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Combined results:  the excess 

5σ 
Expected  

from SM  

Higgs at 

given mH 

Global significance: 4.1-4.3 σ (for LEE over 110-600 or 110-150 GeV)  

Maximum excess observed at  

Local significance (including energy-scale systematics)  

mH = 126.5 GeV 

5.0 σ 

Expected from SM Higgs mH=126.5  4.6 σ 

Probability of background up-fluctuation 3 x 10-7 

Expected  

from SM  

Higgs at 

given mH 

July 4, 2012 



Electroweak Symmetry Breaking 

•  With the discovery of the Higgs boson, we now understand how electroweak 
symmetry breaking (EWSB) occurs: via the expectation value of the Higgs field. 
However, we do yet know the physics behind the EWSB. 

•  Many new physics models which attempt to explain EWSB predict the existence 
of new forces/particles and modifications to the (SM) properties of Higgs boson, 
top quark, and W/Z bosons. 

•  It is important to test these predictions since they could be connected to the 
well-established observed phenomena which must require new physics, e.g. 
–  baryon asymmetry 
–  neutrino mixing 
–  dark matter 
–  … 
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Physics behind EWSB at TeV scale 

There are two possible scenarios for the physics behind EWSB 
around the TeV scale: 
 
1.  Supersymmetry (SUSY): SUSY breaking triggers EWSB. 

2.  Composite Higgs: a QCD-like theory is behind EWSB. 
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The Higgs boson and the top quark are crucial 
probes to distinguish these possibilities. 



Higgs Physics at ILC 
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Deviation in Higgs Couplings 

mass 

mh 

mA 

Many new physics models predict deviations in the properties of SM 
particles.  The 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.   
e+e- collider is needed to probe these scales via Higgs couplings. 
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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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Impact of BSM on Higgs Sector 

Standard Model 

Supersymmetry 
(MSSM) 

Composite Higgs 
(MCHM5) 

Lumi 1920 fb-1, sqrt(s) = 250 GeV 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 

Deviations in Higgs couplings is a signature of 
many BSM theories.  The pattern of the 
deviations is often specific to certain 
models. The precision Higgs coupling 
measurements at the ILC at the 1%-level 
enable us to discriminate the different models. 
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Chapter 2. Higgs Boson
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Figure 2.4.7: Production cross section for the e+e� ! Zh process as a function of the
center of mass energy for mh = 125 GeV, plotted together with those for the WW and ZZ
fusion processes: e+e� ! ⌫⌫H and e+e� ! e+e�H.

experimental uncertainties due to bremsstrahlung. It should be noted that it is the
capability to precisely reconstruct the recoil mass distribution from Z ! µ+µ� that
defines the momentum resolution requirement for an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is pro-
duced with four-momentum (

p
s, 0), are shown in Fig.2.4.8. In the e+e�X channel

FSR and bremsstrahlung photons are identified and used in the calculation of the
e+e�(n�) recoil mass. Fits to signal and background components are used to extract
mh. Based on this model-independent analysis of Higgs production in the ILD de-
tector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ�X (e+e�X) channel. When the two channels are combined
an uncertainty of 32 MeV is obtained [71,72]. The corresponding model independent
uncertainty on the Higgs production cross section is 2.5 %. Similar results were ob-
tained from SiD [73]. It should be emphasized that these measurements only used
the information from the leptonic decay products of the Z and are independent of
the Higgs decay mode. As such this analysis technique could be applied even if the

42 —DRAFT— Last built: February 18, 2013

Higgs Production at ILC 

250 GeV 500 GeV 
σ(e+e− à ZH) 303 fb 100 fb 

σ(e+e− à ννH) 16 fb 150 fb 

Int. Luminosity 250 fb-1 500 fb-1 

# ZH events 76,000	
 50,000	


# ννH events 4,000	
 75,000	


Z⇤

Z

H

e�

e+

W�

W+

H

e�

e+

⌫

⌫̄

WW fusion 
dominates at high energies	


Higgs-strahlung 
peaks around 250 GeV	


ILC TDR, cross section by WHIZARD 

Expected number 
of Higgs events	
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Higgs Recoil Mass 

Reconstruct Z boson leptonic decay. 
Reconstruct Higgs mass without 
looking at the Higgs decay 

Z⇤

e�

e+

`+

`�

H

gHZZ 

m2
recoil = (

�
s � E��)

2 � |�p��|2

 (GeV)recoilM
120 130 140 150

Ev
en

ts
 / 

(0
.5

 G
eV

)

