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Introduction;:
Higgs Physics &
Higgs Factories




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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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?

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

'S
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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
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

—

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

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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The Higgs potential, the Higgs self-coupling and Baryogenesis

1st vs 2nd order phase transition

- origin of matter-antimatter asymmetry: universe TV(¢) / | \\\ \\ Tvm/ /‘ [ 1=t
must have been out of thermal equilibrium V(6) | .
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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 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 ./ ¢

N - - -
‘n 5" . \ « < (] "
(/) Expansion <.
b % . v »
= ; g A ~ :
- v B ) A W\ \
: -1 : .

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
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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. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List
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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
- Isitthe only o

. 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
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e+ Source

Beam deljyery system (BDS) 2023: ILC Technology Network

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

Damping Ring (DR)

RTML (1™
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Circular e+e- Colliders
FCCee, CEPC
ength 250 GeV: 90...100km

nigh luminosity & power efficiency at low
energies

Linear Colliders
LC, CLIC, Cs, ... g
ength 250 GeV: 4...11...20 km

nigh luminosity & power efficiency at high
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

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

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

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

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

| 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 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

systems taking beam-strahlung into consideration.

Energy

1) very first paper on this topic: M.Tigner 1965
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Energy Where is the crossing point?
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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]
msmmm 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/ m?R) per turn  => 2 GeV at LEP2
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week we investigated the scaling laws for these two colliding-beam

. . . systems taking beam-strahlung into consideration.
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The basic
Higgs Factory program




The key physics at a Higgs Factory
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The key physics at a Higgs Factory

Cross section [fb]
[J. R. Reuter]
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The key physics at a Higgs Factory
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precision reach on effective couplings from SMEFT global fit
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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

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!

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 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!
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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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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 |
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2nd diagram keeps sign
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between operators!
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1A

Z W b = c I, T, v

2y

—= | scaled by 1/2

arXiv:1903.01629

| B HL-LHC ®e’e 5ab” 250 GeV unpolarised ... —
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Precision of Higgs boson couplings [%]
N

| 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/S82

% 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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Polarisation for CEPC

« so far CCs considered transverse polarisation of non-colliding pilot bunches for energy calibration
« CEPC: simulations support average polarization > 50% for colliding bunches in Z and W runs
« currently only e-, could use same scheme for e+ once a polarized e+ source meets specs

* next: integration of spin rotators and polarimeters into lattice

\
Polarized ®
electron B

Polarization >85%

Lbisvial o Ref: ILC, EIC source 0%
e- source y , electron Compton
. Booster po
. Pole.lrlzatlon loss < 10% o L---’—‘W positron
« Ref: SLC, ILC ) CO|||d|ng bunches ulnpolarized ~
. electron '
N 4+ Intop-up mode source
* Polarization los§ < 5% for
Booster Z/W based on simulation ) Bunch charge A P S
\ L
Polarization
* P,y >70% in most cases A A spin rotator
y If Tpx > Tp, then Pyyo = Pip;
avg inj ’
| Compton

polarimeter 18
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Polarisation for CEPC

« so far CCs considered transverse polarisation of non-colliding pilot bunches for gps ibration

Polarization >85%
Ref: ILC, EIC
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€- source electron

_ [ {

Compton
polarimete:

Polarization loss <

positron
Ref: SLC, ILC

unpolarized —\
electron G,
source X

Polarization loss < 5% ft

Z/W based on simulation Bunch charge

Booster

electron

Polarization

P;,; > 70% in most cases A Spin rotator

\, ¢
y If Tpk > Tp, then Pan ~ Pinj Compton \,

polarimeter 13
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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. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List 19
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Why do we care about the length of these colored bars?!

 We need to understand this more quantitatively

Origin of EWSB?

* the interplay of precision measurements and direct
to Hidden Sectors? searches

* relation SMEFT <-> UV complete models
* “Inverse problem?, i.e. how do we figure out the

underlying theory

CPV and
* requires much more than the Higgs

« precision Z, W & top masses
O => essential for SM and BSM tests

« precision W, Z and top couplings
=> essential for Higgs interpretation

« direct BSM discovery potential complementary to LHC

Higgs Portal

Thermal History of
Universe

Fundamental
or Composite?

Origin of Flavor?

Snowmass EF Higgs Topical Report
S. Dawson, PM, 1. Ojalvo, C. Vemieri et al
2209.07510
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Why do we care about the length of these colored bars?!

We need a much better way to » We need to understand this more quantitatively
explain this to policy makers and

colleagues from other fields!

Fundamental
or Composite?
- .

* the interplay of precision measurements and direct
searches

* relation SMEFT <-> UV complete models
* “Inverse problem?, i.e. how do we figure out the

underlying theory

CPV and
* requires much more than the Higgs

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

« precision W, Z and top couplings
=> essential for Higgs interpretation

« direct BSM discovery potential complementary to LHC

Origin of Flavor?

Snowmass EF Higgs Topical Report
S. Dawson, PM, I. Ojalvo, C. Vemieri et al
2209.07510
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Beyond the minimal
Higgs program



FCCee (and CEPC) physics programme

2,

'mz, ['z, N, « oL s(Mz) with per-mil accuracy
‘R, Ars *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, [ Higgs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow 0
tracking, calorimetry energy resol.
particle ID

direct searches
of light new physics

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

3,

\
\
\
\N

flavour factory
(10'2bb/cc; 1.7x10™" 77)

T physics B physics e [
op, I top
*Flavour EWPOs (Rp, ApgP:°) EW top couplings
er-based EWPOs eCKM matrix,
elept. univ. violation tests ¢CP violation in neutral B mesons vertexing. taaain
mom?rr;tgkrgrresol. eFlavour anomalies in, e.g., b = sz7 energy ?e,solgu%ior? detector req
hadron identification 29
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FCCee (and CEPC) physics programme

emz, 'z, N, . i -mi .
.RZA 4 .g s(mz) with per-mil accuracy H IQQS
, AFB uark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings

self-coupling

Circular e+e- colliders have
uniquely outstanding ‘intensity
physics opportunities frontier”
at the Z pole!

flavour factory
(10'2bb/cc; 1.7x10™" 1)

Top

7 physics B physics

Mtop, rtop
*Flavour EWPOs (Rp, AFg°-®) EW top couplings
ez-based EWPOs ¢CKM matrix,
: | elept. univ. violation tests ¢CP violation in neutral B mesons e
momentum resol. L ,
tracker eFlavour anomalies in, e.g., b = sz7 energy resolution detector req.

