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Physics Case for the International Linear Collider

LCC Physics Working Group

Keisuke Fujii1, Christophe Grojean2,3 Michael E. Peskin4(conveners);
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Jürgen Reuter2, Frank Simon10, Tomohiko Tanabe11, Jaehoon Yu12

James D. Wells13; Hitoshi Murayama14,15,16, Hitoshi Yamamoto17

ABSTRACT

We summarize the physics case for the International Linear Collider
(ILC). We review the key motivations for the ILC presented in the lit-
erature, updating the projected measurement uncertainties for the ILC
experiments in accord with the expected schedule of operation of the ac-
celerator and the results of the most recent simulation studies.
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ABSTRACT

If the �� resonance at 750 GeV suggested by 2015 LHC data turns
out to be a real e↵ect, what are the implications for the physics case and
upgrade path of the International Linear Collider? Whether or not the
resonance is confirmed, this question provides an interesting case study
testing the robustness of the ILC physics case. In this note, we address this
question with two points: (1) Almost all models proposed for the new 750
GeV particle require additional new particles with electroweak couplings.
The key elements of the 500 GeV ILC physics program—precision mea-
surements of the Higgs boson, the top quark, and 4-fermion interactions—
will powerfully discriminate among these models. This information will
be important in conjunction with new LHC data, or alone, if the new par-
ticles accompanying the 750 GeV resonance are beyond the mass reach of
the LHC. (2) Over a longer term, the energy upgrade of the ILC to 1 TeV
already discussed in the ILC TDR will enable experiments in �� and e+e�

collisions to directly produce and study the 750 GeV particle from these
unique initial states.
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The Potential of the ILC
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Document Supporting the ICFA Response Letter to the ILC Advisory Panel

LCC Physics Working Group

Keisuke Fujii1, Christophe Grojean2,3,4, Michael E. Peskin5(conveners);
Tim Barklow5, Yuanning Gao6, Shinya Kanemura7, Hyungdo Kim8, Jenny

List2, Mihoko Nojiri1,9, Maxim Perelstein10, Roman Pöschl11, Jürgen
Reuter2, Frank Simon12, Tomohiko Tanabe13, James D. Wells14, Jaehoon
Yu15; Howard Baer16, Mikael Berggren2, Sven Heinemeyer17, Suvi-Leena
Lehtinen2, Junping Tian13, Graham Wilson18, Jacqueline Yan1; Hitoshi

Murayama9,19,20, James Brau21

Abstract

This paper addresses the question of whether the International Linear Collider
has the capability of discovering new particles that have not already been discovered
at the CERN Large Hadron Collider. We summarize the various paths to discovery
o↵ered by the ILC, and discuss them in the context of three di↵erent scenarios:
1. LHC does not discover any new particles, 2. LHC discovers some new low mass
states and 3. LHC discovers new heavy particles. We will show that in each case,
ILC plays a critical role in discovery of new phenomena and in pushing forward the
frontiers of high-energy physics as well as our understanding of the universe in a
manner which is highly complementary to that of LHC.

For the busy reader, a two-page executive summary is provided at the beginning
of the document.
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Hitoshi Murayama8,16,17 (ex officio)

ABSTRACT

The International Linear Collider is now proposed with a staged ma-
chine design, with the first stage at 250 GeV with a luminosity goal of
2 ab�1. In this paper, we review the physics expectations for this machine.
These include precision measurements of Higgs boson couplings, searches
for exotic Higgs decays, other searches for particles that decay with zero
or small visible energy, and measurements of e+e� annihilation to W

+
W

�

and 2-fermion states with improved sensitivity. A summary table gives
projections for the achievable levels of precision based on the latest full
simulation studies.
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The role of positron polarization for the inital 250GeV stage
of the International Linear Collider

LCC Physics Working Group

Keisuke Fujii1, Christophe Grojean2,3, Michael E. Peskin4

(Conveners); Tim Barklow4, Yuanning Gao5, Shinya Kanemura6,
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Sabine Riemann16, Junping Tian12, Graham W. Wilson17; James Brau18,

Hitoshi Murayama8,19,20 (ex officio)

ABSTRACT

The International Linear Collider is now proposed with a staged ma-
chine design, with the first stage at

√
s = 250GeV and an integrated

luminosity goal of 2 ab−1. One of the questions for the machine design
is the importance of positron polarization. In this report, we review the
impact of positron polarization on the physics goals of the 250GeV stage
of the ILC and demonstrate that positron polarization has distinct advan-
tages.
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Precision Higgs Measurements @ (I)LC

Junping Tian (U’ of Tokyo) 

7th Linear Collider School, May 6-13, 2018 @ Frauenchiemsee

***	 Some	 of	 the	 slides	 are	 stolen	 from	 	 
Junping	 Tian,	 Christophe	 Grojean,	 Keisuke	 Fujii,	 	 

Michael	 Peskin,	 Shinya	 Kinemura,	 etc.



(i) introduction

 4

why we are interested in Higgs physics at LC? 
what we actually want to determine at LC? 
what are the experimental observables at LC? 
how we can get the couplings from observables?

— build up the story



!5

why Higgs physics

Higgs is a window to new physics

Why is μ2 < 0? what is the dynamics responsible for EWSB?

to reveal the mysteries at electroweak scale

How to explain the naturalness for the light scalar?

Any connection to Dark Matter, BAU, inflation?

H(125) = HSM? any siblings?



!6

why Higgs physics

C.Brock @ Snowmass 2013

M.Peskin @ LCWS14

EW
GUT Λ

μ2

0
-λv2

μ2= +
t t̃

+ …+
t̃

there do exist many theories which can answer those questions

importantly those theories will have imprints in Higgs physics

learn more systematically Higgs theory from tomorrow’s lecture by Georg



Haber’s decoupling limit, deviation  mh2/M2.
—> Δg/g  O(1%) for M ~ 1 TeV

why precision higgs physics

challenging 
at LHC

!7

Mixing with singlet

Composite Higgs

SUSY

typical 
deviation

arXiv:1306.6352



—> measure as many couplings as possible
fingerprint BSM by patterns of deviations

why precision higgs physics

Supersymmetry

Composite Higgs

!8
arXiv:1506.05992 be	 careful	 for	 the	 interpretation
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discovery opportunities: direct versus indirect

arXiv:1308.0297



proposals of future lepton colliders

√s beam 
polarisation ∫Ldt for Higgs R&D phase

ILC 0.1 - 1 TeV e-: 80%

e+: 30%

2000 fb-1 @ 250 GeV

   200 fb-1 @ 350 GeV

 4000 fb-1 @ 500 GeV

TDR completed

CLIC 0.35 - 3 TeV e-: (80%)

e+: 0%

 500 fb-1 @ 380 GeV

1500 fb-1 @ 1.4 TeV

2000 fb-1 @ 3 TeV

CDR completed

CEPC 90 - 240 GeV e-: 0%

e+: 0% 5000 fb-1 @ 250 GeV preCDR completed

FCC-ee 90 - 350 GeV e-: 0%

e+: 0%

5000 fb-1 @ 250 GeV

1500 fb-1 @ 350 GeV towards CDR

common: Higgs factory with O(106) Higgs events
!11



Higgs productions at e+e-

Z

Z
He+

e− ν

ν−

W

W
H

e+

e−

H

e+

e−

Z

Z

e+

e−

e
+

e
−

H

t

t
-

γ/Z

H

H
H

ν

ν−e+

e− Z

H

Z
H

He+

e−

two apparent important thresholds: √s ~ 250 GeV for ZH,  
~500 GeV for ZHH and ttΗ

 12

(unpolarized case)

+ another threshold for t t-bar, important for Higgs sector as well



LYukawa

LHiggs

LGauge

L
Loop

h�� hgg

Mass & JCP JCP�hMh

h�Z

W+
µ W�

⌫ h : i
g2v

2
gµ⌫ = 2i

M2
W

v
gµ⌫ , W+

µ W�
⌫ hh : i

g2

2
gµ⌫ = 2i

M2
W

v2
gµ⌫ ,

hhh : � 6i�v = �3i
m2

h

v
, hhhh : � 6i� = �3i

m2
h

v2

ZµZ⌫h : i
g2 + g02v

2
gµ⌫ = 2i

M2
Z

v
gµ⌫ , ZµZ⌫hh : i

g2 + g02

2
gµ⌫ = 2i

M2
Z

v2
gµ⌫

hf̄f : � i
yfp
2
= �i

mf

v

probe Higgs 
potential, EWBG?

new particles in the loop?

mf from Yukawa coupling? 
2HDM?

