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The Need for a Higgs, Electroweak and Top Factory
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Introduction
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The Standard Model is Structurally Complete
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Open Questions
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Particle physics Cosmology

origin of electroweak symmetry breaking 
  

hierarchy problem 
  

nature of the Higgs boson 
  

fermion mass and flavor puzzle 
  
origin of neutrino masses

nature of Dark Matter 
  

matter-antimatter asymmetry 
  

dark energy 
  

inflation 
  
how to incorporate gravity

Decipherment of fundamental laws of nature: 
judicious combination of  

theoretical methods/interpretation 
and experimental input/scrutiny

New physics is required, but there is no clear indication at which energy scale
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The Challenge
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Discovered Higgs Boson 
behaves very SM-like

Consistency Test 
of the SM 

at the quantum level

No direct discovery of 
New Physics so far

New physics may be heavy, with   

new particles at a large mass scale 

New physics may be light,  

but with small couplings 

=> New physics is subtle:  

              
          small cross sections  

              
          novel signatures➱
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Search for New Physics
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New physics may be heavy, with   

new particles at a large mass scale 

New physics may be light,  

but with small couplings 

=> New physics is subtle:  

              
          small cross sections  

              
          novel signatures

Complementary 
in the search 

for new physics
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Future e+e− Collider Projects
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ILC Japan 
250 GeV, 11y -> 2 ab-1 

500 GeV, 8.5y   4 ab-1 

1000 GeV, 8.5y  8 ab-1

FCC-ee, CERN 
mZ, 4y         -> 150 ab-1 

2 mW, 1-2y      10 ab-1 

240 GeV, 3y    5 ab-1 

2 mtop, 5y        1.5 ab-1

CLIC, CERN 
380 GeV, 8y ->   1 ab-1 

1500 GeV, 7y     2.5 ab-1 

3000 GeV, 8.5y  5 ab-1

CEPC, China 
mZ, 2y ->      16 ab-1 

2 mW, 1y      2.6 ab-1 

240 GeV, 7y  5.6 ab-1

Cool Copper Collider 
250 GeV ->   1.3x1034/cm2s 

550 GeV     2.4x1034/cm2s
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ee-Colliders Energy Range & Luminosity

9

1−10 1
Center-of-Mass Energy [TeV]

1−10

1

10

210

310]
-2

 c
m

-1
 s

34
Lu

m
in

os
ity

 [1
0

 Colliders-e+Luminosity vs Energy of Future e
FCCee, 2 IPs [mid-term report, Tab. 68] 
FCCee, 4 IPs [MTR x 1.7] 
CEPC, 2 IPs [arXiv:2203.09451]
CEPC, 2 IPs, lumi up, power priv. com.]
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ee-Colliders Energy Range & Luminosity
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Z (88-94 GeV)

WW  
(157-163 GeV)

ZH  
(240 GeV)

tt (350 GeV) 
tt (365 GeV)

(91)

(160)

(240)
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ee-Colliders Energy Range & Luminosity
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 above tt  
(380 GeV)

1500 GeV
3000 GeV

 ZH  
(250 GeV)

 ZHH,ttH  
(500 GeV)

1000 GeV 𝝂𝝂HH, composite 
Higgs/top, new 
heavy particles

 Z
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Higgs Factory
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Establishing the Higgs Mechanism

13

4th July 2012

Discovery of new particle announced by 
CERN!!                             

But how can we be sure that it is a 
Higgs? We must 

Measure its couplings to the other 
SM particles   
We must determine its spin and 
CP quantum numbers 
We must measure the Higgs  
potential, I.e. its self-couplings                           

My Diary
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Establishing the Higgs Mechanism

14

4th July 2012

Discovery of new particle announced by 
CERN!!                             

But how can we be sure that it is a 
Higgs? We must 

Measure its couplings to the other 
SM particles   
We must determine its spin and 
CP quantum numbers 
We must measure the Higgs  
potential, I.e. its self-couplings                           

My Diary

Precise  
measurements 
may give hints 
to beyond-SM 

physics 
(BSM)
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✦ We have the SM-like Higgs boson
What can we learn from Higgs physics?

