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Science Council of Japan 

Excerpt from Science Council of Japan’s report 
(unofficial translation by H. Yamamoto): 
•  We acknowledge the academic case as particle physics regarding the high-

precision studies of the Higgs particle and the top quark as well as searches for 
physics beyond the standard model by the ILC project. On the other hand, as for 
the strategy to search for undiscovered particles and physics beyond the standard 
model, clearer and more persuasive arguments - including the relation with the 
LHC which is planned to be upgraded - are desired that measures up to the huge 
investment required for this project. 

 
 
 

à BSM physics case at the ILC needs to be sharpened! 
 
(in a way that people reporting to places like the SCJ can easily present) 
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Introduction 
•  The bottom line: 

–  We must continue to update the case for the ILC, taking into account the 
latest results in both theory and experiment. 

 
•  The Higgs discovery in 2012 sparked many discussions well into the year 2013 and 

will likely to continue for years to come. 
–  The case for precision Higgs studies at the ILC is now fairly mature. 

•  The BSM physics case will be affected by other experiments, many of which will 
run before the ILC starts! 
–  LHC / HL-LHC, SuperKEKB, LFV, Neutrino, Dark Matter, … 

•  The absence of any direct experimental evidence (so far) for new particles other 
than the Higgs means that we still have to work with many possibilities, e.g.: 
–  what if LHC finds a new particle in the 14 TeV run? 
–  what if the new particle is heavier than 500 GeV? 
–  what if it doesn’t find anything? 
–  etc. 
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Snowmass Whitepaper 
•  ILC Snowmass Whitepaper for BSM Physics: 

–  “Physics Case for the ILC Project: Perspective from Beyond the Standard 
Model” [arXiv:1307.5248] 

•  A concise report on the ILC capabilities for direct BSM searches. 

•  I will review a few selected topics in this talk. 
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Higgs mass and Naturalness 
•  With the Higgs mass now fixed at ~125 GeV, the question of naturalness can be 

discussed in concrete terms. 
–  We now know in the context of the MSSM: 

•  The top squark mass must be either heavy or have a large L-R mixing 
•  The fine-tuning now stands at around ~10-2 

•  But there is an exciting window of opportunity for the ILC: Higgsinos 
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SUSY is a special case.  There is a potentially large 
positive contribution to the Higgs mass term that must 
be cancelled.

No large cancellations:

m2
Z = 2

M2
Hd � tan2 �M2

Hu

tan2 � � 1
� 2µ2

µ <⇠ 200 GeV

m(et) <⇠ 1 TeV

m(eg) <⇠ 3 TeV

Higgsino mass

stop mass

gluino mass

Optimistically, we will get there at HL-LHC.
M. Peskin, Snowmass	

•  If the LSP is Higgsino-like, the 
typically degenerate spectrum of 
masses makes it very challenging 
for the LHC to observe the 
Higgsinos. 

•  ILC can find them. 
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Physics at the ILC 
Main goals of the ILC physics program: 
•  Direct searches for new physics 

–  Model-independent discovery reach for color-
neutral states (e.g. dark matter) significantly 
exceeds that of LHC 

•  Precise measurements of 
–  The Higgs sector, top quark, W/Z bosons 
–  Sensitivity to new physics through tree-level and 

quantum effects 
–  GUARANTEED! 
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Figure 2: The band labeled “NNLL” represents the prediction of σtot(e+e− → t  t) in the threshold region
with (a) and without (b) the NNLL ultrasoft mixing contribution to c1(ν) in addition to all other known
QCD corrections up to NNLL order. The other bands refer to the complete NLL and LL results, respectively
and are identical in both panels. All bands were generated by varying the renormalization parameter ν
between 0.1 and 0.4 and using the 1S-mass scheme [25] with m1S = 172 GeV. Further input parameters
were Γt = 1.46 GeV for the top width and αs(MZ) = 0.118 for the strong coupling in the MS scheme. In the
peak region of the NNLL result in panel b the scale variation is around ±1.7%.
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Supersymmetric Particles 

