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ILC in a nutshell 

Stands for:    International Linear Collider 
Collides:     electrons and positrons 
CM energy:    250-500 GeV (baseline); ~1 TeV upgrade option 
Length:     31 km @ 500 GeV à extend for higher energy 
Beam polarization:  P(e-,e+) = (±80%, ±30%) 
 
Most mature accelerator design for e+e- collisions. 
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Weak EM Strong 

Electroweak Unification 

Grand Unification ? 

Quantum Gravity ? 
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Towards a more fundamental theory 

Unification of  
matter 

Unification of  
forces 

Unification of  
matter and force 

Grand Desert? ILC	


EW symmetry breaking 
= phase transition 

Unification of 
matter, force, and space-time 3 



Electroweak Symmetry Breaking 
•  With the discovery of H(125), we now understand how EWSB occurs: via 

the expectation value of the Higgs field. However, we do yet know 
the physics behind the EWSB. 

•  In order to explain the shape of the Higgs 
potential (if there is an explanation), we need to 
go beyond the Standard Model. 

•  Such BSM models predict the existence of new 
particles/forces.  They also affect the 
properties of the Higgs, top, and W/Z, which 
can be probed via precision measurements. 

•  They could be connected to the observed BSM 
phenomena: 
–  baryon asymmetry of the universe 
–  neutrino oscillations 
–  dark matter 
–  dark energy 
–  … 
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A fork in our path 

In SUSY, the EW symmetry is radiatively broken. It also gives a 
raison d’être for fundamental scalar fields like the Higgs boson. 
The EWSB sector is weakly-interacting. 
H(125) is elementary. 
A telescope for GUT, with a possible Grand Desert along the way. 

In composite Higgs models, a new QCD-like strong interaction 
causes vacuum condensation.  
The EWSB sector is strongly-interacting. 
H(125) is composite. 
A jungle of new particles are expected. 
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Elementary or Composite? 
How can ILC address this question?	


6 
ACFA Report


Any deviation from the 
straight line signals BSM! 


Different models predict

different deviation patterns!


SM


Mass-Coupling Relation


In SUSY (elementary Higgs), 
•  Search for 

–  additional Higgs bosons: H, A, H± 

–  uncolored SUSY particles: EWK-inos, sleptons 
•  Look for specific deviation patterns in  

–  Higgs couplings 
–  gauge boson properties 

 
If composite Higgs, 
•  Look for specific deviation patterns in 

–  Higgs couplings 
–  top (ttZ) couplings 

Both cases synergistic with LHC  
searches/measurements 
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Three key probes for BSM at ILC: 
 
•  Higgs boson 
•  Top quark 
•  New particles 
 
 
Three key tools to enable this endeavor: 

•  Well-defined initial states with controllable ECM 
•  Clean environment: 

•  No QCD bkg. 
•  Only calculable bkg. from EW processes 

•  Beam polarization (unique to linear colliders)	
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Power of Beam Polarization 

W
+
W

-
 (Largest SM bkg in SUSY searches) 

Slepton pair 

Chargino pair 

WW-fusion Higgs prod. 
Pol(e-) -0.8 

Pol (e+) +0.3 

(σ/σ0)vvH 1.8x1.3=2.34 
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Decomposition	


Signal Enhancement	


Bkg. Suppression	




Higgs Physics at ILC 



Deviation in Higgs Couplings 

mass 

mh 

mA 

Size of the deviation depends on 
the scale of new physics. 

ghbb

ghSMbb
=

gh��

ghSM��
� 1 + 1.7%

�
1 TeV
mA

�2

New physics at 1 TeV gives only a few percent deviation.   
We need %-level precision to see such a deviation à ILC 

Example 1: MSSM (tanβ=5, radiative corrections ≈ 1) 

Example 2: Minimal Composite Higgs Model 

ghV V

ghSM V V
� 1 � 8.3%

�
1 TeV

f

�2

heavy Higgs mass	


composite scale	
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ZH dominates at 250 GeV 
(~80k ev: 250 fb-1) 

vvH takes over at 500 
GeV (~125k ev: 500 fb-1) 

Production cross section 

Rediscovery of Higgs in one day of running 

Higgs Production at ILC 
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Coupling Extraction 
At LHC all the measurements are σ×BR measurements.  
At ILC all but one measurements are σ×BR measurements.  

Recoil mass technique:	


σ×BR	


σ	


BR	


g 
coupling	


Γ 
total width	


Zàqq also usable	


WW-fusion crucial for 
precise total width 
measurement 
ECM >= 350 GeV	
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Higgs Coupling 
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 *-1 500 GeV,   500 fb⊕ -1 250 GeV,   250 fbILC
 *-1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC

 *-1 1 TeV, 2500 fb⊕ -1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC
 combination **-1 3000 fbHL-LHC ⊕ ILC

* Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974

Projected Higgs Coupling Precision, Model-Independent Fit
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All major 
decay 
modes 
accessible 

Model-independent determination: unique at ILC 

Excellent vertex 
resolution for b/c 
separation 

500 GeV already excellent except for κt and κγ	
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 *-1 500 GeV,   500 fb⊕ -1 250 GeV,   250 fbILC
 *-1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC

 *-1 1 TeV, 2500 fb⊕ -1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC
-1fb 550 GeV instead of 500 GeV ILC

 combination **-1 3000 fbHL-LHC ⊕ ILC
* Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974

Projected Higgs Coupling Precision, Model-Independent Fit

%

%

%

%

%

%

%

%

tκ bκ τκ cκ Zκ Wκ gκ γκ

Higgs Coupling 
Model-independent determination: unique at ILC 

~1% precision for most couplings	


Top Yukawa 
improves by 
going to 550 GeV 

Near threshold 
→ factor ~4 
enhancement of 
σtth by 500 GeV 
à 550 GeV  

LHC can precisely 
measure 
 
  BR(h→γγ)/BR(h→ZZ*) 
  = (Kγ / KZ)2 

ILC can 
precisely 
measure KZ 

Better hγγ with 
LHC/ILC 
synergy! 
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* Ref. arXiv:1307.7135, ** Ref. arXiv:1310.0763, *** Ref. arXiv:1312.4974

