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Matter content  
&gauge 

interaction 

Collider physics should address big questions 

existing Mystery Constraints 

dark matter 

baryons in our 
Universe  

Why Higgs boson 
is light?

no large EW 
correction 

no extra CP violation 

no extra FCNC 

no proton decay 

SUSY 

dynamical 
symmetry 
breaking 

LEP

B factroy

LHC

Because it is very costly 
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ILC Physics 

• Higgs coupling precision at future collider

• SUSY and Higgs boson 

• SUSY direct searches at LHC and beyond 

• Dynamical models 

Is this outstanding project?  
I don’t draw any conclusion.  you decide.   
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 Success of LHC Example: H!ƔƔ 

��� Higgs Statistics, eilam gross, 2013 
Higgs boson  as a window of new physics  
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Higgs boson is a “new window” but.. 

• Large statistics 
• 2018年 14TeV L~2x1034 cm-2s-1 25ns (Phse 1) 

• 2022年 L~5x1034 cm-2s-1 (Phase II)

• big systematical errors in σ( gg→h )

• Hopes in “ratios”

300fb-1-3000fb-1での予想感度 
 

24th May, 2013 研究会 @名古屋 10 

from  1312.4974

300 fb�1 :
Observable ATLAS CMS-1 CMS-2
�(gg) · BR(��) 12 � 19 6 � 12.3 3 � 6.2
�(WW ) · BR(��) 47 � 15 20 � 2.4 14 � 1.2
�(gg) · BR(WW ) 8 � 18 6 � 12.3 5 � 6.2
�(WW ) · BR(WW ) 20 � 8 35 � 2.4 28 � 1.2
�(gg) · BR(ZZ) 6 � 11 7 � 12.3 5 � 6.2
�(WW ) · BR(ZZ) 31 � 13 12 � 2.4 10 � 1.2
�(gg) · BR(⌧⌧) — 13 � 12.3 6 � 6.2
�(WW ) · BR(⌧⌧) 16 � 15 16 � 2.4 9 � 1.2
�(Wh) · BR(bb) — 17 � 3.8 14 � 1.7
�(tth) · BR(bb) — 60 � 11.7 50 � 5.9
�(tth) · BR(��) 54 � 10 40 � 11.7 38 � 5.9
�(Zh) · BR(invis) — 16 � 4.3 11 � 2.2

3000 fb�1 :
Observable ATLAS-HL CMS-HL-1 CMS-HL-2
�(gg) · BR(��) 5 � 19 4 � 12.3 0.9 � 6.2
�(WW ) · BR(��) 15 � 15 10 � 2.4 4.4 �1.2
�(gg) · BR(WW ) 5 � 18 6 �12.3 1.6 � 6.2
�(WW ) · BR(WW ) 9 � 8 24 � 2.4 8.9 � 1.2
�(gg) · BR(ZZ) 4 � 11 4 � 12.3 1.6 � 6.2
�(WW ) · BR(ZZ) 16 � 13 7 � 12.3 1.9 � 6.2
�(WW ) · BR(⌧⌧) 12 � 15 8 � 2.4 2.8 � 1.2
�(Wh) · BR(bb) — 8 � 3.8 4.4 � 1.7
�(tth) · BR(bb) — 35 � 11.7 16 � 5.9
�(tth) · BR(��) 17 � 12 28 � 11.7 12 � 5.9
�(Zh) · BR(invis) — 10 � 4.3 3.5 � 2.2

Table 1: Error estimates for measurement of Higgs boson processes at the LHC. All numbers
are given as 1 � uncertainties, in %. Errors are given in the form (experiment)�(theory),
where (theory) is an error on the theory used to extract the rate. These errors are added
in quadrature in the analysis. The first three columns give estimates for 14 TeV with
300 fb�1; the second three columns gives estimates for 14 TeV and 3000 fb�1. The columns
for ATLAS give numbers presented in [6]. The columns for CMS are my own estimates,
justified only by the results of the fits shown in Table 2. CMS-1 denotes Scenario 1; CMS-2
denotes Scenario 2.
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Higgs Couplings (1/2) 
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ATLAS/CMS: 
Lumi 3000 fb-1, sqrt(s) = 14 TeV 
 
