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The Higgs Boson and the Standard Model of Particle Physics
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The Higgs Boson and the Standard Model of Particle Physics
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The Higgs Boson and the Standard Model of Particle Physics

Drei Generationen
der Materie (Fermionen)

electro
magnetic
force

The Standard Model of Particle Physics

describes (nearly) all measurements down to the level of guantum fluctuations

Masse—23Mev W 1,275 Gev [ 173,07 Gev L based on only a few fundamental ideas:
Ladung— 0 H
Spin—> ., special relativity
Name— Bcl,%%;
guantum mechanics
: : : AT
o invariance under local gauge transformation J Apccc
@ KASAL
8 - O
<18.2 MeV
0 0
%VC VzVT
Elektron- [ Tau-
Neutrino Neutrino Neutrino weak
0,511 MeV 105,7 MeV 1,777 GeV C force
§ 1 1 1 §
o |% e Y Ys t =
& | Elektron Myon Tau L%

Are we done? — No! — The Higgs Boson is
1. a mystery in itself: how can an elementary spin-0 particle exist and be so light?

2. intimately connected to cosmology => precision studies of the Higgs are a new messenger from the early universe!
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A new messenger from the early universe
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The Higgs Boson and the Universe

L

The Universe

What we’d really like to know
- What is Dark Matter made out of”?

- What drove cosmic inflation®?

- What generates the mass pattern in quark

and lepton sectors”
- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?
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The Higgs Boson and the Universe

The Higgs Boson

—

Is the Higgs the portal to the Dark Sector?

The Universe
e does the Higgs decays “invisibly”, I.e. to dark sector
particles??

* does the Higgs have siblings in the dark (or the
visible) sector?

What we’d really like to know

- What is Dark Matter made out of?
- What drove cosmic inflation”?

- What generates the mass pattern in quark
and lepton sectors?

- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?
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The Higgs Boson and the Universe

The Higgs Boson

v’

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -
What we’d really like to know

- What is Dark Matter made out of?
- What drove cosmic inflation”?

- What generates the mass pattern in quark
and lepton sectors?

- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

e |s it really elementary”

e ® IS it the inflaton?

L e even if not - it Is the best “prototype” of a elementary scalar we have
=> study the Higgs properties precisely and look for siblings
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The Higgs Boson and the Universe

The Higgs Boson

v

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -

o ic it ranlhs alamaoantan/”?

What we’d really like to know

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
* What generates the mass pattern in quark e are the other Higgses involved - or other mass generation mechanisms?

and lepton sectors”
- What created the matter-antimatter asymmetry?

- What drove electroweak phase transition?
- and could it play a role in baryogenesis?

* what is the Higgs’ special relation to the top quark, making it so heavy?
* |S there a connection to neutrino mass generation”?
=> study Higgs and top - and search for possible siblings!
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The Higgs Boson and the Universe

The Higgs Boson

—

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -
What we’d really like to know

o ic it ranlhs alamaoantan/”?

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
- What generates the mass pattern in quark . _ _ . _ _
and lepton sectors? _ Does the Higgs sector contain additional CP violation?
- What created the matter-antimatter asymmetry”? _ * inparticular in couplings to fermions’?
* What drove electroweak phase transition” e or do its siblings have non-trivial CP properties?

- and could it play a role in baryogenesis? = N .
play Yog => small contributions -> need precise measurements!
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The Higgs Boson and the Universe

The Higgs Boson

v

The Universe Is the Higgs the portal to the Dark Sector?

®* The Higgs could be first “elementary” scalar we know -
What we’d really like to know

o ic it ranlhs alamaoantan/”?

- What is Dark Matter made out of? Why is the Higgs-fermion interaction so different between the species?
* What drove cosmic inflation? » does the Higgs generate all the masses of all fermions?
- What generates the mass pattern in quark . _ _ . _ _
and lepton sectors? _ Does the Higgs sector contain additional CP violation?
- What created the matter-antimatter asymmetry? * in particular in couplings to fermions®?

b))

- What drove electroweak phase transition?

~and could it play a role in baryogenesis? What is the shape of the Higgs potential, and its

evolution?

e do Higgs bosons self-interact?
e at which strength” => 1st or 2nd order phase transition?
=> discover and study di-Higgs production
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition ST e TST
A )
origin of matter-antimatter asymmetry: universe @ /]| rr vy [~
must have been out of thermal equilibrium JT=T <T
=> 1.order phase transition - T<T, J Cr
Electroweak phase transition? . T=0 VAR T
¢ ' ¢ -

1st order, requirement
for EW lbaryogenesis
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

origin of matter-antimatter asymmetry: universe
must have been out of thermal equilibrium
=> 1.order phase transition

Electroweak phase transition?

. EEXpansion <.
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition ST, Y TST
A )
origin of matter-antimatter asymmetry: universe @ /]| rr vy [~
must have been out of thermal equilibrium JT=T <T
=> 1.order phase transition —T<T, e
Electroweak phase transition? . T=0 VAR T
¢ ' ¢ -—

1st order, requirement
for EW lbaryogenesis

SM with My = 125 GeV: 2nd order :(

value of self-coupling A4 determines shape of Higgs potential

electroweak baryogenesis possible in BSM scenarions with
A > Asm (e.9. 2ZHDM, NMSSM,, ...)
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition ST - TST.
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition TST. - TST.
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The Higgs potential, the Higgs self-coupling and Baryogenesis
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=> measure A, with as little model-assumptions as possible!
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The Higgs Boson Mission

+ Find out as much as we can about the 125-GeV Higgs
- Basic properties:
- total production rate, total width
- decay rates to known particles
- Invisible decays
- search for “exotic decays”
- CP properties of couplings to gauge bosons and fermions
- self-coupling
- |s it the only one of its kind, or are there other Higgs (or scalar) bosons”
- To interprete these Higgs measurements, also need
- top quark: mass, Yukawa & electroweak couplings, their CP properties...
-/ /W bosons: masses, couplings to fermions, triple gauge couplings, incl CP...
- Search for direct production of new particles - and determine their properties
- Dark Matter”? Dark Sector?
+ Heavy neutrinos”?
- SUSY? Higgsinos?
+ The UNEXPECTED !