✦ Corner new physics with the Higgs:

ℒHiggs = (𝒟μΦi)(𝒟μΦi)† − V(Φi) + ℒYukawa

- anomalous Higgs 
  gauge couplings 
- CP violation 
 
✏︎ New Physics & DM 
✏︎ Compositeness 
✏︎ Baryogenesis

- coupling relations 
   gX~mX(2) 
 
✏︎ Establish Higgs 
   mechanism/Unique? 
✏︎ Compositeness

- Higgs mass 
- Higgs self-interaction 
- vacuum structure 
- CP violation 
- portal to hidden sector 
 

✏︎ Self-consistency SM 
✏︎ Ultimate test  
   Higgs mechanism 
✏︎ Vacuum stability 
✏︎ New Physics 
✏︎ Dark Matter 
✏︎ Matter asymmetry 
✏︎ Evolution of Universe 
✏︎ Baryogenesis

- anomalous Higgs  
  fermion couplings  
- CP violation 
  
✏︎ Flavor/Matter puzzle 
✏︎ Unique? 
✏︎ New Physics 
✏︎ Compositeness 
✏︎ Baryogenesis

Role of the Higgs Boson
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✏︎ Dark Matter 
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- anomalous Higgs  
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- CP violation 
  
✏︎ Flavor/Matter puzzle 
✏︎ Unique? 
✏︎ New Physics 
✏︎ Compositeness 
✏︎ Baryogenesis

New  
Physics

Matter- 
Antimatter 
Asymmetry

Flavor 
Matter 
Puzzle

Evolution 
of the  
CosmosDark  

Matter

Role of the Higgs Boson

Establish 
Higgs 

Mechanism
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The Higgs Factory

17

Circular  
Colliders

Linear 
Colliders

[ad.from:R.K.Ellis]
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The Higgs Factory

18

Circular  
Colliders

Linear 
Colliders

[ad.from:R.K.Ellis]

Single Higgs 
Production

Double Higgs 
Production
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The Higgs Factory

19

O(106) Higgs bosons from ZH 
O(105) Higgs bosons from H𝝂𝝂
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Higgs Coupling Measurements

20

❖ Higgs mechanism: Higgs couplings to SM particles ~ to masses of the particles 

❖ Experimental test: various production and decay channels ~> extract couplings

~ 𝛤WW x BR(H->𝛕𝛕) ~  𝛤WW x 𝛤(H->𝛕𝛕)/𝛤tot

at LHC: not all final states are accessible 
              small SM 𝛤tot non measurable
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Higgs Coupling Measurements

21

❖ e+e− Collider: Absolute coupling measurement

Fit to recoil mass distribution: 
- 𝛔(ZH) measurement independent of Higgs decay 
  ⇒ absolute determination of gHZZ

[CERN-ACC-2018-0056]
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Higgs Coupling Measurements

22

❖ e+e− Collider: Absolute coupling measurement

σHZ × Γ(H → ZZ )/ΓH ∼ (gHZZ)4/ΓH

⇒ extraction of 𝚪H

Fit to recoil mass distribution: 
- 𝛔(ZH) measurement independent of Higgs decay 
  ⇒ absolute determination of gHZZ
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Higgs Coupling Measurements

23

❖ e+e− Collider: Absolute coupling measurement

Fit to recoil mass distribution: 
- 𝛔(ZH) measurement independent of Higgs decay 
  ⇒ absolute determination of gHZZ

Exclusive decays into XX = bb, cc, gg, 𝛕𝛕, 𝛍𝛍, WW, 𝛄𝛄, Z𝛄, invisible, 
other new BSM states ⇒ absolute coupling extraction gHXX

σHZ × Γ(H → ZZ )/ΓH ∼ (gHZZ)4/ΓH

⇒ extraction of 𝚪H
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Higgs Coupling Measurements

24

[2206.08326]

✏︎ all Higgs factories perform similar: luminosity vs. polarization 
✏︎ couplings will be pushed to single percent - few per mille 
✏︎ at least 1 order of magnitude precision gain compared to HL-LHC
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Higgs Coupling Measurements

25

Part of: 
Establishing 
the Higgs 

Mechanism Indirect 
New  

Physics 
Sensitivity

[2206.08326]Possible  
insights  
in Flavor 
Matter 
Puzzle

✏︎ all Higgs factories perform similar: luminosity vs. polarization 
✏︎ couplings will be pushed to single percent - few per mille precision 
✏︎ at least 1 order of magnitude precision gain compared to HL-LHC
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What do we Learn?

