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recent LCWS’s:

Hamburg 2007 ILC/LCWS

SLAC 2005

Paris 2004 (“old”)

Bangalore 2006 (not there)



SLAC 2005 LCWS
Working groups/parallel streams:
Higgs and Electroweak Symmetry Breaking, 
SUSY Particles, 
New Physics at TeV Scales and Precision 
Electroweak Studies,
...gg, cosmology

Hamburg 2007 ILC/LCWS
Forest of working groups/parallel streams:
TeV, 
SUSY, 
Higgs, 
Loops, 
gg,...



Non-SUSY (non-Higgs, non-...) BSM topics:

• Contact interactions

- Polarization

• Anomalous vector boson couplings

• Extra dimensions (see also K. Sridhar)

• Non-standard Higgs sector

• Non-commutative geometry



Contact interactions

• fermion pair final states:

• Bhabha

Notation (helicity amplitudes):

µ+µ−, bb̄, cc̄ (1)

1

µ+µ−, bb̄, cc̄ (1)

ηij = ±1 (2)

1

Aim: constrain 

µ+µ−, bb̄, cc̄ (1)

ηij = ±1 Λij (2)

1

µ+µ−, bb̄, cc̄ (1)

ηij = ±1 Λij (2)

1

could represent s- or t-channel exchange
Examples: low-energy limit of Z’, leptoquark

initial
final



Contact interactions

Advantages vs LHC:
beam polarization, may disentangle 
helicity amplitudes
clean environment
large reach (vs LHC)

Two approaches:

• Particular model (Riemann)

• Model-independent (Pankov et al)



Contact interactions

Couplings of gauge bosons to fermions

those obtainable at the LHC; this is shown in the e+e− → qq̄ case as the LHC cannot probe
e+e−µ+µ− couplings. At

√
s=1TeV, the limits are expected to be approximately 50% larger.

A model dependent application of the precision measurements of fermion pair production,
besides probing for instance fermion compositeness and/or anomalous couplings, leptoquarks,
etc., is the search for heavy neutral Z ′ vector bosons. The fermion cross sections and asym-
metries are altered by the virtual exchange of the Z ′ boson and are thus sensitive to its mass
and couplings. In general, the ILC precision measurements at

√
s = 500GeV are more or

equally sensitive to the Z ′ mass as the LHC direct mass reach and more sensitivity is gained
at a 1TeV. If a Z ′ boson with a mass MZ′ <∼ 3 − 4TeV has been observed at the LHC, the
ILC allows to determine the model origin. A more detailed discussion of Z ′ effects and other
applications of ILC precision measurements is given in chapter 6.
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FIGURE 3.1-1. Sensitivities at the 95% CL of a 500 GeV ILC to contact interaction scales Λ for different
helicities in e+e− → hadrons (left) and e+e− → µ+µ− (right) including beam polarization [122].

Another possibility to measure the fermion couplings to the Z boson is to return to the Z-
resonance in the GigaZ option of the ILC [19]. With a luminosity around L = 5·1033cm−2s−1,
a billion Z decays can be collected within a few months of running. The most sensitive
observable to measure the Z-fermion couplings is the left-right polarization asymmetry ALR =
1
P

σL−σR
σL+σR

, where σL,R denotes the cross section for left/right handed polarized electron beams
and P the beam polarization. This asymmetry is sensitive to the ratio of the vector to axial-
vector coupling of the electron to the Z boson, ALR = 2gV,egA,e/(g2

V,e + g2
A,e), which in turn

measures the effective weak mixing angle in Z decays, gV,e/gA,e = 1 − 4Qe sin2 θl
eff .

If e± polarization is available, the cross section for a given beam polarization is given by

σ = σu [1 − Pe+Pe− + ALR(Pe+ − Pe−)] . (ii)

If the sign of the electron and positron polarization can be flipped independently, four mea-
surements with four unknowns are possible, so that ALR can be measured without the need
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500 GeVblack:
blue / red:

Osland, Pankov, Paver (2005)

Contact interactions
Importance of positron polarization!LCWS05

Model independent



Probing space-time structure of new
physics with polarized beams at the

ILC
Work done in collaboration with Saurabh D.

