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Outline

* Future e+e- collider projects

» Topics from physics programme

« Towards the realization of the International Linear
Collider project

 Summary
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Future e+e- linear collider projects

International Linear Collider ILC Compact Linear Collider CLIC
E,.: 250GeV — 500GeV, 1TeV, 91GeV Ecm: 350GeV —3TeV
L = 2x1034cm2s! (~few 100fb-/year) L = 2x10%cm=2s* (~few 100fb*/year)
Beam polarization: Beam polarization:

e- beam P =80-90% e- beam P =80-90%

e+ beam P =30% baseline; e+ beam unpolarized; pol upgrade if required

60% upgrade

> Stat. uncertainty ~ 10-3...102 - Stat. uncertainty ~ 103...10-2

«  Superconducting cavities . Two-beam accelerati_on, normal
« Gradient 31 — 40MV/m, conducting accelerating structures
- length 31 km » Gradient 200MV/m,
« Power consumption - length 40-50km
" oomwiaron ) - Power consumption <580MW (3TeV)
 technology at hand, « technology under development

prototype=European XFEL
* ILC realization in Japan??

Linear collider Collaboration (LCC) brings together ILC and CLIC to advance the
global R&D work for accelerators and detectors and physics studies
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Layout of the ILC

* E_, adjustable from ~250 — 500 GeV (upgradeable to 1TeV):
« Polarized electron source P > 80%
« (Polarized) positron source (P > 30%)
« Two damping rings
e Main linacs: 16 000 superconducting cavities (Nb),
2000 cryomodules, total length 31km

e 2 “push-pull” detectors e+ bunch

Damping Rings IR & detectors compressor

- Biifich e+ source
compressor positron 2km
main linac
11 km
central region
5 km
electron
main linac
11 km . . .
2km Details see Technical design report (TDR)

https://www.Iinearcollider.orq/lLC/Puincations/chhnical-Desiqn-Report
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ILC specification

N. Walker et al, LLC-PAC meeting, 13.4. 2015)

High enerqy to0s [
« Acceleration gradient achievements .|
(European XFEL):

* o,= /nm

— average gradient: 31.5 MV/m § :
. . . .y . 40%
— 35 MV/m for individual cavities
20%
High luminosity 0% 2 %
 Linear collider < ‘one-way’ acceleration S
« High luminosity achieved with 400 . Kubo etal, IPAC 2014)
small beams; L ~ 1/(c, c,) %0} Dpec2ol0
— Beam cross section at E_ ol © ]
ILC collisions (TDR): £EE 0l S
+ 0, =470nm; e _
S &
S
=

y s0F = ® ]

: _ : — ]

— Achieved at ATF2 test area: wl % Mar2013 _f
* o =44nm ol 2 Dec202e g APTEG b
(Goal 6 = 37nm, : 5 Jun 2014

oL Ll ]

corresponds to ~6nm at ILC)
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CLIC layout (3 TeV)

819 klystrons Drive Beam . . 819 klystrons
. circumferences
15MW, 142 ps | | | Generation delay loop 73 m | | | 15 MW, 142 ps
drive beam accelerator C I CR1293m drive beam accelerator
ompiex CR2439m

2.5 km

25km
delay loop »
Drive Beam ' - _
decelerator, 24 sectors of 878 m

S\ _ﬂﬁﬁ-_ﬁ.nﬁ_ o/ a
2.75 km 275 km
TA e~ main linac, 12 GHz, 100 MV/m, 21 km P e* main linac TA

N [

b 48.3 km g

CR combiner ring Main Beam ' .

TA turnaround Main Beam

DR damping ring ] .

PDR predamping ring booster linac Generation Complex
BC bunch compressor 2.86109 GeV

BDS beam delivery system

IP interaction point

= dump e injector,

2.86 GeV

et injector,
2.86 GeV

<BCT
e e at et
PDR DR DR PDR
389 m )\ 427 m 427 m)|389m

CLIC is a possible LHC successor at CERN

« 2013-18 Development Phase
— Project Plan (< LHC results); R&D for accelerator and detectors are ongoing

« 2018-19 Decisions about next project(s) at the Energy Frontier
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e=ms CERN existing LHC
Potential underground siting :
esee CLIC 500 Gev