 (CMS-1) *-1 14 TeV, 3000 fbHL-LHC
 (CMS-2) *-1 14 TeV, 3000 fbHL-LHC

 **-1 500 GeV,   500 fb⊕ -1 250 GeV,   250 fbILC
 **-1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC

 **-1 1 TeV, 2500 fb⊕ -1 500 GeV, 1600 fb⊕ -1 250 GeV, 1150 fbILC
 combination ***-1 3000 fbHL-LHC ⊕ ILC

%

%

%

%

%

%

%

%

%

t c, u,κ b s, d,κ τ,µ e,κ Zκ Wκ gκ γκ 15 



Fingerprinting 
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Fingerprinting 
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 [Ref. arXiv:1310.0763]ILC Projection
-1 500 GeV, 1600 fb⊕ -1250 GeV, 1150 fb

= 1.5 TeV)fMCHM5 (
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 [Ref. arXiv:1310.0763]ILC Projection
-1 500 GeV, 1600 fb⊕ -1250 GeV, 1150 fb

 = 700 GeV)A = 5, MβMSSM (tan
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Supersymmetry 
(MSSM)	


Composite Higgs 
(MCHM5)	


Higgs boson: elementary or composite? 

ILC 250+500 LumiUp	


Able to distinguish models with specific patterns	
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-1 550 GeV, 1600 fb⊕ -1250 GeV, 1150 fb
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Fingerprinting 

Supersymmetry 
(MSSM)	


Composite Higgs 
(MCHM5)	


Higgs boson: elementary or composite? 

ILC 250+550 LumiUp	


Able to distinguish models with specific patterns	
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Fingerprinting 

Snowmass ILC Higgs White Paper (arXiv: 1310.0763) 

Multiplet Structure 

Kτ


Kb


4 Possible Z2 Charge Assignments  
that forbids tree-level Higgs-induced FCNC 

KV2 = sin(β-α)2 =1 ⇔ SM 

If HZZ coupling deviation is  
1-Kv = 0.5% (à Kv2 = 0.99), 
able to discriminate all  
four models 

2HDM 

SUSY	
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Electroweak 
Phase Transition 

 
1st order or 2nd order ? 

20




3

shows the cross sections of these two processes as a function of the center of mass energy. The double Higgs-strahlung
process is expected to be dominant at around the center of mass energy of 500 GeV and to be taken over by the WW
fusion process at higher energy at around 1 TeV. Their tree-level Feynman diagrams are respectively shown in Figure
2 and Figure 3. However, in both cases, there exist the irreducible Feynman diagrams which have the same final-
state particles but don’t concern the Higgs self-coupling. The interferences between the interested Higgs self-coupling
related diagrams and these irreduciable diagrams make the measurement of the Higgs self-coupling more complicated.
As a result of the interferences, the cross sections (�) of e+e� ! ZHH and e+e� ! ⌫⌫̄HH , as a function of the
Higgs self-coupling (�), can be formulated as � = a�2+ b�+ c, where constant a comes from the contribution of Higgs
self-coupling diagram, c comes from the contribution of the irreducible diagrams and b comes from the contribution
of the interference between them. For a particular value of the Higgs mass of MH = 120 GeV, Figure 4 shows these
functions, by which we can infer the Higgs self-coupling from the cross sections of the two processes. And at the value
of the standard model, the precision of the Higgs self-coupling ( ��� ) is determined to be 1.8 times of the precision of
the cross section of e+e� ! ZHH ( ��� ) at 500 GeV,

��

�
= 1.8

��

�
. (2)

In case of e+e� ! ⌫⌫̄HH at 1 TeV, the factor will be 0.85,

��

�
= 0.85

��

�
. (3)

Here we see the complication caused by the interference, without which the factor will always be 0.5. A new weighting
method developed recently [20] shows we can enhance the coupling sensitivity, as a result of which the above factors
can be improved correspondingly to 1.66 and 0.76
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FIG. 1: The separate and combined production cross sections for the ZHH and ⌫⌫̄HH processes as a function of the center of
mass energy assuming the Higgs mass of 120 GeV. The red line is for the ZHH process, the blue line is for the ⌫⌫̄HH fusion
process and the green line is for the combined result.

III. SIMULATION FRAMEWORK

[This Part is to be added later, which nevertheless is common for all the DBD benchmark analyses.
In this analysis the �� to low pt hadrons background has not been overlaid.]

Higgs Self-Coupling 
Existence of hhh coupling = 
Direct evidence of vacuum condensation 

h�

h�
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1.3 Double Higgs production and the Higgs self-coupling 31

Table 1-24. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p

s (GeV) 500 500 500/1000 500/1000 1400 3000R
Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [84] for an ILC-based photon collider running for 5 years, leading to 80 raw
�� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity of
only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-25.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-26. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013

Ongoing analysis improvements towards O(10)% measurement 

arXiv:1310.0763 

Challenging measurement because of: 
•  Small cross section (Zhh 0.2 fb at 500 GeV) 
•  Many jets in the final state 
•  Presence of irreducible bkg diagrams 
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Example: 
 
Electroweak baryogenesis in a 
Two Higgs Doublet Model 
 
Large deviations in Higgs self-
coupling 
→ 1st order EW phase  
     transition  
→ Out of equilibrium 

+ CPV in Higgs sector 
→ EW baryogenesis possible 

Region where EW 
baryogenesis is 
expected 

Minimum value of 
Higgs self-coupling for 
EW baryogenesis 

Senaha, Kanemura


ILC can test the idea of 
baryogenesis occurring at 
the electroweak scale. 

1st order 
EWPT 

Electroweak Baryogenesis 
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Top Physics at ILC 



SM up to ΛPlanck? 
What if the Higgs properties would turn out to be 
just like those of the SM Higgs boson, to the ILC 
precision, and that no BSM signal is found? 

We would need to question the validity of the SM. 

