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What we’ve dared ask...

...and attempted to answer

How does Nature behave at its most
fundamental level ¢

What are the elementary building blocks of all
matter ¥

¢ How do they interact with each other ¢

Q@ How is this connected to the evolution of the

Universe ¢

@ Can all this be described simply ?
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Some remarkable answers




Some remarkable answers

ELEMENTARY
PARTICLES
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of Mat

anti-particles too !



Some remarkable answers

Discovered in:

® Radioactivity

® Cosmic Rays
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The paricle drawmgs are simple arlistic representations



This is how they rea,lly look like
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The SM Equations
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“BElementary” calculations

Relativistic Quantuwm Field Theory

Remarkable description of Nature
ki Remarkable predictive power
e Iterative consistency with
popl i

W experimental data

. e (p")
( Still, some pieces are ad-hoc

vl Missing description of Gravity
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initial state final state

force carrier



Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

-l

The Standard Model summarizes the current knowledge in Particle §
theory of weak and electromagnetic interactions (electroweak).

matter constituents

FERMIONS spin = 1/2, 3/2, 5/2, ...
~Leptons spin=12  Quarks spin=12
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Spin is the intrinsic angular momentum of particles. Spin is given in units of h, which is the

0.106 €
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tau
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Size

Structure within

the Atom
Quark

Size < 10719m

Atom

10°"%m

Electron
Size < 10" 8 m

Neutron
and
Proton
Size = 10> m

quantum unit of angular momentum, where h = h/2r = 6.58x10725 GeV s = 1.05x10734 J s,

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.

uantum chromodynamics or QCD) and the unified
even though not part of the “Standard Model.”

force carriers
spin=0, 1, 2, ...

BOSONS

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~'® coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc?), where 1 GeV = 102 eV = 1.60x107' joule. The mass of the proton is 0.938 GeV/c?
=1.67x10727 kq.

hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qq and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

proton

anti-
proton

10—41
10-4
10—36

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or — charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 2%, v, and M = ¢C, but not
K9 = ds) are their own antiparticles.

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.

Quarks, Leptons Electrically charged Quarks, Gluons

: idual
Electric Charge | Color Charge
Graviton + 0
0

.8

An electron and positron

(antielectron) colliding at high energy can
annihilate to produce B® and B mesons
via a virtual Z boson or a virtual photon.

Hadrons

wt ud +1 0

K~ -1 0.494

0.140

Not applicable o
to quarks p d 0.770

Not applicable

0
to hadrons 20 B db 5.279

N cC 2.980

The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

4.
hadrons /

u
\ quarks &
/ gluons

This chart has been made possible by the generous support of:
U.S. Department of Energy

U.S. National Science Foundation

Lawrence Berkeley National Laboratory

Stanford Linear Accelerator Center

American Physical Society, Division of Particles and Fields

BURLE INDUSTRIES, INC.

Contemporary Physics Education Project. CPEP is a non-profit organiza-

hadrons = -

hadrons \
ZO

Two protons colliding at high energy can ©2000

produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.

tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
materials, hands-on classroom activities, and workshops) see:

http://CPEPweb.org



Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

uantum chromodynamics or QCD) and the unified

The Standard Model summarizes the current knowledge in Particle §

theory of weak and electromagnetic interactions (electroweak).
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Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 2%, v, and M = ¢C, but not
K9 = ds) are their own antiparticles.

Figures

These diagrams are an artist's conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.
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The Role of Particle Accelerators

10000

# of publications in particle physics per year l
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1950 1970 990

Publication Year |

The advent of the era of accelerators: a ‘game changer” - as they say...

and collaborators,
and many others...

E Lawrence John Cockcroft R. Van de Graaff



# prizes

The Standard Model:

Some recognition

Near 30 Nobel Prizes given to Particle Physics in the last 100 yrs

Substructure, quarks, leptons, antimatter, force carriers, symmetries, theory,
instrumentation & accelerator work

25 |
20 |
15 |

10 |

1960 1980 2000
year
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The First Cyclotron - L
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“BE-volution” of
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Mass (giga-electron-volts)

BUT major puzzles: particle masses

L]

O o

o orders of magnitude span for quarks
Top quark as heavy as a gold atom
Neutrinos nearly massless

Force carriers have either zero or
very larger masses

G={> units: c=1 =>m=E protonis 1l GeV

FERMIONS BOSONS
First Second Third \
10° Generation Generation Generation
Top quark Higgs
4 |
102 105 ° . b °
W
10! Bottom quark
Charm quark
Q v
10 @ .
o Strange quark proton
10'1 »
Muon
Down quark
o L@
o Up quark
10~ |
Electron
10
e s o Ten o e SMASSIESS
10-10 BOSONS
Muon-
neutrino Tau- ! Photon
10t Electron- neutrino
neutrino @ civon
10°%
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Mass (giga-electron-volts)

BUT major puzzles: particle masses
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w00 Another puzzle:
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Dark Matter: a ~—

Gralaxies rotation
incongistent with
visible mass

Physics [particles] beyond

Dark Energdy: the Standard Model !

