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An e*e- Higgs factory is the highest-priority next collider

+ accelerator R&D, In particular
high-field magnets

+ Investigate technical & financial
feasibility of 100 TeV pp collider
at CERN, with posssible e+e- first
stage

+timely realisation of [LC in Japan
would be compatible and
European particle physics would
wish to collaborate
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&

igh-priority future
Initiatives

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

- the particle physics community should ramp up its R&D effort focused
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors;

- Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and
related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
particle physics community would wish to collaborate.

https://europeanstrategyupdate.web.cern.ch/welcome

P
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The Higgs Boson and the Standard Model of Particle Physics

A discovery which is only the beginning ...
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The Higgs Boson and the Standard Model of Particle Physics
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2012 Discovery of a Higgs bosons at the LHC!
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The Higgs Boson and the Standard Model of Particle Physics
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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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A new messenger from the early universe
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The Higgs Boson and the Universe

." .‘f‘ '
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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
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 Universe

What we’d really like to know

- W
- W
- W

nat is Dark Matter made out of?
nat drove cosmic inflation?

nat 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?

The Higgs Boson

—

Is the Higgs the portal to the Dark Sector?

*  The Higgs could be first “elementary” scalar we know -
S it really elementary?
. © Isitthe inflaton?
L +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 -

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 - 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?
IS 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 Universe

What we’d really like to know

- W
- W
- W

nat is Dark Matter made out of?
nat drove cosmic inflation?

nat 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

—

Is the Higgs the portal to the Dark Sector?

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

ic it ranlhs alamaoantan/”?

Why is the Higgs-fermion interaction so different between the species?
does the Higgs generate all the masses of all fermions?

" Does the Higgs sector contain additional CP violation?
in particular in couplings to fermions”
_ - ordo its siblings have non-trivial CP properties”

=> 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

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 : _ _ o _ _
and lepton sectors? ~ Does the Higgs sector contain additional CP violation?
+ What created the matter-antimatter asymmetry? ~+ In particular in couplings to fermions"

- What drove electroweak phase transition?

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

evolution?

do Higgs bosons self-interact”?
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

origin of matter-antimatter asymmetry: universe V(9) re V(d 7 =t
must have been out of thermal equilibrium ' ) lrerer
=> 1.order phase transition - T<T.
o ——T<T,
Electroweak phase transition? e T=0 AR J -
6 ./ ¢

1st order, requirement
for EW lbaryogenesis
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origin of matter-antimatter asymmetry: universe TV(‘W / ] —le
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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

A A
origin of matter-antimatter asymmetry: universe V(9) re V(d o 1=t
must have been out of thermal equilibrium ' ) lrerer
=> 1.order phase transition - T<T.
o ——T<T,
Electroweak phase transition? e T=0 RN -
o ./ ¢

1st order, requirement
for EW lbaryogenesis

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

value of self-coupling 4 determines shape of Higgs potential

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

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

1st vs 2nd order phase transition

} )
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The Higgs potential, the Higgs self-coupling and Baryogenesis

origin of matter-antimatter asymmetry: universe V(9 =1e
must have been out of thermal equilibrium I 7=T <T
=> 1.order phase transition
I<T,

Electroweak phase transition? FARN\ _

. ¢

dac—soquirement
=> a challenge for all colliders: measure A ! ogenesis

for any “true” value of A
(most studies assume A= Asm, but strong dependency of precision on actual value!)

with as little model-assumptions as possible
=> how model-independent are indirect (eg SMEFT-based) determinations?

SM => are they reliable enough if nature # SM ?

value indirect determination from singleH must include all operators entering at NLO

electroweak baryogenesis possible in BSM scenarions with 120—: migggggffm I?;g

A > Asm (€.9. 2HDM, NMSSM,, ...) i for EW baryogenesis
s 12 1s 3 24
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The key contenders  |CLIC:ee- @0.38,1.4,3 TeV |, o 1] L
Conceptual Design 2013 ‘ N do

Updated Baseline in 2017 ' =
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Technical Design Rep. in 2012 e e e
' o* injoctor,

Staging proposal 2017: start at 250 GeV
& under political consideration by Japanese Government

S U 4 as a global project

FCC: pp @ ~100 TeV
& precursor FCCee ete- @ 90-350 GeV
Conceptual Design Rep. in 2018

Currently: FCC Feasibility Study

Schematic of an
80 -100 km
long tunnel

| CEPC: ete- @ 240 GeV
P pre-CDR published in 2014
CDR published 2018

- = SppC: pp @ 50-70 TeV
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The key contenders CLIC: eve- @ 0.38, 1.4, 3 TeV |,
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...and the new kid on the block:

Electron Source . /

-

the Cool Copper Collider C3,
first proposed 2018 arXiv:1807.10195
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Posilron Source

& precursor FCCee ete- @ 90-350 GeV
Conceptual Design Rep. in 2018

Currently: FCC Feasibility Study

Schematic of an
80 -100 km

| CEPC: ete- @ 240 GeV
¥ pre-CDR published in 2014
CDR published 2018

- = SppC: pp @ 50-70 TeV
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the Cool Copper Collider C3,
first proposed 2018 arXiv:1807.10195

L Pre-Damping Ring

| N
Posilron Source

Conceptual Desid  Asymmetric Linear Higgs Factory
HALHF, arxiv: 2303 101 50

V

Facility length: ~3.3 km

Positron Damping rings 31 Gev ev/drivers _
source (3 GeV) Driyer source, . ( ) chematic of an
Interaction point - RF linac (5 GeV) 6 gF V""?/‘(:] | Electron @ - 100 km
(250 GeV ¢.0.m.) e (e (e ] S ( eV ev/drivers) / source png tunnel
— P3»»M ] ([ D333 3333333333333 333333333 33333333355 > ) ) ) — e

RF linac
Beam-delivery system .
Beam-delivery system Positron transfer line (500 Ger\}." eY) Plasma-accelerator linac (5GeVe)
with turn-around loop (31 GeVe) (16 stages, ~32 GeV per stage)
(31 GeV e*)

Scale: 500 m
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They fall into two classes

e P A

Circular e+e- Colliders Linear Colliders

4
7
4
' -
1 -
s Schematic of an
g 80-100km
3 long tunnel
%
*
B
i
LN

FCCee, CEPC , LC, CLIC, C8, ...

ength 250 GeV: ~100km v . length 250 GeV: ~10...20 km

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

multiple interaction regions . spin-polarised beam(s)

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

nigh luminosity & power efficiency at low
energies

A wﬁ?ﬁ%’jf\ l"’";m
] _ i =
Linear Colliders

[C,CLIC,C5, ... | ‘

ength 250 GeV: ~10...20 km

nigh luminosity & power efficiency at high
energies

multiple interaction regions 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 unclear

RF cavities with high gradient
plasma acceleration ?
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Linear or circular - economically 1978

% .
J.-E. Augustin , N. Dikanskit, Ya. DerbenevT, J. Rees*,

* SynChrOtron radiation: B. Richterq:, A. Skrinskif, M. Tigner**, and H. Wiedemann*

- AE ~ (E4/ m4R) perturn  => 2 GeV at LEP2 Introduction

This note is the report of working Group I (J. Rees - Group Leader).

| u — u u -
’ COSt In hlgh_energy Ilmlt' We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned

ourselves primarily with the technical limitations which might present

* CirCUIar : $$ ~ a R + b AE ~ a R + b (E4/ m4R) themselives to those planning a new and higher-energy electron-positron

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

imMiva — - E2 —> $9 ~ E2
Optlmlze _> R o _> ~ 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

u - ] .
’ Ilnear " $$ ~ L! Wlth L ~ E _> $$ ~ 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 cou'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

systems taking beam-strahlung into consideration.