ILC 250: 
Lumi 417 fb-1, sqrt(s) = 250 GeV 
 
ILC 500: 
Lumi 833 fb-1, sqrt(s) = 500 GeV 
 
ILC 250up: 
Lumi 1920 fb-1, sqrt(s) = 250 GeV 
 
ILC 500up: 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 
 
ILC 1000up: 
Lumi 4170 fb-1, sqrt(s) = 1 TeV 

���

With e+e- collider 　

W coupling error reduces significantly with 500 GeV e+e- colliders 

access to tth (and ttZ), and WWh (250GeV 4.6%→ 500GeV 0.46%  

from Tanabe talk in Toyama  ’14
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Higgs precision measurement  
and new physics 

• SUSY  two Higgs doublet model 　 h, A0, H,H+ 
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LHC: ATL-PHYS-PUB-2013-016

-1LHC 300 fb
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ILC

95% CL exclusion potential

ILC

Heavy Higgs Mass Reach 
•  LHC: Heavy Higgs direct search 
•  ILC: Indirect search via effect on Higgs couplings BR(h"WW)/BR(h"bb) 

and BR(h"WW)/BR(h"ττ)  

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

Preliminary 

� �

@ Tree Level 

* One loop correction from the 
SUSY sector gives additional twist 

to the SUSY prediction 

from Tanabe 
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Figure 3: Same as the previous Figure but now for h ! gg.

12

Figure 4: Same as in Figure 2 but now for h ! bb̄.

13

g(Hbb)   - mA and  tanβ x μ x M3/MSUSY

g(Hgg) -squark effects have not decouple even for   MSUSY~4TeV 

Figure 11: Coverage of the pMSSM parameter space for the neutralino model set in the
M

A

� tan � plane, showing the fraction of models probed in each bin by the anticipated
sensitivity to the combined ��, ⌧⌧ , and bb̄ Higgs couplings at various colliders as indicated.
The white curves correspond to the present limits from the direct searches for H/A ! ⌧⌧ .

27

probing 
existence of 
BSM model 

(stop) 

fraction of excluded points  
at LHC 

at ILC 

arxiv 1407.7021 Chill-Rowley et al 

after LHC

ILC
sensitivity 
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Some models are more constrained 
by Higgs Mass 

Figure 5: Maximal Higgs mass in the constrained MSSM scenarios mSUGRA, mAMSB and mGMSB,
an a function of the scale MS when the top quark mass is varied in the range mt = 170–176 GeV.

have been adopted). The outcome is shown in Fig. 6 where the maximal h mass value obtained
by scanning the basic input parameters of the model over the appropriate ranges. In the left–
hand side, Mmax

h is displayed as a function of tan� and in the right–hand side as a function
of MS. As the lower bound Mmax

h � 123 GeV is the same as in our previous analysis, the
mASMB, mGMSB and some variants of the mSUGRA model such as the constrained NMSSM
(cNMSSM), the no-scale model and the very constrained MSSM (VCMSSM) scenarios are still
disfavoured. However, for mSUGRA and the non–universal Higgs mass model (NUHM), all
values of tan � >⇠ 3 and 1 TeV <⇠ MS <⇠ 3 TeV lead to an appropriate value of Mh when
including the uncertainty band.

Figure 6: The maximal hmass value Mmax

h as functions of tan� (left) andMS (right) in the mASMB,
mGMSB as well as in mSUGRA and some of its variants. The basic parameters of the models are
varied within the ranges given in Ref. [4]; the top quark mass is fixed to mt = 173 GeV.
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3.5.4 Impact of the LHC data

Now, it is interesting to perform a first assessment of the compatibility of the LHC and Tevatron
data with the MSSM and analyse the region of parameter favoured by the observed boson mass
and rate pattern (see also [5, 62]). Despite the preliminary character of the results reported
by the LHC collaborations and the limited statistical accuracy of these first results, the study
is a template for future analyses. In this analysis, we computing the �2 probability on the
observable of Table 1 for each accepted pMSSM points. For the bb̄ and ⌧+⌧� channels, in which
no evidence has been obtained at the LHC, we add the channel contribution to the total �2 only
when their respective µ value exceeded 1.5 and the pMSSM point becomes increasingly less
consistent to the limits reported by CMS. In order to investigate the sensitivity to the inputs,
we also compare the results by including or not the bb̄, for which a tension exists between
the CMS limit and Tevatron results, and the ⌧+⌧� rate. Figure 12 shows the region of the
[Xt,m˜t1 ], [Xb,m˜b1