0

50

100

150

200

250
X-µ+µ→Zh

Model independent analysis
 = 250 GeVs, -1 = 250 fbintL

) = (-0.8, +0.3)+, e-P(e

Signal+Background (MC)

Fitted Signal+Background

Fitted Signal

Fitted Background

 

10	


Model-independent, absolute measurement of the Higgs mass and σ(Zh): 
Δmh ≤ 15 MeV, σZh ≤ 1.2% (√s=250 GeV, L=1150 fb-1) 



Higgs Coupling Determination 

Z⇤

Z

H

e�

e+

W�

W+

H

e�

e+

⌫

⌫̄

BR(HàZZ*)	


Γ(HàZZ*)	

Γ(HàWW*)	


BR(HàWW*)	


Total decay width needed to fix the absolute couplings 

Partial Width & Branching Ratio measurements with Z/W: 

g2
i � �i = BRi � �H
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Very small cross section at 250 GeV. 
Clean reaction at 500 GeV	


ZHH at 250 GeV alone requires very 
high statistics since BR(HàZZ*) ~ 2%.	


Combination of 250 GeV & 500 GeV data essential 
for the precise determination of Higgs couplings	




Higgs Couplings (1/2) 
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[With assumptions; not model-independent.]	




Higgs Couplings (2/2) 
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Top Yukawa improves 
by going to 550 GeV	


Better hγγ with 
LHC/ILC 
synergy	


Excellent 
b-tagging 
c-tagging 
at ILC	




MSSM Heavy Higgs Bosons 

HL-LHC 3000 fb-1 ILC (1150 fb-1@250 GeV & 1600 fb-1@500 GeV) 

Cahill-Rowley, Hewett, Ismail, Rizzo, arXiv:1407.7021 [hep-ph] 
Exclusions of pMSSM points via Higgs couplings (combining hγγ, hττ, hbb) 
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Heavy Higgs mass	
 Heavy Higgs mass	

ta

nβ
	


ta
nβ
	


Precision Higgs coupling measurements 
sensitive probe for heavy Higgs bosons 
mA ~ 2 TeV reach for any tanβ at the ILC 
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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 
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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 interference diagrams 
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Baryon Asymmetry of Universe 
There are different models of baryogenesis at different energy scales.  Some examples: 
•  EW scale: EW baryogenesis à can be probed at the ILC 
•  Middle scale: Affleck-Dine baryogenesis 
•  GUT scale: Leptogenesis 
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Region where EW 
baryogenesis is 
viable 

Minimum value of 
Higgs self-coupling 
for EW baryogenesis 

A generic feature of new physics models with electroweak baryogenesis typically predict 
large deviations in Higgs coupling measurements which can be tested at the ILC 

Example of EW baryogenesis in a 
2HDM model (Senaha, Kanemura): 
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Top Physics at ILC 
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Top quark mass 
•  The top quark mass is a fundamental parameter for both SM and BSM. 
•  With L=100 fb-1 at the ILC around the pair production threshold (~350 GeV), the 

top mass in the MSbar scheme can be measured to 100 MeV.  (At least factor 5 
improvement over HL-LHC.)  The measurement is limited by the theoretical 
uncertainty associated with the slow convergence in the perturbation theory. 
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

Degrassi et al., JHEP 1208 (2012) 098 
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Impact of BSM on Top Sector 

Deviations for different models for new physics scale at ~1 TeV. 
Based on F. Richard, arXiv:1403.2893	


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

RS warped with Hosotani mechanism	


RS with Custodial SU(2)	


Little Higgs	


Composite Top	


AdS5 with Custodial O(3)	


RS with SU(2)R×SU(2)L×U(1)X	


5D Emergent	


HL-LHC 3000 fb-1 (approx.) 
Based on Baur, Juste, Orr, Rainwater, PRD71, 054013 (2005) 

ILC, √s = 500 GeV 
Lumi = 500 fb-1 

Composite Higgs theories have an impact on the top sector. Composite Higgs 
models can be tested at the ILC through precise measurements of the top 
couplings.  Beam polarization (both e- and e+) is essential to distinguish the ttZ and 
ttγ couplings. 

