinting at
new phenomena at
(much) higher energy
scale
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Precision Measurements

- AT

An eStablIShed dISCOVGry Stfategy Karlsruhe Institute of Technology
with a well-founded
' Reactor v-CC ' .
v B decay Fermi 1932 v Cowan, Reines 1956 theoretical model.
C KO>uu GIM 1970 J/y Richter, Ting 1974 can be turned into
h CPV K°>nn  CKM, 39 gen  1964/72 | Y Ledermann 1977 discoveries - and
7 v-NC Gargamelle 1973 2> eter UA1 1983 precision measurements
can guide th
t B mixing ARGUS 1987 t=> Wb DO, CDF 1995 an guide the
: development of new
ete- EW fit, LEP 2000 H-> 4 CMS, ATLAS 2012
H HIYY models.
? What's next ? ? ?
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Precision Measurements

AT

An eStabIIShed dISCOVny Strategy Karlsruhe Institute of Technology
- The Standard Model ofae physms S IIndt - o / ”
Years from indirect to direct observation of new particles 1 Direct with a well-founded
| theoretical model,
Neutrino _—l o
precision measurements
W boson —_— — can be turned into
discoveries - and
Beauty quark — precision measurements
can guide the
Charm quark — development of new
models.
Z boson ]
Top quark ; , reaching higher scales:
direct discoveries only
Higgs boson —] follow with new
1920 1940 1960 1980 2000 2020 generations of
experiments
e ——\NJ)—Y
d pt b d taken from Niels Tunng, ICHEP 2018

l Wl Institute for

Experlments at Lepton Colliders - CERN Summer Student Lectures July 2023 Frank Simon (frank S|mon@k|t edu) | == Data Processing 9

I and Electronics



mailto:frank.simon@kit.edu

Why ete- Colliders?
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Electron and Proton Colliders S(IT

The maln WOI’khOI’SGS Of HEP Karlsruhe Institute of Technology
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» Colliders accelerate charged particles to high energy and bring them to collision - two main types so far:

electron-positron collider

proton-proton collider
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Electron and Proton Colliders A\‘(IT

The maln WOI’khOI’S&S Of HEP Karlsruhe Institute of Technology
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» Colliders accelerate charged particles to high energy and bring them to collision - two main types so far:

electron-positron collider

> <=9

proton-proton collider

ATI.AS

EXPERIMENT

hite://atlas.ch composite particles

dominated by strong
interaction
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Electron and Proton Colliders A\‘(IT

The maln WOrkhOrseS Of HEP Karlsruhe Institute of Technology
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» Colliders accelerate charged particles to high energy and bring them to collision - two main types so far:

electron-positron collider

> <=9

elementary particles
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proton-proton collider

composite particles

dominated by strong

interaction
dominated by \
electroweak
interaction \
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Electron and Proton Colliders A\‘(IT

The maln WOrkhOrseS Of HEP Karlsruhe Institute of Technology
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» Colliders accelerate charged particles to high energy and bring them to collision - two main types so far:

electron-positron collider
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elementary particles
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High complementarity of p+p |

proton-proton collider

composite particles

dominated by strong

interaction
dominated by \
electroweak
interaction \
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Electron & Proton Colliders ﬂ(IT

Higgs production as an example to illustrate differences Karlsruhe Institute of Technology
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Electron & Proton Colliders
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H/ggs product/on as an example to /llustrate d/fferences
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o [pb]

Electron & Proton Colliders

ST

H/ggs product/on as an example to /llustrate d/fferences Karlsruhe Institute of Technology
8 TeV 14 TeV 33 TeV 100 TeV
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Experimental Conditions at e+e- Colliders J(IT

LOOking baCk at LEP Karlsruhe Institute of Technology
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 LEP - the first occupant of the tunnel we now know as the “LHC tunnel”. 1989 - 2000, 91 - 209 GeV
* Fantastically clean events: No pile-up, no underlying events -> All you see is the physics!
» Signhal and physics background cross sections comparable: no trigger challenge!

aZ->qq B Z->ee ALEPH
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Experimental Conditions at e+e- Colliders J(IT

LOOking baCk at LEP Karlsruhe Institute of Technology
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« A key feature: Excellent knowledge of initial state, given by Vs -> Energy conservation means the four-
vector of the final state is known.
 Can be exploited in event reconstruction - kinematic fitting, et. al., used to eliminate jet energy scale
uncertainties in WW events, for example | g

Here:

e e > W™W™ — gqgqqg

accurate measurements of the jet directions,
together with event constraints provide precise
jet energies and di-jet masses (W mass)

—_———— = p— A ———
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LEP Legacy S("‘

A feW eXam,D/eS Karlsruhe Institute of Technology
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* An era of precision measurements - still dominating many parameters 25 years later...

40 — I
A result directly after first LEP data: The number of light neutrinos _ 4y _
After 5 years at LEPa: per-mille level precision 30 -
N, =2.984 * 0.008 E
&
[ =2495.2 £ 2.3 MeV T 20
)
m; =91187.5 * 2.1 MeV €
10

0= 0.1190 * 0.0025

Precision measurements could predict the top

and Higgs masses prior to discovery 90 95
\Vs/GeV
© / F ’ )
£ _ 2° /
\1{/”"‘“ "\\ ~ ,,,.(:\M -
t e \f’
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The Higgs @10 &("‘

Where We are ~ tOday Karlsruhe Institute of Technology
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* The coupling of many different particles to the Higgs have
been observed - to date all agree with SM expectations

N
10°— + k. is a free parameter
= — SM prediction
10—
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E|2 =
> —
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o 102 ——
E> > — Leptons Quarks
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& - Ve | Yu | Y2 u “ c n
o - - 1
: Force carriers Higgs boson
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> 12r |
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& 10f ; % % {
0.8_llll|" | | IlTl»'“TlllI | _l L1 1111 | | lllllll | |
1071 100 101 102
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The Higgs @10

ST

Where We are ~ tOday Karlsruhe Institute of Technology
=S — - : I e —__ ———— _______ = e —— —— - = = = === = = —_
* The coupling of many different particles to the Higgs have W | z
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The Big Questions J(IT

What We knOW We dOn t knOW Karlsruhe Institute of Technology

— —— — _———
e —— __ S — e _ —

e — _ __ — e — — = = —

 How can the Higgs boson be so light?

 What is the mechanism behind electroweak symmetry breaking?
 What is Dark Matter made out of?

 What drives inflation?

 Why is the universe made out of matter?

 What generates Neutrino masses?

—_— — — S —_—  — o — ————

e —— — —— — = =
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The Big Questions J(IT

What We knOW We dOn t knOW Karlsruhe Institute of Technology

— S e ———————  ——  — ——— — — —— - = e S = —— e —— — —
e _ — A — —_— | e — ——————— R — = = — = =

 How can the Higgs boson be so light?

 What is the mechanism behind electroweak symmetry breaking?
 What is Dark Matter made out of?

 What drives inflation?

 Why is the universe made out of matter?

 What generates Neutrino masses?

The answers to these gquestions have to be outside
of the Standard Model!

