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The LC offers and challenges

• Further option: γγ-option (…H, DM,…) 
➡Highest precision measurements !
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, ‘Higgs potential’
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Polarization basics
• Applicable for V,A processes (most SM, some BSM) 

• With both beams polarized we gain in 

• Higher effective polarization (higher effect of polarization) 

• Higher effective luminosity (higher fraction of collisions) 
                                     Leff/L=1-Pe- Pe+ 

σ (Pe-,Pe+)=(1-Pe- Pe+) σunpol [1-Peff ALR]

0.5
0.65
0.7
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∆ALR/ALR
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Leff  and Peff
• More concrete: If only LR and RL contributions: only 50 % of collisions useful 

effective luminosity:

This quantity = the effective number of collisions, can only be changed with Pe- and Pe+:

In other words:  no Pe+  means 24% more running time  (!)  
                                         and 
                            10% loss in Peff ≙ 10% loss in analyzing power!

Quite substantial in Higgsstrahlung and electroweak 2f production !

Peff~89%

– allows model-independent access! 
– Absolute measurement of Higgs cross section σ(HZ) and gHZZ: 
     crucial input for all further Higgs measurement! 
– Allows access to H-> invisible/exotic 
– Allows with measurement of Гh

tot absolute measurement of BRs!
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Peff~95%
Peff~97%

ILC baseline:
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Leff and Peff: further example

• Charged currents, i.e. t-channel W- or ν-exchange (ALR=1):  

In other words:  no Pe+  means 30% more running time needed  !

Quite substantial in Higgs production via WW-fusion!
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Statistics Suppression of WW and ZZ production

‘No lose theorem’:

scaling factors for

signals&background
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Transversely polarized beams

• the process e+e-         tt:

➡ probe leptoquark models 

• the process e+e-         ff:


➡probe extra dimensions  

e.g. Rindani, Poulose, et al.
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e.g. Fleischer  et al, 

e.g. Hewett, Rizzo et al.

e.g. Cheng Li et al.
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In general: Interactions and Polarization
• Different Interaction structures: 

S=scalar-, P=pseudoscalar-, V=vector-, A=axial-vector-, T=tensor-      like interactions 

‣ dependence on polarization provides information on kind of interaction 
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σ ~ Τk Τl* hep-ph/0507011



   What is the current status?        
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• One Higgs particle discovery on 4.7.2012 
• strongly consistent with Standard  

        Model (SM) predictions 
• Few excesses around…..(e.g. a light scalar at about 95 GeV) 

• but not (yet) confirmed discoveries 
• Still strong motivation for Beyond SM (BSM) physics 

• Dark Matter, Gravitational Waves, Baryon-Asymmetry, etc.  
• However, scale of new physics window still unclear 

• …..the research field might be in great danger 
➡Therefore, high precision and/or high energy in specific areas 

needed and additional tools complementary to (HL)LHC analyses 
required to identify the promising windows 

➡ stageable, tuneable lepton colliders required 
➡e+e- collider designs with sane beam polarization crucial! 

        †  8.4.2024      * 29.5.1929

LLParticles,2203.05502, 
Aiko, Endo, 2302.11377
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Exploring the scalar potential at the LHC and beyond, Gudrid Moortgat-Pick, Asymptotic Safety meets Particle Physics and Friends, Hamburg, 12 / 2023

A bit more than 11 years after the discovery of the                       Higgs 
boson at 125 GeV (h125): high-precision measurement of the mass, 
detailed investigations of inclusive and differential ratesFROM RATES AND SIGNAL STRENGTHS TO FIDUCIAL AND DIFFERENTIAL CROSS SECTIONS 

ggF VBF VH

ttH

tH

12 11

[CMS Collaboration ’22]

SM-like properties⇒
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 Status Higgs…… 
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 Back to the Higgs…… 
• Higgs within achievable accuracy at LHC: SM-like 

− Could be the only SM Higgs (what’s about DM? gauge unification?) 
− Could be a SUSY Higgs (one has to be close to a SM-like one) 
− Could be a composite state  

− High precision required to be sensitive to new physics!