hadron identification 29
C/?I‘/SZ‘op/?e Gro( /'ean fCC weeé, May 30y 2022




And also outstanding challenges

Observables Present value FCC-ee stat. NG il Theory input (not exhaustive)
current syst. ultimate syst.
Lineshape QED unfolding
?
m; (keV) 91187500 * 2100 4 100 S Relation to measured quantities
Lineshape QED unfolding
X ?
L2 (V) 2495500 £ 2300 ] 4 %5 > Relation to measured quantities
Bhabha cross section t0 0.01%
0 *
G'had (PD) 41480.2 £ 32.5[*] 0.04 4 0.8 e*e” — yy cross section t0 0.002%
N, (x10%) from o} 2996.3 + 7.4 0.007 1 0.2 Linesipe QD unfeiding
([T ee)sm
Lepton angular distribution
3 ?
Re (x10F) KL v c e (QED ISR/FSR/IFI, EW corrections)
os(mz) (x10%) from R, 1196 + 30 0.1 155 0.4 7 Higher order QCD corrections for I
QCD (gluon radiation, gluon splitting
6 ? ? / !
Ll HRZIGE BN £h ' <60 : fragmentation, decays, ...)

From: P.Janot talk at FCC theory workshop in June 2022
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... sSimilar for asymmetries

Observables Loalhees TeraZ | GigaZ TeraZ | GigaZ Theory input (not exhaustive)
(x104) stat. current syst.
A. from P, (FCC-ee) 0.07 0.20
1514 * 19 SM relation to measured quantities
Ae from ALR (”_C) 0.15 0.80
A, from Agg (FCC-ee) 0.23 0.22
1456 + 91 Accurate QED (ISR, IFI, FSR)
A, from AggP! (ILC) 0.30 0.80
A from P_(FCC-ee) 0.05 2.00
A. from Agg (FCC-ee) 1449 * 40 0.23 1.30 Prediction for non-t backgrounds
A from AcgP! (ILC) 0.30 0.80
A, from Agg (FCC-ee) 0.24 2.10
8990 + 130
A, from AggP°! (ILC) 0.90 5.00 QCD calculations
A. from Agg (FCC-ee) 2.00 1.50
65400 + 210
A. from AggP°! (ILC) 2.00 3.70

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

From: P.Janot talk at FCC theory workshop in June 2022
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Heavy Neutral Leptons

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

Muon Collider 10 TeV

CLD/IDEA DV 10_6

HECATE DV

ol Z‘I 0_1 T ., 1 1 rrji; T AL -1 T T 1] T
|} 1 lllllll 1 L || lllll' ] 1 = B B — ” - " :.’
. | S - S e :
10—2 B ¢"‘ . “\/’\/"‘ S .
2 - ] . y ¢ N
[ _2 - . 'o' @ ¢¢' 3“
l‘¢‘ .: ¢' .O —
‘¢' - .7 R -
1 : - -
- — .' __: "" .‘: :
| -: L' 4 - —
FCCN0- g -
30 e e P
10°7° &7 h o —
"""""""""" 6, =
-------- :’ :
—————— .® -
107 I
. N) -
[l
_ ~ . 3 \C.
1075 e -
4 —
? -
’ . AN -

10—12

4
111?,\' [GeV]

107 b

1 1 lllllll 1 1 lllllll L L lllllll L llll 1 L lllllll

101 10Y 101 102 103 10

M (GeV]
arXiv:2203.05502 2301 09600
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https://arxiv.org/abs/2301.02602
https://arxiv.org/abs/2301.02602
https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/2203.05502

Full SMEFT analysis of top quark sector

Essential to understand special relation of top quark and Higgs boson

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

LN
« expected precision on Wilson coefficients - II[E.H;C;I

for HL-LHC alone and combined with
various e+e- proposals

« e+e- at high center-of-mass energy and
with polarised beams lifts degeneracies
between operators

)

[

o
o

[
o
o

7
>
Q
=
©
>
| -
Q
)
<
X
LN
(@)

C (5)?8 C(p_Q Cez C(pb Ceb CeO
Operator Coefficients
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Full SMEFT analysis of top quark sector

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

N
» expected precision on Wilson coefficients - Ilﬁilﬂgiﬁl

for HL-LHC alone and combined with
various e+e- proposals

» e+e- at high center-of-mass energy and
with polarised beams lifts degeneracies
between operators

)

[

o
o

T
>
v
=
'©
>
|-
@
e
<
X
LN
o

top-quark physics does
not end at the ttbar

Al

Coo Ciz Co Ceb Ceo

Operator Coefficients

threshold...
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BSM reach of ee — cc / bb

x10°

:_'_rlIIIllll|||llllllIIIIIIIIIIIIIIIIIII
- ILC500, e ef — cC

0T H20, P:(:0.8,403) ILD

o full Geant4-based simulation of ILD L Whizard 2.8.5LO

60 + Full sim. reconstruction

[A.Irles et al, pub. in prep.] L H20,P:(+0.8,03)

- — Whizard 2.8.5 LO
50

Study of ee — cc / bb

entries

¢ Full sim. reconstruction

BSM example: Gauge-Higgs Unification models

* Higgs field = fluctuation of Aharonov-Bohm phase
In warped extra dimension

40 |
30 |
20 -

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

IlIlllIIIlIlllIlI I

* various model point with Mz = 7...20 TeV et PR
-1 -0.8-06-04-02 0 02 04 0.6
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GHU vs SM discrimination power (c-level I L D
BSM reach of ee — cc / bb X T —

0.9|1.7 26 27 * O: No PID
15(1.7 21 22(38 ’E-'%
X103 - - . . - IX
N SRR R R B L L 10 o N:
Study of ee — cc / bb £ b 1LC500, 66" > O ILD 8.0 >10 >10
« full Geant4-based simulation of ILD S b B azeslo ata
: 60 | ¢ Fullsim. reconstruction [NCRFRRIER S YW Ed 59 93 9.6 >10 >10 >10
[A.lrles et al, pub. in prep.] - H0,P408.:03) B
50 + Full sim. reconstruction e e R
BSM example: Gauge-Higgs Unification models  t R BTN ETY 49 50 >10 >10 >10 >10 >10 >10
. . . _ E N O E N O E N
* Higgs field = fluctuation of Aharonov-Bohm phase _ t [ [
in warped extra dimension : 77| ILC250° ILC250 ILC250 ILC250
, . 20 |- e (no pol.) +500  +500
« /' as Kaluza-Klein excitations of y, Z, Zr oF +1000*
« various model point with Mz = 7...20 TeV IO T TR T TN

