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Standard Model of Particle Physics

« Extremely succesful description of the microcosm

« 12 matter particles

« 4 force mediators

- and the one no longer missing
piece:

Higgs Boson

or whatever has been
discovered at 125 GeV!

=i ta
- .
chctron acutrino [l socn scutrino HCULNNO




CMS \s=7TeV,L=5.1fb" {\s=8TeV,L=5.3fb"

| —
: V™
~/

AN
Q

4
%5 .%50
10'7§ N
10°E ]
10°k 160
? — Combined obs. §
10_10 EE === Expected for SM H ?
ML | = \s=7TeV 3
11(?-12 = T|\/§|=i8| T|eV| T ITI?I Y,Y,+,I_: ?IZIZI — |§ /o
116 118 120 122 124 126 128 130

m,, (GeV)

 Now have to establish the nature of the
observed boson!

Discovery of a New Boson at 125 GeV
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Standard Model Tests
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 The Standard Model has been
tested by many precision

experiments at LEP, Tevatron, LHC,
HERA, B factories, etc.

 No significant deviation found
* Perfect theory?

» Good reasons to assume SM is only
a low-energy approximation of a
grand unifying theory
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The Large Hadron Collider

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.27Y930 GMT
Run/Event: 195099 / 137440354
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Hadron and Lepton Colliders JLF

o P et . °« €

 Proton (anti-) proton colliders:  Electron positron colliders:

- Energy range high (limited by - Energy range limited (by RF
bending magnets power) power)

- Composite particles, different  Pointlike particles, well defined
initial state constituents and initial state quantum numbers
energies in each collision and eneries

- Difficult hadronic final states - Easier final states

» Discovery machines * Precision machines

* Precision measurement potential  Discovery potential



Hadron or Lepton Colliders
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Future Lepton Collider Requirements

* The e+e- cross section drops
~1/s; some t-channel processes
rise logarithmically

* The key parameters for a
competitive e+e- machine are

* the right energy window

* luminosity
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Higgs Physics

- Model independent Higgs
measurement

» recoil independent of branching ratios

of Higgs particle

) \
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s this the SM Higgs?
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Higgs Mass Measurement

HZ— bbqqg

1 (@) ® Data

A Fit result
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« Combined mass resolutions:
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Coupling constant to Higgs boson

ilp
—stablishing the Higgs-Mechanism o

« Measuring the couplings of the Higgs to massive particles

« Check coupling-mass relation

: : A Higgs at 125 GeV has
 The key feature of the Higgs particle
/ 995 P favourable BR to several
particles
Coupling Mass Relation
B 1 .
1 F t i bb %.\‘\%__:_. e
W7
0 b o, B *
0.1 _ ) _‘ " . — ’.;:_‘ —. —
| cC ?
b 10 2 w+w-
0.01 et
1 32
3 Y
e | A PR S S | A il A PR |0 : -
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Accelerator Issues
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The Limits of Storage Rings o

» Charged particles radiate on curved trajectories

 Energy loss per revolution ~1/m*

* RF power for acceleration: Prr ~E*/r



Cost Scaling for Storage

« Cost for RF:
« €rr ~E%/r

RINgS

- Linear cost (tunneling, beam lines, etc.):

* Ein ~ 1

- Total cost optimum:

* €iot = €RF+€Iin~E2

° ropt’”E2

° For details: B. Richter, NIM 136 (1976) oo. 47-60
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Scaling L

HYPER-
L=

Super-

LEP-II LEP

180 GeV | 500 GeV | 2 TeV

27 km 200 km | 3200 km

1.5GeV | 12GeV | 240 GeV

240

2 billion billion!

Ecm

L

AE

€ 15 billion
tot

Table by James Jones

* The next high energy e*e™ collider will
be linear:

 €.c~ E + const.

........

s .
'
;

Figure by Gregory
Loew

Fita-s
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"LEP 1000
2 TeV in Center-of-Mass
Diameter =2 900 km

Linear Collider at 50 MeV/m
Length = 40 km ——«—
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Cost Scaling JLY

~ 4 '
. Storage Ring /

inear Collider

Cost (a.u.)
N\

0 0,5 1 1,5 2 2/5 3 3.
>

cms Energy (a.u.)
» Linear colliders are the economical choice above ~200 GeV cms energy



The

—fficiency of Circular Accelerators
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The Thrill of Linear Acceleration o



The Luminosity Problem

« The luminosity (cm=s) for a collider with Gaussian beams is given by:

* Np = bunches per train

- N = particles per bunch

* frep = repetition frequency

* 4ntoxoy = beam cross section at the interaction point

« Hp = beam-beam enhancement factor

e
T



The Luminosity Problem

* Introducing the beam power:

nbe,,epE =P

cm beams

P

RF

= T]RF —heam

* N RF—beam . CcONversion efficiency RF to beam

:Ip
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RF Power

« Some numbers:
* Ecm =500 GeV

N =101
‘np, =100
° frep =100 Hz

* = Ppeams = 8 MW

- adding efficiencies

- Wall plug — RF — beam

- vields AC power needs >100 MW just to accelerate beams
and maintain luminosity!!!