SM / SUSY	


�tLtLZ

tLtLZ

�tRtRZ

tRtRZ
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Deviation in ttZ coupling 
of left-handed top quark	


Deviation in ttZ coupling 
of right-handed top quark	




Top Coupling Measurements 

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

µ

(k2, q, q) = ie

⇢
�
µ

⇣
eFX

1V (k
2) + �5 eFX

1A(k
2)
⌘
+

(q � q)
µ

2m
t

⇣
eFX

2V (k
2) + �5 eFX

2A(k
2)
⌘�

.

(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

2A . (2)

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

6

Measure cross section σ and asymmetries AFB, Ahel to 
measure the top form factors Fttγ
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Figure 9: Reconstructed forward backward asymmetry together with residual Standard
Model background compared with the prediction by the event generator WHIZARD after
the application of a on �2 < 15 for the beam polarisations P, P 0 = �1,+1 as explained in
the text. Note that no correction is applied for the beam polarisations P,P 0 = +1,�1

error due to the ambiguities is expected to be significantly smaller than the statistical
error.

P ,P 0 (At

FB

)
gen.

At

FB

(�
AFB/AFB

)
stat.

[%]
�1,+1 0.339 0.326 1.8 (for P ,P 0 = �0.8,+0.3)
+1,�1 0.432 0.420 1.3 (for P ,P 0 = +0.8,�0.3)

Table 2: Statistical precisions expected for At

FB

for di↵erent beam polarisations.

7 Determination of the slope of the helicity angle distribu-
tion

The helicity approach has been suggested for top studies at Tevatron [27]. In the
rest system of the t quark, the angle of the lepton from the W boson is distributed
like:

1
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1 ILC (preliminary)

LHC (hep-ph/0601112)

Fig. 2. – Comparison of statistical precisions on CP -conserving form factors expected at the
LHC, taken from [7] and at the ILC. The LHC results assume an integrated luminosity of L =
300 fb−1. The results for ILC assume an integrated luminosity of L = 500 fb−1 at

√
s = 500GeV

and a beam polarization P = ±0.8, P ′ = ∓0.3.

that the urgent issue to be resolved in this program is actually reducing the theoretical
uncertainties. The QCD corrections for e+e− → tt̄ are known up to N3LO [8-10] and
the estimated theoretical uncertainties are at a per mil level. On the other hand, the
electroweak corrections are known only at one-loop level [11,12], and the estimated errors
in the cross section and in the forward-backward asymmetry are, respectively, about 5%
and 10%, which exceeds the experimental precision. An advance of the theoretical efforts
towards this direction is most appreciable. On the other hand, knowing the origin of the
theoretical uncertainties, we may also look for new observables which receive milder elec-
troweak corrections. Indeed, as mentioned earlier, the unique angular correlations of the
top production and decay may be used to find such new observables.
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At 500 GeV: large asymmetries & high statistics 
Polarization needed to extract all observables 

Reconstructed top angle 	
 Expected precision	




Searches for direct production of  
SUSY / DM at the ILC 
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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: 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) 
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[this comparison is for illustration only; specific channels should be looked at for actual comparisons] 



Bino-like LSP	
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Wino-like LSP	
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Higgsino-like LSP	
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Degenerate spectra 
(depends on mixing) 

SUSY Electroweak Sector 
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SUSY EW Production 
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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

10

Dominant production: 
๏ Wino pair production: cha-cha, cha-neu
๏ Higgsino pair production: cha-cha, cha-neu, neu-neu



SUSY EW @ LHC 
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SUSY EW @ HL-LHC 
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SUSY EW @ LEPII 
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WIMP Dark Matter @ ILC 
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e� collisions, in the

operator formalism.

2 Setup

While the operator formalism can be used for WIMPs of any spin, we will assume,

for concreteness, that the WIMP is a spin-1/2, Dirac fermion �. The coupling of the

WIMPs to electrons and positrons has the form

L
int

=
1

⇤2

Oi , (2.1)

where ⇤ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [6]:

OV = (�̄�µ�)(¯̀�
µ`) , (vector)

OS = (�̄�)(¯̀̀ ) , (scalar, s� channel)

OA = (�̄�µ�5�)(¯̀�
µ�5`) , (axial� vector)

Ot = (�̄`)(¯̀�) , (scalar, t�channel). (2.2)

The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
p
s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 ! 2 process e+e� ! �̄� is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e� ! �̄��, mediated by Feynman diagrams in

Fig. 1, and leading to the observable � +E/ final state. We have computed the double-

di↵erential cross sections, d2�
dE�d cos ✓

, analytically for each of the four interactions listed

– 4 –

à DM mass sensitivity 
nearly half the CM energy 

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

Higgs Invisible Decay Monophoton Search 
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WIMP searches at colliders are complementary to direct/indirect searches. 
Examples at the ILC: 



