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What is Particle Physics?

Matter, Energy, Space and Time

Dimensions

Supersymmetry

and Energy
Path to the Goals of Particle Physics
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Today’s biggest question
What's beyond the Standard Model?

1. Are there undiscovered principles of nature:
New symmetries, new physical laws?

How can we solve the mystery of dark energy?
Are there extra dimensions of space?

Do all the forces become one?

Why are there so many kinds of particles?

What is dark matter?
How can we make it in the laboratory?

. What are neutrinos telling us?
. How did the universe come to be?
9. What happened to the antimatter?

cr G e

o =~

from the Quantum Universe
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Addressing the Questions

N cutr iIlO S VQ'{‘(-..J'\‘\«"II \Al,,

— Particle physics and astrophysics using a _ IV
weakly interacting probe ~'

Particle Astrophysics/Cosmology

— Dark Matter; Cosmic Microwave, etc

High Energy pp Colliders

— Opening up a new energy frontier
(~1TeV scale)

High Energy e*e” Colliders

— Precision Physics at the new energy frontier | -
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Accelerating Charged Particles

Accelerators speed up charged particles by creating large electric
fields which attract or repel the particles. This field can then be
moved down the accelerator, "pushing” the particles along.

Electromagnetic wave is traveling, pushing particles along with it )

o P ); Electromagnetic Wave

as seen from above

1 | Positive particles just sitting there
(red is +, blue -)

Moving electric wave p

+A 2 l '\{

A4
Positively charged particles (i)} close to the crest of the
E-M wave experience the most force forward; those
closer to the center experience less of a force. The result
is that the particles tend to move together with the wave.
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Fixed
Target

Colliding
Beams

Reaching High Collision Energies

Available
Energy
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LHC — CERN Accelerator Complex

—>

—4—

CMS
LHC Not to scale
North Area
ALICE LHCb
SPS
neutrinos
e TT10
AN ATLAS CNGS
. T80 Gran Sasso
|
AD
s BOOSTER
e 2O mN ) |SOLDE
. <o cast Area
n-ToF 4 ]95 S
BT
LINAC 2 CTF3
neutrons L . e~
5 2 elr
=y 2
» p (proton) > ion » neutrons » p (antiproton) ——— proton/antiproton conversion » neutrinos » electron

LHC Large Hadron Collider

AD Antiproton Decelerator CTF3

LEIR Low Energy lon Ring

Clic Test Facility

SPS Super Proton Synchrotron

CNGS Cern Neutrinos to Gran Sasso
LINAC LINear ACcelerator

PS Proton Synchrotron

ISOLDE Isotope Separator OnLine DEvice
n-ToF Neutrons Time Of Flight
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Experimental High-Energy Particle Physics

Collisions at LHC

Proton-Proton
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 103 cm= s
Bunch
Event rate in ATLAS :
Proton N =L x o (pp) # 10° interactions/s
Mostly soft ( low p; ) events
Parton

(quark, gluon) Interesting hard (high-p; ) events are rare

Selection of 1 in
10,000,000,000,000

Particle
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1600 SuperC me ;:, '
Temp=2 K
10,000 MegaJoules stored energy

600,000,000 collisions per second

at 14,000,000,000,000 eVolts
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Proon beam stores 700 MegaJoules
equiv. to 747 energy on take-offt
enough to melt 1/2 ton copper
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Three Generations of ete” Colliders
The Energy Frontier
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Why e*e” Collisions ?

elementary particles

well-defined

— enetgy,

— angular momentum
uses full COM energy
produces particles democratically

can mostly fully reconstruct
events
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Electron-Positron Colliders

Bruno Touschek built the first successful
electron-positron collider at Frascati, Italy (1960)

Eventually, went up to 3 GeV
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But, not quite high enough energy ....

g 31 GeV
E. / N
"'\gi{..w" r
./""
\". 5 T / | A
Burt Richter
Nobel Prize
and :
Discovery : X
AN Of '
Charm o
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The rich history for e*e” continued as
higher energies were achieved ...