] and [MA, tan �] parameter space where pMSSM points are compatible with
the input h boson mass and observed yields. In particular, we observe an almost complete
suppression for low values of the sbottom mixing parameter Xb.

Figure 12: Distributions of the pMSSM points in the [Xt,m˜t1
] (left), [Xb,m˜b1

] (centre) and [MA,
tan�] (right) parameter space. The black dots show the selected pMSSM points, those in light (dark)
grey the same points compatible at 68% (90%) C.L. with the the Higgs constraints of Table 1.

The distributions for some individual parameters which manifest a sensitivity are pre-
sented in Figure 13, where each pMSSM point enters with a weight equal to its �2 probability.
Points having a probability below 0.15 are not included. The probability weighted distri-
butions obtained from this analysis are compared to the normalised frequency distribution
for the same observables obtained for accepted points within the allowed mass region 122.5
< MH <127.5 GeV. We observe that some variables are significantly a↵ected by the constraints
applied. Not surprisingly, the observable which exhibits the largest e↵ect is the product µ tan �,
for which the data favours large positive values, where the �� branching fraction increases and
the bb̄ decreases as discussed above. On the contrary, it appears di�cult to reconcile an en-
hancement of both µ�� and µb¯b, as would be suggested by the central large value of µb¯b =
1.97±0.72 recently reported by the Tevatron experiments [3]. Such an enhancement is not
observed by the CMS collaboration and the issue is awaiting the first significant evidence of a
boson signal in the bb̄ final state at the LHC and the subsequent rate determination. The tan �
distribution is also shifted towards larger value as an e↵ect of the Higgs mass and rate values.
We also observe a significant suppression of pMSSM points with the pseudo-scalar A boson
mass below ⇠450 GeV. This is due to the combined e↵ect of the A ! ⌧+⌧� direct searches
and Bs ! µ+µ� rate, which constrain the [MA � tan �] plane to low tan � value for light A
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with the SUSY–breaking scale or common squark mass MS; the trilinear coupling in the stop
sector At plays also an important role. The leading part of these corrections reads [12]

✏ =
3 m̄4

t

2⇡2v2 sin2 �


log

M2

S

m̄2

t

+
X2

t

2M2

S

✓
1� X2

t

6M2

S

◆�
. (1)

We have defined the SUSY–breaking scale MS to be the geometric average of the two stop
masses (that we take <⇠ 3 TeV not to introduce excessive fine-tuning)

MS =
p
m

˜t1m˜t2 (2)

and introduced the mixing parameter Xt in the stop sector (that we assume <⇠ 3MS),

Xt = At � µ cot �. (3)

The radiative corrections have a much larger impact and maximise the h boson mass in the
so–called “maximal mixing” scenario, where the trilinear stop coupling in the DR scheme is

maximal mixing scenario : Xt =
p
6MS. (4)

In turn, the radiative corrections are much smaller for small values of Xt, i.e. in the

no mixing scenario : Xt = 0. (5)

An intermediate scenario is when Xt is of the same order as MS which is sometimes called the

typical mixing scenario : Xt = MS. (6)

These mixing scenarios have been very often used as benchmarks for the analysis of MSSM
Higgs phenomenology [13]. The maximal mixing scenario has been particularly privileged since
it gives a reasonable estimate of the upper bound on the h boson mass, Mmax

h . We will discuss
these scenarios but, compared to the work of Ref. [13], we choose here to vary the scale MS.
Together with the requirements on Xt in eqs. (4–6), we adopt the following values for the
parameters entering the pMSSM Higgs sector,