26

✽ What do we learn about new physics from indirect measurements through enhanced precision  
   (~factor 10 better than HL-LHC) in comparison to direct new physics searches at the HL-LHC? 
 
✽ Which new physics scales can we probe? 
 
✽ What can we learn from the patterns of the coupling deviations about the underlying model? 
 
✽ How well can we distinguish between different realizations of possible BSM physics?
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What do we Learn?

27

✽ What do we learn about new physics from indirect measurements through enhanced precision  
   (~factor 10 better than HL-LHC) in comparison to direct new physics searches at the HL-LHC? 
 
✽ Which new physics scales can we probe? 
 
✽ What can we learn from the patterns of the coupling deviations about the underlying model? 
 
✽ How well can we distinguish between different realizations of possible BSM physics?

✏︎ Coupling deviations due to new physics*:  g = gSM[1 + Δ] : Δ = O(v2/Λ2)

Experimental accuracy O(0.2) … O(0.01) =>  
Probed new physics scale:  GeV … 2.5 TeVΛ = 550

* Unless violation of decoupling theorem
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What do we Learn?

28

✏︎ Coupling deviations due to new physics:  g = gSM[1 + Δ] : Δ = O(v2/Λ2)

Experimental accuracy O(0.2) … O(0.01) =>  
Probed new physics scale:  GeV … 2.5 TeVΛ = 550

Mixing effects:  
- Higgs mixes w/ other high-mass scalar fields 
- singlet, doublet, triplet extensions 
- strongly interacting

∼ v2/M2 Loop effects:  
- from new gauge bosons, scalars, fermions 
- supersymmetry, strong dynamics, extra 
  dimensions, see-saw, extended gauge groups 

 GeV for 

∼ 1/(16π2) v2/M2

⇝ Λ = 200 Δ = 0.01
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What do we Learn?

29

* LC: 250+500 GeV/250+500 fb-1 — HL-LC: 250+500+1000 GeV/ 1150+1600+2500 fb-1

[Englert,Freitas,MM,Plehn,Rauch,Spira,Walz,’14]
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What about Coupling Patterns?

30

✏︎ Exploit coupling sum rules!

Example Next-to-Minimal Supersymmetric Model (NMSSM) w/ 3 Higgs CP-even bosons Hi (i=1,2,3)

Violation of sum rule: - hints to not discovered Higgs boson 
                                    - allows distinction from minimal supersymmetric model (MSSM)
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Coupling Violation Patterns in BSM Extensions

31

[MM,Sampaio,Santos,Wittbrodt,’17]

Allowed points (th. & exp.  
constraints applied) 
obtained from parameter  
scan in the model spaces

Models w/ Hi (i=1,2,3) 
: 

CxSM: 
SM+complex singlet 
 

C2HDM: 
CP-violating 2HDM 
 

N2HDM: 
Next-to-2HDM 

NMSSM

H↓, H125, H↑

Partial sum : 
 (i=1,2) 

in case of only  
two out of three 
discovered 
Higgs bosons

ΠVV

∑
i

g2
HiVV
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Coupling Violation Patterns in BSM Extensions

32

[MM,Sampaio,Santos,Wittbrodt,’17]

Models w/ Hi (i=1,2,3) 
: 

CxSM: 
SM+complex singlet 
 

C2HDM: 
CP-violating 2HDM 
 

N2HDM: 
Next-to-2HDM 

NMSSM

H↓, H125, H↑

Partial sum : 
 (i=1,2) 

in case of only  
two out of three 
discovered 
Higgs bosons

ΠVV

∑
i

g2
HiVV
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Trilinear Higgs Self-CoupLing

33

We must  measure the  Higgs  potential, i.e.  self-couplings

❖ SM Higgs potential: in physical gauge

❖ Importance of the trilinear Higgs self-coupling:

- Determines shape of the Higgs potential 
- Sensitive to beyond-SM physics 
- Important input for electroweak phase transition*

