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Standard Model of particles & interactionsStandard Model of particles & interactions
■  Renormalizable QFT of electroweak SU

L
(2)U

Y
(1) & strong SU

c
(3) gauge interactions

EWK
sector:

QCD sector:Flavour sector:

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for 40(!) years:
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Standard Model of particles & interactionsStandard Model of particles & interactions
■  Renormalizable QFT of electroweak SU

L
(2)U

Y
(1) & strong SU

c
(3) gauge interactions

EWK
sector:

Higgs
sector:

O(20) parameters: Couplings, H mass&vev, H-f Yukawa, CKM mix., CP phases.
Experimentally confirmed to great precision for 40(!) years:

Higgs
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Open questions in the SM (1)Open questions in the SM (1)

✘Higgs: Generation of 1st-gen. fermion (and all 's) masses to be confirmed

[Gauge interactions: U
Y
(1), SU

L
(2), SU

c
(3)]

[Lepton dynamics]

[Lepton masses]

[Quark dynamics]

[Quark masses]

[Higgs dynamics & mass]
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Open questions in the SM (2)Open questions in the SM (2)

✘Higgs: Generation of 1st-gen. fermion (and all 's) masses to be confirmed

✘Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

+ new particles/symmetries ?

[Gauge interactions: U
Y
(1), SU

L
(2), SU

c
(3)]

[Lepton dynamics]

[Lepton masses]

[Quark dynamics]

[Quark masses]

[Higgs dyn. & mass]
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Open questions in the SM (3)Open questions in the SM (3)

✘Higgs: Generation of 1st-gen. fermion (and all 's) masses to be confirmed

✘Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

✘Flavour: SM cannot generate observed matter-antimatter imbalance

[Gauge interactions: U
Y
(1), SU

L
(2), SU

c
(3)]

[Lepton dynamics]

[Lepton masses]

[Quark dynamics]

[Quark masses]

[Higgs dynamics & mass]
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Open questions in the SM (4)Open questions in the SM (4)

✘Higgs: Generation of 1st-gen. fermion (and all 's) masses to be confirmed

✘Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

✘Flavour: SM cannot generate observed matter-antimatter imbalance

✘Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

[Gauge interactions: U
Y
(1), SU

L
(2), SU

c
(3)]

[Lepton dynamics]

[Lepton masses]

[Quark dynamics]

[Quark masses]

+ new particles/symmetries ?[Higgs dyn. & mass]
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Open questions in the SM (5)Open questions in the SM (5)

✘Higgs: Generation of 1st-gen. fermion (and all 's) masses to be confirmed

✘Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

✘Flavour: SM cannot generate observed matter-antimatter imbalance

✘Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

✘Others: Quantum gravity, cosmological constant, dark energy, inflation,...

[Gauge interactions: U
Y
(1), SU

L
(2), SU

c
(3)]

[Lepton dynamics]

[Lepton masses]

[Quark dynamics]

[Quark masses]

+ new particles/symmetries ?[Higgs dyn. & mass]

Some/Most(?) of these questions will not be fully answered at the LHC 

+ new particles/symmetries ?
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Why new eWhy new e++ee-- colliders ? colliders ?
■  New physics (NP): Hidding well ? Or beyond present reach ?
    At larger masses? Or at smaller couplings? Or both?

■  Electron-positron colliders:
   ➨ Direct model-indep. discovery of new particles coupling to Z*/* up to m~s/2 
   ➨ Low, very-well understood backgrounds: Fill “blind spots” in p-p searches 
   ➨ Polarised beams: Extra handle to constrain theory underlying any NP
   ➨ Sensitivity to weakly-interacting (Z,W) physics 
   ➨ Indirect constraints on new physics: Precision ~ 1/2

NP
m

BSM 
reach (95% CL)

Z' via asymmetry observables
(Z' interferences with Z-)
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Circular or Linear eCircular or Linear e++ee-- colliders ? colliders ?