electron positron
collider

a Sr— R ALEPH “**

can see quarks and a gluon ~1980

2004 Nobel to Gross,Wilczek, Politzer

DESY PETRA Collider

3-June

-2016
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Precision Measurements — Standard Model

Winter 2003 Third generation

6 .
_ r CERN’s LEP Collider
AO(‘Imd =
. —0.02761+0.00036 set the stage for
ol W e uror ] Terascale physics
NH -
] ;  Reveal the origin of quark and lepton mass
gn - * Produce dark matter in the laboratory
' » Test exotic theories of space and time
| Excluded Preliminary-
20 100 400

m, [GeV]
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Particle Colliders

Hadron colliders:

Higher energies, but energy of
collision of point-like
constitutents have large variance.

protons

antiprotons

B Particle bender (magnet)

Particle pusher {(RF cavity)

Lepton (ee*) colliders:
Lower energies, but well-
known, controllable E,, of
collisions, much cleaner final
states.
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Circular or Linear Collider?

* Circular Machine R Synchrotron

Radiation
_ AE~(E4/m*R) ME
— Cost ~aR +b AE
~aR + b (E*/m*R)
— Optimization: R~E? = Cost~ c E?

Circular

Collider inear — Cost (linear) ~a'L

Collider — where L ~ E

cost

~ 200 GeV]

'

Energy
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The ILC

Electrons Detectors Electron source

Undulgtor

s

. - T Beam delivery system

Main Linac Damping Rings Main Linac

Two linear accelerators, with tiny intense beams of
electrons and positrons colliding head-on-head

Total length ~ 30 km long (comparable scale to LHC)
COM energy = 500 GeV, upgradeable to 1 TeV
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LHC --- Deep Underground

Tunnel is 27 km long

e KMleroran

— " '"‘"‘",‘"'ir,

20-150m below ground
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ILC --- Deep Underground

f’of

L A, "“"'S'
Mam Research Center =& _.;; .

5 i
-

| ~30 km long tunnl >

=

- <8

> P

Two tunnels

« accelerator units
- other for services - RF power

ience University



LHC --- Superconducting Magnet

Superconducting Coils

Spool Piece
Bus Bars

Cuadrupole
Bus Bars

Protection
Diade

3-June-2016

Beam Pipe

."s.

\"(_

Auxiliary
Bus Bar Tube

Heat Exchanger Pipe

Helium-I| Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
YVacuum Vessel

Radiation Screen

Thermal Shield

The
15-m long

Instrumentation L H C c ry0d i p o I e

Feed Throughs
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ILC - Superconducting RF Cryomodule

23
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Comparison: ILC and LHC

Beam Particle :

Prntnn

CMS Energy :
Ta\/

Luminosity Goal :

Accelerator Type :

Rinnec
Technology :
Magnet

ILC

Electron x Positron
05-1TeV

2 x 1034 /cm?/sec

Linear

Supercond. RF

LHC

Proton X
14

1 x1034 /cm?/sec

Circular Storage

Supercond.
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Peter Higgs

Discovery of Higg-like particle

2400
2200
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18001
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1400
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1000 -
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Selected diphoton sample

a Data 201 and 2012
Sig + Bkg inclusive fit (m =126.5 GeV)
......... 4th order polynomial

(5=7 Tev._[ Lat=4.8f"

(5=8 Te\f.j Let=5.9f"

A

1 A A A

A A

130

Akl "
160 160
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140
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Number of Events / 1.5 GeV

ILC Precision Higgs physics

Recoil Mass [GeV]

t e /
Z/ \ Z
i “H >~"‘{#jH
o
t e “H

* Model-independent Studies

* Mass

absolute branching ratios
total width

e spin

 top Yukawa coupling

« self coupling

" Precision Measurements

3-June-2016
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Higgs is not like other particles!

* It is a zero spin particle that fills the vacuum

* It couples to mass; masses and decay rates are related

Higgs Coupling-mass relation

m. = VXK,

3-June-2016 World Science University
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ILC: Is it really the Higgs ?

Measure the quantum
numbers. The Higgs
must have spin zero !