"b



Storage Ring vs Linear Collider o

* LEP frep: 44 kHz
* ILC frep: few to 100 Hz (power limited)

* Factor ~1000 in Luminosity already lost!

« Recover by pushing hard on the beam spot
sizes at collision:

\J
° LEP 130 X 6 “m2 y l l - 500 nm
» ILC: 500 x 5 nm?

A

- Needed to achieve L=0(1034 cm=2 s) o

TESLA X S5nm




Beamstrahlung JLE

- Strong mutual focusing of beam gives rise ! xy
to significant luminosity enhancement “
(Ha=2): pinch effect

- electrons/positrons pass through intense
field of opposite beam, radiate hard
photons: Beamstrahlung

y \J

A

> 1000 nm -

N — i =~ v 50 nm

A

TESLA X 5nm

Chose flat beams!



Seam-

Beam Interaction
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Beam-Beam Interaction
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ILC Baseline Design o
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ILC

Baseline

30m radws ’} RTML
[ 7 mrad

J

~ 14 km
|

f
|

~11.1km

Central Reglon ~ ~
~1.1&m /

~ 110 km

~ 14 km
30m radius

CMS energy range GeV 200-500
peak luminosity (at 500 GeV) cm—2s 1.8 x 1034
fraction of L in top 1% Ecm % 60-90
avg. beam current in pulse mA 6-9
pulse rate Hz 5(10)
bunch distance ns 554
number of bunches I 1312
.. ;-.:30'5 o charge per bunch #(e®) 2 x 1010
accelerating gradient MV/m 31.5
RF pulse length ms 1.65
beam power per beam (at 500 GeV) MW 5.3
beam size at IP (at 500 GeV) nm X Nnm 474 x 5.9
total power consumption MW 163
polaristation %(et,e) 30,80

) RTMI

Design

:Ip
T

Not To Scale
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ILC Bunch Structure o

« Superconducting RF has small dissipation losses in cavity walls

- = long pulses (~1ms) with large bunch spacing

. 200 ms .
727 pys
554 ns
o B e o e e o mr owmw
// // //
/ // i
e ~
R el

1312 bunches
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Sources o

extraction

& dump

Final Focus |

)
)
"

— Main Linac
Compressor Collimation




e
—lectron Source Ho

- Laser driven photo injector based on SLC
design

» Circular polarised photons on GaAs I
cathode produce longitudinal polarised Y
electrons

* very high vacuum requirements to protect
cathode from impurities and ion backdrift

« 140-160 keV electron energy at exit e
. 1ns bunch length at 3 MHz =2
+ ~5 nC/ns peak current \\‘""“a""i-‘a //
340 - 160 kVe\-\\ 3 I /.f-
./

X 1 .
) uede
NS Electrode

Figune by Tsutomu Nakanishi



e

Positron Source Ho

 Production of e* pairs from 30 MeV undulator photons hitting a thin (0.4 Xo)

target
 Thin target reduces multiple scattering, hence better emittance

* Needs >150 GeV electrons in undulator

250GeV e to IP

NSNSNSNSNS
.-....-... ~30MeV photons

undulator (~100m)

from
e-linac

04Xtarget
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Positron Source Design JLE

Pre-accelerator

125-400 MeV
( ev) ‘ Booster Linac

(cryomodules to boost energy to 5 GeV)

~147 GeV e~

150 GeV e~

Helical Y

Undulator f Of?AD
Collimator nggun:vi;l: e Dump i Damping Ring
(upgrade) =
: -
S00MeV e z - " %
Targe f % L ¥Dump

OomMD Capture RF
125 MeV)

t to scal el
<2007 (not to scale) &.»"‘

8747A21

¢ Dump



Positron Source

Prototyping
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Damping

ilp
RiNgs JLE

extraction

& dump

Final Focus |

)
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"

Bunch Main Linac ,,
Compressor Collimation



Damping Rings Purpose v

« Emittance of beams from the
sources are orders of
magnitudes too big

« Beams need to be cooled

- Use synchrotron radiation in
damping rings to cool beams

* Particles lose longitudinal
and transverse
momentum

* replenish only longitudinal
momentum

_—» particle trajectory

closed orbit
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Damping Rings o

) particle trajectory
_\ .
\ closed orbit

« RF system in damping rings accelerates beam particles in longitudinal direction
- Interplay between radiation and RF reduces transverse emittance!
* Typical damping times are of order 100 ms

 Linac RD pulse length is 1Tms!