The expansion of
the Universe is
accelerating




A whole new set of deep questions

Why & generations of particles ¢

Why the [huge] difference in particle masses %
Are all the forces one ?

Where is all the anti-matter ©

What are dark matter and dark energy

How does gravity fit in ¢
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Theorists at work

[hesitate to say “to the rescue”]

SUPERSTRING \ g Frand suts)

@ Strings M-theory heterotid) niéeation

0(r0),
Gaﬂolonony EgxEp g (':\,‘\‘E;j

Q@ Supersymmetry

Q@ Extended gauge theories

Q@ Multi-Higgs, vitte miggs, Higgs-less
@ Technicolor, topcolor

@ Compositeness

Q@ Extra dimensions

@ Hidden Valleys

Q..

& All of which predict new particles to be discovered
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Theorists at work
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& All of which predict new particles to be discovered
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ExX: SuperSymmetry

Standard particles SUSY particles

. Force particles Squarks Q Sleptons 0 SUSY force
particles

Double the fun !
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Ex: SuperStrings

Particles are not structureless points but [tiny]
stings. Different particles types can be
manifested as different vibration modes

Potential to explain much (all ?)

» Particle spectrum

* A single interaction

* Implies SUSY and

» contains other objects "branes” e
could even explain gravity |

* Has evolved into "M-theory”
But... the equations have many solutions
corresponding to different Universes
The challenge is to find the solution to our Universe...




Adventures in Collider-land




Particle

accelerator J\k

Accelerators are
discovery machines !

par‘hbks behaves ke -wave.s

\/\/\MIU




A simple idea:

* Accelerate charged
particles in an electric
field

* Keep them in orbit
using magnets

* Collide them against
each other or a target

Colliders

Of course...

It’s not that simple
to build
Multi TeV / high
intensity machines
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At the collision point

Discoveries !




History of the Llniverse

Key:
g quark @ e star

g gluon @‘. baryon
- |
€ electron @® ion ¥ ’ galaxy

mnuon tau Black
N neutrino @ atom ’ 5
hole

Particle Data Group, LBNL, (© 2000. Supported by DOE and NSF



At the collision point Final

Transition probability

Depends on all the laws
of particle physics

‘quantum dice”

Detectors



At the collision point Final
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Energy ==> Discoveries

10 ——
—+ Accelerators
P X | | —@— electron +LHC
> 10 T - hadron T
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=1 :: Tevatron unknown
> il
o0 SppS LEPII [ © tquark
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EVENTS /725 MeV

Some Good Old Particle Discoveries at Accelerators

EVENT 2058. 1279.

W-boson 1983
@SPS-CERN

e

X 69576

Charm (I/psi) 1974

EEES S8 - Bl

Topquark-jagers \
-4 eindigen ex aequo
== N

-

=it The Top 1999
/

CSetiacy)

@Tevatron

@ALS/SPEAR

242 Evonfsq: »
- - !
v TheTau 1975
I B2 At normal current w1 B 32 EEEEE 1 i i s | @sPEAK
g 1§ < d
60+ [J-10% current i i 5 0 2R 2
T : !,1 )v' , l’ ‘WVﬂ??d
{ B !
s[ : |
N i { 8 S|
o o lelecel
i ; I i K: i
= T =t T+ L
I H %‘;L d 1 On th.is page of his logbook,
f = N {~{i=—f-Pertplotted the curves you'd

R8

~{-——r-expectifor a threée-body decay
and-two different kinds of
| —+two-bolly Hetays. Wiien he
| lpoked atwhere his data peints+
| fell, he was convinced that
he’d found what he sought—
e l —three-body decay indicating
t evidence lof the tau lepton.
Despite thel discovery, Perl's
dream.is,/in some sense,'as
T 1l remote as ever. Why-there are
\ three charded-teptons; and
L what-determines the ratio
{  of their masses, are questions
still to be answered.




