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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 

2 



SUSY2015, August 2015� Tomohiko Tanabe (tomohiko@icepp.s.u-tokyo.ac.jp)�

Electroweak Symmetry Breaking 
•  With the discovery of H(125), we now understand how EWSB occurs: via 

the expectation value of the Higgs field. However, we do yet know 
the physics behind the EWSB. 

•  In order to explain the shape of the Higgs 
potential (if there is an explanation), we need to 
go beyond the Standard Model. 

•  Such BSM models predict the existence of new 
particles/forces.  They also affect the 
properties of the Higgs, top, and W/Z, which 
can be probed via precision measurements. 

•  They could be connected to the observed BSM 
phenomena: 
–  baryon asymmetry of the universe 
–  neutrino oscillations 
–  dark matter 
–  dark energy 
–  … 

3 
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And today… 
      many proposals for a next generation electron-positron collider 
              with which we can study the Higgs boson in great detail:�
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At proton-proton colliders: 
!  Proton = quarks + gluons 
!  Ease of reaching high energy 
!  Longitudinal CM momentum not known 

At electron-positron colliders: 
!  Clean reaction of elementary particles 
!  Precision probes / coverage without holes 
!  CM energy & momentum known 

LHC� e.g. ILC�

All  from Higgs�

proton�

quark�

gluon�
proton�

electron� positron�

LHC�

e+e- collider�
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Circular Colliders 
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CEPC 
Circular Electron-Positron Collider 
•  Site: China 
•  CM energy: 90-240 GeV 
•  Single main ring + booster ring 
•  Circumference: 50 km 
•  # of IPs: 2 
•  Precursor to 70 TeV pp collider (SPPC) 

FCC-ee 
Future Circular Collider: e+e- 
•  Site: CERN 
•  CM energy: 90-350 GeV 
•  Two main rings + booster ring 
•  Circumference: 100 km 
•  # of IPs: 2-4 
•  Possible precursor to 

          100 TeV pp collider (FCC-hh) 

CEPC-SPPC PreCDR�

Pre-CDR Mar. 2015�
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Linear Colliders 
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CLIC 
Compact Linear Collider 
•  Based on 2-beam acceleration scheme 
•  Site: CERN 
•  CM energy: 350 GeV " 3 TeV 
•  Length: 50 km (for 3 TeV) 

ILC 
International Linear Collider 
•  Based on superconducting RF cavities 
•  Potential site: Japan 
•  CM energy: 250-500 GeV 

            (upgradable to 1 TeV) 
•  Length: 31 km (for 500 GeV) 

TDR 2012�

CDR 2011�
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Circular vs. Linear 
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(not precisely to scale)�

They have different capabilities: 
•  Circular colliders " high luminosity 
•  Linear colliders " high energy 

And therefore different approaches! (with some complementarity) 



Higgs Physics 
at future e+e- colliders 

9 
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Higgs recoiling against Z 

Reconstruct Z boson, subtract from 
well-known initial state 4-vector. 

11 

Model-independent, absolute measurement 
of Higgs mass and σ(Zh): 

Δmh  ~ 10 MeV 
ΔκZ/κZ  ~ 0.2% 
for lumi ~ 5 ab-1 

best for CEPC/FCC-ee 

M2
recoil = (

�
s � EZ)2 � |�pZ |2 CLIC 

350 GeV 
ZH"qqH�
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Figure 3.9 Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair of
leptons, for an integrated luminosity of 5 ab�1, for Z ! µµ (left) and Z ! ee (right).

e+e�
(�), e⌫W, eeZ production. These become the dominant backgrounds after event se-

lection. This simple-cut based event selection results in 10k signal events (27% selection
efficiency) and 147k background events.The right-hand plot of Fig. 3.9 shows the recoil
mass spectrum. A relative precision of 2.4% for the inclusive cross section has been
achieved, and an accuracy of 14 MeV is expected for the Higgs boson mass measurement.
To take into account the energy loss due to bremsstrahlung and FSR, the momentum of
the electron/positron track can be corrected by adding the energy carried by the photons
located inside a small cone around the track. With this correction, the accuracy of the ZH
cross section measurement can be improved to 2.1% in the Z ! e+e� channel.

Model-independent event selection is necessary for the absolute cross section mea-
surement. However, additional cuts which might break this requirement can be used to
improve the Higgs mass measurement. For instance, in the Z ! e+e� channel, the main
backgrounds (Bhabha, single W and single Z events) can be suppressed more effectively.

3.3.2.2 Recoil Mass with Hadronic Z Decays

The recoil mass technique can also be applied to the hadronic decay channels (Z ! qq̄).
This analysis benefits from the larger Z ! qq̄ decay branching ratio, but suffers from
poorer jet energy resolution and random combinatorics of jet-pairing with additional jets.
This measurement is highly dependent on the performance of the PFA, jet clustering and
jet flavour tagging algorithms.