CLIC 1.5 TeV
CLIC 3 TeV

CLIC site




CLIC status

* ‘rebaselining’ of machine parameters (cost, power
consumption, energy stages as needed for Higgs and
top measurements) is now being completed

9-T24

- Demonstrated: oos | o | o
— accelerating structure g SNE-S I S
can reach a gradient 2wl B o o
of 105 MV/m atapulse & | o B+
length of 240ns and a B3e07 1 X0 En— &
low breakdown rate (BDR)  +eor | :
In separate high-power tests ‘ | i ‘ ; | ,

Unloaded Accelerating Gradient MV/m

« complete 2m CLIC module has been installed CLIC Test
Facility (CTF3) and is under test

 rapidly increasing interest in the CLIC technology, e.g. for use
In linacs for Free Electron Lasers
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Physics at high-energy e*e” linear colliders

Each future e+e- collider needs its own strong physics case

« So far: discovery of a SM-like Higgs boson coupled with
the absence of other phenomena .

— Are these ‘new’ phenomena to be found at higher energies, or have they
escaped detection because of very small couplings?

« What would a LC add to the LHC results?

— Precision , model-independence of analyses
— Discovery

Does the expected physics goal justify costs and effort?

* Physics program (main topics)
— Higgs boson
— W, Z boson physics
— Top quark
— Beyond the Standard Model

Details see also in: ILC Technical Report, CLIC Conceptual Design Report, TESLA TDR, Snowmass study 2013,
Fuji et al., arXiv:1506.05992, Barklow et al., arXiv:1506.07830, and reference therein
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Key physics explorations at high-energy e+e- colliders

Energy Reaction Physics Goal
91 GeV eTe” = /4 ultra-precision electroweak
160 GeV ete” = WW ultra-precision W mass
250 GeV ete” — Zh precision Higgs couplings
350-400 GeV ete” o it top quark mass and couplings
ete” - WW precision W couplings
eTe” — vwh precision Higgs couplings
500 GeV ete™ = ff precision search for Z’
ete” = tth Higgs coupling to top
eTe” = Zhh Higgs self-coupling
eTeT = XY search for supersymmetry
eTe” — AH,HTH~ search for extended Higgs states
700-1000 GeV eTe~ — vvhh Higgs self-coupling
eTe” —wVV composite Higgs sector
ete™ — vtt composite Higgs and top
ete™ — ft* search for supersymmetry
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e+e- LC: Higgs factory

Higgs within achievable accuracy at LHC: SM-like

« Could be the only SM Higgs

 Could be a SUSY Higgs (one has to be close to a SM-like one)
« Could be a composite state

§ T ‘ ij/e//____'__,_,____._'
o _
T PULCEN
T 10 —
t HZ
iz, 1 -
o | HHvV,
|
10 ’ { HHZ
10-2[.1'11 T A DR T SR U S . |
0 1000 2000 3000 P(e+,e-) = (0,0)
\s [GeV]
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e+e- ILC: Higgs factory

Higgs within achievable accuracy at LHC: SM-like

Could be the only SM Higgs

Could be a SUSY Higgs (one has to be close to a SM-like one)
Could be a composite state

400 1T
[ — SM all ffh

2300k — WW fusion -
c ZZ fusion i
O
D200
7))
o)
8 ______
=100
O

\s (GeV)
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Higgsstrahlung: Coupling to the Z boson

+ -
Zh—up u'X
Model independent analysis =
L, =250 o™, \s =250 GeV ]
P(e’, e*) = (-0.8, +0.3)

. Signal+Background (MC) :

Fitted Signal+Background

Fitted Signal

l ======= Fitted Background

Iv'recoil (GeV)

130 140 150

arXiv:1506.05992
e+e- 2 ZH

« Reconstruct Z in lepton and quark
channels

« Higgs becomes visible in the mass
spectrum recoiling against the Z boson

I\/Ifecoil = (pe+e— o pZ)2

- Higgs mass and coupling:
(without reconstructing H)
Peak position & H mass, Am, < 30 MeV
Peak height <& 6,7, ~ 9472

- Model-independent measurement
of HZZ coupling

AGirs/G1ry = 0.6% (ILC 500)
~0.3% (ILC500 high L)

Matter to the Deepest 2015
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Top-quark Yukawa coupling