Colored 

Color neutral 
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Extended Higgs 
h, H, A, H+, H− 

Lightest SUSY Particle (LSP) = Dark Matter candidate (if R-parity is conserved)	

Neutralino 
Chargino 

Mass eigenstates Gauge eigenstates 
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Bino-like LSP	

�̃0
i �̃±

i

Wino-like LSP	

�̃0
i �̃±

i

Higgsino-like LSP	

�̃0
i �̃±

i

Degenerate spectra 

SUSY Electroweak Sector 
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Mass	
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SUSY Electroweak Sector 
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FIG. 2: Feynman diagram for neutralino/chargino pair production.

standard electroweak processes. The leading contributions under our consideration are the Drell-

Yan processes via the s-channel exchange ofW/Z/γ, as shown in Fig. 2,

pp → χ±
i χ0

j X, χ+
i χ−

j X, χ0
i χ

0
j X, (12)

where i, j = 1 . . . 4 for neutralinos and i, j = 1 . . . 2 for charginos, and X generically denotes the

hadronic remnants. Dominant processes are typically those that involves two Wino-like or two

Higgsino-like states, since their relevant couplings toW , Z and γ are unsuppressed. Furthermore,

neutralino-chargino pair productions via W -exchange in Fig. 2 (a) has the largest cross sections

due to the large SU(2)L coupling. There could also be t-channel contributions with the exchange

of u- and d-squarks, which often result in destructive interference with the s-channel diagrams. In

our current treatment, we will neglect those effects under the assumption of heavy squarks.

The charginos and neutralinos could also be produced via weak boson fusion (WBF) processes

qq′ → qq′χ+
i χ0

j , qq′χ+
i χ−

j , qq′χ0
i χ

0
j ... (13)

Due to the substantially smaller production rates than the Drell-Yan type mechanism, these chan-

nels do not contribute much to the inclusive signal of our consideration. On the other hand, if a

signal is observed via the DY processes, the unique kinematics of the forward-backward jets make

the signal quite characteristic and it will be worthwhile to take the challenge in searching for and

studying these channels [12].

We now present the signal production rates via the DY processes as a function of a relevant

mass parameter, in all the scenarios discussed in the last section. We show these in Fig. 3 at the

13 TeV LHC, including the next-to-leading oder (NLO) QCD corrections, which is about 10%

increase to the overall cross sections (TH: I thought it should be about 30%. I’ll check and
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Dominant production: 
๏ Wino pair production: cha-cha, cha-neu
๏ Higgsino pair production: cha-cha, cha-neu, neu-neu

Chargino / Neutralino Production 
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Chargino / Neutralino Search 
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χ+	

χ0	

Mass	 Δm	

Large mass difference (Δm > mW) 
à  Signature: hard jets / leptons 
à  High mass reach at LHC/HL-LHC 
 
Small mass difference (Δm < mW) 
à  Signature: soft particles 
à  High sensitivity at ILC 

(LSP)	
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Typically,	Search for decays into Dark Matter 
e.g. C1àN1 decay 

�̃+
1 � W+(�)�̃0

1 � ff ��̃0
1

e�

e+

W+(⇤)

W�(⇤)

�̃+
1

�̃�
1

�̃0
1

�̃0
1



2013-12-17 ILC Tokusui Workshop “Overview of New Physics Searches at the ILC" (T. Tanabe)	

Electroweakino Search at LHC 
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mass	

(LSP)	
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Electroweakino Search at LHC 
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mass	
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Figure 59: a) Energy spectrum of the W± candidates reconstructed from events selected as
�̃±1 pairs and b) Energy spectrum of the Z0 candidates reconstructed from events selected
as �̃0

2 pairs. From [94].