At = Ab , M
2

' 2M
1

= |µ| = 1

5
MS , M

3

= 0.8MS , (7)

and vary the basic inputs tan � and MA. For the values tan � = 60 and MA = MS = 3 TeV
and a top quark pole of mass of mt = 173 GeV, we would obtain a maximal Higgs mass value
Mmax

h ⇡ 135 GeV for maximal mixing once the full set of known radiative corrections up to
two loops is implemented [14]. In the no–mixing and typical mixing scenarios, one obtains
much smaller values, Mmax

h ⇡ 120 GeV and Mmax

h ⇡ 125 GeV, respectively. Scanning over the
soft SUSY–breaking parameters, one may increase these Mmax

h values by up to a few GeV.
It is important to note that the dominant two–loop corrections have been calculated in

the DR scheme [15] and implemented in the codes Suspect [16] and SOFTSUSY [17] that we
will use here for the MSSM spectrum, but also in the on–shell scheme [18] as implemented in
FeynHiggs [19]. In general, the results for Mh in the two scheme di↵er by at most 2 GeV,
which we take as a measure of the missing higher order e↵ects. Quite recently, the dominant
three–loop contribution to Mh has been calculated and found to be below 1 GeV [20]. Thus,
the mass of the lightest h boson can be predicted with an accuracy of �Mh ⇠ 3 GeV and this
is the theoretical uncertainty on Mh that we assume.
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AMSB -> large squark mass 
is natural

GM in trouble but 
need additional matter?

Hints on the SUSY breaking 
mechanism:  high scale/

Large mixing/non-minimal 
SUSY more seriously 
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SUSY spectrum on market

MSUGRA
classic 

heavy scalar
AM  

gluino 

wino LSP 
higgsino 

sq/gl 

gaugino 

higgsino 

stop1 
stop2 

stop1 

stop2 

light higgsino or stop 
for naturalness  

very hard to 
access →ILC?  

Small cross section 

degenerate 

(KKLT)

Light SUSY 
still possible 

still viable 
no FCNC

no cosmological 
problem 
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SUSY searches at Hadron colliders

• “SUSY signature”                         

•  “Models with new colored particles 
decaying into a stable neutral particle--LS

• Signal:                                                           
High PT jets hiph PT leptons and ETmiss 

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large

Production of W, Z, and top with additional jets 
would be significant background 
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Controlling backgrounds 

exclude up to the region 
where mstop~mLSP+mt +30GeV  

stop 350GeV and LSP 150GeV 
There are no region with 

S/N>0.1 in this plot!

The bound is model independent 

The limit is based on the  understanding of background 
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LHC 13TeV 
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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

gluino mass up to 3TeV and 
LSP mass up to 1.5TeV  

scalar top up to 1.4TeV and 
LSP mass 0.5TeV  
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SUSY at 100TeV collider
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Figure 12: Expected 5� discovery contours for the
p
s = 14 TeV LHC [left] and a 100 TeV proton

collider [right] with 3000 fb�1. The different curves correspond to various assumptions for the systematic
uncertainty on the background: 5% [green], 10% [red], 20% [blue], and 30% [black].

pileup follow the distributions without pileup closely, especially in the search regions. We also
observe that the the largest effects of pileup is at at low values of Emiss

T -significance, and are
therefore suppressed by the requirement that Emiss

T /
p
HT > 15 GeV1/2.

The impact of pileup on the discovery significance [left] and limits [right] are shown in Fig. 14.
Given that the HT and Emiss

T distributions are effectively unchanged, it is not surprising that the
results are very similar with and without pileup. The contours with and without pileup each lie
within the other’s 1� confidence interval, and we find no evidence that this reflects anything other
than statistical fluctuations for a few signal points. We can safely assume that pileup has a small
impact on this analysis.
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Figure 13: Signal and background Emiss
T [left] and HT [right] distributions at the 14 TeV LHC for events

with no pileup [solid] and the sum of backgrounds for events with 140 additional pp interactions per bunch
crossing [dashed]. Additional interactions increase the background rates at low Emiss

T , but have little impact
on the final analysis due to the tight Emiss

T cuts.
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3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and

16

VHE-LHC Reach 
  LSP mass up to ~5(2)TeV  at  100(33)TeV
  LSP mass reduce to 2TeV for 30% sys error
overlap with the region covered by ILC g(hgg) measurements  

1311.6480 Cohen et al 
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EW SUSY at HL-LHC

 (with good lepton trigger rate )
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Figure 10: (a) The missing transverse momentum distribution in three-lepton events for the background
and two signal scenarios. (b) The 95% CL exclusion limits (dashed lines) and 5� discovery reach
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current limit 

LHC will be sensitive to 
Lepton channel ! 

