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® there are three C's in CoCkCroft |

.. .while Chattopadhyay moves to Crockcroft

Swapan |:'1E['.IZ'EIE|I]|'I'|'E|}'. CUrTENLIY ass0Ciate
director of Jefferson Lab, is to become the
inaugural director for the nawly created
Grockeroft Institute — one of the UK's two
new centres for accelerator scence and
technalogy. in addition, the universities of
Lancaster, Liverpaal and Manchesier have
made hem the first chair of Accelerator
Physacs in the UK, He will take up his new
pasition in March

inese new appointments reflect
Chattopadhyay's contributions 1o phase
space cooling, innovatve particle colliders,
novel synchrotron-radiation production and
uttra-short femiosecond X-ray sources, His
achievements also mclude the development
of pesigraduate education in accelerator
physics and engineenng and a number of
successiul industrial collaborations with
hi-tech commercial partners.

ier
.. but two R's 2| CERN Cour’
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Engauging Matter

Joseph John Thomson

elecTron 1856 - 1940

Cambridge .

ther I'o_l::_‘

nucleus
Manchester

e 2 By convention there is colour,
neutron [ by convention sweetness,

) s

Cambridgef = %

by convention bitterness,

ivol o but in reality
4| quark there are atoms, and space.
Pasadena ~400BC

_ ,- Stanford 2007

Standard Model of the Universe ? Fundamental particles of matter
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e matter @ MeV scale: the discovery of the

"point-like" atomic nucleus
Marsden and Rutherford, Manchester 1909

rare

P
Alpha particles: probe

MeV from an atomic nucleus

~ 1014 M\V/m |

- large energy transfer @
- large scattering angle

0~1/Q4

Rutherford Scattering
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"... something like that of a cat delivering a choice mouse
to his mistress.”

Ernest Marsden FRS

when a PhD student, describing his feelings reporting the discovery of
the atomic nucleus to his supervisor Ernest Rutherford

at Manchester University

(from Rutherford Memorial Lecture, Royal Society London, 1954)

"... quite the most memorable event that ever happened to
me in my whole life."

Ernest Rutherford, 1909
then Professor of Physics at Manchester University
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it England: the birthplace of Cockerof
= Experimental High Energy
Physics

"It would be of great scientific interest if it were possible
in scientific experiments to have a supply of electrons and
atoms in general, of which the individual energy of motion is
greater even than that of the alpha particle. This would
open up an extraordinarily interesting field of investigation
which could not fail to give us information of great value,
not only in the constitution and stability of atomic nuclei,
but in many other directions."
Professor Sir Ernest Rutherford PRS
(formerly Professor of Physics at Manchester University
later Cavendish Professor of Physics at Cambridge University

and Lord Rutherford FRS)
at the Royal Society, London, 30t November 1927
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e Why a positively charged, massive, nucleus and
negatively charged, light, electron cloud ?

e Are nuclei and electrons fundamental ?
If not, do they have substructure ?

e What new physics is beyond the Periodic Table ?
e Why are some atoms radioactive ?

e Are there new particles and forces at
play in atoms ?
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® splitting the atom 14th April 1932

the birth of the energy frontier
- 800 KeV p+Li > He + He fundamental

John Cockcroft

b. Todmorden (Lancs and Yorks!)

ed. Manchester Univ (Maths) Li

@

B Manchester College of Technology (Elec. Eng.)
Metropolitan-Vickers, Manchester

PhD then post-doc Cambridge Univ.

Ernest Walton

ed. TC Dublin, MSc hydrodynamics
PhD student, Cambridge Univ.



http://nobelprize.org/physics/laureates/1951/index.html
http://nobelprize.org/physics/laureates/1951/index.html
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"The facts are that we looked first for
gamma rays and not alpha particles,
since at that time we had a fixed idea
that gamma rays would be the most
likely disintegration products.”

Sir John Cockcroft FRS 1938

*... a singularly modest and self-effacing
life."

C P Snow on John Cockcroft in "Physicists” " " g

"... they were fortunate to have the support of
Metropolitan Vickers: ... the Manchester company.”

B Cathcart in "The Fly in the Cathedral”
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James Chadwick era y WS

e Liverpool cyclotron l
- first outside US? Bl tuge——.
- cross sections - e
for Manhattan Lﬂ o
= Liverpool Physics in Sl S
Downing Street ! | SRR g

N Liverpool synchr'ocyc‘rr'n "Metro Vick"
- first extracted beam 1955 Crewe and Gregory

L NIMROD (p) and NINA (e) synchrotrons
CERN (p) PS, SPS, DESY, SLAC, BNL, Fermilab ...
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600 MeV, 100 mA
750-950 MeV, 1 kA

Beam Separator

Scope under
(cost) review
Daresbury 2012?