7.5.2 Gravitinos

If the gravitino is lighter than the lightest neutralino, the neutralino could decay into
a photon plus a gravitino. In such a case, the lifetime of the neutralino is related
to the mass of the gravitino: ⌧� ⇠ m2

3/2M
2
Pl/m

5
�. Therefore the measurement of

the neutralino lifetime gives access to m3/2 and the SUSY breaking scale. A similar
statement applies to models in which a di↵erent particle is the lightest Standard
Model superpartner, decaying to the gravitino. A well-studied example is that of the ⌧̃
NLSP. The experimental capabilities of a Linear Collider in scenarios with a gravitino
LSP have been evaluated comprehensively many years ago [97], where it has been
demonstrated that with the permille level mass determinations from threshold scans,
the clean environment and the excellent detector capabilities, especially in tracking
and highly granular calorimetry, fundamental SUSY parameters can be determined
to 10% or better.

Although this study was based on minimal GMSB models (which are currently
disfavoured by the CERN 125 GeV resonance measurement), the signatures and ex-
perimental techniques remain perfectly valid. They could apply to other non-minimal
scenarios including general gauge mediation. Aspects of the detector performance
which were still speculative when the studies in [97] were performed have been es-
tablished in the intervening time with testbeam data from prototype detectors. For
instance, the performance of neutralino lifetime determination from non-pointing clus-
ters in the electromagnetic calorimeter has recently been reevaluated based on full

171

Gaugino Search at ILC 

14	

Gauginos can be discovered with mass precision O(1%) 

Suehara, List 
[arXiv:0906.5508]	
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Reconstruct the hadronic decay of the 
chargino: 4 jets + missing 4-momentum 

e+e- à C1 C1	 e+e- à N2 N2	
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Higgsino Search at ILC 
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Chargino mass reconstruction

The chargino mass is reconstructed using the reduced center-of-mass energy,
√
s′ introduced above. At the

threshold, the chargino pair is produced nearly at rest, and
√
s′ is twice the chargino mass, thus:

Mχ̃±
1
=

1

2

√
s′ =

1

2

√
s− 2

√
sEγ . (16)

Figure 6 shows the resulting
√
s′ distributions for both scenarios for an integrated luminosity of 500 fb−1

with P (e+, e−) = (+30%,−80%). The onset of the signal is clearly visible on top of the SM background,
which stretches out to lower

√
s′ values. The cut-off in the SM background near

√
s′ = 230GeV is due to

the cut on Emiss > 300GeV. This is chosen on purpose so that a signal-free region is available to fix the
background level, here by fitting an exponential function with two free parameters f(x) = p1 · e−p2·x to
the SM prediction only (blue line). In a second step, a straight line is added on top of the background to
model the signal contribution and fitted to the simulated data in the endpoint region (red line). The two
parameters of the SM background function are fixed to the values obtained from the SM-only fit in the wider√
s′ window. It has been verified that the results are stable against reasonable variations of the fit ranges or

the bounds on the background parameters. The chargino mass is fitted to 168.0 ± 1.4GeV in the dM1600
scenario and to 168.6± 1.0GeV in the dM770 case.
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Figure 6: Distribution of the reduced center-of-mass energy (
√
s′) of the system recoiling against the hard ISR

photon for all events passing the chargino selection for an integrated luminosity of 500 fb−1 with P (e+, e−) =
(+30%,−80%). Mχ±

1
is determined from a linear fit to the distribution near the endpoint. Left: dM1600

scenario; Right: dM770 scenario.

The fitted central values agree within 1.6 (1.2) standard deviations with the respective input masses of
Mχ̃±

1
= 165.77GeV (Mχ̃±

1
= 167.36GeV) in the dM1600 (dM770) scenario. Since the relation between

√
s′

and the chargino mass is only approximate, e.g. due to the approximation of equal chargino energies, but
even more so due to the beam energy spectrum, an exact agreement is not necessarily expected. Therefore
we investigated the dependence of the fitted mass on the input mass by simulating signal samples with
different chargino masses. In order to minimize a possible bias due to changes in the acceptance, all higgsino
masses were varied simultaneously, so that e.g. the momentum distribution of the decay products does not
change significantly.