Energy

1) allererstes Papier zum Thema: M.Tigner 1965
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Circular
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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
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L'nw cou'der deflected by the collective electromagnetic field of the opposing bunch -
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Energy Where is the crossing point?
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. . _ ;
Linear or circular - economically 1978

Luminosity vs Energy of Future e*e” Colliders

- Synchrotron radiation: <o FCCe0, 2 1P [arKivi2203,08310)

mmmem CEPC, 2 IPs [arXiv:2203.09451]

— : ssms CEPC, 2 IPs, lumi up, power priv. com.]
- AE ~ (E4/ m4R) oer turn => 72 GeV at LEP?2 A 5 | = ILC baseline [arXiv:22z3.076:2]

sug e |LC luminosity upgrade [dito]

niin ILC250 10 Hz operation [dito]

- Costin high=energy limit: \ CLIC baseline [arXiv:2203.09186]
-+ circular: $$ ~aR+b AE ~aR +b (E4/ m* '

optimize => R ~ E2 => $$ ~ E2
- linear: $3 ~ L, withL ~ E =>$$ ~ E

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) allererstes Papier zum Thema: M.Tigner 1965
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Sustainability

In 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 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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In 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
. . . . : ower vs Energy of Future e'e Colliders P
« evenif-or eSpeCla”y if - all power will come from ; B If: FCCe:z |Piy[a:)_(li:v:t2203.0831o;|d | i I
regenerative sources, the competition with other human 2 600 |~ CEPC, 21Pe, lumi up. power priv.com |1 R St
needs will be high L | et | /o
o . — LA ILC2501OHZ opera_lti.on [dito] -
* optimizing all components for minimal energy consumtion % i gt:g;a;f;g';t[;jjg;ﬁ;f[-gﬁlﬁﬁl | 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 o 200
for society in general? —
 Construction => concrete, components etc

* minimize civil construction 0
 use concrete with low(er) CO2 emission

* avoid usage of rare earths and other problematic substances

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List 1 1



... and tomorrow: Sustainability of new Accelerators

minimal use of resources to reach physics goals

* Operation => total electrical site power:

* minimize:

—~ Do ! ! RN
. . . . ; . [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 - T e e et 1 4
o | [ i 11250 10 11z operation it /-
 optimizing all components for minimal energy consumtion % N ChS paseline larkiv:2205.09100] i
* be flexible: 0. 400 R R S S o
* 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, components etc I IR _
* minimize civil construction 0 L A S S S
. . 1
» use concrete with low(er) CO2 emission 10

1
Center-of-Mass Energy [TeV]

* avoid usage of rare earths and other problematic substances
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P(e, e*)=(-0.8, 0.3), M =125 GeV
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The new Snowmass SMEFT fit
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Also essential:

precision W & top masses => essential for SM and BSM tests

procesion W, Z and top couplings => essential for Higgs interpretation
direct BSM discovery potential complementary to LHC

precision reach on effectlve couplmgs from SMEFT global fit

B HL-LHC S2 + LEP/SLD B CEPC Z,00/WWg/240GeV g ILC . BCLIC 38OGeV1 B MuC 3TeV
(combined in all lepton collider scenarios) | ll CEPC +360GeV ; [ ] ILC +350GeVo >+500GeV, | M CLIC +1.5TeV, B MuC 10TeV 4
Free H Width BILC +1TeVy  “wGiga-Z | Il CLIC +3TeVs H MuC 125GeVo.02+10TeV10
no H exotic decay subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold 5
= | ‘ - f | —10"
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= —10 7
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Also essential:

- -+ precision W & top masses => essential for SM and BSM tests
Th e n ew S n owm ass S M E FT flt - procesion W, Z and top couplings => essential for Higgs interpretation

direct BSM discovery potential complementary to LHC

precision reach on effective couplings from SMEFT global fit
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” no H exotic decay subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold 5
2 15 ] B | | 10"
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' = = ' ] _|
assuming no exotic Higgs decays exist: Q
=> all e+e- colliders gain at [east an order of magnitude in precision wrt HL-LHC ®

allowing exotic Higgs decays:.
=> qualitative jump since no absolute couplings from HL-LHC at all

all e+e- colliders show very comparable performance for standard Higgs program
several couplings at few-0.1% level: Z, W, g, b, T
some more at ~1%: vy, C
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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!

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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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 J9s 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:

. SM: Z and y differ in . S\grrr?glg polarisation yields “signal-free” control
couplings to left- and o , o ,
right-handed fermions - * flipping positron polarlsanoln controls nuisance

effects on observables relying on electron
BSM: polarisation

chiral structure unknown, needs to be determined! » essential: fast helicity reversal for both beams!

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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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
4 by EWPOs (*)

only diagram
allowed in SM
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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!

VANIVAN

Z
h constrained
by EWPOs (¥)

sSpin reversal e r<>e |

only diagram
allowed in SM

~CWW

- 1st diagram flips sign
- 2nd diagram keeps sign

= AR lifts degeneracy

between operators!
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1%

0.5 -

Precision of Higgs boson couplings [%]
N

Model Independent Fit

B HL-LHC ®e*e 2 ab™ 250 GeV polarised
B ..%e'e 4ab'500 GeV polarised
dark/light: $S1/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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Model Independent Fit arXiv:1903.01629

3 5 | B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —
B HL-LHC ®e*e 2 ab™ 250 GeV polarised
3 B ..%e'e 4ab'500 GeV polarised

dark/light: S1/S82

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

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

1%
0

Z W b = c I, T, v

Precision of Higgs boson couplings [%]
N

N ' scaled by 1/3
-
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Higgs Factory Detector Concepts

DESY. Why should you care about the next collider now? | ATLAS Group Meeting, 21 Apr 2023 | Jenny List
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Higgs Factory Detector Concepts

12.9 m

Solenoidal Magnet

Fine-grained
Calorimeters
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Instrumented return yoke

Higgs Factory Detector Concepts

Double Readout Calorimeter
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Higgs Factory Detector Concepts
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Instrumented return yoke

Higgs Factory Detector Concepts

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

o(1/pt) =2 x10° GeV"' @ 1 x 10/ (pt sin"*6)

Nrithla Raadant Calarimatar

- vertexing (H — bb/cc/tT)
o(do) <5 ® 10/ (p[GeV] sin”?0) um

- jet energy resolution (H — invisible) 3-4%

LumiCal

- hermeticity (H — invis, BSM) Omin = 5 mrad
(FCCee: ~50mrad)
Determine to key features of the detector:

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

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

6 m
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Instrumented return yoke

Higgs Factory Detector Concepts

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

o(1/pt) =2 x10° GeV"' @ 1 x 10/ (pt sin"*6)

-vertexing (H — bb/cc/TT) e
5(do) < 5 ® 10 / (p[GeV] sin®?g) um EZEMS /4

~ ATLAS / 2

~ ATLAS / 3

|

Nrithla Raadant Calarimatar

- jet energy resolution (H — invisible) 3-4%

- hermeticity (H — invis, BSM) Omin = 5 mrad
(FCCee: ~50mrad)
Determine to key features of the detector:

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

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

8|
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Instrumented return yoke

Higgs Factory Detector Concepts

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

o(1/p) =2x10° GeV' @ 1x10°/ (psin%0)  [=.CMS /40

- vertexing (H — bb/cc/1T) _ e
5(do) < 5 ® 10 / (p[GeV] sin*20) ym = CMS /4
.jet energy resolution (H — invisible) 3-4% [= ATLAS/

- hermeticity (H — invis, BSM) 0min =5 mrad |~ ATLAS / 3
(FCCee: ~50mrad) |

RQatarinatokey features of the detector:

Nrithla Raadant Calarimatar

Possible since experimental environment - tracker:
in e+e- very different from LHC: 1 0.15% rad. length / layer)
much lower backgrounds ers

much less radiation granular, optimised for particle flow
readout, LAr, ...

only Linear Colliders: lower collision rate enables |g -
T

passive cooling only => low material budget |8
- triggerless operation .
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Higgs Factory Detector Concepts

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

o(1/pt) =2 x10° GeV"' @ 1 x 10/ (pt sin"*6)

Nrithla Raadant Calarimatar

s e

-vertexing (H — bb/cc/t1) LumiCal
V] sin®20) um L= CMS /4

- s invisible) 3-4% |= ATLAS /

q — invis, BSM) Omin =5 mrad |~ ATLAS / 3

|

(FCCee: ~50mrad)

ey features of the detector:

- 5 tracker:
different from LHC: . 0.15% rad. length / layer)

I
E—
+ much lower backgrounds ers
. much less radiation granular, optimised for particle flow
. . L readout, LAr, ...
only Linear Colliders: lower collision rate enables jg —

passive cooling only => low material budget [l

- triggerless operation -
i
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Example: Higgs decay to “invisible”

* use e'e”—=Z h process

- select a visible final state (qq, ee, py)
compatible with a Z decay

- recoliling against “nothing”

3 . .
- If signal observed at ILC: discovery! Of Dark Matter? > SanRas | T -_fu-”-s EAnRE
8 6 H—;;?SVI;:)BR=1O%) .
- If no signhal observed at 250 GeV: O =7
exclude BF > 0.16% at 95% CL Nl —hud _
(HL-LHC expectation: 2.5%, SM prediction: 0.12%) *3 4 - " other bkg -
O
0

arXiv:2203.08330 (SiD) &
PoS EPS-HEP2019 (2020) 358 (ILD)

100 110 120 130 140 150 160
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Example: Higgs decay to “invisible”

* use e'e”—=Z h process

- select a visible final state (qq, ee, py)
compatible with a Z decay

- recoliling against “nothing”

10° full simulation
- if signal observed at ILC: discovery! Of Dark Matter? > F7 | LR S I
8 6. H—;;?SVG)BRﬂO%) .
- If no signal observed at 250 GeV: o | %
exclude BF > 0.16% at 95% CL S — _
(HL-LHC expectation: 2.5%, SM prediction: 0.12%) *2 4 N other bkg —~
g) e
L Jet energy
arXiv:2203.08330 (SiD) & 2 resolution
PoS EPS-HEP2019 (2020) 358 (ILD)

100 110 120 130 140 150 160
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Urgently wanted: modern jet clustering

... bottle-neck e.g. for many jet final-states, incl. Higgs self-coupling
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Urgently wanted: modern jet clustering

5 1
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[T 0 Julie Torndal, 2023
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Urgently wanted: modern jet clustering
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Julie Torndal, 2023
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Urgently wanted: modern jet clustering

—_—

| JregionA
[ JregionB
regionC
regionD

O
o

O
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O
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O
N

Julie Tc;rndal, 2023 . ) 15 “reicl Ll 0 BOr
"0 02 04 06 08 durham dijet mass

correctly clustered / true energy
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Urgently wanted: modern jet clustering

[—

O
o

O
o

O
I

O
N

Julie Torndal, 2023

o
o

0.2 0.4 0.6
=> Urgently needed: better Jet Clustering!

correctly clustered / reco energy

can we get rid of B, C, D ???

can machine-learning help? or additional detector information?