High Average
Current Loop

~aisn = Synchronised (10 fs) 47
"~ - multi-source
- IDs 4

- FELs

‘# e energy storage and manipulation ring
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e electrons bunched at photon wavelength

- intense pulsed fs radiation

/\/\Ma
R | ol o Bl § £ %

Electrons bunched at

wavelength:
coherent emission and
saturation

Random electron phase Electrons bunching:
Incoherent emission coherence growing
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e 1970s: CERN
Intersecting Storage Rings (ISR)

Ple=5 T Fe

5= (py+p2) = M2+ my? + 2py e p;
— 4P
= (63 GeV)?

e efficient beam crossing

/
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TeVatron @ Fermilab

e accelerate beams to "head-on" collision
1 TeV antiprotons + 1 TeV protons <= . 7.ccq

/ et
Ty
T

uud +sea
= O anti proTons /‘}
TeVatron Eliere ey — S
Fermilab s =

Nr Chicago

2 TeV cmsl
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TeVatron @ Fermilab

e challenge: antiproton intensity

FERMILAB'S ACCELERATOR CHAIN

¥ )
//‘/ TARGET HALL
TeVatron R soonee
Fe rmi lCl b x:i-ﬁ'ltl'“'" t::-JBCI OSTER
Nr Chicago o

s
COCKCROFT-WALTON

2 TeV cmsl ~ = S B

Fermadas i3
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= Collider HERA @ DESY

o ahalngaedibtenent pactidlospecitsien in collision

27.6 6eV electrons + 920 GeV protons€ (4 +sea
=vF, |

|ep1‘0n 1.8 o ZEUS+H1 1996/97
- \ ® NMC, BCDMS, E665
1.6 | NLO QCD Fit
= 5 , Regge Fit (zeus)
1.4
H E R A 1.2 ) é\_‘
DESY | ! i 4:}\;? h’; .
{ 08/ C N A
Hamburg | °¢ %, N\ ¥
i " sea *....* *Q ..\.-*‘\ i
tt++;*§\,§ ;
0.32 TeV| |* .o~ it 8
! 02 o N -
_ |
0 T R e | \ sl & L sy
| 0° 10wt w0 10w? ot
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e radiated power = 2Ke2pic '1946

o
3.56eVe=7TeVp

4mTex8 TLHCp
e dynamics including radiation?

- =

: T— Magnetic
L Electrons circulating Field
L ) in a storage ring .
¥ l=n Beam
T E I Collimator
Synchrotron Radiation

e sub-atomic radiation
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tunable sub-atomic radiation

e accelerate electrons and "store"

b synchrotron radiation
IR visible UV X-ray

‘» structure

“light
source”

DIAMOND: world's newest
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e stored e radiates
e— er

transversely polarised e
synchrotron radiation

ot
=]

® “spin-rotator”
ORBIT [
- subtle and precise:- |
precession

: ' :- . - L . - II ... ™
7= Transverse Polarimeter I l E R A
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3.The Energy Frontier 2007

- what and how we know
(and spin-off)
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Proton

Quarks

0.2 TeVete 0.3 TeV ep2 TeV ppcms

proton is vud

small

mass is quarks + binding energy

large

chromodynamics — weight

O (%

mass —>

CANCHNCHIN

0.5 MeV 0.1GeV 15 GeV

a

rge

Rl

leptons

gauge bosons

gluon
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0.2 TeVete 0.3 TeV ep2 TeV ppcms

Standard Model

a 20™ century triumph
short-distance structure of matter

(hc=200 MeV.fm)/1Z5000 = 0.001 fm

Proton

Quarks

100 MeV o ?7 ﬁa ge gauge bosons )
u <

J é’ r uwon Q D |9

(d) ( -3 ﬁﬁ %’_
mass — 3 Z QFD i
( e) (”) ( T) leptons )
VeJ \VuJ \Vz L-handed =

?eV 15 GeV H|995?
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e aAUu —> aAu

