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Bird’s Eye View of the ILC Accelerator
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world highest gradient as with super—
conducting cavities = 31.5 MV/m

beam cuurent = 5.8 mA

High resolution high
granularity detector

e+, e- Main Linac
Energy : 250GeV + 250GeV

Tunnel Layout Plan for a Japanese Mountain Site

Length : 11km + 11km
\ # of DRFS Klystron: 7280 total
Cryomodules housing # of Cryomodules : 1680 total
ﬁ Super Cond. Cavities # of Cavities : 14560 total

Expecting decision by the Japanese government in < 2 years!
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MEXT’s ILC Review

Japan’s

Ministry of

Education,

Culture, Sports, Science and
Technology

MEXT




ILC Advisory Panel

Set up in May 2014 under MEXT ILC Task Force to investigate
various issues concerning the possibility of hosting the ILC in Japan

{ MEXT } ILC TF
|

Contracted Survey 1 ILC Advisory Panel

Technological/economical ripple effects N
Technology trends (Nomura Rl) May 2014

Particle & Nucl. Physics TDR Validation
Working Group Working Group
2014/06 ~ 2015/03 2014/06 ~ 2015/03

Met 8 times, WG report Met 6 times, WG report
in 2015/03 in 2015/03

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/index.htm

The panel published an Interim Summary in 2015



Interim Summary

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm

- ILC Advisory Panel published an interim summary of their discussions
based on the reports from the two working groups (Particle & Nuclear
Physics WG and TDR Validation WG).

- The interim summary pointed out the following issues:
- Obtain clear vision for international cost sharing

- Make clear scientific merits (not only precision studies of
Higgs and top but also possibilities of new particle
discoveries) that match the investment

- Monitor, analyze, and examine the development of LHC
experiments.

- Solve remaining technological issues and mitigate cost risk.

- Get understanding from the general public and other scientific
communities.

- Investigate issues concerning necessary human resources
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ILC Advisory Panel

Set up in May 2014 under MEXT ILC Task Force to investigate
various issues concerning the possibility of hosting the ILC in Japan

|

MEXT } ILC TF

Contracted Survey

Technological/economical rippl
Technology trends (Nomura RI)

' ILC Advisory Panel

e effects

May 2014 ~

Most recent meeting of
the panel on Feb. 1, 2017

e the US-Japan cost
reduction R&D

e HEP community’s
discussion on staging

Particle & Nucl. Physics
Working Group

TDR Validation
Working Group

Human Resources
Working Group

2014/06 ~ 2015/03 2014/06 ~ 2015/03
Met 8 times, WG report Met 6 times, WG report

in 2015/03 in

2015/03

2015/11 ~ 2016/07

Met 6 times, WG report
in 2016/07

Organization &
Management
Working Group

2017/02 ~

Met 5 times so far, the
last one was 2017/06/02

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/index.htm



Linear Collider
Collaboration (LCC)

IS on working on issues raised in the
Interim Summary

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm
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Interim Summary

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm

- ILC Advisory Panel published an interim summary of their discussions
based on the reports from the two working groups (Particle & Nuclear
Physics WG and TDR Validation WG).

- The interim summary pointed out the following issues:

- Make clear scientific merits (not only precision studies of |
Higgs and top but also possibilities of new particle - LCC
discoveries) that match the investment romewort

- Monitor, analyze, and examine the development of LHC _, |cc
experiments. homework 2

- Solve remaining technological issues and mitigate cost risk.

- Get understanding from the general public and other scientific \
communities. 5 LCC

homework 3
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LCC Physics WG & Parameters WG

Physics Case for the ILC
arXiv: 1506.05992, Jun.19, 2015

ILC Operating Scenarios
arXiv: 1510.05739, Oct.19, 2015

Implication of the 750 GeV
vy Resonance as a Case

Study for the ILC
arXiv: 1607.03829, Jul. 31, 2016

The Potential of the ILC
for Discovering New

Particles
arXiv: 1702.05333, Feb. 17, 2017

ILC Brochure
LCC communicators & phys. WG

Higgs

Elementary v.s. Composite?
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Exploring
the Fabric
of the

Universe

X750 was found dead but the exercise
A Y proved ILC’s capability to probe new
. .., physics operating behind a possible heavy
new particle beyond its direct reach

Homework 2: Monitor, analyze, and
examine the development of LHC
experiments.
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Homework 3: Get understanding
from the general public and other
scientific communities.
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Interim Summary

http://www.mext.go.jp/b_menu/shingi/chousa/shinkou/038/gaiyou/1360593.htm

- ILC Advisory Panel published an interim summary of their discussions
based on the reports from the two working groups (Particle & Nuclear
Physics WG and TDR Validation WG).

— US-J
- Solve remaining technological issues and mitigate cost risk. .
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MEXT-DOE Discussion Group

- At the end of May 2016, high level officers from MEXT visited their DOE
counter part and it was agreed to start a US-Japan discussion group
co-chaired by Director of Office of Science of DOE and a corresponding
level officer in MEXT. They decided to meet every 2-3 months.

- In their Oct. 2016 meeting, it was
agreed to start US-Japan
collaborative research for ILC cost
reduction: aiming at 10-12% cost
reduction of the ILC machine
construction.

- Cost reduction in Nb material
preparation

- High-Q high-gradient SCRF cavity
using nitrogen infusion
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So we are doing
our homework
and
MEXT is doing
their homework
very seriously!