How high can the SM go? 
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Vacuum Stability in the SM 

Does λ really become 
negative below ΛPl? 

or λ(ΛPl) = 0? 

arXiv:1205.6497, Degrassi et al. 

mH=125GeV à SM 
vacuum appears to 
be at a subtle point 
of meta-stability 

Top Pair Threshold ~350 GeV 

ILC 3σ


Theoretically clean 
measurement of mt 

To answer this we need a precise top mass 
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−10% −20% 20% 10% 

20% 

10% 

−10% 

−20% 

Composite Higgs with 
SO(5)/SO(4)	


RS with Custodial SU(2)	


Little Higgs	


Composite Top	


AdS5 with Custodial O(3)	


5D Emergent	


LHC 

SM/SUSY	


�tL/tL

�tR/tR
ILC Deviations for different models for new 

physics scale at ~1 TeV. 
Based on F. Richard, arXiv:1403.2893	


LHC, Ref. arXiv:1311.2028 à 
 
ILC, Ref. arXiv:1307.8102 à 

Impact of BSM on Top Sector 
In composite Higgs models, the top quark is often partially composite. 
This results in form factors in ttZ couplings, which can be measured at ILC. 
Beam polarization is essential to distinguish left/right-handed couplings. 

Deviation in ttZ coupling 
of left-handed top	


Deviation in ttZ coupling 
of right-handed top	
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RS warped with 
Hosotani mechanism	




Searches for direct production of  
SUSY / DM at the ILC 



Sensitivity to SUSY 

0	
 1	
 2	
 3	

M3 (TeV) ~ gluino mass	


Bino LSP 
(Gravity  
mediation) 

Wino LSP 
(Anomaly  
mediation) 

Higgsino LSP 

Examples of model-independent SUSY searches 
•  LHC: gluino search 
•  ILC: EWK-ino (chargino/neutralino) search 
Compare using gaugino mass relations 

ILC 500 GeV 
ILC 1 TeV 

LHC 8 TeV (heavy squarks) 
            LHC 300 fb-1, √s=14 TeV 
                        LHC 3000 fb-1, √s=14 TeV 

4	
 5	


[Assumptions: MSUGRA/GMSB relation M1 : M2 : M3 = 1 : 2 : 6;  AMSB relation M1 : M2 : M3 = 3.3 : 1 : 10.5] 

Preliminary 

(no relation between µ and M3) 

[this comparison is for illustration only; specific channels should be looked at for actual comparisons] 
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SUSY EW Prod. @ HL-LHC 

C1N2 à WN1ZN1 
arXiv:1307.7292 29 



Bino-like LSP Wino-like LSP Higgsino-like LSP 

LSP/NLSP typically degenerate 
(depends on mixing) 

SUSY Electroweak Sector 
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Higgsinos in Natural SUSY (ΔM ~ 1 GeV) 

Hale Sert

ECFA LCWS 2013, DESY

EPJC (2013) 73:2660


2×Mχ 

Only very soft particles in the final states 
→ Require a hard ISR to reduce large 
two-photon bkg 

ISR Tagging 

2×Mχ 

500 fb-1 @ ECM = 500GeV 
P(e+,e-) = (+0.3,-0.8) and (-0.3,+0.8) 

ILC as a Higgsino Factory ISR Tagging 
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Extracting M1 and M2 

In the radiatively driven natural SUSY 
(RNS) scenario as in arXiv:1404.7510, 
ΔM~10GeV, can determine M1 and M2 to a 
few % or better, allowing us to test the 
gaugino mass relation 

RNS: Baer et al.

arXiv: 1404.7510


Hale Sert

ECFA LCWS 2013, DESY

Berggren et al. EPJC (2013) 
73:2660


100#-­‐1@250GeV	
  

ΔM=15GeV	
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Test of  
 

GUT-Scale 
 

Physics 
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Test of Gaugino Mass Unification 
•  EWK-ino @ ILC à probe M1-M2 gaugino mass relation 

–  Prediction of gluino mass scale under this assumption 
•  Gluino @ LHC à test of gaugino mass relation by LHC/ILC synergy 
•  Discrimination of SUSY spontaneous symmetry breaking scenarios 

ILC 

ILC 

LHC 
LHC: gluino discovery 
à mass determination 
 
ILC: Higgsino discovery 
à M1, M2 via mixing between 
Higgsino and Bino/Wino 

Gaugino mass unification: Higgsino-like LSP 
scenario [Baer, List] 
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Dark Matter	
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WIMP Dark Matter @ ILC 

BR(Hàinvis.) < 0.4% 
at 250 GeV, 1150 fb-1 

→ MDM reach ~ Ecm/2 

SUSY-specific signatures (decays to DM) 
•  light Higgsino, light stau, etc. 

WIMP searches at colliders are complementary to direct/indirect searches. 
Examples at the ILC: 

Higgs Invisible Decay Monophoton Search 

In many models, DM has a charged partner e.g. Wino, Higgsino 

MDM < Mh /2 
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DM: Effective Operator Approach 

LHC: Mediator mass up to Λ~1.5 TeV for large DM mass 
ILC: Mediator mass up to Λ~3 TeV for DM mass up to ~√s/2 

Chaus, List et al. Chaus, List et al. 
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Baltz, Battaglia, Peskin, Wizansky 
PRD74 (2006) 103521, arXiv:hep-ph/0602187 
*This particular benchmark point is excluded.  Update is in progress. 

DM Relic Abundance 

Once a DM candidate is 
discovered, crucial to check the 
consistency with the measured DM 
relic abundance. 
 
Mass and couplings measured  
at ILC  
       → DM relic density 

ESA/Planck WMAP/Planck (68% CL) 
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Z’ 
 

Heavy Neutral Gauge Bosons	
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Z’ : Heavy Neutral Gauge Bosons 
New gauge forces imply existence of heavy gauge bosons (Z’) 
LHC/ILC synergy: 
•  LHC discovery à determine mass of Z’ 
•  ILC measurements à indirect access to couplings 
Allows model discrimination 
ILC: Beam polarizations improve reach and discrimination power 

�/Z⇤

e�

e+

f̄

f

Z’ 

3.3. Quark and lepton compositeness

Figure 3.3
95% confidence regions
in the plane of the
couplings of left- and
right-handed leptons to
a ZÕ boson, for the ILC
with

Ô
s = 500 GeV

and 1000 fb≠1 and
80%/60% electron and
positron polarization,
for MZÕ = 2 TeV (left
panel) and 4 TeV (right
panel). For further
details, see [16].
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precision measurements.
The results for the measurement of leptonic Z Õ couplings are presented in Fig. 3.2. Systematic

uncertainties of 0.2% for the leptonic observables and the luminosity are taken into account; a 0.25%
error on beam polarization measurement is assumed. The Z Õ coupling to b-quarks resulting from a
simultaneous fit to lepton and bb final states is shown in Fig. 3.2, where a systematic uncertainty of
0.5% is assumed for b-quark observables.