————— =——

' Wl |nstitute for
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The Way Forward

* What we do know:
* The Higgs is connected to all particles we know - and is at the center of some of our questions

* Most hints for new phenomena come from the electroweak + Higgs sector:
Expect some new particles to be charged under electroweak interactions

e What we don’t know:

* The energy scale of new particles / phenomena

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

———— — — =——

' Wl |nstitute for

Frank Simon (frank.simon@kit.edu) J = Date Processing

I ond Electronics

- |

o0 |


mailto:frank.simon@kit.edu

e e —— - e — — — = -

No Guarantees J(IT

The challenge of makmg the case for future eo///ders Karlsruhe Institute of Technology

 Before the start of LHC: The “no-lose theorem”
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No Guarantees J(IT

The challenge of makmg the case for future eo///ders Karlsruhe Institute of Technology

- TS — — = _ — — = -

 Before the start of LHC: The “no-lose theorem”

With the “completion” of the standard model:
No certainty - and no clear indication of the energy scale of new phenomena

_— — — S —_—  — o — - ————

e —— — —— — —— =
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Asking for Directions J(IT

Prom/smg Areas for a New Preersron Program Karlsruhe Institute of Technology

_ _ _ _ . _ — ___ __
E— —— _ — = — e e — —— ———— P — = = = —— = = ~ ———

e Study with highest precision what has not yet been scrutinized in depth:
The Higgs Boson, the top quark

* Revisit areas of previous precision exploits with a whole new level of scrutiny:
The Z pole: Electroweak, QCD, flavour; the W boson

* Explore the unknown:
Search for new phenomena at high energies,
and with extreme luminosity / sensitivity at lower energies

e ——— —— e ——— —_——

' Wl |nstitute for
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Riggs-Electroweak-Top Factory Physics Menu S(IT

A neW ,DI‘GCISIOH program Karlsruhe Institute of Technology

e —— - _ = = — = - — = = — - = = — -
e ———————— = — - = e — e —p——
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The Higgs Boson

model-independent study
of all accessible couplings

—_———— e ————— s
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Riggs-Electroweak-Top Factory Physics Menu S(IT

A neW preCISIOn program Karlsruhe Institute of Technology
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" The Top Quark

/ a precise measurement of

its properties.
A possible window to new |
physics due to its hlgh

The Higgs Boson

mass!
model-independent study
of all accessible couplings
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Riggs-Electroweak-Top Factory Physics Menu S(IT

A neW preCISIOn program Karlsruhe Institute of Technology

e ———————— — ——— ——
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New Particles

searches for weakly
coupled new particles with
high luminosity / high
energy in a clean
“\._envionment____~""
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Bringing together physics goals and collider energy
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ST

Karlsruhe Institute of Technology

Thresholds and cross sections set

collider energy targets:

91.2 GeV - The Z pole
160 GeV - The WW threshold

250 GeV - The ZH maximum

350 GeV - The top threshold,

VBF Higgs production

500 GeV - ttH, ZHH

1+ TeV - VBF double Higgs
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Perspectives of Energy

Brmgmg together physrcs goals and coll/der energy
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250 350
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collider energy targets:

[J. R. Reuter]

91.2 GeV - The Z pole
160 GeV - The WW threshold

250 GeV - The ZH maximum

350 GeV - The top threshold,

= e ——

,_ 500 GeV - ttH, ZHH
1000

| (Gev) 1+ TeV - VBF double Higgs

1000 Ecm/ GeV

VBF Higgs production

L

Karlsruhe Institute of Technology

Thresholds and cross sections set

Precision electroweak,
Flavour, QCD, ...

Higgs properties &
couplings

Top properties,
Top as probe

Direct top Yukawa
Higgs selfcoupling

Search at the
energy frontier
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Collider Types J(IT

CifCU/ar and Llneaf Karlsruhe Institute of Technology
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Circular Colliders:

Collision of two particle beams on
circular orbits In opposite direction

Re-use of non-collided particles in future
turns, acceleration can proceed over
many revolutions. Need for bending
magnets to keep particles on track.
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Collider Types !(IT
CifCU/ar and Llneaf Karlsruhe Institute of Technology
Circular Colliders: Linear Colliders:

Collision of two particle beams on Collision of two particle beams from

circular orbits In opposite direction linear accelerators pointed at each

other

Full acceleration in a “single shot”,
unused particles are lost. No need for

s magnets
Re-use of non-collided particles in future
turns, acceleration can proceed over
many revolutions. Need for bending
magnets to keep particles on track.
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Collider Types

Circular and Linear

Circular Colliders:

Collision of two particle beams on
circular orbits In opposite direction

Re-use of non-collided particles in future
turns, acceleration can proceed over
many revolutions. Need for bending
magnets to keep particles on track.

e ——

Experlments at Lepton Colliders - CERN Summer Student Lectures July 2023

AT

Karlsruhe Institute of Technology

Linear Colliders:

Collision of two particle beams from
linear accelerators pointed at each
other

Full acceleration in a “single shot”,
unused particles are lost. No need for

magnets

A
B

Makes sense for light particles at high
energy: Synchrotron radiation losses
scale with E4 and m-+and r-2

————

Frank Slmon (frank. S|mon@k|t edu)
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Circular vs Linear e+e- J(IT
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» Circular colliders very efficient at low energies, at
higher energies synchroton radiation becomes a key

limiting factor:

Power proportional to E4/R? - Loss per turn ~ E4/R

N. Walker, B. Foster

25 -

cost [a.u.]

20 .
i circular

= The scaling of the size of the facility with
. energy is very different:
* * Circular colliders have to grow at least
linear with E2
* Linear colliders grow with E - but inherently

more complicated, with a large cost offset

10 -
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Ecm (GeV)
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Collider Options

AT

COnCeptua/ dlfferenCGS In phySICS reaCh Karlsruhe Institute of Technology
)
O)
=
Q
] ] ] :
higher luminosity S
/ statistics - O
©
&
/p)

A
Y ‘ ',t
L’
Y
£
¥
9

o 5
e >
(ad Dy
P 3Tl
; VLY »
b
AR
<

higher masses / energy

__ _____ __ _ R . - —— S

e — —— — —_— — —— —

[ | Wl Institute for

Expenments at Lepton Colliders - CERN Summer Student Lectures, July 2023 Frank Slmon (frank. S|mon@k|t edu) | == Data Processing 25

I and Electronics

—_———— e —————— =



mailto:frank.simon@kit.edu

Collider Options ﬂ(IT

Conceptual differences in physics reach Karlsruhe Institute of Technology
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Collider Options ﬂ(IT

Conceptual differences in physics reach Karlsruhe Institute of Technology
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Collider Options ﬂ(IT

Conceptual differences in physics reach Karlsruhe Institute of Technology
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Evolving Collider Infrastructure

AT

MaXImISIng phySICS OUtpUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology
. . . 2?
* A general challenge: Colliders and the associated infrastructure are .

expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

/ - - T - | 7 i nstitute for -
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Evolving Collider Infrastructure J(IT

MaXImISIng phySICS OUtPUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology
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* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

/ - - T - | 7 i nstitute for -
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Evolving Collider Infrastructure J(IT

MaXImISIng phySICS OUtpUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology
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* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

e+e- Collider

/

A big ring: Full length required on day
one, then can be used for a lepton
and a hadron collider sequentially

————— _—
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Evolving Collider Infrastructure J(IT

MaXImISIng phySICS OUtPUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology
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* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

e+e- Collider
== Hadron Collider

highest possible
energy:
100(+) TeV

A big ring: Full length required on day
one, then can be used for a lepton
and a hadron collider sequentially

————— _—
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Evolving Collider Infrastructure J(IT

MaXImISIng phySICS OUtpUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology

— — = —_———— e —  —————— — — =

* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

e+e- Collider
== Hadron Collider
e+e- Collider
highest possible

energy:
100(+) TeV A —

— I\

A big ring: Full length required on day A linear collider: Step-wise extension,

one, then can be used for a lepton lepton collisions at different energies in
and a hadron collider sequentially Sequence

————— _—
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Evolving Collider Infrastructure J(IT

MaXImISIng phySICS OUtpUt reaCt tO dlSCOVGI’IGS Karlsruhe Institute of Technology
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* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

e+e- Collider

== Hadron Collider
e+e- Collider

highest possible

—— longer tunnel:

energy: |

100(+) TeV - - . — - , higher energy
A big ring: Full length required on day A linear collider: Step-wise extension,
one, then can be used for a lepton lepton collisions at different energies in
and a hadron collider sequentially Sequence

————— _—
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AT

Evolving Collider Infrastructure
MaXIm/smg phySIcs output react to d/scoverles Karlsruhe Institute of Technology

?

* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:

e+e- Collider
== Hadron Collider
e+e- Collider

highest possible

energy: —— longer tunnel:

100(+) TeV - e M e———— higher energy

] ==ees  [N@W acceleration
A big ring: Full length required on day A linear collider: Step-wise extension, technology
one, then can be used for a lepton lepton collisions at different energies in
and a hadron collider sequentially sequence
E mn tLectures, July 2023 Frank Simon (frank.simon @kit.edu) |2 e rcesing 27
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Evolving Collider Infrastructure
MaXIm/smg phySIcs output react to d/scoverles Karlsruhe Institute of Technology

?

* A general challenge: Colliders and the associated infrastructure are
expensive - making long-term scientific exploitation mandatory

* |t is basic research:
Discoveries or new insights may call for changes in direction

Evolution scenarios:
e+e- Collider

== Hadron Collider
e+e- Collider

highest possible
—— longer tunnel:

energy:
100(+) TeV N higher energy
) ==cee N@W ACCeleration
A big ring: Full length required on day A linear collider: Step-wise extension, technology
one, then can be used for a lepton lepton collisions at different energies in - @S SOUIce for other
and a hadron collider sequentially sequence accelerators
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Energy Flexibility J(IT

A Llneaf COlllder StOry Karlsruhe Institute of Technology

e = — e ——————— " — — ——— =
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies
relevant for a broad e+e- program
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Energy Flexibility S(IT

A Llneaf COIllder StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies

relevant for a broad e+e- program

~ 250 GeV
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Energy Flexibility S(IT

A Llneaf COIllder StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies

relevant for a broad e+e- program

~ 250 GeV
~ 350 - 380 GeV

* < ﬂ
&t W - @\ :
wr - 7,
_f'/\\&/ €
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Energy Flexibility S(IT

A Llneaf COIllder StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies

relevant for a broad e+e- program

~ 250 GeV
~ 350 - 380 GeV

~ 500 - 550 GeV
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Energy Flexibility ﬂ(IT

A Llnear COIllder StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies
relevant for a broad e+e- program

~ 250 GeV
~ 350 - 380 GeV
~ 500 - 550 GeV ‘ . e
~1-1.5TeV /“;fﬂ\’:\ €&
e /ﬁf &
>\,\,V\ W ‘Y e‘>lw
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Energy Flexibility ﬂ(IT

A Llnear CO”Ider StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies
relevant for a broad e+e- program

~ 250 GeV
~ 350 - 380 GeV

~ 500 - 550 GeV

~1-1.5TeV
~3 TeV

+ direct & indirect dlscovery potential increasing with energy
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Energy Flexibility ﬂ(IT

A Llnear CO”Ider StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies
relevant for a broad e+e- program
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the “minimum” program to cover / ~ 250 GeV
{ most aspects of Higgs and Top /<=7

~1-1.5TeV

~3 TeV

+ direct & indirect dlscovery potential increasing with energy
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Energy Flexibility ﬂ(IT

A Llnear CO”Ider StOry Karlsruhe Institute of Technology
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* Linear colliders provide a staged physics program - matched to the variety of center-of-mass energies
relevant for a broad e+e- program
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i the “minimum” program to cover ~ 250 GeV
{ most aspects of Higgs and Top /<=7

~1-1.5TeV

?

~3 TeV

at each stage: Possibility to change
focus / direction depending on results

total program ~ 25 years from first collisions + direct & indirect dlscovery potential increasing with energy
- Experlments at Lepton Colliders - CERN Summer Student Lectrsuly 2023 r Frank Slmon (frank. S|mon@k|t edu) i —=§§£;EE§§§??3 28
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Electroweak Precision and Ultimate Energy Reach ﬂ(IT

A CII’CU/&I‘ CO//ICI’GI’ StOry Karlsruhe Institute of Technology

91 GeV 26 -H-H- 160 GeV 240 GeV 1Yrshutdown 350 GeV 365 GeV removea Pree|S|on electroweak
cryomodules & Higgs program with

‘-‘.““‘ ““ an e*e collider

Machine 26 [Heuguidge 26 ww 42% 74
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installed cryomodules
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ST

Karlsruhe Institute of Technology

Electroweak Precision and Ultimate Energy Reach
A C/rcular Colllder Story

= — e e e— I

removed Precision electroweak

cryomodules & Higgs program with

“““.“ AV IDEDEDED o oo colide

91 GeV 26 -H-H- 160 GeV 240 GeV 1Yrshutdown 350 GeV 365 GeV

‘ - + top quark program
Machine 26 et~ 26 WW 42%
installed cryomodules
Booster 3 M -10 [ 21 F——-——" 100 20
G‘L bV L c\l .
| 2
e L Qf\f’ _>w< \ P ef time (operation years)
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Electroweak Precision and Ultimate Energy Reach ﬂ(IT

A CII’CU/&I’ CO”IO’GI’ StOry Karlsruhe Institute of Technology

91 GoV  »FEE 160 GeV 240 GeV  tiwun 350 GoV 365 GV removed Precision electroweak
cryomodules & Higgs program with

““‘ ““ an e collider

.+ 1top quark program

Machine 26 [ejepeige

installed cryomodules

Booster 3 e

’ k4
time (operation years) "‘5,

\/___

/?>\

| o g Completing the Higgs
Installation of a hadron collider in the same tunnel o Z sector study
(removal of lepton machine): : \# : exploration (;f highest
~10 year shutdown, then: 100(+) TeV pp collisions N N
energy scales

_ - — ___ S = —_— — = —
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Electroweak Precision and Ultimate Energy Reach ﬂ(IT

A CII’CU/&I’ CO”IO’GI’ StOry Karlsruhe Institute of Technology

01 GoV 5= 160 GeV 240 GeV  1wshwiow 350 GeV 365 GoV removed Precision electroweak
cryomodules & Higgs program with

-““ “,‘ an e collider

.+ 1top quark program

Machine 26 [ejepeige

installed cryomodules

Booster 3 e

>
time (operation years) "‘54,

\/’_—-

/?>\

| o g Completing the Higgs
Installation of a hadron collider in the same tunnel o Z sector study
(removal of lepton machine): : \# : exploration (;f highest
~10 year shutdown, then: 100(+) TeV pp collisions N N
energy scales

together 50+ years from first e+e- collisions to completron of pp program
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Integrated luminosity [ab™]

Flexible Sequence for FCC-ee
Maximising physics output - and interest

= == ———— — —— e p—

————

!