1 -08-06-04-02 0 02 04 06 08 1
cos 0
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GHU vs SM discrimination power (c-level) I L D
BSM reach of ee — cc / bb

N 02 04 04|05 0.8 09(1.7 26 2.7

14 15(1.7 21 22|38

x10°
m ‘—_l_rlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Study of ee — cc / bb £ b 1LC500, 66" > O ILD 8.0 >10 >10
« full Geant4-based simulation of ILD @ P Whizard 28510 e
: 60 ¢ Full sim. reconstruction [NCRFRRIER S YW Ed 59 93 9.6 >10 >10 >10
[A.lrles et al, pub. in prep.] H2O, P:(40.803)
50 "+ Full sim. reconstruction >10 >10 >10 >10 >10 >10

BSM example: Gauge-Higgs Unification models 5.0 >10 >10 >10 >10 >10 >10

40
E N O E N O E N
* Higgs field = fluctuation of Aharonov-Bohm phase [ [
in Warped extra dimension ILC250°* ILC250 ILC250 ILC250
20 (no pol.) +500  +500
« /' as Kaluza-Klein excitations of y, Z, Zr o +1000*
Between-model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level)
=3 3.9 09 04 O B3| 5.0 8 1.4 0.9 0.9 B3 B;|>10 >10 >10 5.4 >1O 7.6
B, : 4 04 Q ILD B, 54 5.1 0 , ILD B, B,/ >10 >10 >10 >10 6.7 8.6 ILD
=4 36 29 16 1.0 1.0 B, B >10 B, >10 >10 >10.>10
B, 0 6 B,| 54 5.1 5 B, >10 >10 5.4 6.4 B, >10 >10 >10 >10
B;’ 0 0 .<3G.4-5G B;’ / / .<30 .4_5(5 Bi|>10 >10 >10 BT >10 >10 >10
B, .3-40 550 B,/ 5.3 5.1 .3-4c >50 B,/ >10 >10 B,|>10 >10
W 0.8 A, ls A, Az |>10
ILC250* (no pol.) ILC250 ILC250+500 ILC250+500+1000*
A, (2000 ™) A, (2000 ') A (2000 fbo™"+ 4000 fb™) A (2000 fb™"+ 4000 fb”'+ 8000 fb”')
A, A, B, B B, B, B, Bj A, A, B, B B, B, B, B A A B B B, B By By Ar Ay By Bl B, By By B
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BSM reach of ee — cc / bb

Study of ee — cc / bb

e full Geant4-based simulation of ILD
[A.lrles et al, pub. in prep.]

BSM example:

In warped extra dimension

« /' as Kaluza-Klein excits

Gauge-Higgs Unification models
* Higgs field = fluctuation of Aharonov-Bohm phase

af v, Z, ZR

70

entries

60

50

40

30

20

10

‘—_|_|-I|III|IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

x10°

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

ILD

ILD

Ch. had. PID

GHU vs SM discrimination power (c-level)

03 04 04|05 0.7 07|09 1.2 13|21 25 25

N 02 04 04|05 0.8 09(1.7 26 2.7

1.4 15|17 21 22|38
8.0 >10 >10
5.7 6.7 6.8
PNy 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*

Between-model discrimination p~~r /= 1~ ~hu~~~ model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level)
=M 3.9 I t 8 1.4 09 0.9 B;| >10 >10 >10 F&Re) B;|>10 >10 >10 5.4 >1O 7.6
3 §po arlsa ion 3 :
B, A 4 0.4 0 5.4 5.1 i / B;|>10 >10 7.6 5.1 B,|>10 >10 >10 >10 6.7 8.6
ILD ILD + + ILD
=4 36 29 16 1.0 1.0 BJZ' B, >10 B;|>10 >10 >10.>1O
B, U 6 B_2 5.4 5.1 5 B, >10 >10 54 6.4 B, >10 >10 >10 >10
B! 1 10 .<3G.456 B Y .<3o.455 Bi|>10 >10 >10 Bi|>10 >10 >10
B, .3-40 >50 B,/ 53 5.1 .3-4c >50 B, >10 >10 B,|>10 >10
A, Kk A, I A, Az |>10 )
A, (2000 1b°) A, (2000 o) 1 (2000 fb'+ 4000 fb™) 1 (2000 o'+ 4000 fb™'+ 8000 fb”')
A, A, B, Bl B, B, B, B A, A, B. B B, B, B, B; Av A B Bi B, By By By Ar A, B, B] B, B; B; B
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BSM reach of ee — cc / bb

x10°
m ‘—_|_|-IIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIII .

Study of ee — cc / bb £ b 1LC500, 66" > O ILD 8.0 >10 >10 *™d
« full Geant4-based simulation of ILD P P Whizard 28510 ata
. 60 ¢ Full sim. reconstruction 59 93 96 >10 >10 >10
[A.lrles et al, pub. in prep.] H2O, P:(+08,:03) I

50 ¢ Full sim. reconstruction e e R

BSM example: Gauge-Higgs Unification models 5.0 >10 >10 >10 >10 >10 >10

* Higgs field = fluctuation of Aharonov-Bohm phase
In warped extra dimension

30

|

ILD

Ch. had. PID

GHU vs SM discrimination power (c-level)
09 12 13|21 25 25

1.7 26 2.7

1.7 21 22|38

20
« /' as Kaluza-Klein exciigtmms af v, Z, Zr o
P
Between-model discrimination p~ =~ /= 1~ D~~~ model discrimination power (c-level)
B - - m m Q / - -
3 & polarisation 09 ¢
B. g A 0.4 O D, [9:4 5.1 G 4
3 ILD 3 ILD
M 36 29 16 1.0 1.0 B,
B, g : B,| 5.4 5.1 WK
B! 0 1.9 B-so| 450 B Y B-<so| 450
B_1 .3-40 >50 B_1 53 5.1 .3-46 >50
A, lIK: A, ls
ILC250°* (no pol.) ILC250
A (2000 b)) A, (2000 o)
A, A, B, Bl B, B} B, B A, A, B, BB B, B, B, B!
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ILC250°* ILC250 ILC250 ILC250
(no pol.) +500  +500
+1000*