Alpha particles

- large energy transfer @ ~1/
- large scattering angle o oy



(Photon) Diffraction |
e light (photons) scattered by
large disc
- darker @ wider angle
- less scattering @ large angle
- larger target (less point-like)
— less large angle scattering
e light (photons) scattered by
small disc
- brighter @ wider angle
- more scattering @ large angle
- smaller target (more point-like)
— more large angle scattering

b large angle (large @) scattering « small target



John Dainton : | Ccfiir?;%
Sep;)eorgber Ru*her.fo r'd SCC”.*er"ng Institute

- large energy transfer @ G~1/
- large scattering angle <
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. e
T R,
« > electron
stored- = = = ° ) |
high
energy |
beams S ._‘T
~ engauging leptons and quarks
at highest enerqgy = shortest distance
- large ener‘%y Transfe?yQ | i

o) ne\l//pcbysi cs? :

- large scattering angle
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> T > &

e 4 N
RN 4 ¢ e,__l ectfrons

e large complex detectors
in which particles leave their mark
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— —>
“"stored’
high
energy
beams

side-view 5
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topological directions and balance | O
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proton shatters

. parton = part
L= of proton

o
1

[ ] .lll'lllltr

== Tl

proton -
remnant ]
in and «
rofton
around _ - i
beam e
electron
electron large energy transfer
back-scattered large scattering angle

small light quarks
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electron h\\ by

.

momentum ‘ br=
conservation -

electron + parton
+ nothing else in this SM event!
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-
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ol

| Charmo- A

scattered nium “
electron quark — 8... g_.‘
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e electrodynamics @ chromodynamics

= g — 917;/< 9%
” 055 MQ\Q{{Q
| @ g <>g hon-abelian
% [ S===/ self-coupling

abelian — flux tube

—? spring (string)

5% \(@\ increase distance
O energy = mass o« 1

blong distance \@ H— — gq

freedom (1/1)
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4 Detection - how and why?
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® particle with mass - ionisation energy loss

gL L[ (e )]

dx AR 12 2

Prryom (321 A = —
i W J Y N
1+ 2ymg/ M+ (m el M= AT e e

‘— M M W schematic

multiple atomic interactions

TH:-J-.':- —

bionisa‘rion charge: spatially distributed

batomic de-excitation == scintillation light



John Dainton CASQ7

September - - - Cockcroft
2007 Scintillation Counter | Institute

® scintillation light — current

phoiocarhode

photomultiplier

\ 3 - 10 mm thick scmtillator \\

sheet ﬁ E_)

\ light-guide p.m.
base

® very fast (0.1 ns), not localised — trigger
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® ionisation charge

drifts fo sense wire Voo

% avalanChes —l-- & 0 00 0P GRS B DD » -flie'.dimilri‘eisi * ® @ 9 9
— self-amplification - '|
— current pulse e

® frigger pulse starts clock
sense current pulse stops clock

b drift chamber:
“slow” timed drift (us), localised to wire
— spatial precision 100 pm (diffusion in noble gas)
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® many 1000s sense wires
many many 1000s field wires
many 1000s channels
sophisticated data acquisition
track/pattern recognition
track fitting + reconstruction
charge particle reconstruction
+ magnetic field

and

® many samples of track ionisation |
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® many samples of track ionisation
- precision points — precision trajectories
- measurement of <ionisation>

- PK P
4 _ IIIl. II'- H1

® Bethe Bloch —
particle identification

dEidx [ MIP |

® the backbone of charged
particle reconstruction

p | GaV |
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® Si semiconductor: smaller for same ionisation
— point spatial precision: less dlffusmn ~20 um
— faster i -

e LEP/HERA vertex detectors;
all track detectors @ LHC

W)

,,{i_-r.-.,'l.
;I":_-
P-type implantation !"
\ ]
\\ Metallised pixels or strips Amplifiers
300p
n-type /5
Silicon ]
VD. lonisation - =
electrons :
and holes U, ) 5
Minimum
Fartc l OO CDF
Particl C(yer‘
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® |[ow mass energetic particles: electrons + positrons
Bremsstrahlung + pair production = EM showers

. .~
e-loret > - /wvv"4
e'l-
Y

light ﬁ%“(

detector

material massive detector material

(gas) (eg lead or tungsten)
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® Bremsstrahlung cross section ‘ /
dCI'I'E,,EI.] 4 g, g, 183 .EU €
- - = — A ar; ]
T iy 24y - .
. _ _ 5 2, . 1 —w
glw)=[1+(1—w)* - E[l —w)| + 0ln 52
:I:'.:.r (Ze)

slight and negligible dependence on parent energy £

‘# energy loss traversing material thru radiation

1dE AN, Z%Z . 18 3 1. 4NoZ%2% 183 1
“[In | = [hl | = ——
Edz 1374 ‘7T 718 137A Y 73} X
Elx) T /
) exp > radiation