An analysis based on fast simulation has been performed. After event selection, the
main backgrounds arise from WW and Z� production. Fig. 3.10 (left) shows the recon-
structed recoil mass distribution. A relative precision of 0.65% for the inclusive cross
section has been achieved [30]. Jets from Higgs decays can lead to mis-pairing in recon-
structing the Z ! qq̄ decay, which may further violate the model-independence of event
selection. Thus it is crucial to understand and to control the event selection efficiency ho-
mogeneity of different Higgs decay modes. As shown in the right-hand plot of Fig. 3.10,
average signal efficiency is 33.9%, with a relative variation of 6.5%.

CEPC 
250 GeV 
ZH"µµH 
[Pre-CDR]�

CEPC 
FCC-ee 
ILC 
CLIC�

[P.Roloff, LP2015]�
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Higgs Total Width 

Z⇤

Z

H

e�

e+

W�

W+

H

e�

e+

⌫

⌫̄

BR(H"ZZ*)�

Γ(H"ZZ*)�
Γ(H"WW*)�

BR(H"WW*)�

Partial Width & Branching Ratio measurements with Z/W: 
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Require high CM energy 
for large statistics.�

Limited by low statistics due to 
small BR(H"ZZ*)~2%.�

CEPC 
FCC-ee 
ILC 
CLIC� In the SM, the Higgs total width is ΓH ~ 4 MeV. 

Too small to be measured directly even for e+e-. 
Indirect measurement is possible. 
Using the narrow-width approximation,  

g2
i � �i = BRi � �H

At ILC, Higgs width precision is ~2% [1506.06992]�
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Higgs hadronic decays 
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5. Flavor Tagging

While the flavor tagging procedure described in this section is in principle independent of the order of
the jet finding and secondary vertex finding. the performance is given for the procedures given in this paper,
i.e. in the order of vertex finding, jet finding, and vertex refining as described in the previous sections.

The flavor tagging procedure is based on a multivariate classifier as implemented in the TMVA package.
The flavor tagging procedure is applied to each jet and makes no attempt to look at the interaction between
the jets beyond what is implemented up to this point. The jets are divided into four categories according the
number of reconstructed vertices in a jet. For each category, a set of input variables are defined, which are
then passed to the multivariate classifier. The classifier response is normalized across the different categories,
which can then be used in a physics analysis.

We employ boosted decision trees (BDTs) as the multivariate classifier in the TMVA package in ROOT.
The BDTs with gradient boosting are used. The BDTs operate in the multiclass mode which allows the
simultaneous training of multiple classes of events. In our case, we define three classes, which are b jets, c
jets, and uds jets.

The jets are categorized by the number of reconstructed vertices. By the design of the vertex refiner
described in the previous section, each jet can either have zero, one, or two properly reconstructed vertices.
In addition, each jet can have he single-track pseudovertex is also considered. We separate the jets into the
four categories as listed in Tab. 4

The flavor tagging input variables are constructed from the constituents of the jets such as the charged
tracks and secondary vertices. The momentum of the jet itself is used for the inspection of the jet constituents
in terms of the jet direction. Many input variables can depend on the energy of the jet, since the decay
length and angles between particles necessarily depend on the boost of the particles involved. They can be
normalized making use of the jet energy to diminish the jet energy dependence. The jet energy dependence
cannot be completely eliminated because the acceptance cuts and the detector effects are inherently not
invariant as a function of the jet energy. The list of input variables are shown in Tabs. 5-6.
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Figure 1: The flavor tagging performance, evaluated on Z → qq sample at
√
s = 91.2 GeV, is shown in terms of the mis-

identification fraction versus the tagging efficiency. (a) The tagging efficiency is shown for b jets. The green (circle) points
show the fraction of c jets being mistaken as a b jet. The blue (square) points show the fraction of uds jets being mistaken as
a b jet. (b) The tagging efficiency is shown for c jets. The red (circle) points show the fraction of b jets being mistaken as a c

jet. The blue (square) points show the fraction of uds jets being mistaken as a c jet.

The performance of the flavor tagging for e+e− → Z → qq two jet samples for
√
s = 91.2 GeV is shown in

Fig. 1. Two plots are shown corresponding to the performance of the b tagging and c tagging. The two lines

8

b-tagging & c-tagging performance (per jet):�

ILC 90 GeV 
[Suehara, TT, 
1506.08371]�

btag� ctag�

Detector foreseen to have excellent vertex detectors, 
with capability to identify bottom and charm jets. 
" measure Higgs hadronic BRs 

ILC 250 GeV [H.Ono]�

Δκb/κb  < 1%, Δκc/κc  ~ O(1)%, Δκg/κg ~ O(1)% 
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Top Yukawa Coupling 

e+e- " ttH process: Bound-state 
effects significant @ 500 GeV 
 
Final states analyzed: 8 jets, 6 jets+1 
lepton, (4 jets+2 leptons not included in 
comb.) 
 