Support from Diet Members
and Industrial Sector in Japan

- Federation of Diet Members for the ILC (since 2008 with >150
members from both the governing and opposition parties)

- Advanced Accelerator Association Promoting Science & Technology
(AAA) (since 2008 with 100 companies and 40 universities and
research institutions)

-+ Event in Washington DC on Feb. 2016 coordinated by Hudson Institute
and AAA. 4th visit to Washington by Diet members with MEXT officials.
Another one happened just recently.

From LC NEWSLINE

http://newsline.linearcollider.org/2016/03/03/us-japan-symposium/

Hon. Shionoya is recommending
the Kasoku Kids cartoon book to
the roundtable discussion chaired
by Dr. William Schneider, Jr.
(Hudson Institute)




Science First with the ILC - Keynote speech
by Takeo Kawamura romicnewsiine

http://newsline.linearcollider.org/2016/12/08/science-first/

In his keynote at LCWS2016, former
MEXT Minister Takeo Kawamura
stressed that while fundamental
research may have application in the
long run, it's the science that is most
important.

Hon. Takeo Kawamura giving a keynote speech at the
LCWS2016 in Morioka, japan. Image: LCWS2015 LOC

Standing ovations for Hon. Takeo Kawamura’s speech by
LCWS2016 participants. Image: LCWS2016 LOC

LCWS2016 in Morioka, japan. 16



Staging Discussion

- In LCWS 2016, Nov. in Morioka, it was agreed to start
seriously considering a staging scenario of the ILC to
significantly reduce the initial construction cost.

- 1st stage as a Higgs factory

- and later stages taking advantage of flexible energy
expandability of a linear collider.

- LCB/LCC started working on possible staging scenarios to
build consensus among the worldwide HEP community.



Summary of Part |

e MEXT is seriously investigating various issues to be solved to
host the ILC in Japan.

- KEK/JHEPC is taking various actions together with the LCC to
address issues pointed out by the MEXT ILC Advisory Panel.

- MEXT-DOE joint discussion group started.
- US-Japan joint effort on cost reduction started.

« There are important political interactions happening also in
Europe and Asia, which | had no time to cover today.

« Serious discussions on staging from 250 GeV started.

- As Hon. Kawamura said in LCWS 2016, 2017-2018 will be a very
important time for the ILC.



Part Il

ILC Physics

arXiv: 1506.05992 (ILC Physics Case)
arXiv: 1506.07830 (ILC Run Scenarios)
arXiv: 1306.6352 (ILC TDR: Physics)
EPJC (2015) 75:371 (LC Physics)
arXiv: 1702.05333 (ILC New Particles)
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Towards ultimate unification

Gravity Strong Weak EM

13.8 byr
2 380 kyr
()
=
c
2 EW symmetry breaking
B = phase transition
(0)) 10-10 g ey
2 Electroweak Unification
Unification of
forces
10-36 g Unification of
matter . .
Grand Unification ?
Unification of
1043 g matter and force

Unification of
matter, force, and space-time




Why iIs the EW scale
so important ?



Why is the EW scale so important?
Mystery of something in the vacuum

With the discovery of H125 at LHC we know that our vacuum is filled with
“something” having weak charge. This something is called the Higgs field, but
we don’t know its true character, its multiplet structure, or its underlying dynamics.

In particular, the SM does not explain why the Higgs field
developed a vacuum expectation value.

% In other words the SM does not answer the V(9) = w’lel” + Algl*
question: e

S

Why 1 < 0?

% To answer this question,
we need to go beyond the Standard Model! > of

Big fork ahead of us

The answer forks depending on whether
H125 is elementary or composite!



SUSY

EW symmetry was broken G rand Dese rt?
radiatively
SUSY particles, extra Hs Clear sky to GUT Scale

Deviations in Higgs
couplings 0,

H125 is \
elementary \\
\
Why | Dark Matter Quant_um
2 ILC } WIMP Gravity
<0~ decides Ultimate Unification
. the direction ,'
H125 is /o
Composite / ‘

Composite Higgs

New strong force makes a vacuum condensate

Deviations in Higgs and Top couplings
New particle jungle in TeV+ scale




The 3 major probes
for BSM at ILC:

Higgs, Top, and
search for
New Particles



The 3 major probes
for BSM at ILC:

Higgs, Top,






11 Any deviation from the stralght t
- : line signals BSM! e
o) b
@) e
W
2 SM
& Ny
001, ¢t~
- Different models predict ]
different deviation patterns! |
1 10 100
ACFA Report Mass (GeV)

Deviation in Higgs Couplings

Mass-coupling relatlon

The size of the deviation
depends on the new
physics scale (A)!

Decoupling Theorem:
AP > Sm

example 1: Minimal SUSY

(MSSM : tan=5, radiative correction
factor = 1)

,’?kh';. . .q.'?'. T ~ 1 _i_ 1""!};{' ( l rl.'(:\-' ) -

Ghgrr i Ghsyrra LY

heavy Higgs mass

example 2: Minimal Composite
Higgs Model

1 TeV
_1—53.( r( )

composite scale

aQnvv
GhowVV

New physics at 1 TeV — deviation is at most ~10%
We need a %-level precision — ILC
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The Key

All the measurements are oxBR measurements with one crucial
exception, the o0 measurement using recoil mass technique, that is the
key to the model-independent determination of various Higgs couplings.