« Strongest coupling to Higgs boson
* 0O,y IS Sensitive to unexpected effects
« Should be measured model-independent

e+e- - Htt
H - bb

—
L=
T

Scaled to value at 500 GeV

-
o
LY

A P AR B
480 500 520

i
540

N I A
560 580 600
Energy (GeV)

+ { + {
e e
H
H .
e t (& t

| arXIV 1506.07830, Duerig EPS2015

A8t/ 8ue ILC 500GeV,
Lumi upgrade

500GeV 18% 6.3%

550GeV ~9% ~3%

Increase Vs by 10% - precision improves
by factor 2 for same integrated luminosity

oy and relative precision of top Yukawa coupling

Matter to the Deepest 2015
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Precision of Higgs boson coupling

Projected Higgs coupling precision (7-parameter fit) arXiv:1506.05992

1 O % B HL-LHC 14 TeV, 3000 fb”' (CMS-1, Ref. arXiv:1307.7135) ~ '=====7=7==== —
- I HL-LHC 14 TeV, 3000 fb' (CMS-2, Ref. arXiv:1307.7135) -
9 cyo | I 1LC 500 GeV, 500 fb"'® 350 GeV, 200 ' ® 250 GeV, 500f" _o_. .oo.. _
i ILC 500 GeV, 4000 fb' @ 350 GeV, 200 fi”' ® 250 GeV, 2000 fb'

I ILC @ HL-LHC 3000 fb' combination

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

0%

Ky Kp K, Ko Ky Koy K g
Shown is the relative precision; Ka =—g§@h
AAh
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Trilinear Higgs coupling

arXiv:1506.05992

03 T L L
e*+e —= ZHH e.|. ;
0.25 e*+ e —=+wHH (WW fusion)|
e*+e - HH (Combined) ~H
g 0.2 M(H) = 120 GeV ”--ij:
s H
AH 8 s _
L cf) €:
&}

01

0.05

Lo
ot
,,,,,
e

.....

Center of Mass Energy / GeV

* Higgs self coupling is important for establishing Higgs mechanism

« Also at LC very challenging due to small rates ~0.2fb and huge
background

 Full ILC data set (500GeV) - precision of 27% can be achieved

— This would already be more than 3c evidence for the existence of the Higgs
self-coupling at the Standard Model value

« Upgrade to 1TeV: ~16% for 2000fb-1 and 10% for 5000fb-1
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Top quark

The top quark mass is a basic input parameter for the Standard Model.

— For example, Am, = 600MeV corresponds to Am,, = 5SMeV for the
prediction of m,,

— Atthe ILC, we expect to measure m,, to a few MeV & sensitivity to
loop corrections from a variety of new particles

So far, top quark has been directly studied at hadron colliders

ILC: ttbar threshold scan

— The real part of the pole corresponding to the 1S bound state can be
extracted from threshold measurements

ey = L ]
— This mass parameter can be determined =08 ¢ e o ot 1SR ]
to about 50 MeV s | ot
. . . . . - simulated data: 10 fb™/poin
The accuracy is limited by the precision — § [ 2o oo e T 5
of the theoretical prediction of the a |
threshold shape =

— Expect for the 200 fb! data at ~350 GeV: 0-4:
(Barklow et al, arXiv:1506.07830)

statistical errors (3-parameter fit) 0.2k
« 17 MeV for m, i
« 26 MeV for I,

L
350

07\ .\ | L
355

345

| i i Vs [GeV] —
attor o the Deenest 201° Seidel, Simon, EPJC 73(2013)2530 [ ]17



Electromagn. and weak top quark coupling

+
e

 Polarized e- and e+ beam, measure forward-backward
asymmetry for 2 beam polarizations

- measurement of left- and right-handed top coupling
toyand Z

Zivy

Top coupling is sensitive to new physics:
Comparison of g,,gg (SM) with composite Higgs models

Ag /g, o
-+ +20%
LHC Precision

® ", A +10%

ILC Precision | ",
i'un’l'o,‘ ::::. H""""fm,, A gR / gR

i l Ly, ] l
| T 1 . 1 '“""5:.4’% |

-20%  -10% SM +10%  +20%"n,, +30%

® 0%
® -20%

arXiv:1506.05992
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Physics beyond the SM

 Precision measurements allow indirect search for new
phenomena, even beyond the LHC reach