Crucial tools: b-tagging, jet 
combination, lepton isolation 
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ILC 
CLIC�

ECM� Int. Lumi� Δy/y�

500 GeV� 0.5 ab-1� 18%�

500 GeV� 4 ab-1� 6%�

1 TeV� 1.5 ab-1� 2%�

Indirect measurement at ttbar threshold 
Model-dependent, contribution from both 
anomalous coupling and new particles in the loop. 
" Top Yukawa Precision ~10%.�

FCC-ee 
ILC 
CLIC�
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•  Small cross section (~0.2 fb) 
•  Many jets in the final state 
•  Effect of irreducible diagrams 
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•  HHH coupling: direct probe of the Higgs potential 
•  Large (>20%) deviations predicted by models of 

electroweak baryogenesis  

Δλ/λ = 1.66 dσ/σ @ 500 GeV 
Δλ/λ = 0.76 dσ/σ @ 1 TeV 

ECM� Int. Lumi� Δλ/λ�
500 GeV� 0.5 ab-1� 77%�
500 GeV� 4 ab-1� 27%�
1.4 TeV 
/ 3 TeV�

1.5 ab-1 
/ 2 ab-1�

10% 
combined�

ILC 
CLIC�

Indirect measurement CEPC 
FCC-ee 3

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-
mined using the FeynArts, FormCalc, and Loop-

Tools suite of packages [18, 19] by calculating the full
one-loop electroweak corrections to associated produc-
tion (see Refs. [20–23]) and extracting the dependence
on the self-coupling parameter. The counter-terms for all
SM-Higgs couplings are calculated automatically follow-
ing the electroweak renormalization prescription of [24].
The analytic form of the correction at a CM energy

p
S

can be extracted from the FeynArts and FormCalc

[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

Z
KdDq

[q2 � M2
1 ][(q + p)2 � M2

2 ]
, (4)

and

Cµ1,..,µN
(k2

1, (k1 � k2)
2, k2

2, M
2
1 , M2

2 , M2
3 ) =

Z
Kqµ1 · · · qµN

dDq

[q2 � M2
1 ][(q + k1)2 � M2

2 ][(q + k2)2 � M2
3 ]

, (5)

where

K =
µ4�D

i⇡D/2r�
, r� =

�2(1 � ✏)�(1 + ✏)

�(1 � 2✏)
. (6)

The two-point scalar function encountered here is defined
as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)

250 300 350 400 450 500-0.5

0.0

0.5

1.0

1.5

2.0

2.5

s @GeVD

dsZh
dh
@%D

FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with
the same arguments. C00, C11, C12 are the scalar coef-
ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these
functions can be easily evaluated using the LoopTools

package [18, 19]. With these definitions the full form of
the self-coupling correction is

��(S) =
��h 6=0

��h=0
� 1 (10)

=
3↵M2

H�h
16⇡ sin(✓W )2M2

W�
⇥

Re


2
�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ⇣�

�
,

where

� = (M2
H � M2

Z)2 + 10M2
ZS + S2 � 2M2

HS, (11)

⇣ = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R⇠ gauges, and the absence
of the ⇠ parameter demonstrates the full gauge invariance
of the result. Furthermore, although a number of UV-
divergences appear individually, the final result is UV-
finite as these divergences cancel in B0 � 4C00 and also
in .

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3,�0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained
as other higher-dimension operators may contribute at
O(�2

h), and the coe�cient of this term is unknown. The
full energy dependence is shown in Fig. 2.

[McCullough, 1312.3322] 

Δλ/λ ~35% 
√s=240 GeV, L=5 ab-1�

model-dependent loop 
corrections to ZH�
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.

11

[1506.07830]�

[P.Roloff, LP2015] 

ILC�

CLIC�

6

Precision Higgs Couplings
➡ Measure σ(ee→ZH) * BR (H→X) by identifying X
➡ Example: σ(ee→ZH) * BR (H→ZZ)  ∝ gHZ4/ΓH

➡ Total width from combination of measurements or fit
➡ Hadronic and invisible Z decays increase precision
➡ Branching fraction to invisible tested directly to 

0.19% @ 95% CL

stat. uncertainties

FCC-ee

FCC-ee

FCC-ee FCC-ee

CEPC [Pre-CDR] � FCC-ee [M.Klute, EPS2015]�
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ILC�

CLIC�

6

Precision Higgs Couplings
➡ Measure σ(ee→ZH) * BR (H→X) by identifying X
➡ Example: σ(ee→ZH) * BR (H→ZZ)  ∝ gHZ4/ΓH

➡ Total width from combination of measurements or fit
➡ Hadronic and invisible Z decays increase precision
➡ Branching fraction to invisible tested directly to 

0.19% @ 95% CL

stat. uncertainties

FCC-ee

FCC-ee

FCC-ee FCC-ee

CEPC [Pre-CDR] � FCC-ee [M.Klute, EPS2015]�

At e+e- colliders, 
Model-independent measurement of Higgs couplings 
•  Precision 1% or better for Z, W, b, c, g, τ 

•  HWW benefits from higher energy 
•  Challenge for experiment (systematics) and theory 

•  Synergy with HL-LHC measurements in γ, µ 
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12
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Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up
√
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000

∫
Ldt (fb−1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500

κγ 5− 7% 2− 5% 8.3% 4.4% 3.8% 2.3%

κg 6− 8% 3− 5% 2.0% 1.1% 1.1% 0.67%

κW 4− 6% 2− 5% 0.39% 0.21% 0.21% 0.2%

κZ 4− 6% 2− 4% 0.49% 0.24% 0.50% 0.3%

κℓ 6− 8% 2− 5% 1.9% 0.98% 1.3% 0.72%

κd = κb 10− 13% 4− 7% 0.93% 0.60% 0.51% 0.4%

κu = κt 14− 15% 7− 10% 2.5% 1.3% 1.3% 0.9%

TABLE IV: Expected precisions on the Higgs boson couplings and total width from a constrained 7-

parameter fit quoted from Table 1-20 in Ref. [52].
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FIG. 10: The scaling factors for the Yukawa interaction of the SM-like Higgs boson in THDMs in the case

of cos(β − α) < 0.

A. Higgs boson couplings in the THDMs

We first consider the deviations in the Higgs boson coupling constants in the THDMs. From

TABLE II, it can be seen that all the four types of Yukawa interaction have different combinations of

ξfh for f = u, d and e when sin(β−α) ̸= 1. Therefore, the direction and magnitude of modifications

for κf are different in four types of Yukawa interaction.

In FIGs. 10 and 11, the scaling factors are shown for each type of Yukawa interaction in the

THDMs as functions of κ2V and tan β. When κ2V is determined, there still has a sign ambiguity
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Figure 3: Plots of scale factors of ⌧ and b in four types of Yukawa
interactions [1]. The upper panel and the lower panel are predictions
with cos(� � ↵) < 0 and cos(� � ↵) > 0, respectively. Each black dot
indicates a result at the tree level with tan � = 1, 2, 3 and 4. Red region
(blue region) show one-loop results with sin2(� � ↵) = 0.99 (sin2(� �
↵) = 0.95) where m� and M are scanned over from 100 GeV to 1
TeV and 0 to m�, respectively, under the constraints of perturbative
unitarity and vacuum stability.

tern of deviations in these h f f̄ couplings. These anal-
ysis of Yukawa couplings at the tree level have already
been discussed in Refs. [5, 23, 28].

In Fig. 3, we also plot those including full elec-
troweak and scalar bosons loop corrections which are
shown by colored regions around black dots. Red re-
gions (blue regions) are modified regions by extra Higgs
loop contributions for the case with sin2(� � ↵) = 0.99
(0.95). We scan m�(= mH± = mA = mH) and M over
from 100 GeV to 1 TeV and from 0 to m�, respectively.
We find that results can be modified from the tree level
values in several percent by extra Higgs loop e↵ects.
Even if radiative corrections become maximal values,
predictions of ̂ f ( f = c, b, ⌧) in the types of Yukawa
interaction don’t overlap each other. Therefore we can
discriminate all the types when sin2(��↵) deviates from
the SM prediction by about 1%.

At the HL-LHC, h⌧⌧ and hbb couplings are expected
to be measured with about 8% and 11%, respectively
[8]. When sin2(� � ↵) is di↵erent about 1% from unity,
hbb and h⌧⌧ coupling constants can di↵er about 10%
from the predictions of the SM depending on the value
of tan �. In that case, we can discriminate the types of
Yukawa interactions by using those HL-LHC data. At
the ILC500, however, the Higgs coupling measurements
have typically O(1)% level resolution: e.g., h coupling
constants to ⌧ and b can be determine with 2.3% and
1.6% uncertainty, respectively [5]. In order to compare
with such precision coupling measurements at the ILC,
we must not neglect the e↵ects of radiative corrections.