Q y
1 1 1 1 1 1 1 1 1 1 1 1 1 e
/>\ I I _I : The K
D : Zh—u'wX ; o
Q)] 250 - ‘ Model indep_:andent analysis = g0 racoil mass O
L =250 b, Vs =250 GeV
LO. C P(e’, e*) = (-0.8, +0.3) i
\O./ 200 ._ e  Signal+Background (MC) :
=~ : Fitted Signal+Background :
..‘L) 150 - Fitted Signal i
GC) : } Fitted Background -
Lﬁ =
W
2 2
M3 = (pom — (Pu+ + pu-))
] j. ]

Can detect the Higgs
: : o
GeV) without looking at it!

120 130 140 150
M

recoil (

S
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H20 Scenario

arXiv: 1506.05992
arXiv: 1506.07830

Better hyy with
LHC/ILC synergy

LHC can precisely

measure

BR(h—yy) / BR(h—2Z*)
= (Ky / KZ)2

ILC can precisely
measure Kz

Higgs Couplings
Model-independent coupling fit, impossible at LHC
Projected precision of Higgs coupling and width (model-independent fit)

All of major
Higgs decay
modes
accessible at
ILC with
250-500GeV!

——

10%

| - ILC 500 GeV, 500 b7 @ 350 GeV, 200 ' & 252 GeV, 500 14" -

9 0/0 - ILC 500 GeV, 00 1 '@ 350 GeV, 20010 'S 60 Gov, 2000 10" +=- ik --- -l ecccceecacn. —_
3 . ILC 3 HLALHC 3020 b corbinut or 7

S T ot [ESR -
7 /2Y sCEECEREEEEEERTPEREPPITRPPTE!  CEPPEPEPTEEPERRRRES  TERR]  ENTTPPRREPTREE —_
o, | . Excellenfvertex ... .M ... B .. —
6% | detectors for i

b/c-tagging at ILC
5 A R T Y | | EEEEEES —

4%
3%
2%
1%
0%

Top Yukawa
improves by going
to 550 GeV

Near threshold
— a factor of 4
enhancement of
Oun by going
from 500GeYV to
550 GeV

— 3%

- (CLIS%)
Kz Ky Ky ]Ke Ky Ko[Ke ]k Ku T Tind

500 GeV already excellent except for K:, K., and K,
~1% or better for most couplings!

29




H20 Scenario

s e Fingerprinting

Elementary v.s. Composite?

Supersymmetry Composite Higgs
(MSSM) (MCHM5)
MSSM (tang = 5, M, =700 GeV) MCHMS (f = 1.5 TeV)
s 15 - = 15
7} - - i :
E - Z W b © ¢ t ] E - Z W b T ¢ t
£ 10%} — = 10% -
c - - 8 i i
-Q — — - — —
'% 5%} - g 5% Downward shift for -
=4 . 1 3 all the couplings ]
E Q%[ = -l-®1 § 0% :
= N - =]
8 - Upward shift only for - g
, i /
% 5%  down-type fermions 1 g 9%
I X : T [
-10%[ ILC Proectad Higgs coupling precision [model-independent) -10%¢ ILC Projecied Higas coupling pracision (mocei-indepandent] -
D 200 GeY, 4000 b @ 320 GeV, 200 b £ 250 GeV, 2000t 7] - 5C0 GeV, <000 ' ® 350 GeV, 200 b @ 250 GeV, 2000 b 7
15 . —— Mode! prediction - 15 . Model prediction -

ILC 250+500 LumiUP

Complementary to direct searches at LHC: Depending on parameters,
ILC’s sensitivity goes well beyond that of LHC!




Since now the focus is on
the 250 GeV initial stage,
we need to re-optimize our
strategy for the precision
coupling measurements.

—New strategy based on
EFT — Michael’s talk



Top



Search for Anomalous ttZ Couplings

Top: Heaviest in SM— Must couple strongly to the EWSB sector (source of py2<0)!
— Specific deviation pattern expected in ttZ form factors depending on new physics.
— Beam polarization essential to separate L- and R-couplings (Strength of ILC)

Deviation in ttZ coupling

ne

N

‘l
’

P

A
. : ag7 ¢ -
Deviation expected for various new Jr./91.  of left-handed top quark
phySiCS models (neW phySiCS scale Light top partners Alternative 2 |20]
o
~1 TeV)
, 209 +
arXiv:1505.06020 "
ILC, Vs = 500 GeV
ILC Precision Lumi = 500 fb-"
109 + /__—;
- . . Deviation in ttZ coupling
RS with Z-Z° Mixing [%]] SM ey .
330%: II{IC-"- 1|}1W g 1=|»-"{, -j..c, " ()yﬁ:"' glzf of right-handed top quark
Rt LN PN =LuJsu =1us o Lyl
e+ Light top partners |
7 Alternative 1 [20] @  -10% @ Light top partners |
® Title Higps
HD Emergent [32] ; |
— ' o -20% @ 1S with Custodial SU(2)
e t |
P ( 1 DO
y (g FX }

E-l}‘ §3. 478
(@D (7 (42) 4 s
L) \

r . 3
T ) =YX a X 2
FEX2, g, ) = e v (FLOY +wF0) - &
\ / 2
.

ILC is sensitive to Mkk up to ~25TeV for

— EFT: Martin Perello’s talk
—-+MEM: Yo Sato’s talk

typical RS scenarios (even up to ~80 TeV
in extreme cases)!

| ——
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250 GeV is below ttbar threshold,

so at the initial stage, we need to
use something else.
—Use bbar instead

— Sviatoslav’s talk yesterday
— Francois’s talk tomorrow

34



What if we could see no
deviation from the SM In
Higgs and Top couplings?