FOCHS ON

Fermilab’s Tevatron | |
Proton-antiproton collider

Ecm = 1.96 TeV

10 million collisions/sec

« Two multi-purpose particle /-
detectors: CDF and D@ -

 FHirst collisions on October '
13, 1985 - at CDF

, S Proton-proton collider
ey N Ecm = 7=>14 TeV

« goal: 1 billion collisions/sec

 Two multi-purpose particle
detectors: CMS and ATLAS

 Two specialized detectors:
LHCb and ALICE
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28 Nominal LHC Parameters Compared to Tevatron

Parameter Tevatron “nominal” LHC
Circumference 6.28 km (2*Pl) 27 km
Beam Energy 980 GeV 7/ TeV
Number of bunches 36 2808
Protons/bunch 275x10° 115x10°
pBar/bunch 80x10°
Stored beam energy 1.6 + .5 MJ 366+366 MJ*
Peak luminosity 4x1032 cm2s? 1.0x1034 cm2s”
Main Dipoles 780 1232
Bend Field 42T 8.3T
Main Quadrupoles ~200 ~600

Operating temperature

4.2 K (liquid He)

1.9K (superfluid He)

—

1.0x1034 cm2s-1 ~ 50 fb-1/yr

*2.1 MJ = “stick of dynamite” = very scary numbers

Eric Prebys - LHC Talk, CMSDAS 1/25/2011
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00 . @® Hadron Collisions

hadrons = composite particles:

- mesons = made of a quark & antiquark
- baryons = made of 3 quarks

- also glupns ba,nd more stuff

protons are 3-quark baryons

Collisions are between “partons™

W ps ~Q

31



Parton Density Function of proton [Q°=(10 GeV)®]
CTEQOL

)
—~—

Parton-parton collisions:

CM energy is smaller than
the proton-proton CM energy

At a fixed hadron collider energy:
More luminosity buys you more
chances of collisions at the

highest-energies

X = fraction of proton momentum taken by each parton

32



How many can we find of each?

Nobserved .
topevents

o(pp—ott)-L-€

¢ = BR- Acceptance - Efficiencies

Detectors &
Soo— Experimental Analysis

0(pp—tt)~ "cross-section” ~ probability
nits: 1 barn = 102 cm?

Integrated luminosity »
Accelerator Junits = fb-1

— J,, =instantaneous luminosity [beam intensity]
L J.‘ZD >dt Units = 10%= cm=s!
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Nobserved .
topevents

o(pp—1tt)-L-¢|| A jump in Energy helps

|

108 1 109
I I
B Otor — 1 K
i = ; : 7 -
10 Tevatron | LHC Lt (3) @ TevatrOn
fee : T — e 1
105 |- /5/:/: 105 g Top quarks/10'° collisions
O‘b I | ™M
- | ™
. | § o Higgs/10'1-10"2 collisions
0 108 |- - : 102 ‘I_l'
= : I ‘
- S ==
10 W H [
o 10 o, — 1 10" S
> - : . O
i | ()
il 1011 | 101 &
-y 10-3|- oTop : 10-3 q>)
[=) ' : LLI
S W i |
e 10-5}- cHiggs (ml-l': 15009\/) i : ' 10_5
3 ~ Ohiiggs (M = 500GeV)) Lo
4107 ' ' 107
Nl 0.1 10
S

1
Ecm [TeV] Energy




Nobserved
top events

Number of bunches

Luminosity is paramount %

Bunch population

beam size

416 °
Transverse / /

Geometric factor,
related to crossing angle.

39

Symbol | Quantity Affected by

N, Number of particles per | Injector chain
bunch

n, Number of bunches Limited by electron

cloud effect

Revolution Frequency |Property of LHC

& Normalized emittance |Injector chain

B* Beta function value at | Interaction region
Interaction Point (IP) focusing system

F Reduction factor due to | Beam separation

crossing angle

schemes




And nothing wrong with
having awesome detectors

SILICON TRACKER
Pixels (100 x 150 um?)
~1m*  ~66M channels

Microstrips (80-180um)

N —g(pp—tt)-L-€

topevents

pin(e, G ~200m? ~9.6M channels
Tracker . gﬂ%% g%gr(gg%msnc
raCKel —_—— . W
ECAL Hi!:\/"-\\ ~76k scintillating PBWO, crystals
Solenoid ¥ S\
-t g'\ AN PRESHOWER
Steel Yoke ——t] _~ Silicon shrips
Al A . ~16m? ~137k channels
AWnILICN IS ~ ‘. L
STEEL RETURN YOKE