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List

The Higgs Boson

v



The Higgs Boson Mission

- Find out as much as we can about the 125-GeV Higgs The Higgs Boson

- Basic properties: -
- total production rate, total width
- decay rates to known particles
- Invisible decays
- search for “exotic decays”
- CP properties of couplings to gauge bosons and fermions
- self-coupling
- |s it the only one of its kind, or are there other Higgs (or scalar) bosons”
- To interprete these Higgs measurements, also need
- top quark: mass, Yukawa & electroweak couplings, their CP properties...
-/ /W bosons: masses, couplings to fermions, triple gauge couplings, incl CP...
- Search for direct production of new particles - and determine their properties Conditions at e+e- colliders

- Dark Matter? Dark Sector? very complementary to LHC:

- In particular low backgrounds
- clean events

+ SUSY? Higgsinos? - triggerless operation (LCs)

+ The UNEXPECTED !

+ Heavy neutrinos”?
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The Higgs Boson Mission

- Find out as much as we can about the 125-GeV Higgs

- Basic properties:

- total production rate, total width

- decay rates to known particles

- Invisible decays

- search for “exotic decays”
+ CP properties of couplings to gauos
- self-coupling
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. Search for direct p)\ * 1 ! Conditions at e+e- colliders
. Dark Matter? Dar very complementary to LHC:

L R - In particular low backgrounds
Savy NEUHINOS: - clean events

-+ SUSY? Higgsinos? - triggerless operation (LCs)
+ The UNEXPECTED !
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ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV

The key contenders hi 2012; 2017: staged start at 250 GeV

Superconducting RF

under political consideration by Japanese
Government as a global project

e- Main Linac

e+ Source

Beam deljyery system (BDS) 2023: ILC Technology Network

(Ring : |
]~ => address last R&D questions on accelerator

Damping Ring (DR)

RTML (1™

Dump

e- Source

e+ Main Linac
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ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV

The key contenders hi 2012; 2017: staged start at 250 GeV

Status overview Superconducting RF
CLIC: ete- @ 0.38, 1.4, 3 TeV L LULL U — ‘ Hn 15 MW, 142 s
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e+ Source Updated Baseline in 2017
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ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV

The key contenders hi 2012; 2017: staged start at 250 GeV

Superconducting RF

219 bystrom 1S Myvrons
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e+ Source Updated Baseline in 2017 LDxtve Baas | NEE—
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1| CEPC: ete- @ 90-365 GeV

CDR published 2018
TDR in preparation, incl. cost review (Sep)

aiming for approval in next 5-year-plan (2025)
ranked 1st in HEP preselection
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FCC-ee ete- @ 90-365 GeV
CDR published in 2019

Since 2021: FCC Feasibility Study
(implementation scenario, environmental analysis,
| high-field magnets, ..)

=> demonstrate feasibility of FCC-ee by 2025

Damping ring

CDR
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Special Council Session in Feb 2024
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Circular e+e- Colliders Linear Colliders

FCCee, CEPC \F=7 G oLC C . [EEE

ength 250 GeV: 90...100km L - length 250 GeV: 4...11...20 km

nigh luminosity & power efficiency at low nigh luminosity & power efficiency at high
energies energies

multiple interaction regions - longitudinally spin-polarised beam(s)

very clean: little beamstrahlung etc
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energies
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Circular e+e- Colliders
FCCee, CEPC
ength 250 GeV: 90...100km

nigh luminosity & power efficiency at low
energies

multiple interaction regions longitudinally spin-polarised beam(s)

very clean: little beamstrahlung etc

Long-term upgrades: energy extendability

Long-term vision: re-use of tunnel for pp | |
same technology: by increasing length

collider
or by replacing accelerating structures with

advanced technologies

technical and financial feasiblility of required
magnets still a challenge

RF cavities with high gradient
plasma acceleration ?
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Luminosity vs Energy - a long debate... 19787

Reminder: accelerated charges radiate

. . . : . . + -
LIMITATIONS ON PERFORMANCE OF e e STORAGE RINGS AND

LINEAR COLLIDING BEAM SYSTEMS AT HIGH ENERGY

* .
J.-E. Augustin , N. Dikanskif, Ya. DerbenevT, J. Rees*,

) SynChrOtron radlatlon ~ operatlon COSt: B. Richter*, A. SkrinskiT, M. Tigner**, and H. Wiedemann*

’ AE ~ (E4/ m4R) per turn :> 2 Gev at LEP2 Introduction
~1 O Gev at Fccee_365 This note is the report of working Group I (J. Rees - Group Leader).

We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned

- Cost in high-energy limit:

ourselves primarily with the technical limitations which might present

. circular : $$ - a R + b AE - a R + b (E4/ m4R) themselves to those planning a new and higher-energy electron-positron

colliding-beam facility in a future era in which, it was presumed, a

Optlmlze :> R ~ E2 :> $$ ~ E2 70-GeV to 100-GeV LEP-like facility would already exist. In such an era,

we reasoned, designers would be striving for center-of-mass energies of
° Iinear . $$ ~ L, Wlth L o~ E => $$ o~ E at least 700-GeV to 1-TeV. Two different approaches to this goal immedi-
ately came to the fore: one, a storage ring based on the principles of
PEP, PETRA, and LEP and the other, a system in which a pair of linear
accelerators are aimed at one another so that their beams will collide.
We realized early in the study that a phenomenon which has been negligible
in electron-positron systems designed to date would become important at

these higher energies -~ synchrotron radiation from a particle being

cost

deflected by the collective electromagnetic field of the opposing bunch -
and we dubted this phenomeron '"beam-strahlung." During the rest of the
week we investigated the scaling laws for these two colliding-beam

systems taking beam-strahlung into consideration.

Energy

1) very first paper on this topic: M.Tigner 1965
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* .
J.-E. Augustin , N. Dikanskit, Ya. DerbenevT, J. Rees*,

) SynChrOtron radlatlon ~ Operatlon COSt: B. Richterq:, A. Skrinskif, M. Tigner**, and H. Wiedemann*

- AE ~ (E*/ m*R) per turn => 2 GeV at LEP2 .
~1 O Gev at Fccee_365 This note is the report of working Group I (J. Rees - Group Leader).