Rindani

B. Ananthanarayan

Centre for High Energy Physics,
Indian Institute of Science, Bangalore

Probing space-time structure of new physics with polarized beams at the ILC – p.1/22

Lorentz

LCWS06



L4F for tt production

The Lagrangian takes the form

L4F =
X

i,j=L,R

h

Sij(ēPie)(t̄Pjt) + Vij(ēγµPie)(t̄γ
µPjt)

+Tij(ē
σµν√

2
Pie)(t̄

σµν

√
2

Pjt)
i

,

SRR = S∗
LL, SLR = SRL = 0, Vij = V ∗

ij ,

TRR = T ∗
LL, TLR = TRL = 0

PL,R are the left- and right-chirality projection.

Taking e−-TP to be 100% and along the positive or negative x axis, e+-TP to be 100%,
parallel or anti-parallel to e− polarization. z-axis along the direction of the e−, the
crosssection for e+e− → tt, (superscripts denoting the respective signs of the e− and e+ TP)

Probing space-time structure of new physics with polarized beams at the ILC – p.4/22

Scalar Vector

Tensor



dσ±±

dΩ
=

dσ±±
SM

dΩ
∓

3αβ2

4π

mt
√

s

s − m2
Z

`

ct
V ce

AReS
´

sin θ cos φ,

dσ±∓

dΩ
=

dσ±∓
SM

dΩ
±

3αβ2

4π

mt
√

s

s − m2
Z

`

ct
V ce

AImS
´

sin θ sin φ,

where

dσ+±
SM

dΩ

is the SM contribution to the cross-section that we do not spell out here, and

S ≡ SRR +
2ct

Ace
V

ct
V ce

A

TRR,

where ci
V , ci

A are the couplings of Z to e−e+ and tt.

Probing space-time structure of new physics with polarized beams at the ILC – p.5/22

CP odd

def
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4π/Λ2~S~10-8 ⇒ Λ~30 TeV

θ0<θ<π-θ0



Couplings among gauge bosons
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FIGURE 3.1-2. 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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Trilinear (EW) gauge couplings

SM:

µ+µ−, bb̄, cc̄ (1)

ηij = ±1 Λij (2)

κV = 1 λV = 0 (3)

V = γ, Z (4)

1

µ+µ−, bb̄, cc̄ (1)

ηij = ±1 Λij (2)

V = γ, Z (3)

gV
1 = 1 κV = 1 λV = 0 (4)

1
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J. Reuter ILC sensitivity on Generic New Physics in QGC LCWS 07, DESY, 01.06.2007

ILC sensitivity on Generic New Physics in
Quartic Gauge Couplings

Jürgen Reuter

University of Freiburg

Beyer/Kilian/Krstonošić/Mönig/JR/Schmitt/Schröder, EPJC 48 (2006), 353

DESY, June 1st, 2007

LCWS07



J. Reuter ILC sensitivity on Generic New Physics in QGC LCWS 07, DESY, 01.06.2007

Parameterization of New Physics
! Higgs boson still not observed

! Aim: describe any physics beyond the SM as generically as possible

! Implement what we know about the SM

! Parameterize all the known physics (in the EW sector) by the Chiral
Electroweak Lagrangian

! Implements SU(2)L × U(1)Y gauge invariance

! Building blocks (including longitudinal modes):

ψ(SM fermions), W a
µ (a = 1, 2, 3), Bµ, Σ = exp

[
−i

v
waτa

]

! Minimal Lagrangian including gauge interactions

Lmin =
X

ψ

ψ(i /D)ψ−
1

2g2
tr {WµνWµν}−

1

2g′2 tr {BµνBµν}+
v2

4
tr {(vDµΣ)(vDµΣ)}



J. Reuter ILC sensitivity on Generic New Physics in QGC LCWS 07, DESY, 01.06.2007

Electroweak Chiral Lagrangian

V = Σ(DΣ)† (longitudinal vectors), T = Στ 3Σ† (neutral component)

Complete Lagrangian contains infinitely many parameters

Leff = Lmin−
X

ψ

ψLΣMψR +β1L′
0 +

X

i

αiLi +
1

v

X

i

α
(5)
i L(5) +

1

v2

X

i

α
(6)
i L(6) + . . .