~13000 lonnes

SUPERCONDUCTING /
SOLENOID
Nioblum-titanium coul .
carrying ~18000 A Yy FORWARD
: CALORIMETER
L Steel + quartz fibres
HADRON CALORIMETER (HCAL) ~2 channels
Total weight : 14000 tonnes Brass + plastic scintillator \ ’ MUON CHRAMBERS
Overall diameter :150m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T
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And nothing wrong with
having awesome detectors

SILICON TRACKER
Pixels (100 x 150 .llmk')
~im*  ~66M channels

Microstrips {(80-180um)

N —g(pp—tt)-L-€

topevents

[.)i»(e, g ~200m? ~9.6M channels
g PO G CRYSTAL ELECTROMAGNETIC
| rackel CALORIMETER (ECAL)
EC A " ~76k scintillating PbWO, crystals
HCAL
SOlenOId PRESHOWER
~ Silicon strips

~16m¢ ~137k channels

Steel Yoke

WL IS

STEEL RETURN YOKE
~13000 tonnes

SUPERCONDUCTING |

SOLENOID
Nioblum-titanium codl
carrying ~18000 A ! FORWARD
CALORIMETER
yd Steel + quanz fibres
i - ~2k channels
HADRON CALORIMETER (HCAL)
Total weight : 14000 tonnes Brass + plastic scintillator ) MUOHN CHAMBERS
Overall diameter :150m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T
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To catch and measure it all...

[ I T T I I | I
Oom im 2m im 4am 5m 6m m
Key:
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The Tevatron: A Storied Odyssey

Discoveries
New elementary particles

New composite particles
Rare SM processes
Subtle behavior

® New research areas

® Precision measurements
@ Tests for New Physics
® Hunting down the Higgs

October £010: &5th Anniversary of the first collisions !




&5 year Luminosity Evolution s

A 7 orders of magnitude tour de force

r

Tev Collider Luminosity
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&9 year Luminosity Evolution

A 7 orders of magnitude tour de force

r

Tev Collider Luminosity
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A Luminosity story

In many ways - even at fixed E - hadron colliders '

are a nearly inexhaustible source of physies I

Hints...
7 _‘4
4 Tighter H exclusions !
6 — Higgs exclusions'!
di-mu asymmetry

tighter NP exclusions

Integrated luminosity (fh1)

5 CPV in Bs
single top discovery rare Bs decays
4 diboson channels
Y(4140) evidence / ,
3 Q (R— NP exclusions
Bs - CD CD b
Y4
J Charm-mixing o
Wz Z+b

1 Bs-mixing | z“b '

L exclusive charm

top discovery 0 exclusive ee/GG
. . | | I T

EYOA  FYO5  FYO6  FYO7  FYOS  FY09  FYI0  FYII
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Diggins...

Q :
C109_§'
O :
g'loe?
7 B
»n10 4
@

™~
G 1074

510°

3
=
-

(&) 3

-

3 10% 4
@]

= 3§
0‘10?
10° 4

-
-
-

104

Jets ‘
. 3 : :

Heavy Flavor
-

O
" N

Wg zg

~ ~9 orders .
- of magnitude!

Tevatron Run Il, pp at\'s = 1.96 TeV

- WW. tt;
8 o Wz Top

Singéle
o

Physics?

- zz
ﬁ 1T-Hig§s ew

Jots "le:ayy’zl 2 W 5 wy i

Szt 2 Haye

M,=160

41



Digginsg...
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http://www.fnal.gov/pub/presspass/press_releases

Phgsicists Discover Top Quark (1995)

CDF Results Raise Questions on Quark Structure (1996)

Collider Run Il Begins at Fermilab (2001)

Fermilab Results Change Higgs Mass Estimate 2004)

What HaPPenecl to the Antimatter? Fermilab's DZero E‘xperiment Finds

Clues in Quick—-Change Meson (2006)

Fermilab's CDF scientists make it official: Theg have discovered the

quick»-change behavior of the B-sub-s meson, which switches between

matter and antimatter b, trillion times a second. (2006)

Experimenters at Fermilab discover exotic relatives of Protons and

neutrons (2006)
42



http://www.fnal.gov/pub/presspass/press_releases/

DZero finds evidence of rare singlc toP c]uar|<; Observation marks a steP

closer to Fincling Higgs boson (2006)

CDF Precision measurement of W-boson mass suggests a lighter Higgs

Par’ticle
Tevatron collider gields new results on subatomic matter, forces (2007)

Fermilab Phgsicists discover “triP|e~scooP" bargon (2007)

Back-to-Back b Baryons in Batavia (2007)

Prelude to the Higgs:
A work for two bosons in the keg of Z (2008)