SU(2) nature? 
mV from SSB?

new CP violating source?

what are the fundamental quantities to determine
reconstruct the Higgs sector in a bottom-up and model independent way

+ possible exotic/anomalous interactions of Higgs, e.g. h—>dark matter
 13
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M. Peskin @ HPNP2015



what are the direct experimental observables

 15

σZH

σZH×Br(H—>bb), σννH×Br(H—>bb)
σZH×Br(H—>cc), σννH×Br(H—>cc)
σZH×Br(H—>gg), σννH×Br(H—>gg)
σZH×Br(H—>WW*), σννH×Br(H—>WW*)
σZH×Br(H—>ZZ*), σννH×Br(H—>ZZ*)
σZH×Br(H—>ττ), σννH×Br(H—>ττ)
σZH×Br(H—>γγ), σννH×Br(H—>γγ)
σZH×Br(H—>&&), σννH×Br(H—>&&)
σZH×Br(H—>Invisible)
σttH×Br(H—>bb)
σZHH×Br2(H—>bb), σννHH×Br2(H—>bb)

note the important complementarity with LHC



what are the direct experimental observables

 16

estimates at ILC by simulation

(arXiv: 1708.08912; numbers are in %, for nominal ∫Ldt = 250 fb-1)

see chapter (ii) for details
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From observables to couplings — Global Fit

�2 =
n�

i=1

(
Yi � Y �

i

�Yi
)2

n: number of independent observables

Yi: measured values by experiments
Yi’: predicted values by underlying theory

ΔYi: measurement uncertainty

kappa formalism

effective field theory formalism (Lecture 2)

(Ai = Z,W, t)

(Bi = b, c, ⌧, µ, g, �, Z,W : decay)
Y 0
i = Fi ·

g2HAiAi
· g2HBiBi

�0

gHXX = �X ·gSM
HXX
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From observables to couplings — kappa formalism

Y1 = �ZH / g2HZZ

Y4 = �⌫⌫̄H · Br(H ! WW ⇤) / g4HWW

�H

Y2 = �⌫⌫̄H · Br(H ! bb̄) / g2HWW g2Hbb

�H

Y3 = �ZH · Br(H ! bb̄) / g2HZZg
2
Hbb

�H

gHZZ �
�

Y1

gHbb �

�
Y1Y 2

2

Y3Y4

gHWW �
�

Y1Y2

Y3

�H � Y 2
1 Y 2

2

Y 2
3 Y4

(examples)
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From observables to couplings — kappa formalism

good approximation 
of uncertainties

Y1 = �ZH / g2HZZ

Y4 = �⌫⌫̄H · Br(H ! WW ⇤) / g4HWW

�H

Y2 = �⌫⌫̄H · Br(H ! bb̄) / g2HWW g2Hbb

�H

Y3 = �ZH · Br(H ! bb̄) / g2HZZg
2
Hbb

�H

�gHWW ⇠ 1

2
�Y1 �

1

2
�Y2 �

1

2
�Y3

�gHZZ ⇠ 1

2
�Y1

��H ⇠ 2�Y1 � 2�Y2 � 2�Y3 ��Y4

�gHbb ⇠
1

2
�Y1 ��Y2 �

1

2
�Y3 �

1

2
�Y4

both ZH and ννH 
productions matter

every coupling is limited by ΔσZH

every coupling except gHZZ is 
limited by ΔσννH

total width uncertainty is > x4 
worse than gHZZ or gHWW



 21

Mass [GeV]
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1 t
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τ

c
µ

σ1 
σ2 

end of chapter (i)

?



references when omitted

disclaimer

apologies for personal bias that most of the example 
measurements are taken from ILC studies

precision is offen illustrated in kappa formalism

see chapter (iii) EFT for full picture

ILC TDR, 1306.6352

ILC Higgs White Paper, 1310.0763

ILC Operation Scenario, 1506.07830

ILC Physics Case, 1506.05992, 1710.07621

CLIC Higgs Physics, 1608.07538

!22



(ii) key measurements

 23

(1) recoil mass analysis 
(2) Higgs self-coupling analysis 
(3) Higgs total width 
(4) top-Yukawa coupling 
(5) Higgs CP 
(6) H->bb/cc/gg 
(7) …

I will explain some details in one/two analyses, talk very briefly in other ones; 
mainly focus on physics issues instead of analysis techniques, which are 
important as well though and can be learned from the references.

as usual, selection is always biased



Z

H

μ+

μ−

e+

e−

Z X

M2
X =

�
pCM � (pµ+ + pµ�)

�2

Y1 = �ZH / g2HZZ

well defined initial states at e+e-

recoil mass technique —> tag Z only

Higgs is tagged without looking into H decay

absolute cross section of e+e- —> ZH

(ii-1) inclusive σZH: the key of model independence 

�gHZZ � 0.38%

for Z->ll (leptonic recoil), Yan et al, arXiv:1604.07524;  

for Z->qq (hadronic recoil), Thomson, arXiv:1509.02853

�mH = 14MeV

!24



Z

H

μ+

μ−

e+

e−

Z X

M2
X =

�
pCM � (pµ+ + pµ�)

�2

what does model independence mean?

meas. of σZH doesn’t depend on how Higgs decays

meas. of σZH doesn’t depend on underlying HZZ vertex

!25

is it really possible?



independent of H decay modes?

!26

this question is almost equivalent to whether we can 
tag the Z decay products unambiguously

might be easy in Z->ll, certainly not trivial in Z->qq

even in Z->ll mode, we know there can be isolated 
leptons from Higgs decay, e.g. H->WW*/τ τ/ZZ, 
which get mis-identified as leptons from Z decay

e+ + e� � ZH � l+l�/qq̄ + X

keep in mind we are targeting 0.1-1% precision measurement



independent of HZZ vertex?

!31

hence, this question is equivalent to whether 
the selections cuts are democratic for all 
production angles of Z

different HZZ vertex might change angular 
distributions of Z

Z

H

μ+

μ−

e+

e−

Z X

open question, this is not sufficiently studied yet



V (H) = �µ2|H|2 + �|H|4

Higgs	 self	 coupling	 in	 the	 SM

m2
h = 2�v2

µ2 = �v2 at	 the	 minimum	 of	 the	 potential

�(2)SM
e↵ =

m2

2v2
1

2!

d2V

d�2
|�=v

1

v2

�(3)SM
e↵ =

1

3!

d3V

d�3
|�=v

�(4)SM
e↵ =

1

3!

d4V

d�4
|�=v

1

v

All	 three	 
definitions	 
give	 the	 
same	 
quartic	 
coupling.



V (�) = m2�†�+ �(�†�)2

m2 = 0

Spontaneous	 symmetry	 breaking	 can	 occur	 
by	 radiative	 corrections.

Coleman-Weinberg	 Higgs

(second	 derivative	 of	 V	 at	 the	 origin)

D	 Chway	 et	 al,	 PRL(2014)



V (�) = �(�†�)2

Starting	 from	 scale	 invariant	 potential

V (�) = �(�)(�†�)2

RG	 improved	 effective	 potential	 is	 then

If	 the	 quartic	 changes	 
sign	 at	 low	 energy,	 
nontrivial	 minimum	 	 

is	 developed

2
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)4
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g

FIG. 1: Upper plot: In the plane (ζ, λ), the green line corre-
sponds to the condition V ′′(0) = 0, the red to V (v) = V (0)
and the blue to V ′′(v) = 0. Black solid lines correspond to
the indicated values of Mh. Lower plot: Potential for ζ = 1.0
and different values of λ (or Mh) as marked on the vertical
line in upper plot.

with the presence of a tachyonic mass at the ori-
gin, as in the SM. Instead it is triggered by radia-
tive corrections via the mechanism of dimensional
transmutation.