We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned

- Cost in high-energy limit:

ourselves primarily with the technical limitations which might present

o circular - $$ ~ q R 4 b AE ~ g R 4+ b (E4/ m4R) themselves to those planning a new and higher-energy electron-positron

colliding-beam facility in a future era in which, it was presumed, a

Optimize >R ~ E2 = $$ ~ 2 70-GeV to 100-GeV LEP-like facility would already exist. In such an era,

we reasoned, designers would be striving for center-of-mass energies of

* Iinear . $$ ~ L, Wlth L ~ E => $$ ~ E at least 700-GeV to 1-TeV. Two different approaches to this goal immedi-

ately came to the fore: one, a storage ring based on the principles of

PEP, PETRA, and LEP and the other, a system in which a pair of linear

Circular
Collider

accelerators are aimed at one another so that their beams will collide.
We realized early in the study that a phenomenon which has been negligible
in electron-positron systems designed to date would become important at

these higher energies -~ synchrotron radiation from a particle being

- -
L'nw CO"'der deflected by the collective electromagnetic field of the opposing bunch -

and we dubted this phenomeron '"beam-strahlung." During the rest of the

cost

week we investigated the scaling laws for these two colliding-beam

. i . systems taking beam-strahlung into consideration.
Energy Where is the crossing point?

1) very first paper on this topic: M.Tigner 1965
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Luminosity vs Energy - a long debate...

Luminosity vs Energy of Future e*e” Colliders
mmsmm FCCee, 2 IPs [arXiv:2203.08310]
mmmm CEPC, 2 IPs [arXiv:2203.09451]
ssms CEPC, 2 IPs, lumi up, power priv. com.]
== |LC baseline [arXiv:2203.07622]
sug e |LC luminosity upgrade [dito]
nian ILC250 10 Hz operation [dito]
CLIC baseline [arXiv:2203.09186]

- Synchrotron radiation ~ operation cost:

- AE ~ (E4/ m4R) per turn  => 2 GeV at LEP?
~10 GeV at FCCee-36

- Cost in high-energy limit:
- circular: $$ ~aR + b AE ~ aR + b (E4/ m*R)
optimize => R ~ E2 => $$ ~ E2
+ linear: 3% ~L, withL~E =>%$$~E
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and we dubted this phenomeron "beam-strahlung." During the rest of the

week we investigated the scaling laws for these two colliding-beam

. . . systems taking beam-strahlung into consideration.
Energy Where is the crossing point?

1) very first paper on this topic: M.Tigner 1965
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mmmm CEPC, 2 IPs [arXiv:2203.09451]
ssms CEPC, 2 IPs, lumi up, power priv. com.]
== |LC baseline [arXiv:2203.07622]
sug e |LC luminosity upgrade [dito]
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- Synchrotron radiation ~ operation cost:
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~10 GeV at FCCee-36

—N
-
N

- Cost in high-energy limit:
- circular: $$ ~aR + b AE ~ aR + b (E4/ m*R)
optimize => R ~ E2 => $$ ~ E2
+ linear: 3% ~L, withL~E =>%$$~E

CI}I_I
-
o
n

<

™
-
r
>
oy et
7))
O
k=
-
-
—

Circular
Collider

—N
<

cost

Linear Collider

and we dubted this phenomeron "beam-strahlung." During the rest of the

week we investigated the scaling laws for these two colliding-beam

. . . systems taking beam-strahlung into consideration.
Energy Where is the crossing point?

1) very first paper on this topic: M.Tigner 1965
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Higgs Factory Detector Concepts
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Instrumented return yoke

Higgs Factory Detector Concepts
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Instrumented return yoke

Higgs Factory Detector Concepts

Key requirements from Higgs physics:
- pt resolution (total ZH x-section)

c(1/p) =2 x 10° GeV' @ 1 x 10™ / (pt sin"“6)

Nrithla Raadant Calarimatar

- vertexing (H — bb/cc/tT)
o(do) <5 ® 10 / (p[GeV] sin®“6) um
- jet energy resolution (H — invisible) 3-4%
- hermeticity (H — invis, BSM) Omin = 5 mrad
(FCCee: ~50mrad)
Determine to key features of the detector:

LumiCal

- low mass tracker:
eg VTX: 0.15% rad. length / layer)

- calorimeters
- highly granular, optimised for particle flow
- or dual readout, LAr, ...

6 m

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List




Instrumented return yoke

Higgs Factory Detector Concepts

Key requirements from Higgs physics:
- pt resolution (total ZH x-section)

c(1/p) =2 x 10° GeV' @ 1 x 10™ / (pt sin"“6)

-vertexing (H — bb/cc/TT) ~ .
o(do) < 5 ® 10 / (p[GeV] sin®?6) um =CMS /4

=~ ATLAS / 2

~ ATLAS / 3

|

Nrithla Raadant Calarimatar

- jet energy resolution (H — invisible) 3-4%
- hermeticity (H — invis, BSM) 6min = 5 mrad
(FCCee: ~50mrad)
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- low mass tracker:
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- calorimeters
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- or dual readout, LAr, ...
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Instrumented return yoke

Higgs Factory Detector Concepts =

Key requirements from Higgs physics:
- pt resolution (total ZH x-section)