[ ]regionA
[ JregionB
regionC
regionD

150 200
durham dijet mass
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Higgs decay to bb/cc/gg

- use all visible decay modes

of Z and vvH

+ H->Jets and Z->jets play important rolel

- Example from LD IDR;:
- 0xXBR(bb) to ~0.4%

from one channel & data set alone

+ oxBR(cc) shows a lot (!) o

" room for

improvement by smarter f
algorithm

avour tag

all channels /
data sets

o091

| ".rj

i

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List

Ogyy

A(oBR)/oBR (%)

e'e —»vvH
[ Perfect, IDR-L
- I Perfect, IDR-S
[ cFiPius, IDR-L
- ] LCFIPIus, IDR-S

P(-0.8, +0.3)

Tty s g
only wH ~ decay mode
1.60ab-1
2(-0.8,+0.3)
@ 500 GeV
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Higgs decay to bb/cc/gg

- use all visible decay modes

of Z and vvH

+ H->Jets and Z->jets play important rolel

- Example from LD IDR;:
- 0xXBR(bb) to ~0.4%

from one channel & data set alone

+ oxBR(cc) shows a lot (!) o

" room for

improvement by smarter f
algorithm

avour tag

all channels /
data sets
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Higgs decay to bb/cc/gg

- use all visible decay modes

of Z and vvH

+ H->Jets and Z->jets play important rolel

- Example from LD IDR;:
- 0xXBR(bb) to ~0.4%

from one channel & data set alone

+ oxBR(cc) shows a lot (!) o

" room for

improvement by smarter f
algorithm

avour tag

all channels /
data sets
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Higgs decay to bb/cc/gg O e S
o E I -:eerfe:t\,,II-IDR-L ILD _
- use all visible decay modes of Z and vwH N - B Perfoct, IDR-S
- H->jets and Z->jets play important role! RS 3T B LcFPius, IDR-L -
. Example from ILD IDR: g E(OL:F';"S RS
- 0xXBR(bb) to ~0.4% = 2 —
from one channel & data set alone <
- 0xBR(cc) shows a lot (!) of room for -

Improv

\bb\ \05 \QQ
only wH, ~decay mode
all channels / 1 Bab-
data sets 3(_6 8.+0.3)
@ 500 GeV
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The new kid on the block: Particle ID 4
oo "

A boost of analyses using in particular Kaon ID -
many of them intrisically not possible without! B

— make connection between quark flavour and jet composition

« Zand W hadronic decay branching fractions via flavour tagging V?H B
https://ediss.sub.uni-hamburg.de/handle/ediss/9634 , https://ediss.sub.uni-hamburg.de/handle/ediss/9928 Yy [c

» Forward-backward asymmetry in e*e- — qq e
— study asymmetry in each flavour channel exclusively D EEER. A
overview: https://tel.archives-ouvertes fr/tel-01826535 o y

e*e- — tt, bb: https:/agenda.linearcollider.org/event/8147 i y
ete- — bb/cc: https://arxiv.org/abs/2002.05805 |, : y

https://agenda.linearcollider.org/event/9211/contributions/49358/
ete- — bb/cc, ss: https://agenda.linearcollider.org/event/9440 €

https.//agenda.linearcollider.org/event/9285

e H — ss with s-tagging B
— Identify high-momentum kaons to tag ss events i
https://arxiv.org/abs/2203.07535

other

protons

Reco PDG

._IUI_I'Ill | IIIIIII| |

kaons

pions

muons

e Kaon mass with TOF
https://pos.sissa.it/380/115/

electrons

>
2
_50.1

: gl 2 L : 1]
25 3 3.5
Upper momentum cutoff (GeV)

* Track refit with correct particle mass for better momentum and vertex
https.//agenda.linearcollider.org/event/8498/

e/eC["OnsmUO N D/on S /\'ao N D/‘()Ions O[her

U.Einhaus MC truth PDG
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Particle ID - How to ?!

Gaseous trackers (Time Projection Chamber, Drift Chamber):
specific energy loss dE/dx, via gas ionisation, up to 20 GeV

Calorimeter

Ring Imaging Cherenkov Detectors: ‘
Cherenkov angle, via imaging, 10 to 50 GeV ...

Gas Radlator

arXiv: 2203:07535

— Midplane

SIPMTs

Forward RICH
nd
' . Tracking :alorimeter
Time of Propagation Counter: K
s a2 . , /—Cherenkov angle B¢
Cherenkov angle, via timing, up to 10 GeV quartz radiator /[ ot
o ’es,a*" \“‘c\.‘_“_\ 9\3
Basic principle, ) Ty . W N
. : ‘09 / photon detectors
. ) . = I\ e f charged particle
Time of Flight: we N https://doi.org/10.1016/.nima.2017.02.045

time, via Silicon timing, up to 5 GeV

U.Einhaus

SET

1NN -y
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Particle ID - How to ?!

......

* Gaseous trackers (Time Projection Chamber, Drift Chamber):
specific energy loss dE/dx, via gas ionisation, up to 20 GeV

Calorimeter

 Ring Imaging Cherenkov Detectors: .
Cherenkov angle, via imaging, 10 to 50 GeV ...

Gas Radlator

arXiv: 2203:07535

Forward RICH

— Midplana

SIPMTs

Tracking ::l((l)rimeter
* Time of Propagation Counter: K
e an , /—Cherenkov angle B¢
Cherenkov angle, via timing, up to 10 GeV quariz rediator /[ 7S
Basic principle, ' A |
— |' ‘ ‘9.‘ / photon detectors
. ] . — ?"-._'f_wm"“* e, charged particle
« Time of Flight: we L ~—7 https://doi.org/10.1016/j.nima.2017.02.045

time, via Silicon timing, up to 5 GeV

U.Einhaus

SET

I -y
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Particle ID - How to ?!

* Gaseous trackers (Time Projection Chamber, Drift Chamber):
specific energy loss dE/dx, via gas ionisation, up to 20 GeV

image: O. Schafer

Calorimeter

 Ring Imaging Cherenkov Detectors:

Gas Radlator

QO
N\
§ 8
. : | ' TOan
Cherenkov angle, via imaging, 10 to 50 GeV ... | ANp—— 5 L s
SIPMTs ~Y
Forward RICH S é’ §
Tracking :::)rimeter 'sq" 5 ‘03
* Time of Propagation Counter: K oQ o
s a . , /— Cherenkov angle B¢ S C
Cherenkov angle, via timing, up to 10 GeV quariz rediator /[ 7S .9
Basic principle /~ o T - o 9
|' ‘ MQJ / photon detectors 0? QL Q?
. . — T"-._'j-*'m*"'-*"’ﬂf;;.-"" charged particle q.,'k ~§ ey
 Time of Flight: wo O https://doi.org/10.1016/.nima.2017.02.045 § 7 9

time, via Silicon timing, up to 5 GeV

Various implementation options in Si tracking or ECal

U.Einhaus
' =>use-case for low-momentum PID not yet understood

L
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Particle ID - How to ?!