*matter-asymmetry 
  through electroweak 
  baryogenesis
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Trilinear Higgs Self-CoupLing

34

We must  measure the  Higgs  potential, i.e.  self-couplings

❖ SM Higgs potential: in physical gauge

❖ Importance of the trilinear Higgs self-coupling:

- Determines shape of the Higgs potential 
- Sensitive to beyond-SM physics 
- Important input for electroweak phase transition*

*matter-asymmetry 
  through electroweak 
  baryogenesis

Ultimate 
test Higgs 
Mechanism

New  
Physics

Matter- 
Antimatter 
Asymmetry

Evolution 
of  

Cosmos
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Single-Higgs Access To 𝜆HHH

35

Indirect Access below Higgs pair threshold

𝜅𝜆=𝜆HHH/(𝜆HHH)SM

240 GeV 365 GeV

[1711.03978]

Parametrization of NLO corrections  
to an observable Σ in a process  
w/ a single external Higgs field

Single Higgs: 
 

- Global analysis:  
  FCC-ee365, ILC500: ~35% when 
  combined w/ HL-LHC 
 

- FCCee365 w/ 4PIs: ~24% 
 

- Exclusive analysis: too sensitive 
  to other new physics to draw  
  conclusions 

[1809.10041]



M.M. Mühlleitner, KIT                              3rd ECFA Workshop, Paris, 9-11 Oct 2024

Single-Higgs Access To 𝜆HHH
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Indirect Access below Higgs pair threshold

𝜅𝜆=𝜆HHH/(𝜆HHH)SM

240 GeV 365 GeV

[1711.03978]

Parametrization of NLO corrections  
to an observable Σ in a process  
w/ a single external Higgs field

 enters at one-loop in single Higgs process 
 

Challenge! Competition with other effects

λhhh

- competition w/ much larger LO contributions 
- other numerically more dominant SM loops  
- BSM: modified couplings, loop contributions 
- contributions from (poorly constrained) 
  eett operators affect interpretation 
  [Asteriadis eal, 2406.03557]

Sensitivity limitations:  
- exp. and theor. uncertainties

Interpretation:  

- possibly observed deviation due to  or 
  other BSM/higher-order contributions?

λhhh
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Di-Higgs Access To 𝜆HHH

37

Direct Access above Higgs pair threshold

Di-Higgs: 
 

- HL-LHC: ~50% or better? 
- improved by HE-LHC (~15%), 
   ILC500 (~27%), CLIC1500 (~36%) 
 

- Precision by CLIC3000  (~ 9%), 
  FCC-hh (~5%) 
- Robust w.r.t. other operators

[Taken from J.Tian, LCWS2024]
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BSM Effects in the Higgs Self-Coupling

38

✏︎ Extended Higgs sectors: mixing effects w/ other Higgs bosons  
    BSM particles: loop contributions

 very SM-likegH SM SM

 coupling deviations ⇝



M.M. Mühlleitner, KIT                              3rd ECFA Workshop, Paris, 9-11 Oct 2024

BSM Effects in the Higgs Self-Coupling

39

ATLAS: −1.4 < κλ < 6.1 at 95 % CL CMS: −1.2 < κλ < 7.5 at 95 % CL

 can still  
deviate from SM

λHHH

✏︎ Extended Higgs sectors: mixing effects w/ other Higgs bosons  
    BSM particles: loop contributions  coupling deviations ⇝
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BSM Effects in the Higgs Self-Coupling

40

[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]

Scan in parameter  
space of the models 

check for compatibility 
w/ relevant theor. and 

exp. constraints
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BSM Effects in the Higgs Self-Coupling

41

[Abouabid,Arhrib,Azevedo,ElFalaki,Ferreira,MM,Santos,’21]
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Effect of Higher-Order Corrections

42

✏︎ Higher-order corrections: potentially large in BSM Higgs sectors
e.g. 2HDM: [Kanemura,Kiyoura,Okada,Senaha,Yuan,’02;Braathen,Kanemura,’19‚‘20]

✏︎ Example 2HDM: Parameter scan (taking into account theor. & single Higgs constraints)

LHC experiments start being sensitive 
 higher-order corrections important for proper interpretation of limits!⇝