7/ o(1/p) =2x10° GeV' ® 1x 10° / (psin"?0) (= CMS /40

= i =] -vertexing (H — bb/cc/T) : o
o(do) <5 ® 10/ (p[GeV] sin>“0) um _~ CMS /4

- jet energy resolution (H — invisible) 3-4% L= ATLAS /

~~~~~ -hermeticity (H — invis, BSM) 6min =5 mrad |~ ATLAS / 3
(FCCee: ~50mrad) |

features of the detector:

u
.ll ar= [ ]
-

Possible since experimental environment
in e+e- very different from LHC:

much lower backgrounds -
much less radiation inular, optimised for particle flow
i . o adout, LA, ...
only Linear Colliders: lower collision rate enables -
TRRRRR

acker:
.15% rad. length / layer) :I

passive cooling only => low material budget s
- triggerless operation
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The basic
Higgs Factory program




The key physics at a Higgs Factory

Cross section [fb]
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The key physics at a Higgs Factory
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The key physics at a Higgs Factory
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A physics-driven operating scenario for a Linear Collider
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A physics-driven

operating scenario for a Linear Collider
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precisic all e+e- colliders show very comparable performance for standard Higgs program
B HL-LHC S2 + LEP/SLD m ce| despite quite different assumed integrated luminosities => beam polarisation!
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Higgs Couplings: The Snowmass SMEFT fit
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Higgs Couplings: The Snowmass SMEFT fit

precisiqall e+e- colliders show very comparable performance for standard Higgs program
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Interlude: Chirality in Particle Physics

+ Gauge group of weak x electromagnetic interaction: SU(2); x U(1)

_: left-handed, spin anti-|| momentum*
R: right-handed, spin || momentum*

- left-handed particles are fundamentally different from right-handed ones:

- only left-handed fermions (e-) and right-handed anti-fermions (e+) take part in the charged weak

iInteraction, I.e. couple to the W bosons

+ there are (in the SM) no right-handed neutrinos

- right-handed quarks and charged leptons are singlets under SUQ2), P

+ also couplings to the Z boson are different for left- and right-handed fermions

Ngr — Ny,

Ngr + Np,

+ checking whether the differences between L and R are as predicted in the SM is a very

sensitive test for new phenomena!

* for massive particles, there is of course a difference between chirality and helicity, no time for this today, ask at the end in case of doubt!
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P hysi CS benefits Of p OI aris e d b eams General references on polarised e“e” physics:

- arXiv:1801.02840
- Phys. Rept. 460 (2008) 131-243

pbackground suppression: signal enhancement:

e Higgs production
* e'e >WW / veve 995 P

iIn WW fusion
strongly P-dependent

since t-channel only * many BSM processes

fore e’y have strong polarisation dependence => higher S/B

chiral analysis: + redundancy & control of systematics:
. | e e “wrong” polarisation yields “signal-free” control
SM: Z and y differ in x sample
couplings to left- and o | o |
right-handed fermions * flipping positron polarisation controls nuisance
: effects on observables relying on electron
B3M: polarisation

chiral structure unknown, needs to be determined!  essential: fast helicity reversal for both beams!
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https://arxiv.org/abs/1801.02840
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Polarisation & Higgs Couplings

 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

yA h (£ h Z
, h constrained
) by EWPOs (*)

~CWW

A

only diagram
allowed in SM
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disentangle different SMEFT operators!
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, h constrained
) by EWPOs (*)

sSpin reversal e r<>e |
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between operators!

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List



Polarisation & Higgs Couplings

 THE key process

Higgsstrahlung e’e

at a Higgs factory:
—Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

/N

only diagram
allowed in SM

~CWW

Z
h constrained
by EWPOs (¥)

Spin reversal e r<>e |
1st diagram flips sign
2nd diagram keeps sign

= AR lifts degeneracy

between operators!

3.5

2.5

1.5

1%

0.5 -

Precision of Higgs boson couplings [%]
N
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Model Independent Fit

B HL-LHC ®e*e 2 ab™ 250 GeV polarised
B ..%e'e 4ab'500 GeV polarised
dark/light: $1/S2

Z W b = c I, T, v

1A

2y

—= | scaled by 1/2

arXiv:1903.01629

| B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —
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Polarisation & Higgs Couplings

 THE key process at a Higgs factory:
Higgsstrahlung e’e™=Zh

e ArgOf Higgsstrahlung: very important to
disentangle different SMEFT operators!

Z
h constrained
by EWPOs (¥)
VAN Spin reversal e r<>e |

, ~CWWw - 1st diagram flips sign
only diagram | |
allowed in SM -+ 2nd diagram keeps sign

1%

0.5 -

Precision of Higgs boson couplings [%]
N

= AR lifts degeneracy

between operators!
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| B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —

Model Independent Fit arXiv:1903.01629

B HL-LHC ®e*e 2 ab™ 250 GeV polarised
B ..%e'e 4ab'500 GeV polarised
dark/light: S1/82

% 2 ab-1 polarised = 5 ab-1 unpolarised

* that’s why all e+e- Higgs factories perform so similar!

A AR

Z W b = c I, T, v

N ' scaled by 1/3
-
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Why do we need to know the couplings of the Higgs boson?

- Any deviation from the SM prediction is a discovery of a new phenomenon

* Higgs couplings allow finger-printing new phenomena via their different patterns of deviations

- Size of deviations depends on energy scale of new particles:
the more precise the measurement, the larger the discovery potential

 need at least 1%-level of precision for Higgs couplings

- all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

arXiv:1708.08912
DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List 20
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Any deviation from the SM prediction is a discovery of a new phenomenon

Higgs couplings allow finger-printing new phenomena via their different patterns of deviations

size of deviations depends on energy scale of new particles:
the more precise the measurement, the larger the discovery potential

need at least 1%-level of precision for Higgs couplings
all proposed Higgs factories can deliver this program - (HL-)LHC cannot do this

- pMSSM, tanB=7, Ma=600 GeV

N
o
|

—k
o

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': pMSSM example —

N
o
T ]

ILC precisions from full EFT fit

model predictions
| | | | | | |

bb CC g9 Ww T ZZ VY uu

arXiv:1708.08912
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need at least 1%-level of precision for Higgs couplings