) e n e r gy 1atj Between-model discrimination power (c-level)
B;|: 1.3 29 B;|>10 >10 >10 5.4 >1O 7.6
B;|>10 >10 7.6 5.1 XA ILD B:o) >10 >10 >10 >10 6.7 8.6 ILD
B5|>10 >10 >10 BN 5.2 B, >10 >10 >10.>1O
B, >10 >10 54 6.4 B'2 >10 >10 >10 >10
Bi|>10 >10 >10 Bi|>10 >10 >10
B,|>10 >10 B, >10 >10
A2 A2 >1O

ILC250+500 ILC250+500+1000*
A (2000 b+ 4000 fb') A, (2000 fb™'+ 4000 b+ 8000 fb™)
A, A, B, B B, B, B, B;j A A, B; Bfl’ B'2 B’z’ B'3 B;
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Light Higgsinos

LHC does very well on probing some

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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/

Light Higgsinos

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, ...)

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

- conclusions:
200

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

100 150
czzszs] My (GeV)

+ 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 "

>

but beware that exc Gizoo E %%

~0 -0

oS F
dependent, especia 2,y [ W% %!

(eg charginos, staus =:
ILD study of full dete =

C 600 |
points Y7 5ie - motiv W E
400 -

- and extrapolation 1
conclusions:

00op-hole free dist
nalt Ecwm

B3 800 |-

200 F

- B

- Simul. data

M;:f =160.3+ 3.8 GeV

of i
200 250 300 350 400 450 500

/s [GeV]

PhD S. Sasikumar

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

SUSY parameter determination, cross-check with

cosmology

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

AM (GeV)

arX|v 2002.01239

M')Z

250

(GeV)

28


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/
https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239
https://inspirehep.net/literature/1850374
https://inspirehep.net/literature/1850374

Light Higgsinos

Or: beware what LHC limits really mean!

LHC does very well

>

but beware that exc (51200
dependent, especia 24400

(eg charginos, staus
ILD study of full dete
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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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Light Higgsinos

Or: beware what LHC limits really mean!
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even In most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with

cosmology

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

—~ 10 =+ -
> 1 ADLO (pre.)
q.) 7 I
O |
N
<
1 - -
1 Ge
1 “‘\daf\ \
L _ po"‘a“‘% coW9e
Ol | tof :
= F dM770 -
=15 - A M(Xg, x9), 2ab’ -
- — tanp <50 7
10 | -
5 =
20 10 0 10 20
M, / TeV

28


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/
https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239
https://inspirehep.net/literature/1850374
https://inspirehep.net/literature/1850374

Higgs Factory Detector
Concepts, Performance &
Physics Analysis Challenges



Higgs Factory Detector Concepts
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Higgs Factory Detector Concepts
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Instrumented return yoke

Higgs Factory Detector Concepts

Double Readout Calorimeter

2T coil
Solenoidal Magnet

Ultra-light Tracker

Fine-grained
Calorimeters

MAPS

%

Tracking \
::;/_,:i: L] D .
S == srector LumiCal
= /‘ S Fonwaid Pre-shower counters
S ——— Region
-

Return Yoke

with Muon ID detectors §

Vertex Detector &

: —— R

///////// / ﬁ.n%a

my )

my : 4
iy //

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List



Instrumented return yoke

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)

7/ o(1/p) =2 x 10° GeV' @ 1 x 10/ (prsin'%9) [ CMS / 40
L;/"f// -vertexing (H — bb/cc/1T)

LumicCal
5(do) <5 ® 10 / (p[GeV] sin®2) ym =CMS /4

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

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

Haterming.to key features of the detector:
Possible since experimental environment

in e+e- very different from LHC:

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

only Linear Colliders: lower collision rate enables jus ‘& |

passive cooling only => low material budget [l "

- triggerless operation -
1]

HEAL Bired

s tracker:
X: 0.15% rad. length / layer) :I

aters
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Example: Higgs decay to “invisible”

* use e'e"—=Z h process

* select a visible final state (qq, ee, pu)
compatible with a Z decay

* recoliling against “nothing”
 if signal observed: discovery! Of Dark Matter?

 if no signal observed e.g. at ILC250:
exclude BF > 0.16% at 95% CL
(HL-LHC expectation: 2.5%, SM prediction: 0.12%)

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

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

Events / 2.0 GeV

full simulation
| I | | | || I 1 | | 1 I | 1 | | -
H—inv.(BR=10%) —
[JqqH(SM)
ZZ
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vwZ B
other bkg —

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, pu)
compatible with a Z decay

* recoiling against “nothing”

x10° full simulation
* if signal observed: discovery! Of Dark Matter? 2 i s |  Heinv.(BR=10%)
© " [+ ZIaqH(SM)
 if no signal observed e.g. at ILC250: 3 _ -5\,2‘”
exclude BF > 0.16% at 95% CL -~ L wWZ -
(HL-LHC expectation: 2.5%, SM prediction: 0.12%) % 4T P other bkg B
S "
L Jet energy
arXiv:2203.08330 (SiD) & 2 esolution
PoS EPS-HEP2019 (2020) 358 (ILD)
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Recent developments

* correct semi-leptonic b/c decays = L _
© 0.08 _  e*e’— ZH/ZZ—ufibb, Vs = 250 GeV | -

e identify leptons in c- / b-jets © T i | 3 ]

| | LO  ---Z—bb — H—bb -

* associate them to secondary / tertiary verteX O gosl .. in . 1510 — with =1 sL0 _

* reconstruct neutrino kinematics (2-fold - pure v-Corr. — pure v-Corr. I‘ ]
amblgLJI’[y) 0.04 _ ---pureKinfit — pure Kinfit _

- - - v=Corr. + Kinfit— v-Corr. + Kinfit

* ErrorFlow (jet-by-jet covariance matrix estimate)

e feed both into kinematic fit

Normalized Events

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

arXiv:2111.14775
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o

* ready to be applied to many analyses...


https://arxiv.org/abs/2111.14775
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Higgs decay to bb/cc/gg @ AT T T T
o E I -:eerf::t\:II-IDR-L ILD _
+ use all visible decay modes of Z and vvH 0 o[ B eerect ons -
- H->jets and Z->jets play important role! RS - B LcFiPlus, IDR-L
. Example from ILD IDR: o [ EHromeusons
M . P(-0.8, +0.3)
- oxBR(bb) to ~0.4% = 2 _
from one channel & data set alone < :
-+ 0XBR(cc) shows a lot (!) of room for -
improvement by smarter flavour tag 1T
algorithm I
ot
b e g
all channels / v 17 only vwi, decay mode
A 1.6ab-1
data sets t 5(-0.8.+0.3)
0.1% @ 500 GeV

69 6g>P
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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 role!