Clarify the Range of Validity of SM

Stability of SM Vacuum V(o) Stable
200 - - e -. Top Yukawa coupling drives the 4-
200 Istbility -~~~ P YUK PINg .
_ o 4 point Higgs coupling (A) to negative!
et - _1‘/
> | L '\‘\:\\\*j
B 150 == Y [ & The current values of mt and mh:
£ e . - m:T
- W _g Subtle point of meta-stability! - }
z 100 Stability \ g Does A go to negative below Ap? | - (0]
- | E or MAr) =0 ? \
01 = To answer this, we need l True vacuum?
\ precision mi measurement!
i Qur vacuum
) il . o -
0 50 100 1so 20 |At LHC, theory error limits the precision to ~250MeV.
Higgs mass M; in GeV
ton ~_ TrTbar Threshold Scan @ILC
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2 ' PR EWael
S 0 Stability Amy(MS) < 50 MeV
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115 120 123 130 135 | ILC pinpoints the vacuum location
arXiv:1205.6497, Degrassi et al. Higas mass M, in GeV arXiv:hep-ph/1502.01030: Quark mass relation to 4-loop order

arXiv:hep-ph/1506.06864: NNNLO QCD

arXiv:hep-ph/1506.06542: possibility of MSbar mass to 20MeV 36



What if we could see no
deviation from the SM?

We need to go
to the ttbar threshold!



We are re-reformulating
our strategy to BSM
In the framework of

staging from 250 GeV






The primary goal for the next decades is to uncover the secret of the EW

symmetry breaking. Why p? < 0? To answer this question we need to go
beyond the SM.

There is a big fork concerning the question: Is H(125) elementary or
composite? There are two powerful probes in hand: H(125) itself and the
top quark. Different models predict different deviation patterns in Higgs and
top couplings. ILC will measure these couplings with unprecedented
precision.

This will open up a window to BSM and fingerprint BSM models, otherwise
it will set the energy scale for energy upgrade or the next machine.
In this way, ILC will pave the way towards the moment of creation.

MEXT is seriously investigating various issues to be solved to host the
ILC in Japan.

MEXT-DOE joint discussion group started.
US-Japan joint effort on cost reduction started.

There are important political interactions happening also in Europe and
Asia.

Serious discussions on staging from 250 GeV started.

As Hon. Kawamura said in LCWS 2016, 2017-2018 will be a very important
time for the ILC.



Science First
with ILC!
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The Current Official Operation Scenario: H20 - Brau:ICHEP2016

. 500 | 350 | 250
ILC Phystcs Goals CeV |GV | Gev

precision Higgs couplings v v v

gHWW and overall normalization of Higgs couplings v v

scarch for invisible and exotic Higgs decay modes v v v

Higgs couplings to top v

Higgs self-coupling v

search for extended Higgs states v

precision electrowezk couplings of the top quark v

precision W couplings v v

precision search for Z' v

search for supersymmetry v

search for Dark Matter v

top quark mass from threshold scan v

precision Higgs mass v

Kigure 1: |LC Physics Goals.

Amp = 20MeV
— 0.2% coupling uncertainty
for hWW and hZZ

High luminosity 250GeV run will be needed
anyway, and the 250GeV stage alone can
produce significant physics outputs,

but, of course, the full program needs
higher energy running.

Integrated Luminasities [fb]
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Higgs-related Physics at Ecm =< 500 GeV

Three well know thresholds

ZH @ 250 GeV (~Mz+MH+20GeV) :

e 7z
« Higgs mass, width, JPC >\,\,\,L'L
* Gauge quantum numbers e Z

* Absolute measurement of HZZ coupling (recoil mass)

—Higgs couplings (other than top)
* BR(h->VV,qq,ll,invisible) : V=W/Z(direct), g, vy (loop)

ttbar @ 340-350GeV (~2mt) : ZH meas. Is also possible

* Threshold scan --> theoretically clean mt measurement: Amy(MS) ~ 100 MeV 3 t
--> test stability of the SM vacuum

--> indirect meas. of top Yukawa coupling

* Arg, Top momentum measurements

« Form factor measurements 7= lnl & SEOCE el

vvH @ 350 - 500GeV :

* HWW coupling -> total width --> absolute normalization of Higgs couplings

ZHH @ 500GeV (~Mz+2MH+170GeV)

* Prod. cross section attains its maximum at around 500GeV -> Higgs self-coupling
ttbarH @ 500GeV (~2mt+MH+30GeV) :

* Prod. cross section becomes maximum at around 800GeV. +
* QCD threshold correction enhances the cross section -> fop Yukawa measurable at 500GeV
concurrently with the self-coupling

We can access all the relevant Higgs couplings
at ~500GeV for the mass-coupling plot!