[Bahl,Braathen,Weiglein,’22]

[Arco,Heinemeyer,MM,in prep.]LO NLO

✏︎ First-order Phase Transition (electroweak baryogenesis): prefers larger λHHH
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Higgs Self-Coupling & Evolution of the Universe

43

✏︎ Model CP in the Dark: SM-Higgs ( ) + Dark Sector 
    GW signal from strong first-order phase transition

λtree
hhh = λSM

hhh

[Basler,Biermann,MM,Müller,Santos,Viana,’24]

✏︎ Vector DM Model: two visible Higgs bosons + Dark photon 
    Strong first-order phase transition: δλNLO

hhh /λLO
hhh = 8 %

[Biermann,Borschensky,Erhardt,MM,Santos,Viana]
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Higgs Self-Coupling & Evolution of the Universe

44
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λtree
hhh = λSM

hhh

[Basler,Biermann,MM,Müller,Santos,Viana,’24]

✏︎
δλNLO

hhh /λLO
hhh = 8 %

[Biermann,Borschensky,Erhardt,MM,Santos,Viana]

Changes Linear Collider 
Sensitivities

[1711.03978]

BSM: cross sections,  
distributions also affected  

by other Higgs bosons  
in spectrum and HO  

corrections to  
trilinear Higgs couplings

[cf. talk by Arco @LCWS2024]
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Precision Measurements at Z/WW/tt
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Why do we need EWPOs?

46

New  
Physics

Interpre- 
tation 

of results

Electro- 
weak 

Vacuum

- Relations between SM parameters affected by loop corrections => Consistency  
test of SM  
at quantum  

level

- New particles in the loops => 

- SM parameters enter observables => precise knowledge required  
   for meaningful interpretation of the precision measurements,  
   for meaningful predictions of further observables 

- Parameter values of direct relevance for stability of electroweak vacuum,  
   evolution of the universe, matter-antimatter-asymmetry
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      Precision at Electroweak & Top Factories
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6 x 1012 Z 2.4x108W 1.45x106ZH 1.9x106tt
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Precision at Z, WW, tt
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Electron-positron run scenarios used for the Snowmass 2021 study

[2209.08078]
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Precision at Z, WW, tt
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6 x 1012 Z 2.4x108W 1.45x106ZH 1.9x106tt

mZ, 𝛤Z, 𝛂S(mZ), … 
improvement by 
factor 20-50 w.r.t. 
today 
 
first direct&precise  
measurement of 
𝛂QED(mZ)



M.M. Mühlleitner, KIT                              3rd ECFA Workshop, Paris, 9-11 Oct 2024

Precision at Z, WW, tt
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mZ, 𝛤Z, 𝛂S(mZ), … 
improvement by 
factor 20-50 w.r.t. 
today 
 
first direct&precise  
measurement of 
𝛂QED(mZ)

[1512.05544]
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Precision at Z, WW, tt
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6 x 1012 Z 2.4x108W 1.45x106ZH 1.9x106tt

mW, 𝛤W, 𝛂S(mW), … 
improvement by 
factor 20-100 w.r.t. 
today
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Precision at Z, WW, tt
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mW, 𝛤W, 𝛂S(mW), … 
improvement by 
factor 20-100 w.r.t. 
today

Taken from [2107.04444]
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Precision at Z, WW, tt
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6 x 1012 Z 2.4x108W 1.45x106ZH 1.9x106tt

Top one of the 
most important 
SM parameters: 
- largest coupling 
  to Higgs 
- input for vacuum 
   stability, for 
   electroweak 
   baryogenesis

𝛅mt  50 MeV 

𝛅𝛤t  45 MeV 
theory uncertainty 
limiting factor

≈
=
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2.4x108W 1.45x106ZH

Top one of the 
most important 
SM parameters: 
- largest coupling 
  to Higgs 
- input for vacuum 
   stability, for 
   electroweak 
   baryogenesis

Adapted from 
[1807.02441]

Γt

mt

yt αs

𝛅mt  50 MeV 

𝛅𝛤t  45 MeV 
theory uncertainty 
limiting factor

≈
=
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Top one of the 
most important 
SM parameters: 
- largest coupling 
  to Higgs 
- input for vacuum 
   stability, for 
   electroweak 
   baryogenesis

