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With Particle Accelerators

Wally Pacholka / AstroPics .com
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* Investigating the
particles reveals the
fundamental |
structure of the
Universe and matter
“within it

'




~90 years ago ~40 years ago Present

electron

nucleus proton

neutron
up quark

down quark

1 of human hair

100,000 thickness

\11‘ \1} \1f

10,000 10 100,000




The Nature of Matter

Could there be more quarks?
Or something smaller?

Structure within
the Atom

Quark

Size <1072 m

Electron

Nucleus :
Size < 10718 m

Size = 107" m

Neutron
and
Proton

Atom Size = 10715 m
Size = 10710m
If the protons and neutrons in this picture were 10 cm across,

then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

Atoms as we know

them today




What Holds it all Together?

Electromagnetic
Force

Gravitational
Force

| James Clerk Maxwell
Issac Newton (1831 - 1879)

(1642 - 1727)




radioactive decays

Weak Force ‘@

Enrico Fermi
(1901 - 1954)

d C,a\J

Strong Force




Four Fundamental Forces

graviton . .

Gravity
25

Gamma ray,
Photon Y

gluon

-

-

W wz

‘
2 B

Strong Nuclear Force Weak Magn rce

“Mediated” by particles called bosons!

* Graviton not discovered vet.




The Standard Model

Periodic Table of the Particles

>
(b
@ matter: fermions forces: bosons
"

(7))

(44

&

5 orders of magnitude!




The fundamental questions

« What is the nature of the

: 2 ELEMENTARY
universe and what is it PARTICLES
made of?

- What are matter, energy,
space and time?

« How did we get here and
where are we going?

Linear Collider School 2010
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At -
tiny fraction
of a second

g < B g =
billion
vears

oThere are more things I n
t han are dr eamt o(Hamlet ) y o
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The Physical World -- Matter

The physical world is EI1.EMENTARY
_composed of Quarks and Leptons P ARTICLES

Interacting via force
carriers (Gauge Bosons)

Last discovered quark & lepton

top-quark 1995

tau-neutrino 2000

26-Oct-10 Linear CoII|de|" School 2010 .
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Relations between the
constituents

Ordinary matter is made up of up and down
guarks and electrons.

What are the rest? The distinguishing feature is the
mass.

top

strange bottom
down
" ® ®
10 20

200 A500)

175.000 MeV !

The Three families only connected via weak interaction



Matter

A Three families ofQuarksand Leptons, but ratter around us
made up of only first of the three families

A At high energies, particles produced democratically, that is all
three families are produced equally.

A This was the how particles were made in the early universe,
near the time of the big bang, BUT .....

A We live in a world of particles. Where are the antiparticles?
Answer: There was apparently a near cancellation where
slightly more particles than antiparticles produced. The
reasons are unknown, but leading ideas connect to CP
violation and baryon instability.




The Forces in Nature

type rel.strength  force carriers acts on/in
Gluons g Quarks
Strong Force 1 m=0 Atomic Nucleus
Photon 2 Electric Charge
Electro-magnet ~ 1/1000 m=0 Atoms, Chemistry
Force
W, Z Bosons Leptons, Quarks
Weak Farce ~10 -5 m =80 91 GeV/ Radipactive Decays

Force Carriers (Bosons) exchange interactions pcay)




Carriers of Force

Four fundamental Forces act between Matter Particles
through Force Carriers (Gluons, W*und Z°, o2, Gr avito

,_.
o

'
—

Forces in our energy regime:
different strengths

Forces at high energies:

democraticeé. . UN

—

v.Z H1,ZEUS ep

,_.
o

— Standard Model

do/dQ’ / pb GeV

,_.
o

>Situation Immediately after 0
creation of the Universe

10 10

Q:/GeVQ



Unification

Electricity and Magnetism

Maxwell (1873) Unification of Electricity and Magnetism

Triumph of the 19" century. Led to understanding of E&M form
electromagnets to motors to modern devices like lasers

Linear Collider School 2010
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Further Unification

26-Oct-10

Electroweak

Proposed by Abdus Salam,
Glashow &
I \\einberg

Key tests at LEF

In good agreement with al

laboratory experiments

AL ILPE

Linear Collider School 2010
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Electroweak Unification

"The standard model” of electroweak interactions
(Glashow, Weinberg, Salam)

Unification of Weak and Electromagnetic Forces

e SU(2) group: "weak isospin” = isotriplet of gauge bosons

« U(1) group: "weak hypercharge” =- single gauge boson

¢ Weak isospin is quantum charge
associated with Fermi’'s charge-
carrying weak interaction

« Combination of weak isospin and
» Weak hypercharge gives electro-
weak hypercharge  magnetic interaction

26-Oct-10 Linear Collider School 2010 ”
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Electroweak Unification

Parameters of unified theory (4, 1/, , ¢') can be related
to low energy parameters (¢, ()

Let ¢ = g tan 6, ; then:

(7,
T
M
e« Theory not only predicts a new weak interaction. ..