Karlsruhe Institute of Technolog

* Energy sequence for FCC-ee under study

Default: ordered by energ

| I |

200 —

ww ZH
x 10 ' x 10

100

| | | » ! | | |
4 5 6 7 8 9 10 11 12 13 14 15 16
Years
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Integrated luminosity [ab™]

Flexible Sequence for FCC-ee
Maximising physics output - and interest

= P —— = —_— e e — ——————— e —

— —

* Energy sequence for FCC-ee under study _ _ E > : fé ' B
Higgs first: ZH ; v\:\;v%

Default: ordered by energ 2 é ]
200 |— | ! | / | ' I | i/// | S i % ]
ol / 7 4 T . :

I % % ] %1 2 3 4 5‘% 6 7 8 9 10 11 12 13 14 \1;5 16

: %‘ / : ears

0 2 2

| | | | | | » ! | | |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Years
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Integrated luminosity [ab™]

Flexible Sequence for FCC-ee
Maximising physics output - and interest

————— —_— —_— —— = e —Sssss —

———

» Energy sequence for FCC-ee under study _ g 5 fé |
Higgs first: > ZH ww% 2
Default: ordered by energ s | T %
200 | I I I ! I I I é : %
' 1 1 2 /
' PO ht AR '

100

1 <= v/ /) !
. 1 | 1 1 | 1 /L_-‘_‘/T/I'/I./. lc.% 200 — //
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 — — 5 CWW | HZ
Py ! : s
YearS (7) - ; x10 x10
O DN
3= —
g - \s = 240 GeV
= 7.2 ab™
_ 3 100— >
More speculative: © 0 1 eweynom
(@)
Q -
Interleaved energy stages: =
B : Vs = 340-350 GeV __a
2 4RI, s BRI AAAI e / Lumi: 0.2 ab- e
0 LA Jo X4 1 | A i | 1
0 3 4 5 Ff Y (8 9 10\ 12 13 14 15 16 17
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Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023 Frank Simon (frank.simon@kit.edu) |P- Data Processing 30



mailto:frank.simon@kit.edu

Concrete Facilities

A selection of lepton colliders in backup

* See the lecture by Barbara Dalena

—— = e — e e —— — —— - — —=

| i ‘ A » R r CH) o ] | ey nstitute for
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Detectors at Future Lepton Colliders

* Extensively developed for linear colliders (ILC, CLIC)

» Activities for FCC-ee now picking up, requiring some modifications

* Muon colliders the latest addition, challenges being understood, concepts emerging

- ———— — — =——

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023 Frank Simon (frank.simon@kit.edu)
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General Detector Features

ST

Almlng fOI’ preCISIOn prOfItlng fme benlgn baCkgrOundS Karlsruhe Institute of Technology
HL-LHC
from this...
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General Detector Features
Aiming for precision, profiting from benign backgrounds Karlsruhe Institute of Technology
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General Detector Features ﬂ(IT

Aiming fOI’ pfeClSiOn, prOfIting fme benlgn baCkgrOundS Karlsruhe Institute of Technology

from this...

... to this.

* Need detector systems that match the ambitious precision goals
of lepton colliders: Resolution, calibration accuracy, stability...

 The main concern is not survival: (With very few exceptions)
radiation tolerance requirements are very minor, occupancies
and rates typically low

S = = pm—— p— —— e S = — = e —_—— —

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023
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Detector Performance Goals - Tracking J(IT

MOtlvated by key phySICS Slgnatures Karlsruhe Institute of Technology

e = —— e —

 Momentum resolution
Higgs recoil measurement, H -> Ly,
BSM decays with leptons

o(pt)/pr2~2x 1035/ GeV
precise and highly efficient tracking,
extending to 100+ GeV P

low mass, good resolution:
for Si tracker ~ 1-2% Xo per layer, 7 ym point resolution

/’ - o ] . T nstitute for o
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Detector Performance Goals - Tracking

Motivated by key physics signatures
 Momentum resolution
Higgs recoil measurement, H -> Ly,

BSM decays with leptons

o(pt)/pr2~2x 1035/ GeV
precise and highly efficient tracking,
extending to 100+ GeV

Arbitrary Units
o o
N W

O
—h

=
~

e

100

low mass, good resolution:

for Si tracker ~ 1-2% Xo per layer, 7 ym point resolution

e

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023

T R R T
150

ST

Karlsruhe Institute of Technology

ZH—p 'u X -
—— N0 smearing
2 -2
—— o, /p5=2x10
o pT —
2 -2
—— 0, /p==5x10
P; pT
2 -4
o, /p°=1x10
o pT _
“‘*'-'EJL‘A;;,__.%E‘_ e
I | I | | | - r}ﬂ;‘lﬂﬁ"r‘: //,’////j
200 250 .
mrecoil [GeV]
/r ......%/ \
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Detector Performance Goals - Tracking

ST

MOtlvated by key phySICS Slgnatures Karlsruhe Institute of Technology
o S o "* Y - -
e Mlomentum resolution = |
. > | .
Higgs recoil measurement, H -> up, > 03| ZR=pwiu X
: = - —— NO smearing
BSM decays with leptons S ol o, /pP=2x10°
< T T 5 5 m
I | —— o, /p==5x10
2 -5 i i Pr T
o(pt) / pr2 ~2 x 105/ GeV . o lob=Tx10*
precise and highly efficient tracking, O j
extending to 100+ GeV ) IR

. T N N S TR R S !
100 150 200 250
[GeV]

recon

low mass, good resolution:
for Si tracker ~ 1-2% Xo per layer, 7 ym point resolution

 Impact parameter resolution, vertex
charge
Flavour tagging: b/c/light tagging in Higgs

o(dg) ~ [5 @ (10 - 15)/psin™*0] pm

smgle point resolutlon in vertex detector ~3 um

\ < 0.2 Xo per Iayer

_— — — — _— — - —_—— —= — =

— = — —_—— = — - -
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Detector Performance Goals - Tracking

ST

MOtivated by key phySiCS Signatures Karlsruhe Institute of Technology
S S
e Mlomentum resolution = |
. . > | .
Higgs recoil measurement, H -> up, > 03| ZR=pwiu X
: = - —— NO smearing
BSM decays with leptons S ol o, /pP=2x10°
< T T 5 5 ]
I —— 0, /p==5x10
o(pr)/ pr2~2x10°/GeV e ZPT/EZ—mm-“
. . . . 0.1 | PrFT s
precise and highly efficient tracking, : j
extending to 100+ GeV ! T

: N S N K R T A T N A S N !
100 150 200 250
1 [GeV]

reCOI

low mass, good resolution:
for Si tracker ~ 1-2% Xo per layer, 7 ym point resolution

 Impact parameter resolution, vertex
charge
Flavour tagging: b/c/light tagging in Higgs

o(dg) ~ [5 @ (10 - 15)/psin™*0] pm

smgle point resolutlon In vertex detector ~3 um

t < 0.2 Xo per Iayer
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Detector Performance Goals - Jets, Photons, PID

ST

MOtivated by key phySiCS Signatures Karlsruhe Institute of Technology
- o R . - - ) R I I ot l l r B 7
* Jet energy resolution = n \ = 1%
Recoil measurements with hadronic Z decays, 2 ol —onim=28%
separation of W, Z, H bosons, ... § ‘ —ofm=10% -
=
O(Ejet) / Ejet ~ 3% - 5% for Ejet > 45 GeV < 4r ! s
reconstruction of complex multi-jet final states. i
2 - -
e Photons i
Resolution not in the focus: ~ 15 - 20%/ME ok 2 D
60 70 80 90 100 110 120
?
Worth another look Mass [GeV]

Coverage to 100s of GeV important

— — - - I — = — I
= —— — e —— = — = = —
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Detector Performance Goals - Jets, Photons, PID

AT

MOtlvated by key phySICS Slgnatures Karlsruhe Institute of Technology
* Jet energy resolution *(é') | - 'n' _; m ='1°/

Recoil measurements with hadronic Z decays, 2 ol —onim=28%

separation of W, Z, H bosons, ... s —opjm=10% -

C(Ejet) / Ejet ~ 30/0 - 50/0 fOI‘ Ejet > 45 GeV g 4 __ /\

reconstruction of complex multi-jet final states. i [

2 -

 Photons ﬁ

Resolution not in the focus: ~ 15 - 20%/MNE N z

I
60 /70 80 90 100 110 120

?
Worth another look * Mass [GeV]

Coverage to 100s of GeV important
* Particle ID

Clean identification of e, y up to highest energies
* PID of hadrons to improve tagging, jets,...