The minimum at the origin becomes a maximum at the
green line. In fact the green line corresponds to the con-
formal case where m2 = 0 and electroweak breaking pro-
ceeds by pure dimensional transmutation (see also [9]).
iv) Finally, in the region above the green line the origin
is a maximum as in the SM, with m2 < 0.

Notice that, while λ > 0 is required in the SM case
(ζ = 0 axis), now λ < 0 is accessible for sufficiently large
ζ. The shape of the potential for the different cases is il-
lustrated by the lower plot of Fig. 1, where ζ = 1 has been
fixed and we vary λ as indicated by the vertical line in the
upper plot of Fig. 1. From bottom-up the potentials have
decreasing values of λ. The lowest potential corresponds
to λ = 0.01 and has the conventional maximum at the
origin. The green potential corresponds to the conformal
case where m2 = 0 (in this particular example also λ is
zero!). The next line corresponds to λ = −0.02 with a

0 1 2 3 4 5
-0.3

-0.2

-0.1

0

0.1

0.2

h/100 GeV

V(
h)

/(1
00

 G
eV

)
λ

λ

~

^4

FIG. 2: Green: Effective potential for the conformal case.
Black: running λ̃ and λ̂, with Q = Mt(h).

barrier between the origin and the electroweak minimum
while for the red potential the two minima become de-
generate. The next line corresponds to the potential for
λ = −0.04 where the electroweak minimum is already
a false minimum, which becomes an inflection point at
the blue line where Mh = 0. Finally the highest line
corresponds to λ = −0.08 and the electroweak extremal
is a maximum (the potential has a minimum somewhere
else, for some ⟨h⟩ > v. If ζ2 were smaller, ζ2 <

∼ h2
t /2, the

potential would instead be destabilized due to λ < 0.).
In order to have a better understanding of the phe-

nomenon of radiative electroweak breaking by dimen-
sional transmutation in this setting consider the confor-
mal case with m2 = 0. Then improve the one-loop effec-
tive potential of Eq. (2) by including the running with the
renormalization scale of couplings and wave functions.
We use for that the SM renormalization group equations
(RGEs) supplemented by the effects of Si loops plus the
RGEs for the new couplings to the hidden sector (see [10]
for details). The RGE-improved effective potential is
scale independent and we can take advantage of that to
take Q = Mt(h) as a convenient choice to evaluate the
potential at the field value h (with all couplings ran to
that particular renormalization scale). This results in a
“tree-level” approximation V ≃ (1/4)λ̂h4 with [11]

λ̂ ≡ λ +
∑

α

Nακ2
α

64π2

[

ln
κα

h2
t
− Cα

]

, (3)

where the κα’s are coupling constants, defined by the
masses as M2

α = (1/2)καh2. The behavior of the one-loop
potential as a function of h is captured by the “tree-level”
approximation above through the running of λ̂ with the
renormalization scale, linked to a running with h by the
choice Q = Mt(h). To illustrate this, we show in Fig. 2
the effective potential for this conformal case (green lines
in Fig. 1) with m2 = 0 and ζ = 1, together with the
effective quartic coupling λ̂(h). We can see that the scale
of dimensional transmutation is related to the scale at
which the potential crosses through zero. The structure

Espinosa	 and	 Quiros,	 PRD	 (2007)

dV

dh
= �̃h3

V (h) =
�̂

4
h4



m2
V = e2h�i2

m2
h

m2
V

=
3

2⇡

e2

4⇡
=

3

2⇡
↵

Superconductor	 :	 	 
Coherence	 length	 is	 much	 longer	 than	 London	 penetration	 length

Scalar	 QED	 and	 Standard	 Model	 in	 1970s

Radiatively	 generated	 Higgs	 mass	 is	 one	 loop	 
suppressed	 compared	 to	 the	 vector	 boson	 mass

m2
h =

3

32⇡2

⇥
2g2m2

W + (g2 + g02)m2
Z

⇤

SM	 with	 W	 and	 Z	 (without	 top)	 :	 mh	 ~	 10	 GeV



�� / �y4

�� / g4

�� / �2

Top	 Yukawa	 prevents	 CW	 mechanism	 in	 the	 SM

Radiative	 symmetry	 breaking	 is	 possible	 
with	 gauge	 or	 mixed	 quartic	 interactions.

low      RG scale    high



New	 particles	 interacting	 with	 Higgs

SM Higgs Scalar S

V (h) / h4
log h



V (�) =
�(t)

4
�4

t = log �
dV

d�
=

dt

d�

��

4
�4 +

�

4
· 4�3

= (�+
��

4
)�3|�=v = 0

m2 =
d2V

d�2
|�=v = (�� +

�0
�

4
)v2

�(2)
e↵ =

1

2

m2

v2
1

8
~ �� ⇠ 1

4

Coleman-Weinberg	 Higgs

in terms of the Lagrangian parameter � as the minimum condition relates � and �.

�
(2)
e↵ = �2�, (16)

�
(3)
e↵ = �10

3
�, (17)

�
(4)
e↵ = �22

3
�. (18)

It is more transparent if we express everything in terms of �(2)
e↵ .

�
(3)
e↵ =

5

3
�
(2)
e↵ , (19)

�
(4)
e↵ =

11

3
�
(2)
e↵ . (20)

It is possible to have the radiative electroweak symmetry breaking if the beta function

of the Higgs quartic coupling is positive at the weak scale and � is positive at high energy.

Unfortunately, the beta function of the Higgs quartic is negative due to large top Yukawa

coupling. In the original paper of Coleman and Weinberg, the radiative electroweak symme-

try breaking driven by the gauge coupling has been discussed in the absence of the Yukawa

couplings which was the case at that time since top quark was not discovered yet.

In the presence of the large top Yukawa coupling, we can ask the question of whether it

is possible to realise the original idea of Coleman and Weinberg and what is the condition

for that. Indeed the standard model Higgs quartic turns the sign at the intermediate scale

and the Higgs potential su↵ers from the instability though the possibility of the stable Higgs

potential is not entirely excluded due to the limited precision of the top quark mass.

The presence of new scalar allows a mixed quartic term with the Higgs. The new mixed

quartic gives a positive contribution to the beta function of the Higgs quartic coupling. In

the following, we consider the extension of the Standard Model by including the Standard

Model singlet scalars which only couple to Higgs with the mixed quartic.

III. HIGGS PORTAL

Let us consider the classically scale invariant setup such that we can ignore possible mass

terms. Then the potential of the scalar sector (Higgs + hidden scalar) is given as follows.

5

Scale	 dependence	 of	 	 
the	 beta	 function	 is	 	 
neglected	 here.

	 (precisely	 =	 0.129)

-75%	 (tree)	 +	 175%	 (loop)

D	 Chway	 et	 al,	 PRL(2014)
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Generate	 dimension	 6	 operator
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(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under

the SM gauge group. To see the relevant e↵ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, �i, are gauge singlets. In the limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields with appropriate higher-
dimensional operators. At one loop, integrating out the
�i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e↵ective Lagrangian:

Leff = LSM +
cH
m2

�

✓
1

2
@µ|H|2@µ|H|2

◆
+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m�, we find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions or classical equations of
motion, the physical e↵ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with �Zh = 2cHv2/m2

�.
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

��Zh = �2cH
v2

m2
�

= �n�|��|2
48⇡2

v2

m2
�

. (11)

where we have defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|2 is required to be large in order to cancel the
top quadratic divergence, this e↵ect may be observable
in precision measurements of �Zh despite arising at one
loop.