It is evident that increasing the center-of-mass energy is more e�cient than collecting more
luminosity. At high luminosities systematic uncertainties limit the sensitivity, and even in case of
negligible systematic errors doubling the luminosity would improve the range for the Z Õ couplings
only by a factor 0.84. A rough scaling for Z Õ couplings and mass with energy and luminosity is given
by the relation g/mZÕ Ã (s · Lint)≠1/4.

3.2.4 Z Õ model discrimination

Since every model predicts a particular pattern of Z Õ couplings to SM fermions, a measurement of
these couplings makes it possible to distinguish between models. For example, expected accuracy of
the measurement of the Z Õ couplings to charged leptons, in a variety of popular Z Õ models, is shown
in Fig. 3.3 (from [16]). The predictions of the benchmark models are quite distinct. Most models can
be readily distinguished even for a Z Õ as heavy as 4 TeV, at a 500 GeV ILC. It should be emphasized
that beam polarization plays a crucial role in this analysis.

3.3 Quark and lepton compositeness

In many extensions of the SM, quarks and leptons themselves are composite particles, resolved into
more fundamental constituents at an energy scale �. The e�ect of such compositness in 2 æ 2
fermion scattering processes at energies well below � is to induce contact-interaction type corrections,
similar to the corrections due to a heavy resonance discussed above. The e�ects can be parametrized
by adding four-fermion operators to the Lagrangian with coe�cients proportional to inverse powers of
� [17]. Currently, the strongest bounds on four-lepton and eeqq operators are � >≥ 10 TeV [18,19].
These bounds come from experiments at LEP. The LHC is unlikely to improve these limits, since at
the LHC we have only limited polarization observables in 4-fermion reactions and we do not know the
flavor of initial state quarks. The ILC can dramatically increase the reach, with sensitivity to scales as
high as 50 ≠ 100 TeV depending on the helicity structure of the operators (see Fig. 3.4.)
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Z’ = 2 TeV 

Z’ Search / StudyarXiv:0912.2806 [hep-ph]
hep-ph/0511335

Z’(2TeV)

1ab^-1 @ 500 GeV

ILC’s Model ID capability is expected to exceed that of LHC 
even if we cannot hit the Z’ pole.

Beam polarization is essential to sort out various possibilities. 

Two-Fermion Processes
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Summary 



•  The discovery of H(125) has taught us how the EW symmetry is broken.  
We now wish to know why.  Any explanation requires BSM. 

•  Powerful probes at ILC: H(125), top quark, and direct searches 
•  Fingerprinting of BSM models / setting the next energy scale 
•  Self-coupling measurement probes whether EWPT is 1st order à 

connection to EW baryogenesis 
•  Direct searches: important parameter space to be explored for the first 

time at the ILC.  Once discovered, precise measurements probe 
underlying mechanism behind it.  Access to GUT-scale physics in 
some cases. 

•  If DM candidate within ILC reach, measure mass/couplings to check 
consistency with the measured DM relic density 

•  ILC will pave the way for physics beyond the SM. 

Summary 
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Additional Slides 



Flavor-violating Higgs decays 
•  Leptonic FV Higgs decays: 

–  Hàτµ, µe, τe 

•  Hadronic FV Higgs decays: 
–  Hàbd, bs, sd, cu 
–  Hàt*càWbc / Hàt*uàWbu 
–  tàHc (top FCNC) 

•  Hadronic flavor-conserving Higgs decays? 
–  Limits on Hàuu, dd, ss 

Flavor 
LHC 
ILC ?	


Flavor 
ILC ?	


LHC & ILC	


Need survey of new physics models	


ILC ?	
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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cLFV 
g-2 
EDM 
B/τ factories 
… 

LHC 

Leptonic FV Higgs decays 

to the data points given in [45] is beyond the scope of this work, we have estimated that

flavor-violating couplings
p|Y`e|2 + |Ye`|2 . few⇥ 10�1 are excluded by LEP.

H. Allowed branching ratios for lepton flavor violating Higgs decays

In Fig. 6 we collect the above constraints on the values of |Ye⌧ |, |Y⌧e| (upper left panel),
|Yeµ|, |Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) and relate them to the predicted

branching ratios for h ! e⌧ , h ! e⌧ and h ! µ⌧ . The latter are given by

BR(h ! `↵`�) =
�(h ! `↵`�)

�(h ! `↵`�) + �
SM

, (26)

where `↵, `� = e, µ, ⌧ , `↵ 6= `�. The decay width �(h ! `↵`�), in turn, is

�(h ! `↵`�) =
mh

8⇡

�|Y`�`↵ |2 + |Y`↵`� |2
�

, (27)

and the SM Higgs width is �
SM

= 4.1 MeV for a 125 GeV Higgs boson [46]. In the panels

of Fig. 6 we are assuming that at most one of non-standard decay mode of the Higgs is

significant compared to the SM decay width.

From Fig. 6 we see that given current bounds from ⌧ ! µ� and ⌧ ! e�, branching

fractions for h ! ⌧µ or h ! ⌧e in the neighborhood of 10% are allowed. This is well within

the reach of the LHC as we shall show in Sec. V. The allowed sizes of these two decay widths

are comparable to the sizes of decay widths into nonstandard decay channels (such as the

invisible decay width) that are allowed by global fits [47]. If there is no significant negative

contribution to Higgs production through gluon fusion, one has BR(h ! invisible) . 20%,

while allowing for arbitrarily large modifications of gluon and photon couplings to the Higgs

leads to the constraint BR(h ! invisible) . 65% [47]. These two bounds apply without

change also to BR(h ! ⌧µ), BR(h ! ⌧e) and BR(h ! eµ).

In contrast to decays involving a ⌧ lepton, the branching ratio for h ! eµ is extremely

well constrained by µ ! e�, µ ! 3e and µ ! e conversion bounds, and is required to be

below BR(h ! eµ) . 2⇥ 10�8, well beyond the reach of the LHC.