The linear collider will measure the

spin of any Higgs it can produce by
measuring the energy dependence

from threshold

Cross section, fb

O v T""] n”l“‘“““““l“\‘ 1 1 I I | 1 1 1 I | I I I 1
210 220 230 240 250

Sart(s), GeV
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What can we learn from the Higgs?

Precision measurements of Higgs

coupling
g "F mp=120Gev b
z . .
g Higgs Coupling strength
0.1t = .
s is proportional to Mass
E ;
;é’om;- cT
é L
Mass (GeV)

ACFA LC study
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e*e : Studying the Higgs

determine the underlying model

80% Fh_C_T‘.ft_W_Z_H_

+20%

+10%

e e
-10%

Deviation from SM value

-20%
Model Independent Analyses -

0% FSM

Yamashita et al

Deviation from SM value

+30%
+20%
+10%

0%(SM)

-10%
-20%
-30%

B ph_c_r*t_w_z_ﬂ_'

cosa/sinf

sin(a=f)

i sina/cosp e
OHDMAMSSM

Model Independent Analyses

Zivkovic et al

3-June-2016 World Science University

31



Top Quark Measurements

5 0.1
- : 4th Gen. 1L.C
N 0 q
{ij - g
rﬁ:fj - (). ] 700 1
—02 1 TopFlavog
1.5 T—Parity

—-0.2 -0.1 0 0.1 0.2
(SgL/gL (W ( b)

Bounds on axial ttbarZ and left handed tbW for LHC
and ILC compared to deviations in various models
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Supersymmetry

~~ Supersymmetric
Partner

’
0

Spin  Spin Spil'l\ Spin  Spin Spin

Q1
RN

Q)

N S Q| <t

w
Z

oF | <
=t

1/2 1 0 0 12 12
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Is there a New Symmetry in Nature?

Bosons
Integer Spin: O,

1,..

Fermions
Iﬂ_a}f integer Spin: 1/2,

Resolution [m] Resolution [m]

; 1.0—17 ) 1.0—21 ) 1-0-25 ) 1-0-29 . 1'?-33 1.0—17 ) 1.0—21 ) 1-0—25 . 1-0—29 . 1.0—33
The virtues of Super-symmetry stensthi With Super-Symmetry
= Unification of Forces oo 00l
= The Hierarchy Problem
- Candidate for the Dark
Matter
10+ 104 Unification
0 S } ¥ } ¥ ¥ ¥ ¥ # } ¥ ¥ ¥ ¢ ¥ ¥ ¥ ¥
0 10* 10° 1d" _1d* 4d® 0 10® 10° 1d® 1d* 10°
t Energy [GeV] $ Energy [GeV]
LEP LEP
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Parameters for the ILC

E ., adjustable from 200 — 500 GeV

Luminosity [? det = 500 fb-' in 4 years

Ability to scan between 200 and 500 GeV
Energy stability and precision below 0.1%
Electron polarization of at least 80%

The machine must be upgradeable to 1 TeV

3-June-2016
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Designing a Linear Collider

250-500 GeV

3-June-2016
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SCRF Linac Technology

Two-phase He s .§Ui Beam pipe L/He tank HOM coupler
&7 { “ .

pipe - . -

i i o o AL o |
PN
y{)}, /,f(:i;?»’j \\ HOM coupler x\

Frequency tuner 9-cell cavities

Inputcoupler

1.3 GHz Nb 9-cellCavities 16,024
Cryomodules 1,855
SC quadrupole pkg 673

10 MW MB Klystrons & modulators
436 /471 *

Approximately 20 years of R&D worldwide
?] Mature technology
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Superconducting RF Cavities

High Gradient Accelerator
35 MV/meter -- 40 km linear collider

3-June-2016
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Baseline Gradient

36.9+/-1.85MWV/

o | R 5

E | j
s 315 - 35 37

R - O

: Y :

A !

e EGCEEPEEET ERLEREE - 1#“ -{--- -}'1.,‘-

i ¥

>4+

IS S 10% |ic=5%

.'lu'""' : : I:'\ilé

s S A e

; | -

| ,/ | ! I

25 30 35 40

m 42.3+/-2.12MV/m

__________________

..................