I I'-:-;||_

« But all of its properties follow from a single parameter,
one of My, M. or o,

Linear Collider School 2010
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Experimental Proof

Discovery of the weak
neutral current (1974)

n+NA n+ Hadrons

Linear Collider School 2010
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Direct Confirmation

UAT experiment at CERN SppS collider (/s = 540 GeV)

Mw =~ 81 GeV, Mz = 91 GeV



Prediction of the Standard
— Model

efe N>20N>ff

wher e f =g .1 ,E?SE.??‘.”.(??.Q‘.JTY?..Z.',B.O,S.?.”. SN
U,a n d,dépend XN A LEP ;
on number of £ ]

w
o

(light) neutrinos

1

Number of families: 15

N
(3}

10 |
N = 2.984+- 0.008 :

5 |

Nobel Prize 2008:

Illllllllllllll

- B 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 :
Kobayashi-Maskawa) Ogs 89 90 91 92 93 94 95 96
Energie [GeV]
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LEP O Precision Tests of EW
Model

3

Measurement Fit |OMeas_Ofit) /meas
CI) ] 2
m. [GeV] 91.1875 = 0.0021 91.1874
I, [GeV] 2.4952 = 0.0023 2.4959
o4 [Nb] 41.540 + 0.037 41.478
R, 20.767 = 0.025 20.742
AL 0.01714 + 0.00095 0.01645
AP 0.1465 + 0.0032 0.1481
Ry 0.21629 = 0O.00066 0.215r79
R_ O.1721 = 0.0030 0.1723
AP 0.0992 + 0.0016 0.1038
AQ:° 0.0707 *= 0.0035 0.0742
Ay 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668
A(SLD) O0.1513 = 0.0021 O0.1481
sin“eSP'(Q,,) 0.2324 + 0.0012 0.2314
m,, [GeV] 80.399 = 0.023 80.379
I [GeV] 2.098 + 0.048 2.092
m, [GeV] 173.1 1.3 173.2
August 2009 (Ij 1 2

Linear Collider School 2010
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circumferenee
00 feet mél_ round
1600 SuperC magnetSi@ISISERESEE
Temp=2 K
10,000 MegaJoules stored energy
600,000,000 collisions per second |
at 14,000,000,000,000 eVolts




Proton beam stores 700 MegaJ oules
equiv. to 747 energy on take-off
enough to melt 1/2 ton copper







Wally Pacholka / AstroPics .com




Todayos Dbiggest g

What s beyond tthe Standar

from the Quantum Universe



Addressing the Questions

A Neutrinos

| Particle physics and astrophysics L,
weakly interacting probe

A Particle Astrophysics/Cosmology
I Dark Matter; Cosmic Microwave, etc

A High Energy pp Colliders

I Opening up a new energy frontier
1 TeV scale)

A High Energy & Colliders

I Precision Physics at the new energy
frontier

Linear Collider School 2010
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Answering the Questions
Three Complementary Probes

A Neutrinos as a Probe

| Particle physics and astrophysics using a weakly
Interacting probe

A High Energy Proton Proton Colliders
I Opening up new energy frontier (~ 1 TeV s

A High Energy Electron Positron Colliders
I Precision Physics at the new energy frontier

26-Oct-10 Linear Collider School 2010 -
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Addressing the Questions

A Neutrinos

| Particle physics and astrophysics L,
weakly interacting probe

D NPT IR
s S ¥
". X
¥ )\

0.5-1.0 TeV

Linear Collider School 2010
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Neutrinos 0 Many Questions

A Why are neutrino masses so small ?
A Are the neutrinos their own antiparticles?

A What is the separation and ordering of the masse
of the neutrinos?

A Neutrinos contribution to the dark matter?

