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ILC PHYSICS IN FLORENCE

SEPTEMBER 12 - 14, 2007

– p.1



Outline

Electroweak precision observables – Standard Model

Theory versus data

Perspectives

Extensions of the SM – Supersymmetry

Outlook
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Standard Model

the symmetry group SU(2) × U(1) × SU(3)C

the principle of local gauge invariance
−→ fermion – vector boson interaction
−→ vector boson self-interaction

Higgs mechanism and Yukawa interactions
−→ masses MW , MZ , mfermion

renormalizable quantum field theory

accurate theoretical predictions

detect deviations → “new physics” ?
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exclusion limit (95% C.L.): MH > 114.4 GeV
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Precision observables – SM
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µ lifetime: MW , ∆r, GF

Z observables: gV , gA, sin2 θeff , ΓZ , . . .

sensitivity to heavy internal particles (X)

Standard Model: X = Higgs, top
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MW – MZ correlation
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∆r : quantum correction, ∆r = ∆r(mt,MH)

→ MW = MW (α,GF ,MZ ,mt,MH)

complete two-loop calculation available
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Z resonance
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• effective Z boson couplings with higher-order ∆gV,A
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EW 2-loop calculations for ∆r

Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin2 θeff

Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

universal terms beyond 2-loop order (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kühn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schröder, Steinhauser

Chetyrkin, Faisst, Kühn Chetyrkin, Faisst, Kühn, Maierhofer, Sturm

Boughezal, Czakon
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charge renormalization e + δe involves
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(g − 2)µ and α(MZ), F. Jegerlehner, DESY Zeuthen 15

γ

virtual pairs

γ

µ− µ−

µ− µ−

γ∗ → e+e−, µ+µ−, τ+τ−, uū, dd̄, · · · → γ∗

Effective finestructure “constant” α(E)

appears in many places in physics! large EWRC !

(g − 2)µ and α(MZ), F. Jegerlehner, DESY Zeuthen 15

γ

virtual pairs

γ

µ− µ−

µ− µ−

γ∗ → e+e−, µ+µ−, τ+τ−, uū, dd̄, · · · → γ∗

Effective finestructure “constant” α(E)

appears in many places in physics! large EWRC !

Πγ(M 2
Z) − Πγ(0) ≡ ∆α → α(MZ) =

α

1 − ∆α

∆α = ∆αlept + ∆αhad,

∆αlept = 0.031498 (3 − loop)

∆αhad = 0.02758 ± 0.00035

significant source of parametric uncertainty
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∆αhad = − α

3π
M 2

Z Re

∫

∞

4m2
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ds′
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Lynn, Penso, Verzegnassi, ´87

Eidelman, Jegerlehner ´95

Burkhardt, Pietrzyk ´95

Martin, Zeppenfeld ´95

Swartz ´96

Alemany, Davier, Höcker ´97

Davier, Höcker ´97

Kühn, Steinhauser ´98

Groote et al. ´98

Erler ´98

Davier, Höcker ´98

∆αhad(M
2)     (× 10– 4 )

          Z

270 275 280 285 290 295
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input from experiments
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Theory versus Data

experimental results (selection)
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quantum effects at least one order of magnitude larger than
experimental uncertainties
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M
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SM prediction for MW

[Awramik, Czakon, Freitas, Weiglein] mt = 174.3 ± 5.1 GeV
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LEP Electroweak Working Group
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10 2

10 3

0.23 0.232 0.234

sin2θ
lept

eff

m
H
  [

G
eV

]

χ2/d.o.f.: 11.8 / 5

A
0,l

fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23221 ± 0.00029

A
0,c

fb 0.23220 ± 0.00081

Q
had

fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 172.7 ± 2.9 GeV
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LEP Electroweak Working Group
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development of precision

1990-1992

91.1904±0.0065

1993-1994

91.1882±0.0033

1995

91.1866±0.0024

average

91.1874±0.0021

mZ [GeV]
91.185 91.19 91.195
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importance of two-loop calculations
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W-pair production
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∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty

mLimit = 144 GeV

blueband: theory uncertainty

“Precision Calculations

at the Z Resonance”

CERN 95-03

[Bardin, Hollik, Passarino (eds.)]