IDEA (DC)

* Gaseous trackers (Time Projection Chamber, Drift Chamber): & ILD (TPC)

specific energy loss dE/dx, via gas ionisation, up to 20 GeV

image: O. Schafer

Calorimeter

 Ring Imaging Cherenkov Detectors:

Gas Radlator

QO
N\
§ 3
. : | ' TOan
Cherenkov angle, via imaging, 10 to 50 GeV ... | ANp—— 5 L s
SIPMTs ~y
Forward RICH S é’ §
Tracking ::l:rimeter 'sq" 5 ‘03
* Time of Propagation Counter: K oQ o
s a . _ /— Cherenkov angle B¢ S C
Cherenkov angle, via timing, up to 10 GeV quariz rediator /[ 7S .9 &
- TN Y S5 S
Basic principle /~ o R (s - o 9
: ;qu. ¥ | / photon detectors 0? QL Q?
. ) —_— T"-._'j"m“m“ﬂf;,--"' charged particle q.,'k ~§ Ty
 Time of Flight: e N https://doi.org/10.1016/j.nima.2017.02.045 & 7 <3

time, via Silicon timing, up to 5 GeV

Various implementation options in Si tracking or ECal

U.Einhaus
' =>use-case for low-momentum PID not yet understood

1NN -y
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These were just examples...

- Detector concepts are actively evaluating new technologies & design ideas
- severely limited by person power.

- ECFA launched a study on physics & detector at Higgs / Top / EW Factories
 many workshops, but also concrete studies starting up ~now
+ eg H->ss, H self-coupling, H CP, luminosity, top, WW, flavour, QCD, ...
- => all information, incl. egroups https://indico.cern.ch/event/1044297/

- All Higgs factories are using the same software framework (Key4HEP):
- share algorthmic developments
+ share / exchange data sets for comparable analyses etc
- recent tutorial at DESY covering all colliders https://indico.desy.de/event/36/7 79/

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

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List


https://indico.cern.ch/event/1044297/
mailto:jenny.list@desy.de?subject=ECFA%20HF%20Study
https://key4hep.github.io/key4hep-doc/
https://indico.desy.de/event/36779/
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https://indico.desy.de/event/36779/

Conclusions

The discovery of the Higgs boson has provided a new messenger from the
early universe => an e+e- Higgs factory will let this messenger speak to us!
Several e+e- projects have been proposed

All provide similar performance for exploring single-Higgs production at
Ecm = ~250 GeV

Linear colliders are upgradable to higher energies / advanced
technologies - Circular colliders could host a pp collider later

resources / sustainability will play a significant role

to realise a Higgs factory, much, much more engagement of the whole
community is required, and especially the younger generations

“Engagement” does not mean a lot of time:

-+ Background -

e'+e’ - u'u + X @ 250 GeV

lllllllllllllllllll

=> a lot to learn from LHC, Belle-ll etc & a lot room for new developments

—
-
- -

Raise your voice in discussions (with your peers, at P5 Town Halls,
conferences, European strategy, ...)

m e B TN - -l-d—

910 130 140 150
Recoil Mass (GeV/c?)
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Finger-printing the Higgs Boson

Is it really THE Higgs boson of the SM?

DESY. Ask the expert: Future Colliders | J. List | 8. Dez 2022
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Finger-printing the Higgs Boson
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Finger-printing the Higgs Boson
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Finger-printing the Higgs Boson
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: model predictions = : ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': Composite example

! ! ! ! ! ! D 10 B ILC precisions from full EFT fit
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e i model predictions |
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>
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© - i
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: ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example :
B ILC precisions from full EFT fit .
: model predictions :
- LHT-6, f=785 GeV -
i | | | | | | | |
bb CC g Ww TT ZZ YY uu
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Finger-printing the Higgs Boson
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Coupling deviations from SM [%]
o

I
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o

oMSSM, tanp=7, Ma=600 GeV
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ILC 250 GeV, 2 ab™ + 5(

And not to forget:
precision W & top masses => essential for SM and BSM tests

ILC pre

model

O
O

CC o]0

g deviations from SM [%]

Coupling deviations f

N
o

—i
o

-
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o

MCHMS, t=1.2 TeV
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=
=

ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example

ILC precisions from full EFT fit

model predictions

HE E B B B S BN EEE-B-Ea-aiE B BN EEEEEN

procesion W, Z and top couplings => essential for Higgs interpretation
direct BSM discovery potential complementary to LHC

uu
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Discovery Potential

LHC does very well on probing some

BSM phase space

+ but beware that exclusion regions are extremely model-
dependent, especially for electroweak new particles

(eg charginos, staus, ...)

LC study of full detector simulation

‘or two benc

nMmark

hoints Y v - motivated by leptoge
- and extrapolation to full plane

+ conclusions:

nalf Ecm
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N0 DM

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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Discovery Potential

Or: beware what LHC limits really mean!

LHC does very well on probing some BSM phase space

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

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

- conclusions:

oop-hole free discovery / exclusion potential up to ~
nalf Ecwm

100 150
zozszs] M7 (GeV)

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

- SUSY parameter determination, cross-check with
cosmology
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Higgs self-coupling

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

The Higgs Boson

Higgs@FC WG September 2019

The Higgs Boson
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Fast Timing

Timing measurements for shower

C. . developments
Timing implementation in the ILD

€T ECAL P Neutral and slow components

® Require ~ns precision

® Reachable today with “standard” silicon,

Placement: Dedicated ECAL Two Si strips of external 10 ECAL layers scintillators calorimeters
timing layer (LGADS) tracker (LGADsS?) (not LGADS)
P ~0.1 ns scale: near the corner
Hit time resolution: ~ 30 ps ~ 50 ps ~ 100 ps P An even lower with GRPC (20ps)
C P = COn POome 7
TOF resolution: ~ 30 ps ~?ps ~? ps / D
[ s
LGADs in the detector: Y a;;’r
— high power consumption r,_" wé-(/
_. active cooling r Z‘Z"e”;_:_,/
— space& material budget
—~ hot good —__
"n S~ __ _@m Meulroms
A . > lute compomeats
B.Dudar had. cOmpoeres »

A. Irles
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Recent developments

correct semi-leptonic b/c decays

0.08 |~ —
. . . . . e*e’— ZH/ZZ—upibb, Vs =250 GeV -
identify leptons in c- / b-jets T | _
associate them to seondary / tertiary vertex 0.06 - ---with ~1SLD — with = 1 SLD _
reconstruct neutrino kinematics (2-fold - pure v-Corr. — pure v-Corr. I‘ _
ambIQUITY) 0.04 - - pure Kinfit — pure Kinfit ]

- v=Corr. + Kinfit— v-Corr. + Kinfit

—rrorFlow (jet-by-jet covariance matrix estimate)

feed both Into kinematic fit

Normalized Events / 0.5 GeV

(very) significant improvement in H->bb/cc and gl % T
/->bb/cc reconstruction Invarian]cSr%bE GeV]

arXiv:2111.14775
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o

ready to be applied to many analyses...


https://arxiv.org/abs/2111.14775
https://arxiv.org/abs/2111.14775

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?
he UNEXPECTED !
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The Higgs Boson

v

Conditions at e+e- colliders
very complementary to LHC:

in particular low backgrounds
clean events
triggerless operation
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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”

- self-coupling
- Isitthe only o

. Search for directp,. \ Conditions at e+e- colliders
. Dark Matter? Dar _ very complementary to LHC:
- In particular low backgrounds

+ Heavy neutrinos?
clean events

- SUSY? Higgsinos?
he UNEXPECTED !

triggerless operation
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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:

=> no direct access to Ae,
only via tau polarisation

A?B = loF — 95) — ZAeAf

While at a polarised collider:

O, — OR

A.=ALr = and

~ 8(1 — Sil’l2 Qeff)

e’ f

(or + oR)
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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 Qeff)Q 1
(5 —sin® Opp)? + (sin® O pf)?

at an unpolarised collider:

=> No direct access to Ae,
only via tau polarisation

(UF_UB) _ §A€Af
4

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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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 f

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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oir, grr : helicity-dependent couplings of Z to fermions - at the Z pole: o ¢
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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
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Polarisation & Electroweak Physics at high energies

ex1: top quark pair production - disentangle Z / y: top quark couplings, CP conserving
ILD-PHYS-PUB-2019-007

- ILC, Vs=500 GeV, L=3200 fb™' (preliminary)

LEP+HL-LHC-S2
arxiv:1907.10619

FCC-ee, Vs=365 GeV, L=2400 fb™
arxiv:1503.01325

unpolarised case: from final-state analysis only

A

Uncertainty

polarised case: direct access
- final state analysis can be done in addition
=> redundancy, control of systematics

ex2: obligue parameters for 4-fermion operators

beam polarisation essential to disentangle Y vs W
ILC 250 outperforms HL-LHC

ILC 500 outperforms unpolarised e’e” machines
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Polarisation & Electroweak Physics at high energies

. ex1: top quark pair production - disentangle Z / y: top quark couplings, CP conserving
ILD-PHYS-PUB-2019-007

- ILC, Vs=500 GeV, L=3200 fb™' (preliminary)

LEP+HL-LHC-S2
arxiv:1907.10619

FCC-ee, Vs=365 GeV, L=2400 fb™
arxiv:1503.01325

- unpolarised case: from final-state analysis only

A

- polarised case: direct access
- final state analysis can be done in addition
=> redundancy, control of systematics

Uncertainty

-+ ex2: oblique parameters for 4-fermion operators ILC500: e*e’— ff
-+ beam polarisation essential to disentangle Y vs W
- |LC 250 outperforms HL-LHC

* |LC 500 outperforms unpolarised e'e” machines

Vs AW AY
HL-LHC 15x 105 20 x 10~°
ILC250 34x 107 24x10°7

—combined

ILC500 11x1075 078 x 1075
[ILC1000 0.39 x 10 0.27 x 107>
500 GeV, no beam pol. 2.0x 10 1.2x 107

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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Extra Higgs Bosons ?