Figure 7 shows the fitted mass as function of the true mass for both scenarios. They clearly display a
linear behaviour, which can easily be used to calibrate the reconstruction method. The calibrated mass (and
its uncertainty) can be found on the x-axis as a projection of the fitted values on the y-axis as indicated by
the lines.9

9The uncertainty on the calibration curve itself is not propagated to the final result, since its origin, namely the limited
amount of available MC statistics especially for the SM background, will not be an issue in a real ILC measurement.

15

dM1600 dM770 Standard Model

χ̃+
1 χ̃

−
1 γ χ̃0

1χ̃
0
2γ χ̃+

1 χ̃
−
1 γ χ̃0

1χ̃
0
2γ ee → 2, 4, 6f eγ → 3, 5f γγ → 2, 4f

after preselection 19872 6365 21558 6872 5731 1.1837× 105 3.3051× 105

Photon final state 53 1733 155 5224 399 1217 2254

| cos θγsoft
| < 0.85 38 1467 120 4538 233 800 1145

E∗
γsoft

> 0.5 19 1395 22 4095 109 242 413

Emiss > 350GeV 19 1395 22 4095 90 180 384

Table 7: Number of events passing the final neutralino selection, following the preselection in Tab. 4, for an
integrated luminosity of 500 fb−1 and P (e+, e−) = (+30%,−80%).

Neutralino mass reconstruction

As in the chargino case, the mass of the χ̃0
2 is reconstructed from

√
s′ determined using the ISR photon. As

opposed to the chargino case, the masses of the two produced neutralinos are not equal, but their difference
is smaller than the resolution of the

√
s′ method. Therefore we use the approximation of two equal mass

particles being produced and calibrate the method in the end.
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Figure 9: Distribution of the reduced center-of-mass energy (
√
s′) of the system recoiling against the hard

ISR photon for all events passing the neutralino selection for an integrated luminosity of 500 fb−1 with
P (e+, e−) = (+30%,−80%). Mχ0

2
is determined from fitting the sum (red curve) of a straight line for the

signal and the background parametrisation (blue curve) to the distribution near the endpoint. Left: dM1600
scenario; Right: dM770 scenario.

Figure 9 shows the
√
s′ distribution obtained in both scenarios. The signal is clearly visible above the

background, which has only a negligible contribution from chargino production. Like in the chargino case,
the SM background is fitted first with an exponential (blue line). In a second step, a straight line is added
on top of the background to model the signal contribution and fitted to the simulated data in the endpoint
region (red line). Again the parameters of the SM background function are fixed to the values obtained from
the SM only fit in the wider

√
s′ window. The neutralino mass is fitted to 168.2 ± 1.6GeV in the dM1600

scenario and to 166.3±0.8GeV in the dM770 case. Both numbers agree with the input values within 1–1.5 σ.
Again the correlation between fitted mass and input mass is investigated, resulting in the calibration

curve displayed in Figure 10. Since in both scenarios the same decay modes are selected, there is no reason
to assume a different calibration behaviour in the other scenario. Therefore the same calibration curve is
used. Since its slope is only about 0.5, the final statistical uncertainty on the calibrated neutralino masses
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Berggren, Bruemmer, List, Moortgat-Pick, Robens, Rolbiecki, Sert [arXiv:1307.3566]	

Signature: ISR photon + soft particles 
ISR tag reduces two-photon backgrounds. 

Higgsinos can be discovered with mass precision O(1%)	

Hermeticity essential for ISR tag à Forward Calo. 
Reconstruction of low pT tracks à Silicon Tracking 
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Higgsino Parameter Scan @ LEP/ILC 
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Electroweakino Search 
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ILC 500 GeV 
no assumptions!	

HL-LHC	
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Electroweakino Search 
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à Synergy of HL-LHC and ILC	

ILC 1 TeV 
no assumptions!	