Model-dependent coupling fit (LHC-style 7-parameter fit)

H20 Scenario

arXiv: 1506.05992
arXiv: 1506.07830

Projected Higgs coupling precision (7-parameter fit)

1 OO/Q T HL-LHC 14 TeV, 3000 fo' (CMS-1, Ref. arXiv:1307.7135)

- I HL-LHC 14 TeV, 3000 b’ (CMS-2, Rel. arXiv:1307.7135)

90/0 I ILC 500 GeV, 500 fb' @350 GeV, 200 fb' ®250 GeV, 500 fa'

B 1LC & HL-LHC 3000 ft™' combinaton

8%
7%
6%
5%
4%
3%
2%
1%

0%

ILC 500 GeV, 4000 b '@ 350 GeV, 200 fb' @ 250 GeV, 2000 f3'

Y

K

KC,I

T,U

2sm BR =1

Possible to achieve precision far exceeding LHC!
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Fingerprinting 2HDM
Multiplet Structure

2.07 | | | O | Do [ | dp | o | O Ly |
| [Typet Fl=1=1=-1-1 +
i 11 Type 11 (SUSY) f i f
18- T}';)L‘X(I.ciptit-n-‘ﬂpcciﬁc) +|=-1-|-1+ +
L i 11 Type Y (Ripped) + - | =] +]- +
- | Type-Y
i / 4 Possible Z> Charge Assignments
1-6? that forbids tree-level Higgs-induced FCNC
1.4 Kv2 = sin(B-a)®>=1 & SM
Ko LHC30
1o 0.90 PPl . .
< y X , Given a deviation of the
7 ) ; /_(/Jgg, 0h j Higgs to Z coupling: AK,?
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0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
K- ILC TDR

Snowmass ILC Higgs White Paper (arXiv: 1310.0763)

Kanemura et al (arXiv: 1406.3294)
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Multiplet Structure
Other p=1 possibilities

120~ S T o S
’ \tan d =1 \
1.15} ' 2+7
fang =2, =0, Doub/et Septer Mode!
1104 I S U U i
tan 4 —
1.05) | T
. 12 i
fi,-},‘ T tanf - .
100F" oo T o 12
2 I R
0.85 i thesoo, | '-
 Doublet-Singlet Mode) L,* -
A . I
O K
0.00} 2+1 - \\ \ S ,_Lf ’.' 6 -
&
T 2HDM-I A |
- _ ./
oss Fe As \,“ LHE3000 9413
- LHCS’OO N Georgl-Machacek Model
0.80 : - :
0B0 085 080 0.95 100 105 110 115 120

. V

Snowmass ILC Higgs White Paper (arXiv: 1310.0763)
Kanemura et al (arXiv: 1406.3294)

Figure 1.18. The scaling factors in models with universal Yukawa coupling constants.
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arXiv 1502.03959 Accessible with ILC

Footprints of Supersymmetry on Higgs Decay

Motoi Endo'®®!, Takeo Moroi®®, and Mihoko M. Nojiri!®e<!
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Figure 8 Upper-lett: The namber of madel points accessible with [LC by at least ane decay
mode of /v as a function of m 4 (green histogram), as well as that of model points allowed by
the phenomenological constraints (dotted histogram). Upper-right: The number of model
points allowed by the phenomenological constraints on my vs. tan 8 planc. Lower-left: The
number of model points accessible with [L.C by A — b Lower-right: T’he number of model
points accessible with ILC by h — 77,



Composite Higgs: Reach

Complementary approaches to probe composite Higgs models
» Direct search for heavy resonances at the LHC

 |Indirect search via Higgs couplings at the ILC

Comparison depends on the coupling strength (g-)

DIreCt SearCh Based on Contino, et al, JHEP 1402 (2014) 006

é Torre, Thamm, Wulzer 2014
Grojean @ LCWS 2014

1:‘—‘ T I T T T T I T T . T T I T T T T -I:
C a generic SO(5)/SO(4) CHM
B 2
2N 0.4} g o9 U2
é 0.3} — _2 /l} _2
o 0.2}
3 ey f
O 0.1 =
" :
% ; gavv - _ M_¢ ¢
— 0.04 I EWPT (T-parameter)
T 003t Ghsp V'V
0.02}
001 {~ifl= ILC (250+500 LumiuP)
0.004 | 1 g WV
0.003 } -
0.002} A P = 0.4%
6 5 10 15 20
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Composite Higgs: Reach

ozn in EFT & Composite Scale .
C 2
£5(53) 5 (@ulHP)

The size comes from A2/ 2

the scale of an EFT 20y 1 (0,h)?

operator: A2 2 M

. 250GeV -
ILC direct Zh v oom
(Yan et al. 1604.07524) CHpg <Y

ﬁ 250 GeV 30 GV 500 GeV |

Sl e e s el ] R A >26TeV (cn=1)
oper [ 450 ™" | 22% |45 '] 08% |1600 H7|  3.1%
My naive ILC combo: 80zn/0zn=0.88% rH< 0.076 am

This requires the absolute value, not ratio.
— recoil mass technique essential — e*e™ colliders.

N. Craig, LCWS16 in Morioka



Top Yukawa Coupling

The largest among matter fermions, but not yet directly observed

1S Peak Vs =500 [GeV]
Pol. =0
m, = 173 [GeV]

,E/,"’ ................. ...................... t tH H oﬂ:z) .......

5 ] K4
] ./

A factor of 2 enhancement from QCD
bound-state effects

8C(r)gsc,§es\,/ection maximum at around Ecm = 1 ab_l@SOO GeV mg = 125 GeV
Philipp Roloff, LCWS12 AgY (t)/gY (t) — 99%

Tony Price, LCWS12

DBD Full Simulation

Tony Price, LCWS12 scaled from mH=120 GeV

Notice 0(500+20GeV)/c(500GeV) ~

Moving up a little bit helps significantly! o
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Slight increase of Emax is very beneficial!