   

CIRCULAR

■ Larger s reach (TeV's)
■ Low repetition rate
     ➞ Lumi from nm-size beams
     ➞ Large bremsstrahlung
     ➞ Large energy spread
■ Longitudinal polarization easier

LINEAR

CIRCULAR

■ s limited to ~400 GeV by SR~E4/R
■ Large # of circulating bunches:
     ➞ Much higher Lumi (better at low s, lower SR)
     ➞ Top-up injection ring to compensate L burnoff 
■ Various Interaction Points possible
■ Precise E

beam
 from resonant depolarization

400 GeV
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Why FCC-ee ?Why FCC-ee ?

■  Indirect searches through loops in high-stat W, Z, H, top precision
    studies at very high-luminosity e-e colliders with <<1% accuracy
■  Indirect constraints on new physics: Precision ~ 1/2

■  New scalar-coupled physics:
    At    ~1 TeV: ~5% deviations of Higgs couplings wrt. SM:

■ New weakly-coupled physics: 
    Excluded below ~3 TeV by current EWK precision fit.

NP

NP

~106 Higgs  ~0.1% Higgs couplings precision  ⇒ ⇒ >7 TeV

NP

 [arXiv:1509.00367]
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Why FCC-ee ?Why FCC-ee ?

■  Indirect searches through loops in high-stat W, Z, H, top precision
    studies at very high-luminosity e-e colliders with <<1% accuracy
■  Indirect constraints on new physics: Precision ~ 1/2

■  New scalar-coupled physics:
    At    ~1 TeV: ~5% deviations of Higgs couplings wrt. SM:

■ New weakly-coupled physics: 
    Excluded below ~3 TeV by EWK fit.

    ~30 TeV requires: ×102 precision
    w.r.t. LEP (104 W's, 107 Z's), i.e.
    ×104 more stats. (108 W's, 1011 Z's)
    reachable in e+e- circular 
    collider with R~80–100 km

NP

NP

~106 Higgs  ~0.1% Higgs couplings precision  ⇒ ⇒ >7 TeV

NP

NP
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FCC-ee characteristicsFCC-ee characteristics

   

CIRCULAR

CIRCULAR

■ s limited to ~400 GeV by SR~E4/R: R~80 km (×3 LEP radius)
■ Large # of circulating bunches:            ×104 LEP bunches +crab-waist collisions
     ➞ High Lumi (better at low s):     ×104–10 more lumi than ILC for √s = 90–400 GeV
     ➞ Top-up injection ring to compensate L burnoff 
■ Various Interaction Points possible: 4 expected
■ Precise E

beam
 from resonant depolarization: ±0.1 MeV (2 MeV at LEP)

400 GeV
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EU HEP short term perspectives (2020 2030)‐ ‐EU HEP short term perspectives (2020 2030)‐ ‐
   ■
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EU HEP long term perspectives (2040 2060)‐ ‐EU HEP long term perspectives (2040 2060)‐ ‐
   ■
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EU HEP mid term perspectives (2030 2040)‐ ‐EU HEP mid term perspectives (2030 2040)‐ ‐
   ■
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FCC-ee is an ongoing CERN study projectFCC-ee is an ongoing CERN study project

   ■
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FCC-ee physics programme in a nutshellFCC-ee physics programme in a nutshell
s=91 GeV, 1012 Z's

s~161 GeV, 108 W's

s~240 GeV, 106 H's

s~350 GeV, 105-6 t's

 [arXiv:1308.6176]
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FCC-ee physics programme: DurationFCC-ee physics programme: Duration

■  FCC-ee core physics programme can be completed in 8–10 years

   ■
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➧EWK couplings to 1–10%

FCC-ee physics: High-precision W,Z,topFCC-ee physics: High-precision W,Z,top

■ Mostly thanks to: (i) huge stats, (ii) threshold scans with E
beam

~0.1 MeV
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High-precision W,Z,top: FCC-ee uncertaintiesHigh-precision W,Z,top: FCC-ee uncertainties