IV. HADRONIC FLAVOR VIOLATING DECAYS OF THE HIGGS

We next consider flavor violating decays of the Higgs to quarks. We first discuss two-body

decays to light quarks, h ! b̄d, b̄s, s̄d, c̄u, and then turn to FV three body decays mediated

16

ILC ? 
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Hadronic FL Higgs decays 
Technique Coupling Constraint

D0 oscillations [48]
|Yuc|2, |Ycu|2 < 5.0⇥ 10�9

|YucYcu| < 7.5⇥ 10�10

B0

d oscillations [48]
|Ydb|2, |Ybd|2 < 2.3⇥ 10�8

|YdbYbd| < 3.3⇥ 10�9

B0

s oscillations [48]
|Ysb|2, |Ybs|2 < 1.8⇥ 10�6

|YsbYbs| < 2.5⇥ 10�7

K0 oscillations [48]

Re(Y 2

ds), Re(Y
2

sd) [�5.9 . . . 5.6]⇥ 10�10

Im(Y 2

ds), Im(Y 2

sd) [�2.9 . . . 1.6]⇥ 10�12

Re(Y ⇤
dsYsd) [�5.6 . . . 5.6]⇥ 10�11

Im(Y ⇤
dsYsd) [�1.4 . . . 2.8]⇥ 10�13

single-top production [49]

p

|Y 2

tc|+ |Yct|2 < 3.7
p

|Y 2

tu|+ |Yut|2 < 1.6

t ! hj [50]

p

|Y 2

tc|+ |Yct|2 < 0.34
p

|Y 2

tu|+ |Yut|2 < 0.34

D0 oscillations [48]

|YutYct|, |YtuYtc| < 7.6⇥ 10�3

|YtuYct|, |YutYtc| < 2.2⇥ 10�3

|YutYtuYctYtc|1/2 < 0.9⇥ 10�3

neutron EDM [37] Im(YutYtu) < 4.4⇥ 10�8

Table II: Constraints on flavor violating Higgs couplings to quarks. We have assumed a Higgs mass

mh = 125 GeV, and we have taken the diagonal Yukawa couplings at their SM values.

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.

A. Flavor violating Higgs decays into light quarks

Flavor violating Higgs couplings to quarks can generate flavor changing neutral currents

(FCNCs) at tree level, see Fig. 7 (a), and are thus well constrained by the measured Bd,s �
B̄d,s, K0 � K̄0 and D0 � D̄0 mixing rates. Integrating out the Higgs generates an e↵ective
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Flavor data 
LHC 

Hcu 

Hbd 

Hbs 

Hsd 

Htc 
Htu 

Constrained by 
flavor data	
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Hadronic FL Higgs decays 
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Figure 8: Predictions for various flavor changing neutral current (FCNC) processes mediated by the

flavor violating Yukawa couplings Yct, Ytc or Yut, Ytu of a 125 GeV Higgs boson. Where appropriate,

we have approximated the diagonal Yukawa couplings by their Standard Models values. Blue

dashed contours indicate the branching ratio for h ! t⇤q, red solid contours the one for t ! hq

(where q denotes a charm or up quark). The light yellow region shows a recent limit on t ! hc (or

hu) from an LHC multi-lepton search [50].

We now translate these bounds into constraints on the h ! (t̄⇤ ! Wb̄)q decay width, which

is given by (setting mb,q = 0)

d2�(h ! t̄⇤q)

dm2

12

dm2

23

=
3g2|Vtb|2

64(2⇡)3m2

Wm3

h

1

(m2

23

�m2

t )2

h

m2

12

�

2m2

W �m2

23

��

m2

t |Yqt|2 �m2

23

|Ytq|2
�

+
�

m2

h �m2

23

��

m2

23

�m2

W

��

2m2

W |Ytq|2 +m2

t |Yqt|2
�

i

, (37)

where Vtb ' 1 is a CKM matrix element. The branching ratio for h ! t⇤c can be as large

as O(10�3), and the one for h ! t⇤u can be few⇥ 10�4 as shown in Fig. 8.

If the decay h ! (t⇤ ! Wb)c is non-negligible, so is the related non-standard top quark

decay mode t ! hc, the rate for which is given by (neglecting the charm mass)

�(t ! hc) =
|Yct|2 + |Ytc|2

32⇡

(m2

t �m2

h)
2

m3

t

. (38)

Branching ratios for t ! hc of several tens of per cent are perfectly viable and can be

searched for, e.g. in the multi-lepton or t ! bb̄c channels. In fact, the strongest hint on
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Top FCNC 
The top decays predominantly as tàbW.  Rare decays, such as flavor-
changing neutral currents (FCNC), which are suppressed in the SM but 
proceeds as a loop of new particles, are sensitive probes of new physics. 

Observables, e.g. B(t � Zq)(�µ)

B(t � Zq)(�µ�)

B(t � �q)

B(t � hq)

B(t � gq)

g = u, cwith 

At ILC, accessible via: 
(1)  single top production (250 GeV~)  
(2)  top pair production (350 GeV~) 
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1.5 Rare decays 23

Table 1-9. Projected limits on top FCNCs at the LHC and ILC. “Extrap.” denotes estimates based on
extrapolation as described in the text. For the ILC/CLIC, limits for various tensor couplings (i.e., with �µ⌫

structure) are shown inside ().

Process Br Limit Search Dataset Reference

t ! Zq 2.2⇥ 10�4 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 300 fb�1, 14 TeV [140]

t ! Zq 7⇥ 10�5 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 3000 fb�1, 14 TeV [140]

t ! Zq 5 (2)⇥ 10�4 ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 250 GeV Extrap.

t ! Zq 1.5 (1.1)⇥ 10�4 (�5) ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! Zq 1.6 (1.7)⇥ 10�3 ILC tt̄, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! �q 8⇥ 10�5 ATLAS tt̄ ! Wb+ �q 300 fb�1, 14 TeV [140]

t ! �q 2.5⇥ 10�5 ATLAS tt̄ ! Wb+ �q 3000 fb�1, 14 TeV [140]

t ! �q 6⇥ 10�5 ILC single top 500 fb�1, 250 GeV Extrap.

t ! �q 6.4⇥ 10�6 ILC single top 500 fb�1, 500 GeV [141]

t ! �q 1.0⇥ 10�4 ILC tt̄ 500 fb�1, 500 GeV [141]

t ! gu 4⇥ 10�6 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gu 1⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! gc 1⇥ 10�5 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gc 4⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�3 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 300 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 3000 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 300 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 3000 fb�1, 14 TeV Extrap.