Higgs Self-Coupling

This could be the only coupling with
significant deviation from the SM!
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measured in its own right!

N .
N .
N "
N
.
LAERN E
’ N
’ N
’ N

Higgs Self-Coupling

The Higgs cubic self-coupling is
at the heart of EWSB, so should be

Challenging even at ILC

because of

« Small cross section

* Presence of
irreducible BG
diagrams that dilute
the self-coupling
contribution!

":” 0.6 11 T T T T T ——
- e"+e - ZHH .
i - e* + e —» vwHH (WW-fusion) -
L2 05 2 e* + e — vwHH (Combined) _
) c\c_; 0.4 _ M(H) = 125 GeV P(e,e*) = (-0.8,+0.3) _'
\\\ ,', -'3 E_ _E
Vs , S R S :
D 0of e v
e : S -
O o01fF 3
0 b | L PN PR B
400 60 800 1000 1200 1400
Center of Mass Energy / GeV
ILC CLIC
500 GeV | + 1 TeV 1.4 TeV +3 TeV
(1.5 ab?) (2 ab1)
Snowmas 46% 13%
h 21% 10%
H20 26% 10% (arXiv: 1307.5288)

H20 arXiv: 1506.07870

J. Tian, LC-REP-2013-003
C. Dirig @ ALCW16
M. Kurata, LC-REP-2014-025

Ongoing analysis
Improvements fowards

0O(10)% measurement
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Is EW Baryogenesis
Posssible?

The answer is no in the Standard Model.

Strong 1st order EW phase transition
to bring the universe out of equilibrium
— Large deviation of Higgs cubic self-coupling

Enough CPV (6km too small)
— CPV source in Higgs sector

— Extended Higgs sector
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Electroweak Baryogenesis?

Example: 2 Higgs Doublet Model (2HDM) Measuring CP in H = T+1- at ILC

200 _ L
| Lprr = g7 (cosWUep +ivssinWep) Th
| Region where EW . taus from spin J parent
] baryogenesis is s‘” b
180 ryog \@ } "5&# . plane containing
expected Q“’ ( ) ( momenium anc
i polarimeter of 1
S | \J
== 160 1st order EWPT ‘
< . _> 9+, 9=  drrection of h with respect to T- boost n r+ rest frame
c% § | Ap angle be:ween polarimeter pares
~ CP mixing angle we want 1o measure
2\
e 140 | o Ag at different Y,
s Minimum value of . 2ab! @ 250 GeV
} i - ' 5 " ) W, =0 W =ni2 -
] Higgs self-coupling : . ’c:'“s |p2:=3m'4 (6T cp) ~ 3.8°
120 > Lt Yoo ' (preliminary)
_/ 10 o, ‘-_.‘-_._‘.—f"_;_‘,x,',. Ve p y
. slbs g%, iFat"a0%, o D. Jeans, LCWS16
] Senaha, Kanemura el bodoo
0 > I.I' #
100 | | | | | | | | | | | | | | | | | = “ AL
0.8 1.2 1.6 2 2.4 s disbution <hife by 20
@ distribution shi y .
o/l -

Self-coupling Measurement at ILC

Constructive interference between signal and BG ILC can address the idea of
diagrams @500GeV baryogenesis occurring at the

— if +100% deviation, then AA/A=14% expected! electroweak scale.
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Strong 1st Order Phase Transition

Example: Doublet-Singlet Mixing Model (HSM)
1.00

Self-coupling

Precision Higgs

Couplings 0.95

Uniform Shift \ 0.90

Kv=Kr=K X

0.85}

@ eLISA C1

0.80tectsaca..........\

'@ eLISA C3 4

160 180 200 220 240
my[GeV]

FIG. 2: The detectability of GWs and the contours of the deviations in the Ak coupling AM,, .
in Lhe i g=s plane. The projected region of a higher sensitive detector design is overlaid with that
of weaker one. The region which satisfies both . /T, > | and T, > 0 is also shown for a reference.
T'he input paramelers and legends are same a5 in Fig, 1

Fuyuno, Senaha: arXiv: 1406.0433
Hashino, Kakizaki, Kanemura, Matsui, Ko: arXiv 1609.00297



Cross section vs CM energy (e+e-)
0.6 —

Cross Section / fb

Direct Measurement

0.5F
0.4F
0.3}
0.2F

0.1F

et + e — vwHH (WW-fusion)
et + e — vwWHH (Combined)

M(H) = 125 GeV  P(e,e*) = (-0.8,+0.3)

Expected precision based on
full detector simulation studies:

ILC
500 GeV, 4 ab-1
OA = 27%

1000\ 1200 1400
Center of Mass Engrgy / GeV

References:
J. Tian, LC-REP-2013-003
M. Kurata, LC-REP-2014-025

ILC
500 GeV, 4 ab-1
& 1 TeV, 8 ab-1
OA = 10%

C. Duerig, Ph.D. thesis at DESY, 2016
HH->bbbb, bbWW* combination

CLIC
1.4 GeV, 1.5 ab-1
OA = 21%

Diagrams with triple-Higgs coupling

T. Tanabe @ HC2016

References:
arXiv: 1307.5288

CLIC
1.4 TeV, 1.5 ab-1
& 3 TeV, 2 ab-1
OA = 10%

HH->bbbb only, upgrade in progress including bbWW*
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The Problem : BG diagrams dilute self-coupling contribution