Fermilab Phgsicists discover "cloublg strange” Particle (2008)
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Discoveries on the Horizon*

arXiv.org > hep-ex > arXiv:1005.2757

High Energy Physics - Experiment

Evidence for an anomalous like-sign dimuon charge asymmetry

The DO Collaboration: V.M. Abazov, et al
(Submitted on 16 May 2010)

We measure the charge asymmetry $A$ of like-sign dimuon events in 6.1 fbSA{-1}$ of $p\bar{p}$ collisions recorded with the DO detector at a center-of-mass
energy $\sqrt{s} = 1.96$ TeV at the Fermilab Tevatron collider. From $A$, we extract the like-sign dimuon charge asymmetry in semileptonic $b$-hadron
decays: $\aslb = -0.00957 \pm 0.00251 ({\rm stat}) \pm 0.00146 ({\rm syst})$. This result differs by 3.2 standard deviations from the standard model
prediction $\aslb(SM) = (-2.3A{+0.5} {-0.6}) \times 10A{-4}$ and provides first evidence of anomalous CP-violation in the mixing of neutral $B$ mesons.

Comments: Submitted to Phys. Rev. D

Subjects: High Energy Physics - Experiment (hep-ex)
Report number: Fermilab-Pub-10/114-E

Cite as: arXiv:1005.2757v1 [hep-ex]

SM
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Discoveries on the Horizon%

arXiv.org > hep-ex > arXiv:1101.0034

High Energy Physics - Experiment

Evidence for a Mass Dependent Forward-Backward Asymmetry in Top Quark Pair
Production

The CDF Collaboration: T. Aaltonen, et al
(Submitted on 30 Dec 2010)

We present a new measurement of the inclusive forward-backward t-tbar production asymmetry and its rapidity and mass dependence. The measurements
are performed with 5.3 fbA{-1} of p-pbar collisions at \sgrt{s} = 1.96 TeV, recorded with CDF Il at the Fermilab Tevatron. Significant inclusive asymmetries are
observed in the laboratory and t-tbar rest frame, and are consistent with CP conservation under interchange of t and tbar. In the t-tbar rest frame, the
asymmetry increases with the t-tbar rapidity difference, \Delta(y), and with the invariant mass M_{t-tbar} of the t-tbar system. Parton-level asymmetries are
derived in two regions of each variable, and the asymmetry is found to be most significant at large \Delta(y) and M_{t-tbar}. For M_{t-tbar} > 450 GeV/cA2,
the parton-level asymmetry in the t-tbar rest frame is AA{t-tbar} = 0.475\pm 0.114 compared to a next-to-leadinn arder NCN nradictinn af N NRR\nm
0.013.

’
x VOLUME 08
Comments: 23 pages, 18 figures, submitted to Physical Review D /’Ea /[7 FEB
Subjects: High Energy Physics - Experiment (hep-ex) VIEW CURRE
Report number: Fermilab-Pub-10-525-E

Cite as: arXiv:1101.0034v1 [hep-ex]
B

Interesting effect at the Tevatron hints at new physics
March 18, 2011 | 9:00 am

n Collider may be on the verge of

data data ccording to mounting evidence from
® A=-0.016+/-0.034 2 160 A=0.21+-0.049
~ 500 tt + bkg ~ tt + bkg
2 A = -0.0087+/-0.034 £ 140 A=-0.017+/-0.05
S [ bkg $ [ bkg f new physics through the study of a
w 400 L A =0.00073+/-0.069 120 L A =-0.024+/-0.11 discovered at the Tevatron, the top
B 100~
300 ++ C + nti-particles, anti-top quarks, are
= 80— '_+—' at the Tevatron, detectors note the
B I I eory predicts that the particles will
ey 0L l [ [ R Taeig ety abolt Fermilab's Wilson Hall in the shape of a t, the
i - symbol for the top quark.
B —— —— s = i i
100— = Zero collaboration and the CDF
N 20 l eemed to be picky 15 percent of the time. Top quarks went forward and anti-top quarks went
B ‘ C h ﬂ DF collaboration announced results with an even larger asymmetry.
3 -2 -1 0 1 2 3 0-3 -2 -1 0 1 2 3
AY=Y,-Y, aY=Y,-Y,

FIG. 12: Top: The distribution of Ay at low mass (left) and high mass (right).
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Top mass

Mass of the Top Quark
Mty 3OO 1 e ~y)
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Observation of new heavy baryons

prm—
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Searches for new particles .
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events

tt samples - keep an eye on.:

103} CDF Run 2 (4.6-fb'1) ' ' {' Obst;wed .
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3 : M tt
(0] 102} W+jets, EW
0 B QCcD
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0.01f
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theoretical prediction
Bonciani et al.
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The Higgs Hunt

Search for the Higgs Particle
Status as of the end of FY08

95% confidence level

Excluded by
Excluded by Tevatron Excluded by
LEP Experiments Experiments Indirect Measurements
100 114 120 140 160 170 180 185 200 GeV/c?