1.5.4 Projected Limits

Although current direct limits on flavor-violating top couplings do not appreciably encroach on the parameter
space of motivated theories (compare tables 1-7 and 1-8), future colliders should attain meaningful sensitivity
(see table 1-9). Here we will focus on the sensitivity of the

p
s = 14 TeV LHC after 300 and 3000 fb�1

of integrated luminosity, as well as the ILC operating at
p
s = 250 and the ILC/CLIC at 500 GeV, with

500 fb�1 of integrated luminosity. The case of the
p
s = 250 GeV ILC is particularly interesting, since it

possesses sensitivity to top FCNCs through single-top production via a photon or Z boson.

1.5.4.1 LHC projections

At present, estimates of future LHC sensitivity to top FCNCs arise from two sources: o�cial projections
from the European Strategy Group (ESG) report [140] and approximate extrapolation from current searches
at the 7 and 8 TeV LHC based on changes in luminosity, energy, and trigger thresholds. Table 1-9 provides
a summary of the projected limits at the 14 TeV LHC with 300 and 3000 fb�1 integrated luminosity.

Community Planning Study: Snowmass 2013

LHC/ILC projection, Snowmass Top WG arXiv:1311.2028	


ILC Ref. Aguilar-Saavedra, Riemann 
[arXiv:hep-ph/0102197] 
TESLA fast simulation study 

would be 2100 fb−1 and 3000 fb−1, respectively.
For top decay signals polarization is not as useful, because the backgrounds are already

very small for unpolarized beams, and the luminosities required to glimpse the potential
improvement would exceed 1000 fb−1. In addition, the signal cross-sections decrease 10 −
20%, in contrast to single top production. However, e− and e+ polarization still gives an
improvement in the γtq coupling 3σ discovery limits at 500 GeV with 300 fb−1 of a factor of
1.6. This would be equivalent to double the luminosity without polarization.

Influence of centre of mass energy. The increase in CM energy from 500 GeV to 800
GeV enhances the sensitivity of single top production to σµν couplings. This is because
the signal cross-sections do not decrease (for the photon it even increases slightly) whereas
the background is less than one half at 800 GeV. An e+e− collider with 800 GeV and a
reference luminosity of 100 fb−1 is sensitive to top rare decays mediated by these vertices
with branching ratios 1.5− 2 times smaller than one with 500 GeV and the same luminosity.
Of course, the higher luminosity at 800 GeV has also to be taken into account, and then this
energy is best suited to perform searches for these vertices.

For normalizable γµ couplings the signal cross-sections decrease for 800 GeV as expected,
and thus the sensitivity is worse, even after taking into account the luminosity increase. More
surprisingly, in top decays the limits are worse for the three types of couplings, because top
decays are not sensitive to the qν factor of the σµν vertex. Hence, to search for γµ couplings
in single top production and for all FCN coupling searches in top decays the CM energy of
500 GeV is more adequate and gives the best results.

Conclusions. We compare the best limits on anomalous couplings that can be obtained
at TESLA and LHC. To obtain the values for LHC we rescale the data from the literature to
a b tagging efficiency of 50% and keep the average mistagging rate used of 1% for other jets,
which is somewhat optimistic. The best LHC limits on V tc couplings come from top decays,
whereas the best ones on V tu couplings are from single top production. The LHC limit on
Br(t → Zc) with σµν couplings is estimated to be similar to the one with γµ couplings having
in mind the similar result observed in Section 5. We assume one year of running time in
all the cases, that is, 100 fb−1 for LHC, 300 fb−1 for TESLA at 500 GeV and 500 fb−1 for
TESLA at 800 GeV. We use the statistical estimators explained in Section 2.

LHC TESLA
95% 3σ 95% 3σ

Br(t → Zu) (γµ) 6.2 × 10−5 8.0 × 10−5 1.9 × 10−4 2.2 × 10−4

Br(t → Zc) (γµ) 7.1 × 10−5 1.0 × 10−4 1.9 × 10−4 2.2 × 10−4

Br(t → Zu) (σµν) 1.8 × 10−5 2.3 × 10−5 6.2 × 10−6 7.0 × 10−6

Br(t → Zc) (σµν) 7.1 × 10−5 1.0 × 10−4 6.2 × 10−6 7.0 × 10−6

Br(t → γu) 2.3 × 10−6 3.0 × 10−6 3.7 × 10−6 3.6 × 10−6

Br(t → γc) 7.7 × 10−6 1.2 × 10−5 3.7 × 10−6 3.6 × 10−6

Table 24: Best limits on top FCN couplings that can be obtained at LHC and TESLA for
one year of operation.

We see that LHC and TESLA complement each other in the search for top FCN vertices.
The γµ couplings to the Z boson can be best measured or bound at LHC, whereas the
sensitivity to the σµν ones is better at TESLA. For photon vertices, LHC is better for γtu

15

too old	
 300 fb-1 @ 500 GeV 
500 fb-1 @ 800 GeV	


à would be interesting to do full simulation study with the latest flavor tagging tools 

Are there ILC studies?	


Single top @ ILC 250 
Single top @ ILC 500 
Top pair @ ILC 500	


Single top @ ILC 250 
Single top @ ILC 500 
Top pair @ ILC 500	
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Composite gauge bosons? 
•  If we consider the possibility that the Higgs boson is composite, we 

should also consider the possibility that gauge bosons are composite. 
•  Predictions:  Anomalous couplings ZWW, γWW, HWW, HZZ, HZγ, … 

–  Chang, Lee, PRD 37 101 (1998) 
–  Martinez, Queijeiro, Tun, Phys. Scr. 45 425 (1992) 

•  Simulation study for HWW 
–  Takubo et al. PRD 88 013010 (2013) 

example of new physics model which give rise to the effective interaction Lagrangian

in Section 4. The final section is reserved for summary and conclusions.