- Whole bunch train (200 km @ 560 ns) needs to be stored in a damping ring
O3 km)!

« Bunch train, i.e. bunch-bunch spacing, needs to be compressed in damping
ring



DR Injection/Extraction
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4
1
o
g
- L 2 8- —
6 4 3 2 1
trajectory of
incoming
beam
— B gickc-;:' is _(:;f.k‘fP':eceding"
- = unch exits Kicker
following empty preceding trajectory of electrodes.
bunch RF bucket bunch stored Kicker starts to turn on.
beam
— i . Kicker is on.
- “Incoming” bunch is
deflected by kicker.
Kicker starts to turn off.
— \ . Kicker is off by the time
- fon > the following bunch

reaches the kicker.

Slide by Andy Wolski

Kick Angle (urad)

100

2

8

Pulse Timing v.s. Kick Angle

(FID FPG-3000M)
| |
.
2 N :
P
*
»
*
10 15 20 25 30
Delay (ns) Time



ILC Damping Ring Design JAr

712 m

|
I - Positron ring (upgrade)

\ wiggler \RF \ Phase trombone

Electron ring (baseline) e

579m Positron ring (baseline) K

\chicane \injectiokextraction

Arc quadrupole section Dipole section

- Damping time by SR from bending magnets
too large O(400ms)

* Include damping wigglers in the beam to
reduce damping time to ~25ms




:1p
Main Linacs o

extraction

& dump

Final Focus |

)
)
"

Bunch Main Linac ,,
Compressor Collimation




H ik
Main Linac Components JLF

* One RF Unit:

KLYSTRON
(10 MW, 1.6 ms)

MODULATOR
(120kV, 130 A)
—_ ATTENUATORS

' TUNNEL
' PENETRATION

TAP-OFFS OF VARIOUS
COUPLINGS

.'{ 9 CAVITIES H 4 CAVITIES QUAD 4 CAVITIES I:| $ CAVITIES }.

3 CRYOMODULES

3796 m
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SCRF Cavities




ILC Cavities

« Acceleration gradient goal:

« 35 MV/m in 9-cell cavities
with production yield >80%

« 50 MVV/m have been reached
with single cavities

* Mass production reliability is
the key problem

buffered chemical polishing

£)0 10!0.

0w

10 S , -
0 10 20 30 40
Accelerating Gradient (MVV/m)

electrolytic polishing



ilp
Cavity Diagnostics o

Quality control and assurance
Need 18.000 9 cell cavities for ILC
Yield of 80% means to throw away 3600....

|dentifiying and reprocessing defunct cavities =
might help

m. -
- Iristo cell 6 ~1.80€-1
sz-
83-
54~
55~
56-
™ + Equator cell 5 LY SN do im
* »
59~
60-
™ 1 2363 N —— i ———
62-
63-
64- e
s o P
R
 — YY) - R L e :J

Z130: Quench in 3x/9-mode at
22 MV/m Picture at same location
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Cavity Production Yield JLE

Electropolished 9-cell cavities

JLab/DESY (combined) up-to-second successful test of
BALCPG 1.0ct.2009 ®AAP6.Jan.2010 ®LCWS Beljing 28.Mar.2010 OTDP Rev.5 30.Jun.2010
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RF Field Simulation

QU TECHNISCHE
G/ah UNIVERSITAT
Jm DARMSTADT

©Prof. Dr.-Ing. T. Weiland




e
Q Factor "o

- Superconducting cavity:
« surface resistance ~0
« Qo ~ 1/6

* Qo> 10"

 decay times of seconds even at
1.3 GHz

* A church bell (300 Hz) with
Qo =5 x 10'° would ring — once
excited - longer than one year!




e
Transverse \Wakefields "o

« Bunch currents generate transverse deflecting modes when bunches are not
on cavity axis:

* Fields build up resonantly and kick later bunches transversely

« Dilutes Emittance!
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Wakefield Simulation o

‘Jm® DARMSTADT
©Prof. Dr.-Ing. T. Weiland




BSeam
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Delivery System o

extraction

. & dump
Final Focus |

)
)
"

— Main Linac
Compressor Collimation



BDS Optics

ILC e- BDS (500 GeV cm)

| J 1 1 ]
NN :