S. Komamiya, LP15
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Higgs coupling determination at the LHC

22

Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: e+e− → ZH,
Z → e+e−, µ+µ−)

Production × decay at the LHC yields combinations of Higgs
couplings (Γprod,decay ∼ g2prod,decay):

σ(H)× BR(H → a+ b) ∼
ΓprodΓdecay

Γtot
,

Large uncertainty on dominant decay for light Higgs: H → bb̄

⇒Without further assumtions, total Higgs width cannot
be determined

⇒ LHC can directly determine only ratios of couplings,
e.g. g2Hττ/g

2
HWW

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49

Total Higgs width cannot be determined without further 
assumptions


LHC can directly determine only ratios of couplings,

e.g.  

Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: e+e− → ZH,
Z → e+e−, µ+µ−)

Production × decay at the LHC yields combinations of Higgs
couplings (Γprod,decay ∼ g2prod,decay):

σ(H)× BR(H → a+ b) ∼
ΓprodΓdecay

Γtot
,

Large uncertainty on dominant decay for light Higgs: H → bb̄

⇒Without further assumtions, total Higgs width cannot
be determined

⇒ LHC can directly determine only ratios of couplings,
e.g. g2Hττ/g

2
HWW

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49

⇒

courtesy of  G. Weiglein
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``ϰ framework’’ and EFT approach for coupling analyses
Simplified framework for coupling analyses: deviations from SM 
parametrised by ``scale factors’’ ϰi, where ϰi ≡ gHii/gSM, (0)Hii 

Assumptions inherent in the ϰ framework: signal corresponds to only 
one state, no overlapping  resonances, etc., zero-width 
approximation, only modifications of coupling strengths (absolute 
values of the couplings) are considered                                               
⇒ Assume that the observed state is a CP-even scalar


Theoretical assumptions in determination of the ϰi:                               
ϰV ≦ 1, no invisible / undetectable decay modes, …


EFT: fits for Wilson coefficients of higher-dimensional operators in 
SMEFT Lagrangian, …

30

courtesy of  G. Weiglein
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Higgs @ LC
Many processes at different √s needed & accessible 
•The discovered signal is so far compatible with a SM-like Higgs, but a variety of 
interpretations is possible, corresponding to very different underlying physics 
•On the one hand: it is impressive how much we believe to know about the new state so short 
after its discovery 
•On the other hand, there is still some way to go in exploring the properties and unravelling 
the underlying structure 

– Higher  precision  is required to discriminate 
– Underlying assumptions being made so far have to be reduced 

             
              
  

                  The Linear Collider is crucial in this regard!
15
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Great thanks to LHC&(I)LC…. 
• Precision of 1-2% 

achievable in Higgs 
couplings !!! 

• Crucial input from ILC 
−  total cross section σ(HZ) 
− Has to be measured at 

√s=250GeV 
− Input parameter for all 

further Higgs studies 
(Higgs width etrc.) ! 

• Lots of improvement if 
only σ(HZ) from ILC is 
added

16

e.g. Bechtle et al.
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Process: Higgs  Strahlung

• √s=250 GeV: dominant process 
• Why crucial?      

– allows model-independent access! 
– Absolute measurement of Higgs cross section σ(HZ) and gHZZ: 
     crucial input for all further Higgs measurement! 

– Allows access to H-> invisible/exotic 
– Allows with measurement of Гh

tot absolute measurement of BRs!