E'm-:'i-:le-nt X K |€n91'h
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Measurement

® Bremsstrahlung + pair production = EM shower

® EM shower £— total et charged particle length

ionisation/scintillation
energy loss “saps" / )
ll&r(

shower energy
total et length %
oc incident energy Mﬂﬂm(

kionisa’rion/scinfilIaTion energy « incident energy £
track length statistics — energy resolution o« J£&
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® heavy energetic hadrons
inelastic interaction + 7° decay — shower

‘» absorption length
laterally broader than EM
shower £ — total charged particle length
ionisation/scintillation energy « incident energy £
track length statistics — energy resolution o JE

° W M
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® ionisation/scintillation energy « incident energy £
track length statistics — energy resolution oc JE

TR T

pd & T

/

l‘t

/7 /]
Y
-

ionisation/scintillation

S |
S \ \

¢ e

\isjmpliq%) Y

-/\_ active
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® ionisation/scintillation energy « incident energy £
track length statistics — energy resolution oc JE

7o »
< |
(@)
c |
!
9o
> I
— O
—¥ S
~| T+ 1 spatially
v | 2 S| S 4 sampled
Flal | © ionisation
Ol S|<|a| | S *
< Q_ ) Q. " 8[

® |ongitudinal and lateral shower "sampling”"— profile
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® ionisation energy o incident energy £
track length statistics — energy resolution o JE

® | Ar active medium: mobile ionisation
"pad” electrodes — spatial sampling
— spatial topology of shower EM/had
many 1000s channels

® ionisation drift in liquid
— slow

® cryostat
LAr purity


http://hepweb.rl.ac.uk/ppUKpics/images/POW/1998/981028.jpg
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® EM calorimeter

) ~ PGT@(IOHISGTIOH)
Tioryeer GTé(IonISGTIOn)

H' 1

® Had calor'lme‘rer'

rate(inelastic hadronlc) ~rate(ionisation)
rate(inelastic hadronic) ~ rate(EM decay—y)

® "mulonifméter'” wiitin muo
rate(EM) « rate(ionisation) v ?
rate(inelastic had) « rate(ionisation) rate#ad)=0

penetrating
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 hermeticity = [desighiand buildiwell

- reliability
- calibration
- efficiency

e redundancy ==
- reliability
- calibration
- efficiency

® precision =
- reliability
- calibration
- efficiency
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* energy scale

kinematics: total ep interaction energy
tfransverse momentum pr = O
hadronic <> electromagnetic
jet © electron
hadronic <> hadronic
jet «& jet Ny
calorimetric <> tracks

e monitor throughout
data-taking



John Dainton cAso7

September ) i Cockcroft
2007 Calibration | Hetiae

e energy scale

- kinematics: i TSR N
total ep interaction energy == @ ———
longitudinal (2) & - p, s ..

Ebeampi]:.e + Emea.-a.ure-:l — Ee T -E':v
-Pbea.m]?il:"? T 'Ft? measured = _'P'E‘ T 'PP

Ii%mpipe + I-rE o P:::-Imeaaure:l — l-rE T th +M

b EE o P::Jmeasured ~= EE,_
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e the first trigger

A\

o .. just after the accelerator physicist asks !
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5.How we learn with data?
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CASOQ7
Cockcroft
Institute




CASO7

John Dainton . .
September K| nemaT | CS I Cock;roff
2007 Institute

eppp pA ... p= e partons

e
—
n.e MY2

H H it

iy P.e C
I_r---:r_ﬂffj‘,,ﬂ:}“—e e — Q? yzq.FZW’+Q?

T~ Pg  W2i+Qe2 U W e e.P s

quark M, =0 —
:ﬂ.gr.l R when |P| is I.-EII'EE' ‘Q? = EE]'E.I'S‘

* xand y — daughter momentum/parent momentum
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* Standard Model (SM): (Dirac) leptons + quarks

Quantum Flavour Dynamics
QFD
gauge field quanta: y Z W rZw
SU(2),_ weak isospin
non-abelian

Quantum Chromo Dynamics
QCD
gluons 8¢  gauge field quanta: gluons 8,

SU(3) colour C
non-abelian
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* chromodynamic splitting

g —" 9= 7 ﬁg/<
* order by diagram (asymptotic freedom)
- exponentiation in summation /
- leading log (asInGR) & \%\%
- next-to-leading log m

» colour factors: ggg =9/, 999

> low scale (large distance) og large |
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* factorisation: hadronic salvation!