While this e↵ective Lagrangian approach makes the
physical e↵ect transparent, naturalness dictates that

200 400 600 8000.1

0.2

0.5

1.0

2.0

5.0

10.0

mf @GeVD

dsZh @%D
dsZh> 2.5%

dsZh> 0.5%

nf=1

nf=6

FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m� in the e↵ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n� = 1, .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions for n� = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ⇠ 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ⇠ 10% tunings could be
probed.

m� ⇠ v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+e� ! hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in �m2

h.
At one loop the e↵ective theory of naturalness defined

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

��Zh = n�
|��|2v2
8⇡2m2

h

(1 + F (⌧�)) (12)

=
9�2

tm
2
t

2⇡2n�m2
h

(1 + F (⌧�)) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

Suppression	 of	 Higgs	 couplings	 to	 the	 SM
Expected	 precision	 for	 hZZ	 

LHC	 :	 2%	 to	 5%	 
Higgs	 factory	 1%	 to	 0.4%

1

p2 �m2
h + ⌃(p2)

' Z

p2 �m2
h + (Z�1 � 1)(p2 �m2

h) + imh�h

=
Z

p2 �m2
h + imhZ�h

expansion	 at	 the	 resonance	 
can	 not	 be	 valid	 for	 off-shell



importance of absolute coupling determination

in some BSM, only normalization of Higgs field gets modified

Higgs BR, and ratio of Higgs couplings could stay unchanged
N. Craig @ LCWS16 
 arXiv: 1702.06079

δgHZZ ~ 0.38% —> Λ > 2.8 TeV
!32
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D	 Chway	 et	 al,	 in	 preparation

Coleman-Weinberg Higgs parameter space
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-1L = 500 fb∫

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

(ii-3) WW-fusion channel & Higgs total width ΓH

—>Br(H->ZZ*) very small

—> better option!

�H =
�HZZ

Br(H ! ZZ⇤)
/ g2HZZ

Br(H ! ZZ⇤)

�H =
�HWW

Br(H ! WW ⇤)
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Duerig, et al., arXiv:1403.7734
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Missing Mass [GeV]
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fit result

very different at Ecm=250 GeV

@250 GeV
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ρ = -34% correlation between 
Y2=σννHxBR(H->bb) and Y3=σZHxBR(H->bb)

ν

ν−

W

W
H

e+

e−

! bb̄



(ii-4) determine Higgs CP (admixture)

through H—>τ+τ- LHff = �mf

v
Hf̄(cos�CP + i�5 sin�CP )f

(CP-odd)

through HZZ/HWW

(for Λ=1TeV)

Jeans et al, 1804.01241

Ogawa, 1712.09772

LHV V = 2CV M2
V (

1

v
+

a

�
)HVµV µ + CV

b

�
HVµ�V µ� + CV

b̃

�
HVµ� Ṽµ�

for BR(H—>τ+τ-): Kawada, et. al, Eur.Phys.J. C75 (2015), 617

�b̃ � 0.016

find CP-violating source in Higgs sector —> EW baryongenesis

essential to understand structures of all Higgs couplings

!40

(or ttH)
��CP � 4.3�



CP sensitive observable in H->τ+τ-

!41

LHff = �mf

v
Hf̄(cos�CP + i�5 sin�CP )f
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e+ + e� � Zh � ff̄h @
�

s = 250GeV

e+ + e� � Zh � ff̄h @
�

s = 250GeV

CP sensitive observable in HZZ coupling

LhZZ = M2
Z(

1

v
+

a

�
)hZµZµ +

b

2�
hZµ�Zµ� +

b̃

2�
hZµ�Z̃µ�

(CP-odd)



Top	 quark	 physics



H-> bbH
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(ii-5) Top-Yukawa coupling

largest Yukawa coupling; crucial role in 
theory
non-relativistic tt-bar bound state 
correction: enhancement by ~2 at 500 GeV
Higgs CP measurement

Yonamine, et al., PRD84, 014033; 

Price, et al., Eur. Phys. J. C75 (2015) 309

�gttH/gttH 500 GeV + 1 TeV

Snowmass 7.8% 2.0%

H20 6.3% 1.5%
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Natural(motivated) BSM(Beyond the Standard Model)

top
quark

top
friends should be light

& modifies
Higgs couplings

m2H†H S†SH†H

relevant operator

Higgs portal
difficult to measure

(hardly known)



  

λ(M
Pl
) > 0 or λ(M

Pl
) < 0 depends on the assumed value of M

t
 (→Y

t
(μ

W
))

λ never becomes too negative at  M
p l

.
  
Both λ and β

λ
 are very close to zero around  M

pl 

All analyses agree with this result, no one is claiming stability for

 M
t 
= 173.4 GeV →                                      ,        λ< 0 at Λ ~ 1010-1011   GeV

Stability requires Y
t
(M

t
) = 0.927, present value (including 3 loop QCD)  Y

t
(M

t
) = 0.937

    difference as large as the full (QCD + EW) two-loop contribution

  
from A. Strumia

Fate of the SM

Degrassi

  Alekhin, Djouadi, Moch, 12

±0.7 GeV



vacuum stability

λ runs < 0? top mass precision crucial 
for vacuum stability
at e+e-: top-pair threshold scan, much 
lower theory error
Δmt(MS-bar) ~ 50 MeV (ΔmH=14MeV)

Degrassi et al, JHEP 1208 (2012) 098

!51
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Top Mass Definition and Expected Accuracy 
CMS top mass uncertainty projection

1 GeV

500 MeV

Ultimate	 LHC	 
uncertainty	 :	 

200	 ~	 300	 MeV
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Combinations of ATLAS & CMS Results

ATLAS/CMS mtop 
Combinations

Updated since 
Moriond 2015!

https://twiki.cern.ch/twiki/bin/
view/AtlasPublic/TopPublicResults

Link to ATLAS Top Quark Public Results

Link to CMS Top Quark Public Results
https://twiki.cern.ch/twiki/bin/view/

CMSPublic/PhysicsResultsTOP

ATLAS-CONF-2013-102

LHC / Tevatron (World) Combination

LHC Combination (√s = 7 TeV)

CMS-PAS-TOP-13-014

ATLAS-CONF-2014-008

CDF Note 11071

D0 Note 6416

CMS-PAS-TOP-13-005

Precision of 
~0.3%!
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Figure 7: Top quark pair production threshold, including the luminosity spectrum of the
ILC, and simulated data points, corresponding in total to one year at design luminosity,
from Ref. [33].

The real part of the pole corresponding to the 1S bound state is a precisely de-
fined quantity that can be extracted from the threshold measurements. This mass
parameter can be determined to about 50 MeV in the ILC program. The accuracy
of this measurement is limited by the precision of the theoretical prediction of the
threshold shape, now known at N3LO [31,32]. For the 200 fb�1 data set expected
near 350 GeV [7], the expected statistical errors in a 3-parameter fit to the threshold
shape are 17 MeV for m

t

, 26 MeV for �
t

, and 4.2% for the top quark Yukawa cou-
pling [33,34]. Uncertainties from knowledge of the ILC beam parameters are expected
to be still smaller.

The 1S top quark mass is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 10MeV [35]. The
error in converting an on-shell top quark mass to the MS mass is more than an order
of magnitude greater. Further, the mass usually quoted from Tevatron and LHC
data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the High-Luminosity
LHC, it is estimated that the MS top quark mass can be extracted to an accuracy of

15

ILC : top mass precision ~ 20 MeV

Talk	 by	 P.	 Gomis	 
ISR/FSR	 from	 the	 continuum	 can	 measure	 the	 top	 mass	 

with	 100	 MeV	 to	 60	 MeV	 precision



X750



Generic predictions of natural(motivated) models

S couples to top at tree level (order one coupling)
S couples to Higgs at tree level (order one coupling)

Br(S ! ��) ⇠ (
↵

4⇡
)2 ⇠ 10�6

Note that �(S ! gg) . 1 GeV

�(pp ! S ! ��) . 5 ab

Then the cross section to diphoton is too small

All the examples in the natural(motivated) models have 
a tuning to cancel order one coupling at tree level

�(pp ! S)Br(S ! ��)



3

the VEV is χ̄(x) = χ(x) − f. Expanding about ⟨χ⟩ = f ,
one gets the standard result

Lχ =
1

2
∂µχ̄∂

µχ̄+
χ̄

f
T µ

µ + · · · , (5)

with T µ
µ as in Eq. (3).