2 Physics Model

We may parametrise the relevant terms of the general interaction Lagrangian, which

couples the Higgs boson to EW vector bosons in a Lorentz-symmetric fashion, as

LHWW = 2M2
W

(

1

v
+

a

Λ

)

H W+
µ W−µ +

b

Λ
H W+

µνW
−µν +

b̃

Λ
H ϵµνστW+

µνW
−
στ , (2.1)

where MW is the mass of the W -boson, W±
µν is the usual gauge field strength ten-

sor, ϵµνστ is the Levi-Civita tensor, v is the VEV of the Higgs field, a, b, b̃ are real

dimensionless coefficients and Λ is a cutoff scale. The SM interaction is recovered

in the limit a, b, b̃ → 0. The dimensionless couplings b, b̃ parametrise the leading

dimension-five non-renormalisable interactions2, which we assume are due to contri-

butions arising from some new physics at the scale Λ. The dimensionless coupling a

represents corrections to the SM term, assumed to originate at the same scale Λ. The

Lagrangian (2.1) is not by itself gauge invarient; to restore explicit gauge invarience

we must also include the corresponding anomalous couplings of the Higgs boson to

Z bosons and photons.

We will assume the Higgs boson mass to beMH < 2MW , being consistent with the

recent discovery of the Higgs boson candidate at the LHC [1, 2], so that the decay to

real W+W− pairs is kinematically forbidden; the anomalous couplings may however

contribute to the decay H → WW ∗ with distinct signatures. The a parameter is

simply a rescaling of the SM coupling and therefore manifests itself as a shift in

the overall partial width for this channel. By comparison, the non-renormalisable

coupling b has a different Lorentz structure to the SM term and leads to a change

in the ratio of couplings to the transverse or longitudinal components of the gauge

bosons. Finally, the coupling b̃ introduces a CP-violating operator which can affect

angular correlations, as discussed below.

Assuming all final state fermions to be massless, the differential partial width for

the decay chain H → WW ∗ → 4j as a function of the on-shell W -boson momentum

pW and the azimuthal angle between the up-type quark and anti-quark φ (with axis

2The effects of dimension-six operators in the effective Lagrangian were considered in [11].

3

•  Need to connect the compositeness scale to the size of the 
anomalous couplings 
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Anomalous HWW coupling 
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Figure 4: Probability contours for ∆χ2 = 1, 2.28, and 5.99 in the a-b plane, which

correspond to 39%, 68%, and 95% C.L., respectively.

and H → Zγ contamination is sizable, the effect on the H → WW ∗ should be much

larger for our H → WW ∗ sample as long as the interference term with the SM

amplitude dominates the anomalous coupling term squared. We thus conclude that

the possible anomalous HZZ and HZγ couplings will not affect the sensitivity of

our measurement of the anomalous HWW couplings using the H → WW ∗ decay.

It should also be worth noting that we can separately study the effect including

its size of the anomalous HZZ and HZγ couplings, for instance by measuring the

production cross section: e+e− → ZH without looking at the Higgs decay at all,

using the recoil mass technique [12].

To estimate the sensitivity to the Higgs anomalous couplings, the distributions
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compared with the SM case. For the comparison we varied two of the parameters

a, b, and b̃, whilst the third was set to zero. We then drew probability contours

for ∆χ2 = 1, 2.28 and 5.99, corresponding to 39%, 68% and 95% confidence levels

(C.L.) respectively, as in Figs. 4 through 6.

The contour plot in the a-b plane (Fig. 4) shows a linear correlation between a

and b due to changes in absolute value of the ZH → ννWW ∗ cross section, which

increases with a but decreases with increasing b. Note that with our conventions

a ≃ −4.1 cancels the SM coupling of the Higgs to W+W−, which means that taking

a ≃ −8.2 effectively reverses the sign of the SM coupling term. If we reverse the sign

of the b term in addition, we hence obtain exactly the same distribution provided that

the other parameter, b̃, is kept at zero. For this reason we observe a second allowed
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region in Fig. 4, connected to the first region (containing the SM point a = b = 0)

by a 180◦ rotation about (a, b) = (−4.1, 0).

By the same token, we have two allowed regions for the contours in the a-b̃ plane

as plotted in Fig. 5. The additional mirror symmetry of the contours about b̃ = 0

is present because we did not identify the charge of the charm jets for the φplane

measurement. The prospects for resolving this additional degeneracy by measuring

the jet charge are discussed in Section 4.1.

Finally, Fig. 6 shows the contours in the b-b̃ plane for a = 0. We observe that

these contours are also symmetric under the replacement b̃ → −b̃, again due to the

non-identification of the jet charge.
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COUPLINGS OF GAUGE BOSONS

TABLE 3.1
Results of the single parameter fits (1σ) to the different triple gauge couplings at the ILC for

√
s = 500 GeV

with L = 500 fb−1 and
√

s = 800 GeV with L = 1000 fb−1; Pe− = 80% and Pe+ = 60% has been used.

coupling error ×10−4

√
s = 500GeV

√
s = 800GeV

∆gZ
1 15.5 12.6

∆κγ 3.3 1.9

λγ 5.9 3.3

∆κZ 3.2 1.9

λZ 6.7 3.0

gZ
5 16.5 14.4

gZ
4 45.9 18.3

κ̃Z 39.0 14.3

λ̃Z 7.5 3.0

requires that gγ1 = 1 and gγ5 = 0 at zero momentum transfer. In the SM, one has gV
1 = κV = 1,

all other couplings are equal to zero. Among the different couplings g1, κ and λ are C- and
P-conserving, g5 is C and P-violating but CP-conserving while g4, κ̃, λ̃ violate CP symmetry.

Experimentally, the different types of couplings can be disentangled by analysing the
production angle distribution of the W boson and the W polarization structure which can
be obtained from the decay angle distributions. Anomalous WWγ and WWZ couplings give
similar signals in the final state distributions. However they can be disentangled easily at the
ILC using beam polarization. Because of the strong dominance of the left-handed electron
state, high polarization values are needed for this analysis. This can also be achieved by
increasing the effective polarization using polarized positron beams.