50
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European XFEL

= e
e 21
TR . Lo,

DESY

%NFN Milan

LAL
Saclay

25 RF stations (+1)

5.2 MW each
Main Linac
Collimation
0 7 Beam Distribution
500 b
1 ——
1500 ~~—__Undulat % ——

~__Undulators T 100
2500 3008% - 0 50

Length [m] 3500 50

12 cryogenics/vacuum sections

XFEL

X-Ray Free-Electron Laser

17.5 GeV (20 GeV)
100 Cryomodules
800 cavities
Gradient:

— 23.5MV/m
— (28 MV/m)

Industrialisation & mass
production
— 1 CM/ week

“In-kind” international
model
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Superconducting RF Linac Technology

SCRF Linac
Technology

- — —
S—— —
II:/’\\/“
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Luminosity & Beam Size

L

2
nbN frep
= [—[D
2r0 .0,
« f

rep . Ny tends to be low in a linear collider

L fep[HzZl no, N[0"] o, [#m] Oy [Mm]

ILC 2x10* 5 3000 2 0.5 0.005
SLC 2x10°° 120 1 4 1.5 0.5
LEP2 5x10°" 10,000 8 30 240 4
PEP-l 1x10** 140,000 1700 6 155 4

 Achieve luminosity with spot size and bunch charge

3-June-2016
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Achieving High Luminosity

 Low emittance machine optics
« Contain emittance growth
 Squeeze the beam as small as possible

- m
OO O ==
Interaction

Point (IP)

3-June-2016
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Measured Minimum

Progress in Beam Size at ATF2

: g gl MO -
111 N o N T ] k

' DET Zﬂlﬂ m i = : . LATF2 Baamiing] [Baarn Extractasn Lins |
300

[ e E= - > S — e v r—— v

- SR ~— 1
' / o (A, - | - g
- —_—

e
— [rare—. - = - ; —_— » T ™
— =gl v i, ‘ —  — - e _hy
o remwe y - f — oy,
250 c‘.-. ——— - b —— et g - ‘ | Camging Ring J
. . - " e | /
o . M il 4
— e

b
=
S

i

a
|

A
a1
I
\

E Feb-Jun 2012 E Flectrom Linac

Beam Size (nm)
E
¢
|

'—l
=
=
]
uake

=
=
=
=
o
i

Dec 20120 g Apr 2014 . 08

q

50 _ """"""""""" ’E """""""""""""""""""""""""""""""""""""""""" _;ﬂla.}f_2§D14 BOO :___ ?.t' _I _____ I | = 21_3 deg. :mde _I _____ | L
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01 Ll - R S P 3 17ddeg mode| | | ]
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(Goal : 37 nm ) S S et S s i i
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3-June-2016 World Science University 44



ILC General Layout

Damping Rings Polarised S
elgctron source

Ring to Main Linac
(RTML)
(inc.|bunch compres

RS
N
W —

T Beam Delivery Beaﬁ:umlyla'n Lin
= Polarised System (BDS)
positron & physics
source detectors

e- Main Linac

notiteescale: om-one.de
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Conventional Facilities

Japan -- Tunnel Shape

RDR two tunnel design (2007) TDR mountain sites

3-June-2016 World Science University
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~1.4km

~ 111 km

30m radius RTML
7 mrad

e- Linac
Beamline

Central Ré‘

~ 2|25 km

~ 2|25 km

gion
111 km

e- extraction

e+ injection

e-/e+ DR
~3.2km
e+ extraction

&

e- injection

3-June-2016

~11.0 km

e+ Linac
Beamline

~1.4km

7 mrad
30m radius RTML

5 km

Central Region

« 5.6 km region around IR

« Systems:

electron source

positron source
beam delivery system
RTML (return line)

IR (detector hall)

damping rings

. common
tunnel

« Complex and crowded area

Not To Scale

World Science University
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712m i Damplng Ring S

h\ \ ‘\ Circumference 3.2 km
wiggler RF Phase trombone T 5 GeV
RF frequency 650 MHz