√s=250 GeV

17
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Higgs sector@250 GeV

– If no P(e+): 20% longer running time!…..~few years and less precision!
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Crucial:                        at the LC

• Already at √s=350 GeV: 

                                   in addition to HZ

σtot = σprod x Гpart/Гtot
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√s=350 GeV



Top production at the LC
• Top very special role: heaviest fundamental fermion 

– most strongly coupled to EWSB sector, 
– Intimately related to the dynamics behind the SB mechanism 
– Mtop  affects MH, MW, MZ via radiative corrections 

• At LHC/Tevatron:  Δmtop~1 GeV 
– Crucial: relation between measured mass to a well-defined 

parameter that is a suitable theoretical input, as MS mass 
– Relation affected by non-perturbative contr. = limiting factor 

• At the LC, e+e- -> t t: measure ‘threshold mass’ 
– Relation to well-defined mtop, theoretically well under control 
– Threshold scan:   Δmtop~100 MeV

20 pre-SUSY@Madrid, June  2024                   Gudrid Moortgat-Pick



Top mass

21

√s=350 GeV
• Threshold scan::

Important shift due to  
non-logarithmic NNNLO 
terms

• LC: Peak position remains stable: mt=100 MeV  
• includ. exp uncertainty of ~30 MeV + theo. uncertainty ~70 MeV 
• expected accuracy confirmed by full simulation studies!  
• Dedicated threshold scan required with about  ~100fb-1
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Top Yukawa coupling

• Crucial quantity! 
– Key role in dynamics of ew symmetry breaking 

• At √s=500 GeV: first measurements of  ttH-coupling 
– At this energy: ttH is close to threshold 
– But thanks to threshold effects: σ enhancement by a factor 2! 
• Yukawa couplings  

                                       LHC estimates: 

• At √s=1 TeV: 

– Exploiting both hadronic+semi-leptonic ttH in decay angle distributions 

22

ΔgttH / gttH ~ 5.5% based on 3ab-1  

and polarized beams (-80%,+30%)
ΔgttH / gttH ~ 10%  at HL-LHC at 14 TeV 
                                   and 3000 fb-1

ΔgttH / gttH ~ 4.3% based on 1ab-1  

and polarized beams (-80%,+20%)
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√s≥500 GeV
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 Back to the Higgs again…… √s=500 GeV

Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
11

The vacuum structure is caused by 
the Higgs field through the Higgs 
potential. We lack a deeper 
understanding of this!

                                                                                                               

We do not know where the Higgs 
potential that causes the structure of 
the vacuum actually comes from and 
which form of the potential is realised 
in nature. Experimental input is 
needed to clarify this!

1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields

1.3 Minimal version: SM Higgs sector
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Figure 1.2: Illustration of the potential V (�).
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! infinite set of degenerate ground states
transform into each other under symmetry transformation

QFT: need to expand around ground state ! selection of specific ground state ! SSB

Higgs potential

What is the underlying dynamics of electroweak 
symmetry breaking?

Single doublet or extended Higgs sector? (new symmetry?)


Fundamental scalar or compositeness? (new interaction?)

courtesy of  G. Weiglein
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Why study the Higgs trilinear coupling?

➢ Probing the Higgs potential:
Since the Higgs discovery, the existence of the Higgs potential is 

confirmed, but at the moment we only know:

→ the location of the EW minimum: 

v = 246 GeV
→ the curvature of the potential around the EW minimum: 

m
h
 = 125 GeV

However we still don’t know the shape of the potential, away from EW 

minimum →  depends on λ
hhh

➢ λ
hhh

 determines the nature of the EWPT!

 � O(20%) deviation of λ
hhh

 from its SM prediction needed to have a 

strongly first-order EWPT → necessary for EWBG [Grojean, Servant, 

Wells ’04], [Kanemura, Okada, Senaha ’04]

➢ New in this talk: studying λ
hhh

 can also serve to constrain the parameter space of BSM models!

Crucial questions related to electroweak symmetry breaking: what is 
the form of the Higgs potential and how does it arise?

12
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Higgs potential

Vacuum expectation value

Information can be obtained from the trilinear and quartic Higgs 
self-couplings, which will be a main focus of the experimental and 
theoretical activities in particle physics during the coming years

Only known so far:
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Why study the Higgs trilinear coupling?