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- pMSSM, tanB=7, Ma=600 GeV
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. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example

ILC precisions from full EFT fit
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ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': pMSSM example —
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o
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model predictions
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- pMSSM, tanB=7, Ma=600 GeV

— ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™: pMSSM example —

ILC precisions from full EFT fit

model predictions

bb CC g9 Ww T ZZ VY uu

Coupling deviations from SM [%]
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. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example

ILC precisions from full EFT fit

model predictions

Coupling deviations from SM [%]
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I
N
o

bb  CC g9 Ww 1T ZZ
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uu

N
o
T

. ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': Composite example

—h
o
T T

ILC precisions from full EFT fit

model predictions

L
o
T T 1

MCHMS, f=1.2 TeV

bb ¢C g9

arXiv:1708.08912 20

WW T ZZ VY uu
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Beyond the minimal
Higgs program -
Energy & Polarisation



Polarisation & Electroweak Physics

dit, grr . helicity-dependent couplings of Z to fermions - at the Z pole:
2

grLf — glz%f
91; + Gry
specifically for the electron: A, =

(% — Sil’l2 Qeff)Q — (Siﬂ2 eeff)Q 1

(5 —sin® Opp)? + (sin® O pf)?

at an unpolarised collider:

A = (oF —0B) _ §A A, =>nodirect access to Ae,
FB — e<1f . L.
4 only via tau polarisation

While at a polarised collider:

O, — OR

A.=ALr = and

~ 8(1 — Sil’l2 Qeff)

e’ f

(or + oR)
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4 only via tau polarisation

While at a polarised collider:

O, — OR

A.=ALr = and

~ 8(1 — Sil’l2 Qeff)

e’ f

(or + oR)

trading theory uncertainy:

the polarised A{JB,LR receives 7 X smaller radiative corrections than the unpolarised Ai:B |
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(% — Sil’l2 Qeff)Q — (Siﬂ2 Qeff)Q 1

(5 —sin® Opp)? + (sin® O pf)?

at an unpolarised collider:

=> No direct access to Ae,
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A%C’B = loF — 95) — ZAeAf
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A.=ALr = and
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Polarisation & Electroweak Physics

oir, grr : helicity-dependent couplings of Z to fermions - at the Z pole: e £
2

grLf — 912%]‘
91; + Gry
specifically for the electron: A, =

(3 —sin® Oegyp)? — (sin® Oeyy)? st sin20, )
~ O(— — sm” b,
(3 —sin®0epp)? + (sin?Oepp)? 4 Y

at an unpolarised collider:

; _ (or —oB) _ §A A => No direct access to Ae,
AFB e<1f . . .
4 only via tau polarisation
While at a polarised collider:
O, —OR

A, = Arp =
LR (01 + 0r) and

trading theory uncertainy:
the polarised A{:B,LR receives 7 X smaller radiative corrections than the unpolarised Ai:B |

above Z pole, polarisation essential to disentangle Z / y exchange in e’e - ff
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Polarisation & Electroweak Physics at the Z pole

recent detailed studies by ILD@ILC:

- at least factor 10, often ~50 improvement
over LEP/SLC

* note In particular:

A

. ILC/GigaZ

N
<

. LEP/SLC

+ Ac nhearly 100 x better thanks to excellent FCCee

charm / anti-charm tagging:

Absolute Uncertainty
=

- excellent vertex detector

- tiny beam spot
- Kaon-ID via dE/dx in ILD’s TPC

polarised “GigaZ” typically only factor 2-3
less precise than FCCee’s unpolarised TeraZ
=> polarisation buys

a factor of ~100 in luminosity

Note: not true for pure decay quantities! arXiv:1908.11299

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List 23



https://inspirehep.net/literature/1751733

Polarisation & Electroweak Physics at the Z pole

recent detailed studies by ILD@ILC:

- at least factor 10, often ~50 improvement
over LEP/SLC

* note In particular:

A

. ILC/GigaZ

N
<

. LEP/SLC

+ Ac nhearly 100 x better thanks to excellent FCCee

charm / anti-charm tagging:

Absolute Uncertainty
=

- excellent vertex detector

- tiny beam spot
- Kaon-ID via dE/dx in ILD’s TPC

polarised “GigaZ” typically only factor 2-3
less precise than FCCee’s unpolarised TeraZ
=> polarisation buys

a factor of ~100 in luminosity

Note: not true for pure decay quantities! arXiv:1908.11299

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List 23



https://inspirehep.net/literature/1751733

Full SMEFT analysis of Top Quark sector

Essential to understand special relation of top quark and Higgs boson

e' t[

B HL-LHC BN HL-LHC + CEPC HL-LHC + FCC-ee W HL-LHC + ILC @ HL-LHC + CLIC

e
| ' ' HEP:

¢ t
- . not accessible at HL-LHC
» expected precision on Wilson 100
coefficients for HL-LHC alone and > i CEPC
combined with various e+e- proposals | = -l I - - FCCee
» e+e- at high center-of-mass energy %210—1 : . ) .
and with polarised beams lifts P ' B
degeneracies between operators |}
102 | ILC
1073 L

thp Ctw C(pt C q(o?z)) C(D_O Ctz C(pb Ceb Ceo Cip C /5 Cet

Operator Coefficients
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Full SMEFT analysis of Top Quark sector

Essential to understand special relation of top quark and Higgs boson

e' tt

Bl HL-LHC B HL-LHC + CEPC HL-LHC + FCC-ee W HL-LHC + ILC @ HL-LHC + CLIC

e
| ' ' HEP:

‘ t
* expected precision on Wilson 109 1 not accessible at HL-LHC
coefficients for HL-LHC alone and L ) _ CEPC
combined with various e+e- proposals g S0 B W . - FCCee
+ e+e- at high center-of-mass energy |2 e . .
and with polarised beams lifts §1O i ‘s
degeneracies between operators I NN [Ny R
top-quark physics ° _ I : ) i
requires high center-of- : ] '
mass energy AND . = B0 [ % % %
polarised beams Wy Cw Cp ) Co Cz Cpp Co Ceo Cb CF Ca Cr Cp

Operator Coefficients
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BSM reach of ee — cc / bp  [arXiv:2403.09144

x10°
n Froryrrrrrr T T T T T T T T T T T T T T T T T T T
StUdy Of ee — CC / bb % - = ILC500, e et — cC ILD 3
o full Geant4-based simulation of ILD o ¢ ”_f‘”gi;‘l{?g?a"é’.ﬁ’s o
60 | ull sim. reconstruction

H20, P:(+0.8,-0.3)

BSM example: Gauge-Higgs Unification models 5 5 Ahad2s ucton

» Higgs field = fluctuation of Aharonov-Bohm phase 4}
In warped extra dimension

« /' as Kaluza-Klein excitations of y, Z, Zr

 various model point with Mz =7...20 TeV 1o§

0 ‘ 11 111 1 I-l Ivl 1 1 I 111 I 111 I 111 I 111 I 111 I 111
-1 -08-06-04-02 0 02 04 06 08 1
cos 0
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BSM reach of ee — cc / bb

Study of ee — cc / bb
» full Geant4-based simulation of ILD ° o

BSM example: Gauge-Higgs Unification models 4,

» Higgs field = fluctuation of Aharonov-Bohm phase 4
iIn warped extra dimension

FT 11

70 —

arXiv:2403.09144 GHU vs SM discrimination power (c-level)

09 12 13|21 25 25

1.7 26 2.7

1.7 21 22|38

X1 0®

ILC500, e et — cC

H20, P:(-0.8,+0.3)
— Whizard 2.8.5 LO
¢ Full sim. reconstruction