4. Conclusion

In extended Higgs models, properties of each model
appear as the pattern of deviations in SM-like Higgs bo-
son couplings from those in the SM. In four types of
THDMs with the softly-broken Z2 symmetry, h f f̄ cou-
plings deviate from the predictions in the SM by dif-
ferent patterns each other. Therefore there is the pos-
sibility to discriminate all the types by those correlate
relations among h f f̄ couplings. On the other hand, it
is expected that h coupling constants are measured typ-
ically by O(1)% at the ILC. In order to compare the-
oretical predictions with such high precision data, we
evaluate Higgs couplings with radiative corrections. We
calculate a full set of loop corrections for electroweak
sector and the scalar sector by the on-shell renormaliza-
tion scheme. We have found that each Yukawa coupling
can modify about several percent from the tree level pre-
diction by extra Higgs loop corrections. These di↵er-
ences are not negligible to compare the ILC precision
measurements. If gauge couplings, such as hWW and

[Kanemura, Tsumura, Yagyu, Yokoya, 1406.3294] 
With radiative corrections 
[Kikuchi, 1412.0375] 
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
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With the observed Higgs boson mass, the SM 
can be extrapolated to very high energies, 
possibly up to the Planck scale. 
 
The SM vacuum appears to be at a point of 
meta-stability. 
 
Does the Higgs quartic coupling really become 
negative below the Planck scale, or become 
exactly zero at the Planck scale? 
 
To answer this question, need precise 
measurement of the top quark mass. 
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Hadron colliders measure the “Monte-Carlo” mass. 
Uncertainty associated with the conversion into theoretically well-
defined top mass (e.g.        ). 
" Future prospects: 500 MeV [Snowmass Top WG, 1311.2028]�

At e+e- colliders, can measure the 1S or the potential-subtracted top 
mass. They can be converted into the        mass at high accuracy. 
From recent 4-loop calculation of uncertainty [Marquard et al. 
1502.01030],  7 MeV (from 1S),  23 MeV (from PS) 

MS

MS

Additional uncertainty coming from the 
calculation of the line shape of the ttbar 
cross section; 
 
Recent NNNLO calculation [Beneke et al, 
1506.06864] shows 50 MeV theory 
uncertainty is feasible. 

3

FIG. 1. Scale dependence of the cross section near thresh-
old. The NLO, NNLO and N3LO result is shown in blue, red
and black, respectively. The renormalization scale is varied
between 50 and 350 GeV.

the total cross section is shown as a function of the center-
of-mass energy

√
s. The previous NLO and NNLO pre-

dictions are also shown for comparison to the new N3LO
result (black, solid). The bands are obtained by varia-
tion of the renormalization scale in the specified range.
After the inclusion of the third-order corrections one ob-
serves a dramatic stabilization of the perturbative predic-
tion, in particular in and below the peak region. In fact,
the N3LO curve is entirely contained within the NNLO
one. This is different above the peak position where a
clear negative correction is observed when going from
NNLO to N3LO. For example, 3 GeV above the peak
this amounts to −8%. This arises from the large negative
three-loop correction to the matching coefficient cv [22].
The theoretical precision of the third-order QCD result

FIG. 2. Scale dependence (hatched area) of the N3LO cross
section relative to the reference prediction. Overlaid are pre-
dictions for two different values of Γt, again normalized to the
reference prediction. See text for details.

as measured by the residual scale dependence is high-
lighted in Fig. 2, which shows R(µ) normalized to a ref-
erence prediction defined at µ = 80GeV. The width of
the shaded band corresponds to an uncertainty of about
±3% with some dependence on the center-of-mass energy√
s. The figure also shows the sensitivity to the top-quark

width. The two solid lines refer to the cross section with
Γt changed by ±100MeV to 1.43 and 1.23GeV, respec-
tively, computed with µ = 80GeV and normalized to
the reference prediction. Decreasing the width implies
a sharper peak, i.e. an enhancement in the peak region,
and a suppression towards the non-resonant region below
the peak. A few GeV above the peak the cross section
is largely insensitive to the width. Increasing the width
leads to the opposite effects. This pattern is clearly seen
in Fig. 2, which also demonstrates that a ±100MeV de-
viation from the width predicted in the Standard Model
leads to a cross section change near and below the peak
far larger than the uncertainty from scale variation.

We now turn to the question to what accuracy the
top quark mass can be determined. Even if we focus
only on the theoretical accuracy, a rigorous analysis re-
quires accounting for the specifics of the energy points
of the threshold scan and the correlations. However, a
good indication is already provided by looking at the po-
sition and height of the resonance peak. Fig. 3 shows this
information at LO, NLO, NNLO and N3LO, where the
outer error bar reflects the uncertainty due to the renor-
malization scale and αs variation, added in quadrature,
and the inner error bar only takes the αs uncertainty
into account. The central point refers to the value at
the reference scale µ = 80GeV. There is a relatively big
jump from LO to NLO of about 310 MeV, approximately
150 MeV from NLO to NNLO, which reduces to only
64 MeV from NNLO to N3LO. Furthermore, the NNLO
and N3LO uncertainty bars show a significant overlap.