2 . ‘
| NN L]
ElH"HHHH EERE

1} MPS skew correction / polarimeter\ bgtatrqn |
coll  emittance diagnostics fast collimation
—_ Kickers
E o} 4
>
tuneup
“1r .
sweepers qump
- | | | 1 | 1 1 1 L 1
2200 -2100 -2000 -1900 -1800 -1700 -1600 -1500 -1400 -1300 -1200
Z(m)
2 ”II | | 1 beta 1 4 | | 1 |
i HH
1+ final polarimeter . )
energy transformer primary
— collimation — IP_ "“ ldlt'Jmp
£
; 0 energy LTI a0 i
spectrometer final SN fast
1t \ sweepers,
doublet energy
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Final Focus Ho

final
doublet
(FD)

IP

S< f o>

Use telescope optics to de-magnify beam by factor m = f,/fo= f,/L"
Need typically m =300

putting L' =2m = f;, = 600m

In real life more complicated: correction for large chromatic and geometric
aberrations needed — principle design challenge



Beam-Beam Orbit Feedback

« Beam-beam kick transforms
nanometre offsets at the IP to large
measurable effects downstream

« Used in feedback system to
optimise luminosity

By iicsinsd.a

41

R

33

4

RO
<N

L, i <L meun




ilp
Long Term Stability JLT

example of slow

diffusive ground
motion (ATL law) T minute 1 hour 1day 10 days
1 p s o e Ol -iwm e ..n-',.,,m R i '
Jilﬁ,‘, '\ gt W :

09 I 'Ol g | {118 | | A |
..Q '8 | I ._.".“ |
08 . ke L. —* e '
# ) : beam-beam |
f— 7 - ! - ! '
5{ o Feedback I i feedback + .
B ' upstream |
5 05 ! orbit control :
- iy, i " |
i 04 [ ** 1 :‘ | | I
Nozs beam-beam | I « : | | |
o feedback | | e bl |1 : :
’ | 0. * 3 ¥ ‘ v I |
0.1 I 00’); . Fag I !
I r e 1| | I
0 I I “ "“»“.w': |

0.1 1 10 I 100 1000 | 10000 100000 1009000

time /s



ilp
IP Region o

A
=1 ()
-

Antisolenoid

oy
AR

FD Cryostats

Detectors
LumiCal
Vertex Detector IP Chamber




e
Detectors and Push/Pull "o

* Integrated luminosity at linear colliders
does not scale with the number of
interaction regions

- ILC has just one interaction beam line
(cost issue) but should have two
detectors

 Two detectors share one interaction
region

- Push/Pull System

57



ilp
Beam Dumps JLF

Beam dumps designed for 1 TeV machine: 18 MW ()

10 bar pressurised water (avoid boiling) plus copper sandwich

Beam sweeped over entry window

Heat exchange system (8500 I/min) removes power

Significant challenges:

« Tritium production

- H,O radiolysis

Space Distribution of Steady State Water Temperature Prompt Energy Deposition - Jlcm3/hour - Geometry V2

Use 2-D FLUENT models to study water velocity, header size, beam spot location, sweep radius. | Even the rocks get hot! |
Dump Hall Plan View Muon Spoiler Hall

Beam spot, 6 cm sweep radius

50 0C water inlet, 2.5 m/s

E =500 GeV, Edep X-Z Plane Y = 0.0 +/- 20. cm Wide View

1000
bt 1
Max water temp 800 00000
147 0C
000 =4 AT ~ 2 deg Clhour
400 f -
= 200 |- F g
s iy I 16-05 o
ORI O e == = Granite 8§
=
-200 | .
il 1e-10
-400 1= E
-600 Y] -
S 1e-15
-800 1 1 1 1 1 1
Temperature contours for CASE Sb (At location of Z=182m for 2.50m/s nozzle -1000 0 1000 2000 3000 4000 5000 6000
velocity without blocking outlet) Z (cm)

R Amold Dumps - LCWS08, 19 Nov 2008 9 R Ameld Dumps - LCWS08, 19 Nov 2008 18



Typical Main Linac Cross Section for Klycluster Scheme on the CERN Site

CV - Extraction 1m2 , CV - Air supply 1m2

Survey parmanent equipment Waveguide

RTML

Survey window

EL - 4 Cable trays
520mm

250

Fire fighting water

DN8O .
LCW supply ! |
LCW return

3150

2050

Compressed air DN150

Y Y Y

MCM ground
MCM ground

Beam to floor = 1100m

Cryo.