__ ___ N __ _ R __ _ S o

—_— —_mm
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Detector Performance Goals - Jets, Photons, PID
Motivated by key physics signatures

ST

Karlsruhe Institute of Technology

* Jet energy resolution *(é') : | N _ ;m/m ='1°/ :
Recoil measurements with hadronic Z decays, 2 [ —onim=28%
separation of W, Z, H bosons, ... § j —opjm=10% -

'_6 i _
6(Eiet) / Eiet ~ 3% - 5% for Eiet > 45 GeV S 4 AlNA :
reconstruction of complex multi-jet final states. i

2 -

 Photons ﬁ
Resolution not in the focus: ~ 15 - 20%/VE N )

60 70 80 90 100 110 125

Worth another look ?

Coverage to 100s of GeV important
* Particle ID

Clean identification of e,  up to highest energies

Mass [GeV] = 10"}

do /d

sl
107 E

* PID of hadrons to improve tagging, jets,... € X /7( o L

 Hermetic coverage

2%
-2 BN
1 O =
Ecoch
-
hem
-

/////

//////
//////
//////

~ |M, =160 GeV
M =200 GeV

M, =120 GeV

KK
SOXKRK Z
RKHKIIHK K,

00 AP IIIPY
RIS/
98 SIS IS
R/
KKK
//////////////
///////////
////////////
////////////
S0 I IIIII IS
///////////////
KLXEN
LY
N
S
KXKXXY /S S S S S S S
KK /]

Dark matt hes i -phot t 7Y
dark matier searcnes in mono-pnoton events, ... + o
e 10° B i ok e ki M .
N.B.: Achievable limits do not depend strongly on o(Ey) 0 %0 100 150 é‘:O[ Ge\2/50
/7 i o - 7‘7 - - T o N 7 5- ' -Ihstitutefof —
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Linear Collider Conditions J(IT

and the consequences for the deteetor des:gn Karlsruhe Institute of Technology

_— - —_— —_— ————— _

* Linear Colliders operate in bunch trains: =~ Enables power pulsing of front-end electronics,

resulting in dramatically reduced power consumption

< Eliminates need for active cooling in many areas of
the detectors: Reduced material, increased
compactness

¢ at CLIC Atb — 0.5 nS; frep —_ 50 HZ
¢ a.t ”_C Atb —_ 554 nS; frep —_ 5 HZ

————— — =——
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Linear Collider Conditions

. and the consequences for the detector des:gn

————— —————— — = = — == — = e —

» Linear Colliders operate in bunch trains:

¢ at CLIC Atb — 0.5 nS; frep —_ 50 HZ
¢ at ”_C Atb —_ 554 nS; frep —_ 5 HZ

... and require extreme focusing to achieve
high luminosity

et+e-pairs

/\

hadrons >beamstrah|ung

—_— —

Expenments at Lepton Colliders - CERN Summer Student Lectures July 2023

L

Karlsruhe Institute of Technology

= Enables power pulsing of front-end electronics,
resulting in dramatically reduced power consumption

< Eliminates need for active cooling in many areas of
the detectors: Reduced material, increased
compactness

= Significant beam-induced backgrounds

< (Constraints on beam pipe geometry, crossing angle
and vertex detector radius

< In-time pile-up of hadronic background:
sufficient granularity for topological rejection

< At CLIC: small Aty also results in out-of-time pile-up:
ns-level timing in many detector systems

M — - —— — p— — c— - = e

u Wl Institute for
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The Linear Collider Detector Design - Main Features ﬂ("’

FOCUSIng On general aSpeCtS Karlsruhe Institute of Technology

—— — g— p— — e —————— e —— ——— — — = e — = - — e ———
= _____ = = — _ —_— — e P — —— . —  ————— e —— — e — —_——

. A Iarge -volume solenmd 3 5 5 T enclosmg
calorimeters and tracking

* Highly granular calorimeter systems, optimised
for particle flow reconstruction, best jet energy
resolution [Si, Scint + SiPMs, RPCs]

e Low-mass main tracker, for excellent momentum
resolution at high energies [Si, TPC + Si]

* Forward calorimeters, for low-angle electron
measurements, luminosity [Si, GaAs]

* Vertex detector, lowest possible mass, smallest
possible radius [MAPS, thinned hybrid detectors]

all: capable of dealing with beam background via
t|m|ng granularlty, radiation hardness where needed

Y.

== = —_— = E— S = = p——— ==
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From linear to circular ‘(IT

Key dlfferenCeS Wlth deteCtOr ImpllcathnS Karlsruhe Institute of Technology

——— —— ————————— —————— | — e ——— e 5 = - — = e —
e —— _ __ s _ —_— —_— | e — ——————— —— — —— — —— - =

 Energy: Focus on lower energy for FCCee - a maximum of 365 GeV
 Reduced calorimeter depth
* Less collimated jets - can potentially compromise on calorimeter compactness, granularity

* Need the beams to survive, and reach high luminosity
* Limits on solenoidal field
 Reduced momentum resolution at constant tracker size
* Larger magnetic volume “affordable”: A path to recover momentum resolution

* No bunch train structure: DC operation of the detector readout

* Active cooling (or compromises on granularity, speed) required in many areas of the detector:
Increased material, less compact construction of calorimeters

In addition: slightly different physics emphasis: Flavour at the Z pole in particular - which makes PID more
important, adding additional detector requirements.

— — =——

' Wl |nstitute for
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Linear to Circular: lllustrating Detector Changes ﬂ(l
FI’ Om CLICdet o CLD Karlsruhe Institute of Technology

_ e - _— = —_— — T —_—— - = — -

* A LC-inspired FCCee detector concept - retaining key performance parameters
Evolving from CLIC to CLD

5.7 m

Fe - Yoke

Coil-4T

Yoke

Steel - HCAL

W - ECAL
ECAL endcap

ECAL plug

LumiCal
BeamCal I I J A |

Si - Tracker

T h—” e 1

——— — s—————————— ——— = : —_— -
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Linear to Circular: lllustrating Detector Changes ﬂ(IT

Fme CL ICdet tO CLD Karlsruhe Institute of Technology

— _— P . — —_— e = e e — — - - — . - — — e
Eppe———— = — P — e — — = — ESSSs————

* A LC-inspired FCCee detector concept - retaining key performance parameters
Evolving from CLIC to CLD

5.7 m

Fe - Yoke
Yoke

Steel - HCAL
Increase In tracker radius: o
W - ECAL , o
ECAL endcap & . . —
. # retain p resolution
mcale Si - Tracker ”
LumiCal
BeamCal i IJJ‘
e on - 7 T r?stitute for S
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Linear to Circular: lllustrating Detector Changes ﬂ(IT

Fme CL ICdet tO CLD Karlsruhe Institute of Technology

— _— — . — — —_—— . e e — — — . - ——— — E—
_ —— —————— S — e e ————— S — _ = == — =

* A LC-inspired FCCee detector concept - retaining key performance parameters
Evolving from CLIC to CLD

5.7 m

Fe - Yoke

Coil-4T

Yoke

~ reduced HCAL thickness:
Steel - HCAL " enabled by lower energy

increase in tracker radius: "

ECAL endcap PEC '
_‘ # retain p resolution

mcale Si - Tracker ”

LumiCal
BeamCal I I
el PALELE 0 [0 [
- T — - ' TS Ir?stitute for o
Experiments at Lepton Colliders - CERN Summer Student Lectures July 2023 Frank Slmon (frank. S|mon@k|t edu) J . m= 0ata Processing 39



mailto:frank.simon@kit.edu

Linear to Circular: lllustrating Detector Changes

From CLICdet fo CLD

p— — —— o —— e e — —_ ——

- AT

Karlsruhe Institute of Technology

* A LC-inspired FCCee detector concept - retaining key performance parameters

Evolving from CLIC to CLD

5.7 m

Fe - Yoke

Coil-4T

Steel - HCAL

W - ECAL
ECAL endcap

e PR

LumiCal
BeamCal

—

.