L′
0 =

v2

4
tr {TVµ} tr {TVµ}

L1 = tr {BµνWµν} L6 = tr {VµVν} tr {TVµ} tr {TVν}
L2 = i tr {Bµν [Vµ,Vν ]} L7 = tr {VµVµ} tr {TVν} tr {TVν}

L3 = i tr {Wµν [Vµ,Vν ]} L8 = 1
4 tr {TWµν} tr {TWµν}

L4 = tr {VµVν} tr {VµVν} L9 = i
2 tr {TWµν} tr {T[Vµ,Vν ]}

L5 = tr {VµVµ} tr {VνVν} L10 = 1
2 (tr {TVµ} tr {TVµ})2

Flavor physics info contained in M (ignored here)

Indirect info on new physics in β1,αi, . . .

constrain these, i=5,7,10

small, Δρ constraint



J. Reuter ILC sensitivity on Generic New Physics in QGC LCWS 07, DESY, 01.06.2007

Parameters and Scales, Resonances
αi measurable at ILC

! αi ! 1 (LEP)
! αi ! 1/16π2 ≈ 0.006 (renormalize divergencies, 16π2αi ! 1)

Translation of parameters into new physics scale Λ: αi = v2/Λ2

! Operator normalization is arbitrary
! Power counting can be intricate

To be specific: consider resonances that couple to EWSB sector
Resonance mass gives detectable shift in the αi

! Narrow resonances ⇒ particles
! Wide resonances ⇒ continuum

β1 ! 1 ⇒ SU(2)c custodial symmetry (weak isospin, broken by hypercharge
g′ != 0 and fermion masses)

J = 0 J = 1 J = 2

I = 0 σ0 (Higgs ?) ω0 (γ′/Z ′ ?) f0 (Graviton ?)
I = 1 π±,π0 (2HDM ?) ρ±, ρ0 (W ′/Z ′ ?) a±, a0

I = 2 φ±±,φ±,φ0 (Higgs triplet ?) — t±±, t±, t0

accounts for weakly and strongly interacting models
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Effective Lagrangian before EWSB

start from SM Lagrangian (incl. Higgs doublet ϕ)
add all higher dim. operators which are

! Lorentz-invariant
! SU(3)× SU(2)× U(1) invariant

⇒ Leff = L0 + L1|{z}
dim 5 op.

+ L2|{z}
dim 6 op.

+ . . .

imposing
! equation of motion
! lepton and baryon number conservation

⇒ L1: none, L2: 80 operators
(Buchmüller, Wyler 1986)

A. v. Manteuffel (Universität Heidelberg) Anomalous Couplings in γγ → WW 5 / 33

LCWS07 A. v. Manteuffel



Gauge and gauge-Higgs anomalous couplings

pure gauge and gauge-Higgs part

L2 =
1
v2

“
hW OW + hW̃ OW̃ + hϕW OϕW + hϕW̃ OϕW̃ + hϕBOϕB + hϕB̃OϕB̃

+ hWBOWB + hW̃BOW̃B + h(1)
ϕ O(1)

ϕ + h(3)
ϕ O(3)

ϕ

”
,

OW = εijk W i ν
µ W j λ

ν W k µ
λ , OW̃ = εijk W̃ i ν

µ W j λ
ν W k µ

λ ,

OϕW =
1
2

“
ϕ†ϕ

”
W i

µνW i µν , OϕW̃ =
“
ϕ†ϕ

”
W̃ i

µνW i µν ,

OϕB =
1
2

“
ϕ†ϕ

”
BµνBµν , OϕB̃ =

“
ϕ†ϕ

”
B̃µνBµν ,

OWB =
“
ϕ†τ iϕ

”
W i

µνBµν , OW̃B =
“
ϕ†τ iϕ

”
W̃ i

µνBµν ,

O(1)
ϕ =

“
ϕ†ϕ

”
(Dµϕ)† (Dµϕ) , O(3)

ϕ =
“
ϕ†Dµϕ

”† “
ϕ†Dµϕ

”
.