Higgsino decays to DM with small mass differences 

Berggren, Bruemmer, List, Moortgat-Pick, Robens, Rolbiecki, Sert, 
EPJ C73 (2013) 2660 [arXiv:1307.3566] 

Study of Higgsino pair production, with ISR tag 
 
Benchmark models with 
m(NLSP) – M(LSP) = 1.6 GeV and 0.8 GeV 

√s=500 GeV, Lumi=500 fb-1, P(e-,e+)=(-0.8,+0.3) 
LSP mass resolution ~1% 

�(e+e� � �̃+
1 �̃�

1 ) = 78.7 (77.0) fb
�M = 1.60 (0.77) GeV

32	


e�

e+

�̃+
1

�̃�
1

�̃0
1

�̃0
1

so
ft	


�ISR

W+⇤

W�⇤



Study of stau pair production at the ILC 
Observation of lighter and heavier stau states with decay to DM + hadronic tau 
 
Benchmark point: m(LSP) = 98 GeV, m(stau1) = 108 GeV, m(stau2) = 195 GeV 

Bechtle, Berggren, List, Schade, Stempel, arXiv:0908.0876, PRD82, 055016 (2010) 

Slepton decays to DM with small mass differences 

Signal 
SM bkg 
SUSY bkg 

√s=500 GeV, Lumi=500 fb-1, P(e-,e+)=(+0.8,-0.3) 
Stau1 mass ~0.1%, Stau2 mass ~3% à LSP mass ~1.7% 

�(e+e� � �̃+
1 �̃�

1 ) = 158 fb
�(e+e� � �̃+

2 �̃�
2 ) = 18 fb
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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 

Figure 24: Relic density for point LCC2. There are two overlapping very high peaks at
Ωχh2 < 0.01, with maxima at dP/dx = 122 and 165, due to the wino and Higgsino solutions
to the LHC constraints. See Fig. 8 for description of histograms.

gaugino-Higgsino mixing angles in a way similar to the relic density.

The microscopic determination of the annihilation cross section allows us to in-
terpret observations of gamma rays from dark matter annihilation and to directly
measure the density distribution ⟨J(Ω)⟩ for a source of dark matter. In Section 4.4,
we described some specific exercises based on the capabilities of GLAST. At LCC2,
the annihilation cross section is about 50 times larger, leading to 172 signal photons
(over 360 background) in the GLAST observation of the galactic center and 168 sig-
nal photons (over 60 background) in the GLAST observation of the reference subhalo
dark matter clump. Folding the photon statistics with the likelihood distributions
from Fig. 27, and including a 5% uncertainty in the background from the galactic
center, we find for LCC2 the predictions shown in Fig. 29 for the reconstructed val-
ues of ⟨J(Ω)⟩. For the large annihilation cross section characteristic of LCC2, we
obtain measurements of ⟨J(Ω)⟩ at the 10% level. Such measurements would be very
powerful constraints on models of dark matter clustering and galaxy formation.

5.4 Direct detection cross section

In a similar way, we can repeat the analysis of Section 4.3 for the direct detection
cross section. The likelihood distribution of the cross section values given by our

60

Once a DM candidate is 
discovered, crucial to check the 
consistency with the measured DM 
relic abundance. 
 
à ILC precise measurements of 
mass and cross sections 

ESA/Planck WMAP/Planck (68% CL) 
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Z’ : Heavy Neutral Gauge Bosons 
New gauge forces imply existence of heavy gauge bosons (Z’) 
Complementary approaches LHC/ILC 
•  LHC: Direct searches for Z’ (mass determination) 
•  ILC: Indirect searches via interference effects (coupling 

measurements and model discrimination) – 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 
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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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•  ILC is a proposed energy frontier machine in e+e- collisions.  The 
technology is ready.  We have a country interested in hosting it.  The 
extendability of linear colliders provide a clear path for the future. 

•  ILC will address fundamental questions in particles physics associated 
with new physics at the TeV scale. 
•  What is the physics behind the electroweak symmetry breaking? 