Experlments at Lepton Colliders - CERN Summer Student Lectures July 2023

lower field. enable high

" enabled by lower energy

~ retain p resolution

=" luminosity in circular collider

reduced HCAL thickness:

increase in tracker radius: "

Yoke

S ————
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Linear to Circular: lllustrating Detector Changes ﬂ(IT

Fme CL ICdet tO CLD Karlsruhe Institute of Technology

- _ e - — — e —_——— e — ————— T — —~ = — e —
e —— _ _ P — e ————— —_— — _ = = -

* A LC-inspired FCCee detector concept - retaining key performance parameters
Evolving from CLIC to CLD

5.7 m

less steel: lower field allows
reduced yoke thickness | “"“':} T T E—

Fe - Yoke

lower field. enable high

- luminosity in circular collider >

reduced HCAL thickness: N
» enabled by lower energy ?

6m

Steel - HCAL

increase in tracker radius: o~

~ retain p resolution

ECAL endcap

S Si - Tracker :

LumiCal
BeamCal i I | I |
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FCC-ee: Additional Concepts

D/fterent ca/or/meter concepts other track solutlons

__— —— E— — = - e — ——

e Putting more emphasis on (low-energy) photons: Requires better resolution in the ECAL

Instrumented return yoke

Double Readout Calorimeter
2 T coil

Ultra-light Tracker

MAPS ——

\ LumicCal

Pre-shower counters

IDEA: Based on dual readout calorimetry,
low-mass drift chamber as main tracker

I —— —_— . — = == — » — — e ————— e —

ST

Karlsruhe Institute of Technology

e — S —— ——————— E=————
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FCC-ee: Additional Concepts &(IT

D/fferent ca/or/meter concepts other track solutlons Karlsruhe Institute of Technology

—— — e ———— — — ———— = e E— 3 — e —————

* Putting more emphasis on (low-energy) photons: Reqwres better resolutlon N the ECAL

r(m) .
T —p—— e
o
Muon Tagger
Double Readout Calorimeter B
2 T coil | 4
HCAL Barrel
Ultra-light Tracker
3 S 5
MAPS ~ s ) | -
\ ECAL Barrel % gg
LumicCal — __:::::] | R -
———————SiiiconWrapper&ToF | %
Pre-shower counters 2 | s %
Drift Chamber , ,%
1| E by
mDet ERESEESARRAENANAENANER.——_NEEEEEEEWEEWEEwEEEEEE
+— 13 m % 1 2 3 4 5 6 i
| A liquid Ar ECAL: Ultimate stability.
IDEA: Based on dual readout calorimetry, Combined with scintillator-based HCAL,
low-mass drift chamber as main tracker dlff er ent tr a ck er opt| oNs
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FCC-ee: Additional Concepts

D/fferent ca/or/meter concepts other track solutrons

* Putting more emphasis on (low-energy) photons: Requrres better resolutron N the ECAL

Instrumented return yoke

Double Readout Calorimeter
2 T coil

Ultra-light Tracker

MAPS

\ LumiCal

Pre-shower counters

=
—
—

— 183 m —————

IDEA: Based on dual readout calorimetry,
low-mass drift chamber as main tracker

— e

S

Experrments at Lepton Colliders - CERN Summer Student Lectures July 2023

r(m)
ﬁ IIﬁIIIZIiIIIIIﬁﬁﬁﬁZIIIIiﬁiﬁﬁﬁﬁﬁﬁl[llﬁﬁﬁﬁﬁﬁlﬁjIIIﬁZﬁIM{NGkSaI ©
s HHHHHH A A H A
Muon Tagger
4
HCAL Barrel
| SOlenol e s D ] | -
i e 1 m
I | =l <
ECAL Barrel , ) c
O o
‘ © =)
—— i -
2 RS- ||+l B ) L I ﬁ
i :
| E g
| g m
3 =
| - o
} Drift Chamber B o
1 S b
| - || IEEa.
|
} o [
| | 5 5 O
VertexDet -
0
0 1 2 3 4 6

A liquid Ar ECAL.: Ultimate stability.
Combined with scintillator-based HCAL,
drfferent tracker optrons

- AT

Karlsruhe Institute of Technology

+ Investigating
detector concepts
Wrth added PID

—_—— p———— _—— —
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Detectors at Muon Colliders ﬂ(IT

The baCkgrOund Challenge Karlsruhe Institute of Technology

— __ —_—— = — —— —_—— o — » — —_ = = e = —_—— —_— -
— — - e e — - —  ——— e —— — _ = = — = = = — = — ——————

* The constant decay u -> evv creates a very large beam-induced background (BIB):
High-energy showers induced by electrons, creating a wide range of different background particles.

e Radiation levels comparable to HL-LHC.
= The main challenge for experiments at muon colliders!

000

[] Photon

Bl Neutron
[0 Electron/Positron
B Proton
Bl rion
[ Muon
[ | Wl Institute for
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Detectors at Muon Colliders
F/rst /deas

ppe————— _ _ - _—_— e = = — e S S ————— —_— — — _ _— _— e == =

A modified CLIC detector concept, adjusted for background conditions
hadronic calorimeter tracking system

¢ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and

¢ 60 layers of 19-mm steel
absorber + plastic

scintillating tiles; \

= _ 4+4 endcap disks);
¢ 30x30 mm° cell size; . 25x25 ym? pixel Si
® 7.5\, Sensors.

¢ Inner Tracker:
« 3 barrel layers and
7+7 endcap disks;
e 50 pm x 1 mm macro-
pixel Si sensors.

¢ 40 layers of 1.9-mm W
absorber + silicon pad

Sensors; —— ¢ Quter Tracker:

* 3 barrel layers and
4+4 endcap disks;

« 50 um x 10 mm micro-
strip Si sensors.

» 5x5 mm? cell granularity;
® 22 Xg+ 1A,

muon detectors

» 7-barrel, 6-endcap RPC shielding nozzles

layers interleaved in the =
magnet’s iron yoke;

| ¢ Tungsten cones + borated
¢ 30x30 mm? cell size. polyethylene cladding.

superconductmg solen0|d (3 S57T)

s —— "~ - - —_——— —_— s

ST

Karlsruhe Institute of Technology

~ 10 degree acceptance
limitation in forward region
due to tungsten nozzles

precise timing throughout
detector important to
reject BIB

[ | Wl Institute for
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Lecture 1 Wrap-up
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Conclusions ‘(IT

Key POIntS Pal't 1 Karlsruhe Institute of Technology

— - — _—— = —_—— = — P ——— —

* Lepton and hadron colliders have been instrumental in firmly establishing the Standard Model. The next
generation of experiments needs to show where it breaks.