10 dimensionless anomalous couplings hi with

hi ∼ O
“

v2/Λ2
”

,

where v = 246 GeV, Λ = new physics scale
4 anomalous couplings CP violating

A. v. Manteuffel (Universität Heidelberg) Anomalous Couplings in γγ → WW 6 / 33

dimensionless



Processes at the ILC

e+e− → Z (Giga Z) highly sensitive to (PZ ):

hWB, h(3)
ϕ

e+e− → W +W− sensitive to (PW ):

hW , hWB, h(3)
ϕ , hW̃ , hW̃B

(3 CP conserving, 2 CP violating)
γγ → W +W− sensitive to (PW ):

hW , hWB, hW̃ , hW̃B, (s2
1hϕW + c2

1hϕB), (s2
1hϕW̃ + c2

1hϕB̃)

(3 CP conserving, 3 CP violating)
only γγ process allows direct measurement of:

hϕWB ≡ s2
1 hϕW + c2

1 hϕB

hϕW̃ B̃ ≡ s2
1 hϕW̃ + c2

1 hϕB̃

where s2
1 ≡

e2

4
√

2GF m2
W

, c2
1 ≡ 1− s2

1

all processes together: 7 out of 10 indep. couplings observable

A. v. Manteuffel (Universität Heidelberg) Anomalous Couplings in γγ → WW 7 / 33
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Physics Overview

Yasuhiro Okada (KEK)

LCWS 06 & ILC GDE meeting, March 9, 2006

Indian Institute of Science, Bangalore, India

LCWS06
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Coupling measurements at ILC

GLC Project

mH=120 GeV, Ecm=300-500 GeV.L=500fb-1

Higgs self-coupling

(Ecm>700 GeV)

LHC: (10)% for ratios of 

coupling constants

ILC: a few % determination
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New physics effects in Higgs boson couplings

! In many new physics models, the Higgs sector is
extended and /or involves new interactions. The Higgs
boson coupling can have sizable deviation from the SM
prediction.

B(h->bb)/B(h->!!) 

LC 

J.Guasch, W.Hollik,S.Penaranda

B(h->WW)/B(h->!!) 

LHC

LC

The heavy Higgs boson mass in the MSSM SUSY correction to Yukawa couplings

ACFA report
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Z’ and e+e-->ff processes

Even if ILC at 500 GeV cannot produce 

a new Z’ particle kinematically,we can 

determine left-handed and right-handed

couplings from ee-> ff processes.

This will give important information 

to identify the correct theory.  

 

S.Godfrey, P.Kalyniak, A.Tomkins

m z’ =2TeV,Ecm=500 GeV, L=1ab-1

 with and w/o beam polarization 

e

e

f

f

Z’

LHC=> mass

ILC => coupling 

Z’ coupling  determination at ILC



New particles and interactions
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FIGURE 6.4-10. Left: the mass range covered by the LHC and the ILC (FLC) for a Z ′ boson in various
scenarios; for the ILC the heavy hatched region is covered by exploiting the GigaZ option (sensitive to the
Z–Z ′ mixing) and the high energy region (sensitive to the γ, Z–Z ′ interference) [15, 236]. Right: the ILC
resolving power (95% CL) for MZ′ = 1, 2 and 3 TeV for left– and right–handed leptonic couplings (cl

L and
cl
R) based on the leptonic observables σµ

pol, Aµ
LR and Aµ

FB ; the smallest (largest) regions correspond to

MZ′ =1 TeV (3 TeV) [237]. In both figures
√

s=500 GeV and L=1 ab−1 are assumed.

proportional to the Z/Z ′ mass ratio. With precisely determined top and Higgs boson masses
at the ILC, the Z ′ mass reach can be significantly larger than the LHC direct Z ′ search limit
for some models, as also illustrated in the left–hand side of Fig. 6.4-10.

In a second step, the couplings of the Z ′ boson need to be probed and the model origin
determined. An example of chiral coupling determination in several extended models is
shown in the right–hand side of Fig. 6.4-10. Here, Z ′ bosons originating from the E6 χ model
(χ), a left–right symmetric model (LR), the littlest Higgs model (LH), the simplest little
Higgs model (SLH), and KK excitations originating from theories of extra dimensions (KK)
are considered. Only leptonic observables have been taken into accounted and electron and
positron beam polarizations are assumed to be 80% and 60%, respectively. As can be seen,
for MZ′ = 2 TeV, the various models can be clearly distinguished. This is a very important
step to identify the underlying theory if a new vector resonance is observed at the LHC.