Degenerate spectra: 
Higgsino / Wino LSP	

HL-LHC	
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Slepton Search at ILC 
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An Optimistic Story 
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CMSSM search @ LHC	
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Summary 

The ILC will be the energy frontier in e+e- collisions. 
à Since it is linear, it energy can be extended in the future 
à The technical design is complete 
 
Unique measurements using e+e- collisions: 
à Direct search for new physics: mass reach of approx. √s/2 

Search for Gaugino, Higgsino, Slepton 
à Precise study of Higgs, top, W/Z: 

Absolute ZH cross section measurement à 250 GeV 
Precise determination of all Higgs couplings à 500 GeV, 1 TeV 

à Both have great LHC/ILC synergies! 
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Personal Remarks 

Personal answers to the questions that were raised at the beginning: 

•  What if LHC finds a new particle in the 14 TeV run? 
–  Study them at the ILC! 

•  What if the new particle is heavier than 500 GeV? 
–  Many new physics models predict accompanying particles which are lighter 

and difficult to detect at the LHC.  ILC can search them. 
–  In the future, we will eventually want to run e+e- collisions at the resonance.  

The linear collider the only realistic option to reach energies beyond 1 TeV.  
The ILC will then become a prelude to a 50 year program in linear e+e- 
collisions. 

•  What if it doesn’t find anything? 
–  Proceed with the precision Higgs/top/W/Z studies to challenge the SM. 
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Top Physics at ILC 
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energies available at ILC should resolve current questions concerning the precision
determination of ↵

s

. We recall that these estimates are the results of a precision
theory of the relation between the threshold mass and the t quark MS mass. A
comparable theory does not yet exist for the conversion of the t quark mass measured
in hadronic collisions to the MS value.

The precise determination of the t quark mass is likely to have important impli-
cations for fundamental theory. A value of the top quark mass accurate at the level
that a linear collider will provide is for example a key input to models of the vacuum
stability of the universe.

3 Probing the top quark vertices at the ILC

At higher energy, the study of tt pair production concentrates on the precise
measurements of the couplings of the t quark to the Z0 boson and the photon. In
contrast to the situation at hadron colliders, the leading-order pair production process
e+e� ! tt goes directly through the ttZ0 and tt� vertices. There is no concurrent
QCD production of tt pairs, which increases greatly the potential for a clean mea-
surement. A commonly used expression to describe the the current at the ttX vertex
is [40]

�ttX
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(k2, q, q) = ie
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(1)
where X = �, Z and the eF are related to the usual form factors F1, F2 by

eFX

1V = � �
FX

1V + FX

2V

�
, eFX

2V = FX

2V , eFX

1A = �FX

1A , eFX

2A = �iFX
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In the Standard Model the only form factors which are di↵erent from zero are
F �

1V (k
2), FZ

1V (k
2) and FZ

1A(k
2). The quantities F �,Z

2V (k2) are the electric and weak
magnetic dipole moment (EDM and MDM) form factors. The presence of the �/Z0

interference in electro-weak production gives sensitivity to the actual sign of the cou-
pling constants. This is a distinct di↵erence to the associated vector boson production
at the LHC, which is only sensitive to their absolute values.

In the following section, we will review the importance of measuring these cou-
plings precisely. Then we will describe studies of the experimental capabilities of the
ILC to perform these measurements. A great asset to test the chiral structure is the
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Precise measurement of the ttZ / ttγ form factors 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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gray areas denote the allowed region at 1, 2, and 3⇥). The three boundaries lines correspond to
�s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale � in GeV assuming �s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e�ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇥ 2, for Mh ⇥ 125

GeV, after including NNLO e�ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2⇥. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Two-Fermion Processes 
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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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Two-Fermion Processes
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Search for Z’ boson 
Polarized differential cross sections: LL/RR/LR/RL 
Forward-backward asymmetries	

arXiv:0912.2806 [hep-ph]	 hep-ph/0511335	
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