* Global agreement: a ete- Higgs-Elektroweak-Top Factory as the next step:

* A new era of precision measurements, profiting from benign background conditions, well-defined initial
state, and low physics backgrounds.

* Different possible realisations - linear or circular, each with specific strengths and weaknesses

* Well-established detector concepts tailored to physics goals and experimental conditions - but a lot of room
for new ideas and further innovation!

————— _—mm
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Perspectives: Physics Emphasis & Collider Geometry J(IT

In bI’Oad SthkeS Karlsruhe Institute of Technology

* ete- collider geometry determines experimental focus beyond the core :
Higgsstrahlung program: L

— I 025 O S SR S S O 0 . FSSSSSSSHSHROS SRR SO .
Cll’ CUIar % Lu:mi/ A:\C P:ow:er \:/s tEn:ergy of Future e+e' Collio:lers :
o —. : '] e FCCee, 2 IPs [arXiv:2203.08310] =
extreme statistics at S e e eom] |-
th e 7 pOI e an d W % ; .| ——ILC baseline [arXiv:I;,2I83.076I202]- | -
: : sngnr |LC luminosity upgrade [dito
o Al ....:... ILC250 10 Hz“;p:riti:n [[:itto]] 7
threshold: precision ~ CLIC baseline [arXiv:2203.09186] -
o SIS IE SR, "\ RS, TS o 22¥ e CLIC luminosity upgrade [dito] 3
electroweak E RGN
P IR R ’4‘ YU LI IR I T R A
go SR » ' oy : SR —
= Linear:
g ::;:::5::._i."':::...::::::f:::;:::::fff;_.",':::;:::;:::::;:::;:f:;::::;:f;:::::f:fff:;:f:::f::;:::f;::: reach to (multl-)TeV
2 B O — AE— -\ T S — TR — e .
energy - double higgs

10~ 1 production, high energy
Center-of-Mass Energy [TeV] exploration

—_— = _— - - — p— — ——

— _—mm
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Extras Lecture 1
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Concrete Facilities

A selection of lepton colliders

* Very quick panorama of the main facilities discussed since ~10+ years - for more details, and a
discussion of a wider range of possibilities see the lecture by Barbara Dalena.

Experiments at Lepton Colliders - CERN Summer Student Lectures, July 2023
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The International Linear Collider ﬂ(IT

e+e CO”Ider COnStrUCthn In Japan ? Karlsruhe Institute of Technology

— - —_——— - —————— T —— — e — =~ = e —_———— —————————  ——— e _ —
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ILC in Japan: A linear ete- collider at 250 GeV, upgradeable to 500 GeV
- perspectives to 1+ TeV

e Established technology - but no decision (yet)

3 g‘b
03(0?"“%“\“

21 km for 250 GeV

nottoSCale L

e ——— — = _—— = = = = — ————— —
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The International Linear Collider &(IT

e+e- CO”Ider - COnStI'UCtIOn In Japan7 Karlsruhe Institute of Technology

== = e e —_—— S - e — e —
= e — = — = = —
E———— = i = : ===

ILC in Japan: A linear ete- collider at 250 GeV, upgradeable to 500 GeV
- perspectives to 1+ TeV

e Established technology - but no decision (yet)

* The main technology: Superconducting
acceleration structure

* Well-proven technology by now:
XFEL at DESY based on this, now in

operation
-

21 km for 250 GeV

UL

= e ——— - — — — —— = —— — p———— — = = = —— e — e —— — - — _— — -
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The Compact Linear Collider ﬂ(l

e+e CO”Ider a baCkUp O,Dthn at CERN Karlsruhe Institute of Technology

e —————————— — — —————— —— — = e — = —— E— — e ———
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 CLIC at CERN: A linear e+e- Collider with 3 energy stages from 380 GeV to 3 TeV
* Novel acceleration technology to reach high gradients in an energy-efficient manner

DRIVE BEAMS
These electrons beams provide the RF power to the main accelerators

v Some “my?

s A !
) ) ) ) 000 2000000000 I IO )RR

Time Delay Line

W
N M 4153

DETECTOR

g

(R T

-

electrons

>

positrons positrons main accelerator

electrons main accelerator
MAIN BEAMS

11 km for 380 GeV
50 km for 3 TeV

—— = T T E———— = ———— === — = ————————— —
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The Compact Linear Collider ﬂ(l

e+e CO”Ider a baCkU,D Opthn at CERN Karlsruhe Institute of Technology

e —————— — — ——— = —— E— —— e ———
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 CLIC at CERN: A linear e+e- Collider with 3 energy stages from 380 GeV to 3 TeV
* Novel acceleration technology to reach high gradients in an energy-efficient manner

DRIVE BEAMS
These electrons beams provide the RF power to the main accelerators

Time Delay Line

»az Z?g o >z 1)& N ( (O { ((CO { (¢ t&
000 ) )g»»»»»»)»»)»)»»)»»»»»»)>>>>>>>>—. m% ﬁﬁ«(«««« ?«6( QLTS

DETECTOR

«

-t

-

electrons

>

electrons main accelerator positrons positrons main accelerator

MAIN BEAMS

11 km for 380 GeV
50 km for 3 TeV
e The core technology: X-band two-beam acceleration
» Working principle, individual components demonstrated,
industrialization still missing

e i — =
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The Future Circular Collider FCC-ee

ST

e+e- CO”Ider = A ,UOSSIb/e fUthG at CERN Karlsruhe Institute of Technology
3670 e
25500 Z

100

eﬂ;".;f * An electroweak, Higgs factory, running at
=W 91 GeV, ~ 160 GeV, 240 GeV

» Upgrade to the top:
threshold around 350 GeV, and 365

3350

4o 1000 %
. !

() 770 ," 8
o : 1/ °
un
- o

5 A 2 .
01.2 km circumference
120 13.4m 10.6 m Booster

1110 870 2370 Interaction

. A\‘~..‘.\> "," .‘\;.
pJ :';: - L - \ / B g pD
I3 r "\ / ] o

RF system RF system

2 experiments
(up to 4 possible)

- e — _—— - —

—
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The Future Circular Collider FCC-ee

ST

e+e- CO”Ider = A ,DOSSIb/e fUtLII’e at CERN Karlsruhe Institute of Technology
- e e e~ e A

~ * An electroweak, Higgs factory, running at
¥ 91 GeV, ~160 GeV, 240 GeV

' 5500

» Upgrade to the top:
i} threshold around 350 GeV, and 365
:  Main dipoles: 14 - 57 mT field -
o normal conducting
g » Central: RF acceleration structures:

91.2 km circumierence Up to 11 GV total at 182.5 GeV, in
both main rings and booster

13.4m 10.6 m Booster

Interaction
Point

PJ : PD
RF system RF system
2 experiments
(up to 4 possible)
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The Future Circular Collider FCC-ee QAT

e+e- CO”Ider = A ,DOSSIb/e fUtLII’e at CERN Karlsruhe Institute of Technology

= — = ———— = — — p— — — = — » — — p—— e ——— e —
—— e~ — —————— o — _ [ — _ = = — —= ————— —

P e
. ,

é ~ * An electroweak, Higgs factory, running at
= 91 GeV, ~ 160 GeV, 240 GeV

» Upgrade to the top:

threshold around 350 GeV, and 365
 Main dipoles: 14 - 57 mT field -

normal conducting

: 3670
25500
~ 100

3350

100

* Central: RF acceleration structures:
Up to 11 GV total at 182.5 GeV, in
both main rings and booster