A CP violation in neutrinos, leptogenesis, possible
role in the early universe and in understanding the
particle antiparticle asymmetry in nature?

26-Oct-10 Linear Collider School 2010 -
Lecture I-1



Solar Energy

 What is the Sun’s source of energy?

— 19th Century - Chemical reactions? (burning)
* Predicted solar lifetime too short - only 20,000 years
» Evidence on Earth for much longer duration

- 20th Century
* Einstein’s relativity E=mc?

» discovery of atomic nucleus
and nuclear reactions




Solar Energy

 What is the Sun’s source of energy?

P D Y« %p Y
e
.Y e 3He

P p @™ g

P@x <l

P

@
>

®:

3He
Y

»r

6Be
% et
D h e':“L 1

Copyright @ 1997 Canfem porary Physics Education Project.
Enough energy

for the Sun to shine

for ten billion years



Neutrinos from the Sun

Discovery: Neutrinos coming from the Sun were detected,
demonstrating the solar fusion burning process. (Davis / Koshiba
Nobel Prize)

H

Problem: The rate of neutrinos were measured totg about half
the predicted rate Conclusion: either the sun works differently than
theory or half the neutrinos disappear on their journey to the earth.

Linear Collider School 2010
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Neutrinos from the Sun

-

Photo of Sun taken
underground using
Ve M neutrinos

\ v v Subseqguent experiments at Kamioka
y mine in Japan and Sudbury mine in
N Canada demonstrated the reduced rate

was due to neutrino oscillations
nl" _ollider School 2010 42
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Neutrino Oscillations In the

Neutrinos

NSF’s proposed w1k Dakors

AN

Underground Lab.
) DUSEL

Lead. SD C

\.735 km

Whgconsin [ Michigan
N
Mllwln'ukcc O
iowa

) .
Chicago

HHinois*
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lce Cube Project

A Neutrino Astrophysia$Investigating astrophysical
sources emittina ultra high energy neutrinos

L T T T T T T T
, atmosgheric

defecas

~
UHE CR\

log,,[E*®(E)/(GeV em™ s sr™))

-9 s ~‘
TR T A S R e T T
log,,[E/GeV]
South Pole
26-Oct-10 Linear Collider School 2010 44
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Neutrinos 0 Many Questions

DAYA BAY_ | Neutrino oscillations, due to

AlEcleio s | mixing of mass eigenstates,
| have been observed in

atmospheric and solar neutrino
experiments such as Super-K
and SNO, as well as in
, KamLAND and K2K using
B prepared neutrino sources.

A In the mixing matrix of three neutrino generations two parameters have yet to
60S RSOS NJY" A Y SRY (KS 22 leyth SIEKIS W)\tEM?\EE f
YY26AYy 3 0,KGSK A TRSS ByFS ‘G KS  Fdzil dZNB RA NE
oscillation.

Linear Collider School 2010 45
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Accelerators and

Neutrinos

A Long baseline neutrino experimerg<Create
neutrinos at an accelerator or reactor and study at
long distance when they have oscillated from one
type to another.

- ; f - .1'1 ‘;'.:':. .r =
= & s * ‘ .:I 7 o '"-;‘i .’ j-; i i e 2 s % = > }___.
Y = & Super K'rmlolc:lnde 7 295'("1 JAERI
- SVE—— S A\ N 5y e L Jﬂﬁlf L e = (Tokal)
‘ O y : R R
TN / T Jok FEI A
. e O YoSo. =

. , -.- .-.«'«‘_ 'r ._ fﬂﬁﬁua | & : m m

To Super-Kamiokande W‘ \,’ L !!.-K'qsm WS .
v P $ e — 5

‘0 ak _ L8 ::-;__1{'_\;. gz

Figure 2.2: Accelerator of J-PARC. e "“? :
cc‘.nunfém T+ - A0 B i /E7E.8 kn aovosa

i
\,\: ..V.-",'




Accelerators and Neutrinos
PPARC

- A Kinematics offaxis
give a Bthat Is
almost independent

Far detector Of
n

. .ﬁam/>. A Therefore intense
o — very narrow band

Decay Volume

beam
K2K J-PARC
Kinetic Energy 12 GeV 50 GeV
Beam Intensity 6.0 < 10* ppp. 3.3 x 10" ppp.
Repetition Rate lpulse/2.2sec 1pulse/3.5sec
Beam Power 0.0052MW 0. 75MW
Spill Width 1.1 psec. (9 bunches/pulse) | ~ 5Susec. (S8bunches/pulse)

26-Oct-10 Linear Collider School 2010 .
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Addressing the Questions

A Particle Astrophysics/Cosmology
I Dark Matter; Cosmic Microwave, etc

NSz
% A y
A -~
¥ )

0.5-1.0 TeV

Linear Collider School 2010
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Dark Matter

Wh at donot

Dark Matter
Neutrinos
Dark Energy

&
Higgs Bosons !
Antimatter !