➢ Probing the Higgs potential:
Since the Higgs discovery, the existence of the Higgs potential is 

confirmed, but at the moment we only know:

→ the location of the EW minimum: 

v = 246 GeV
→ the curvature of the potential around the EW minimum: 

m
h
 = 125 GeV

However we still don’t know the shape of the potential, away from EW 

minimum →  depends on λ
hhh

➢ λ
hhh

 determines the nature of the EWPT!

 � O(20%) deviation of λ
hhh

 from its SM prediction needed to have a 

strongly first-order EWPT → necessary for EWBG [Grojean, Servant, 

Wells ’04], [Kanemura, Okada, Senaha ’04]

➢ New in this talk: studying λ
hhh

 can also serve to constrain the parameter space of BSM models!

Higgs potential: the ``holy grail’’ of particle physics
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courtesy of  G. Weiglein
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Higgs physics at future colliders, Georg Weiglein, Workshop on Future Accelerators, Corfu, 05 / 2024
13

Temperature evolution of the Higgs potential in the early universe:

The Higgs potential and the electroweak phase 
transition (EWPT)

h?2`K�H 2z2+ib �M/ i?2`K�H 2pQHmiBQM
h?2 }`bi@Q`/2` 2H2+i`Qr2�F T?�b2 i`�MbBiBQM

Veff (�) = Vtree(�) + Vloop(�, T )
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= L2r T?vbB+b �i i?2 1q b+�H2
= :`�pBi�iBQM�H r�p2 U:qV T`Q/m+iBQM
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.1auX % >B;;b T?vbB+b �b � rBM/Qr iQ i?2 2H2+i`Qr2�F 2TQ+? % J�`ő� PH�HH� PH2� _QK�+?Q % >�K#m`;- RNXyNXkykk S�;2 d

High temperature

Critical 
temperature 
(degenerate 
minima)

Transition 
temperature 
(strong first-
order EWPT)

Marcela Carena
Fermilab and UChicago

Higgs DAYS at Santander - Theory meets Experiment,  September 2022
ICFA, Santander, September 2022

Electroweak Baryogenesis and Signals at the LHC

Higgs off

Higgs on

Higgs off

Higgs on

Higgs on

Higgs off

  Introduction: the FOEWPT

What is a FOEWPT?

12

High temperature

Critical temperature 
(degenerate minima)

[D. Gorbunov, V. Rubakov]

Potential barrier depends 
on trilinear Higgs 
coupling(s)
Baryogenesis: creation of 
the asymmetry between 
matter and antimatter in 
the universe requires 
strong first-order EWPT
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courtesy of  G. Weiglein
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Phase Transitions in a nutshell

Kateryna Radchenko Serdula                                                                                                                                                 4

- The Higgs mechanism requires spontaneous symmetry breaking but its origin remains a mystery

- In the SM the evolution from a symmetric vacuum to the EW vacuum happens through a smooth crossover, 
given the Higgs mass at ~ 125 GeV [Kajantie, Laine, Rummukainen, Shaposhnikov: arXiv: 9605288 ]

- In BSM models a strong first order phase transition can be accommodated 

1st order transition provides violent conditions for bubble nucleation that we need to depart from thermal eq.
Sphaleron processes are suppressed in the bubbles so the b-asymmetry generated outside through the scattering 
of the plasma against the bubble walls is not washed out once it enters inside the expanding bubble

[Gorbunov, Rubakov,  2011]
[Morrissey, Ramsey-Musolf: 
arXiv: 1206.2942 ]

First-order vs. second order EWPT

Potential barrier needed for first-order EWPT, depends on trilinear 
Higgs coupling(s)


Deviation of trilinear Higgs coupling from SM value is a typical 
feature of a strong first-order EWPT

14

3

The electroweak phase transition and electroweak baryogenesis? 
Do they go hand-in-hand? Yes, but only if first-order! 