- Example from LD ID

- oxBR(bb) to ~0.4%
from one channel & data set alone

_:

A(oBR)/oBR (%)

- 0xBR(cc) shows a lot (!) of room for

IMmpro
algorit

e'e—vvH
[ Perfect, IDR-L
- B Perfect, IDR-S
I cFipius, IDR-L
- || LCFIPWs, IDR-S

P(-0.8, +0.3

Just starting: development of ML-based flavour tagging for e+e-

=> |ideal place to get engaged!

=> dedicated 2h-mini-workshop next Tuesday 1-3pm

all channels /
data sets

1%

0.1%
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~bi ~ce 99
only wH, ~decay mode
1.0ab-1
2(-0.8,+0.3)
@ 500 GeV

33
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Higgs self-coupling

The Higgs Boson
The Higgs Boson

Higgs@FC WG September 2019
di-Higgs single-Higgs

HL-LHC HL-LHC HL-LHC
...... 0% . 90% (47%).. ...
HE-LHC | HE-LHC
...... [10-20]% ........%=250% (40%) .....
HE-LHC FCC-ee/eh/hh FCC-ee/eh/hh

NN OO OGNy 5% 25% (18%)
ONUONONNNNUNANN NN NN NN AN NN ANNANNANANNANNANNNNNNNNN

LE-FCC LE-FCC
FCC-eh FCC-eh
FCC-ee/eh/hh - vl T NN Hoatdc.
N\ AN N\ \] ...... Mt PETTIRTITPTRINRR
________________________________________________________________________________________________ FCC-ee365
24% (14%
under HH threshold — FCC-se.
FCC-ee —_— 33% (19%)
NN FCC-ee,,,
_ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 49% (19%)......
I LC1000 I LC1 000
ILC S 10% 36% (25%)
SANNS
ii\ii\\is ILC,y, ILC5
------------------------------------------------------------------------------------------------ 27% 38% (27%)
under HH threshold N\ ILC,,,
CEPC | o 49% (29%)......
CEPC
............................... 49% (17%) ... ..
CLIC, CLIC,,
CLIC 7%+11% 49% (35%)
\\\\\ \\\ \\ \ \\1 CLIC, 5y, | CLIC 44,
| | | | 1 | | | | 1 | | | | 1 | | | | | | | | | | | | 360/0 \ 490/0 (41 0/0)
CLIC,,,
0 10 20 30 40 50

50% (46%)
68% CL bounds on Kq [Y0] Al future colliders combined with HL-LHC
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...and the universe

most detailed ILC ref: PhD Thesis C.Dirig

Uni Hamburg, DESY-THESIS-2016-027
UPDATE ONGOING!
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 pp cross section drops
+ ee cross section rises
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Higgs self-coupling

o)

The Higgs Boson
The Higgs Boson

Region of interest
for electroweak
baryogenesis
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e — Higgs selfcoupling projections 5 5 - S . _ _
5 : == HL-LHC (single coupl. analysis) : = - Higgs selfcoupling projections -
% 2 - = =W = cross-section-level extrapolation @ }-----oiiiiiiiins ------------------------------------------- ------ —_— _ == HL-LHC (single coupl. analysis) —
- — (D = uVam - i - i
CIED ~ | === ILC 500 GeV ZHH (full coupl. analysis) 5 5 ) S D — * = cross-section-level extrapolation oo A —
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combination of ete- -> ZHH
and et+e- -> vwvHH ensures
at least 10-15% precision for all A

A,

true

Ay,

most detailed ILC ref: PhD Thesis C.Diirig true

Uni Hamburg, DESY-THESIS-2016-027
UPDATE ONGOING!
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Urgently wanted: modern jet clustering

... bottle-neck for Higgs self-coupling precision
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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
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Urgently wanted: modern jet clustering

[—

0.1 | JregionA
0.8 - [ JregionB
0.08 regionC
0.6 : regionD

0.06

0.4
0.04
0.2 0.02
o o ' 150
0 0.2 0.4 0.6 0.8 durham dijet mass

correctly clustered / reco energy

=> Urgently needed: Advanced Jet Clustering, ML, ...
can we get rid of B, C, D ???

which additional detector information would help?

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List 35




The new kid on the block: Particle ID :
L N \

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 VV“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 o R
overview: https://tel.archives-ouvertes.fr/tel-01826535 s P

e*e- — tt, bb: https:/agenda.linearcollider.org/event/8147 i y
ete- — bb/cc: https://arxiv.org/abs/2002.05805 |, 3 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 g
https://arxiv.org/abs/2203.07535
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e Kaon mass with TOF
https://pos.sissa.it/380/115/
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* Track refit with correct particle mass for better momentum and vertex
https.//agenda.linearcollider.org/event/8498/

e ectronsmuons Plong /fao,,s PfO[OnS 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

image: O. Schafer

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

image: O. Schafer
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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

Various implementation options in Si tracking or ECal

U.Einhaus
' =>use-case for low-momentum PID not yet understood
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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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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 iIn common between all ete- colliders, I.e. theory prediction, assessment of
systematic uncertainties, software tools

- 1trigger joint work across e+e- collider projects => starting now: 15 Focus Topics

- will 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
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https://indico.cern.ch/event/1044297/
https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics
https://key4hep.github.io/key4hep-doc/
https://indico.cern.ch/event/1044297/
https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics
https://key4hep.github.io/key4hep-doc/

Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider
* alotis going on in accelerator and detector R&D as well as physics studies
* Dbetter communication needed: other scientists, politics, general public
« ...and also inside our field, in particular to the next generation!

« 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
* ready for fastest possible construction
» technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; CO2, electrical power, rare earths, ...
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Conclusions

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider
* alotis going on in accelerator and detector R&D as well as physics studies
* Dbetter communication needed: other scientists, politics, general public
« ...and also inside our field, in particular to the next generation!

« 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
* ready for fastest possible construction
» technologically and scientifically exciting upgrade options
« well justified usage of ressources - money; CO2, electrical power, 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!