26-Oct-10 Linear Collider School 2010 4
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The Energy Budget of the Universe

Heavy Elements:
0.03%

Anti-Matter 0%
Higgs boson ?7?

Neutrinos:
0.3%

Dark Energy
Dark Matter

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:
70%

26-Oct-10 Linear Collider School 2010 -
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Dark Matter
the evidence

GM (r)
From the Kepl &acF aw,

than the luminous terms, you should have ¥2 However,
Instead, it is flat or rises slightly.

observed

This i1s the most direct IR e
evidence for dark matter. Ny SS AR Sxpected
“eg - frle T luminous disk

There are many L O -- - SN
complementary T & i
measurements at all scales R o 10 R (kpc)

Corbelli & Salucci (2000); S i M3a rotation curve
Bergstrom (2000) S




Other Dark Matter Evidence

AEvidence from a wide range of
astrophysical observations including
rotation curves, CMB, lensing, cluster
BBN, SN1a, large scale structure

Angular Scale
20

90°
T

0.5° 0.2°
T T

AEach observes dark matter through
its gravitational influence

AStill no (reliable) observations of da
matteros el ectrowea
other non-gravitational interactions)

AStill no (reliable) indications of dark
matteros particle n “}

Baryon-to-photon ratio 1),




Dark Matter Particle Candidates

Axions, Neutralinos, Gravitinos, Axinos, Kaluza

Klein Photons, KaluzaKlein Neutrinos, Heavy

Fourth Generation Neutrinos, Mirror Photons,

Mirror Nuclel, Stable States in Little Higgs

Theories, WIMPzillas, Cryptons, Sterile Neutrinos,
Sneutrinos, Light Scalars, cBalls, D-Matter, Brane
Worl d Dar k Matter, Pri mor

EVIDENCE STRONGLY FAVORS NON -
BARYONIC COLD DARK MATTER



Leading Dark Matter Candidate
Weakly Interacting Massive Particles (WIMPs)

I =]
B =
- =

—_ production .

Weakly interacting particles produced e St

thermally in the early universe

Large mass compared to standard
particles.

133139333 %

- e
% 5 9
I 3 E B

=
=
L]
=
[
a
L
[
o
=
=
=
a
=
Z
E
o
L

Due to their large mass, they are relative
sl ow moving and th
matter. o

10 100
¥x=m/T (time -)

Leading candidatedo Super sy m
Particl eso

Supersymmetric dark matter would solve one of biggest problems in
astrophysics and particle physics at the same time !



What is Supersymmetry?

Supersymmetric
Partner

Spin Spin  Spin Spin Spin Spin
1/2 1 0 0 12 1/2

Linear Collider School 2010
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AThe most theoretically appealing
extension of the Standard Model

ANatural solution to hierarchy
problem (stabilizes quadradic
divergences to Higgs mass)

Restores unification of couplings
A/ital ingredient of string theory

ANaturally provides a compelling
candidate for dark matter

g, Z

Supersymmetry

Z,h H

Partlcles

' 5 3

1‘-— 5upersynm1etnc
; 1| particl

5O — oyt ped —
MISM
Mayray= My

40

O ani) e B

W
;ﬁggﬁﬁgg

0 i1 ] ] ; £ L. ‘ i ) F 1
) & lii} L5 20

log,, (k/ GeV)

g




Searching for Dark Matter

| Underground| '
B ] Seattered E
* Direct Detection: WIMP !
Look for the elastic scattering of dark matter with nuclei -a-\'
I-wavu;l
In Space ~~ e  Neutrinos
4 * Indirect Detection:

- NSV, Photons

e Electron-Positron,
S~— Antimatter

Look for the annihilation products

‘ On Accelerator§|

Look for signals of new physics

26-Oct-10 Linear Collider School 2010 .
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Direct Detection of Relic
WIMPS

Elastic scattering of a
WIMP deposits small
amounts of energy into
recoiling nucleus

(~ few 10s of keV)

Featureless exponential
spectrum

Expected rate:
< 0.01/kg-d

Radioactive background of
most materials higher than
this rate.