@250 GeV ILC with 2000 fb' luminosities
——

must “share” coupling to the Z with the 125-GeV guy: 0000 w0 eo s bum) e
O i 5 ] 1

QHzz% + Ohzz? < 1 (\3 - 5 5 e oot
250 GeV Higgs measurements: I= I :
Ohzz? < 2.5% gsm? excluded at 95% CL L?>j2 O- :
probe smaller couplings by recoil of h against Z I I

=> decay mode independent!

ILD full detector simulation
@ ILC 250 GeV & 500 GeV,

fully complementary to arxiv:2005.06265
measurement of ZH cross section

other possibility: ee -> bbh (via Yukawa coupling)
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Extra Higgs Bosons ?

@250 GeV ILC with 2000 fb' luminosities
T

................... o e Lo ILD preliminary |

-
-
-

Search for extra light scalars s’ ine‘e — z8°

OPAL, Eur.Phys.J. C27 (2003) 311-329

ILC250, ILD preliminary (DBD)

ILD full detector simulation

@ ILC 250 GeV & 500 GeV,

fully complementary to arxiv:2005.06265
measurement of ZH cross section

other possibility: ee -> bbh (via Yukawa coupling)
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Currently Envisioned Location

. I' el / R ca1 7 ud-.!d.ﬁ‘ ' . 9
e e 3‘- i

,Il = > I
I'l—-‘“! ‘sﬂM "“

e+e- centre-of-mass energy

first stage: 250 GeV
tunable

upgrades: 500 GeV, 1 TeV

further options:
running at Z pole & WW threshold

luminosity at 250 GeV
1.35 x 1034 /cm2 /s
upgrade 2.7 x 1034 /cmz2 /s (cheap)

upgrade 5.4 x 1034 /cmz2 /s (expensive)

beam polarisation
P(e.) = +80%

P(e+) — i30%,
at 500 GeV upgradable to 60%
total length (250 GeV): 20.5 km

total site power consumption (250 GeV): 100 MW
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- e+e- centre-of-mass energy
- first stage: 250 GeV
- tunable
- upgrades: 500 GeV, 1 TeV
- further options:

running at Z pole & WW threshold
- luminosity at 250 GeV
- 1.35x 1034 /cm2 /s

+ upgrade 2.7 x 1034 /cmz2 /s (cheap)
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- upgrade 5.4 x 1034 /cmz2 /s (expensive)

- beam polarisation
- Ple) = +80%
- P(e;) = £30%,
at 500 GeV upgradable to 60%
- total length (250 GeV): 20.5 km
- total site power consumption (250 GeV): 100 MW
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Currently Envisioned Location

4000

- e+e- centre-of-mass energy
- first stage: 250 GeV
- tunable
upgrades: 500 GeV, 1 TeV

300¢

ie,
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»

®

C

- further options: é
running at Z pole & WW threshold 3 200(

luminosity at 250 GeV e

O

1.35 x 10%* /cmz2 /s S
= 100(

upgrade 2.7 x 1034 /cmz /s (cheap) 8

upgrade 5.4 x 1034 /cmz2 /s (expensive) E
beam polarisation (

P(e.) = +80%
P(e;) = £30%,
at 500 GeV upgradable to 60%
- total length (250 GeV): 20.5 km
- total site power consumption (250 GeV): 100 MW

=
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ILC, Scenario H20-staged§
— ECM =250 GeV

™ /R A W W~ N =\ A W

AC Power vs Energy of Future e”e” Colliders
mmsmm FCCee, 2 IPs [arXiv:2203.08310]

ssms CEPC, 2 IPs, lumi up, power priv. com.]
= |LC baseline [arXiv:2203.07622]
sug e |LC luminosity upgrade [dito]
i ILC250 10 Hz operation [dito]
CLIC baseline [arXiv:2203.09186]

CLIC luminosity upgrade [dito]

| =m= CEPC, 2 IPs [arXiv:2203.09451]
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European Strategy for Particle Physics
2020 Update - Future Colliders

“An electron-positron Higgs factory
is the highest-priority next collider.”

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group
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lop Yukawa coupling

The Higgs and the Top

- absolute size of |yi:
- HL-LHC:
- Okt = 3.2% with |kv| = 1 or 3.4% in SMEFTnD

- |ILC:
- current full simulation achieved 6.3% at 500 GeV

- strong dependence on exact choice of Ecwm,
e.g. 2% at 600 GeV

» not included:
- experimental improvement with higher energy (boost!)
- other channels than H->bb

[Phys.Rev. D84 (2011) 014033 & arXiv:1506.07830]
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lop Yukawa coupling

The Higgs and the Top

- absolute size of |yi:
- HL-LHC:
- Okt = 3.2% with |kv| = 1 or 3.4% in SMEFTnD

- |ILC:
- current full simulation achieved 6.3% at 500 GeV

- strong dependence on exact choice of Ecwm,
e.g. 2% at 600 GeV

» not included:
- experimental improvement with higher energy (boost!)
- other channels than H->bb

[Phys.Rev. D84 (2011) 014033 & arXiv:1506.07830]
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Top Yukawa coupling e Higgs and the Top

- absolute size of |yil: [Phys.Rev. D84 (2011) 014033 & arXiv:1506.07830]
-+ HL-LHC:
'+ Bke=3.2% with || < 1 or 3.4% in SMEFTno % 19 Fri Oy S S S
1L o AV i et
- current full simulation achieved 6.3% at 500 GeV 2 ; f e AT
-+ strong dependence on exact choice of Ecwm, s 6.3%|
e.g. 2% at 600 GeV 2
* not included: s 1
- experimental improvement with higher energy (boost!) 2 I Y S S o S U S S
+other channels than H->bb é R V20 S N 15 DD S = S S
(}; N SOOI SUNUNNNE § AU SOOI SR S
+ full coupling structure of tth vertex, incl. CP: P NN I P £ I N D
480 500 520 /540 560 580 600

ete- at Ecm = ~600 GeV Energy (GeV)

=> few percent sensitivity to CP-odd admixture
+1TeV: 1.4%
Note: C3 proposes 550 GeV 29

beam polarisation essential!

[Eur.Phys.J. C71 (2011) 1681]
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... and how to tackle them at colliders

The Top and Bottom Quark

* elementary particles

* different EcmVvia accelerator operation
* Ecm known on event-by-event level

/ & W Bosons

The Higgs Boson

T—
N
. ‘? ; Cesa |
- S —

Discoveries of new particles ? * proton structure

A ) "  Ecm of “hard” interactions cover all energies < pp Ecwm
& * not known on event-by-event level
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Other important parameters in ete- collisions

Luminosity Beam polarisation:

* Defines event rate => sl f dat t P -— Nr — Ni =,
=> Size of data se =N N

* Future e+e- colliders aim for 103..10° larger
data sets than LEP

ectroweak interactions highly sensitive to

nirality of fermions: SU(2); x U(1)

Depenas strongly on invest costs and * both beams polarised => “four colliders in one™

power consumption => be careful to
compare apples to apples!

* Are there fundamental boundaries beyond
statistics?
(e.q. theory & parametric uncertainties,
detector resolution, ...)




The minimal Higgs program



@

The Higgs Boson couplings

How big can BSM effects be”

low scale new physics

=> modification of Higgs properties!

- different patterns of deviations from SM prediction for different NP models

+ Size of deviations depends on NP scale

typically few percent on tree-level:

MSSM, eg:
Littlest Higgs, eg mr=11eV:

+ Composite Higgs, eg:

Ghbb _ Ghrr ~141.7% (

1 TeV ) :
Ghenbb Gheprr

ma

Ihag  _ 1 _ (5% ~ 9%)
Ghsmgg

Iy = 1 (5% ~ 6%),
Ihsnvy
ongs . [ 1-3%(1TeV/f)? (MCHM4)
Thanef f 1 —9%(1 TeV/f)2 (MCHMS5)
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The Higgs Boson couplings

How big can BSM effects be”

low scale new physics
=> modification of Higgs properties!

different patterns of deviations from SM prediction for different NP models

size of deviations depends on NP scale

typically few percent on tree-level:

MSSM, eg:

Littlest Higgs, eg mr=11eV:

Composite Higgs, eg:

20 I I I I I I I
PMSSM, tanp=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 99 WW T 2z Y uu

CouplingNeviations from SM [%]
o
!