Potential Higgs mass values

Search for the Higgs Particle

Status as of March 2011
95% confidence level

Excluded by Excluded by Excluded by
LEP Experiments Tevatron Indirect Measurements

95% confidence level Experiments 95% confidence level 2 y rs ' af e r

100 114 120 140 180185 200 GeV/c?

Higgs mass values
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The Higgs Hunt

~Inv. probability vs Higgs Mass

Tevatron Run Il Preliminary, <L>=5.9 b’

e —
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0 E e uyiie, 20000 ]
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“low” mass
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o
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Most probable value: 5

1
+12.3
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>100 distinct analysls cha
T R ——— ]
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The Higgs search: a monumental effort
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Higgs reach with more Luminosity

Run 3 extension

ﬁ

End of Run 2

ﬁ

With 10 th! analyzed > 997 CL sensitivity is possible for all allowed SM masses !

Final tevatron results sometime in 2012...




The New [big] Kid in Town

The Tevalron '5[

W
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The LHC plan to conquer the World

G. Altarelli

find

The future of particle physics rests on the LHC

The LHC (with the luminositv ubgrade) has the pote
to last for 15-20 years

ntial




They sure have nice event displays |

A ZZ=> 4-mu event (CMS)



LHC’s 2010 Run

CM Energy @ 7 TeV

Integrated luminosity ~48 pb™



Amazing Physics Output !

Expect 100-200 publications from this Run

O

Detectors very well understood

O Tevatron experience in all areas well integrated

O

Enough data to validate the Standard Model

O In some cases reach for new physics surpassing the

Tevatron

Slew of new results presented at Winter Contf.

It is wonderful to see results from
these two colliders, together.
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Amazing Physics Output !
Expect 100-200 publications from this Run

O Detectors very well understood
O Tevatron experience in all areas well integrated

O Enough data to validate the Standard Model

O In some cases reach for new physics surpassing the
Tevatron

Slew of new results presented at Winter Contf.

It is wonderful to see results from
these two colliders, together.  ,5\itdy




Universality of the laws of Physics
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"ALL Feopi.e kinow the same bruth,
our lives consist of how we choose to

distort it."

W. Allen - Deconstructing Harrv

59



di-jet production At the Terascale already !

Uncharted waters

LHC Searches for New Physics-2010

Collision CM Energy up to 4 TeV'!

NoSUSY :(
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LHC enters the Higgs arena: H=>WW

CMS Preliminary, \'s =7 TeV, L =35 pb”
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Expected Higgs mass coverage (GeV) ATLAS and CMS internal and very preliminary

| _Comments | ATLAS+CMS  |ATLAS+CMS | ATLAS+CMS

Luminosity .

per expt and W\ 95% CL exclusion |30 evidence 50 discovery
1fo' 7 TeV 2011 123-550 GeV 130-450 GeV | 152-174 GeV
1fb" 8TeV 2011 (?) 120-570 127-500 150-176
2517 TeV 2011 “aggressive”  114-600 123-530 138-220

S5fb’ 7TeV 2012 (if run) 114-600 114-600 124-510
5fb' 14 TeV 2013 > 115
30 fb' 14 TeV ~2014 H> bbat4-50?

From Fabiola Gianotti

ATLAS internal
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Betting on the Higgs Observation

- ™ S N User Name [
ln l a Q . o Password [
The Prediction Market A g . A Live HelpglLogin Help

i Intrade Labs

Scientific - Higgs Boson Particle

Current Contracts

Find: Go| Observation of the Higgs Boson Particle (]
Most Traded .
Upcominc Contract BidAsk Last Vol Chge
Business €) HIGGS.BOSON.DEC11
Climate and Weather Higgs Boson Particle to be observed N 5.0/12.0 10.0 133 0
: = , on/before 31 Dec 2011
Construction & Engineering
Current Events ) HIGGS.BOSON.DEC12
Entertainment Higgs Boson Particle to be observed S 8.2/18.9 13.0 31 0
Financial on/before 31 Dec 2012
Foreign Affairs/International ﬂ HIGGS.BOSON.DEC13
Security Higgs Boson Particle to be observed .| 15.0(/29.0 15.0 80 0
Intrade.com on/before 31 Dec 2013
Legal €) HIGGS.BOSON.DEC14
Politics Higgs Boson Particle to be observed aalN 16.0/30.0 - 0 0
Real Estate on/before 31 Dec 2014
Scientific
Social and Civil @) 11GGS.BOSON.DECLS 4
e LT S Higgs Boson Particle to be observed ol 20.0/51.0 - 0 0
Technologies on/before 31 Dec 2015
Test: Company Valuation
e Mar 13 - 3:52AM GMT