- We now have a strong motivation  
to keep trigger rate as low as 
possible for Higgs physics  

Problem:  Not much sensitivity to  
EW SUSY particles decaying into Higgs boson 
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EW SUSY search via 
lepton decay mode  

Mass difference 50 GeV  
required due to the overlap with 
W and Z backgrounds 

strong bound on  wino  decaying into sleptons (cross section) 
No serious bound  if decaying into higgs boson
limited bound on M1=0.5M2 line 

3l 

ILC has very good sensitivity for doublet(Higgsino) 
 or triplet(Wino)   LSP and NLSP up to its kinematical reach   
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EW-ino at ILC 
• Keep in mind that relevant parameters are more restricted 

now. 

• covering some important model parameter regions  that LHC 
cannot do 

• Heavy squark 

• Higgsino or Wino LSP 

• discovery→ precision tells more
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1M

Gaugino mass relation 
•  Chargino/Neutralino @ ILC " probe M1-M2 gaugino mass relation 
•  Gluino @ LHC " test of gaugino mass relation by ILC-LHC complementarity 
•  Gives a prediction of the gluino mass scale 
•  Discrimination of SUSY spontaneous symmetry breaking scenarios 

ILC�

ILC�

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

Gaugino mass unification: 
Higgsino-like LSP scenario 
By Baer, List 

�$�

parameters that LSP is higgsino accessible 
at ILC wile others are not 

→cross section measurement recover gaugino masses 
1307.0782 

“point RNS” μ=125GeV 
gluino mass 1.8TeV heavy squark 
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Dynamical 
models 
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Minimal Composite Higgs Model 
(MCHM)

Composite Higgs: Reach 

ghV V

ghSMV V
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�
1 � �

� =
g2

�
m2

�
v2

0 5 10 15 20

0.01

0.1

1.

0.002

0.02

0.2

0.005

0.05

0.5

m in TeV

x

g
4

g
2

g
4p

�ghV V

ghV V
= 0.4%

ILC 

Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Comparison depends on the coupling strength (g*) 

H
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 C

ou
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Direct Search 

HL-LHC (approx.) �$�

elementally Higgs boson⇥Higgs boson

Composite Higgs

Hierarchy problemHierarchy problem

Strong interacting sector

global symmetry g H � SM gauge symmetry GSM

G/H Higgs boson+eaten NGB

(TeV)

eaten

SMgauge

SM
fermion

elementary
sector

bound state of strong interacting composite sector

H

strong sector

GSM

G/H
g

Higgs

NGB

composite

fermion

mixing
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SO(5)xU(1)x→ SO(4)xU(1)x 

strong global symmetry breaking

SO(5)⇥ U(1)X ! SO(4)⇥ U(1)X

MCHM(Minimal Composite Higgs Model)

four NGB

quantum number

1 Higgs boson+3 eaten NGB

Higgs kinetic term

The four NGB can be parametrized by

⌃ = ⌃0e⇧/f

f : broken scale

⇧ = �i
p
2T âhâ

⌃0 = (0, 0, 0, 0, 1) â = 1 ⇠ 4
T â

: broken generator

⌃ = (0, 0, 0, sin

h(x)
f

, cos h(x)
f

)

arXiv:1110.5646 [hep-ph]
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strong global symmetry breaking

SO(5)⇥ U(1)X ! SO(4)⇥ U(1)X

MCHM(Minimal Composite Higgs Model)

four NGB

quantum number

1 Higgs boson+3 eaten NGB

Higgs kinetic term

The four NGB can be parametrized by

⌃ = ⌃0e⇧/f

f : broken scale

⇧ = �i
p
2T âhâ

⌃0 = (0, 0, 0, 0, 1) â = 1 ⇠ 4
T â

: broken generator

⌃ = (0, 0, 0, sin

h(x)
f

, cos h(x)
f

)

arXiv:1110.5646 [hep-ph]
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=v2/f2