579 m Beam current 390 mA

Store time 200 (100) ms

Trans. damping time 24 (13) ms

o — —' Extracted emittance x 55 um

\chicane \injectio‘r\extraction {ieiiellissi) y 2l __

No. cavities 10 (12)
Positron ring (upgrade) Total voltage 14 (22) MV
RF power / coupler 176 (272) kW

Electron ring (baseline)
No.wiggler mag}ﬁa&?s in () are f%r41 0-Hz mode

Total Idpd@amigasimilarities to m
Wigglerfisdern 3r-gerietatidn

light sources
Beam power 1.76 (2.38) MW

Positron ring (baseline) e
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Positron Source (central region)

located at exit of electron Main Linac 6 -

147m SC helical undulator ES 3.00E-01

driven by primary electron beam (150-250 “: EZZEE

produces ~30 MeV photons § Lyeld=15 1.00E-01

converted in thin target into e+e- pairs : // ZZZE(’;
0 s0 10 10 200 250 300

Drive Electron Beam Energy (GeV . .
By (GeV) to Damping Ring

Photon
( c;alllmatocrj ) Pre-accelerator
pol. upgradae (125- 400 MeV)
+«——Energy
aux. source (500 MeV) Target SCRF booster comp, RF
| 3 @ Flux concentrator (0.4-5 GeV)
l e spin rotation
solenoid
150-250 GeV |
e- beam [ — ’ *
SC helical undulator photon
Capture RF dump not to scale!
(125 MeV)
e- dump

150-250 GeV
— P "\ cam to BDS
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Polarised Electron Source

« Laser-driven photo cathode (GaAs)
« DC gun
* Integrated into common tunnel with positron BDS

Damping Ring

Faraday Cup
Energy Compression and Mott
_ . L-band (B =0.75)  polarimeter
Spin Rotation NC tune-up dump T i
. W Bunching (13.5W)

SC e~ LINAC (5.0 GeV) (11.3 kW) and Pre-Acceleration
(1 + 1 spare)

DC Gun (2x)

SC tune-up dump (311 kW) — T
8x 10 MW Energy Collimation 10 MW 10 MW 10 MW E E
(Vertical Chicane) SPARE m © l
=N Drive
SHB Laser
(above
3.2nC 5nC Ground)
‘ 76 MeV -5.0 GeV /!\ 140 keV - 76 MeV /‘

3-June-2016 World Science University 50



Beam Delivery System

4+
Fast abort line
s~ 2F Chicane to detect
é laser-wire photons
8 Polarimeter
% ok Target bypass chicane
= | N (dogleg) Betatron
g Sacrificial (™ ! collimation Energy
llimators & R

B | e Ul -y 2"
® -2[ detect off- . “|"|| |{” Final focus
= Skew correction "H L3 P

energy & emittance \”HM‘”{”

ol oot M-

Ik \
Tune-up
line & dump
Lo e+ source —e- BDS . | .
0 500 1000 1500 2000 2500 3000
Distance along tunnel (m)
Electron Beam Delivery System
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Generic Detector - IR Details

Antisolenoid

- -;wf’”’

/t‘

=1,

-- ‘/ﬁ‘ FD Cryostats
B Detectors

LumiCal

Vertex Detector IP Chamber
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may be
accessible
during run

accessible
during run

Concept of IR hall with two detectors

detect
Ny or

The concept is evolving
and details being
worked out

3-June-2016

World Science Baisessibs

| = )

2

Platform for electronic and
services (~10*8*8m). Shielded
(~0.5m of concrete) from five
sides. Moves with detector. Also
provide vibration isolation.
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Detector Performance Goals

« ILC detector performance requirements and
comparison to the LHC detectors:
o Inner vertex layer ~ 3-6 times closer to IP
o Vertex pixel size ~ 30 times smaller
o Vertex detector layer ~ 30 times thinner
Impact param resolution Ad =5 [um] ()10 [um] / (p[GeV] sin 3/26)

o Material in the tracker ~ 30 times less

o Track momentum resolution ~ 10 times better

Momentum resolution Ap / p2 =5 x 10-° [GeV-"] central region
Ap / p? =3 x 10-° [GeV-"] forward region

o Granularity of EM calorimeter ~ 200 times better
Jet energy resolution AE;, / E;,, = 0.3 INE,