Show Expired
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THE LHC SHOW CONTINUES !

New record instantaneous luminosity last night L= 2.5x1032cm-2s-1

LHC Pagel Fill: 1645 E: 3500 GeV 22-03-2011 21:58:06

PROTON PHYSICS: STABLE BEAMS
3500 GeV 2.38e+13 2.35e+13

4000

3500

Luminosity / 1e30 cm-2s-1

0
(=]

——

0

1 I U T L] 1 -
11:00 13:00 15:00 17:00 19:00 21:00

i L]

] T T T T
11:00 13:00 15:00 17:00 19:00 21:00

— ATLAS ALCE — CMS —— LH(b

Comments 22-03-2011 21:21:07 : BIS status and SMP flags
STABLE BEAMS Link Status of Beam Permits
Global Beam Permit
Setup Beam
2010 record passed !!!!
Beam Presence
Moveable Devices Allowed In

Stable Beams
AFS: 75nS_200b_194_178_188_24bpi9inj PM Status B1 ENABLED [MUBSi=IdIl:PA ENABLED

If 1033 achieved by the end of April ~1fb-! before the end of June becomes a realistic goal.
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Analyzable Luminosity, fb™
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Will more reach will finally yield New Physics ?
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In Summary

We appear to be standing at the threshold of a most thrilling
journey of discoveries and, as theories and predictions run wild,
present and upcoming experiments embark in the ultimate hunt:

tl’]C unknown

HEP has a comprehensive plan
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In Summary

We appear to be standing at the threshold of a most thrilling
journey of discoveries and, as theories and predictions run wild,
present and upcoming experiments embark in the ultimate hunt:

tl’]C unknown

Which should provide some fascinating answers
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ANSLERS THE FUTURE COLLIDERS
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"What is a thing? The question is
very old. What remains new is that
it must always be asked"”

- Martin Heidegger, What is a thing®
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BACKUP




oo

LARP

® Even with the higher luminosity, still need a lot of time to reach the
discovery potential of the LHC

Z’@6TeV
ADD X-dim@9TeV SUSY@3TeV ¢ Note: VERY
1101010 N Leverssseseemeeseeeeeeeseseseesssssssssssssmeemeeeressesessesnssssselesessessesssssssssssssnen (dated blot. lanore
Compositeness@40TeV l Ou_ plot. Ig
horizontal scale.
H(120GeV)>vy !
300 ............... nggs@zooGeV .......... l ............................ Could Conceivab/y
| = get to 3000 fb-' by
SUSY@1TeV S C
30 .................................................. E-b FZ, 2030
l 5 e
0138
v E} N
10201 11 56 100 fo-t/yr || 500 fb'/yr
fol/yr ’ y — y

< / = < > - - -
250 x Tevatron luminosity

50 x Tevatron luminosity

® Lots of new challenges between now and then!

Eric Prebys - LHC Talk, CMSDAS 1/25/2011 71



New accelerators to study the New Physics

|
4

&

Up To 500 GeV




Other discoveries

" Particles created Ay non-abelian B/ 03—-3/ oq 1nteractions
Bloginos typically are produced in a very excited state
and cith a Aigh degree of spin. &ven thowgh all Cheir
properties have not yet been delerrined, it /s commonly
agreed Chat Chey exhibit considerable ¢rutfiness. 7They
also have Che annoying ability Co propagale into extra
dimensions, acoay From the b ogosphiere, and generdde
[ot's of phone calls.” - JK

7 e B/ ogfno



International Collaborations (ex: FNAL)
Y .. R . \




Today, ~30,000 accelerators are in operation around world

Medicine

)

S

2= Fermilab

Young-Kee Kim, VIII Latin American Symposium on HEP, 6-12 Dec. 2010
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& The LHC program

® CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Constituent Center-of-Mass Energy