4 NG→SU(2) doublet 
1 higgs + 3 NG 

expected reach up to 
v/f ~ 0.09 

v/f 

building block of higgs sector 

scale of the resonance 
of strong dynamics 
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top partners in  Minimal Composite Higgs Model fermion representation under SO(5)⇥ U(1)X

 = 1p
2

0

BBBB@

B �X
i(B +X)
T + U

i(T � U)p
2T̃
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CCCCA

fundamental representation 52/3
field T 3

L T 3
R X Y = T 3

R +X QEM = T 3
L + Y

X 1/2 1/2 2/3 7/6 5/3
U �1/2 1/2 2/3 7/6 2/3
T 1/2 �1/2 2/3 1/6 2/3
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T̃ 0 0 2/3 2/3 2/3(1, 1)

(2, 2)
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-1/3

there top partner

one bottom partner

same quantum number

composite elementary(SM)
qL
tR

mixing between SM and Composite(partial compositeness)

generate top mass and deviation of Higgs coupling

MCHM5

top and bottom of elementary sector
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MCHM5 arXiv:1110.5646 MCHM5 Lagrangian

proto yukawa of MCHM5

f : broken scale

Y : yukawa coupling of MCHM5

interaction between Higgs boson and Composite fermions

LY ukawa+Mass = �Y f( ̄L⌃T )(⌃ R)�M ̄L R ��Lq̄LQR ��R
¯̃TLtR �ybq̄LHbR

(proto) yukawa

vector mass

mixing

b quark mass

Mass Matrix

mixing generate top mass

elementary top quark largely mix with Composite sector
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fermion representation under SO(5)⇥ U(1)X

 = 1p
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bigger representation such as 10, 14...  may be   

strongly constrained by  T, S, Zbb, higg potential  

interesting effect in Hgg, Hγγ, Htt, ttZ 
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ttZ coupling in MCHM
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Figure 17: Corrections to the Vtb matrix element in the complete models with c = 0 (left panel)
and c = 1/

p
2 (right panel) for ⇠ = 0.1. The configurations correspond to the ones of the left plot

of fig. 10 for the case c = 0 and of the right plot of fig. 12 for the case c = 1/
p
2.

This explicit result is in agreement with the relation derived in the previous subsection (see
eq. (6.5)). We also verified that at order (v/f)4 the corrections to gtL and Vtb do not coincide.

The coupling of the tR with the Z boson is modified as well. The leading corrections take the
form

�gtR =
⇠

4

f2

m2
1 + y2R1f

2

"✓
m4m1yR4 + yL4yL1yR1f

2

m2
4 + y2L4f

2
�
p
2cyR1

◆2

�
✓
m1yR4

m4
�
p
2cyR1

◆2
#
. (6.7)

As explicit numerical examples we show in fig. 17 the distortion of the Vtb matrix element in
the complete models with c = 0 and c = 1/

p
2 (see subsection 4.3). In the case with c = 0, the

configurations allowed by the constraints on the oblique EW parameters have small corrections to
Vtb, �0.03 . �Vtb . 0, which are below the present experimental sensitivity. On the contrary, in
the model with c = 1/

p
2, the corrections to Vtb can be sizable, �0.12 . �Vtb . �0.03, and the

current bounds can already exclude a corner of the parameter space allowed by the EW precision
data. In our numerical analysis we also found that, in the realistic regions of the parameter space,
the deviations in the tR couplings are always small, �gtR . 0.01. Moreover we checked numerically
that the correlation between �gtL and �Vtb is always well verified and the deviations from eq. (6.5)
are of order ⇠ as expected.