Machine

Safe passage

Electronic racks + Shielding

Transport zone

Drainage

ILC - Typical Cross Section - Diameter 5200mm - Scale 1:25 (A3)






FLASH@D




FLASH/TTF

:Ip
11"

Complete System Test
1 GeV e Linac

9 mA beams have
been accelerated

ILC-like pulse structure

0.5% prototype for the
ILC....

User facility:

UV Free Electron
Laser

.—.(" =




European :IP
The European XFE XFEL JLF

\\2 \ NN WRNN = =7/
Das Rontgenlaserprojekt Ewopean XFEL
The X-ray laser project European XFEL

‘tta)efeld

\ (Kreis Pmneberg)

_4|J
-, _,l’-_ﬁ

l,‘

S

00 m

X-Ray Free Electron Laser
ILC technology

Length: 3,4 km

Beam energy: 17,5 GeV

Laser wavelength: 0,085 - 6 nm
Laser pulse length: < 100 fs
Construction start: 2009
First beam: 2014

Applied material research

Linac: 10% prototype for



Detector Issues
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Why not copy LHC detectors? JLF

LHC detectors were primarily designed to survive the harsh LHC environment
(radiation hardness) and to cope with the short bunch spacing (25 ns).
b 7 .w o Rl

ILC detector design is driven by precision: ’~r. u.,,..z-:,m H|ggs@LHC

) ? n., d

- Inner vertex layer ~3-6 times closer to IP
- Vertex pixel size ~30 times smaller

- Vertex detector layer ~30 times thinner

- Material in tracker ~30 times less

« Track momentum resolution ~10 better

- Granularity in electromagnetic calorimeter
~200 times better



ilp
Tracking Options: Pixelated or Gaseous”? 1V

Silicon tracker Gaseous tracker

a few space points with extreme precision = many space points with moderate precision



Tracking System Option: Time

e

Projection Chambéf &

cathode

incident

~ particle field cage

Genuine 3d trajectory measurement

Spacepoint resolution ~100pm

Rather slow: 150 bunch crossings per picture

Minimal amount of material in front of calorimeters

segmented
anode (pads)




TPC

Readout

» Electron signal amplification

« example:
GEM - gas electron multiplier

z-Position [um)]

300—% oV T Kapton
w17 //*’ -"|.-‘§|'n}-ﬁ_‘ \ - P | “’f 'N-ﬁ-
3- ATV NEERRRN
L]
130

| | | E=6"em| |

¥ ° 8 &858 8 8 3 3 g8 E S B B
x-Position [prm]




ilp
Combine Silicon and TPC Tracking? 1V

- Readout TPC with pixel chip with integrated
amplification structure

h € )
test setup (B=0.2T)

>
)
- Example: electrons from °°Sr in small (5 cm?3) ’

256

track

“w)
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Calorimetry
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* Typical jet:

* 65% visible jet energy from
charged hadrons

» 25% photons (from i°—yy)

« 10% neutral hadrons
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» Traditional approach:

« measure total visible jet
energy in ECAL and HCAL

* Problem: large fluctuations
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The Particle Flow Concept

|dea: use the sub-detector with the best

resolution

for the energy measurement!

Charged particles: tracking system
Photons: ECAL
Neutral Hadrons: HCAL

Avoid double counting!

* Trace every single particle through the
detector

Ejet = Echarged + Ephotons + Eneutral hadr.

0%(Ejer)=

+0200nfusion

Gz(Echarged) + 0'2(Ephotons )+ Gz(EneutraI hadr.)
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Particle Flow Challenge
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Separate energy deposits and avoid double counting

Example: need to separate “tracks” (charged hadrons) from photons

granularity Eﬁ‘
"/

Need to separate neutral hadrons from charged hadrons

\ Isolated neutral hadron or
fragment from shower ?

‘ +software \

Granularity helps
But less clear...




e

xperiments &

A

Calorimetry: Integrated Testbeam
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Testbeam Experiments: Imaging Calorimetry o
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The Global Context



e
Timeline Ho

« Physics will decide the way forward!

- LHC will tell us which energy reach will be needed

CLIC

. . Feasibility
ILC Timeline Study

2005 2006 2007 2008 2009 )

GLOBAL DESIGN EFFORT ® 00 0 ¢ muvy

B G:s:iin: Configuration
I  ::cvence Design
I, :1)icering Design

ILC R&D Programme

E = Expression of Interest to Host
International Management — e ssssaaas———

* Years 2012+ provide the basis for decision:
- ILC, CLIC, LHC-Upgrades, something completely different?

