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@ Outline

- Future Accelerators for particle physics
- What is needed & why
- The Large Hadron Collider (LHC)
- The Linear Collider (LC)
- The Muon Collider (MC)
- The Neutrino Factory (NF)

- Summary
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@ Accelerators for particle physics

Ken Peach

What is needed, and why

2 routes to new knowledge about the
fundamental structure of the matter

S

High Energy Frontier High Precision Frontier

New phenomena
(new particles) Known phenomena studied
created when the with high precision may show
“usable” energy > mc? inconsistencies with theory
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@ The Standard Model
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——\Dﬂh\z —V(h) The EWSB sector (3)
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+MLF;A}}L jhz or L,-?x}'jN j | The v-mass sector (4)
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The Standard Model

The Standard Model Effective Lagrangean
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6 quark masses
- m, m_,m,
- myg mgmy
3 lepton masses
- m,m m
2 vector boson masses
- M, M,
. (m% mg=0)
1 Higgs mass
— Mh
3 coupling constants
- Gp o o
3 quark mixing angles
012,023 643
1 quark phase
- 0
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The Standard Model in action

The Standard Model Effective Lagrangean

L(Standard Model)
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- Take a process
eteuru

4nal/3s

a is the fine structure constant
s is the (C.of.M Energy)?

(neglecting masses and /s<<M,)
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How good is the Standard Model?

The Standard Model Effective Lagran
£(Standard Model) =
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m,[GeV] 91.1875+0.0021 91.1875
r,[GeV] 2495200023 24957 §
O [MD] 415400087 41477 §
R 2076740.025  20.744 §
A 0.01714+0.00095 0.01645 §
A(P) 0.1465+0.0032  0.1481 §
R, 0.21629 +0.00066 0.21586
R, 0.1721+0.0030  0.1722§

'y 0.0992+0.0016  0.1038 §
A% 0.0707+0.0035  0.0742 8
A, 0.923 +0.020 0.935 ;
A, 0670£0.027  0.668 ¢

A(SLD) 0.1513 £ 0.0021
sin“g,; (Q) 0.2324 1 0.
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@ What remains to be done?

- The Standard Model is a very good
description of the Universe at the
particle scale (~2M,)

- But does not explain many things
- Why so many particles?
- Why so many forces?

- What is mass?
- Why do particles have the masses they have?

- How do neutrinos get mass?
- Are neutrinos different? How do they fit in?

- What is Dark Matter? Dark Energy?

- Why is matter different from antimatter?
- (Where did all the antimatter go?)

- Where does gravity fit in?

Ken Peach John Adams Institute 15 x 2007



The state of the Universe

Galaxy
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@ What do we need to make progress?

- To reach higher energy

- To take us beyond the LEP/Tevatron
energy scale

- ~100-200GeV

- To reach higher precision

- 10 x statistics would make
this effect (if real) 8

- New types of accelerator
- Neutrino factories

- Beta beams
- Muon colliders ...

Ken Peach John Adams Institute



@ What to accelerate

- We can accelerate stable particles

- “Stable” means “with a lifetime long
enough to capture and accelerate them
- in practice, > ~yu—second

- Hadrons
- p,d, t, a, ... nuclei (up to Pb) & antiprotons
- Hadrons contain “partons” (quarks, gluons...)
- Leptons
— ei, ui
- Leptons are “point-like”
- (at our present energy scales)

Ken Peach John Adams Institute 15 x 2007



@ Energy and luminosity

- The Energy must be sufficiently
high that the process of interest

can occur : R

- The Luminosity must be :
sufficiently high that a sufficient
humber of events are obtained in

a “reasonable” time T ohen
B t ~ 107 slyear
(a few years) b (10% o)

For fixed target (esp. neutrino experiments) the For 1000 events in 1 year requires
equivalent parameter is L ~ 1022 em2s-!