WIMP Differential Event Rate

My = 100 GeV/c?
=N = 1074 em? |
Xe

Counts [#10™°/kg/keV/day]
=

0 50 100
Recoil [keV]

Linear Collider School 2010

26-Oct-10
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The o0Cryogeni c Dar
Searchd (CDMS)

'he CDMS experiments measures
the recoil energy imparted to
detector nuclei through WIMP-
nucleon collisions by employing
sensitive phonon detection
equipment coupled to arrays of
cryogenic germanium and silicon
crystals.

380w x 60_1 aluminum fins

Linear Collider School 2010
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WIMP Direct Searches

A Located at the Soudan mine in
sunny Minnesota

A A Tl

CDMS
Cryogenic
Dark Matter Search

26-Oct-10 Linear Collider School 2010 -
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Sources of Background

Gammas / X-Rays
muons AReject using additional shielding

" El?Ct[OﬂS

pIEXt ernalg0 neutron . .
0l " n/’DI x AProducegm the detectom rejected via
neutro analysis

uter Pb shield_ﬂ Neutrons

/ lcebox

scintillator

AReject by additonal scintillator veto

Cosmic Ray Muons

ADepth (2090mwe) reduces muon flux b
a factor of ~50,000

| 7 i NI ]
/ / \ \
polyethylene detectors inner Pb dilution

gugLmerator shield  RefrigerdigF (1) 61



Recent CDMS Result

oThe final exposure of our | ow

temperature Ge particle detectors at the ** I R
Soudan Underground Laboratory yielded FE U R

two candidate events, with an expected o L
background of 0.9+t 0. 2 event sz ;% R oS B
0The combi ildathplacBthES = TR N 10 U R B
strongest constraints on the WIMP e i i i e o et
nucleon spinindependent scattering cross N

section for a wide range of WIMP masses I PEca
and exclude new parameter space in % i6 2 30 4S5 e 70 30 90 10

. . R;E-mil Energy [kﬁ-"i;'r
|l nel asti ¢c dar k matter model s. O

Published Online February 11, 2010
Scient®l: 10.1126/science.1186112
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Addressing the Questions

A High Energy pp Colliders
I Opening up a new energy frontier

1 TeV scale)
» — -s-\,__,,__,. " " 2
D i Gammm
0.5-1.0 TeV
26-Oct-10 Linear Collider School 2010 -
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Break



Particle Colliders

Fixed Target Mode

Before After
B o
Froton hitting D Result: Fast moving
fixed target light particles
Collider Mode
Before After
o

oax °_ O
. @...o...
Colliding proton Possible result:

and antiproton ) Slowly moving,
very heavy particles

26-Oct-10 Linear Collider School 2010 -
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Particle Colliders

With the right timing, protons
the electric field pushes

Target Lithium Lens

the proton.
- o
o
)
R
~ M Farticle bender (magnet) antlprc‘tﬂnﬁ
Protons Antiprotons D particle pusher (RF cavity)

Collision Point

-l

Protons Lurvtil prodore

Magnet

L 3

)

Antiproton Accumulator

Focusing magnets

26-Oct-10 Linear Collider School 2010 -
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Muon Detectors Electromagnetic Calorimeters

_ JORY
Solenoid Forward Calorimeters ~ . ~ ~ -
~Y e t1 - x P
End Cap Toroid g N ——_ 1 -
-

o

3 isolated leptons
+ 2 b-jets
+ 4 jets

miss

Linear Collider School 2010
Lecture I-1

ol Inner Detector ieldi
Barrel Toroid Hadronle Calofirieters Shielding
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Exploring the Terascale
the tools

A The LHC

I It will lead the way and has large reach

I Quarkquark, quargluon and gluegluon collisions at O-:%
TeV

I Broadband initial state

A The ILC

I A second view with high precision

I Electronpositron collisions with fixed energies, adjustable
between 0.1 and 1.0 TeV

I Well defined initial state
A Together, these are our tools for the terascale

Linear Collider School 2010
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Spectrum of Supersymmetric Particles

MSSM
MSUGRA

Linear Collider School 2010
Lecture I-1

squarks and
sgluons heavy
yielding long decay
chains ending with
LSP neutrilino

69