. 1 TeV'\>
grbb _ Ghm 21*1‘7%( e)

Ghsnbb Ohsptt ma
Jhes = 1 (5% ~ 9%)
Ghsagg
Ghyy = 1— (5% ~ 6%).
Ihsnvy
gngr | 1-3%(1TeV/f)2 (MCHM4)
Thanaff 1 —9%(1 TeV/f)2 (MCHMS)
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The Higgs Boson couplings

How big can BSM effects be”

low scale new physics
=> modification of Higgs properties!

different patterns of deviations from SM prediction for different NP models

size of deviations depends on NP scale
typically few percent on tree-level:

Ghbb
Ghznebb

MSSM, eg:

Littlest Higgs, eg mr=11eV:

Composite Higgs, eg:

1g\leviations from SM [%]

20 | | | | | | |
PMSSM, tanp=7, Ma=600 GeV ]
10 [ 3
O :----------------_-_.,-_._-ﬁ'm--,-------rrr'rn
ILC 250 GeV, 2 ab™' + 500 GeV, 4 ab™': pMSSM example —_

§| | | | | | | |
E : ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™: LHT-6 example :
N 2 (@p)] - - . -
. 1 TeV\ "~ 10 [ ] mncoprecisions from full EFT fit N
gh‘ ‘ ™~ 1 T 1.7%- ( g [ ~———e—— model predictions :
Ghaptr ma = - m
8 N i
| S 0 RELEEPLTLE e PEPPpPrrrs SRNE
Ihag  _ 1 _ (5% ~ 9%) =, —
ghSMQQ * N
Ghyy — 1-— (5% — 6‘7() §3-10 - —
o ) S [ LHT6, f=785 GeV
-]
@)
r 9 1, O -20 | | | | | | |
gngy .. [ 1-3%(1Tev/f)? (MCHM4) e ————
Tharef 1 1 —9%(1 TeV/f)? (MCHMS5)
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e ioes Boson counnee | HHOW DIg CAN BSM effects be?

low scale new physics ol e

=> modification of Higgs properties! 5 PMSSM, tanp=7, Ma=600 GeV
= B 7

different patterns of deviations from SM prediction for different NP models : —

size of deviations depends on NP scale g _1 _1 i

typically few percent on tree-level: 2 ’ ot :

20_ I I | | | | I

| ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': LHT-6 example

—_ |:| ILC precisions from full EFT fit _-

MSSM, eg: gneb _ Ghrr 21*1‘7%(1110\")"

———e——— model predictions

viations from SM [%]
o

Ghznebb Gheptr ma E E
0 |—— . . <. 2o un- I . S—
gghgg — 11— (5(70 — 9(7() . - I L —— -
' . hsygg ﬁ —
Littlest Higgs, eg mt=11eV: Ihr (5% ~ 6%) °
ghsr\(“y"y ;@‘ 20 . | | | | | | |
ghff 1 - 3%;(1 TQ\‘r/f)Q (.\ICHI\,I-i) (% : ILC 250 GeV,2ab“+500.G.eV,4ab":Composi.te example
' ' ) 5 _ 10 ILC precisions from full EFT fit ]
Composite Higgs, eg: Ohare S 1 —-9%(1 TeV/f)? (MCHMS) 5 e model pedictons

Y o b
."c:U' — -
>

% E I - .
8‘:—10 — —
ol MCHMS5, f=1.2 TeV

8 _20 i | | | | | | |

bb ¢ 99 wWw T ZZ vy u 13



The Hiaas Boson counings | TOW DI CaN BSM effects be”?

low scale new physics ol e

=> modification of Higgs properties! 5 PMSSM, tanp=7, Ma=600 GeV
= B 7

different patterns of deviations from SM prediction for different NP models : —

size of deviations depends on NP scale g _1 _1 i

typically few percent on tree-level: 2 ’ ot :

20_ I I I I I I I

| ILC 250 GeV, 2 ab™ + 500 GeV, 4 ab™': LHT-6 example

—_ |:| ILC precisions from full EFT fit _-

MSSM, eg: o _ Drr gy g7 (L0 )

———e——— model predictions

viations from SM [%]
o

Ghsabb Ghsptr ma E E
0 (a—, . ... P " r S
o9 = 1 (5% ~ 9%) 5 —
' . Ghsmgg ﬁ —
Littlest Higgs, eg mr=11eV. Ihr (5% ~ 6%) °
ghSM"y"y ;@‘ 20 . | | | | | | |
ghff 1 - 3%; (1 TO\‘r/f)Q (.\ICHI\,I-i) (% : ILC 250 GeV,2ab“+500.G.eV,4ab":Composi.te example
' ' ) 5 ' _ 10 ILC precisions from full EFT fit ]
Composite Higgs, eg: . 1 —9%(1 TeV/f)? (MCHMS) ; ——

At least percent-level § T -
precision required! gop e

bb ¢ 99 wWw T ZZ vy u 13



New Physics Interpretation of Higgs & EW

Test various example BSM points -

all chosen such that
no hint for new physics at HL-LHC

Model bb cc g9 WW 1 ZZ vy  up
1 MSSM [36] 718 08 -08 02 404 05 401 403
2 Type Il 2HD [35] +10.1 -0.2 -0.2 00 498 00 +40.1 498
3 Type X 2HD [35 02 02 -02 00 478 00 00 +7.8
4 Type Y 2HD [35 +10.1 -02 -0.2 00 -0.2 00 0.1 -0.2
5 Composite Higgs [37] -64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [38] 0.0 0.0 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [39] -78 -46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [40] 15 -15 +10. -15 -15 -1.5 -1.0 -15
9 Higgs Singlet [41] -3.50 35 -35 -35 -35 -35 -35 -35

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3ab™! of integrated luminosity).
From [15].

arXiv:1708.08912

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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New Physics Interpretation of Higgs & EW

Test various example BSM points -

all chosen such that
no hint for new physics at HL-LHC

Model bb cc g9 WW 1 ZZ vy  up
1 MSSM [36] 48 08 -08 02 404 05 401 403
2 Type II 2HD [35] +10.1 -0.2 -0.2 00 498 00 +40.1 498
3 Type X 2HD (35 02 -02 -02 00 478 00 00 +78
4 Type Y 2HD [35 +10.1 -02 -0.2 00 -0.2 00 0.1 -0.2
5 Composite Higgs [37] -64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [38] 0.0 0.0 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [39] -78 -46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [40] 15 -15 +10. -15 -15 -1.5 -10 -15
9 Higgs Singlet [41] -3.50 35 -35 -35 -35 -35 -35 -35

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3ab™! of integrated luminosity).
From [15].

arXiv:1708.08912

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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EFT interpretation
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New Physics Interpretation of Higgs & EW

Test various example BSM points -

all chosen such that
no hint for new physics at HL-LHC

Model bb cc g9 WW 11 ZZ vy up
1 MSSM [36] +48 -08 -08 -0.2 404 -0.5 +40.1 +0.3
2 Type II 2HD [35] +10.1 -02 -0.2 00 498 00 +40.1 +98
3 Type X 2HD [35 02 -02 -02 00 +78 00 00 +7.8
4 Type Y 2HD [35 +10.1 -02 -0.2 00 -0.2 00 0.1 -0.2
5 Composite Higgs [37] -64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [38] 0.0 0,0 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [39] -78 -46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [40] 15 -15 +10. -1.5 -15 -15 -1.0 -15
9 Higgs Singlet [41] -39 -35 -35 -35 -35 -35 -35 -35

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3ab™! of integrated luminosity).
From [15].

arXiv:1708.08912

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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New Physics Interpretation of Higgs & EW

Test various example BSM points -

all chosen such that

no hint for new physics at HL-LHC

Model bb

cC gg WW 11 ZZ vy JLLL
1 MSSM [36] +48 08 -08 -02 404 -05 +0.1 +0.3
2 Type II 2HD [35] +10.1 -0.2 -0.2 00 498 00 +0.1 +98
3 Type X 2HD [35) 02 -02 -02 00 478 00 00 478
4 Type Y 2HD [35 +10.1 -0.2 -0.2 00 -02 00 01 -0.2
5 Composite Higgs [37] -64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [38] 0.0 0.0 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [39] -78 46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [40] -1.5 -15 +10. -15 ~-1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [41] -3.0 -35 -35 -35 -35 -35 -35 -35

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through

new particle searches even after the high luminosity era (3ab™!

From [15].

arXiv:1708.08912

of integrated luminosity).