« Deviations from SM - interpretation and disentangling of new
physics models

0.6 0
-0.2
0.4 ]
-0.4
> g
-0.61
0.2 m,. = 3TeV
1 +++Vs=05TeV, L=0.5ab", P = 80/0% 1 mZ‘ =3TeV
| — Vs =0.5TeV, L=0.5ab ™", P = 80/60% '0'8“, —— Vs =05TeV, L=0.5ab", P = 80/60%
| ---Vs=05TeV, L=1.0ab ' P = 80/60% | =--Vs=05TeV,L=1.0ab’, P = 80/60%
—— Vs =1.0TeV, L=1.0ab ", P = 80/60% —— g =1.0TeV, L=1.0ab’, P = B0/60%
0 v A — | -1 | p— T p—— T v
0 0.1 0.2 0.3 0.4 -0.4 -0.2 0 0.2 0.4 0.€
a, ,

Z’ vector and axial vector couplings to leptons and b quarks from fermion-pair
production (y model reproduced in a model-pendent fit)
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Towards the ‘realization’ of the International
Linear Collider project

J

Matter to the Deepest 2015 S. Riemann, Status e+e- LC projects
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ILC candidate site: Kitakami, Japan

The ILC is basically ready for construction; the scientific

community in Asia, the Americas and Europe feature it on their
strategies for future facilities

« within the next few years governments will have to decide
whether to go ahead and bund the ILC or not |

 Japan shows

great Interest to i
host the ILC: T
 Kitakami
‘ site
.' mw;t.;r R '
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Interims Report of the ILC Advisory Panel

MEXT ( Ministry of education, culture, sports, science and technology,
Japan) established an expert committee of scientists from different
areas (ILC Advisory Panel) to review:

* Physics case

« Validation of the Technical Design

 The costs

« International Collaboration

« Social effects of the ILC Project, economic effects, industrial spin-off
« CanJapan do it?

Final report is expected for spring 2016; an interim report of the
scientific case was published in August 2015.

No ILC scientists belong to this panel.

S. Komamiya explained the Interims Report at LP2015 and at
http://newsline.linearcollider.org/2015/09/03/the-summary-report-explained/

Matter to the Deepest 2015 S. Riemann, Status e+e- LC projects
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Recommendations + comments/homework

1. Huge investments must be weighted based on the scientific
merit of the project

— Clear vision on the discovery potential of new particles as well as
that of precision measurements of the Higgs boson and the top
guark has to be shown

Discovery is not guaranteed but the clear vision of the potential will be better pointed out

2. Specifications of the ILC Physics case are based also on the
LHC results expected until end of 2017.
— So it is necessary to monitor and examine the LHC results.

— Itis also necessary to clarify how to solve technical issues and how
to mitigate cost risk
« LHC results will be monitored

» Recent ILC Progress Report answers most technical items
http://slac.stanford.edu/pubs/slacreports/reports21/slac-r-1056.pdf,

« MEXT is contacting governments during the LHC 13TeV run

3. Itis important to have general understanding on the project by
the public and science communities

PR will be reinforced: discussions with scientists of other fields have been undertaken
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Timeline for the ILC project

S. Komamiya at LP2015

« 2013: Technical Design Report (accelerator, physics, detector)

« Official investigation and review of the ILC project by MEXT (ongoing)
« Contacts and discussion between to governments have been started
« ‘green sign’ from Japanese government - Negotiation of sharing

* International agreement, approval

Time estimate to construct and operate the ILC
Year 1-2 preparation, continue high-tech R&D
3-6 preparation of the ILC construction (with real budget)

7-15 construction
-12 start installation
-13 start of accelerator test (step-by-step)

16 Beam commissioning

17 Start physics run

25 Luminosity upgrade

TBD energy upgrade to ~1TeV
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Summary

 e+e- linear colliders at the energy frontier are under
study since long times

« Strong physics case for a e+e- linear collider exists

* The discovery of the Higgs boson and the necessity to
understand this particle has sharpened the case for a
new e+e- machine

* Linear colliders have the advantage of energy
flexibility

* Projects: ILC and CLIC

« For the ILC a design exists that is ready to build

 Japan has expressed interest in hosting the ILC,
Kitakami has been selected as candidate site

* The political process has started
* The next 2 years will be decisive.....
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Backup
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Invisible Higgs decay

arXiv:1506.05992

Invisible Higgs decay in the SM, H - ZZ* - 4v, has small branching
fraction ~0.1%

« sizable invisible Higgs decay is a new physics signal (dark matter candidates)

e search for invisible H decays using a recoil mass technique <~ model
Independent way!
— Invisible Higgs width can be measured at ILC with ~1% accuracy
— invisible H decay with Br(H-=>invisible) ~ 3% can clearly be seen

LHC: limit for invisible H decay is O(10%).