■ Theoretical developments needed to match expected experimental uncertainties

   ■
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High-precision W,Z,top: BSM constraintsHigh-precision W,Z,top: BSM constraints

■  Indirect constraints on new weakly-coupled physics: 
     Precision ~ 1/2   , i.e. 2 ~ O(30 TeV)

   ■

NPNP
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High-precision W,Z,top: Weakly-coupled BSMHigh-precision W,Z,top: Weakly-coupled BSM

■
Dim-6 operators
Pomarol & Riva basis
1308.1426

EWPT most sensitive
to these 6-D operators 
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Higgs physics at FCC-eeHiggs physics at FCC-ee
■  Precision (<1%) Higgs couplings studies, plus total width.
■  Higgs self-coupling constrain through loop corrections.
■  1st  (uds, e±) and 2nd fermion generation Yukawa couplings.
■  Rare and exotic decays, in particular DM decays.

Thanks to huge, clean datasets:

(also sensitivity to y
t
)
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Precision Higgs couplings & total widthPrecision Higgs couplings & total width

■  Recoil method in H-Z is unique to lepton
    collider, allows to tag Higgs event 
    independent of its decay mode.

     Provides high-precision (0.05%) 
    measurement of σ(ee→ZH)  g∝

HZ
2

■  Total width (Γ
H
) with <1% precision from combination of measurements:

     σ(ee→ZH(→X)) ∝ Γ
H→X

, plus known BR (H→X): Obtain Γ
H
 

■  Branching fraction to invisible tested directly to 0.2% @ 95% CL
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Higgs physics at FCC-ee(240): Self-couplingHiggs physics at FCC-ee(240): Self-coupling

 ■ Higgs self-coupling through loop corrections to σ(H+Z):

 ■ Tiny effect but visible thanks to extreme 
    precision on g

ZH 
(0.05%) coupling 

    reachable at FCC-ee.

 ■ Indirect and model-dependent limits
    on trilinear Higgs coupling can be set
    (~70% level) comparable to HL-LHC

    Self-coupling correction δ
h
: energy-dependent

    δ
Z
: energy-independent (distinguishable).

[M. McCullough, 2014]
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Higgs physics at FCC-ee: 1Higgs physics at FCC-ee: 1stst-gen. Yukawa-gen. Yukawa

Bound
vector
meson

(Note also):
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Higgs physics at FCC-ee(125): eHiggs physics at FCC-ee(125): e±± Yukawa Yukawa

■ Higgs-e± Yukawa g
Hee 

unobservable via decay: BR(He+e-)~5.3·10-9 

■ Resonant s-channel production considered so far only for  collider 

    ( H
 ~ 70 pb).  Tiny g

Hee
 Yukawa cou      Tiny (ee H)

= 1.6 fb                                                (m
H
=125 GeV, 

H
=4.2 MeV)

Including ISR + 
spread 


H
 = 4.2 MeV:

■ Is the measurement of Higgs to electron coupling completely hopeless ?

(eeH) = 280 ab
Reduction
factor: ~45%
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Higgs physics at FCC-ee(125): eHiggs physics at FCC-ee(125): e±± Yukawa Yukawa

■ Higgs-e± Yukawa g
Hee 

unobservable via decay: BR(He+e-)~5.3·10-9 

■ Resonant s-channel production considered so far only for  collider 

    ( H
 ~ 70 pb).  Tiny g

Hee
 Yukawa cou      Tiny (ee H)

■ Exploit huge luminosities available at FCC-ee:

→ s
spread

 reduceable with mono-

     chromators (but <20 MeV challenging).