- European Strategy Process 2012 (and similar in Asia and Americas)
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The Staged Linear Collider o

* In principle, the ILC can run on any energy between ~90 GeV and several TeV
» linear colliders are scalable, it is only a question of cost....
* Why not develop a staged approach

- start where interesting physics is guaranteed, extend to higher energies later

———
11 1 T

ILC250 ILCa3s0 ILC500 ILC1000 ILC1ii+

» |LCa250: Higgs measurements (mass, spin, couplings), EW physics, (...)
* ILCss0: Top physics, (...)
* |LCs00: Higgs self coupling, Top-Higgs Yukawa coupling, (...)

* |LC1000+: SUSY, whatever comes, (...)



ilp
The Staged Linear Collider o

* In principle, the ILC can run on any energy between ~90 GeV and several TeV
» linear colliders are scalable, it is only a question of cost....
* Why not develop a staged approach

- start where interesting physics is guaranteed, extend to higher energies later

Cost scale
70% 100% 150%
ILC250 ILC3s0 ILC500 ILC1000 ILC14ss

» |LCa250: Higgs measurements (mass, spin, couplings), EW physics, (...)
* ILCss0: Top physics, (...)
* |LCs00: Higgs self coupling, Top-Higgs Yukawa coupling, (...)

* |LC1000+: SUSY, whatever comes, (...)
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Where will it be built? Ho

- Site decision will be a political
decision...

- Different sample sites under
study

- Americas (Fermilab)
 Europe (CERN)
- Asia (Japan, 2 sites)

- All very different in topology,
geology, culture




Japanese candidate sites

 Two candidate sites
under investigation

— Kitakami
— Sefuri

* Both site
good geolo

ave very
of granite



Sefuri Mountain




ILC Technical

Report (In preparation)
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2007

2013*

Technical Design Report

The two parts are
inherently linked

ILC Technical Progress Report
(“interim report”)

Reference Design ﬂﬂgﬂff
ccele

Reference Design Report

www.linearcollider.org

* end of 2012 — formal publication early 2013


http://www.linearcollider.org
http://www.linearcollider.org

The Cost

+ Costing is a very complicated exercise in a global project....

- Reference Design Report (2007) cost estimate:
+ 6.62 BILCUs (1 ILCU =1 US$ in 2007)
« 24 Mh person labour
+ Cost will be updated for Technical Design Report (2013):
* much better knowledge about industrialisation issues
» lessons from XFEL realisation
- better understanding of site dependent cost
* use of purchase power parity approaches
- will not be higher than the RDR cost....
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The Linear Collider

Project
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- The ILC is the most advanced future project for research at the energy frontier

+ CLIC is a possible high-energy option

- International project teams: ILC Global Design Effort and CLIC collaboration

- Joint effort of all leading accelerator labs

- New organisation under the supervision of ICFA: the Linear Collider

» director: Lyn Evans

ICFA

! Linear Collider Board

Directorate

ILC

‘ CLIC ‘

Physics & Detectors




Conclusion

« LHC will need to be complemented by
an e*te - collider for precision
measurements

- LHC has established the energy scale of
the Higgs; this requires a /s~240 GeV
ete-collider, minimum

* [LC is the most advanced collider
design and ready for construction

« 20 year history of system R&D
« CLIC could be a high-energy option

- on a longer timescale though...

- Machine and experiments demand
high-tech solutions on yet untested
scales
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International Linear Collider - Artist‘s View 1o
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International Linear Collider - Artist‘s View o
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The Cosmological Connection
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« Could SUSY particles be the Cold Dark Matter?
« Astrophysics experiments measure just densities

- |LC could close the loop
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SUSY Spectrometry o

- If SUSY exists, it has to be a broken symmetry

- Symmetry breaking mechanisms predict different SUSY particle spectra

msSUGRA GAMSB

AMSDB

800

600

m [GeV]

[V &N
o
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200
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ilp
Shortcomings of the Standard Model o

- The Standard Model leaves open questions:
* Do the forces unite?
- Why are there three generation of particles?

ny are there 19 free parameters?

nat is the origin of Dark Matter and Dark Energy?
)

W

- Why do the electric charges of electrons and protons cancel exactly?
W
(...

» We are looking for an underlying unifying theory of everything!