Veff (φ, T) = Vtree(φ) + Vloop(φ, T )

[Image by D. Gorbunov, V. Rubakov]

Effective potential = Free energy density

1st-order 2nd-order

[D. Gorbunov, V. Rubakov]

[K. Radchenko ’23]
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47

Sensitivity to the trilinear Higgs self-coupling from Higgs pair 
production:

Page 20/17| Higgs Pairs 2022 | Johannes Braathen (DESY) | June 2, 2022

➢ Double-Higgs production → λ
hhh

 enters at LO →  most direct probe of λ
hhh

  

Accessing λ
hhh

 via double-Higgs production

➢ Box and triangle diagrams interfere destructively 
→ small prediction in SM

→ BSM deviation in λ
hhh

 can significantly enhance 
hh-production!

➢ Upper limit on hh-production cross-section → limits on 
κ

λ
≡λ

hhh
/(λ

hhh
(0))SM

[F
re

d
e

ri
x
 e

t 
a

l.
, 

‘1
4

]

[ Note: Single-Higgs production (EW precision observables) → λ
hhh

 enters at NLO (NNLO) ]

Note: the ``non-resonant’’ experimental limit on Higgs pair production  
obtained by ATLAS and CMS depends on ϰλ = λhhh / λhhhSM, 0                        

Trilinear Higgs self-coupling and the Higgs pair 
production process 

e+e− Higgs factory:                                                                             
Indirect constraints from measurements of single Higgs production 
and electroweak precision observables at lower energies are not 
competitive!                                                                                     
Direct measurement of trilinear Higgs self-coupling at lepton collider 
with at least 500 GeV c.m. energy will be crucial!

courtesy of  G. Weiglein
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Figure 13: Prospects for the determination of the Higgs self-coupling � from various proposed colliders
as a function of the value of �/�SM, in terms of (a) �meas/�true (b) �meas/�SM. The error bars illustrate
the expected measurement uncertainties from HL-LHC and ILC.

sensitivity of the cross section to � is assumed to be independent of the coupling value. For � > �SM,
these assumptions are all optimistic, since in reality the other channels have a worse S/B and will
therefore be more strongly a↵ected by the decreasing cross section, and since �(�) is approaching its
minimum. Still, the expectations from HL-LHC become about 40% worse for large values of �. In
contrast, the measurement from ZHH at 500 GeV profits from a rising cross section and an enhanced
sensitivity of the cross section on �, which results on significantly better prospects for the case of
� > �SM. The combination with the 1 TeV analysis leads to very good prospects for this di�cult
measurement for any value of �.

In the case � < �SM the HL-LHC prospects improve due to an increased production cross section,
but no deviation from � = 0 larger than 2 � can be established. On the other hand, the ILC500
prospects become worse in this region. Here the ILC1000 weak boson fusion measurements will be
crucial to yield precise results. Around � ⇠ 0 both colliders show similar precisions. For even smaller
values, �/�SM

<
⇠ �0.5 the ILC determination improves again and yieds substantially better results than

the HL-LHC. Concerning the comparison of HL-LHC and ILC it should be kept in mind that the HL-
LHC analysis assumes that the other Higgs-boson couplings take their SM value without experimental
uncertainty, whereas for the ILC analysis it has been shown that the inclusion of the variation of the
other Higgs-boson couplings within their anticipated uncertainties does not lead to a degradation of the
anticipated precision [641] (assuming SM values for the Higgs-boson couplings).

3.2.9 Testing unitarity

The process of V V scattering is a corner stone in the investigation of the EWSB mechanism. The
scattering of longitudinally polarized gauge bosons corresponds to the scattering of the Goldstone boson
modes, where unitarity must be preserved. Even after the discovery of a Higgs boson at ⇠ 125 GeV
the mechanism of preserving unitarity must be tested. The study of triple and quartic gauge boson
couplings remains an important test, where deviations from the SM could be encountered.