SM
pPMSSM
2HDM-I

2HDM-X

2HDM-Y

Composite
LHT-6
LHT-7

Radion

Singlet

illustrates the ILC’s

HL-LHC +
ILC 250 GeV 2 ab™
+ 500 GeV 4 ab’

Higgs and cTGCs
EFT interpretation

discovery and identification potential
- complementary to (HL-)LHC!

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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CP properties in h->7r
ZH production ideal

h125 = COS l‘IJCP hCPeven j h . . O t t |

+ sin Y, ACPodd LY 5 IS a spin O state.

’ . -
ﬁ |ff>:|Tl>+eZIw|lT>
=)

s 1 . [ . I ~~~ f —
f( cos +iVv®sin fh [W= 0 CPeven,
97(COSWep ¥ 1V SIN Wer ) T s ;e /2 CP odd ]
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CP properties in h->r7 b

ZH production ideal

h = COS l'IJ hCPeven . -
125 \ i L|JCP ACPodd his a spin O state:
CP

’ - -
_‘ | T f>=|1i>+e? 11>
~

f(cosW _+ivesinw .. )fh [= 0 CPeven,
91(COSWer TV SN Wep ) T /2 CP odd ]
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CP properties in h->7r

his a spin O state:

|f f>=]11>+e?¥|11>

gf(cosy' . +1y°: [WU= 0 CPeven,
' | /2 CP odd ]

ILD simulation: 250 GeV, €7 e, 0.9 ab™ Z—qq

14 x?/nDOF=29.3/19 v?>/nDOF= 15.5/18

12
10

events / (/10 rad)

III|III_I_I|II|III|III|II
i q
_ i

-

—r—

A ¢ [rad]
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CP properties in h->7r

his a spin O state:

|f f>=]11>+e2¥|11>

(|)+

a—b ¢
[ W= 0 CP even,
/2 CP odd ]
Ap=¢" - ¢
ILD simulation: 250 GeV, €7 e, 0.9 ab™ Z—qq 5 5ILD simulation: 250 GeV, e} e}, 0.9 ab™  Z—e/u/q
® 14 x¥/nDOF=29.3/19 2INDOF= 15.5/18 8 F -
o :_ : o ol
S 12" 5 2
~ 10 3 o »
4cé> : g 1.5:
) 8 = -
3 - & Ly
6 - Q - PR
%—T o - COE ad b b
4= = 050 . £ ;
g 4 A ° 3 70 1 > 3
- Group A L input y . [rad]
S R S— T 3 0 05 1 15 2 25 3
A ¢ [rad] input Yep [rad]

arxiv:1804.01241 based on NIM A810 (2016) 51-58
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CP properties in h->7r

e+
a/_ Tt
his a spin O state:
|ff>=|Tl>+e2i¢|1T> )
a—>b 0)
[W= 0 CPeven,
/2 CP odd ]
Ap=¢" - ¢
ILD simulation: 250 GeV, €7 e, 0.9 ab™ Z—qq , 5ILD simulation: 250 GeV, e7 ex, 0.9 ab™  Z—e/u/q
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Higgs measurements only possilg\e at 500 GeV and
above: di-Higgs and ttH production
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The ECFA Higgs@Future Report

HL-LHC
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Higgs@FC WG September 2019
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ILC250
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CL|C1500 CI_|(:1500
36% — 49% (41%)

cLic,,,
50% (46%)

All future colliders combined with HL-LHC

This figure applies ONLY for A = Asm

no studies of BSM case apart from ILC

At lepton colliders, double Higgs-strahlung, ete— —

ZHH, gives stronger constraints on positive
deviations (®3 > 1), while VBF 1s better 1n

constraining negative deviations, (3 < 1). While at
HL-LHC, values of ®3 > 1, as expected in models of

strong first order phase transition, result in a smaller
double-Higgs production cross section due to the
destructive interference, at lepton colliders for the
ZHH process they actually result 1n a larger cross
section, and hence 1nto an increased precision. For
instance at ILCsg, the sensitivity around the SM
value 1s 27% but 1t would reach 18% around ®.=1.5.
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Di-Higgs Production Cross sections - pp
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~ 3— —
g
° T 13

2 —
e e ER

101~ a0 oo eIl

— o (NN e P P S e = ) -

— /’m\’\‘k -=" ",.—":.f‘ ‘‘‘‘‘‘‘ == OCD |

— Q? ———— NN\"O OG—D\ """"" T ':; - ’pp . bBH( NLO -

=" 007 -\g,\\:\ &RL:O: QeRl-oF2 -7 —

S e -

B - _ - - 600\ e “\\\’O O.CD\ S

- .- oo RS A\ -

- ’/ “k pp

10-15_,,’9‘)/7 _E

- MSTW2008 -

10% .- =

: ; | | I | | | | | | | | |:

7 8 910 20 30 40 50 60 7080 10°

\s [TeV

differential
dependence on ECM: distributions!

14 TeV -> 100 TeV : ~40 x larger cross section
14 TeV -> 38 TeV: ~8 x larger cross section

48



Di-Higgs Production Cross sections - pp

MadGraph5 aMC@NLO
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Di-Higgs Production Cross sections - pp

MadGraph5 aMC@NLO
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Di-Higgs Production Cross sections - pp

MadGraph5 aMC@NLO
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Di-Higgs Production Cross sections - pp

MadGraph5 aMC@NLO
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14 TeV -> 100 TeV : ~40 x larger cross section
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dependence on A:

A > Asm: cross section drops,
i.e. by factor ~2 for A = 2 Asm
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Di-Higgs Production Cross sections - ee
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Di-Higgs Production Cross sections - ee
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Di-Higgs Production Cross sections - ee
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Di-Higgs Production Cross sections - ee
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Di-Higgs Production Cross sections - ee
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Di-Higgs Production Cross sections - ee

CLIC 3 TeV-
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distributions!

3000

- ete™ — Zhh [arxiv:1812.02093] -
100 eTe” — vvhh (WW-fusion only)
; ‘ ) differential
- 4 > /\
2107} B
ZI ; ofbﬂx o7 -
- /k/ 0\///
5(\/ 27 >) i
1077 3 // %1//? ~
: Qk /// /{/\/X/Q’ §
10—3 | // I |-~ | | | | |
400 600 1000 2000
V5 [GeV]

ZHH: P(-80%,+30%) and P(+80%,-30%)
give about equal sensitivity

[J.Reuter]

1 I | | | | | ] I | § | | | | | ] ] 1 | I | | 1 L | ] r | | |

1111

— ee = vvHH 1400 GeV (_/’
-----@e =2 vvHH 3000 GeV

-~ ee =2 ZHH 500 GeV
— e 2 ZHH 1400 GeV

SM
i

2xXSM

w
TTjIITI 1 TTITlI TIITITTITT1TITIT1|TTITJ'LYTI LBRA!

L

=> VBF(ee/pp)- and Higgsstrahlung (ee)

di-Higgs production
have orthogonal BSM behaviour

49



From di-Higgs production to A

1. Discover di-Higgs production - Interference of diagrams with / without triple Higgs vertex @
=> ki= (06A/A)/(dc/c) > 1/2

2. Measure cross section

(total and differentiall) + Kk can be “improved” by using differential information

—xtract A -k depends on: process, value of A and Ecwm

Hadron collider Lepton collider
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ILC Sensitivity vs Lambda
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ILC Sensitivity vs Lambda

[J.Tian, C.Duerig]
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ILC Sensitivity vs Lambda

[J.Tian, C.Duerig]

Region of interest
for electroweak
baryogenesis
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ILC Sensitivity vs Lambda

[J.Tian, C.Duerig]

combination of ete- -> ZHH
and et+e- -> vwHH ensures
at least 10-15% precision over
a wide range in A

Region of interest
for electroweak
baryogenesis
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Higgsinos 7

lowish AM is THE region preferred by data, e.g. for charginos & neutralinos

=> no general limit above LEP

Global pPMSSM11 fit

* — =—— — pMSSMI11 w/ (g —2), : best fit, 10, 20, 30

i masTe.H._cpqé;'

~—e AT -~

O 1 1 1 | 1 | 1
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. [Ce\
Eur.Phys.J. C78 (2018) no.3, 256 . (GeV]



https://link.springer.com/article/10.1140/epjc/s10052-018-5697-0
https://link.springer.com/article/10.1140/epjc/s10052-018-5697-0

Higgsinos 7

lowish AM is THE region preferred by data, e.g. for charginos & neutralinos

=> no general limit above LEP

Global pMS5SM11 fit

* — =—— — pMSSMI11 w/ (g —2), : best fit, 10, 20, 30

~ MasTERcooe,

~—e A ST~

A hadron colliders
/7 |

> N " ‘v‘ — vv- — _

-

O 1 1 | | 1 | 1
0 250 500 750 1000 1250 1500 1750 2000

~4 C; .\’
Eur.Phys.J. C78 (2018) no.3, 256 . (GeV]