Finally, new charged gauge bosons W ′ also appear in extensions of the SM such as left–
right symmetric models. These particles can be produced at the LHC up to masses of the
order of 5 TeV in some cases. Complementing the LHC detection of these states, the ILC
could allow to reconstruct the W ′ couplings. A detailed simulation [238] shows that W ′

bosons can be observed via their virtual effects in the process e+e− → νν̄γ and, at
√

s = 500
GeV with 1 ab−1 data, masses up to MW ′ ∼ 1.3 TeV in left–right models and up to MW ′ ∼ 5
TeV for a SM–like heavy W ′ and the KK excitation of the W boson, can be probed if the
systematical errors are assumed to be smaller than 0.1%. The sensitivity can be slightly
improved by considering the eγ → νq + X process in the eγ option of the ILC. In the case
where a heavy SM–like W ′ boson with a mass of 1.5 TeV is observed, its couplings to quarks
and leptons could be measured with an accuracy of a few percent in some cases [238].

ILC-Reference Design Report II-87

RDR: Richard; Godfrey et al



Extra dimensions

intermediate 
gravitons

free gravitons 
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UED ✔ ✔

• two fermions

• two photon
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Exclusion reach: ΛVV
H , ...

Identification reach:





Event-shape of dileptons plus missing energy at a
linear collider as a SUSY/ADD discriminant

Probir Roy

Tata Institute of Fundamental Research, Mumbai, India

Based on work with Partha Konar, hep-ph/0509161, Phys.
Lett. B634 (2006) 295

• Proposal
• Signal
• SM background and chosen cuts
• Cross-sections and event-shape variables
• Results
• Discussion

LCWS06
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Results at
√

s = 500 GeV for ADD (Ms, d) and SUSY (M2, M1, µ, m!̃)
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ADD/SUSY discrimination via sphericity maximum at ILC
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Final-state radiation (w.r.t. G)

Diagrams (1) and (2) ‘conventional’

SM topology—G exchange

Diagrams (3) and (4) new

3

Graviton-induced Bremsstrahlung

Per Osland, April, 2004

work with T. Buanes, E.W. Dvergsnes,
hep-ph/0403267, EPJC, in press

e+e− → µ+µ−γ

Massive graviton exchange: new features

• One graviton

• Integrated cross sections

• Photon k⊥ distributions

• Photon angular distributions

• ADD

• RS

1

LCWS04



Photon k⊥ distributions (n = 4):
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Photon k⊥ distributions: (cont)
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Left: Lower curves, m1 = 1.25 TeV, upper curve: m1 !
1.16 TeV (m5 = 5 TeV). Graviton-related contribu-
tions: dash-dotted, SM contribution: dotted.

Right: bin-integrated k⊥ distribution for m1 = 1.25 TeV.
Error bars (SM distribution) for Lint = 1000 fb−1

Significant interference between Gi and Gj
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Probing Kaluza-Klein leptons at
the International Linear Collider

Gautam Bhattacharyya

Saha Institute of Nuclear Physics, Kolkata

Work done with Paramita Dey, Anirban Kundu, and Amitava Raychaudhuri,

hep-ph/0502031, PLB 628 (2005) 141

Gautam Bhattacharyya LCWS06 IISc, Bangalore, March 2006 – p. 1
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A one-slide summary

UED: all SM particles access the 5th dim.

R−1 ≥ 250 GeV (gµ − 2, FCNC, Z → bb̄, ρ)

Compactification S1/Z2. Compactification breaks Lorentz

symmetry. Also, translational invariance is lost along y,

and p5 = n/R is not conserved.

KK parity = (−1)n
is conserved (similar to SUSY Rp)

LKP (γ1) is stable.

mE =
√

m2
e + 1/R2 $ mγ1

Radiative corrections lift this degeneracy ⇒ E1
100%→ eγ1

e+e− → E+
1 E−

1 , Final state e+e− + Missing energy

Study based on
√

s = 1 TeV (upgraded ILC).