At the ILC the relevant processes are e+e�
! ⌫⌫̄/e+e� WW/ZZ (and similar chains), which would

allow to test gauge-boson scattering at high energies. Detailed ILC studies for
p

s = 1 TeV have
been performed in Ref. [122], employing full six-fermion matrix elements and assuming an integrated

38

Prospects for measuring the trilinear Higgs coupling: 
HL-LHC vs. ILC (500 GeV, Higgs pair production)

58

[J. List et al. ’21]

For ϰλ ≈ 2: much better prospects for ILC500 than for HL-LHC 
Reason: different interference contributions

⇒

SM value

value preferred 
for GW signal, 
first-order EWPT

HL-LHC: 
70%
ILC500: 
10%

HL-LHC: 60%

ILC500: 27%

courtesy of  G. Weiglein
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      properties: more difficult than spin, observed state can 
be any admixture of      -even and      -odd components  

35
Implications of the Higgs signal for BSM physics, Georg Weiglein, Planck 2014, Paris, 05 / 2014

CP properties

5

CP properties

CP-properties: more difficult situation, observed state can be
any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties
(H → ZZ∗,WW ∗ and H production in weak boson fusion)
involve HV V coupling

General structure of HV V coupling (from Lorentz invariance):

a1(q1, q2)g
µν + a2(q1, q2)

[

(q1q2) g
µν − qµ1 q

ν
2

]

+ a3(q1, q2)ϵ
µνρσq1ρq2σ

SM, pure CP-even state: a1 = 1, a2 = 0, a3 = 0,

Pure CP-odd state: a1 = 0, a2 = 0, a3 = 1

However, in many BSM models a3 would be loop-induced and
heavily suppressed ⇒ Realistic models often predict a3 ≪ a1

– p. 20

However: in many models (example: SUSY, 2HDM, ...) a3 is 
loop-induced and heavily suppressed

CP
CPCP

CP properties of h125
courtesy of  G. Weiglein
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Sensitivity at the LHC and e+e− Higgs factories 

           = a3 

36

(P�, P+) Luminosity [ab�1] ecHZZ (⇥10�2) limit

Observables O
T

CP Combine O
UL

CP & O
T

CP O
UL

CP
Transverse polarisation

(80%, 30%) 2.0 [-4.45,4.65] [-2.26, 1.93]

(80%, 30%) 5.0 [-3.55,3.85] [-1.29, 1.06]

(90%, 40%) 2.0 [-4.55,4.15] [-2.24, 1.69]

(90%, 40%) 5.0 [-2.65,3.75] [-1.12, 0.98]

Longitudinal polarisation

(�80%, 30%) 2.0 [-1.55,1.96]

(�80%, 30%) 5.0 [-1.01,1.16]

(�90%, 40%) 2.0 [-1.73,1.53]

(�90%, 40%) 5.0 [-0.93,1.18]

Table 2. The summary table for the limits of CP-odd coupling ecHZZ at 95% C.L., where

the results with using transverse and longitudinal polarisation are both presented in the

table. Particularly, the results with transverse polarisation are including the fitting only

referring to O
T

CP and the fitting combining O
T

CP and O
UL

CP . The center-of-mass energy are

both 250 GeV, and the polarisation fractions are using (80%, 30%) and (90%, 40%), while

the integrated luminosities are 2 ab�1 and 5 ab�1.

[25], this method accessible at e+e� colliders can determine the ecHZZ coupling much

better than the hadron collider with 3 ab�1. Note that the polarised beams at e+e�

collider can improve the sensitivity to the CP-odd coupling, compared to the CEPC

unpolarised analysis via the exact same Higgs strahlung process with 5.6 ab �1 [29].

However, the determination of the ecHZZ coupling via Z-fusion at 1 TeV CLIC [31]

can also provide a sensitivity to CP-odd couplings roughly at the same level as the

250 GeV ILC results with polarisation. Since the Z-fusion process is the di↵erent

channel to the Higgs strahlung process, and can be more dominant with larger center-

of-mass energy, the Z-fusion analysis at CLIC would be the complementary study

for CP-violation of HV V interaction.