- -s’rruc‘rure & interaction ?
gauge theory _‘m@)

N

T 46 (1255, Q)

QED QFD QCD ‘ fEiB(mzaQE]

do(z1, x2, QE) = qu(iI?u Qz) ® dé (1 x2s, Qz) X fz;B('J’zan

4-momentum? P

- universal structure 7, which evolves with ¥
- f,p non-perturbative, presently incalculable

° experiment < theory
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* QFD vertices

Z W
vZ W 4
eVdyg LR
-abeli
R Syzw self-couplings
Wy Z

* order by diagram (a small)
- precision perturbative convergence

- precision experimental verification (LEP)
- theory drives experiment



° Neutral Current
ep >eX =
et — N
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y £ g

* Charged Current

ep—>vX
Prmiss (NO Iep‘ron*‘)

Z B 4




John Dainton CCfI\<SO7f
. ockcroft
september —— How we do learn with data | e

° build Standard Model template for experiment
- QCD phenomenology

- hadron structure+dynamics
locti ﬁ hadronic synthesis
selection pQCD evolution A
: of oo
- QFD dynamics *Y;e;o@“%Zc\O
l v d s couplings ot

space-like propagator
° identify anomalies

* pp (TeVatron) — quark/gluon+quark/gluon 10-18 m
* ep (HERA) — lepton+quark 10-18 m:
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lepton+quark?

electron
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= Dirac Quarks and Leptons

* angular dependence - (¥ dependence
*inclusive NC ep—>eX <

R q — SMep NC (CTEQSD)

> S NC % H1 e"p NC 94-00 prelim.
U — B i
S 10 = ® A HlepNC
2 = s, 1 / O ZEUS e'p NC 99-00 prelim.
o 1 L s Q“ O ZEUS ¢p NC 98-99 prelim.
}/ Z % = A .-~ SM ¢*p NC (CTEQSD)
=) a1k
7 10 =

10 =
3l
10
0‘ ~N 1 / — % H1e'p CC 94-00 prelim.
Q4 10 4 ;_ A HlepCC
= O ZEUSe'p CC 99-00 prelim.
10 -5 - ©° ZEUS ep CC 98-99 prelim.
b = --- SMe'p CC (CTEQSD)
RUTherford eq 6 — SMepCC (CTEQSD)
- : 10 =
= Dirac quarks -

— 1.‘7 | | ||||||‘ |||||||
= S : T @ Gev) v’
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The Data speak:
Dirac Quarks and Leptons
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* angular dependence - Qz dependence

*inclusive CC ep— X 3

do/dQ’ (pb/GeV

0~ (Q2+MW)2

G'point-like" < 104 GeV2 | -
= Fermi B-interaction
Rutherford eq
> 104 GeV>?

10

10

-6

-7

[ FTT

% H1 e'p NC 94-00 prelim.

A HlepNC

O ZEUS e'p NC 99-00 prelim.
O ZEUS e'p NC 98-99 prelim.
== SMe'p NC (CTEQ5D)
W, — SMepNC (CTEQSD)

|||||| | [ |||I‘ | IIIIIII‘ I |||||||‘

[
r
'
1
1
el
]
1
[
1
s
[
]
'
[
t
'
=

* H1e'p CC 94-00 prelim.
A HlepCC
O ZEUS e'p CC 99-00 prelim.
O ZEUS ep CC 98-99 prelim.
-- SMe'p CC (CTEQS5D)
— SMe'p CC (CTEQSD)

M

| Illlllli | ||||1|I‘ I ||I|[||‘ [ |||||I|‘ | I

y<0.9

| |||]|||‘ | ||||||||

@ (GeVv?) 10’
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- chirality @ 10-18 m

=]
<

Polarization [% |

s
(]
T

20

74

<‘\E

S.

7t Transverse Polarimeter

4o Longitudinal Polarimeter

WW

/

W&wwww %

Gec (PD)

SM Chirality |

° CC gy probe: y (v, +a,y°)u, (R)L (anti)fermions ?

Charged Current e'p Scattering

CASOQ7
Cockcroft
Institute

30
20

10

e’p - VX
® H1 Data
SM (H1 PDF 2000)

—— Linear Fit i

Q%> 400 GeV?
y<0.9
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°* EW unification
@ TVB scale

%* H1 e'p NC 94-00 prelim.
A HlepNC
O
0

[ FTT

[y
[—]

ZEUS e"p NC 99-00 prelim.