MH < 144 GeV (95%C.L.)

with renormalized probability for MH > 114 GeV:
MH < 182 GeV (95%C.L.)

– p.22



Future perspectives

error for LEP/Tev Tev/LHC LC LC/GigaZ

MW [MeV] 29 15 15 7

sin2 θeff 0.00017 0.00021 0.000013

mtop [GeV] 1.8 1 - 1.5 0.2 0.13

MHiggs [GeV] – 0.1 0.05 0.05

δMZ = 2.1 MeV (LEP)
δGF/GF = 1 · 10−5 (µ lifetime)

GigaZ ∼ 109 Z bosons
MegaW ∼ 106 W bosons

– p.23



MW from Drell-Yan at the LHC

qq̄′ → W+ → `+ ν`

2 C.M. Carloni Calame, G. Montagna, O. Nicrosini, and A. Vicini

tion of the detector acceptances. The Drell-Yan processes are included in the
standard QCD Parton Shower generators HERWIG and PYTHIA [8, 9]. Recently
there have been important progresses to improve the QCD radiation descrip-
tion to NLO, which has been implemented in the code MC@NLO [10]. Another
important issue is the good description of the intrinsic transverse momentum
of the gauge boson, which can be obtained by resumming up to all orders the
contributions of the form αs log(pW

⊥
/mW ). The generator RESBOS [11], used

for data analysis at Tevatron, includes these effects.
Electroweak calculations and generators. The size of the NNLO QCD
corrections and the improved stability of the results against changes of the
renormalization/factorization scales raises the question of the relevance of the
O(α) electroweak (EW) radiative corrections, which were computed, in the
charged current channel, first in the pole approximation [12, 13] and then
fully in [14, 15, 16]. The generator WGRAD [15] includes the exact O(α) EW
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Fig. 1. Transverse mass distribution and O(α) relative correction.
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Fig. 2. Relative effect, with respect to the Born results, of the radiative corrections
to the transverse mass distribution. In the left panel the effect of the higher-order
QED effects is displayed. In the right panel the large negative corrections due to the
O(α) EW Sudoakov logs is shown.

corrections. The latter have been shown to induce a shift on the value of mW ,
extracted at the Tevatron from the study of the transverse mass distribution

[Carloni Calame et al.]

[Baur, Wackeroth]

[Dittmaier, Krämer]

[Arbuzov et al. ]
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MW from threshold scan in e+e− annihilationIII-132 5 Precision Measurements
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Figure 5.1.7: Sensitivity of the W-pair threshold scan to the W-mass. The vertical axis

shows the ratio of the cross section to the predicted cross section for MW = 80.39 GeV.

The error bars represent the expected errors for the scan described in the text.

corresponding to an uncertainty in the Standard Model prediction of sin2θ`
eff of 0.00014.

However, the sensitivity to the details of the resonance region can be reduced signifi-
cantly, if the low energy data is used to fit the coefficients of a QCD operator product
expansion instead of integrating the total cross section. If the hadronic cross section
is known to 1% up to the Υ-resonances the uncertainties are ∆ sin2θ`

eff = 0.000017 and
∆MW = 1 MeV [24].

A Z-mass error of 2 MeV from LEP contributes 0.000014 to the uncertainty of the
sin2θ`

eff prediction, about the same size as the experimental error and the uncertainty
from α(M2

Z). For MW the direct uncertainty due to MZ is 2.5 MeV. However, if the
beam energy is calibrated relative to the Z-mass, so that the relevant observable is
MW /MZ , the error is smaller by a factor three.

An uncertainty in the top quark-mass of 1 GeV results in an uncertainty of the
sin2θ`

eff prediction of 0.00003 and in the one for MW of 6 MeV. For a top-mass error
of ∆mt ≈ 100 MeV, as it is possible from a top-threshold scan at TESLA (see section
5.3) this uncertainty is completely negligible.

Including the possible improvement on α(M2
Z) very stringent tests of the Standard

Model are possible. Figure 5.1.8 shows as an example the variation of the fit-χ2 as a
function of the Higgs-mass for the present data and for TESLA. It can be seen that
the Higgs-mass can indirectly be constrained at the level of 5% [17, 26].

