The Coming Revolutions in Particle Physics
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A Decade of Discovery Past

Electroweak theory — law of nature [Z, ete™, pp, YN, (9 —2),, ...]
Higgs-boson influence observed in the vacuum [EW experiments]

Neutrino flavor oscillations: v, — v;, ve — v, /Vr [V, Vatm]

Understanding QCD [heavy flavor, Z°, pp, VN, ep, lattice]

E— vV V

Discovery of top quark [pp]
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Our Picture of Matter (the revolution just past)

Pointlike (r < 10! m) quarks and leptons




Our Picture of Matter (the revolution just past)

Pointlike (r < 10! m) quarks and leptons







The World's Most Powerful Microscopes

nanonanophysics

Fermilab's Tevatron Collider & Detectors

900-GeV protons: ¢ — 586 km/h
980-GeV protons: ¢ — 495 km /h
Improvement: 91 km /h!
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- Protons, antiprotons pass n 1y window 45 000 times / second
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The World's Most Powerful Microscopes

physics
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Gauge symmetry (group-theory structure) tested in
ete” — WTW~™




Gauge symmetry (group-theory structure) tested in
ete” — WTW~™
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PRELIMINARY

YFSWW/RacoonWW
_...no ZWW vertex (Gentle)
only v, exchange (Gentle)




The Importance of the |-TeV Scale

EWV theory does not predict Higgs-boson mass
Thought experiment: conditional upper bound

W W;,z%2% HH,HZY satisfy s-wave unitarity,
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Measurement Fit

91.1875 = 0.0021  91.1874
2.4952 + 0.0023  2.4957

41.540 £ 0.037  41.477

20.767 +0.025  20.744

0.01714 = 0.00095 0.01640

0.1465 = 0.0032  0.1479

0.21629 = 0.00066 0.21585

0.1721 £0.0030  0.1722

0.0992 + 0.0016  0.1037

0.0707 = 0.0035  0.0741

0.923 + 0.020 0.935

0.670 = 0.027 0.668

A(SLD) 0.1513 £ 0.0021  0.1479
sin“07'(Q,) 0.2324 =0.0012  0.2314
m, [GeV] 80.392:0.029  80.371
r,[GeV]  2.147 +0.060 2.091

m, [GeV] 171.4 = 2.1 171.7

Iomeas_ofitl /Omeas




. and determine unknown parameters

24946 = 2.7 MeV

80 [

— mZ=91 186 =+ 2 MeV

m = 60 — 1000 GeV

40 ,=0.123 % 0.006

2480 2490 2500
5 [MeV]
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. and determine unknown parameters

80.376 = 0.033

80 [

M, [GeV]

(5) _
Aoy 4=
0.02758+0.00035
linearly added to

- | 1
>y = 1 1 1
1
40 . : L]
: M, = 171.4+2.1 GeV
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T 1 T T
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M,, [GeV]
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Revolution:

Understanding the Everyday
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If electroweak symmetry were not hidden . ..

> Quarks and leptons would remain massless
> QCD would confine them into color-singlet hadrons
> Nucleon mass would be little changed,
> QCD breaks EW symmetry, gives (1/2500xobserved)
masses to W, Z, so weak-isospin force doesn’'t confine

> Proton outweighs neutron: rapld ﬁ decay = Ilghtest
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The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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The agent of electroweak symmetry breaking
represents a novel fundamental interaction
at an energy of a few hundred GeV ...

We do not know the nature of the new force.
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What is the nature of the mysterious new
force that hides electroweak symmetry?

*A force of a new character, based on
interactions of an elementary scalar
*A new gauge force, perhaps acting on
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Essential step toward understanding the new force
that shapes our world:
Find the Higgs boson and explore its properties.

* s it there? How many?