Signal
diagram

Signal
diagram

K.Fuijii, Tsinghua, Aug. 21, 2014

Irreducible
BG diagrams

Irreducible
BG diagrams

c=MNS+ )N+ B

A\ Ao F=0.5 if no BG
N T o diagrams
s 2T T T T T T
O(D i —s— w/0 weight
B 5 —a— W/ weight (Optimal)
15F e"+e—Zhh @ 500 GeV -
[ m, =120 GeV i
' i A\ Ao ]
. 1 _ -
Constructive | -~ = 180— ]
interference AN Ao
— = 1.66—
A o
L a1 a1
0 0.5 1 1.5 2
7‘/7‘31\4

—se— W/0 weight

—a— W/ weight (Optimal)

3 et+e—>whh @ 1 TeV ]
i m, = 120 GeV 7
- 2 AN Ao ]
Destructive - Y = 0.767 :
interference 5 -
A o
o Lo P B | -]
0 0.5 1 1.5 2
)\/XSM

Junping Tian LC-REP-2013-003 60






Top/ QCD Talks from ILD at LCWS 2016

e+e- — tt : semi-leptonic (Sviatslav Bilokin)

2. e+e- — bb (Sviatslav Bilokin) —Dec.6 (R.Poeschl)

3. e+e- — tt: bbuy+p-vv: MEM (Yo Sato) —Dec.7

4. mt reconstruction at 1TeV or higher (Nacho Garcia, Martin Perello, Philipp
Roloff, Rickard Strom) with CLICdp —Dec.8 (R.Strom)

5. mt using radiative return to threshold (Marca Boronat and Pablo Gomis)
—Dec.8 (M.Vos)

o. Global fit with D6 EFT (Martin Perello, et al.) —Dec.6 (M.Vos)

|n

| | | I | | | I 171 |
B 7vron - LG Run 1 JHES 04 (2015) 015 Durieux, Perelo,Vos, Zhang. praliminary

10 [ wscooam st e tev

B ic %90 Gev, 500 1, EPUCTS (3015 na. 10, 512
I sttimate LC: ¢ ab" a1 560 Gev, Jab” st 3 Tav

[
fhilill I il
W PQy PQ3

ot s C33 CG? 5 C33C:C33

A [TeV]
LT

1T

10

(0 L

TThT ]I

Form factors
— EFT coefficients

107" =

1T
LA

Two-fermion operators, equivalent

F f
_E ®  LCWSS, More I“O ,,lY L ada F2V form factors_ ~-ch, Mard hadron colliders, eett at LC)

Four-fermion operators (qqtt at
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Mt Example for physics reach Coe

’
O LACCILERATIUR
“. INLT AL RIE

New physics reach for typical BSM scenarios with composite Higgs/Top

and or extra dimensions
Based on phencmenclogy described in Pomerol et al. arXiv:0806.3247

) [ e e - L
:O:‘ P«‘.u')-lzun.z:):s). amv:uw.alm.oau.azu _: o5 E
g | IEETTER R R L - —
— . & - Y
D (8 ,uﬁgl)@osv.méeoss., = 20 .
8 .: =
o 415
o
— — 10
Q. _
3 :
| I 1 N O
30
years

Can praobe scales of ~25 TeV in typical scenarios
(... and up tp 80 GeV for extreme scenarios)
=> Important guidance for e.g. 100 TeV pp-collider

Roman Pcsenl IYL/FJPPL lop March 2015 16



Direct Searches
for
New Particles



ILC, too, is an energy frontier machine!
It will enter uncharted waters of ete” collisions

Thanks to well-defined initial states,
clean environment w/o QCD BG, and polarized beams
ILC can cover blind spots of LHC



Chargino / Neutrarino Searches

ATLAS Simulation
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Chargino & Neutralino Productions

My (TaV)

Ne)“:_”’)"io nlxe:;(;rg?t(:)cnon “_'fg!f':;ﬂ‘;i“y ILC2, pp Edge precisions assuming 500 fb? J. Yan : LCWS2016
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Higgsinos

Radiatively driven Natural SUSY

u not far above 100GeV
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Higgsinos in Natural SUSY (AM<a few GeV)

Events/1C GeV

Events/10 CeV

ISR Tagging ILC as a Higgsino Factory e s
soft
ete— _y LA Ref: C.-H. Chen et al. hep-ph:9512230 tracks,
X1 X1 7 o Fo 1 mh=124 GeV \ photons
Al ol TSN 1AM = 1.59 GeV +
efe” — X2X17 o . 1 k=127 Gev ‘ H 0
- - \ ] { =0.77
.:g l-‘ h:\drgnv;-_ jAM 0 ‘ GEV / ISR phOtOl‘l
. T T T T v'- ] - 06 — h Y - _: ;
| O 11, 5 dM1600 3 5 o | ISR Tagging
— E ZM M = 165.04 1.4 GeV ‘g . 1 Only very soft particles in the final
el it ‘ 3 b a|AATT states — Require a hard ISR to kill
ol 29 LT = huge two-photon BG!
i 2x My e oo ook 521
anal \ o 500fb-1 @ Ecm=500GeV
u 1 Amg, (GeV) Pol (e+,e-) = (+0.3,-0.8) and (-0.3,+0.8)
500 250 200 350 400 450 500 T
Vs'GaV . "37“ "4”31 ;chL' ) (0 X BR) ~ 3%
] .
3 Pl UL il ) oE e 5M~i(M~o)22.1(3.7)GeV
500 Hf;’f T dM1600 B 2 166.37 0
L - H's e 10° \ ~
400 F 0 oy ME=1682:16Gev | % ~2-3%10° 0AM (Xl ,X1) =~ 70 MeV
s00[ — simul. data f AM(%T,51) = 1.59 GeV
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200 | M-o + M-o E Mass Spactrum
1'.05 X1 X2 - Particleass Dﬁlsufc-‘v') 5(0’ X BR) ~ 15%
Wi . h 147
: - ;i o 5M>~<i (Mﬁ) ~ 1.5(1.6) GeV
%00 250 300 350 400 450 500 E: 167.53 I
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EPJC (2013) 73:2660