FIG. 3. Position and height of the cross section peak at LO,
NLO, NNLO and N3LO. The unbounded range of the LO
error bars to the right and up are due to the fact that the
peak disappears for large values of the renormalization scale.

Beneke et al. 
1506.06864�
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BS tail

• BS tail: lowering of effective 
L at top energy - not at 
FCCee - Gaussian spectrum, 
100% of L at > 99%

LS & ISR broadening

• LS & ISR broadening: 
smearing of Xsection due 
to beam energy spread, BS 
tail and ISR - most 
pronounced at CLIC - 
comparable at ILC and 
FCCee

The effects:

ISR tail

• ISR tail: lowering of 
effective L at top energy

Effect of beam spectrum not negligible at all e+e- colliders. 
[F. Simon, FCC-ee Workshop, 2014]�
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Statistical uncertainty: 

 FCC-ee:  16 MeV 
 ILC:   18 MeV 
 CLIC:   21 MeV 

 
" Prospect for 50 MeV accuracy 

of top mass (      ) 

Seidel et al. 
1303.3758 

MS



SUSY2015, August 2015� Tomohiko Tanabe (tomohiko@icepp.s.u-tokyo.ac.jp)�

Top Electroweak Couplings 

24 

+10%

+20%

+20% +30%+10%-10%-20%

-10%

-20%

ILC Precision

LHC Precision

ΔgL/gL

ΔgR/gR

SM

Figure 9: The heavy dots display the shifts in the left- and right-handed top quark cou-
plings to the Z boson predicted in a variety of models with composite Higgs bosons, from
Ref. [41]. The ellipses show the 68% confidence regions for these couplings expected from
the LHC [36,43] and the ILC [42].

violating interactions of the top quark [44,45], which provide the driving force in one
class of models of the cosmic matter-antimatter asymmetry.

4 New Particles

In addition to searches for new particles and forces through the precision study
of the Higgs boson and the top quark, the ILC will carry out direct searches for new
particles outside the Standard Model. The LHC has already carried out a broad
program of searches for new particles, setting upper limits on masses higher than
1 TeV in the best cases. Still, it is possible that new particles are being produced
at the LHC and yet are not visible to the experiments there. Such particles do not
appear only in artificial examples but even in some of the best-motivated scenarios
for new physics. We will review some specific models of this type below. At the ILC,
we can use the advantages of e+e� collisions to discover or definitively exclude these
particles.

A new capability that the ILC will make available is the ability to polarize the
colliding electron and positron beams. We have already discussed the use of beam po-
larization in studies of the Higgs boson and the top quark. For studies of an unknown
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Top electroweak couplings are currently not well constrained. 
In composite Higgs models, the top quark is often partially composite. 
This results in form factors in ttZ couplings, which can be measured at e+e- 
colliders. 
 
Recent developments: 
[Amjad et al., 1307.8102] Cross section, A_FB, helicity angle, beam polarizations 
[Khiem et al., 1503.04247] Matrix Element Analysis in leptonic decays 
[Janot, 1503.01325] Lepton angle & energy, final-state polarizations 

[1506.05992] 
Discrimination of 
various new physics 
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At circular colliders, the high luminosity at the Z-pole and WW 
threshold mean that the electroweak observables expected to 
improve significantly. 

98 ELECTROWEAK PRECISION PHYSICS AT THE CEPC

sign and beamtime allocation optimized for the CEPC can be expected to yield even more
favorable projections.

Table 4.1 The expected precision in a selected set of EW precision measurements and the comparison with
the precision from LEP experiments. The current precisions for sin2 ✓e↵

W and Rb include the measurements
at the SLC.

Observable LEP precision CEPC precision CEPC runs
R

L needed in CEPC
mZ 2 MeV 0.5 MeV Z lineshape > 150 fb�1

mW 33 MeV 3 MeV ZH (WW ) thresholds > 100 fb�1

Ab
FB 1.7% 0.15% Z pole > 150 fb�1

sin2 ✓e↵

W 0.07% 0.01% Z pole > 150 fb�1

Rb 0.3% 0.08% Z pole > 100 fb�1

N⌫ (direct) 1.7% 0.2% ZH threshold > 100 fb�1

N⌫ (indirect) 0.27% 0.1% Z lineshape > 150 fb�1

Rµ 0.2% 0.05% Z pole > 100 fb�1

R⌧ 0.2% 0.05% Z pole > 100 fb�1

Preliminarily, the CEPC is expected to collect 10

10 Zs. For the studies presented here,
100 fb�1 is used as a more conservative estimate of the total integrated luminosity, cor-
responding to about 2 ⇥ 10

9 Zs. With this amount of statistics, the precision of most
of the observables here, with the possible exception of sin ✓e↵

W , are already dominated by
systematical uncertainties.