ZEUS e'p NC 98-99 prelim.
- SMe'p NC (CTEQ5D)

SM ep NC (CTEQ5D)

fo—
(—]

J/ do/dQ? (pb/GeV?)

CD
MmN

Z q 10

W
| ||IIIII‘ [ IIIIIII‘ | |||||||‘ | Illllll‘ | |||||||| K |||I‘ [ IIIIIII‘ I |||||||‘

10
% H1 e"p CC 94-00 prelim.
4 | % 0L A HIeEpCC
e— / O ZEUS e'p CC 99-00 prelim.
-5 O ZEUS ep CC 98-99 prelim.
RL \ 10 r =
- e*p CC (CTEQ5D)
CC W \ q 6= — SMepCC (CTEQ5D)
\ 10
/ y<0.9
10-7 | | IIJIII‘ | |||||||
3 4
10 10

°a triumph of @O"‘ science Q* (GeV?)
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ot e
® QED @ few GeV . fq

® @ few GeV i/‘/¢
Fermi constant & cC R

® EW unification @ e
4

e
MWNMZN 100 GeV
- EW=(QED+p) NC 7
- EW gauge theory v
- hew structure e \/
- hew gauge bosons
- Fermi constant &= g/M 2 )




e Grand(er) Unification 2 I cocero
» short distance structure of SM — new physics
— unification: [(QED+p)+QCD] @ 1016 GeV
- 2007 a @ 10-? N
- 2007 6 @ 10-°
- 2007 6 @ 0.1% 5;1
- 2007 ag @ 1-2%

- LHC + detector
— Qg @ few Yoo
— new physics
k precision + discovery
beyond SM Q [GeV]

* {[(QED+pP)+QCD]+gravity} @ 101° GeV ?

fine structure

coupling-1

N
&)
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_f:l *=0000050.i =21 o HIl'p high Q?
n" " & niob aBe i x:D.Enoo:nac.,]:.g_o
° proton = uud + "sea” + 1% R0 Foer? o s Heiael)
:G T x=000032,i =17 o Hle'p low Q

5 E x=0.00050,i = 16
o =0 Li=

it L _ 96197
e— o F? 1:0.C0380.1:.15
ccoaoo a-ore oe Do & BCDI\&IS
104 Doo°°° g x=0.0020,i = 13
2+ ocoqw oo ot x=010032,i=12 F (x QZ)
i b oo ees X=000N0.i=11 2
3L ” goo o™ es  x=00020.i=10

10 =] - oo eet
go0 .
wasa x=0013,i=9
a ODDD e ...-
2 o BGD.I.....‘II x=0020,i=8§ x
3 o)
2 . .
2 10 : 5 pooeesetasse, e x==0032,i=7
oo
y = Goeeembatig g . x=0050,i=6
10 Adbs SOBL EGh e sat BEatang B & x=0080,1=5
BAAARL AL b .....c,lo.. 0t | x=013,i=4
): LLAANABRES RN Oy L LR . 0+ x=O18.i=3
;
1 £ Stansent,, . 3 |1:035‘1:2
i 1
“"‘Qmﬂnugh. .o

Y " -I.... - ¥ ‘ | £=040.i=1
-1 * ’
: 10 :
we“$ . I

0

*DGLAP — excellent fit e

10

10 - -
as(M2) = 0.115040.0017(exp.) T5 oo0s (model) @& (GeV?)
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H1 Parton Distnbutions
DH 1: l:li_._ 1:. 8L,
¢ pdf pC(l"C(meTr'ISC(TIOHS '3'-75?\35 V5 03 ;‘x‘&x H1 preliminary
- leading valence wud @’ \ W,
- Grge Sea q q— ':'l_. :;_._.___ ........... : |E e e TEre "
\ M“‘H_ : ,
-large g (3 momm) o e Wb
- @ fGCTOP'SGTlon 10 10 12 10 Tf- 10 10 10 ].I'T'l _é.
. ot ; Prel. H1 2002 FDF Fit
SCGIZ (her'e 4 Gevz) 5 EﬂmHHgEDt:Tf@u
el el i
. R Fit o H1 data
® NLO DGLAP NCD OK D: . sl ---...-.Ix'.‘n-._..;.. centtal valos
o o> 1w~ 1o 1 @ = 4 Gevz

G matter is chromodynamic field en

X

ergy =

gluons
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6. Discovery
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° new eg physics - leptoquarks . e
'_g ' ll_l Hildata,y_>01 e Hidata,y_>y_, |
fg_ 10 . isM,y_>0.1 — SM with uncertainty
_,g ] e }'gr)S‘::c;iérongmImd 7/ Z q