If the Higgs-mass is in the range predicted by the current precision data, the Higgs

– p.25



MW from threshold e+e−
→ WW → 4 f

Some Feynman diagrams...

...for LO:
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+ graphs with reversed fermion-number flow in final state

+ 112 pentagons
+ 227 boxes (‘tHF gauge) + many vertex and self-energy corrections

LoopFest V, SLAC, June 2006 Stefan Dittmaier (MPI Munich), Precision Standard Model Physics – 15
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MW from threshold e+e−
→ WW → 4 f

Numerical results for LEP2 energies
Complete O(α) corrections to the total cross section

Denner, Dittmaier, Roth, Wieders ’05

e+e− → νττ
+
µ
−

ν̄µ

√
s[ GeV]

σ[ fb]

210200190180170160150

200

150

100

50

0

ee4f
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e+e− → νττ
+µ−ν̄µ

√
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δ[%]

210200190180170160150
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−15
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−25

• |ee4f − DPA| ∼ 0.5% for 170 GeV <∼
√

s <∼ 210 GeV

• |ee4f − IBA| ∼ 2% for
√

s <∼ 170 GeV

↪→ agreement with error estimates of DPA and “Improved Born Approximation”

LoopFest V, SLAC, June 2006 Stefan Dittmaier (MPI Munich), Precision Standard Model Physics – 16
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5.1 Electroweak Gauge Bosons III-133
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Figure 5.1.8: ∆χ2 as a function of the Higgs-mass for the electroweak precision data now

and after GigaZ running.

will have been found at the time of the high precision electroweak measurements. In
this case the data can be used to check the consistency of the SM or to measure
free parameters in by then established extensions of the model. As an example Fig.
5.1.9 shows the constraints that can be obtained in mA and tan β from the low energy
running if other SUSY parameters, especially the stop sector, are already known or,
alternatively, in mA and mt̃2 if tan β and the parameters, that can be measured from
the light stop only, are known [26]. Further applications of GigaZ to Supersymmetry
are discussed in chapter 2.3.2.

For more model independent analyses frequently reparameterisations of the radia-
tive correction parameters are used where the large isospin-breaking corrections are
absorbed into one parameter, so that the others depend only on the logarithmic terms.
One example are the so called ε parameters [27]

∆ρ` = ε1

sin2θ`
eff =

1

2

(

1 −
√

1 − 4πα(M2
Z)√

2GFM
2
Z

)

(1 − 1.43ε1 + 1.86ε3)

M2
W

M2
Z

=
1

2

(

1 +

√

1 − 4πα(M2
Z)√

2GFM2
Z

)

(1 + 1.43ε1 − 1.00ε2 − 0.86ε3) .

In this parameterisation ε1 absorbs the large isospin-splitting corrections, ε3 contains
only a logarithmic MH dependence while ε2 is almost constant in the Standard Model
and most extensions. Figure 5.1.10 a)-c) shows the the expectations in the εi − εj-
planes, compared to present data and to the SM prediction. Since the prediction for
ε2 is almost constant, in Fig. 5.1.10 d) the ε1 − ε3-plane is shown, if ε2 is fixed to
the predicted value. In this case the precision along the large axis of the ellipse is
dominated by the precise measurement of the W-mass.

– p.28



[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]
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Theoretical bounds on Higgs boson mass from

• perturbativity → upper bound

• unitarity → upper bound

• triviality (Landau pole) → upper bound

• vacuum stability → lower bound

– p.30



combined effects, RGE in two-loop order:

dλ

dt
=

1

16π2

(

12λ2 − 3 g4
t + 6λ g2

t + · · ·
)

– p.31



SM Higgs:

λH4 term ad hoc

Higgs boson mass: free parameter ∼
√

λ

no a-priori reason for a light Higgs boson

SUSY Standard Model avoids these questions

H2 =





H+
2

v2 + H0
2



 , H1 =





v1 + H0
1

H−

1





couples to u couples to d

• SUSY gauge interaction → H4 terms
• self coupling remains weak

– p.32



Minimal Supersymmetric SMThe Minimal Supersymmetric Standard Model
(MSSM)