52


https://link.springer.com/article/10.1140/epjc/s10052-018-5697-0
https://link.springer.com/article/10.1140/epjc/s10052-018-5697-0

Higgsinos ? " 1U

lowish AM is THE region preferred by data, e.g. for charginos & neutralinos
=> no general limit above LEP

Global pMSSM11 fit

* — — — pMSS5MI11 w/ (g —2), : bestfit, 10, 20, 30
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https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239

ILC running modes - and Z production

ILC e*e” collider
- first stage: 250 GeV
- GigaZ & WW threshold possible

Since 2015
arXiv:1506.07830

N
o
o
o

- ILC, Scenario H20-staged§
| — ECM =250 GeV

— —— ECM =350 GeV

| —— ECM =500 GeV

+ upgrades: 500 GeV, 1 TeV

350 GeV

polarised beams

500 GeV

* P(e’) = £80%,

1 TeV

* P(e*) = £30%,

91 GeV

Integrated Luminosity [fb™

at 500 GeV upgradable to 60%

161 GeV

(radiative) Z's in 2 ab-1 at 250 GeV:
- ~/77 108 Z->QQ

~12 106 /Z->|
=> supstantial increase over LEP,
....and polarised!

Z'sin 0.1ab-1 at 91 GeV:
- ~3.4 109 Z->QQ

~0.5 109 Z->|l
~1-2 years of running (after lumi upgrade)

Accelerator implementation -
arXiv:1908.08212
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Polarisation & Beyond the SM: Dark Matter

» mono-photon search e'e — yyy

» main SM background: e'e —vvy

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

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List

Phys. Rev. D 101 (2020) 7
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Polarisation & Beyond the SM: Dark Matter -

 500GeV, 500fb” ILD
Effect of polarisation: background
— P(e,e)=( 0%, 0%)
— P(e,e*) = (+80%, 0%)
— P(e,e*) = (+80%,-30%)
— P(e ,e*) = (+80%,-60%)

—A
o
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» mono-photon search e'e — yyy

» main SM background: e'e —vvy

—
-
S

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

—A
o
w

100 150 200 250
E, [GeV]
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Polarisation & Beyond the SM: Dark Matter

» mono-photon search e'e — yyy

» main SM background: e'e —vvy

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

Only stat. uncertainties
4ab”, P(e,e*) = (+80%,-30%)
---4ab™, H20 pol. mix.
— 1.6ab™, P(e,e*) = (+80%,-30%)
—4ab™, unpolarised S el

100 150 200 250
M, [GeV]

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List

# events [1/ GeV

Phys. Rev. D 101 (2020) 7

|
500GeV, 50

0fb™ ILD

Effect of polarisation: background
— P(e-,e+) = ( Oo/o, 0°/o)
— P(e,e*) = (+80%, 0%)
— P(e,e*) = (+80%,-30%)
— P(e ,e*) = (+80%,-60%)

T 100 150 200 250
E, [GeV]
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Polarisation & Beyond the SM: Dark Matter -

% 1P L500GeV, 500fb" LD |

e mono-bhoton search e‘e — Q) : Effect of polarisation: background -
P AXY g : —P(e,e)=( 0%, 0%) :

. - e At — - — P(e,e*) = (+80%, 0%) -
main SM background: e e —vvy — . — P(e".e*) = (+80%.-30%) _
2 10° b — P(e,e*) = (+80%,-60%) 3

reduced ~10x with polarisation T s -
* shape of observable distributions changes with polarisation sign :g:’ i *\..: i

=> combination of samples with sign(P) = (-,+), (+,-), (+,%), (—-)
beats down the effect of systematic uncertainties

150 200 250
E, [GeV]

Only stat. uncertainties
4ab”, P(e,e*) = (+80%,-30%)
---4ab™, H20 pol. mix.
— 1.6ab™, P(e,e*) = (+80%,-30%)
—4ab™, unpolarised S el

| With syst. uncertainties
- ---4ab”’, H20 pol. mix.
-~ 4ab’, P(e ,e*) = (+80%,-30%)
- — 1.6ab”, P(e ,e*) = (+80%,-30%)
—4ab™’, unpolarised

100 150 200 250

Mx (GeV] 150 200 250

M, [GeV]
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Polarisation & Beyond the SM: Dark Matter

Exmaple: Impact on reach in vector mediator case

DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List
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Polarisation & Beyond the SM: Dark Matter

S - Vector, M(y)=1GeV ILD-
8 BN H20 .
704000 — P20 } nolarised E —_
& " B 1P(e*)I=0 : 3
3000 extrapolation H Z
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0 _ % % % % 1TeV _
) O & <)

S P M M N
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Polarisation & Beyond the SM: Dark Matter
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DESY. Physics at an e+e- Higgs Factory | Workshop on Future Accelerators, 24 Apr 2023 | Jenny List

Phys. Rev. D 101 (2020) 7
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Polarisation & Beyond the SM: Dark Matter
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Polarisation & Beyond the SM: Dark Matter
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CP odd admixture

+ coupling of a general CP-mixed state ® to tt: a,be[-1,..,1]

Ciap = —

. € my

Z sin gw' 2M w

(a + ib’Ys) = —iQun(a + ibys)

Accuracy on a,b from the Combined Observables o, P, A,

wenmmennnnmebossmensssmendosinssnnmenndiissssnmmennnn

.-.-......v...-.....-..'..-.....-..‘...l.....-...é .............

o2

& = 800 GeV, [L = 500 fb—!, polarised e* beams

Godbole Hangst, MMM _ Rindani,Sharma
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+ coupling of a general CP-mixed state ® to tt: a,be[—1,.,1]

CP odd admixture Cus = —i————t(a + ibys) = —igeerr(a + ibys)

' Sin Oy 2Mw

Accuracy on a, b from Combined Observables o, P;, Ay — /s = 3 TeV

Godbole, Hangst, MMM _ Rindani,Sharma
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Can we determine polarisation AND devitions from SM?
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Can we determine polarisation AND devitions from SM?
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Average correlation matrix
- I

Pe ‘ .

no correlations here!

=> with both beam polarised,
no additional uncertainty on cTGCs
from polarisation / oo
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Can we determine polarisation AND devitions from SM?
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Impact of ALr(WW)

HL-LHC 14 TeV NLO projections with pp — etpFoy | £ =3 ab™

HL-LHC 14 TeV NLO projections with pp — etp¥uw | £ =3 ab™’

HL-LHC 14 TeV NLO projections with pp — e*pFvw | £ =3 ab™!

- same effect seen in HL-LHC
porojections

- effect even stronger for H
LHC

=> Will require Aq’s from lepton
collider!

arXiv:1902.04070

0.02 T T T T T T 0.02 T T T T
IR, days ~ 4% — 003 | OB, srys — 4% —_ - IR, Sgyy — 4% —
ACB, &gyy ~ 16% — ICB, &gys ~ 16% _ ICB, Ssys — 16% —
0.015 | ICB{ Form’, dyyy ~ 4% — - 3CB 4 Form', dygyy ~ 4% — 0.015 | JCB | Form', dgyy ~ 4% — -
30B 4 Form', dgys ~ 16% — 0.02 30B 4 Form', dsys ~ 16% — - 3CB 4 Form’, &gyy ~ 16% —
0.01 F 0.01 F
0.01 .
S 000s | {1 "% S 0.005
- < w
0
0 I ©' ] O 0
-O.ab - ~ - -0.01 - -O'ms
0.0 1 1 1 1 1 0.0 1 1 1 1 1 0.0 1 1 1 1 1 1 1
0.003 0002 -0001 0 0001 0002 0003 0003 0002 -0.001 0 0001 0002 000G 002 0015 001 0005 0 0005 001 0015 002
AZ AZ oK%z

Fig. 40: Projections for 14 TeV with 3 ab~'. Prcwt = 190 GeV, corresponding to dg,, = 16% with
0cys = 4% and o, . = 16%. The curves labelled 3GB have SM Z-fermion couplings, while the curves

SYs SYs
labelled 3GB +Ferm’ allow the Z-fermion couplings to vary around a central value of 0.
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Fig. 41: Projections for 27 TeV with 15 ab~". Pr.cut = 1350 GeV, corresponding to d,,, = 16% with
dsys = 4% and &5, = 16%. The curves labelled 3GB have SM Z-fermion couplings, while the curves
labelled 3GB +Ferm’ allow the Z-fermion couplings to vary around a central value of 0.
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https://arxiv.org/abs/1902.04070
http://flc.desy.de/lcnotes/noteslist/localfsExplorer_read?currentPath=/afs/desy.de/group/flc/lcnotes/LC-DET-2009-003.pdf
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