B. Electroweak sector

A convenient, model-independent description of a
strongly interacting Higgs sector is in terms of the elec-
troweak chiral Lagrangian [10]. Introducing a 2 × 2 uni-
modular matrix field U(x), the dynamics of the EWSB
sector at energies below ΛEW ∼ 4πv ≃ 1 TeV is given by

LEW = LχEW + Lψ + LY , (6)

with

LχEW = −
1

4
(Bµν)

2 −
1

2
trW 2

µν +
1

4
v2trDµU †DµU + · · · ,

(7)
where the covariant derivative of U(x) is

DµU = ∂µU + ig1BµU
τ3
2

− ig2W⃗µ ·
τ⃗

2
U, (8)

and

LY = −Q̄LUmqqR − L̄LUmℓℓR + h.c. (9)

where mq/v, mℓ/v are quark and lepton Yukawa matri-
ces2. The term Lψ contains the usual fermion kinetic
energy operators.

In the unitary gauge, U = 1, LχEW above describes the
kinetic and mass terms for the SU(2)L × U(1)Y gauge
fields. Terms omitted in Eq. (7) are higher derivative
operators that encode the various precision electroweak
parameters with coefficients that scale as inverse powers
of the scale ΛEW . We simply assume that these coeffi-
cients are adjusted to be consistent with the measured
experimental values of the electroweak observables. We
have also neglected an additional custodial SU(2) vio-
lating two-derivative operator whose coefficient is exper-
imentally known to be small.

It is clear that the gauge boson and fermion mass terms
include the coupling of gauge fields to the dilaton as,
the replacement v → vχ/f makes Eq. (6) formally scale
invariant. Expanding about ⟨χ⟩ = f gives the couplings
of the dilaton to the SM gauge bosons and fermions at
tree level

Lχ,SM =

(

2χ̄

f
+
χ̄2

f2

) [

m2
W W+

µ W−µ
+

1

2
m2

ZZµZµ

]

+
χ̄

f

∑

ψ

mψψ̄ψ, (10)

2 We have written the right-handed fermions as custodial SU(2)
doublets, so that mq,ℓ is a 2× 2 diagonal matrix of 3× 3 blocks,
with the lower block of mℓ set to zero.

which are identical in form to the couplings of a minimal
Higgs boson.

C. Dilaton self couplings

In the limit of exact scale invariance χ is derivatively
self-coupled. Ignoring for the time being terms that ex-
plicitly break the symmetry, self-interactions of the dila-
ton take the form

Lχ =
1

2
∂µχ∂

µχ+
c4

(4πχ)4
(∂µχ∂

µχ)2 + · · · , (11)

where the constant c4 ∼ O(1) depends on the details of
the underlying CFT. The inverse powers of χ are neces-
sary to ensure that Lχ transforms correctly under scal-
ings.

In addition, the theory may possess explicit sources
of scale symmetry breaking. For example, suppose that
conformal invariance is broken by the addition of an op-
erator O(x) with scaling dimension ∆O ̸= 4 to the La-
grangian,

LCFT → LCFT + λOO(x). (12)

It is straightforward to include this pattern of symmetry
breaking by the introduction of a spurion field into the
low-energy effective theory. This spurion constrains the
non-derivative interactions of χ(x) to be of the form [11]

V (χ) = χ4
∞
∑

n=0

cn(∆O)

(

χ

f

)n(∆O−4)

, (13)

where the coefficients cn ∼ λn
O depend on the dynamics

of the underlying CFT. By assumption, this dynamics
must be such that V (χ) is minimized at ⟨χ⟩ = f with
m2
χ = d2V (⟨χ⟩)/dχ2 > 0. In general, the coefficients cn

are functions of the scaling dimension, which we assume
are non-singular in the limit ∆O → 4.

It is not possible to make detailed predictions without
knowledge of the coefficients cn in V (χ) unless there ex-
ists a small expansion parameter. Here we are interested
in the case where the explicit conformal breaking term
above is small. This can be either because the opera-
tor O is nearly marginal (|∆O − 4| ≪ 1), as is the case
in walking technicolor theories or RS models stabilized
by the scenario of [12], or because the coefficient λO is
chosen to be small in units of f , as in the case of the
minimal Higgs model. If this happens, it is possible to
obtain definite expressions for the dilaton self-couplings
once the parameters m and f are fixed. We find that the
potential is

V (χ̄) =
1

2
m2χ̄2 +

λ

3!

m2

f
χ̄3 + · · · , (14)

where m2 ≪ f2 is proportional to the small symmetry
breaking parameter: m2/f2 ∝ λO for λO ≪ 1 (in units of

W.	 D.	 Goldberger	 et	 al	 for	 dilaton	 (RS	 radion)	 0708.1463

Large	 correction	 of	 the	 order m2
X

⇤2

W	 and	 Z	 with	 arbitrary	 order	 one	 coefficients	 c_t,	 d_h,	 d_w	 and	 d_z.

is	 expected	 for	 top,	 Higgs,

(
X

f
+ ci

m2
X

f2
)mi ̄i i (

2X

f
+ di

m2
X

f2
)m2

i�
†�

explicit breaking of 
dilatation symmetry



X750(or S) from extended Higgs sector

S can mix with Higgs sin2 ✓m < 0.12

ILC precision < 0.01

DM (300 GeV < M < 450 GeV) not possible to discover at the LHC
but possible at the ILC

If two resonances are with a few tens of GeV, PLC would resolve precisely

S as a heavy Higgs in the NMSSM with S to (2 gamma)+(2 gamma) :



Pros and Cons : Is X750 a Signal of New Physics?

Pro

: Diphoton channel is very clean
: Repetition of Higgs discovery
: Both in ATLAS and CMS

Con

: Excess is close to the event tail
: Not in ttbar, jj, ll
: So many 2 sigma bumps in CMS
: Strong coupling is necessary
(cross section*Br is too big)
: No motivated BSM can explain it

We have to wait till summer or the end of the year

If real, X750 would be a tip of the iceberg

HiggsNew particle

X750



Physics of ambulance chasing

One success in 2012 Dec.
: precursor of Higgs discovery

Many other failures
: Many B physics anomalies

Tevatron W+dijet,
dimuon charge asymmetry,

top A_FB,
DAMA/LIBRA,

CoGeNT,
PAMELA,

140 GeV Higgs (WW*)
BICEP2



1 TeV ILC (optional)



S (X750) production at 1 TeV ILC

Associated production :  e+e- to Z*/gamma* to S Z/gamma
(monochromatic Z and/or gamma)

Vector boson fusion : e+e- to ee S or nunu S
(P_T~mW, forward e+,e-)

~100 ab

~100 ab
(forward e : 10 ~ 1ab)

Talk by F. Richard
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In RS (see for instance [5]) a radion has *JJ~1 MeV. The decays depend on the Ricci‐Higgs mixing [ 
parameter which needs to be close to the 
conformal limit 1/6 to be consistent with LHC 
results. The gg decays dominates followed by 
hh which can reach a BR at the few % level, 
therefore measurable and allowing to 
distinguish between RS and WTC. This is also 
true for a heavy graviton [22]. 

  
 

V.3 Complementary signals in RS 
 
ATLAS and CMS, at 8 TeV, have also 
observed a few 2‐3V bumps in 
WW/ZW/ZZ/Wh, around 2 TeV, as 
recalled by figure 14. These bumps 
are not confirmed at 13 TeV but this 
is inconclusive given the low 
luminosity recorded. Reference [37] 
provides an interpretation of the 
bumps in terms of RS. 
 

Figure 14: The 3 plots recall the observations 
made by ATLAS on the search for heavy 
resonances decaying into WW, ZZ and ZW 
[38]. 

 
 

 

 

Î Such signals, if confirmed, would call for an e+e‐ collider with 2 TeV center of mass energy 

VI Higgs and top properties  
 

The two models under consideration, RS and WTC, predict measurable alterations of the Higgs 
properties which should be observed in e+e‐ colliders.  
 
VI.1 Walking TC 
 

For WTC, the Higgs boson is interpreted as a ‘technidilaton’. 

Figure 13: Expected and observed limits from ATLAS for a 
heavy resonance decaying in a pair of h(125) bosons. 