T T T T T T T T T T T T T T T T A. IShikaWa

;‘ — | | : |ZZ : ; 450 C T T T T | T T T T | T T T T T T T T | T T T T | T T T T :
® 1600 ILD Simulation = Ww - ILD Simulation E ZZ ]
e, Vs = 250 GeV CvZ 4 O 400 ~ — W‘i\f -
2 1400 et = . ev\V i \'s = 250 GeV = W 3
P pole.e’) =(-08+03) =7 yvH Y= pol(e e') = (+0.8-03) = evWy E
° 250 fb° . qqH 1 2 = 250 " B qoH ]
2 1200 = et BF 3% 1 2 3000 =1 qgH H-5dv =
5 —invisible Yo 4 € = [ H—invisible BF 3% -
2 1000 S8 b E
P(e+,e-) = (+30%,-80%) 1 Y = g

800 LTIL E 200 :_ T

- 1505 P(e+,e-) = (-30%,+80%)

E 100 =

R 50 E

_ P PSR B | 0 E,_._J_.|44_ ...-:,

e 120 130 140 180 160 oo 110 120 130 140 150 160
Recoil Mass [GeV] Recoil Mass [GeV]
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Precision of Higgs boson coupling

arXiv:1506.05992

Projected Higgs coupling precision (7-parameter fit)

Projected precision of Higgs coupling and width (model-independent fit) 1 O cyo - LG 14 7oV, 3000 10" (OMST Ref aTa07 7198 —

10%

[ [ e 500 cev, 500157 250 Gev, 200 15" @ 250 GeV, 500 75" § o°\° i - Il HL-LHC 14 TeV, 3000 fb' (CMS-2, Ref. arXiv:1307.7135) -
0 I 1LC 500 GeV, 500 '@ 350 GeV, 200 i’ @ 250 GeV, 500 fi”
0% || e 500Gev, 4000 5@ 350 Gev, 200 15" @ 250 GeV, 2000 5" -+ -Jlk - == - N — Q%[ " | v 4 = PR ]
' ILC 500 GeV, 4000 fb™ @ 350 GeV, 200 b @ 250 GeV, 2000 fb

B . ILC ® HL-LHC 3000 fb™' combination 7 I 1L.C ® HL-LHC 3000 fb™' combination

(o R 7Y P S P - 8%
Y T el e - 7%
(L) TTRRRRRNRR  — N [ E— - 6%
S e s B [T - 5%
A Yo |mmmmmmmmmeememeeeee Ml [ — 4%
KL Sttt RREEEE]  (RRSERRRRCI - - - 3%
2 Y fmmmmmr e -l - - - - — 2%
1% |--memeaeed - - B R - 1%

0 0/0 CL95% 0 0/0
Kﬂ 1_‘tot r;nvis) KZ K'FV Kb K'g K-}’ K-T).u K.

Shown is the relative precision. =24

SM
Jann
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Possible running scenario with ILC

* Running time based on 20 years physics data, lumi upgrade
Included after 8 (10) years

 +Specific lumi fraction Integrated Luminosities [fb]

—4000F 1 ——T—T
on Vs=250, 350 and 500 GeV &40 i< scamronao

7p) . —— ECM =250 GeV
L 3000 - — ECM =350 Gev
K7 - —— ECM=500GeV
8 9
'€ 2000 E—-
= k=
+ 1000 Y-
> £
% 0 /.,/ -
E o :

* Most popular ‘H-20": years

6200 fb-1 (2032, >2040 HL-ILC, until 2052)

* Prospects LHC:
— 300 fb-1 in 2023
— HL-LHC: 3000 fb-1 in 2037 (start HL-LHC: 2027)
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ILC costs

Accelerator

http://www.linearcollider.org/pdf/ILC%20TDR%20value%20estimate final.pdf

« Costs for the construction of the ILC (500GeV):
7.8 billion ILCU IR Electron Source
+ 23 million person hours By accelerator _ & 3%
(=13,000person years) system

_Paositron Source
4%

Damping Rings
B%

« The variance among estimates
for sites in Europe, Americas, A
Is about 2%.