Beam Power or Protons on Target (POT)

Ken Peach John Adams Institute 15 x 2007



An example - the LHC
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* No hope to observe light objects (W, Z, H ?) in fully-hadronic final states — rely on |, y
» Fully-hadronic final states (e.g. 9* — qg) can be extracted from backgrounds
only with hard O(100 GeV) pt cuts — works only for heavy objects
* Mass resolutions of ~ 1% (10%) needed for |, y (jets) to extract tiny signals from
backgrounds

* Excellent particle identification: e.g. e/jet separation
Ken Peach John Adams Institute 15 x 2007 14
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What are the big issues?

m,, .. = 144 GeV

—LEP1 and SLD
80.54 - LEP2 and Tevatron (prel.)
68% CL

(5)
Aﬂ'had =
— 0.02758+0.00035
=== (0.02749+0.00012

% 4 -+ incl. low Q° data —
c-r) l a

= 80.4 = 34 N

= <

= i

2 - =

80.3 - 1 N

_ - 0 | Excluded \& J,:i"':'- Preliminary
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m, [GeV] m,, [GeV]
Mp = 76+3 54 GeV Probability Myy>114 GeV: 15%

Incl. theory uncertainty:

Mi < 144 GeV (95%CL) Renormalise probability

for MH>114GeV t0 100%:

Direct search limit (LEP-2): My < 182 GeV (95%CL)

My > 114 GeV (95%CL)
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The Tevatron Search

What about the “"competition” with Tevatron ?

Tevatron Run II Preliminary

Today : ~2.8 fb! /expt recorded

-1 . - -1
_____ DO Expected ~ L=09-191b End 2009: expect 6-7 fb! /expt

15| § ) . :
= Operation beyond 2009 being discussed
E o CDF Expected P Y 9 being
R Tevatron Expected With 7 fb1

— Tevatron Observed ‘ m 95% C.L. exclusion 160-180 GeV and
<135 GeV (if ~4 analysis improvement)
m 2.5 o evidence 155-170 GeV
m 30 evidence up to 128 GeV
(if ~10 analysis improvement)
m ho Bo sensitivity

| 3 Note: big difference in statistics to go
110 20 130 140 150 lﬁD\KISD 190 200 | from exclusion to evidence (sophisticated

95% C.L. limit o(Higgs) / SM
wn S

=

m(GeV/c®) | cross-checks required ..)

m Several channels:

WH — Ivbb, ZTH__“ vvbb, etc. m 1 dominant channel: H — WW — lvlv (counting channel)
m Expect _‘3"‘3'?’5'5 rmpr*c:-veme:n'rs m 3.8 fb'l/expt for 95% C.L. exclusion (mid 2008 ?)
(b-tagging, mass resolution, ..) | | gend 2009: 2.50 (6 fb1) to 3o (8.5 fbl ) evidence

m With 7 fb! need: ~4 (10)
improvement for 95% C.L. (30)

After Gianotti, 07; Plot from Kim LP07
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Unification of the forces?
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o
1015
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i
Scale of new physics (SUSY
<< Nearly meet!!!

Unification

[\
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Future Accelerators for particle physics

The Large Hadron Collider The Linear (e+e-) Collider
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The Large Hadron Collider

- The two main goals are:
- Find the Higgs

- If it exists!l!
- Find the new physics
- If it exists!
- We know ~ the energy scales
- M, <250GeV; Eyp < 1TeV

pp collisions at high energy

The Standard Model Effective Lagrangean

£(Standard Model) =

W]

)

‘—J-‘

B,W, — 8. W,) (B"W™ — BFW™) | MW, W

[Photon] - %F;;F"”"
1
27 — FLF 4 CMIZE
[ 04 wkg PE, 4 1 Fe ARy — en e
e — %E(n W+ W)L
[rete] + e mEdl
— 1 2 By —
lgere g — LB (T o ot aia? sw) gr. 2 hman,
(M + ZOHERE— Zpt = Zaur — i
[HHEH Wiw -] + ’;—z(ﬂ’ + 2—"3) (2w, W)
7 2 1
[HHEH ZZ] = (IF + TH) (Mz”zﬂ)
[H &te] — oy VG
[quark ~] Qg
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sk W]~ Ve (e W W) P
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'
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- Collision energy ~10% of total energy

- Need a total collision energy >10TeV

- Can calculate the cross-sections
- Need a luminosity > 1033cm?/s

- The Large Hadron Collider (LHC) @ CERN

- E~ 14TeV ;

John Adams Institute

L ~ 1034cm?/s

Ken Peach
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The CERN Acceleratiis.)