14 
   

VI.4 Total width and invisible width 
 

If the total width can be measured, the situation is as good as LEP1: all partial widths can be 
extracted, including the invisible width by comparing the total width to the sum of partial widths. 
This situation corresponds to the purple diamond in figure 2. The rate could then be of 3000 
evts/hour. A major question would be to understand the origin of this large width: new exotic 
particles, visible or invisible? 

In the models presented so far, the total width is too narrow to be directly measured. If X(750) can 
be produced in e+e‐, the situation will be analogous to the J/\ at SPEAR where one could deduce 
simply the invisible width by using the standard radiative return method by running above the 
resonance. This method provides *eeBRinv at the % level (or an upper limit on this quantity). The 
data taken on the resonance should give *eeBRvis by summing all final states with a similar accuracy. 
The sum of these two terms give *ee. The next step is to measure *eeBRµµ which gives BRµµ with 
an accuracy of ~10% (see previous section). Assuming universality, *ee=*µµ, one deduces the total 
width which is the denominator of BRµµ, with an accuracy of 10%. 

V (More) Speculations 
 

Here, I wish to make further comments on two privileged interpretations which give a wide scope 
like WTC (walking TC) and RS (Randall Sundrum).  
 
V.1 Walking technicolor 
 

In WTC (see for instance [8]) X is a techniscalar P0. 

One has *JJ=2 MeV which gives ~60 events/hour at a photon 
collider. Recalling section III.1, one concludes that ZZ and ZJ 
are detectable.  

In reference [16] it is argued that a technipion can have an 
enhanced coupling to JJ due to anomalous couplings. 

Therefore a further enhancement of *JJ�is possible which could improve the situation.  

 
V.2 X(750) Æhh  
 
As noted in the introduction, this channel is of particular importance for extended scalar sectors 
proposed to explain baryogenesis [10]. A natural consequence is that ggÆXÆ2h could have a large 
cross section, above 20 fb, very near the present limit of exclusion reached at Run 1 and certainly 
within reach at Run 2. The SM process are:  

 The total SM cross section ~10 fb is almost 
negligible at 750 GeV. Figure 13 from [36] 
indicates a slight excess nearby, due to the 
bbJJ channel. 
  

 

  Nc    3   4 
��*tot GeV   1.2  2.1 
  BR(P0 ‐> gg) % 
  BR(P0 ‐> JJ) % 
  BR(P0 ‐> ZJ) % 
  BR(P0 ‐> ZZ) % 

  99.8 
9.7 x 10‐2 
5.3 x 10‐2 
9.7 x 10‐2 

99.8 
9.7 x 10‐2 
5.3 x 10‐2 
7.3 x 10‐2 

X750 to hh (iceberg)
5 

   

contributions cancel each other. Recall also that for the SM the total width would be 250 GeV, which 
is well above what ATLAS reports.  

In section IV, a Kaluza Klein (KK) graviton scenario will be presented and this type of solution 
corresponds to the orange diamond with a line corresponding to *gg=8*JJ. The graviton solution 
gives a cross section enhanced by the spin factor (2J+1). For consistency, *JJ�is thus replaced by 
5*JJ�in figure 2. 
  

II How to produce X(750) at e+e‐ colliders 
 
II.1 The standard way: e+e‐ÆXZ and XJ. 

  

To estimate the rate for e+e‐ÆZX, one needs the 
width of X into ZZ. This width can be at most equal 
to the measured experimental width, of order 45 
GeV according to ATLAS, to be compared to the SM 
HZZ width of 70 GeV. From this argument and 
figure 3 from [17] one expects that the cross 
section e+e‐ÆZX at 1 TeV should be <0.5 fb. 

From LHC measurements at 8 TeV, one has an 
upper limit on *ZZ/*JJ: <12fb/1fb~10. Even taking 
our largest assumption on the photon width, 45 
MeV, the ZZ width would be ~0.5 GeV hence a cross 
section ≤0.01 fb, marginally measurable.  
 

I therefore conclude that this production mode is unlikely to give the large amount of data needed to 
study X(750) in detail. The same is true if one uses WW fusion, even operating at 3 TeV. 
 

 

At first sight one would expect XJ to be also negligible, as HJ with respect to HZ. This is not the case 
since, recalling figure 2, one notices that *JJ�is at least 50 times larger than for a SM Higgs. From [18] 
one can deduce that at 1 TeV the cross section for H(750)J is of order 0.0025 fb, meaning that it 
could be between 0.1 fb and 5 fb for X(750)J. This result agrees with [12] which evaluates this 
process using an effective field theory approach.    

In principle this reaction has a threshold near 750 GeV, however the threshold dependence is given 
by (1‐MX²/s)

3, meaning that in practice one should operate at 1 TeV or more. At 1.5 TeV one gains a 
factor 5 on this cross section. 

At 1 TeV, X is accompanied by a monochromatic photon with EJ�a220GeV, which provides a very 
clean signature with up to ~103 events. This allows to measure the total cross section and therefore 

Figure 3: SM model Higgs production cross section for 
the process e+e‐‐>HZ in fb at 3 collider centre of mass 
energies 0.5, 1 and 3 TeV versus the Higgs boson mass 
in GeV. 

X750 to jj, tt, WW, ZZ (iceberg)

X750 X750

X

many new particles (iceberg)



S production at 1 TeV ILC
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Figure 4: Total cross sections for the process e+e� ! ��, e+e� ! �Z, for polarized beams,
in ab, as a function of the collision energy. The di↵erent curves refer to: dashed: R = 1
(pure A

2

; solid: R = 1; dotted: R = 0 (pure A
1

). In each case, the cross sections are
computed assuming 80% electron beam polarization and 30% positron beam polarization.
ISR and beamstrahlung are not included.
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Figure 5: Mass spectrum of � by recoil technique (in red) and direct reconstruction (in
blue) at the generator level. For the recoil measurement, two di↵erent beam parameter set
(dashed for ILC RDR, solid for TDR) are shown for comparison.

of the � are known, the coupling to the SU(3) gauge field can be fixed by measuring
the gluon-fusion production cross-section at the LHC.

A realistic simulation study is being carried out now for the ILC detector design. It
is very important to include the realistic beamstrahlung and ISR e↵ects, which would
significantly modify the kinematics of final particles, e.g. the energy of � in the process
e+e� ! ��, will not be monotonic as assumed by many fast simulation studies. It is
also necessary to implement the Breit-Wigner structure for � in the matrix element
properly if its total width is large, because it will also change significantly the recoil
mass spectrum, which is shown in Fig. 5 for processe+e� ! ��. While the recoil
strategy is adopted in process e+e� ! �Z, all the SM background processes will be
relevant because of the ISR e↵ect. In case of the invisible decay, it is more realistic
to include the beam induced background, such as �� ! low pt hadrons which will be
overlaid to every event including the signal. For the � ! bb analysis, it is crucial to
include full detector simulation to estimate the flavor tagging performance.

4.2 e+e� ! �e+e�

The process e+e� ! �e+e� is enhanced when the scattering angles of e± are small
enough. The cross section for such a kinematical configuration can be estimated by
using the equivalent photon approximation [64]. Denoting the minimal and maximal
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blue : direct

red : recoil

Talk by J. Tian
discover : 25 MeV
2 sigma : 10 MeV

Talk by F. Richard

0.1 fb or less

X X

X X

�(X ! ��)



S production at 1 TeV photon linear collider

gamma gamma to S

Compton backscattering of laser beams from the electron beams

beam crossing angle (ILC TDR) : 14 mrad
25 mrad needed for Compton backscattering and beam dump

can be done during energy upgrade
or can start from 20 mrad from the beginning

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.05

0.10

0.50

1.00

5.00

γγ

ZZ
Zγ

WWσ (fb)

R = A2/A1

Figure 6: E↵ective cross sections for �� ! � ! V V as a function of the ration of e↵ective
Lagrangian couplings A

2

/A
1

. The normalization of these cross sections assumes the value
(5) and an estimate of the total width corresponding to BR(� ! ��) = 10�2

an e↵ective cross section that gives the correct rate when multiplied by the nominal
e+e� luminosity. This is

�eff = 4⇡2(2J + 1)(0.58)
�(� ! ��)

2E
0

m2

�

(1 ± �
1

�
2

) , (29)

where E
0

is the electron beam energy. For operation of the ILC at 1 TeV, typical
event samples that are discussed are of order 3 ab�1.