Gautam Bhattacharyya LCWS06 IISc, Bangalore, March 2006 – p. 2



2HDM

• allows CP violation

• rich spectrum

• highly constrained by theory and data

Non-standard Higgs

Shinya Kanemura, Ilya Ginzburg, Maria Krawczyk, P.O.



Non-standard Higgs

J. van der Bij



Non-standard Higgs



Noncommutative Space-Time

Quantum mechanics: position and momentum measurements complementary

[x̂i, p̂j] = x̂ip̂j − p̂jx̂i = i!hδij ⇒ ∆xi · ∆pj !
!h
2

δij

Analog: postulation of noncommutative space-time

[x̂µ, x̂ν] = iθµν = i
Cµν

ΛNC
2 ⇒ ∆x̂µ · ∆x̂ν ! θµν

2

no experimental evidence yet
possible, as long as the characteristic length scale lNC = 1

ΛNC
small

enough compared to the characteristic scales of present experiments
introduces a minimal area / maximal energy:

ANC =
1

Λ2
NC

Ana Alboteanu (Würzburg) NCSM @ILC 1st June 2007 2 / 24

The Noncommutative Standard Model
Phenomenology at the ILC

Ana Alboteanu

I ̈ T P  A
ÜẄ

in collaboration with Th. Ohl, R. Rückl

LCWS2007, Hamburg, May-June 2007

Ana Alboteanu (Würzburg) NCSM @ILC 1st June 2007 1 / 24
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Realisation of a NCQFT

Canonical noncommutativity: θµν constant 4× 4-matrix:

[x̂µ, x̂ν] = iθµν = i
1

ΛNC
2 Cµν = i

1
ΛNC

2





0 −E1 −E2 −E3

E1 0 −B3 B2

E2 B3 0 −B1

E3 −B2 B1 0





Effective lagrangians

Leff. = · · · + gψ̄(x̂)γµ(1 − γ5)ψ(x̂)Wµ(x̂) + · · ·

with product of functions of noncommuting variables

(fg)(x̂) = f(x̂)g(x̂)

realised by Moyal-Weyl !-products of functions of commuting variables:

(f!g)(x) = f(x)e
i
2
←−
∂µθµν

−→
∂ν

g(x) = f(x)g(x) +
i
2

θµν
∂f(x)

∂xµ

∂g(x)

∂xν
+ O(θ2)

Note: [xµ
!, xν](x) = (xµ!xν)(x) − (xν!xµ)(x) = iθµν = [x̂µ, x̂ν]

Ana Alboteanu (Würzburg) NCSM @ILC 1st June 2007 5 / 24



NCSM à la Wess et al.

Noncommutative SU(3)C×SU(2)L×U(1)Y effective th. as expansion in O(θ):
replace usual “·” products by “!” products
replace fields by their Seiberg-Witten maps

e.g. Sfermions =

∫
d4x

(
∑

f

Ψ̂fL!i /̂DΨ̂fL +
∑

f

Ψ̂fR!i /̂DΨ̂fR

)

⇒ NC-corrections to SM-interactions:

εµ(k)

u(p)

ū(p ′)

= −
g

2
[
kθµ/p − pθµ/k − (kθp)γµ

]

⇒ New interactions:

εµ(k1)

εν(k2)

u(p)

ū(p ′)

=





−

g2

2
[
k2θ

µγν − k1θ
µγν − θµν/k1

+ (µ↔ ν, k1 ↔ k2)
]

Ana Alboteanu (Würzburg) NCSM @ILC 1st June 2007 8 / 24



NCSM à la Wess et al.

In the enveloping algebra, the trace

Sgauge = −
1
2

∫
d4x Tr

(
F̂µν!F̂µν

)

depends on the representation:
Minimal NCSM → no triple neutral gauge boson interactions
Nonminimal NCSM→ new interactions: γγγ, Zγγ, ZZγ, . . .

εµ1(k1)

εµ2(k2)

εµ3(k3)

= iKZγγ · . . .

K1K2

K3

K5

K6

K4

−0.1 0 0.1 0.2

−0.4
−0.3
−0.2
−0.1

0
0.1

KZZγ

KZγγ

coupling constants not unique, yet constrained from matching the SM at
θ→ 0
Ana Alboteanu (Würzburg) NCSM @ILC 1st June 2007 9 / 24
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