CMS

. North Area

ALICE LHC-b
v
TI2
ATLAS CNGS
West Area \. towards
AD | Gran Sasso
4 — P
P
s BOOSTER ’ISOLDE East Area
A n-ToF 5
¢ LINAC 2772
LINAC 3 .~ y--e==ssgy, w
e & G 3 LEIR
+* "E-_'r
R Pb*
p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
p ions b electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
P neutrons p neutrinos SPS Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
15 x 2007 21
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The Large Hadron Collider

ATLAS

Muen Detectors Electromagnetic Calorimeters

AN solenold |\ Forward Calorimeters

End Cap Toroid

. LHC -
.~ Muon System ﬁ_Pomt

CALORIMETERS
ECAL HCAL
Scintillating

PBWO4 crystals Plastic scintillator/brass
! sandwich

IRON YOKE

Silicon Microstrips
Pixels

Total weight : 12,500t
Overall diameter : 15 m| E
Overall length : 21.6 m MUON BARREL

Nagneteineikialons Drift Tube Resistive Plate Cathode Strip Chambers
Chambers Chambers Resistive Plate Chambers




The LHC installation

ALY L

2
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Descent of the last magnet, 26 April 2007
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CMS Cavern

| §eptember 2007
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I#15 Geneva  Wed Sep 26 10:00:03 2007

|
|

."' o

UK15 Jura Wed Sep 26 10:00:02
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Already taking “data” (cosmics)

ATLAZ Atlantis Event name: pc-tdg-mon-13 run: 20879 event: 16777904 Geometry: <default>

L T 1t 11 1 1 1 11T T
X(my 2 -100 X (cm) 1

Mo Miszing Et

-10
E - ] w w . . u - ] 10 ET (GeY) Mo cells
i - Height of tallest tower:
i v (] AQD: 9 Celf
] ] Trigger Decision MfA

a2 .- L] —8
7] I e
T 3
5 0 T
i

k T T =

[

-10 Z (md
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@ LHC status

- Machine installed, commissioning

- Experiments nearly installed,
commissioning

- Due for completion in Spring 2008
- First collisions end summer 2008

. First results 2009 |

- Higgs, SUSY //ﬁ
. or something else . ///fV/

Equivalent dipol

Updated 31 August 2007 Data provided by O Tommasini AT-MCS, L. Bottura AT-MTM
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Why an e+e- collider?

The Standard Model Effective Lagrangean
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After Barry Barish
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Why an e+e- collider?

can see quarks

LHC ¢

After Barry Barish

Ken Peach John Adams Institute 15 x 2007



@ Why a linear e+e- collider?

Synchrotron
Radiation!

or rather

the lack of it in a linear machine




Key ILC Properties

* Precision “true” CMS energy
* Tuneable “true” CMS energy
» Low backgrounds

Internationa Linear Collider

Ken Peach John Adams Institute After Blair 15 x 2007




Invisible Higgs?

E—

+ % Daia
[l ZH—-w X

D +
= 120 GeV
D -

1.5 Gel
——

200+

MNumber ol Events /
—_
o
o
|

M " Measure recoil against Z°
Dmo 40 160 3 ssf
Recoil Mass [GeV] 8 _ n ‘
Vs=230 GeV
120 GeV Higgs: :
Advantages of *F

running at lower than 15

top threshold: /\Q‘SO GeV

Y5 1 s 1m0 s i ms 22 Dambade et al.
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Ken Peach

u’f RDR vs ILC Physics Goals

- E_.,, adjustable from 200 — 500 GeV

« Luminosity - det = 500 fb1in 4 years

- Ability to scan between 200 and 500 GeV
- Energy stability and precision below 0.1%

- Electron polarization of at least 80%

The RDR Design meets these “requirements,”

The machine must be upgradeable to 1 TeV

including the recent update and clarifications of
the reconvened ILCSC Parameters group!

7-Feb-07 Global Design Effort b

GDEMACFA Closing Beijing

John Adams Institute After Blair 15 x 2007




ILC Layout

500 GeV machine

Electrons Detectors  Electron source Positrons
Undulator Y

”“’* 5 -

“ieeeee..... Beam delivery system

S

| | | |
Main Linac Damping Rings Main Linac
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The ILC Plan and Schedule

(B.Barish/CERN/SPC 050913)

Design Effort
|

TS
)

|
Global
|

Project >

‘ Baseline configuration

‘ Reference Design

Technical Design

ILC R&D Program

Expression of Interest to Host

International Mgmt

2005 2006 2007 2008 2009 2010

Ken Peach John Adams Institute 15 x 2007



o CLIC

Compact

Reference Design fepor! )
Linea Executive Summary ;£

Collider

Ken Peach John Adams Institute 15 x 2007



CLIC - overall layout
oo Y Y Y - YY'Y % tioss

_ combiner rings
drive beam accelerator Croumfrences - drive beam accelerator
24 GeV, 1.33 GHz [ delayloop 90 m 24 GeV, 133 GHz
- CR1180m :
1km GF‘Mm 1km  Drive Beam
delayr .
mp Generation
Complex

deoeleratcr 26 sectors of 810 m
“ A

CE— ¢ C 1 ﬁ )} BDS BDS WW
s Tl LT i R B 70 2 0 A

(o {00 MV/ P1 -
#5m o main linac , 12 GHz, 100 MV/m, 21.06 km ¥ fati e RIZA&
=120m