4.1.1 Z Pole Measurements

The CEPC offers the possibility of dedicated low-energy runs at the Z pole with a large
integrated luminosity (> 100 fb�1) and a Z lineshape scan around the pole (from 88 GeV
to 94 GeV). These runs allow ultra-high precision electroweak measurements of the Z
boson decay partial widths, e.g. the parameters Rb = �Z!b¯b/�had and R` = �had/�Z!`¯`.
(Notice that R` is defined as the ratio to any one charged lepton flavor, not the ratio to
the sum of all lepton flavors.) It will also perform high precision measurements of the
forward-backward charge asymmetry (AFB), the effective weak mixing angle (sin2 ✓e↵

W ),
number of light neutrino species (N⌫), and the mass of the Z boson (MZ). These runs
will also be important for the calibrations of leptons and jets. It is also possible to perform
some measurements of Z boson properties without these dedicated low-energy runs near
or at the Z pole. For example, the direct measurement of the number of light neutrino
species can be performed in ZH runs intended for Higgs boson measurements.

4.1.1.1 Rb

The width of the Z boson into each of its decay channels is proportional to the sum of
squares of fundamental Z-fermion couplings. The partial width Rb is sensitive to elec-
troweak radiative corrections from new physics particles. For example, the existence of
the scalar tops or charginos in supersymmetry could lead to a visible change of Rb from
the SM prediction.

CEPC 
FCC-ee 

CEPC-SPPC Pre-CDR 

Precise measurement of Higgs, top, W/Z become 
important in the absence of new particles.�



Selected set of FCC-ee precision observables
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Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge

mZ (MeV) Lineshape 91187.5 ± 2.1 0.005 < 0.1 QED corr.

ΓZ ( MeV) Lineshape 2495.2 ± 2.3 0.008 < 0.1 QED corr.

Rl Peak 20.767 ± 0.025 0.0001 < 0.001 Statistics

Rb Peak 0.21629 ± 0.00066 0.000003 < 0.00006 g -> bb

Nν Peak 2.984 ± 0.008 0.00004 0.004 Lumi meast.

AFB
μμ Peak 0.0171 ± 0.0010 0.000004 <0.00001 Ebeam meast.

αs(mZ) Rl 0.1190 ± 0.0025 0.000001 0.00015 New Physics

mW (MeV) Threshold scan 80385 ± 15 0.3 < 1 QED corr.

Nν
Radiative return

e+e- -> γZ(inv)
2.92 ± 0.05

2.984 ± 0.008 0.0008 < 0.001 ?

αs(mW) Bhad = (Γhad/Γtot)W Bhad = 67.41 ± 0.27 0.00018 0.00015 CKM Matrix

mtop (MeV) Threshold scan 173200 ± 900 10 10 QCD  (~40 MeV)

Experimental uncertainties mostly of systematic origin
• So far, mostly conservatively estimated based on LEP experience
• Work ahead to establish more solid numbers

Generally better by factor ≥ 25

M. Dam, EPS2015�



Search for New Particles 
at future e+e- colliders 
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WIMP Dark Matter 

BR(H"invis.) < 0.4% 
at 250 GeV, 1150 fb-1 

Best with high luminosity (CEPC/FCC-ee) 

MDM reach ~ Ecm/2 
 
Best with high energy (ILC/CLIC) 

WIMP searches at colliders are complementary to direct/indirect 
searches.  Examples at e+e- colliders: 

Higgs Invisible Decay Monophoton Search 

For MDM < Mh/2, 
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CEPC 
FCC-ee 
ILC 
CLIC�

A. Ishikawa, LCWS14 
ILC 250 GeV 

ZH"qqH 

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

In many models, DM has a charged partner e.g. Wino, Higgsino 
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Naturalness and Light Higgsino 
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Mass degeneracy 
20 MeV < ΔM < 30 GeV 
challenging for LHC, 
e.g. Higgsino-like LSP 
 
" No problem for e+e- colliders 

Light Higgsinos motivated by 
EW naturalness. 
High-energy e+e- colliders have 
the best reach for EW naturalness 
measure: 

[1508.06608]�

Figure 10: Plot of the reach of various LHC and ILC options for SUSY with radiatively-driven
naturalness in terms of �EW.
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Higgsinos in Natural SUSY (ΔM~1 GeV) 
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[Berggren et al. 1307.3566] 