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

40



Bonus



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
- 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:

* even if - or especially if - all power will come from
regenerative sources, the competition with other human
needs will be high

» optimizing all components for minimal energy consumption
* be flexible:

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

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

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

* avoid usage of rare earths and other problematic substances

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

& o
- -
o -

Total AC Power [MW]
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S

. [AC Power vs Energy of Future e'e Colliders
mmsmm FCCee, 2 IPs [arXiv:2203.08310]
...| mem=m CEPC, 2 IPs [arXiv:2203.09451]
: | »sms CEPC, 2 IPs, lumi up, power priv. com.]
. | === ILC baseline [arXiv:2203.07622]
. | nnm = ILC luminosity upgrade [dito]

. | i ILC250 10 Hz operation [dito]

CLIC baseline [arXiv:2203.09186]
CLIC luminosity upgrade [dito]

1
Center-of-Mass Energy [TeV]
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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 ? ? ;_ I ' I
» even if - or especially if - all power will come from < " | FoGee, 2P arivzzos0gstol | T
regenerative sources, the competition with other human = 600 [ | S zrelxvansoststy L B S
needs will be high s " | LG oty upgrace diter /o
_ o o . — LI |LC25010IjIzopera_1ti.on [dito] -
* optimizing all components for minimal energy consumption % i I ey A T
* be flexible: O 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 ]
 tunnel as short as possible 0 L A S N N
. e -1
» 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

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List 44



Global Warming Potential
Study by C3 B Linear
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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 13 more impact categorie| cuconvesean somai CLIC Kiystron, 10m dia.

* roughly confirms C3 estimates (prev. slide)

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

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

300,000t
250,000t

200,000t

tCO,e

150,000t

HE_E NN NN

100,000t N

50,000t

Ot
CLIC Drive Beam 380GeV  CLIC Klystron 380GeV

B Tunnels W Shafts

https://ledms.cern.ch/document/2917948/1
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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| cucorivebeam 56maia. CLIC Kiystron, 10m dia.
_ _ A1-A5 GWP (tCO.e)
« ~40% of reduction potential by 350,001
» usage of low-CO2 materials (concrete, steel) 300,000t
» reduction of tunnel wall thickness 250,000t
A1-A5 GWP possible reduction (tCO.e)
300,000t 200,000t
250,000t éw
150,000t
B R
-41% ’
(].c)\I '430/0
c " 39% 50,000t
-39%
100,000t 379 N
o 000 CLIC Drive Beam 380GeV  CLIC Klystron 380GeV
| B Tunnels W Shafts
o o https://edms.cern.ch/document/2917948/1
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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
- ength: 11km length:
» usage of low-CO2 materials (concrete, steel) 300,001 g 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
50,000t
100,000t
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 46

tCO,e

380GeV 1.5TeV
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Sustainability: Objective Assessment of New Infrastructures

 goal:

« define to all new infrastructure proposals what they should quantify and report upon so that fair
comparisons can be made between these proposals

* e.g. key performance indicators, methodology, assumptions, ...

 membership: designated experts from each of the foreseen collider projects (FCC, ILC, CLIC, Muon
Collider, ...??), ~10 or less

« timeline:
* preliminary report to LDG by Spring 2024

* final report by Summer 2024
=> enable new projects to carry out their sustainability assessments in a timescale compatible with the
next European Strategy Update for PP (likely in 26/27).
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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

(or + oB)
While at a polarised collider:

O, — OR
and

~ 8(1 — Sil’l2 Qeff)

e’ f

A, =Arp =
LR (01 + o)
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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

~ 8(1 — Sil’l2 Qeff)

e’ f

A.=ALr = and

(or + oR)

trading theory uncertainy:

the polarised A{:*B,LR receives 7 X smaller radiative corrections than the unpolarised AJFCvB |
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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

oir, grr : helicity-dependent couplings of Z to fermions - at the Z pole: e £
4. _ 9ir— IRy g'., 9'R, 9%, 97R
B F 2 2

9drr + 9ry

(5 —sin?Bepp)? — (sin® O pp)? 8(1 n20,,;)
~ Ol— — sIn” b,
(3 —8in®Oopp)? + (sin®Oepp)? 4 Y

specifically for the electron: A, =

at an unpolarised collider:

Al = (oF — 0B) — §A6Af => no direct access to Ae,
(or +oB) 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:

. ILC/GigaZ

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

* note In particular:

. ILC/GigaZ

. 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

* |LC 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
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“2nd stage” energy for LCs

« ECM =500 GeV is a sweet-spot for top couplings

* known ever since the Higgs discovery with mH = 125 GeV:
ECM=500 GeV “borderline” for ttH production

e (C3 decided for 550 GeV as baseline
e |LC:

* no official discussion, focus on getting 250 GeV approved

» scientifically, it seems obvious that the 500 GeV
choice needs to be re-assessed

 CLIC: completely different choice with 380 GeV and 1.4 TeV

52
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“2nd stage” energy for LCs

« ECM =500 GeV is a sweet-spot for top couplings

* known ever since the Higgs discovery with mH = 125 GeV:
ECM=500 GeV “borderline” for ttH production

e (C3 decided for 550 GeV as baseline
e |LC:

* no official discussion, focus on getting 250 GeV approved

» scientifically, it seems obvious that the 500 GeV
choice needs to be re-assessed

 CLIC: completely different choice with 380 GeV and 1.4 TeV

=> |s there a need to re-discuss
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the physics-optimized energy choices for LCs
de-coupled from technology ?

—
<
N
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Energy (GeV)
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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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——
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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
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... and how to tackle them at colliders

The Top and Bottom Quark |
e clementary particles

e different Ecmvia accelerator operation
—cMm Known on event-by-event level

/ & W Bosons

The Higgs Boson

T—
N
. ‘? ; Cesa |
. S —

Discoveries of new particles ?
w " * Ecm of “hard” interactions cover all energies < pp Ecwm
& * not known on event-by-event level
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* proton structure




Other important parameters in e*e- collisions

Luminosity
e Defines event rate => size of data set

* Future e+e- colliders aim for 103..106 larger
data sets than LEP

Depends strongly on invest costs and

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

* Are there fundamental boundaries beyond
statistics®
(e.q. theory & parametric uncertainties,
detector resolution, ...)
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Beam polarisation:
P N NR T NL 4L)
- N+ N, N

ectroweak interactions highly sensitive to

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

* both beams polarised => “four colliders in one”:




New Physics Interpretation of Higgs & EW

lllustrating the principle - based on older fit!