H20, P:(+0.8,-0.3)
— Whizard 2.8.5 LO
¢ Full sim. reconstruction

[TT T[T T[T rr[rT )
ILD 11 15 16(22 3.1 3.2|3. 5.7 6.7 6.8
¥4 59 93 9.6 >10 >10 >10

>10 >10 >10 >10 >10 >10

5.0 >10 >10 >10 >10 >10 >10

E N O E N O E N

ILC250°* ILC250 ILC250 ILC250
(no pol.) +500  +500
+1000*

30
» /' as Kaluza-Klein excitations of y, Z, Zr o
» various model point with Mz = 7...20 TeV 10|
0-111 111 |||||l||||||||||||||||||||||||.
-1 -08-06-04-02 0 02 04 06 08 1
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cos 0

ILD

Ch. had. PID
e O: No PID

.dE
*E: ax

8.0 >10 >10 '™
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BSM reaCh of ee — cc I bb arXiv:2403.09144 GHU vs SM discrimination power (c-level) ILD
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BSM example: Gauge-Higgs Unification models 5| —#@d285L0 sion 22 32 33|33 510 >10 >10 >10 >10 >10
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* various model point with Mz =7...20 TeV 10
Between-model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level)
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B; 0 1.8 B-so| 450 B Y B-<so| 450 B/ >10 >10 Bi|>10 >10 >10
B, .3-46 >50 B,[ 5.3 5.1 .3-46 >50 B,|>10 >10 B,|>10 >10
A, JOE A, ls A, Az |>10
ILC250* (no pol.) ILC250 ILC250+500 ILC250+500+1000*
A, (2000 ™) A, (2000 ') A (2000 fb™'+ 4000 fb”') A (2000 fo™'+ 4000 b+ 8000 fb”')
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BSM reach of ee — cc / bb

arXiv:2403.09144

ILD

Ch. had. PID

GHU vs SM discrimination power (c-level)
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Study of ee — cc / bb

e full Geant4-based simulation of ILD

BSM example: Gauge-Higgs Unification models

» Higgs field = fluctuation of Aharonov-Bohm phase
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Polarisation & Beyond the SM: Dark Matter

* mono-photon search e e — yyy

* main SM background: e'e >y

reduced ~10x with polarisation

* shape of observable distributions changes with polarisation sign
=> combination of samples with sign(P) = (-,+), (+,-), (+,%), (—-)
beats down the effect of systematic uncertainties
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Polarisation & Beyond the SM: Dark Matter -
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Effect of polarisation: background
— P(e,e)=( 0%, 0%)
— P(e,e*) = (+80%, 0%)
— P(e,e*) = (+80%,-30%)
— P(e ,e*) = (+80%,-60%)

* mono-photon search e e — yyy

* main SM background: e'e >y

reduced ~10x with polarisation

# events [1/ GeV

* shape of observable distributions changes with polarisation sign
=> combination of samples with sign(P) = (-,+), (+,-), (+,%), (—-)
beats down the effect of systematic uncertainties
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* main SM background: e'e >y

reduced ~10x with polarisation

* shape of observable distributions changes with polarisation sign
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reduced ~10x with polarisation = : -
* shape of observable distributions changes with polarisation sign :g:’ i *\..: i

=> combination of samples with sign(P) = (-,+), (+,-), (+,%), (—-)
beats down the effect of systematic uncertainties
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Polarisation & Beyond the SM: Dark Matter
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Polarisation & Beyond the SM: Dark Matter
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Light Higgsinos

LHC does very well on exploring

but beware that exc
dependent, especia

BSM phase space

usion regions are extremely model-
ly for electroweak new particles

(eg charginos, staus, ...)

ILD study of full detector simulation
points ¢ ¢ - motivated by

for two benchmark
eptogenesis & gravitino DM

- and extrapolation to full plane

conclusions:

nalf Ecm

oop-hole free discovery / exclusion potential up to ~

even In most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with

cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

LHC does very well on exploring BSM phase space

+ but beware that exclusion regions are extremely model-
dependent, especially for electroweak new particles
(eg charginos, staus, ...)

ILD study of full detector simulation for two benchmark
points J.¢ Si¢ - motivated by leptogenesis & gravitino DM
- and extrapolation to full plane

» conclusions:
100 150 200
ocT]E)—_hoIe free discovery / exclusion potential up to ~ M T (G eV)
Nall ECcm

+ even In most challenging cases few % precision on
Masses, Cross-sections etc

- SUSY parameter determination, cross-check with
cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

LHC does very well - -
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q) L ~F ~" ] -
but beware that exc (51200 - L% dM770
in O = B Ty
aependent, especia 1000 M™=160.3+ 3.8 GeV
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- and extrapolation 1 4001 :
. 200 |- -
conclusions: ; :
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even In most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with
cosmology
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Heavy Neutral Leptons

In Z decays with displaced vertices... ...and at high masses in prompt decays

! 1 lllllll 1 ! lllllll ! I ==k .‘f
G g
W ¢
' : o =
FCON®- s -
"""""""" e =
---------------- ¢ =
--------- 3 n
RO -
oW E
CID/IDEA DV Muon Collider 10 TeV =
o HECATE DV -
10 B 1 1 1 1 1 L1 1 I 1
1 1 lllllll 1 1 lllllll 1 1 lllllll L llll‘ 1 1 lllllll 4
1 10° 10! 10° 10° 10° 10

my [GeV]

M [GeV]
arXiv:2203.05502 2801 09600

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List 29


https://arxiv.org/abs/2301.02602
https://arxiv.org/abs/2301.02602
https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/2203.05502

Hig

gs self-coupling

The Higgs Boson

Higgs@FC WG September 2019

The Higgs Boson
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All future colliders combined with HL-LHC

most detailed ILC ref: PhD Thesis C.Dirig
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 pp cross section drops
+ ee cross section rises
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Higgs self-coupling

The Higgs Boson
The Higgs Boson

Higgs@FC WG September 2019

HL-LHC

di-Higgs

single-Higgs

HE-LHC

AN NN NN NN RN
NN ANANANANANANANANNNNANNNANNNNNNN

FCC-ee/eh/hh

0 10 20 30 40 50
68% CL bounds on Kq [9%6]

A > Aswm:

 pp cross section drops

-7%+11%
CLIC

1500

36%

L-LHC

(18%)

5% (25%)

ILC

N\ 500

38% (27%)

=1 ILC

250

CLIC

N\ 3000

49% (35%)

—]CLIC

1500

49% (41%)
cLIC

380

50% (46%)

All future colliders combined with HL-LHC

0.5

Region of interest
for electroweak
baryogenesis

Higgs selfcoupling projections
=—t== HL-LHC (single coupl. analysis)
----- = =W = cross-section-level extrapolation

=== |LC 500 GeV ZHH (full coupl. analysis)

most detailed ILC ref: PhD Thesis C.Dirig
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- @ee Cross section rises
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Higgs self-coupling
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combination of ete- -> ZHH A

The Higgs Boson
The Higgs Boson

- Higgs selfcoupling projections -
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and ete- -> vwvHH ensures