AM(XT.X0) =017 GeV
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GUT Scale Physics

If we are lucky and the gluino is in LHC’s mass reach and the lighter chargino
and the neutralinos are in ILC’s mass reach, we will be able to test the

gaugino mass unification!

LHC: gluino discovery
- mass determination

ILC: Higgsino-like EWkino discovery
- M1, M2 via mixing between Higgsino
and Bino/Wino

2000 | | | | RN 'IG'I.'I LS
- augino mass unification: -
B Higgsino-li.ke LSP scenario :
i LHC By Baer, List i
1500 - ]
i M, i
1000 [ -
500 [ ~
I M ]
0 YR R N S BT T RN RPN S PSS B B

10° 10° 10” 10° 10" 10™ 10" 10"

Q [GeV]

Chargino decomposition

e Beam
NS ~=ap
e H«
-
OnIy+H_ components
? ir\ Xy contribute !
N ~— " cf)
°r U(1l)y H * efe > WW~
R ~ + ~+
X1 = O ‘W + @ H
1
~t )~
(H | X7

Beam polarization is essential to
decompose the EWkinos to bino,
wino, and higgsino and extract My
and Mo.



Events / 2 [GeV]

WIMP Dark Matter Search @ ILC

Weakly Interacting Massive Particle

1. Decay of a new particle to Dark Matter (DM)

DM has a charged partner in many new physics models.

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

3. Mono-photon Search

2. Higgs Invisible Decay

1 600 __I L R L R R LA DL DL L L L L L |__
1400 - ILD Simulation E 5\12\9/ ]
- \/s = 250 GeV vV —
u pol(e &%) = (+0.8,-0.3) 5 evw -
1200 250 fb”! & qqH =
C C3 qqH,H—4v .
1000 1 H—invisible BF 10%

800

S
S
A
>
N

600
400
200

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

. ;
T " — I Il Il | | — I I

- e -
110 120 130 140 150 160
Recoil Mass [GeV]

(<0.3% at 95%CL: H20)

Possible to access BRinv to 0.3%!

S — B

Y .
‘\v\/\f\ ~/ //
et Ta - %
S
NP
Y
\)\ . /
- N
/’/ - \\
/”,' A\‘\
e X

— Mpm reach ~ Ecm/2

Possible to access DM to ~Ecn/2!

S — 5
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A [GeV]

DM Effectlve Operator Approach

x_. _JJ o~
:f;;w.:j‘\ Lint = A2 O

Oa = (Xvuvsx) Uv*~°0)

AX|aI vector operator (D8)

Ov = (Xyux)(€y"0)

Vector operator (D5)

5000 —————rrrrr ._ 5000————rrrrm —
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LHC sensitivity: Mediator mass up to A~1.5 TeV for large DM mass
ILC sensitivity: Mediator mass up to A~3 TeV for DM mass up to ~\s/2

—r>

LHC-ILC synergy!
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DM: Effective Operator Approach

90% CL, Vector operator (D5)
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T. Tanabe, LCWS16

\.\ \r‘ ///
Previous result ‘\)0('/
LHC-ILC Comparison PN
[A. Chaus] X

1

Example: Vector operator Lint = 73

« LHC sensitive to higher mass
« ILC sensitive to higher A

LHC-ILC synergy!

| —

R

Recent result

Extrapolation to other Vs
[M. Habermehl]

« ILC reach of A at different CM
energies and integrated
luminosities

« for small My (< 100 GeV)

« Allows study of run scenarios

ILC’s H20 run scenario allows us to
access Aupto3~4 TeV
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jels/0.7 Gev

Slepton decays tO DM with small mass differences

Study of stau pair production at the ILC
Observation of lighter and heavier stau states with decay to DM + hadronic tau

Benchmark point: m(LSP) = 98 GeV, m(stau1) =108 GeV, m(stau2) = 195 GeV
olete” = 777) — 158 fb

olete” =777 )= 18 fb

Bechtle, Berggren, List, Schade, Stempel, arXiv:0908.0876, PRD82, 055016 (2010)
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Vs=500 GeV, Lumi=500 fb-1, P(e-,e+)=(+0.8,-0.3)
Stau1 mass ~0.1%, Stau2 mass ~3% - LSP mass ~1.7%
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DM Relic Abundance

WMAP/Planck (68% CL)
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Suvi-Leena Lehtinen, LCWS 2015

Omega

Enines 100C0
Megn  0.9928

RHMS  0.03423

Omega2

Cntries 10000
Mean 0.9732
AMS 0.03554

= 500 GeV, rast fixed

= 500 GeV, rest free

ESA/Planck

Once a DM candidate is discovered,
crucial to check the consistency with
the measured DM relic abundance.

Mass and couplings measured

atiILC

— DM relic density to compare
with the CMB data
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