200, |

91.2 km circumference

13.4m 10.6 m Booster

Interaction
Point

A similar proposal in China:
CEPC

PD
RF system

PJ ‘
RF system

2 experiments
(up to 4 possible)

= —_— S = _— = =

Interaction

PG

= = — = = = —— — p— e—— ——————— — = —
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The Future Circular Collider FCC-ee ﬂ("'

e+e CO”Ider A ,DOSSIble fUtLII’e at CERN Karlsruhe Institute of Technology

] — —— — — Pl _ = _———— e = =

3670
25500
~ 100

.

e ,L~_f * An electroweak, Higgs factory, running at
¢ 91 GeV, ~ 160 GeV, 240 GeV

» Upgrade to the top:

2
°—9‘_ ) threshold around 350 GeV, and 365
il % + Main dipoles: 14 - 57 mT field -
i FI | ,,0 : normal conducting
g g * Central: RF acceleration structures:

91.2 km circumference

»V

2370

Up to 11 GV total at 182.5 GeV, in
both main rings and booster

13.4m 10.6 m Booster

Interaction
Point

| 1110

7 |

A similar proposal in China:
CEPC

PD
RF system

PJ
RF system

Long-term perspective: \
a ~100 TeV Hadron Collider |
'FCC-hh / SppC

500 0 500 1000
Gy (m)

2 experiments
(up to 4 possible)

E—————

Interaction

PG :

— - = = —
[ | Wl Institute for
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Facility Specifics - with Relevance for the Experiments J(IT

LumInOSity and PO Wer Karlsruhe Institute of Technology

E BN Ill """""""""""""""""""""""""" 7 & LS5O0 OISO TOO TR UOTOOUOS: DUODEOUODORt OO SUOUEOD: DUOUD: DUDLI00. 0500 DOUODRTSoTooToR OO SOTOUOTOOos: NUTOTOOO s
E 1 Lumi / AC Power vs Energy of Future e’e” Colliders | E ::;:::fj"'5:::::::::::::::::::::::::::::::::::::' O SO SO O SO SO A S
— mmsmm FCCee, 2 IPs = O e e G e R St SN SO U T SRR U SO -
o) memm CEPC, 2 IPs 1 P - PN JSNNIOIN CNSUOIS SN OO SN 0T W SOOI USROS U 0 _
; wegg== |LC baseline = Do :
O "rAnrILC Iuminosityupgrade - g 1 02 e N e AN
al nuA ILC250 10 Hz operation - o ::::::::::::::::::::::::::::.Z/f;»:'.... “ .:::::::::::::::::::::::::i'""::'........::::::::::::::::::::::::::::::::::::::::::::::
~ 1 cLIC A ARSI DA—— Y R T S B A S n
— 10 CLIC luminosity upgrade = I= RN OF. _.ﬁ'ﬁﬁﬁﬁﬁ_ﬁlﬁﬁﬁf.’ffﬁfﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁfﬁfffﬁfffﬁﬁﬁfﬁﬁﬁﬁﬁfﬁﬁfffﬁ:
'E R L e o
------------------------------------------------------------------------------------------------------------------------------------- — ) D 4 N A S-S SRS
S I ik L0 T SUCTOURROOO, OO SO0 NSO SUSORUROS OO SOROO: SO OO UR O O PO S S - 7 B ¢ : : A : :
= R Y 7). O /- . ~~— 10 _ : AC Power / Lumi vs Energy of Future e*e” Colliders ]
O i N AT WX i 8 e e - — Tl | wememmm FCCee, 2 IPs [arXiv:2203.08310] i
< ; :ﬁ:;:::;::.@::::' .'.’.ZZZ"..ZZZZZTEZZZZZZZZZZZZZ mmm=m CEPC, 2 IPs [arXiv:2203.09451] IZ;ZZZZ:
mO 1 0_2 2600 Vs it R T TR SOOI S rorrr eyt Tevrrrrrrrres PP Sobrpe E ::;:::f:::E".‘:.’::::"..:::::::::f::::::::::::: w1 CEPC, 2 IPs, lumi up, power priv. com.] b
— ARSI N T r— EERY SN AU S s |LC baseline [arXiv:2203.07622] ]
— I S N - RSNy AR s 2451 ILC luminosity upgrade [dito] i
= N e i g 3 ket 1LC250 10 Hz operation [dito]
o e BN - L . CLIC bassline [arXiv:2203.00186] .
S LM BN - @) 1 Y A S CLIC | e
— al g el l.‘.'f'.'??ﬁ'.?’..‘ff?.@??.[.‘.j.'.t.?.].................._.......::3::::::
10_3 | | IS R e L T AT -

1 1
Center-of-Mass Energy [TeV] Center-of-Mass Energy [TeV]

 General takeaway:
 All options do well for Higgs around 250 GeV: Similar luminosity, similar power efficiency
* Rings are unbeatable at low energies: The realm of electroweak precision measurements
* Linear colliders unfold their fuII potentlal when gomg beyond the > top threshold
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Collision Energy Precision
A c:reular col//der feature

= — — = —_— e e — ——————— e P —

_ _

L

Karlsruhe Institute of Technology

* |n particular for electroweak precision measurements at the Z pole and the WW threshold the knowledge of

the beam energy is a key systematic.

» Exploit the fact that the beams get transversely polarized over time - this effect drops with beam energy,
was usable at LEP up to ~ 60 GeV, for FCC-ee expected to extend a bit further, up to WW threshold (< 90
GeV beam energy), measuring the beam energy via resonant depolarisation.

Key ingredients:

Exploit transverse polarisation:

Beam energy in a ring given by radius
of particle orbit and dipole field:

E~p—eBR——BL
27

in real life B is not perfectly uniform,
the orbit not a perfect circle:

Bdl

need to measure this!

e
E=—
AT

Expenments at Lepton Colliders - CERN Summer Student Lectures July 2023

spin precesses in B field!

Measure precession frequency
(excitation with an RF magnet
with different frequency,
bringing polarisation to 0)

For FCC-ee: dedicated
bunches to monitor beam
energy

final / Pinitial

al

LEP example

E (MeV)

44719

44717

44718

l

1 __ ............. \ ................. 'll‘:—i,-b— .....
¢
¢

0.48

0.482 0.484

Magnet frequency v-101
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Longitudinally Polarized Beams
A Linear Collider Feature

* Longitudinal polarization can be preserved in a linear
accelerator - enables the collision of polarized beams

* Requires polarized sources for electrons and positrons
* High polarization for electrons routinely achievable -
planning with 80%
e 30% for positrons for ILC

Presents interesting physics possibilities:

e Suppression of physics background

* |ncrease of signal cross sections

» Additional analyzing power for a wide range of
electroweak processes

e —
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w W (Largest SM BG in SUSY searches)

+ +
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In the symmetry limit, G,y = 0 for e;; !

Slepton Pair
~+
e - HR _
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e U
R/L R
U(1)y
In the symmetry limit, Or =4 O !

WW-fusion Higgs Prod.
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Muon Collider
A path to hlgh energ/es W/th leptons

—
— = P — — — e _ — —

 Power efficient at high energies, key challenge the decay of muons.

S pEa———

e
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Proton Driver Front End .Cooling Acceleration
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Muon Ionltatlon Collider ring
production co(cj)llng é([)) for counter
reduce :
target _ propagating
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High power Capture 200 Acceleration
proton driver MeV to TeV scale
bunches energy
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