•  Supersymmetry, composite Higgs, … 
•  Precise measurements of Higgs / top and direct searches 

•  What is the nature of dark matter? 
•  Searches complementary to direct/indirect/LHC 

•  Higgs invisible width, monophotons, SUSY-specific 
•  Cross section measurements à relic abundance 

Summary 
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6.1. ILD performance

Figure III-6.4
Fractional jet energy
resolution plotted
against | cos ◊| where
theta is the thrust axis
of the event.
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rectly associate the calorimetric energy deposits to the particles and the confusion term increases.
The single jet energy resolution is also listed. The jet energy resolution (rms

90

) is better than 3.7 %
for jets of energy greater than 40 GeV. The resolutions quoted in terms of rms

90

should be multiplied
by a factor of approximately 1.1 to obtain an equivalent Gaussian analysing power[274]. Despite, the
inclusion of dead material in the Monte Carlo simulation, the resolutions achieved are between 2 %
and 7 % better than for the previous detector model described in [198]. In part this reflects a number
of improvements to the particle flow reconstruction software. Nevertheless, it can be concluded that
the additional dead material associated with services does not significantly degrade the jet energy
resolution.

Figure III-6.4 shows the jet energy resolution for Z æuds events plotted against the cosine
of the polar angle of the generated qq pair, cos ◊

qq

, for four di�erent values of
Ô

s. Due to the
calorimetric coverage in the forward region, the jet energy resolution remains good down to ◊ = 13¶

(cos ◊ = 0.975).

6.1.4 Flavour tagging performance

Identification of b-quark and c-quark jets plays an important role within the ILC physics programme.
The vertex detector design and the impact parameter resolution are of particular importance for
flavour tagging. The LCFIPlus flavour tagging software uses boosted decision trees to discriminate b
jets from udsc jets (b-tag), c jets from udsb jets (c-tag), and c jets from b jets (bc-tag).

The flavour tagging performance [384] of ILD was previously studied for the two vertex detector
geometries considered, three double-sided ladders (VTX-DL) and five single-sided (VTX-SL) ladders.
No significant di�erences in the input variables for the multivariate analysis were seen. Here results
are presented only for the double-layer layout. The flavour tagging performance is studied using
simulated and fully reconstructed samples for Z æ qq reactions, shown in Figure III-6.5a, and

Table III-6.1. Jet energy resolution for Z æuds events with | cos ◊
qq

| < 0.7, expressed as, rms

90

for the di-jet
energy distribution, the e�ective constant – in rms

90

/E = –(Ejj)/


Ejj/GeV, and the fractional jet energy
resolution for a single jets, ‡Ej /Ej . The jet energy resolution is calculated from rms

90

.

Jet Energy rms

90

rms

90

/


Ejj/GeV ‡Ej /Ej

45 GeV 2.4 GeV 24.7 % (3.66 ± 0.05) %

100 GeV 4.0 GeV 28.3 % (2.83 ± 0.04) %

180 GeV 7.3 GeV 38.5 % (2.86 ± 0.04) %

250 GeV 10.4 GeV 46.6 % (2.95 ± 0.04) %

Detectors: ILD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part III 287

Jet Energy Resolution 

Physics Performance

3.3.6 Strong EWSB
If strong electroweak symmetry breaking (EWSB) is realised in nature, the study of the
WW-scattering processes is particularly important. At the ILC, the W+W� !W+W� and
W+W� ! ZZ vertices can be probed via the processes e+e� ! ⌫

e

⌫
e

qqqq where the final
state di-jet masses are from the decays of two W-bosons or two Z-bosons. Separating the
two processes through the reconstruction of the di-jet masses provides a test of the jet energy
resolution of the ILD detector.

Strong EWSB can be described by an e↵ective Lagrangian approach in which there are two
anomalous quartic gauge couplings, ↵4 and ↵5 [38] which are identically zero in the SM. The
WW scattering events are generated at

p
s = 1TeV with WHiZard [39] assuming ↵4 = ↵5 =

0. Results are obtained for an integrated luminosity of 1 ab�1 with P (e+, e�) = (+0.3,�0.8).
Event selection cuts, similar to those of [38, 40, 41, 42], reduce the backgrounds from processes
other than the quartic coupling diagrams to ⇠ 20 % of the signal. Of the three possible jet-
pairings, the one which minimises |m

ij

� m
W/Z

| ⇥ |m
kl

� m
W/Z

| is chosen. Figure 3.3-22
shows, for ⌫

e

⌫̄
e

WW and ⌫
e

⌫̄
e

ZZ events, a) the reconstructed di-jet mass distribution, and b)
the distribution of average reconstructed mass, (m

ij

+ m
kl

)/2.0. Clear separation between
the W and Z peaks is obtained.
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FIGURE 3.3-22. a) The reconstructed di-jet mass distributions for the best jet-pairing in selected ⌫e⌫̄eWW
(blue) and ⌫e⌫̄eZZ (red) events at

p
s = 1TeV . b) Distributions of the average reconstructed di-jet mass,

(mij + mB
kl)/2.0, for the best jet-pairing for ⌫e⌫̄eWW (blue) and ⌫e⌫̄eZZ (red) events.