5 48.250 km g
CLIC 3TeV booster linac,
9 GeV, 3 GHz Main Beam
Generation
e injector e* injector, Complex
24 GeV 24 GeV
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CLIC Test Facility (CTF3)

=
W_ﬁ

/

==
10m 30 GHz stand S L= =
and laser room CLEX 2007-2009 TL2: 2007  Combiner Ring: 2006

2004 - 2009

From 2005: Accelerating structures Development& Tests (R2.1)
2007- 2008: Drive beam generation scheme (R1.2)

2008- 2009: Damped accelerating structure with nominal parameters (R1.1)
ON/OFF Power Extraction Structure (R1.3)
Drive beam stability bench marking (R2.2)
CLIC sub-unit (R2.3)

sanssI A9

Ken Peach John Adams Institute After Delahaye 15 x 2007



New CLIC Parameters (December 2006)

Main Linac RF frequency 30 GHz - 12 GHz
Accelerating field 150 MV/m - 100 MV/m
Overall length @ E,s= 3 TeV 33.6 km 2 48.2 km

Ken Peach

« Substantial cost savings and performance improvements for 12 GHz / 100 MV/m
indicated by parametric model (flat optimum in parameter range)

* Promising results already achieved with structures in test conditions close to LC
requirements (low breakdown rate) but still to be demonstrated with long RF pulses
and fully equipped structures with HOM damping.

» Realistic feasibility demonstration by 2010

John Adams Institute After Delahaye 15 x 2007 41
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@ A Muon Collider???

WhY? L(Stmm[dwtirdd)_%(e,.w I, (BUW™ — W) 4 MWL

1. For some processes, muons are _’“”'“
better than electrons *()i
- o(p'u>H) is (m /m,)? x o(ete>H) SRS M T

o

- (40000 times larger) - mg

nark H] — m, wlv'_ZG g E
e o
fquarks] Uiz p— mu)it + D — mz)D

2. If CLIC does not work,
= [quark gluan] wr* @ °u + DAD)
be the only route to multi-TeV — +§z(a,,,;wm,w

collisions under clean conditions —

Why not?

Muon lifetime is only 2usec!

Need to produce, collect, cool
and accelerate large numbers
(>>10'3) muons per second
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Main Components of a Muon Collider

Proton Driver

* primary beam on production
target

Target, Capture, and Decay

» create m; decay into L
Bunching & Phase Rotation

» reduce AE of bunch
Cooling

» reduce 6D emittance
Acceleration

» 130 MeV - up to 1.5 TeV
Storage Ring

» store for ~1000 turns

*» One IP

Steve Geer

Ken Peach

John Adams Institute

Decay
Channel

Buncher

Helical
Cooler

Bunch
Merger

Pre Accel
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Proton
Source

Hg-Jet Target

Ring
Cooler

O

Li Lens
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Collider

Cooler
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Challenges for the Muon Collider

.- Proton Driver oes

3.5 MW xS
- ~4MW, 1ns bur q;; s

Pro

€

- Target o
! ( - ~4MW, lns\,}é\ojunches

CDhecayl - “open” ¢ ée 1etry
anne
| s Muon (‘K‘b.‘ctlon and
e Acceler-\ =7 buncl &9,
Helical ation b
Cooler . Bur z,“’coolmg &
Bunch
&
Merger — cr Q sression
& < celeration)
S

< -ollider

Pre Accel
-erator
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@ Neutrino Physics has changed!!!

Ken Peach

1950’s and early 60’s

- Nature (and existence) of the neutrino
- (Reines & Cowan, Lederman, Schwartz and Steinberger)

Late 1960s, 1970s, 1980s

- Structure of the nucleon

> Fz, XFS Etc New
facilities

- Structure of the weak current allow
- Neutral currents, sin,8, etc physics

to be

Now, and future e

- Nature of the neutrino better

- Neutrino Mass and Neutrino Oscillations

- Standard Model assumption of massless neutrinos is
wrong!
- Note: difficult to add neutrino mass to SM a la Higgs
- Lack of Charge - additional mass-like (Majorana) terms

lchr Adan s 1 fitute 15 x 2007 47



@ Neutrino Mixing
2 (%] Y

Time, distance or L/E
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@ Neutrino Mixing