—
[=]

[
=y
T T

e 'l r[ .—;"i i

75 100 125 150 175 200 225 250 275 + LQ
M, (GeV)

iy
=]

experiment #1
1992-1996 37 pb-1

* SM theory <> experiment | g
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° new eg physics - leptoquarks . e
% o data,y_>0.1 e H1data, ye}ycml
E_w :E SM, y, >0.1 — $M>u;ith uncertainty
<9 g
- 3 102::_-.- g

"y
Q

[
-y
LIV Y N L B Y

experiment #2
1999-2000 81 pb

= ol P i - g - A =
S IR U I |

R | . .| . AT e U | ) |
75 100 125 150 175 200 225 25D 275 + LQ
M, (GeV)

—
=]

* SM theory <> experiment | g
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1990s Example: Leptoquarks? |

* new eg physics - 1992-2000 120 pb-1

e

10°

10

1||||1||r|11|r||1||r

150

* Hidata

= SM with
uncertainty

200 250
Mass (GeV)

-
=
-+
k=

102

10

e

* HI data

= SM with =
Lncertainty -

11 II.IIJI

200 250

CASOQ7
Cockcroft
Institute

* SM theory <> experiment
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e large Q < small farget X5 4
O TV

&t
Rutherford datag_  © Y Z
g

S

: s L -
scatterin S
g9 SM g/ 8 \q
3 --_I--.I-I-II..II |--|- |F|-||-.':I-----:---:-l'I % 3 L 1 I ||ll|| L I |.]||I|I
“% "~ Compositeness: VV b [ Compositeness: VV 4
3, | © Hidata 3, [ e Hidata
9 | — A =38TeV 8 | — A =53TeV
- VR +_ . SR R — + _ ;
o 2} A" =33TeV 5 2} A =5.1TeV ;
o o :
O 5] k
e - = E
] - __.":
1= 1 ewe-togologaria--r"" +'
ep = e'p ‘ N\
Neutral Current - Neutral Current
- Vs=318 GeV - 4/s=318 GeV
D . L L II..II 1 1 1 III.II . L L 1 L L ||ll|| '] L L |||I|I
3 4 D 3 3
10 L) 10 10
Q? (GeV?) Q2 (Geva}

* theory driven - data limited !
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Event muon 32 |

y hlgh Pr IZPTOHS P = 39GeV, P¥ = 27GeV, P = 42 GeV
- striking signature

ep— (e ,UXfT

- anomalous
ep— (e) eX;Z-LT .
- @@= 0

- <1 event/7 pb-1>

H1

° signature of new physics
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* high pr leptons
- striking signature

ep > (e) :UXfT

- anomalous
ep— (e) e XfT

- QZ > O-t
- <1 event/7 pb-1>

*SM Wproduction e
NLO QCD/EW calculation® .

1 i’ 1q i’

)
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* high pr leptons

- N, =18
. : = N2 (048252 o LA
= s’rr'lkmg sugna’rure Emz = ) sﬂi&fﬁmesm
----- EPVEC
ep— (e) uX fT 0
- anomalous

ep— (e) eX;Z-LT
- QZ > O-t
- <1 event/7 pb-1> iy

40 50 60 70 80

PX/GeV

*"excess" pr > 25 GeV
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* high p; leptons
ep—> (e) eX %—
Eleciron Data | SM expectation 11 Cther SM processes
PY>00CGV || 10 | 792+188 [ 608 +1.83 183 +043
P > 120GV TGS 2.11 + 063 046 +0.16
Pf >25GeVy 4+ |-@i5P033\| 105 £032 024 +0.11
Pr > 40GeV\{ @717041+012 J|| 040+ 0.12 001 + 0.01
ep—> (e)uX fr
MMuon Data | SM expectalion W Ciher SM processes
PY¥ =120V [ & 2.11 + 063 046 4 027
P =25 GeV 129 1 039 025 +0.13
PR o= 40 GeV 053 +0.16 0Dns 4 0.03

* SM theory <> experiment |
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7. Onwards

Many ILC and CLIC slides courtesy J-P Delahaye (CERN)
Auger results courtesy Alan Watson (Leeds)
CERN Atlas website
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e high energy quarks and gluons

7+7 TeV pp
CERN
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the next step

e putting 14 TeV energy and quarks together @ LHC
- underlying partons
at large momentum

- TeV scale physics ?