M(cha,neu) ~ 170 GeV, ΔM ~ 1.6 and 0.8 GeV 
Only very soft particles in the final states 
" Require a hard ISR to reduce large 
two-photon background. 

e�

e+

�̃+
1

�̃�
1

�̃0
1

�̃0
1

so
ft
�

�ISR

W+⇤

W�⇤

2×Mχ 
2×Mχ 

�(��̃+
0 �̃�

0 ) � 80 fb

�(��̃0
1�̃

0
2) � 50 fb

�M = 1.6 GeV �M = 0.8 GeV

Separation of 
chargino and 
neutralino channels 

Production 
Cross section 

Precision Expected for 500 GeV, 500 fb-1 P(e-,e+)=(-0.8,+0.3) 
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Extracting M1 and M2 

In this benchmark, precision of M1 and 
M2 expected to be few % or better. 

" Test of gaugino mass relation 

[Baer et al. 1404.7510] 

250GeV @ 100fb-1 

M(ch1+)~118 GeV,  M(ch10)~103 GeV 
" ΔM=15GeV 
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CEPC 
FCC-ee 
ILC 
CLIC�

ILC 

LHC Assume: 
Gluino discovery @ LHC 
EWK-ino @ e+e- collider 
" Test of gaugino mass relation by 
hadron/lepton collider synergy 
" Possible discrimination of SUSY 
breaking models 

ILC 

Preliminary 
[Baer, List]�
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Reconstruction of SUSY particles 
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CLIC 
3 TeV�

smuon pair production 
From endpoints, 
<1% mass precision 
for slepton mass ~1 TeV�

CLIC 
3 TeV�

Heavy Higgs: 
HA " bbbb & H+H- "tbbt 

b-tagging required for separation 
" mass precision ~0.3% 
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Z’ 
New gauge forces imply existence of heavy gauge bosons (Z’).  
Synergy of hadron/lepton colliders: 
•  If LHC discovery " determine mass of Z’ 
•  At e+e- collider " access to couplings through precise 

measurements of interference effects 

�/Z⇤

e�

e+

f̄

f

Z’ 
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ILC 
CLIC�

Figure 12: Determination of the vector and axial couplings of a Z 0 resonance to leptons (left
panel) and b quarks (right panel) through measurement of e+e� ! `+`� and e+e� ! bb at
the ILC, from Ref. [1].

can fully identify the gauge boson and find its place in an extended gauge theory of
nature.

Other e↵ects can also perturb the two-fermion processes. If quarks and leptons
are composite, the first manifestation of this will be the perturbation of two-fermion
processes by the e↵ects of higher-dimension operators. This e↵ect can be searched for
at the LHC, but it requires careful calibration of quark jet signals at the highest ener-
gies. In addition, limits from the LHC are model-dependent because many operators
can potentially contribute. For this reason, the best current constraints on quark and
lepton compositeness still come from the data from the e+e� collider LEP, putting
limits on the compositeness scale at about 10 TeV. The ILC, with higher energy,
luminosity, and intrinsic precision and also the capability for electron and positron
beam polarization, should improve these constraints by an order of magnitude in the
compositeness scale [1].

5 Conclusion

In this report, we have surveyed the major elements of the ILC physics program.
We have reviewed the ILC capabilities to search for new particles and interactions
through precision studies of the Higgs boson and the top quark, and we have reviewed
the capabilities of the ILC to carry out direct searches for possible new particles.

The discovery of the Higgs boson at the LHC has completed the construction

24

ILC� ILC�

If no LHC discovery, CLIC can reach 
multiple 10s of TeV in Z’ mass. 
 
Example: minimal anomaly free Z’ 
model 

22/08/2015 Philipp Roloff Future High Energy Linear Colliders 16

Indirect measurements: Z'
Precision measurements of two-fermion processes: e+e− → l+l−, e+e− → qq

If discovery at the LHC: 
precision measurement of Z' 
couplings at linear collider
→ Polarisation crucial

Example:
Z' from SO(10) 
with mass of 3 TeV

If no discovery at the LHC:
discovery reach up to tens of TeV

Example:
Minimal anomaly-free Z' model,
Q

f
 = g

Y
'(Y

f
) + g'

BL
(B-L)

f

ILC ILC

CLIC



Summary 
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•  With the discovery of the Higgs boson, the question of why 
the electroweak symmetry is broken has become urgent.  
Any explanation requires BSM. 

•  Future e+e- colliders will tackle this with its powerful probes:  
•  Precise Higgs, top, W/Z measurements 
•  Direct search for new particles 

•  Any such collider will significantly advance our field.  
Because of the differences in their capabilities, it does not 
hurt to have multiple next-generation e+e- colliders. 

•  We seem to have good prospects ahead.  We should seize 
these opportunities! 

Summary 
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