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
T MSSM [30] 748 08 -08 02 404 05 101 +03
2 Type Il 2HD [35] +10.1 -0.2 -0.2 00 498 00 +4+0.1 498
3 Type X 2HD [35 02 02 02 00 478 00 00 +7.8
4 TypeY 2HD [35 4101 02 02 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 00 -61 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [39] -78 -46 -35 -15 -78 -1.5 -1.0 -78
8 Higgs-Radion [40] 15 -15 +10. -15 -15 -15 -1.0 -15
0 Higgs Singlet [41] 35 -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
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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 a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

SM
pPMSSM
2HDM-I
2HDM-X

2HDM-Y

Composite
LHT-6
LHT-7

Radion

Singlet

HL-LHC +
ILC 250 GeV 2 ab™
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EFT interpretation

N
o
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o N B~ O O

56


http://arxiv.org/abs/arXiv:1708.08912

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
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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
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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!

N
o

model discrimination in o

o N B~ O O
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CP properties in h->r7
ZH production ideal

. cP
h125 = COS qJCP HCPeven j

+ sin P, Ao oo f
ﬁ’

gf(cosy' . +iy’sing',)fh, . ’e‘f

his a spin O state:

|f f>=]11>+e2¥|11>

[ W= 0 CPeven,
/2 CP odd ]
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CP properties in h->r7
ZH production ideal

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

’ - -
ﬁ |ff>:|Tl>+e2l¢|lT>
=

f(cosW _+ivesinw .. )fh [= 0 CPeven,
91(COSWer 1V SN Wer) T n/2 CP odd ]

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

Ap=¢" - ¢

57



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

e+
a T
his a spin O state:
|f f>=]11>+e2¥|11> _
a—b ¢
[ W= 0 CP even,
/2 CP odd ]
Ap=¢" - ¢
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Higgs measurements only possible at 500 GeV and above:
di-Higgs and ttH production

e~ A _
HHH _-H o ., v,
\@ \
/ \
R R Wy L-H
- - < - - /@
S / N
Z N\ N W[ A ~ H
\ . / HHH
N e+ ! < \—/e
e /Z
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The ECFA Higgs@Future Report

Higgs@FC WG September 2019

di-Higgs _single-Higgs At lepton colliders, double Higgs-strahlung, ete— —
HL-LHC HL-LHC HL-LHC
""" []Cicl ZHH, gives stronger constraints on positive
i o WG deviations (%3 > 1), while VBF 1s better in
LE-FCC LE-FCC
FCC-eoleh/hh Iy ooh ________ S CCh ______ constraining negative deviations, (3 < 1). While at
o 1 HL-LHC, values of »3 > 1, as expected in models of
FCC-ee . % (1990 . . .
N eces., strong first order phase transition, result in a smaller
LC o Dol double-Higgs production cross section due to the
-~ PNV T Ei destructive interference, at lepton colliders for the
_______________________________________________________________________________________________________________________________ cere ZHH process they actually result 1n a larger cross
I e ) : : : o
CLIC et L9 (35% section, and hence 1into an increased precision. For
I || (W= T, O A
0 10 20 30 40 50 cLC,, instance at 1L.Cs, the sensitivity around the SM

68% CL bounds on Kq [Y%] Al future colliders combined with HL-LHC

value 1s 27% but it would reach 18% around ».=1.5.

This figure applies ONLY for A = Asm

no studies of BSM case apart from ILC
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Di-Higgs Production Cross sections - pp
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14 TeV -> 100 TeV : ~40 x larger cross section
14 TeV -> 38 TeV: ~8 x larger cross section




Di-Higgs Production Cross sections - pp
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Di-Higgs Production Cross sections - pp

MadGraph5 aMC@NLO
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Di-Higgs Production Cross sections - pp
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Di-Higgs Production Cross sections - pp
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HH production at 14 TeV LHC at (N)LO in QCD :

My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO

~ 3— s
'8_10 = E§ | |
ed : : g ‘‘‘‘
b L - ::;’: ~~~~~~~~~~
10 e EL L
= W T 13
0 e =
— co) .- L em e T e T e -
= Qa\,\\ﬂ‘*¥99 """""""" y -:"_'_':f.—-'—'_':"—'—éég' 5FS) =
R Sl QCO) e =7 I T SR N E
""" \N\’\(N‘.\?\:“’”— o™ .-~ PP
1= o™ W (‘;{NLQ 999) el T T =
SR TnCol i =
: _ ‘p _ ,”, ’0.00\ .- . ‘“\\’O OOD\ :
- ”'¢”“\’O z\‘\\’\k —
- ’/ “\ pp
10'15—/'99/, =
B MSTW2008 N _ op—ZHH
102 - - [arxiv:1401.7340]
— | | L | | 1 | | | | L . | | |
7 8 910 20 30 40 50 60 7080 107 -4 -3 2 -1

\'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

60



Di-Higgs Production Cross sections - pp
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Di-Higgs Production Cross sections - ee

- ete” — Zhh [arxiv:1812.02093] -
ete” — vvhh (WW-fusion only)

e = e e
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ZHH: P(-80%,+30%) and P(+80%,-30%)
give about equal sensitivity
vvHH (fusion): effectively only P(-80%) counts
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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

2 1071

- T
€—|_

e~
o=

— Zhh

[arxiv:1812.02093]

— vihh (W W-fusion only)

/] | |

CLIC 3 TeV:
differential
distributions!

| |
1000 2000
Vs [GeV]
ZHH: P(-80%,+30%) and P(+80%,-30%)
give about equal sensitivity
vvHH (fusion): effectively only P(-80%) counts

| |~
400 600

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

3000

SM

o/o

[J.Reuter]

5: A I A 1) ]’ | ) | | I L) 1 ) | ] 1 A | L} 1 J I | | | ) :
4.55 — ee 2 vvHH 1400 GeV (_/1 .
T N T ee & vvHH 3000 GeV D
. xSM
4 S N ee @ ZHH 500 GeV
35:_ — ee 2 ZHH 1400 GeV
~E SM
3E- : .
- [
2.5 I
= 0
2 i
1.5;— ‘ 0
. I
- — el ..
05F .. e :
o - | | 1 , = |
- -0.5 0 0.5 1 1.5 2

61



Di-Higgs Production Cross sections - ee
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From di-Higgs production to A

1. Discover di-Higgs production - Interference of diagrams with / without triple Higgs vertex @
2. Measure cross section => k= (0MN)/(d0/0) > 1/2
(total and differential!) -k can be “improved” by using differential information
=xtract A -k depends on: process, value of A and Ecu
Hadron collider Lepton collider
20000 /;,
;4
-~ @ h
gmb S
.(/m > >— — h
Yy @ A
gm > > —h
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ILC Sensitivity vs Lambda
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ILC Sensitivity vs Lambda

0.5
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ILC Sensitivity vs Lambda
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DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

[J.Tian, C.Duerig]

Region of interest
for electroweak
baryogenesis
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ILC Sensitivity vs Lambda

0.5
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[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 ?