at least 10-15% precision for all A
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Urgently wanted: modern jet clustering

(H2) / GeV
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Urgently wanted: modern jet clustering
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Urgently wanted: modern jet clustering
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Urgently wanted: modern jet clustering

correctly clustered / reco energy
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Urgently wanted: modern jet clustering
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Urgently wanted: modern jet clustering
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=> Urgently needed: Advanced Jet Clustering, ML, ...can we get rid of B, C, D ???

which additional detector information would help?
This has the potential to reduce 6A/A(SM) from 20% to 10% !
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Top Yukawa coupling

The Higgs and the Top

- absolute size of |yi|:

10— B S SO S S
+ HL-LHC: % o Oy T T I
' O =3.2% with Jxo| < 1 or 3.4% in SMEFTno o AV et
. e+e- LC: =S O N D e L
- current full simulation achieved 6.3% at 500 GeV © N 6.3% | ...........
- strong dependence on exact choice of Ecw, g _l
€.9. 2% at 600 GeV ‘_;’ L e e s e s e et I &
+ not included: o 7 S T MO S ‘
- experimental improvement with higher energy (boost!) ; IS N/ T S . =S SN SN A
+ other channels than H->bb % By +* ----------
O o e [
7 +1 TeV: 1.4%
10'1lillliIllilllilllilllilllil
480 500 520 540 560 580 600

Energy (GeV)

to-do: real, full sim study @ 600 GeV!
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Top Yukawa coupling

The Higgs and the Top

- absolute size of |yi|:
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- full coupling structure of tth vertex, incl. CP: ? T 1 TeV:g 1'4%

-
<

T B B T B N
. ete- at Eew > ~600 GeV 480 500 520 540 560 580 600
=> few percent sensitivity to CP-odd admixture Energy (GeV)

beam polarisation essential! to-do: real, full sim study @ 600 GeV!

[Eur.Phys.J. C71 (2011) 1681]
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Straight to the Future

Energy/Lum upgraded et+e-

AMAINAANAAS

LHC followed by HL LHC

Today 2040 ~2050-55 Time
—

- .

* A LC facility can be extended in length for higher energies, using the same or improved versions of the same
technology, e.g. as suggested for ILC, CLIC, C3 and HALHF

* |t is also possible and realistic to change to more performant (usually higher gradient) technologies in an upgrade,
e.g. from ILC to CLIC or C3, maybe even plasma

 Starting point for fast implementation: ILC has the most mature linac technology for large scale implementation,
that is also well established in all regions and in industry - it is based on a ~20 km long tunnel

* The physics at higher energies — Higgs sector and extended models with increased reach and precision, top In
detail well above threshold, searches and hopefully new physics — will open for a very exciting long term e+e-
programme

» Such a programme can run in parallel with future hadron and/or muon colliders that can be developed, optimised

and implemented as their key technologies mature
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* A LC facility can be extended in length for higher energies, using the same or improved versions of the same
technology, e.g. as suggested for ILC, CLIC, C3 and HALHF

* |t is also possible and realistic to change to more performant (usually higher gradient) technologies in an upgrade,
e.g. from ILC to CLIC or C3, maybe even plasma

 Starting point for fast implementation: ILC has the most mature linac technology for large scale implementation,
that is also well established in all regions and in industry - it is based on a ~20 km long tunnel

* The physics at higher energies — Higgs sector and extended models with increased reach and precision, top In
detail well above threshold, searches and hopefully new physics — will open for a very exciting long term e+e-
programme

» Such a programme can run in parallel with future hadron and/or muon colliders that can be developed, optimised

and implemented as their key technologies mature
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Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider

* open scientific question: how to best complement the minimal Higgs Factory in e+e-?
» very strong Z pole program but limited in energy reach?
* upgrades to higher energies but more modest Z program?

* next big project needs
 acompelling science case
* readiness for fastest possible construction
» technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; surface, electrical power, concrete, steel, rare earths, ...
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Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider

« open scientific question: how to best complement the minimal Higgs Factory in e+e-?
* very strong Z pole program but limited in energy reach?
* upgrades to higher energies but more modest Z program?

 next big project needs
 acompelling science case
* readiness for fastest possible construction
« technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; surface, electrical power, concrete, steel, rare earths, ...

Most importantly:
A Future Collider can only happen based on broad support within HEP community
=> get more people engaged and make it happen!
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Bonus



Ready to take on one of these challenges?

- Get involved

- ECFA set up a workshop series on Physics, Experiments and Detectors at a
Higgs, Top and Electroweak factory cf https://indico.cern.ch/event/1044297/

+ address topics In common between all ete- colliders, I.e. theory prediction,
assessment of systematic uncertainties, software tools

- Wil give important input to next update of European Strategy

you don’t won’t to commit to a specific collider project ?
=> this Is your way to contribute => get in touch!

- All Higgs factories are using the same software framework (Key4HEP):
+ share algorthmic developments
+share / exchange data sets for comparable analyses etc

=> anybody who’d like to shape the experiments of the next collider would be wise
to build up expertise on Key4HEP now

DESY. Straight to the Future:Physics Opportunities at Linear Colliders | Colloquium, NIKHEF, 19 Apr 2024 | Jenny List


https://indico.cern.ch/event/1044297/
https://key4hep.github.io/key4hep-doc/
https://indico.cern.ch/event/1044297/
https://key4hep.github.io/key4hep-doc/

Sustainability

Gro Harlem Brundlandt at WEF 1989

© WEF, CC-BY-SA-2.0

Cover of the “Brundtland Report” 1987

QUR

FUTURE

THE WORLD COMMISSION

ON ENVIRONMENT
AND DEVELOPMENT

Development that meets the needs of current

generations without compromising the ability of
future generations to meet their needs and

aspirations. (WCED, 1987)

WCED (World Commission for Environment and Development)
(1987) Our Common Future, Oxford University Press, Oxford.



Sustainability

2016 .....

Additional Design Considerations

- power consumption:

- public acceptance for large scale projects