The parameters ↵4 and ↵5 are obtained from a binned maximum likelihood fit to the two-
dimensional distribution (10⇥10 bins) of the boson polar angle in the reference frame of boson
pair and the jet polar angle in the reference frame of each boson, giving �1.38 < ↵4 < +1.10
and �0.92 < ↵5 < +0.77. These sensitivities are slightly tighter than those from a previous
fast simulation study with the TESLA detector concept [41, 42].

3.3.7 Lepton production in SPS1a’
SUSY may provide a rich spectrum of kinematically accessible particles at the ILC oper-
ating at

p
s = 500GeV, for example the production of gauginos and sleptons with masses

below 250 GeV. The signals for new physics consist of a complex mixture of dominant and
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3-4% jet energy resolution 
à Good W/Z separation 	
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Full simulation ILD detector model for TDR	
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Heavy Higgs Predictions 
If deviations in Higgs couplings consistent with an extended Higgs sector 
are found, the heavy Higgs mass can be predicted from the size of the 
deviation.  Here we give an example based on the MSSM. 

The effect of the multiple Higgs fields 
manifests as deviations in Higgs 
couplings of the lightest (SM-like) 
Higgs boson. 
 
The size of the deviations depends on 
the mass of the heavy Higgs (MSSM) 
 
The mass of the heavy Higgs can be 
predicted with precise Higgs 
measurements at the ILC 
 
n.b. systematic uncertainties are suppressed by 
taking the ratio of the couplings. 

Lumi 1920 fb-1, sqrt(s) = 250 GeV 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 

Preliminary 
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Improving hγγ coupling precision 
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Beautiful example of 
LHC/ILC synergy 

Combine: 
1.  HL-LHC g(hγγ)/g(hZZ) 
2.  ILC g(hZZ) 
(both model-independent) 
 
à Precise model-independent 
measurement of g(hγγ) ! 

M. Peskin, arXiv:1312.4974 
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Higgs Hadronic Decays: Flavor Tagging 
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Zàqq, ECM=91.2 GeV, ILD Full Simulation [Suehara, TT]	


ILC detectors allow high performance b/c/g tagging 
Precise measurement of BR(Hàbb, cc, gg) 
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SUSY Precision Measurements 
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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

Large mass differences between 
chargino/neutralino; decays to jets. 
O(1)% mass precision 

Small mass differences between 
chargino/neutralino; ISR photon tag. 
O(1)% mass precision 
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Berggren, Bruemmer, List, Moortgat-Pick, Robens, 
Rolbiecki, Sert, EPJ C73 (2013) 2660 [arXiv:1307.3566] Suehara, List, arXiv:0906.5508 

45	




DM: Effective Operator Approach 
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LHC sensitivity: Mediator mass up to Λ~1.5 TeV 
ILC sensitivity: Mediator mass up to Λ~3 TeV for DM mass up to ~√s/2 
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Chaus, List et al. Chaus, List et al. 
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e� collisions, in the

operator formalism.

2 Setup

While the operator formalism can be used for WIMPs of any spin, we will assume,

for concreteness, that the WIMP is a spin-1/2, Dirac fermion �. The coupling of the

WIMPs to electrons and positrons has the form

L
int

=
1

⇤2

Oi , (2.1)

where ⇤ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [6]:

OV = (�̄�µ�)(¯̀�
µ`) , (vector)

OS = (�̄�)(¯̀̀ ) , (scalar, s� channel)

OA = (�̄�µ�5�)(¯̀�
µ�5`) , (axial� vector)

Ot = (�̄`)(¯̀�) , (scalar, t�channel). (2.2)

The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
p
s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 ! 2 process e+e� ! �̄� is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e� ! �̄��, mediated by Feynman diagrams in

Fig. 1, and leading to the observable � +E/ final state. We have computed the double-

di↵erential cross sections, d2�
dE�d cos ✓

, analytically for each of the four interactions listed

– 4 –

46	