→ Analysis of 7 Higgs decay channels:
     L

int 
= 10 ab-1, S=0.65:

     BR(Hee) < 4.6×BR
SM

 (3σ)

     g
hee 

< 2.2 × g
Hee,SM

 (3σ)

co
u

pl
in

g
 

mass(GeV)

10-5

10-3 1

10-3

= 280 ab     (ISR + 
spread 


H
 )
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New physics constraints (1): SUSYNew physics constraints (1): SUSY

Precision Electroweak Precision Higgs

■ FCC-ee measurements significantly improve limits in benchmark
   SUSY models (CMSSM, NUHM1):

  FCC-ee    FCC-ee    
  FCC-ee    FCC-ee    

 [arXiv:1308.6176]
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New physics constraints (2): Dark MatterNew physics constraints (2): Dark Matter
■ DM freeze-out fixes σv ≈ 3 10−26cm3/s. If m

DM
 is just below m

Z,H
/2,

   DM freeze-out dominated by resonant Z,H exchange, fixing Γ
Z,H

.

■ <10-3 and <10-1 precision measurements of invisible Z & H widths are 
best collider option to test any m

DM
<m

Z,H
/2 that couples via SM mediators.

[A. Strumia, 2015]

FCC-ee

FCC-ee
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New physics constraints (3): RH neutrinosNew physics constraints (3): RH neutrinos

   ■

(Also through H decays)

[A. Blondel et al. arXiv:1411.5230]
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SummarySummary
■ FCC-ee circular (R~100 km) collider provides unparalleled luminosities 
    O(1-100 ab-1) at √s = 90–350 GeV for high-precision W,Z,H,t studies 
    (<<1% uncert.) setting unique new physics constraints up to O(30 TeV):
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Backup slidesBackup slides
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Luminosity gain: FCC-ee vs. LEPLuminosity gain: FCC-ee vs. LEP
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e+e- colliders: FCC-ee vs. LEP, CepCe+e- colliders: FCC-ee vs. LEP, CepC
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FCC-ee beam energy spreadFCC-ee beam energy spread
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Beam energy spread via resonant depolarizationBeam energy spread via resonant depolarization
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Higgs couplings: FCC-ee uncertaintiesHiggs couplings: FCC-ee uncertainties
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Higgs couplings: FCC-ee uncertaintiesHiggs couplings: FCC-ee uncertainties
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FCC-ee sensitivity to new physics: FCC-ee sensitivity to new physics: 
Composite HiggsComposite Higgs
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  σσ (e(e++ee--H) reduction: Beam energy spread + ISRH) reduction: Beam energy spread + ISR

■ Extra ~40% reduction also due to initial state radiation:


beam-spread+ISR

(e+e- H)=0.17  (e+e- H)  

(e+e- H) = 290 ab

√s
spread 

~ 
H 

= 4.2 MeV

■ Combined reduction factors:

Reduc. factor: ~45%



43/33LFC'15, ECT* Trento, Sept'15                                                             David d'Enterria (CERN)

Higgs physics at FCC-ee(125): H-e YukawaHiggs physics at FCC-ee(125): H-e Yukawa

■ Resonant s-channel Higgs production at FCC-ee (s = 125 GeV):

■ Signal + backgrounds study for 7 decay channels:
     WW*(2j,l) (= 28 ab), WW*(2l2) (= 6.7 ab),
     WW*(4j) (= 29.5 ab), ZZ*(2j2) ( = 2.3 ab), ZZ*(2l2j) ( = 1.14 ab), 

     bb (2j) (= 156 ab), gg (2j) (= 24 ab)

■ Preliminary analysis:
   L

int 
= 10 ab-1, S=0.65: BR(Hee) < 4.63×BR

SM
 (3σ), g

hee 
< 2.15 × g

Hee,SM
 (3σ)

    Evidence (observation?) will require further improvements in large-BR
    (huge background) jet channels: H bb, H WW 4j

■ Challenging accelerator conditions: mono-chromatization, huge lumi

■ Fundamental & unique physics accessible if measurement feasible:
   → Electron Yukawa coupling 
   → Higgs width measurable (“natural” threshold scan)

(e+e- H )
B-W

 ~ 1.64 fb

(e+e- H )
visible

~ 280 ab (ISR + E
beam-spread

~ 
H 

= 4.2 MeV)
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