significantly challenged if (substantial fractions of)
extra power plant required!

- |LC design driven by self-imposed limits on
total site power:

- 200 MW for 500 GeV n
- 300 MW for 1 TeV
- cost awareness:

- from RDR to TDR critical review
of design in order to reduce costs

- value engineering
- power reduction in favour of stronger focussing

- at the end of the day: luminosity ~ power ~ money
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Sustainability

2016 .....

Additional Design Considerations

- power consumption:

- public acceptance for large scale projects
significantly challenged if (substantial fractions of)
extra power plant required!

- |LC design driven by self-imposed limits on
total site power:

- 200 MW for 500 GeV
- 300 M

- cost awaren

minimal usage of resources was always design criterion for serious projects
but only a reduction of the energy consumption is not sufficient anymore
- romRDR |« change of paradigm:

ofdesignil  => the next collider project must be sustainable in every aspect
- value engirreerrte * '

- power reduction in favour of stronger focussing R — 2

- at the end of the day: luminosity ~ power ~ money
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... and tomorrow: Sustainability of new Accelerators

minimal use of resources to reach physics goals

* Operation -> total electrical site power:

* minimize:

—~ Do ! ! R
. . . . ; . [AC Power vs Energy of Future e’e” Colliders P |
* even if - or eSpeCla”y if - all power will come from | m—FCCee, 2 IPs [arxiv:2203.08310] | i -
regenerative sources, the competition with other human 2 BO00 = | T Core 2o . com] 5 B R St
needs will be high - | e et 1 4
O | |7k 1G250 10 iz operation [dit] /-
» optimizing all components for minimal energy consumption % N ChS paseline larkiv:2005.09100] i
* be flexible: O 400 S L S s St
* must be able to handle large variations in availability of 2
regenerative power =
« could cooling capacities be used as buffer for energy, also o 200
for society in general? —
» Construction, concrete etc

 tunnel as short as possible 0
* use concrete with low(er) CO2 emission => extra costs ?!

* avoid usage of rare earths and other problematic substances
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... and tomorrow: Sustainability of new Accelerators

minimal use of resources to reach physics goals

* Operation -> total electrical site power:

* minimize:

—~ Do ! ! ;_!_!!!?!

» even if - or especially if - all power will come from < " | FoGee, 2 1P arivzzos0stol | T
regenerative sources, the competition with other human 2 600 |7 CEpC, 21Pe, lumi up. power priv.comy |1 R St
needs will be high s " | I oty upgrae diter /o

o . — LI |LC25010Hz opera_lti.on [dito] -

* optimizing all components for minimal energy consumption % i gt:g;a;f;g';t[;‘jjg;-rif,‘f[-gﬁlfl | 2N

* be flexible: 0. 400

* must be able to handle large variations in availability of 2
regenerative power =

» could cooling capacities be used as buffer for energy, also g 200 5
for society in general? =

» Construction, concrete etc I N ]
 tunnel as short as possible 0 L A S N N
. . =
» use concrete with low(er) CO2 emission => extra costs ?! 10

1
Center-of-Mass Energy [TeV]

* avoid usage of rare earths and other problematic substances
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Global Warming Potential
StUdy by C3 . Linear

Circular

GWP of construction dominated by CO2 emission

from the required concrete & steel
=> tunnel length (diameter, tunneling technique)

o
(<]
N
o
@)
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+
2,
@
.4:')
c
(O]
-
@]
[
o
£
&
o
<
I
Q9
9
@)

C3 ILC FCC-ee CEPC
250+550 250+500 88-365 91.2-360

Collider Project

arXiv:2307.04084
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Global Warming Potential
Study by C3 B Linear

| B Circular

—
o

o
o

GWP of construction dominated by CO2 emission
from the required concrete & steel
=> tunnel length (diameter, tunneling technique)

o o
i~ o

Global Warming Potential [Mtn CO, eq.]
o
Ko

o
o

C3 ILC FCC-ee CEPC
250+550 250+500 88-365 91.2-360

Collider Project
Precision-Weighted Total Carbon Footprint of Different Colliders

B Operations
] I Construction

+ZIWW Adding operation GWP
o| 7 C baseline (here weighted by improvement of Higgs couplings over HL-LHC,
and with power mix predictions for CERN, US, Japan, China):

e Operation dominates for LCs

W e Construction dominates for CCs

25033550 25(1)11(:500 1;(8:-(::3_6?56 919553%0 arXiV . 2307 . 040 84
Collider Project I ———————
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Precision-Weighted Global Warming Potential [Mtn CO, eq. %]
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GWP of tunnel construction

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

° green house gaS emiSSion plus 1 3 more impaCt Categorie CLIC Drive beam, 5.6m dia. CLIC Klystron, 10m dia. ILC, 9.5m span
A1-A5 GWP (tCO,e) in granite
350,000t
length:
300,000t 20km
250,000t R
200,000t
150,000t
100,000t A
50,000t
Ot
CLIC Drive Beam 380GeV  CLIC Klystron 380GeV ILC 250GeV
B Tunnels W Shafts 5 Caverns
https://edms.cern.ch/document/2917948/1 41
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GWP of tunnel construction

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

* green house gas emission plus 13 more impact categorie| cuconvesean somai CLIC Kiystron, 10m dia.

* roughly confirms C3 estimates (prev. slide)
« ~40% of reduction potential by
* usage of low-COZ2 materials (concrete, steel)

* reduction of tunnel wall thickness
A1-A5 GWP possible reduction (tCO.e)

300,000t

250,000t
200,000t
-“41%
-43%
150,000t
-39%
-39%

100,000t

-37%

50,000t I
0

CLIC Drive Beam CLIC Drive Beam CLIC Drive Beam 3TeV ILC 250GeV CLIC Klystron 380GeV
380GeV 1.5TeV

tCO,e

—
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tunnel boring in molasse
A1-A5 GWP (tCO.e)
350,000t

300,000t
250,000t

200,000t

tCO,e

150,000t

100,000t

50,000t

Ot
CLIC Drive Beam 380GeV  CLIC Klystron 380GeV

B Tunnels W Shafts

https://ledms.cern.ch/document/2917948/1

ILC, 9.5m span

drill&blast
In granite
length:
20km

ILC 250GeV

& Caverns
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GWP of tunnel construction

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

 green house gas emission plus 13 more impact categorie| cicorivebeam, somaia CLIC Kiystron, 10m dia ILC, 9.5m span
o ] . A1-A5 GWP (tCO.e) in granite
« ~40% of reduction potential by 350,001
- length: 11km length:
» usage of low-CO2 materials (concrete, steel) 300,001 gin. | 20km
 reduction of tunnel wall thickness 250,001 \\‘

A1-A5 GWP possible reduction (tCO.e)

=> be careful to distinguish intrinsic needs of technology from site-related specifica
(also for GWP of operation...)

_43% —
150,000t
-39% 50,000t
-39%
100,000t
-37%
Ot
o 000 CLIC Drive Beam 380GeV  CLIC Klystron 380GeV ILC 250GeV
, t
B Tunnels W Shafts ¥ Caverns
ot

CLIC Drive Beam CLIC Drive Beam CLIC Drive Beam 3TeV ILC 250GeV CLIC Klystron 380GeV
https://edms.cern.ch/document/2917948/1 41

tCO,e

380GeV 1.5TeV
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