—  Hadron Colliders
m—  ete~ Colliders O
LHC
1TeV [— (CERN) __|
O
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S 2
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Right: The energy in the constituent
frame of electron-positron and hadron
colliders constructed (filled circles and
squares) or planned. The energy of
hadron colliders has here been derated
by factors of 6—10 in accordance with
the fact that the incident proton energy
IS shared among its quark and gluon
constituents.
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aMachine upgrade path

SHUTDOWN L,.=3000 fb-

Phase-0 : 15 months: 2012 to spring 2013 By 2030
Phase-1 : 12 months: entire 2016
Phase-2 : 18 months: end of 2019-early 2021 Phase 2
>
i Lin~300 fb- e
-
= L~5x1034
-
=
go)
o 40 y Phase 1
E Llnt 10 30fb L=1 _2)(1034
o |L—~1fb
9
E~ue=7TeV
j= cus=1/ 1€ Ecus~14TeV
Phase 0
| ~1x1032
2010 2015 2020

CMS Data Analysis School Jan. 25, 2011 78



Future of Fermilab

LHC
[ﬁl"gtm” LHC LHC Upgrades | |L.C. CLIC or
ILC?? Muon Collider
MINOS NOVA Project X
MiniBooNE MicroBooNE LBNE (LBNE, u, K,
MINERVA g-2? Mu2e nuclear, ...)
SeaQuest SeaQuest v Factory 2?
_ DM: ~100 kg DM: ~1 ton

- DE: DES DE: LSST DE: LSST
o A P. Auger WFIRST?? WFIRST??

- AUger Holometer? BigBOSS??
Now 2013 2016 2019 2022

& Fermilab

Young-Kee Kim, VIII Latin American Symposium on HEP, 6-12 Dec. 2010



Energy Budget
of the Universe

@ stars
Stars and galaxies are only ~0.5% ® barvon

@® neutrinos
Neutrinos are ~0.1—-1.5% ® dark matter
Rest of ordinary matter @ dark energy

(electrons, protons & neutrons) are 4.4%

Dark Matter 23%
Dark Energy 73% /
Anti-Matter 0%
Dark Field ~10%2%2?
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U.S. Experimental Journal Publications

Tevatron publication at ~100/year !

Experimental HEP Publications 1990-2010

2010
— BN s
250 M SLAC ShAc %
CESR 24%
2001 M ENAL Collider cLEo Colider
M FNAL Fixed Target % 6%

150

All Years FNAL

BNL
9%

Fixed
Target

100

50

CLEO FNAL
0 16% Collider

1990 1993 1996 1999 2002 2005 2008 33%

Year



®Huge, general purpose experiments: LARP
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A Large lon Collider Experiment _
(ALICE) B physics at the LHC (LHCD)

Eric Prebys - LHC Talk, CMSDAS 1/25/2011 82



Tevatron Combination

Tevatron Run II Preliminary, L < 8.2 1b™
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A4

SM Higgs of 162 < mu < 166 GeV excluded @99.5% CL I



Tevatron Physics Output §ras

Stable tools and well understood detectors and data

CDF Publication History

In 2009 about 50 journal publications/experiment/yr

About 60 Ph.D.’s / year over the last few years
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B HE-LHC

m = reached m =goals m =upgrade study
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~1 order of magnitude beyond Tevatron in stored energy
~2 orders of magnitude beyond Tevatron in energy density

®Machine protection dominates all aspects of LHC

operation.

Eric Prebys - LHC Talk, CMSDAS 1/25/2011

LARP
m = reached m =goals m =upgrade study
T lllllll L T lllllll T L} lllllll l_]
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o . Tevatron
o
RHIC
ISR
=
L L lllll 1 L lllllll L L lllllll
100 1000 10000
Beam Momentum [GeV/c]
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ochedules...

Over the years

LHC Schedule

First meetings of the proto-collaborations in 1989 ...

1991 1993 | 1994 1995 1996 1997

1990 1992

1998

1999

CERN COILLIDERS OPERATION

LHC

b m—— P - LEPF LEP H LEPE LEP LEPF o LEP mm LEP
4 n

LHC

*

MAGNETINTENSI\J ER&C

MAGNET PRODUCTION

NE INSTALLATION
—

I
ST OO Fg

e
P ’ EXPERIMENTAL HALL CONSTRUCTIGON
ionkd ﬂ’fmi qIVIL ENGINEERING INFRASTRUCTURE

DETECTDRS
DETECTOR INTENBIVER & D

LHC COMMISSIONING

LATION

C. Rubbia - Large Hadron Colhider Workshop, Sachen 1990

Figure 18 - Construction schedule of the LHC
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