Evaluating (29) with a �� width of 0.5 MeV, we find

�eff = 16 fb , (30)

corresponding to 48,000 � events for a 3 ab�1 sample. More generally, this is the
cross section for �� ! � ! gg, set by (4). If other possible decay modes, such as
ZZ or tt, have higher branching ratios, the rates to those channels add to the value
in (30).

The PLC gives a very clean experimental setting for the measurement of the
relative � decay branching ratios to electroweak gauge bosons ��, �Z, ZZ, W+W�.
The cross sections for these four reactions, based on the conservative estimate (9) are
shown in Fig. 6 as a function of the ratio A

2

/A1. This is the ideal way to measure
this ratio of e↵ective Lagrangian couplings, which is central to the interpretation of
any model of the �.

These estimatee of signal rates should be compared to estimates of background
rates from pair-production in �� reactions. These rates are evaluated carefully in
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sigma_eff (S to gg) ~16 fb

Talk by F. Richard



qq + gg bb tt ⌧⌧ ee + µµ �� Z� ZZ hh WW Zh
� (fb) 9 0.3 100 34 6 0.5 5 12 1 700 0.03
BR 5� 2% 0.3% 6% 3% 1% 0.4% 1% 2% 0.6% 15% 0.1%

Table 3: Standard Model background cross sections for the observation of � decays at a
PLC. The second line gives the braching ratio, relative to BR(� ! gg), for a 5 � observation
with a 3 ab�1 data set.

[5,8]; here we will only summarize the results. We assume that hadronic background
events are selected to have the � invariant mass within a detector resolution of 5%.
Light-quark and gluon pairs cannot be distinguished. On the other hand, the very
e�cient b tagging expected from the ILC detectors implies that b quarks will make
a negligible contribution to the light jet rates. We quote the light-quark background
rates for photon beam polarization �

1

�
2

⇡ +1, which suppresses light-quark pair
production. This is appropriate to a spin 0 resonance, while for a spin 2 resonance,
the light qq background rates will be about a factor 3 higher. We also impose a cut
| cos ✓| < 0.8 to decrease the background from light fermion pairs and WW , which
are strongly forward-peaked.

With this understanding, the rates for a variety of �� backgrounds are shown in
Table 3. The first line of the table gives the expected background cross section in fb.
The second line gives the branching ratio relative to BR(� ! gg) at which which
S/

p
B > 5 (5 � observation) for a 3 ab�1 data set. If it turns out that the given

channel is dominant over � ! gg, as would be true in some models for bb, tt, or
W+W�, for example, the observed rate will be comparably higher.

The LHC will have comparable sensitivity for some of these channels. The pre-
liminary LHC observation is already close to the sensitivity quoted in the table for
��, and the LHC sensitivity already exceeds the estimate given for e+e� and µ+µ�

(with, however, no observation of the resonance). On the other hand, the capability
for direct observation of the gg decay and the sensitivity to bb, tt, and Higgs modes
far exceed what will be possible at the LHC.

To be more specific, we present a list of � properties that will be measured at the
PLC:

• Although we can infer the value of the �(� ! gg) from the assumption that the
the production at the LHC is dominated by gg ! �, it is very di�cult to check
this assumption directly from LHC measurements. At the PLC, the quantity
(4) can be measured from a known �� initial state. If this measurement agrees
with the LHC value, this will confirm the production process assumed in the
analysis of LHC measurements.

• The spin of the � can be directly measured from the angular distributions
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Mass of S from recoil of gamma and Z
and also directly from gamma gamma and glue glue

Spin, CP of S from angular distribution of S production and decay

Total decay rate from S to VV and Br(S to VV)

Talk by F. Richard



Conclusion
Who ordered X750?

If it is real, huge structure related to EW symmetry breaking will follow.

500 GeV ILC would be complementary to discriminate 
various models explaining the structure discovered at the LHC.

Dark matter, vector-like fermions can be directly probed at the ILC.

Currently X750 does not play a role connected to EWSB.

We expect new particles (top friends) at around 750 GeV.

Upgrade of the ILC(expandable) to 1 TeV would be an interesting opportunity.

Stay tuned.

If not, precision Higgs/top physics will guide us as usual.

The ILC will be complementary to the LHC.



Measuring the Higgs potential



Higgs	 self	 coupling
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HHH coupling
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ILC500,%TLEP500,%HL>LHC%%%%%%%%%%%ILC1TeV,%HE>LHC%%%%%%%%CLIC3TeV,%VHE>LHC%
  0.5 ab-1        1 ab-1            3 ab-1                    1 ab-1          3 ab-1                    2 ab-1             3 ab-1 

±20%

Fig. 18: Expected relative statistical accuracy in % on the trilinear Higgs self-coupling for e+e� (blue) and
pp (red) colliders at the high-energy frontier. The accuracy estimates are given, from left to right, for ILC500,
TLEP500, HL-LHC, ILC1000, HE-LHC, CLIC and VHE-LHC, for integrated luminosities of 0.5, 1, 3, 1, 3, 2,
and 3 ab�1, respectively.

could have a say on the quartic self-coupling [85], needed to fully understand Electroweak Symmetry
Breaking.
In summary, the potential of the FCC project for Higgs physics cannot be challenged by any other projects
on the market.

5.3 Direct search for new physics
As seen above, the case for e+e� collisions with centre-of-mass energy of 500 GeV and above is not
compelling for the study of the H(126) particle alone. A stronger motivation would exist if a new particle
were found (or inferred) at LHC during the next run at 13-14 TeV, if and only if e+e� collisions could
bring substantial new information about it.

Typically, e+e� colliders can pair-produce new particles with masses up to half the centre-of-mass
energy, if they are either electrically charged or have a non-vanishing coupling to the Z. The reach of
ILC500, ILC1000 and CLIC is therefore limited to particles lighter than 250, 500 and 1500 GeV, respec-
tively. The lowest threshold for new particles could be that for pair-production of dark matter particles,
such as the lightest neutralinos of supersymmetric models, through their Z or Higgs couplings, in asso-
ciation with an initial-state-radiation photon. This search was performed at LEP, but was limited by the
kinematic reach and the large background from conventional neutrinos. Similar searches are performed
at the LHC (mono-photon, mono-jet, accompanied with missing energy), but are competitive with as-
trophysical searches only for very small dark-matter particle masses. The high luminosity of TLEP up
to centre-of-mass energies of 350 to 500 GeV, associated with the absence of photon background from
beamstrahlung, may provide a promising opportunity to extend the sensitivity of such single-photon
searches for dark matter.

The absence of new phenomena at the LHC so far has reduced the prospects for direct new physics
discovery in e+e� collisions below 1 TeV in the centre of mass (with few exceptions like the aforemen-
tioned possible observation of light dark matter). The next LHC run at 13-14 TeV, to start in 2015, will
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cubic	 	 
coupling
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irreducible background in hadron colliders

9 : 1



(ii-2) Higgs self-coupling

direct probe of the Higgs potential
large deviation (> 20%) motivated by 
electroweak baryongenesis, could be ~100%
√s>=500 GeV, e+e- —> ZHH
√s>=1 TeV, e+e- —> ννHH (WW-fusion)
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��HHH/�HHH 500 GeV + 1 TeV

Snowmass 46% 13%

H20 27% 10%

1.4 TeV +3 TeV

24% 11%

ILC

CLIC
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physics issues: diagrams for double Higgs production
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Signal  diagram

� = S�2 + I�+B

the sensitivity of λ is determined not just by the apparent 
total cross section, in fact is determined by S and I term; 
if B term dominates, measurement would be very difficult

(signal diagram) (interference) (background diagram)
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expected precision of λ: impact of Ecm
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gap of these two expectations —> room of improvement
for ZHH: 500 GeV is the optimal energy, δλ/λ ~ 6% : 30%, but rather mild 
dependence between around 500-600 GeV, significantly worse if much lower or 
higher than that 
for ννHH: significantly better going from 500 GeV to 1 TeV, δλ/λ~10% 
achievable when ecm >= 1TeV; better precision at higher ecm, but not 
drastically, from 1 TeV to 3 TeV, improved by 50%

ZHH ννHH
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Higgs self-coupling: when λHHH ≠ λSM?

constructive interference in ZHH, while destructive in ννHH (& LHC) —> 
complementarity between ILC & LHC, between √s ~500 GeV and >1TeV

if λΗΗΗ / λSM = 2, Higgs self-coupling can be measured to ~15% using 
ZHH at 500 GeV e+e-

Grojean, et al., PRD71, 036001; Kanemura, et al., 1508.03245; Kaori, 
Senaha, PHLTA,B747,152; Perelstein, et al., JHEP 1407, 108

references for 
large deviations e.g.