Forward Hermeticity down to 6 = 5-10 [mrad]
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Detector Performance Goals

e.g: T he Higgs tagging mode

P I - S g A o B TR W o S L

eter—s ZI/FE — T X

et
o,
— =
& 900 F=300Ge V | £ ar = 500 "
= BOD|- A EAE ~ 0.1%
= T80k A PHPZ =5 x 10
'-% E 2 5
“w E A PHP2 = 20x 10°
400}
300
200
100« ﬁ%”ﬂ’"“‘r—fw%ﬂm_g,
T I 1 e I :
% 130 140 150 _ 160
M, (GeVicT)

o

p',.-Pz —~ 5 x10-7 is “necessary”

3-June-2016 World Science University

55



Detector Performance Goals

e.q: Separation of WW and £Z7
e e — W™ W™, vwZZ , W, Z — 2jets

I ‘.1 \,,""J'E

M1iGeV)

T o) A = 0.30 vE,

1] 00
M2(GeV)
rrrrrrr — v —— IS ‘NEeded’.
E vV E

For jets Il

3-June-2016
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ILC Site in Japan
Kitakami — 500 km North of Tokyo
= g

A Preferred S|te selected by JHEP communlty,

E

Endorsed by LCC, in 2013 Z-

- e LiEp+m
. L o d

) & .

: ‘g* {
: T

Hitékabe Granite Senmaya Graf Atk G\a"ﬂmm““’ 180120 Qrikabe Granite Y= 1
) anE NEe nu R
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10,000

1,000

100

10

CONSTITUENT COLLISION ENERGY (GeV)

Chinese Future Accelerator

LHC

— Hadron Colliders

Tevatronl
® LEPII
SLC.LEP

SppS

Tristan
PETRA, PEP

® VEPPIV

SPEARII

SPEAR, DORIS, VEPPIII
ADONE

et e Colliders

CEPC+SppC

CEPC: Ecm=240GeV e+e- Circular Collider
SppC: Ecm=50-100TeV pp Collider

1 €500 A
LC CEPC+SppC will be constructed with

international collaboration and participation

HIEPAF. High Intensity Electron

© . ope
' Prin-stan, VEPPII, AcO BEPC »@| = Positron Accelerator Facility

1970 1980 1990 2000
YEAR OF COMPLETION
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History of BEPC and BEPC II
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CEPC/SppC Layout

e+ IP1
High Energy Booster(7.2Km)

Medium Energy Booster(4.5Km)

Low Energy Booster(0.4Km)

e+ e- Linac
(240m)

Proton Linac
(100m)

BTC

IP3

P4
Booster(soKm)
CEPC Collider Ring(soKm)
SppC Collider Ring(S()Km )
LTB : Linac to Booster
BTC : Booster to Collider Ring
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Accelerators of the Future ?

a  Short laser pulse c Laser beat wave

ELIMINATE MATERIALS ! Wy

b  Short electron beam pulse d

Long, intense
. a @ A laser ‘pulse —
p \\\.,."'“"'.; M §§§\:
‘AETAY _

- \‘\\«\\\ x v, Ay evolves into
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Compact Acceleration
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Divergence [°]

Controlling the Beams

Breakthrough: 85 MeV e-beam with %-level
energy spread from laser accelerator (LBNL)
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Conclusions

The International Linear Collider

* Strong Science Motivation: Higgs, Top physics ++
* Mature Technology; Well-reviewed Technical Design

* Japan to host ??? 2025 +

Other Options

*CLIC -- ~2-3Tev R&D? power consumption? 2030 +
* Muon Collider R&D??? 2035 +
* CEPC/SppC Large Ring in China 2035 or future high energy collider (CERN)

Long Range Possibilities

e L.aser-driven or Beam-driven Plasma-Wakefield Accelerator

3-June-2016

World Science University

63