* Verify JF¢= 0**
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Collider Run Il Integrated Luminosity
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Revolution:

The Meaning of ldentity

VVarieties of matter

> What sets masses and mixings of quarks and leptons?
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Parameters of the Standard Model

coupling parameters ., Qem, Sin* Oy
parameters of the Higgs potential
vacuum phase (QCD)
quark masses Flay,,,.
k AT I Whel‘
quark mixing angles e
. . the p,.
CP-violating phase €q
- charged-lepton masses
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B, - B, Oscillations: sb < sb

CDF Run Il Preliminary L=1.0fb"
f=17.77+0.10 £ 0.07 ps~*

o)
g
-
—
Q
=
<
e,
0
=
L
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Decay Time Modulo 21/Amg [psS]
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Revolution:

The Meaning of Identity

What makes
a top quark a top quark
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Revolution:

The Unity of Quarks & Leptons

> What do quarks and leptons have in common?

> Why are atoms so remarkably neutral?

> Whlch quarks go W|th WhICh Ieptons7
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Natural to neglect gravity in particle physics

1
P

h
CGrasssssmalla—al o — ( C ) ~ 1.22 x 10'? GeV large

GNewton




But gravity is not always negligible ...

Higgs potential V(¢Tp) = 1?(¢Tp) + A (¢Tp)?

21,2 Y 4
At the minimum, V((gp‘@)):'u Ay gl < 0.

4 4
ldentifiadfe gt e




recasts old problem, gives us properties to measure

Why is empty space so nearly massless!?



How to separate EVV, higher scales?

Traditional: change electroweak theory to understand
why My, electroweak scale € Mpianck

To resolve hierarchy problem: extend standard model

composite Higgs boson
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Revolution:
A New Conception of Spacetime

> Could there be more space dimensions
than we have perceived?
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Suppose at scale R ... gravity propagates in 4+n dimensions

Gauss law: Gy ~ M™"2 R M™ : gravity’s true scale

/)
o
(®)
S
o
LL
Y
o
=
e
(@)
=
o
| -
Jer—
(0p)

IVlPIanck

Mpianck would be a mirage!






Gravity follows Newtonian force law down to < | mm

Vir) = —/drl /drgGNewL(rl)p(m) 14+ eqexp(—ria/Aa)
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Other extradimensional delights ...
(brovided gravity is intrinsically strong)

* Graviton emission (Emissing Sighatures) or
graviton exchange (angular distributions)

* Resonances spaced at TeV intervals
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A Decade of Discovery Ahead

Higgs search and study; EWSB / 1-TeV scale [pTp colliders; eTe™ LC]
CP violation (B); Rare decays (K, D, ...) [ete™, pTp, fixed-target]
Neutrino oscillations [vg, Vatm, reactors, v beams]

Top as a tool [pTp colliders; eTe™ L(]

New phases of matter; hadronic physics [heavy ions, ep, fixed-target]
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Need to prepare many revolutions ...

* Experiments at the energy frontier

* High-sensitivity experiments

---------

* Fundamental p

h)’SiCS with “found beams”
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Understand electroweak symmetry breaking
Observe the Higgs boson

Measure neutrino masses and mixings
Establish Majorana neutrinos (38060, )
Thoroughly explore CP violation in B decays
Exploit rare decays (K, D, ...)

Observe neutron EDM, pursue electron EDM
Use top as a tool

Observe new phases of matter

Understand hadron structure quantitatively
Uncover the full implications of QCD
Observe proton decay

Understand the baryon excess

Catalogue matter and energy of the universe
Measure dark energy equation of state
Search for new macroscopic forces
Determine GUT symmetry

Detect neutrinos from the universe

Learn how to quantize gravity

Learn why empty space is nearly weightless
Test the inflation hypothesis

Understand discrete symmetry violation
Resolve the hierarchy problem

Discover new gauge forces

Directly detect dark-matter particles

Explore extra spatial dimensions

Understand the origin of large-scale structure
Observe gravitational radiation

Solve the strong CP problem

Learn whether supersymmetry is TeV-scale
Seek TeV-scale dynamical symmetry breaking
Search for new strong dynamics

Explain the highest-energy cosmic rays
Formulate the problem of identity

... learn the right questions to ask ...