Dark Matter and Dark Energy o

stars Daryon neutrinos B |
dark energy dark matter composition of universe

from WMAP measurement:
4 % SM matter
23 % dark matter

73 % dark energy
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Higgs Self-Coupling o

 Measure ete- = ZHH

0.3 ————
' SM Double Higgs-strahlung: ¢*¢ = ZHH
o [fb]

O . . L | L L

100 120 140 160 180
M, [GeV]



SUSY Mass Measurements
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- SUSY particles would be produced in pairs at the ILC,

e.g. ete” = oI = PX O x40

 Detector Signature: two muons, lots of missing energy

- Masses of the smuons and neutralinos can be accessed by using kinematics

1200 T —
o o -+ -E
P64 — W };r
e W SN X
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SUSY Mass Parameters
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 Precision measurements at LHC and ILC make predictions up to GUT scale:

1/M; [GeV~1]
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ilp
Large Extra Dimensions o

- Why is gravity so weak?
- If extra-dimensions would exist, gravitons could escape into other dimensions
* Real graviton emission should be measurable

* single photon plus missing energy in the detector

=200 v ————r . S - SR

100 'd
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7 y
60 p o« 6=5
50 | yd
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20
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Luminosity Scaling Law

« Chose flat beam (oy<<o0x):

* Luminosity law:

* yields:




Maximising Luminosity

- high RF beam-power conversion efficiency nrr

- high RF power Prr

- small vertical beam size oy
* large bunch length o;

 high beamstrahlung &gs, if compatible with physics goals

e
T



ILC Klystrons
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* 10 MW multibeam klystron

Parameter Specification
Frequency 1.3 GHz
Peak Power Output 10 MW
RE Pulse Width 1.565 ms
Repetition Rate 5 Hz
Average Power Output 78 kW
Efficiency 65%
Saturated Gain >47 db
Instantaneous 1 db BW | >3 MHz
Cathode Voltage <120 kV
Cathode Current <140 A
Power Asymmetry <1%

Lifetime

>40,000 hours
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How does a Klystron work"? JLF

- DC beam at high voltage (<500 kV, < 500 A) is emitted from the gun
- A low-power signal at the design frequency excites the input cavity
- Particles are accelerated or decelerated in the input cavity, depending on phase/arrival time

 Velocity modulation turned into density modulation in the long drift tube (beam is bunched
at drive frequency)

- Bunched beam excites output cavity at design frequency (beam loading)

- Spent beam is stopped in the collector.




H ke
Klystron Animation JLF

TECHNISCHE
UNIVERSITAT

DARMSTADT
. Dr.-Ing. T. Weiland




ilp
Collimation System JLT

- Collimators scrape away halo outside
~8-10 o, and ~60-80 o,

* Removes potential background at the IP but is a source of muon background
itself
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:Ip
Stability I

- Requirements:

- Cavity alignment (RMS): ~um

 Linac magnets: 100 nm
* FF magnets: 10-100 nm
2
e Fi : - ! 10° ——————————————— e ——————————
inal lens: nm (!) o 4— 7 3e0 g
10’
£ 10°
N
:c « UNK tunnel
o P ~ LEP tunnel
2 10° i Hiidenvesi cave
e = HERA tunnel
u ~ SLAC tunnel
SLAC 2am model
[~ ~~- HERA model
10" 2 LEP model
1/ w
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Seamstrahlung

Revisited

- Beam-beam effect leads to the production
of beamstrahlung

- Beamstrahlung dilutes luminosity spectrum

of the collider

- Beamstrahlung photons can produce e*
pairs which generate detector background

TESLA
0.1 parameters
—
- 001
0.001 R,

F = 500 GeV

0.0001
0.80 0.85 0.90 0.95

Relative centre of mass energy

1.00

e

llb

ete Pairs

g




Vertex Detector
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« Requirements:

 excellent point resolution <4pm
 small pixel sizes: 20 x 20 pm?

« ~10° channels

 low material budget: ~0.1% Xo

- fast read-out to minimise pile-up

* immune against EMI effects

 Flavour tagging is crucial

* b-tagging easier than c-tagging

- Many technologies under study

Cosa=1096

1 - CCD Ladders / N
2 - CCD Ladders Foam Cryostat
.}El] _‘iﬂ |'], 1'0 II'I] .
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Tracking System Option: Silicon Tracker JLF

Forward Tracker Disks (crossed strips) 164 1 em
o Layer Barrel Tracker ( axial strips) ‘[
-
O
I 3
(|

————— —_

RN

| Vertex Detector (pixels) .
Figure by Rob Kutschke Beamp| pe

» Axial strips, no z information



The Calorimetry Challenge

- WW and ZZ di-jet mass separation

- Jet energy resolution of 30%//E (GeV) needed!
* Very challenging with traditional calorimetry

» Particle flow concept is promising

:Ip
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ILC Test Facilities (Examples) o
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Circular ete” collider for Higgs study?
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- Synchrotron radiation

 Energy loss for E>100 GeV is
a considerable fraction of the
beam energy

- Momentum acceptance of
the rings!