2007 |

large energy transfer
large scattering angle




John Dainton C’jl\(507
Cockcro
Seg;)eg;ber ATLAS Gnd CMS @ LHC | Ins‘ri‘ru‘rfeT

* a hew energy scale - a new scale of expemmen’r

- huge pp luminosity
- rad-hard detectors et el % =
- sophisticated triggers WA=l gey =
- huge data rate: A = oS
- /500,000 €vents wanted ==

data ?
+

SM theory <> experiment == discovery |
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e exciting the vacuum @ TeV energy

e v
_2__<\\ 7
. H ‘<
e
g

® measuring the new physics
- precision
- chromodynamics from the vacuum

® TeV?
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e energy frontier ete- @ 500 GeV
- energy + bend
= radiation Xrings

- e*e linear acceleration
— linear collider — single pass

- challenging technology 500 GeV
luminosity — sub-micron beam
many sc cavities (world industry) (.. o |
al/working flawlessly @ 31 MV/m™ | sz &)
— 250 GeV in 15 km |

® Where? When? (from 2011?) With what? (>$7 bn)
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560 x RF unit: i
- 1 bouncer-type modulator
- 1 multibeam klystron

(10 MW, 1.6 ms)
- 3 cryostats (9+8+9=26 cavities) =i
- 1 central quadrupole ‘

eryemodule conne ction eryomodule conneclien

el | \'ﬁ‘ 'F‘H'F‘ [F/ | - I

........
-----

%ﬂﬁmﬁﬁmwmﬁﬁ
T I

eryamadi &

e 1680 cryomodules

® 14,560 SCRF CC(ViTieS Bouncer Modulator po—
socket assembly

1:12 Pulse Trans
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e high acceleration gradient: > 100 MV/m

“Compact Linear Collider”
- total length < 50 km @ 3 TeV & =
- hormal conducting
- high frequency
- hovel 2-beam acceleration || = |
- simple tunnel: passive elements
- m@Ddular staged energy upgrade"’*

< 1 45 m diameter

QUAD POWER EXTRACTION

STRUCTURE

" drive beam - 95 A, 300 ns
— - 2.4 GeV to 240 MeV

~.12 GHz — 140 MW

ACCELERATING
STRUCTURES

‘ main beam: 1 A, 200 ns
9 GeV to 1. 5 TeV
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* /

l-.f (]
N ‘ _' N P,

"

F ]
-\.

=

Dr|ve beam line
-

N
w A .
N,
% #

Ra'\
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® the cosmic accelerator to 1012 GeV (« 101° GeV cm |)

® southern Pierre Auger Observatory
- 1600 water Cerencgov
- fluorescence telescopes

- radio detection
- 3000 km?

® northern Utah ?
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® the cosmic accelerator @ 1010 +o0 1012 GeV
how to interpret ?

dN/ g ~ E-3 £« 10106 GeV

dN/dEéE’.nE>1010.666V24_5_IIIIIIIIIIIIII ||||||||_
o S [ w
: © ankle
GZK steepening ? b
py > A — pmr 5
Lemp@27kK £,
/7V: 023 meV Q [ ——— Mixed Uniform 2.2 1077V
ey | - Mixed Uniform 2.2 10%'eV
: S | ——, Fitin
galaCTIC Sourlce? —‘ES |||||||||g|||||||||||||||
18 18.5 13 19.5 20

galactic mechanism ? log(E [eV])
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8. Conclusion

With thanx to very many, too many to namel
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® we are on the threshold of a revolution in physics:
the LHC (TeV) energy scale

® theoretical expectations are high

® experimental hints are numerous

® experimental challenges are huge and varied

® any significant observation will be a discovery

® theory <> experiment essential (and soon very hotl)
® technologies for further steps not yet established
® already a glint beyond TeV with cosmos
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2007 "Rutherford” 2007 Fstiue

"It would be of great scientific interest if it were
possible in scientific experiments to have a supply of
electrons and protons in general, of which the
individual energy of motion is greater even than

7 TeV. This would open up an extraordinarily
interesting field of investigation which could not fail
to give us information of great value, not only in the
constitution, evolution and stability of the Universe,
but in many other directions.”

with thanks, appreciation, and apologies, to Lord Rutherford PRS
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e Why three types of quarks and leptons of each
charge ?

o Is there some pattern to their masses ?

e Are quarks and leptons fundamental ?
If not, do they have substructure ?

e What is mass?

o Are there new particles and forces at
higher-energy ?
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