An analysis using a fast simulation has been performed at the two energies
√

s = 500GeV
and 800GeV [127] and the results for single parameter fits are shown in Table 3.1. For the
multi-parameter fits, the correlations are modest at

√
s = 800GeV so that the errors increase

by at most 20%, while at
√

s = 500GeV they are much larger and the errors increase by about
a factor two in the multi-parameter fit of the C,P conserving parameters. For the C or P
violating parameters, the correlations are small at both energies [127]. In scenarios in which
there is no Higgs boson and new strong interactions at high energies occur, the anomalous
triple gauge couplings translate into a mass scale for the new physics around 10TeV, i.e. far
beyond the energy where unitarity breaks down in this case [7].

Additional information on the triple gauge couplings can be obtained from the eγ and
γγ options of the ILC. In this case, only the WWγ couplings can be measured without
ambiguities from the WWZ couplings. It is often claimed that these options are particularly
sensitive because of the large cross sections and because the leading contributions depend on
the triple gauge couplings. However, in eγ→W−ν and γγ→W+W−, no gauge cancellations
occur so that the sensitivity is reduced. Detailed studies have shown that for the coupling
κγ , the e+e− mode is by far superior, while for the coupling λγ competitive results can be
obtained [128, 129]. Figure 3.3 compares the κγ and λγ measurements at different machines.
Particularly for the coupling κ which, because of its lower mass dimension is interesting to
study, the measurement at the ILC is an order of magnitude better than the one at the LHC.
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FIGURE 3.2. sin2 θl
eff versus MW for different experimental assumptions compared to the predictions from

the SM and the MSSM [41].

to constrain some of its parameters. It can also be seen that the precise top quark mass
measurement at the ILC is needed for an optimal sensitivity of the comparison.

3.2 COUPLINGS AMONG GAUGE BOSONS

3.2.1 Measurements of the triple couplings

The couplings among the electroweak gauge bosons are directly given by the structure of
the gauge group. This structure can thus directly be determined by a measurement of the
gauge boson interactions. W -boson pair production is an especially interesting process in
this respect. Without gauge interactions, W+W− pairs are produced in e+e− collisions
via neutrino t-channel exchange. This mechanism violates unitarity and is regulated by
the photon and Z boson s-channel exchange processes which involve the triple gauge boson
couplings. Since the exact values of the self-couplings, as predicted by the SU(2)L × U(1)Y
gauge structure, are needed for unitarity restoration, small changes lead to large variations
of the cross section. For this reason, the e+e− → W+W− process is much more sensitive to
the triple gauge boson couplings than one would naively expect from cross section estimates.

The triple gauge boson couplings are conventionally parameterized as [126]:

LWWV = gWWV

[
igV

1 Vµ
(
W−
ν W+

µν − W−
µνW

+
ν

)
+ iκV W−

µ W+
ν Vµν + i

λV

M2
W

W−
λµW+

µνVνλ

+ gV
4 W−

µ W+
ν (∂µVν + ∂νVµ) + gV

5 ϵµνλρ

(
W−

µ ∂λW
+
ν − ∂λW

−
µ W+

ν

)
Vρ

+ iκ̃V W−
µ W+

ν Ṽµν + i
λ̃V

M2
W

W−
λµW+

µν Ṽνλ

]
, (iii)

using the antisymmetric combinations Vµν =∂µVν−∂νVµ and their duals Ṽµν = 1
2ϵµνρσVρσ. The

overall coefficients are gWWγ = e and gWWZ = e cot θW . Electromagnetic gauge invariance
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FIGURE 3.3. Comparison of ∆κγ and ∆λγ at different machines. For LHC and ILC three years of running
are assumed (LHC: 300 fb−1, ILC

√
s = 500 GeV: 500 fb−1, ILC

√
s = 800 GeV: 1000 fb−1). If available

the results from multi-parameter fits have been used.

3.2.2 Measurements of the quartic couplings

In addition to the triple electroweak gauge boson couplings, the ILC is also sensitive to
the quartic couplings. Two processes are important in this context: triple gauge boson
production, e+e− → V V V , and vector boson scattering, e+e− → ℓ1ℓ2V V ′ with ℓ1,2 = e, ν
and V, V ′ = W,Z. In vector boson scattering, the underlying process is the quasi-elastic
scattering V1V2 → V3V4. The subprocesses with initial Z bosons are, however, suppressed as
a result of the small Zee couplings. Nevertheless WZ → WZ and ZZ → ZZ are of some use
in the case where no custodial SU(2) invariance is assumed.

In the SM in which a light Higgs boson is absent, unitarity requires that the interaction
among gauge bosons becomes strong at high energies. In this case, the physics of EWSB
below the symmetry breaking scale is described by the most general effective Lagrangian
for the Goldstone bosons required by the spontaneous SU(2)L × U(1)Y → U(1)Q breaking.
This Lagrangian describes the physics of longitudinal gauge bosons and its parameters can
be probed in their interactions. The most general C and P conserving effective Lagrangian
contains 10 dimension-four interactions L1,..,10 [130]. As the SM accounts for the small
deviation of the ρ = M2

W /(cos2 θW M2
Z) parameter from unity, a custodial SU(2)c symmetry

appears to be conserved and, in a first step, one can restrict the analyses to the five SU(2)c
invariant and linearly breaking operators. Three of them contribute to the triple gauge boson
couplings, while the remaining two contribute only to the quartic couplings,

L4 = α4 tr
(
VµVν

)
tr

(
V µV ν

)
, L5 = α5 tr

(
VµV µ

)
tr

(
VνV

ν
)

. (iv)

where Vµ simplifies to −ig σ
i

2 W i
µ+ig′ σ

3

2 Bµ (B is the hypercharge gauge boson) in the unitarity
gauge. The coefficients αi are related to scales of new physics Λ∗

i by naive dimensional
analysis, αi = (v/Λ∗

i )
2. In the absence of resonances that are lighter than 4πv, one expects

a strongly interacting symmetry breaking sector at a scale Λ∗
i ≈ 4πv ≈ 3TeV which means

the coefficients αi are of order 1/16π2 unless they are suppressed by some symmetry.
Thus, the quartic electroweak gauge couplings can be parameterized in an almost model-

independent way (only the custodial SU(2) symmetry can be assumed for simplicity) by the
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