Detectors (ILD, SiD)

http://edmsdirect.desy.de/edmsdirect/file.jsp?edmsid=D00000001021135&fileClass=native
e 315 - 440 billion ILCU +1.3 million person-hours for each detector

Matter to the Deepest 2015 S. Riemann, Status e+e- LC projects
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Necessary steps and time line for the ILC project

Necessary steps S. Komamiya at LP2015

1.
2.

S

Technology Choice (2003)
R&D and design of the machine/detectors by the international team
= Technical Design Report (2013)

Official investigation and reviews of the ILC project by MEXT (now)

Government-to-government discussion has been started (now)
Green sign from the Japanese government = negotiation of the sharing
International agreement = International approval

years

1-2 Preparation period Continuation of high-tech R&D
3-6 Preparation for the |ILC construction (with real budget)
7-15 Construction

12-  Start Installation
13-  Start of step-by-step accelerator test
Beam Commissioning

Physics Run (500 GeV, 350 GeV, 250 GeV)
Luminosity upgrade (500 GeV, 250 GeV)
Energy upgrade (~ 1TeV)




Linear Collider Organization

ICFA
Chair: J. Mnich

Chair: J. Womersley

FALC

Program Adv. Committee
PAC — Chair: N. Holtkamp

Linear Collider Board
LCB — Chair: S. Komamiya

KEK
Planning Office
for the ILC

Regional Directors

- B. Foster (EU)

- H.Weerts (AMs)

- A.Yamamoto (AS)

ILC Project Unit,
Coordination Unit

Linear Collider Collab.

LCC

- Director: L. Evans

Deputy (Physics)
1- H. Murayama

ILC
— M. Harrison

(Deputy)
H. Hayano, N. Walker

Assoc. Directors

-

CLIC
— S. Stapnes

Physics & Detectors
— H. Yamamoto
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Top-Quark coupling: ttX

* |dea (Amjad et al.,arXiv:1307.8102):
— use polarized beams

— Discriminate top coupling to Z and vy

e ttX vertex :

fo = ie{yILL (Ef\(, + ysﬁf,i)+

+

e

Form factors and their SM values (Born level):

E1)\(/ = _(Fl)\(/ + szv)

2
Flyv = _g
Eli\ = _Fli\
Fa=0

[

.IE;/ = szv
8 g-2
1_§S$N) Fv th%
=X =X
F2A - _IFZA
szA oC d;f

4
I:2 \Y

d = dipole moment;
F,, violates CP
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Top-quark coupling

» Polarized cross section for tt production

(polar angle of top from decay products arXiv:1307.8102

in the hadronic decay branch) o e R
5000 -
—CrSL
—¢ &R
4000 | — Reconstructed with cut on %2

- SM Background
3000 ---Generator - Whizard

* measure forward-backward
asymmetry for 2 beam 2000

polarizations
1000

 Extract form factors in groups cos(6

assuming SM for remaining groups
« Polarization is decisive to distinguish top coupling to Z and y
« sign of form factors is fixed by yZ interference

top)

Achieved in this study: relative uncertainty of ttX coupling <1%
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Electroweak top quark coupling

 Polarized e- and e+ beam =2 measurement of
left- and right-handed top coupling to y and Z

Zivy
Top coupling is sensitive to

arXiv:1307.8102 :
new physics:

S lch (preliminary) Comparison of g, ,gr (SM) with composite
o Higgs models
B l LHC (hep-ph/0601112
107 AgL/gL ®
E - — +20%
E LHC Precision
i ® 0 +10%
102 isi
: ILC Prec151c;:rgz. AgR / gr
B i —erf———
[ -20%  -10%,, | SM +10%  +20%", +30%
- ® ¢
BB B By B e e,
. . .. . . 0%
Statistical precision on CP conserving form
factors expected at LHC (3000fb-1) and ILC
(500fbt, Pe-=+0.8, Pe+=10.3) arXiv:1506.05992
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