Atmospheric 3G solar Majorana ‘ Amszz‘ _2 4(1%)_22;) %103 eV/?
Uyns= sin’ @,, =0.44(15 e,
1 11 ¢ s€°| [, s | [ 1 Am2 =7.92(1£0.09) x10%eV/?
Cs S |® 1 ®-s, G, |[® e° sin® @, =0.314(153
i i3
S G| |7SE Gs | L YL €] sin2g, <32x10%
Chs st €| [L ] sign(am?) unknown
=| G SSEE Gl SSHSE G| € o,a,funknown
| S8, SEEL° S SLSEL G| | ed masses < O(1eV) ©
Parameters of neutrino oscillation C;=Cosgq; sl NUPACTES
s-sinql.
1 absolute mass scale M\, f - !
2 squared mass diffs A"i'z ’A"fa{mﬁ —Ant, +Ant,
3 mixing angles 8.2,05,0:
5 (alwayssirf,e"®)

1 phase
a3
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@ Measuring the Parameters
P‘vﬂ = ve)z
2 o2 2

, Ams; L
4C13512(C12C23 $12513825 — 2C15C5381,52513 035)3 ( 21)

+8cf3312313323(c12c23 £0S O] — 312313323 cos(Am”L) (Amle)sm(Am”L)

+4C12351238223 sin (Am13LX1+ 1- 28131/#:>vﬂ & a=>-a

—8C%,C,,C,38,,5,35,3 SIN I SiN (Am32L )SI n (Am“L )SI n (AmﬂL )

—8c%,85s?, cos(Am”L)sm(Am“L)sm(AmﬂLXl 2s’, %

a=202G.n.E, =7.6105rE

Where is the electron density ; r is the density (g/cm3) ; E is the neutrino energy (GeV)

C;=C0sq;;, S SlnqIJ (Richter: hep-ph/0008222)
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@ What to Measure?

Neutrinos
Ve disappearance
ve > v, appearance ... and the
v, > v. appearance corresponding
antineutrino
v disappearance interactions

1
v, 2 V. appearance

v, 2 v, appearance

Note: the beam requirements for these experiments are:
high intensity known flux

known spectrum known composition
(preferably no background)

Ken Peach John Adams Institute 15 x 2007 51



@ CP-violation

| | |
= By = 20 GeV -
- Solar ILMa
e B o
3 [ sin? 20,; = 0.0 om <0
- 18m?,,| = 0.002 e v
T 10 :
- -
s | "
. It ;
? E §md » 0
| I v,
0,14
In v,
e i vy
Z | CP vinlatiﬂnT _
0.0 Stat. error for
2 102% decays 3

3000 4000 6000 800D
Baseline (km) -
easibality Study 1
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@ A Neutrino Factory is ...

... an accelerator complex designed to produce >10%%° muon
decays per year directed at a detector thousands of km away

Principal Components

ton

Muon
Storage
Ring
-

‘near’ detector (1000-3000km)
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Ken Peach

Neutrino Factory Challenges

Parameters

- Need to know that 6,5 is not zero
Other parameters well known to fix (EH,L)

Technology
- Proton driver
RCS or LINAC?
- Proton energy?
HARP, E910, MIPP
- Target

MW beam power
- Mercury, solid, liquid-cooled, pellet, ...

- Pion/muon collection and/or cooling
Magnetic Horns or Solenoids?
Phase Rotators, FFAG’s, cooling?

- RF and acceleration
RLA’s or FFAG’s?

- Muon Storage Ring
Racetrack, triangular or bow-tie
Conventional or FFAG?

Other uses of high power protons & muons?

John Adams Institute 15 x 2007
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@ Other future uses of accelerators

- Other scientific applications

- Light sources, Spallation sources,
FELs, ERLs ...

. Other Future Accelerators
- Laser-Plasma accelerators

- Other applications
- Accelerators in Medicine

Ken Peach John Adams Institute 15 x 2007



X-ray therapy began within months of Roentgen’s discovery

Slide from Gillies McKenna, Oxford



@ Conclusion

- Particle Accelerators have an
exciting future
- In particle physics
- LHC, LC, CLIC, NF, factories ...

- In other sciences
- Light sources, FELs, spallation sources

- In society

- Medical accelerators (isotopes, hadron-
therapy...)

- And they are fun too!

Ken Peach John Adams Institute 15 x 2007