[Degrassi,DiVita,Elias-Miro,Espinosa,’12]

Electro- 
weak 

Vacuum

𝛅mt  50 MeV 

𝛅𝛤t  45 MeV 
theory uncertainty 
limiting factor

≈
=
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EWPOs at Future e+e- Colliders
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[2209.08078]
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SM Fit to all EWPOs

Top

HW H

Top

W

New  hysics

57

Consistency  
test of SM  
at quantum  

level [2209.08078]
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Interplay EW Measurements and Higgs Precision
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- Z pole run essential to isolate Higgs measurements and ensure that uncertainties 
from EW coupling do not affect Higgs couplings 
 
 

- Precision measurements at the Z pole and WW threshold affect significantly achievable  
precision for Higgs couplings and aTGCs: improvement by about a factor of 2

[2209.08078]

 Test of 
New physics 

Interpretation  
of results
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Precision at Z, WW, tt
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6 x 1012 Z 2.4x108W 1.45x106ZH 1.9x106tt

Requirements from Theory:
- Match experimental precision 
- At least 3-(fully massive!)/4-loop EW corrections are needed! 
- Numerical integration ~> convergence? CPU time? Grids? 

Non-perturbative effects may become relevant 
- Identify (ratios of) observables w/ reduced theor. uncertainties

[Freitas,Heinemeyer,Beneke,Blondel,Dittmaier,Gluza,Hoang,Jadach,Janot,Reuter,Reimann;Schwinn,Skrzypek,Weinzierl]

FCCee, 
CEPC 
/ILC

0.5/3 

0.1/1 

1/10 

6/15 

0.6/1.3
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A Look Into the Future
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What to Expect?

61

✏︎ Situation at the end of HL-Luminosity LHC: 
    suppose: no new physics + Higgs behaves very SM-like

There is nothing new to be discovered  
in physics now. All that remains is  

more and more precise measurement. 
Lord Kelvin (1824-1907)

The most important is  
that we never stop asking questions.  

Madame Curie, 1867-1934  
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Light on the Horizon
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✏︎ Future colliders may still reveal new physics! 
 

    Example CP-violating 2-Higgs-Doublet Model: 
    Could be that 125 GeV Higgs is very close to the alignment limit and be very CP-even! 

    Can we still see new physics at future colliders?

Study multi Higgs boson  
production!

Simultaneous  
measurement of 

, ,  
sign of CP violation
Zh2h2h3 Zh2h3h3 Zh2h3

Still:  
Extremely hard

[Haber eal,’22]



M.M. Mühlleitner, KIT                              3rd ECFA Workshop, Paris, 9-11 Oct 2024

Light on the Horizon
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✏︎ Future colliders may still reveal new physics! 
 

    Example CP-violating 2-Higgs-Doublet Model: 
    Could be that 125 GeV Higgs is very close to the alignment limit and be very CP-even! 

    Can we still see new physics (measure CP violation) at future colliders?

Study multi Higgs boson  
production!

Simultaneous  
measurement of 

, ,  
sign of CP violation
Zh2h2h3 Zh2h3h3 Zh2h3

Still:  
Extremely hard

[Haber eal,’22]

Have you asked any big questions today?
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Focus Topics
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[Maestre eal,2401.07564]
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Conclusions
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✦e+e- Colliders: Higgs/Electroweak/Top Factories in clean e+e- environment  

✦Absolute Higgs couplings access @ unprecedented precision 

✦Unique measurement of He+e− coupling 

✦Higgs self-coupling measurement 

✦EWPOs tremendously improved precision  

What do we learn from indirect measurements at Higgs/EW/top factories about  
the underlying model? How can we combine information from all possible observables, 
experiments and research areas to get maximum insight? 
 
         Lot of work ahead! Exciting times!



Thank you for 
your attention!
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Physics Program at ee-Colliders
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What do we Learn?