Experiments ATLAS[24] CMS[19] HL-LHC[25] CEPC[29] CLIC[30] CLIC [31, 40] ILC

Processes H ! 4` H ! 4` H ! 4` HZ W -fusion Z-fusion HZ, Z ! µ
+
µ
�

p
s [GeV] 13000 13000 14000 240 3000 1000 250

Luminosity [fb�1] 139 137 3000 5600 5000 8000 5000

(|P�|, |P+|) (90%, 40%)

ecHZZ (⇥10�2)

95% C.L. (2�)limit [-16.4, 24.0] [-9.0, 7.0] [-9.1, 9.1] [-1.6, 1.6] [-3.3, 3.3] [-1.1, 1.1] [-1.1, 1.0]

Table 3. Summary of the limits of ecHZZ at 95% C.L., where the results are obtained from

both current LHC measurements and future colliders analysis, including HL-LHC, CEPC,

ILC and CLIC.

– 22 –

For the scattering process with one HZZ vertex, the scattering amplitude can

be evaluated by:

M /
M

µ⌫

v

h
cSMm

2
Z
gµ⌫ + cHZZ(q1⌫q2µ � gµ⌫q1 · q2) + ecHZZ ✏µ⌫↵� q

↵

1 q
�

2

i

=
M

µ⌫

v

h
cos ⇠CP

⇣
SMm

2
Z
gµ⌫ +

HZZ

4
(q1⌫q2µ � gµ⌫q1 · q2)

⌘

+ sin ⇠CP
eHZZ

4
✏µ⌫↵� q

↵

1 q
�

2

i
,

(2.6)

where the momenta q1 and q2 are the momenta of the Z bosons (see Fig. 1). In this

amplitude, the SM tree-level term with cSM and the next-to-leading-order term with

cHZZ are both CP-even, while the term with ecHZZ is the leading-order CP-odd term.

3 The production and decay process at the ILC

3.1 The initial polarised electron-positron beams

Concerning the polarisation of the initial electron and positron beams, one can define

a projection operator, that is called polarisation matrix:

1

2
(1� P · �) =

1

2
(���0 � P

a
�
a

��0) =
1

2

✓
1� P

3
P

1
� iP

2

P
1 + iP

2 1 + P
3

◆
, (3.1)

where the P is the polarisation vector of the electron beam. More explicitly, the

polarisation vector can be parameterised by the polarisation fraction f and the di-

rection of the polarisation in the polar coordinates (polar angle ✓P and azimuthal

angle �P ). Therefore, the three components of the polarisation vector are given by:

P
1 = f sin ✓P cos�P ,

P
2 = f sin ✓P sin�P ,

P
3 = f cos ✓P .

(3.2)

When ✓P = 0 with non-zero fraction f , the orientation of the polarisation is along

the momentum, and the beam is longitudinally polarised. In this case, we have

P1 = P2 = 0 and the polarisation matrix is diagonal. For the case that ✓P = ±⇡/2,

the o↵-diagonal terms of the polarisation matrix would be non-zero, and the beam

is transversely polarised. For the unpolarised case, the fraction f = 0 and the

polarisation matrix is the identity matrix with factor 1/2.

The Higgs strahlung e
+
e
�
! ZH is the dominant Higgs production process at

e
+

e
� collider at

p
s = 250 GeV, which is the main process that we focus on at

the e
+
e
� collider. The scattering amplitude of the Higgs strahlung M

i

�r�u
can be

easily obtained from the diagram of Fig. 1, where the �r,�u are the spin indices

of the initial electron and positron, and the index of i indicate the helicity of the

– 5 –

                                     with transverse and longitudinal beam pol.
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Abstract:

We study possible CP-violation e↵ects of the 125 GeV Higgs to Z boson coupling

at the 250 GeV ILC with transverse and longitudinal beam polarisation via the pro-

cess e+e� ! HZ ! Hµ
�
µ
+. We explore the azimuthal angular distribution of the

muon pair from the Z boson decay, and constructe CP-odd observables sensitive to

CP-violation e↵ects, where we derived this observable both by analytical calculations

and by Whizard simulations. Particularly, we can construct two CP-odd observables

with the help of transversely-polarised initial beams and improve the statistical sig-

nificance of CP-violation e↵ects by combining two measurements. We defined the

asymmetries between the signal regions with di↵erent signs of the CP-odd observ-

ables, and determine the CP-violation e↵ect by comparing with the SM 95% C.L.

upper bound. In this paper, we setup a scenario which assumes that the total cross-

section is always fixed while CP-violation is varying, and such a scenario helps us to

determine the intrinsic CP-mixing angle limit around |⇠CP | ⇠ 0.03 with (90%, 40%)

polarised electron-positron beams and 5 ab�1 integrated luminosity. In addition, we

determine the CP-odd coupling limit |ecHZZ | ⇠ 0.01 as well, where we suppose that

the SM tree-level cross-section is fixed and the CP-violation is the varying additional

contribution. Comparing with the analysis with unpolarised beams, the sensitivity

to the CP-violation e↵ect can be improved by transverse or longitudinal polarisation.
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courtesy of  G. Weiglein
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CP-violating admixtures in the Higgs sector



Possible scenarios of new physics

Concentrate on deviations of SM, SUSY as one example, the 
challenges and on LC-relevant features

31
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SUSY solutions
• Impose new symmetry: SUSY=symmetry between fermions 

and baryons:same quantum numbers wo spin 
– Solves the hierarchy problem 
– Provides dark matter candidate: lightest stable particle  
– Recovers the SM: same gauge group SU(3)xSU(2)xU(1) 
– Provides gauge coupling unification 
– Potential to solve baryon asymmetry: new sources for CP violation 
– Fully renormalizable up to the Planck scale (as the SM) 

• Unconvenient features: 
– Has to be a broken symmetry: many new parameters 
– ‘No’ hints at LHC ….so far 

• Nevertheless SUSY=most mature candidate
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Polarization: chiral quantum numbers at LC
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Polarization: Test of new quantum numbers
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√s=500 GeV
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Be prepared for the ‘Unexpected’…

➢  the LC +LHC are mandatory………!
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Statistical arguments
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Polarization basics
• Longitudinal polarization: 

• Cross section: 

• Unpolarized cross section: 

• Left-right asymmetry: 

• Effective polarization and luminosity: 
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Compton Compton Compton Compton Compton Compton Compton Compton polarimetrypolarimetrypolarimetrypolarimetrypolarimetrypolarimetrypolarimetrypolarimetry at ILCat ILCat ILCat ILCat ILCat ILCat ILCat ILC
• Upstream polarimeter: use chicane system

– Can measure individual e± bunches
– Prototype Cherenkov detector tested at ELSA!

• Downstream polarimeter: crossing angle required
– Lumi-weighted polarization (via w/o collision)
– Spin-tracking simulations required

SPIN2010, Jülich, 28.9.10                                  Gudrid Moortgat-Pick                   27
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PolarimetryPolarimetryPolarimetryPolarimetryPolarimetryPolarimetryPolarimetryPolarimetry requirementsrequirementsrequirementsrequirementsrequirementsrequirementsrequirementsrequirements

• SLC experience:  measured ∆P/P=0.5%
– Compton scattered e- measured in magnetic spectrometer

• Goal at ILC:   measure ∆P/P≤0.25%
– Dedicated Compton polarimeters and Cherenkov detectors 
– Use upstream and downstream polarimeters

Machine feedback and access to luminosity-weighted polarization

– Use also annihilation data: `average polarization’
Longterm absolute calibration scale, up to ∆P/P=0.1% 

SPIN2010, Jülich, 28.9.10                                  Gudrid Moortgat-Pick                   26
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