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

Global pMSSM11 fit

* — =—— — pMSSM11 w/ (g —2),: best fit, 10, 20, 30

MasTEeRcooe,

~—e R

1750

Eur.Phys.J. C78 (2018) no.3, 256
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Higgsinos ?

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

Global pMSSM11 fit
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Higgsinos ?

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

Global pMSSM11 fit

¢ — — — pMSSMi11 w/(g—2),: best fit, 17, 20, 30
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\‘-.A-

1  high ECM,
- ‘ hadron colllders

[cew |
Eur.Phys.J. C78 (2018) no.3, 256
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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
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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%)
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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
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Polarisation & Beyond the SM: Dark Matter -
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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%)

» 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

# events [1/ GeV

T 100 150 200 250
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| Only stat. uncertainties
4ab”, P(e,e*) = (+80%,-30%)
---4ab”, H20 pol. mix.
- — 1.6ab”, P(e ,e*) = (+80%,-30%)
—4ab™, unpolarised = e
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https://inspirehep.net/literature/1774758

Polarisation & Beyond the SM: Dark Matter

Exmaple: Impact on reach in vector mediator case
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Polarisation & Beyond the SM: Dark Matter

S - Vector, M(y)=1GeV ILD-
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3000 extrapolation H Z
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Polarisation & Beyond the SM: Dark Matter
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Polarisation & Beyond the SM: Dark Matter

;' 5000 - Vector, M(y)=1GeV ILD -
D i Energy _
8, _.
o - 120 } polarised . -
<® ~ I 1P(e")I=0 7 _
3000 extrapolation i _
i Lumi w/o polarisation _g,, _gh ]
i does not help! . = _
2000 - OO ° ~
B 1Oab'1’.g :.C); :
1000 | S =3 -
0" Y oY 6; oo 1TeV |

0 ap° o O

's [GeV]

DESY. Physics at a future e+e- Collider | Seminar, U Bonn, 16 Nov 2023 | Jenny List

66


https://inspirehep.net/literature/1774758

Polarisation & Beyond the SM: Dark Matter
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CP odd adm ixtu re + coupling of a general CP-mixed state ® to tt:

€ Ty

Cip = —i brys
e 2SiIl Ow 2Mw (a ) lb’y

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

Godbole, Hangst, MMM Rindani,Sharma

/8 = 800 GeV, [ L =500 fb~!, polarised e* beams
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abe[—1,..,1]

= —igup(a + ibys)
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C P Odd ad m ixtu re * coupling of a general CP-mixed state ® to ftt: a,be[-1,..,1]

e m , . .
Cua zsinaw 2M:v (a +ibys) = —igum(a + ibys)

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

Godbole Hangst, MMM Rindani,Sharma

1

Paramater o

VE=3TeV, [L=23ab!, polarised e* beams
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Can we determine polarisation AND devitions from SM?

Average correlation matrix

<
v 9 S A o° ‘;\ (o 00\
e o
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Can we determine polarisation AND devitions from SM?

1.00

Average correlation matrix
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-0.00
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Average correlation matrix

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?

1.00
1.00
Average correlation matrix Average correlation matrix
S N ;
0.75 - | 0.75
’ Pe
.
Pe
-0.50 D 0.50
SN ]
-0.25 M\mz\ | 0.25
ANTZ
f.p\mz\
-0.00 Ko\mt\ 0.00
—0.25 —0.25
—0.50 -
liaht lati f TGCs with o7 no correlations here!
o DL => with both beam polarised, o
ow exact Is F=U and unpoiarise _.ol no additional uncertainty on cTGCs
total cross-secion ~1.00

from polarisation / oo
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I t f A WW HL-LHC 14 TeV NLO projections with pp — etpFvy | L =3 ab~'  HL-LHC 14 TeV NLO projections with pp — etpFvw | L=3ab~!  HLLHC 14 TeV NLO projections with pp — e*pFvw | L =3 ab™"
0.02 T T T T T T T T T T 0.02 ' ' ’ 3 ' ' '
m p a c 0 L R JCB, dgys ~ 4% S 0.08 JOB, &gys ~ 4% _— JCB, Sgys ~ 4%
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0.015 } ICB | Form', dyys ~ 4% — - 3CB 4 Form', dgpy — 4% — 0.015 ICB | Form', bgyy — 4% —
3CB 4 Form', dys ~ 16% — 0.02 30B 4 Form', dsys ~ 16% — - 3CB 4 Form’, &gyy ~ 16% —
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¥ oo - 1 % s 0.005 |
< < <
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0 - ©' ] k. O I
e same effect in HL-LHC R 1 T
sSdlmne effecCt seen In -
' ' -0.01 L 1 1 -0.02 0.0 1 1 1 1 1 1 1
prOJeC'tlonS -0.003 -000" —O(X)l 0 0001 0002 0003 -0.003 -O(D" -O(Ill 0.00 002 0.0 002 -0015 001 -0005 0 0005 001 0015 002
AZ ,\z oK%z

e cffect even Stronger for HE- Fig 40: Projections for 14 TeV with 3 ab™". Prcut = 790 GeV, corresponding to dg,, = 16% with
| HC dsys = 4% and 4, = 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.

=> Will require Aq’s from lepton

COl | Id e r' HE-LHC 27 TeV NLO projections with pp — etu¥vw | £ =15ab~' HE-LHC 27 TeV NLO projections with pp — e2p¥vw | L=15ab~! HELHC 27 TeV NLO projections with pp — e*p¥uw | £=15 ab™'
0.01 T T . 0.015 . . . 0.01 . . : .
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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 0,5 = 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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