To conclude the analysis of the top couplings in the models with an elementary tR, it is inter-
esting to consider the simplified cases with only one light composite multiplet. In the limit with

39

δgtL/gtL =-0.05~-0.1

from e+e- → ttbar  ILC precision would be 
   Left coupling 0.6%
   Right coupling 1.4%  

Grojean et al 1306.4655 

Carena et al 1402.2987
stop mixing angle in various models 
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Figure 4: The largest of the mixing angles between sq and st versus the lightest Q = �1/3
resonance (left panel) and Q = 2/3 resonance (right panel) in several models. For the MCHM5

we plot the largest between sq
u

, sq
d

and st.

The right panels of Figs. 3 and 4 display the same information for the top sector (using
the lightest Q = 2/3 fermionic resonance as the relevant variable). Here, the dispersion of the
points around the continuous curves is larger, but the general behavior is still well described by
the simple analytic formulas given above, again with the exception of the MCHM10�5�10 (green
stars), which all fall below the “expected curve” given by F2 = cos(v/fh). Thus, the analytic
approximation underestimates the suppression in the top Yukawa coupling compared to the SM
in this model. We also note here that the analytic approximation, F1(✏), slightly underestimates
the exact result for the MCHM10, MCHM14�14�10 and the MCHM14�1�10 (with the e↵ect being
more pronounced for the latter two). Finally, we point out that after imposing the physical
conditions described in the previous section, the points in the MCHM14�14�10 typically have
yT ⌧ ỹT . This means that the deviations from the SM in the top sector are reasonably well
described by the function F̃3(✏) [see discussion around Eq. (77)], as can be seen in the right
panel of Fig. 3.

Besides the above resonances, one can also find light exotic resonances with charge Q =
8/3, 5/3 and �4/3, depending on the fermion representations involved. These resonances are
also custodians, thus their masses are also suppressed if they belong to SO(5) multiplets with
large mixing with the elementary fermions. They can have a rich and exciting phenomenology
at colliders, although we will not consider this issue in this work.

The Yukawa couplings of the light fermions should be very well described by the analytical
approximations, at least when both LH and RH mixing angles are small, as we are assuming.
In particular, all of them can be expected to deviate from the SM expectation by the same
order as the couplings of the third generation, reflecting the “universal” character of the leading
order deviations found in composite Higgs scenarios (those parametrized by the Fi functions of
Table 1).
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Extra-dim : 0(10)TeV RS model   with ILC
• 5dim RS with  bulk Fermions → explain 

fermion mass via bulk profile 

• not accessible at 14TeV LHC due to flavor 
constraint 

• additional complexity Raidon-Higgs mixing. 

• KK contribution to Higgs decay though 
loop, large KK yukawa coupling

• Radion: direct coupling to light gauge 
bosons. 

FIG. 5: FKK
l +FKK

q vs the ratios of the branching ratio for R(��/ZZ) in all of our model points.

the fraction of model parameters with a more than 3� deviation from the SM prediction

is small. As we have already argued, some of the common systematics in DRh
m

(��) and

DRh
m

(ZZ) would be cancelled in the ratio. Therefore the R(��/ZZ) measurement provides

a reliable estimate of FKK
q,l . In the Fig 6 (b), we see the distribution of model points in the

DRh
m

(��) -DRh
m

(ff,WW,ZZ) plane. Most of the model points are distributed between

0.75 < DRh
m

(ff,WW,ZZ) < 1, which is due to the correction to �(gg ! hm). See Fig. 7

for the coupling correction d(g) no Higgs-radion mixing at (⇠ ⇠ 0), where the model points

range up to d(g) ⇠ �0.15.

DRhm(γγ)

HL-LHC

(a) (b)

FIG. 6: (a) The distribution of the model points in R(��/ZZ) andDRh
m

(��) plane. The horizontal

lines in the figure shows 1� error centered at R(��/ZZ) = 1 at the HL-LHC; (b) The distribution

of the model points between DRh
m

(ff,WW,ZZ) and DRh
m

(��).

Currently, the Higgs boson detection ratios are not strongly constrained. The error

on DRh
m

(��) is about 30% and the central values of ATLAS and CMS experiments are
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conclusions

• LHC   will  prove BSM  directly.  Energy Upgrade 
explore new physics beyond 10TeV scale

• “A new Higgs window” for BSM. Precision study of 
the Higgs boson nature at high luminosity e+e-
collider now looks viable future program.  
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