Superpartners for Standard Model particles:
[
u, d, c, s, t, b

]
L,R

[
e, µ, τ

]
L,R

[
νe,µ,τ

]
L

Spin 1
2

[
ũ, d̃, c̃, s̃, t̃, b̃

]
L,R

[
ẽ, µ̃, τ̃

]
L,R

[
ν̃e,µ,τ

]
L

Spin 0

g W±, H±

︸ ︷︷ ︸ γ, Z,H0
1 , H

0
2︸ ︷︷ ︸ Spin 1 / Spin 0

g̃ χ̃±1,2 χ̃0
1,2,3,4 Spin

1

2

Enlarged Higgs sector: two Higgs doublets, physical states:
h0, H0, A0, H±

Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.67– p.33



masses and mixing of SUSY particles through soft-breaking

model parameters

gaugino masses: M1,M2,M3

sfermion masses: ML,MũR
,M

d̃R

for each doublet of squarks and sleptons

trilinear coupling: A
f̃

for each f̃

→ L-R sfermion mixing

supersymmetric Higgsino mass parameter: µ

Higgs sector parameters: MA, tanβ = v2/v1

– p.34
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Spectrum of Higgs bosons in the MSSM (example)
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1-loop: complete

2-loop:

– QCD corrections ∼ αsαt, αsαb

– Yukawa corrections ∼ α2
t

present theoretical uncertainty:

δmh ' 3-4 GeV

[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]
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Xt = At − µ cot β
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∆mh
exp

            mt = 175 GeV, tanβ = 5

theory prediction for mh

δmt
exp

 = 2.0 GeV

δmt
exp

 = 1.0 GeV

δmt
exp

 = 0.1 GeV

dependent on all SUSY particles and masses/mixings
through Higgs self-energies
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X = Higgs bosons, SUSY particles

µ lifetime: MW , ∆r, GF

Z observables: gV , gA, sin2 θeff , ΓZ , . . .

[Heinemeyer, WH, Weiglein, Phys. Rep. 425 (2006) 265]

new: 2-loop improvements O(ααs, α2
t , α2

b , αtαb)

and complex parameters

[Heinemeyer, WH, Stöckinger, A. Weber, Weiglein 06]
[Heinemeyer, WH, A. Weber, Weiglein 07]
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MW – MZ correlation
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) (1 + ∆r)

∆r : quantum correction, ∆r = ∆r(mt, XSUSY)

→ MW = MW (α,GF ,MZ ,mt, XSUSY)

XSUSY = set of non-standard model parameters
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Z resonance
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WHAT, WHY, HOW? STATUS RESULTS CONCLUSIONS

MW and sin2 θeff for varied SUSY-scale
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   sin
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⇒ Slight preference for light SUSY from MW .
⇒ No clear preference for light SUSY from sin2 θeff.

MSSM PRECISION PHYSICS AT THE Z RESONANCE ARNE M. WEBER
– p.42



WHAT, WHY, HOW? STATUS RESULTS CONCLUSIONS

MW and sin2 θeff for varied SUSY-scale
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   sin
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⇒ MSSM slightly favoured over Standard Model from MW .
⇒ No preference for MSSM from sin2 θeff.

MSSM PRECISION PHYSICS AT THE Z RESONANCE ARNE M. WEBER
– p.43



Anomalous g-factor of the muon
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e+e− data based SM prediction: 3.4 σ below exp. value

theory uncertainty from hadronic vacuum polarization
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g − 2 with supersymmetry

new contributions from virtual SUSY partners of µ, νµ

and of W±, Z
Feynman diagrams for MSSM 1L corrections:

µ

γ

µ
χ̃i

ν̃µ

χ̃i

µ

γ

µ
µ̃a

χ̃0
j

µ̃b

− Diagrams with chargino/sneutrino exchange

− Diagrams with neutralino/smuon exchange

Enhancement factor as compared to SM:

µ− χ̃±i − ν̃µ : ∼ mµ tanβ

µ− χ̃0
j − µ̃a : ∼ mµ tanβ

SM, EW 1L: α
π

m2
µ

M2
W

MSSM, 1L: α
π

m2
µ

M2
SUSY

× tanβ

S. Heinemeyer, Theory seminar, university of Edinburgh, 01.10.2004 17

extra terms

+
α

π

m2
µ

M 2
SUSY

· v2

v1

can provide missing contribution for
MSUSY = 200 − 600 GeV

2-loop calculation [Heinemeyer, Stöckinger, ...]
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scan over SUSY parameters compatible with
EW and b → sγ constraints (tanβ = 50)

[Stöckinger]
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Variable Measurement Fit  
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measσ|/fit-Omeas|O
0 1 2 3

)
Z

(mhad

(5)α∆ 0.02758± 0.00035 0.02768

 [GeV]Zm 91.1875± 0.0021 91.1875

 [GeV]ZΓ 2.4952± 0.0023 2.4957

 [nb]had
0σ 41.540± 0.037 41.477

lR 20.767± 0.025 20.744
0,l
fbA 0.01714 ± 0.00095 0.01645

)
τ

(PlA 0.1465± 0.0032 0.1481

bR 0.21629 ± 0.00066 0.21586

cR 0.1721± 0.0030 0.1722
0,b
fbA 0.0992± 0.0016 0.1038
0,c
fbA 0.0707± 0.0035 0.0742

bA 0.923± 0.020 0.935

cA 0.670 ± 0.027 0.668

(SLD)lA 0.1513± 0.0021 0.1481

)
fb

(Q
lept

eff
θ2sin 0.2324± 0.0012 0.2314

 [GeV]Wm 80.398± 0.025 80.374
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CMSSM Standard Model

Figure 3. Left: Difference between the measured value and the fit value normalized by the measurement
uncertainty, also known as “pulls,” for all observables used in the CMSSM fit to experimental constraints.
Right: Latest pulls for the SM as provided by [45]. The lower limit of Eq. 2 is not included in these fits.

with the SM prediction), which is essential in con-
straining the CMSSM parameter space. In par-
ticular, CDM constraints and aµ are essential to
extract upper bounds on M1/2 and M0 as a func-
tion of tan β and to fix the sign of µ, while the
addition of b → sγ plays a key role in further
constraining M1/2 vs. tanβ [30,31].

4. Conclusion and outlook

External constraints possess the potential to
severely restrict new physics model parame-
ters [10–25]. However, when identifying regions
of parameter space that are compatible with ex-
ternal constraints using high precision fits, it is
important to rigorously enforce consistent defini-
tions and predictions across all of the used ex-
perimental observables. By including such con-
siderations with care, a statistical analysis of the
CMSSM has been performed, which allows all pa-

rameters to vary freely. Figure 3 suggests that
the CMSSM provides a good description, perhaps
even slightly better than the SM, of the exter-
nal experimental constraints used in this study.
The use of a χ2 fit also allowed the result to be
directly interpreted in terms of confidence lev-
els. Also, in the context of CMSSM fits, for
the first time, a full scan of the lightest MSSM
Higgs boson mass has been performed, without
incorporating the experimental bound from di-
rect Higgs boson search at LEP. The fit results
can be compared with the scan of the SM Higgs
boson, in the context of electroweak fits [45].
Without taking into account the existing LEP
limit on the Higgs boson mass, the current in-
direct constraints on the CMSSM lead to a pre-
ferred range of the lightest Higgs boson mass
of 110+8

−10 (exp.) ± 3 (theo.) GeV/c2, in agree-
ment with previous analyses [18]. This value is

global fit in the constrained MSSM including data
from g − 2, B physics, and cosmic relic density

[O. Buchmueller et al., arXiv:0707.3447]

– p.47
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Figure 2. Left: Scan of the lightest Higgs boson mass versus ∆χ2 = χ2 − χ2
min. The curve is the result

of a CMSSM fit using all of the available constraints listed in Tab. 1, except the limit on mh. The
red (dark gray) band represents the total theoretical uncertainty from unknown higher-order corrections,
and the dark shaded area on the right above 127 GeV/c2 is theoretically inaccessible (see text). Right:
Scan of the Higgs boson mass versus ∆χ2 for the SM (blue/light gray), as determined by [45] using all
available electroweak constraints, and for comparison, with the CMSSM scan superimposed (red/dark
gray). The blue band represents the total theoretical uncertainty on the SM fit from unknown higher-order
corrections.