Duerig, Tian, et al, paper in preparation
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breakdown of σ to S, I and B terms
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B term (green) >> S term (red) —> more difficult than expected
interference I term (blue) plays an crucial role in both cases; larger I 
term for ννHH indicates potential better sensitivity in ννHH than ZHH
For ZHH: clearly ~500-600 GeV is preferred; peak positions of I or S 
term are smaller than that of B term and the apparent total σ (black)
For ννΗΗ: dependence on ecm, S term  < apparent σ < B term ≈ I term
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sensitivity of λ to the directly measured σ
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smaller F means better sensitivity; if only signal diagram, F=0.5
F in ZHH indeed much worse than F in ννHH
in both cases F increases significantly when ecm increases
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if only δh is deviated —> δh ~ 28%
if both δz and δh deviated —> δh ~ 90%
δσ could receive contributions from 
many other sources
can be considered as a useful 
consistency test of SM

indirect model dependent probe of λHHH: √s ~ 250 GeV

McCullough, 1312.3322
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what’s the expectation if λ ≠ λSM? @ LHC

arXiv:1401.7304

interference is destructive, σ minimum at λ ~ 2.5λSM; if λ is enhanced, it’s 
going to be very difficult (from snowmass study by 3000 fb-1 @ 14 TeV, 
significance of double Higgs production is only ~ 2σ, if cross section 
deceases by a fact of 2~3, very challenging to observe pp—>HH)



Ono, et. al, Euro. Phys. J. C73, 2343;    F.Mueller, PhD thesis (DESY)

(ii-6) Higgs direct couplings to bb, cc and gg

�ZH · Br(H ! bb̄) / g2HZZg
2
Hbb/�H

�ZH · Br(H ! cc̄) / g2HZZg
2
Hcc/�H

�ZH · Br(H ! gg) / g2HZZg
2
Hgg/�H

directly 
measured

H→Others SM BG

H→bb H→cc H→gg

MC Data

clean environment at e+e-; excellent b- and c-tagging performance

bb/cc/gg modes can be separated simultaneously by template fitting
e+e- —> ZH —> ff(jj): b-likeness .vs. c-likeness

δgHbb=2.0%with ΓH

δgHcc=2.5%
δgHgg=2.4%

!45



expected precisions of Higgs couplings

 49



New	 particle	 discovery



e+ + e� ! ZH ! l+l�/qq̄ +Missing
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SM→llH, H

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

exotic decay: search of Higgs to invisible

BR(H—>inv.) < 0.3% (CL95%)

a sensitive test for Higgs portal 
dark mater model —> 
complementary for low mass 

right-handed beam polarisation: 
much lower background

Z—>ll @ ILCZ—>qq @ ILC

JHEP 1601 (2016) 172
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WIMP Dark Matter Search @ ILC

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

→ MDM reach ~ Ecm/2

SUSY: The Lightest SUSY Particle (LSP) = DM → Its partner decays to a DM. 
• Events with missing Pt (example: light chargino: see the previous page)

28

Weakly Interacting Massive Particle 探索

DM has a charged partner in many new physics models.

MDM < Mh /2

Decay of a new particle to Dark Matter (DM)

Possible to access BRinv to 0.4%!

Higgs Invisible Decay Mono-photon Search

Possible to access DM to ~Ecm/2!



ILC	 at	 250	 GeV



years
0 5 10 15 20 25

0

1000

2000

3000

4000

Lu
m

in
os

ity
 U

pg
ra

de

ILC, Scenario H-20
ECM = 250 GeV
ECM = 350 GeV
ECM = 500 GeV

Integrated Luminosities  [fb]scenario: 
example
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ILC500 
H20

ILC250 
H20 staged

top physics starts 
after > 16y 

in total ~ 6y longer
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ILC250	 as	 a	 Higgs	 factory

top	 quark	 physics	 

Higgs	 self	 coupling



new	 particle	 discovery	 

direct	 search	 limit	 

ILC250	 =	 0.5*ILC500



electron	 positron	 polarization	 physics	 

CepC	 cannot	 do	 polarization	 physics



ILC :  precision measurement of tL and tR to Z

(BSM discrimination)

... - �gZ
R/gZ

R-330% -20% -10% 10% 20%

6

�gZ
L/gZ

L

-20%

-10%

10%

20%

vSM

tLight top partners [45]tLight top partners
Alternative 1 [46]

tLight top partners Alternative 2 [46]

tLittle Higgs [21]tRS with light KK fermions [43]tComposite Top [47]

t5D Emergent [48]

t4D Composite Higgs Models [49]

tRS with Z-Z’ Mixing [41]

ILC Precision

Figure 4: Predictions of several models that incorporate Randall-Sundrum (RS) models and/or
compositeness or Little Higgs models on the deviations of the left- and right-handed couplings of
the t quark to the Z0 boson. The ellipse in the frame in the upper right corner indicates the
precision that can be expected for the ILC running at a centre-of-mass energy of

p
s = 500 GeV

after having accumulated L = 500 fb�1 of integrated luminosity shared equally between the beam
polarisations (P�, P

+

) = (±0.8, ⌥0.3). The original version of this figure can be found in [50].

In the simplest scenario of this type, the entire Standard Model is localized on the IR
brane [52]. in this case, the � couples universally to all SM fields. In this case, the � would
also appear as a resonance in the Drell-Yan process. This is not observed and, while this
does not yet exclude this class of models, it provides a nontrivial constraint. However, it is
also possible to have non-universal couplings of the spin-2 resonance to the SM if one allows
the SM fields to also propagate in 5 dimensions. In a construction of this type, lighter quarks
and leptons have 5-dimensional wavefunction localized further from the IR brane. This leads
to smaller Yukawa couplings and smaller fermion masses; thus, the construction can be used
to address the fermion mass puzzle. Wavefunctions further from the IR brane also couple
less strongly to the lowest KK graviton excitations, thus relaxing the constraint from the
Drell-Yan process [53–56].

The RS graviton couples to photons and gluons, and the parameters of the model can
be adjusted to correctly reproduce the LHC observations of the diphoton resonance. Other
decay modes should also be observed. In particular, if the RS framework plays a role in
addressing the hierarchy problem, also WW , ZZ, hh, and tt decays are expected to occur

12



ILC	 is	 expandable
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Backup



one example for illustrating the physics effect

 13

after EWSB: 
renormalize kinetic term 

of SM Higgs field 
1

2
�µh�µh

h (1-cH/2)h

shift all SM Higgs couplings by -cH/2

(1)

(2)

cH

2
�µh�µh

cH

v
h�µh�µh

cH

2v2
hh�µh�µh

anomalous triple Higgs coupling

(3) anomalous quartic Higgs coupling



SM Effective Field Theory

 14

+ 4 SM parameters: g, g’, v, λ
10 operators (h,W,Z,γ): cH, cT, c6, cWW, cWB, cBB, c3W, cHL, c’HL, cHE

+ 5 operators modifying h couplings to b, c, τ, μ, g
+ 2 parameters for h->invisible and exotic

full formalism 
23 parameters

+ 2 for contact interaction with quarks



determine tensor structure of hVV couplings (full simulation)

 54

LhZZ = M2
Z(

1

v
+

a

�
)hZµZµ +

b

2�
hZµ�Zµ� +

b̃

2�
hZµ�Z̃µ�

for 2 ab-1 @ 250 GeV —> κΖ (a) ~ 3% >> 0.38%

� = 1 TeV