68

[Englert,Freitas,MM,Plehn,Rauch,Spira,Walz,’14]
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Higgs Coupling Measurements
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Part of: 
Establish 

Higgs 
Mechanism Indirect 

New  
Physics 

Sensitivity

[2206.08326]Possible  
insights  
in Flavor 
Matter 
Puzzle

✏︎ all Higgs factories perform similar: luminosity vs. polarization 
✏︎ couplings will be pushed to single percent - few per mille precision 
✏︎ at least 1 order of magnitude precision gain compared to HL-LHC
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Higgs Mass Measurement
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❖ Higgs mass and ZH cross section:

∗ Self-consistency test of SM at quantum level (e.g.: Higgs loop corrections to EWPOs) 
∗ MH ↔ stability of the electroweak vacuum                                      
∗ Higgs mass uncertainty feeds back in uncertainty on Higgs observables 
∗ Test parameter relations in beyond-SM theories 
∗ Required for electron Yukawa coupling determination from e+e−➞H resonant production

Why precision?

MH fitted from actual exp. mrecoil distribution 𝜹(mH) = 3.1 (4.0) MeV stat(syst)

[Eysermans,Bernardi,Li]
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Higgs Mass Measurement
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❖ Higgs mass and ZH cross section:

∗ Self-consistency test of SM at quantum level (e.g.: Higgs loop corrections to EWPOs) 
∗ MH ↔ stability of the electroweak vacuum                                      
∗ Higgs mass uncertainty feeds back in uncertainty on Higgs observables 
∗ Test parameter relations in beyond-SM theories 
∗ Required for electron Yukawa coupling determination from e+e−➞H resonant production

Why precision?

MH fitted from actual exp. mrecoil distribution 𝜹(mH) = 3.1 (4.0) MeV stat(syst)

[Eysermans,Bernardi,Li]

O(10 MeV) need  for 
permille precision 
of gHZZ,gHWW,gHZ𝛄

O(ΓH=4 MeV) to  
measure electron 
Yukawa coupling
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Electron Yukawa Coupling - Unique!
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❖ Why electron Yukawa coupling: establish experimentally the Higgs coupling to all  generations ~>  
                                                     also to the 1st generation!

[d´Enterria,Poldaru,Wojcik,2107.02686]

❖ How?: from e+e−➞H at √s = MH   ❖ Challenge: coupling extremely tiny

∗ MH knowledge at 𝒪(few MeV) precisely ∗ Huge luminosity (i.e. several years w/ 4 IPs) 
∗ (Mono)chromatization 𝛤H(4.2 MeV)≪𝛿√s(100 MeV) ∗ continuous √s monitoring & adjustment 
∗ extremely sensitive event selection against SM backgrounds

Requirements

ISR included
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Electron Yukawa Coupling - Unique!
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❖ Why electron Yukawa coupling: establish experimentally the Higgs coupling to all  generations ~>  
                                                     also to the 1st generation!

❖ How?: from e+e−➞H at √s = MH   ❖ Challenge: coupling extremely tiny

Requirements

ISR included
Huge challenge 
but only place 
where you can 
ever measure 

1st gen Yukawa!

∗ MH knowledge at 𝒪(few MeV) precisely ∗ Huge luminosity (i.e. several years w/ 4 IPs) 
∗ (Mono)chromatization 𝛤H(4.2 MeV)≪𝛿√s(100 MeV) ∗ continuous √s monitoring & adjustment 
∗ extremely sensitive event selection against SM backgrounds

[d´Enterria,Poldaru,Wojcik,2107.02686]
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Higgs Self-Coupling & Evolution of the Universe
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✏︎ Model CP in the Dark: SM-Higgs ( ) + Dark Sector 
    GW signal from strong first-order phase transition

λtree
hhh = λSM

hhh

[Basler,Biermann,MM,Müller,Santos,Viana,’24]

✏︎ Vector DM Model: two visible Higgs bosons + Dark photon 
    Strong first-order phase transition: δλNLO

hhh /λLO
hhh = 8 %

[Biermann,Borschensky,Erhardt,MM,Santos,Viana]
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SM Fit to all EWPOs

Assumes that all 
theor. uncertainties 
can be reduced to 
match the exp. 
uncertainties!

Top

HW H

Top

W

NewPh    sics
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Consistency  
test of SM  
at quantum  

level
FCC-ee 
FCC-ee

[Adapted from 1308.6167]