- for E>350 GeV the entire
energy Is radiated in one turn

- At 240 GeV cms it may still be
possible...

* Luminosity?

Verlust [GeV]

500

400

300

N
(=}
o

100

Extrapolierter Energieverlust/Umlauf bei LEP

500

0 1 200 300 400
Strahlenefgie [GeV]

LEP Il ILC
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| EP3 to study a light Higgs? o

500 | —
- If a light Higgs were established at LHC | HSMP;[ |
could it be produced in the LEP/LHC 5 4o ST
tunnel? = 100 GeV
. . - S 300
- Higgs of 125 GeV requires an e*e"-collision 5
energy of 240-250 GeV (peak of cross 2 H00l
section in Higgsstrahlung process: ete” — g |
ZH) O 100}
- for heavy quarks an additional boost in | | | | |
helpful, i.e. \s>250 GeV %00 250 300 350 400
* Ohiggs ~200 b Center-of-Mass Energy (GeV)
+ 10-100 fb-/a required from A.Blondel et al., arXiv:1112.2518

(1033 - 1034 cm™s)
Luminosity is the challenge
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| EP3 Study Proposal o

A.Blondel et al., arXiv:1112.2518 and
» Collider ring IPAC12, TUPPRO78 and references therein

« 2x 120 GeV
« 7 GeV SR-loss per turn

* 4 bunches of 4x10'? e-
50 MW loss per beam

Accelerator ring

* Tbeam = 16 MiIn
determined by Bhabha scattering

Collider ring

 Top-up ring

- fast ramping synchrotron chain;

SPS and accelerator ring Parameters at the Limit

44-120 GeV - no energy margiw

— concept of storage doubtful



beam dynamics studies and optics; HOM heating with large
bunch currents and very small bunch lengths (<0.3cm),
vertical emittance tuning, single-bunch charge limits,
longitudinal effects associated with a Qs of 0.35, low beta
insertion with large momentum acceptance, parameter
optimization, beam-beam effects, including beamstrahlung,
and the top-up scheme;

optics design and beam dynamics for the accelerator ring,
and its ramping speed;

the design and prototyping of a collider-ring dipole magnet,
an accelerator-ring dipole magnet, and a low-beta
quadrupole;

100 MW synchrotron radiation effects: damage
considerations, energy consumption, irradiation effects on
LHC and LEP3 equipment, associated shielding and
cooling;

SRF and cryogenics design and prototyping

determining the optimum RF gradient as a compromise
between cryo power and space, and the optimum RF
frequency with regard to impedance, RF efficiency and
bunch length;

machine-detector interface, e.g. the integration of warm
low-beta quadrupoles inside the ATLAS and CMS detectors

o

TLEP2

LHeC | LEP3
b. energy E» [GeV] | 104.5 | 60 120
circumf. [km] 26.7 26.7 26.7
beam current [mA] | 4 100 7.2
#bunches/beam 4 2808 | 4
#e—/beam [10'] 2.3 56 4.0
horiz. emit. [nm] 48 5 25
vert. emit. [nm] 0.25 2.5 0.10
bending rad. [km] 3.1 2.6 2.6
part. number J, 1.1 1.5 1.5
mom. ¢. a.[107] 18.5 | 8.1 8.1
SR p./beam [MW] 11 44 50
[*.[m] 1.5 0.18 0.2
B [cm] 5 10 0.1
o*, [um] 270 30 71
o*, [um] 3.5 16 0.32
hourglass F,, 0.98 0.99 | 0.67
ESR Jturn [GeV] | 3.41 | 0.44 | 6.99
Vot [GV] 3.64 0.5 12.0
Omax.rF [%0] 0.77 |0.66 |42
¢ /1P 0.025 | N/A 0.09
¢,/1P 0.065 | N/A 0.08
f.[kHz] 1.6 0.65 3.91
E,.. [MV/m] 7.5 11.9 | 20
eff. RF length [m] 485 42 606
frr [MHZ] 352 721 1300
SR s [%0] 022 |0.12 |0.23
JSRZ,rmS [cm] 1.61 0.69 0.23
L/P[10%cm %s7'] 1.25 N/A 107
number of IPs 4 1 2
beam lifetime [min] | 360 N/A | 16
Yps [107] 0.2 0.05 10
ny/collision 0.08 0.16 0.60
AE®S/col. [MeV] 0.1 0.02 | 33
AE®S Jcol. [MeV] | 0.3 0.07 | 48
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But most importantly JLT

- It will require dismantling major parts of LHC
- dead-end from the point of view of energy reach

* which spurs proponents to propose an 80 km ring...