experimental data, supplemented by the flavour
physics observables, aµ and the CDM constraint,
(Fig. 3) equally well (or slightly better) and the
preferred values of its free parameters are such
that the Higgs boson is predicted to be in better
agreement with the Higgs boson searches at LEP.
Interestingly enough, the CMSSM prediction is
consistent with the possibility that the slight ex-
cess of Higgs-like events observed by LEP [39,73]
could indeed stem from a SM-like Higgs boson.

The pulls for the CMSSM, defined to be the
difference between the measured value and the
fit value normalized by the measurement uncer-
tainty, are shown in the left plot of Fig. 3 (still
excluding mh from the fit). They demonstrate
that the CMSSM describes the data well, provid-
ing a χ2 of 17.0 per 13 degrees of freedom, or a
20% goodness-of-fit probability. This result may
be compared with the pulls of the experimental
observables used in a SM fit to electroweak data

provided by [45], displayed in the right plot of
Fig. 3. The SM fit results in a χ2 of 18.2 per
13 degrees of freedom, or a 15% goodness-of-fit
probability [45].

It should be noted that a key role in the de-
termination of CMSSM parameters is played by
the CDM constraints, b → sγ and aµ. As shown
in Fig. 3, it is essentially impossible to distin-
guish between SM and CMSSM predictions in
the electroweak precision observables. Indeed,
because of the decoupling of virtual effects in-
duced by sparticle loops, these observables pro-
vide mainly exclusion bounds on the sparticle
spectrum. On the other hand, the three men-
tioned observables/constraints provide a first clue
concerning the size of deviations from the SM
(CDM cannot be explained in the SM, aµ is in
disagreement with the SM by more than 3 σ (us-
ing e+e− input data for the hadronic vacuum po-
larization) and b → sγ agrees reasonably well

– p.48



WHAT, WHY, HOW? STATUS RESULTS CONCLUSIONS

Scatter plots for MW & sin2 θeff

SUSY parameters:

sleptons : MF̃ ,F̃ ′ = 100 . . . 2000 GeV

light squarks : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

t̃/b̃ doublet : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

At,b = −2000 . . . 2000 GeV

gauginos : M1,2 = 100 . . . 2000 GeV

mg̃ = 195 . . . 1500 GeV

µ = −2000 . . . 2000 GeV

Higgs : MA = 90 − 1000 GeV

tan β = 1.1 . . . 60

Unconstrained scan, only Higgs mass required to be in
agreement with LEP data.

MSSM PRECISION PHYSICS AT THE Z RESONANCE ARNE M. WEBER
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MW (mt) and sin2 θeff(mt) in the MSSM
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⇒ Preference of MSSM over SM from MW .
⇒ MSSM and SM equally good for sin2 θeff.

MSSM PRECISION PHYSICS AT THE Z RESONANCE ARNE M. WEBER
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Outlook –Possible scenarios

a single light Higgs boson
– SM Higgs boson?
– SUSY light Higgs boson?

H, A, H± heavy (decoupling scenario) h ∼ HSM

a light Higgs boson + more (H,A,H±)
– SUSY Higgs?
– non-SUSY 2-Higgs-Doublet model?

a single heavy Higgs boson (� 200 GeV)
– SUSY ruled out
– SM + (?) strong interaction?

no Higgs boson
– strongly interacting weak interaction

new strong force ∼ TeV scale

– p.52



Conclusions

Electroweak precision physics
→ sensitive to quantum structure
→ constraints on unknown parameters

precision tests of the Standard Model have established
the SM as a quantum field theory

MSSM is competitive to the SM
– global fits of similar quality (even better)
– natural: light Higgs boson h0

future experiments at colliders
– discovery of Higgs and SUSY at LHC (?)
– precision studies at e+e− Linear Collider

– p.53
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