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l. Newton (1687)

Measure of Inertia
Gravitational Source




Mass is conserved.

Mass of an object: summed masses of parts

< Atomic Theory

In Newton’s world, mass does not arise, it simply is.



Nineteenth century: attention to
a consistent definition of mass

Ratio of masses is inverse ratio of accelerations:
A ap

me aa



What determines inertia / mass?

(1881 - J.). Thomson:“electromagnetic mass”)

| 897 - electron discovered

ca. 1900 - M.Abraham & H.A. Lorentz:
electron mass as EM self-energy!?



The mass of a body is a measure of its energy content;
Mass is rest energy

m = Ey/c?; m = (1/c?)\/E? — p%c?




Cockcroft & Walton liberate energy from Li (1932)



. & F. Joliot-Curie observe pair production (1933)




fossil-fuel economy feeds on such tiny deviations



Fermionic matter: E(N) ~ —N

two lumps, —2N
one big lump, —2N

Dyson, Lieb



broxy for a prodigious store of energy



Einstein’s “rest energy’” of the proton includes
kinetic energy—energy of motion—of the quarks!



The mass of a body is a measure of its energy content;
Mass is rest energy

m = Ey/c?; m = (1/c?)\/E? — p%c?




Charge screening behavior of electrodynamics
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Charge screening behavior of electrodynamics

1/o=constant=137.04
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S. Mele, hep-ex/060 1045



Color antiscreening behavior of chromodynamics

Color screening

from quark pairs,

camouflage from
gluon cloud.
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S. Bethke, hep-ex/0606035



Classical picture: dielectric constant €
a property of the medium



Torricelli barometer
Pascal vide dans le vide
Guericke Magdeburg hemispheres

S the vacuum exists, air has weight


http://galileo.imss.firenze.it/vuoto/
http://galileo.imss.firenze.it/vuoto/
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http://www.physics.adelaide.edu.au/~dleinweb/
http://www.physics.adelaide.edu.au/~dleinweb/

Dimensional transmutation

A dimensionful
parameter Is
associated to the
value of a
dimensionless
coupling constant
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S. Bethke, hep-ex/0606035



Insight from QCD

C

/

calculable
on lattice



CP-PACS: no dynamical quark flavors ~1998
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Mass [GeV]

PACS-CS: 2+ 1| dynamical quark flavors ~ 2007
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Lattice QCD: quark confinement origin of nucleon mass
has explained nearly all visible mass in the Universe

M78 - SDSS



FNAL@Supercomputing 2007



Different running of U(1)y, SU(2)L, SU(3).
gives possibility of coupling constant unification

1 IOgIO(MSUSY) = 19.00
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Top matters!

1/o0y,

‘log(E)’
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In a unified-theory framework,



QCD Lagrangian

Lqocp = cj;i [i”y“DuI — m] q; — %tr (GMVG“V)



Excellent approximation: my, mg = 0

Infer very light u, d + not-as-light s



Near the confinement scale ...

(D

N\

(residual) isospin symmetry
broken by EM, mqg — m,

The irony of isospin:

Motivated Yang-Mills theory,
seems ah accident of my = mqy = 0,
external to QCD!



up and down quark masses are crucial

b = uud,n = udd

Where do quark (and lepton) masses come from?
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A up quarks
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Fermion masses allowed
Gauge-boson masses forbidden



Fermion masses forbidden
Gauge-boson masses forbidden

Scalar masses allowed: 2®T®d — 2T d



Hide EW symmetry to give masses to
quarks, leptons, and gauge bosons
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Mw = gv/2
Mz = Mwl/cosB
tanO = g'/g v =246 GeV



Why does the muon weigh!?

gauge symmetry allows

Ce [(ECI))BR T @(@TQL)} M MMe — Cev/\/i
after SSB

fermion mass implies physics beyond the standard model
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Quark family patterns: generations
S A u:d

c:s'
t: b’




Higgs boson

not predicted

Higgs boson influence seen in vacuum,
in couplings to W & Z, not yet fermions



Symmetries protect gauge boson & fermion masses,
no symmetry protects Higgs boson mass

The peril of quantum corrections — hierarchy problem

5TeV




Mu has consequences

A metastable vacuum?
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Neutrino Masses: oscillations determine Amv2, not my
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KATRIN aims at 0.2 eV



Neutrino family patterns (uncertainties)
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How could neutrino mass arise?

V has no charge or color,
so V =V is possible (Majorana)

Neutrino mass as physics beyond standard model:
may connect with ultrahigh scales (seesaw)
but might also implicate TeV scale



Dark Matter Precedent:

Hypothesis: an unknown
ingredient in the air.



Much evidence for dark matter, many candidates

If dark matter interacts weakly ...

COSMOS

. its likely mass is 0.1 to | TeV: Fermi scale



Mass of the vacuum

Natural to neglect gravity in particle physics

But gravity is not always negligible ...

. . 3H?
Critical density o. = & <107’ gcm™?
87 G Newton




Where do we stand?

QCD explains

visible mass of
the universe

UUUUUUU

Scientific American



Where do we stand!?

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass
The Higgs boson is not the source of all mass

The Higgs boson is not the source of all mass



Where do we stand!?

Discovery of Higgs boson may establish
Higgs interactions as origin of fermion mass
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Where do we stand!?

What sets the«wvalue of Mp?

How many Higgs bosons!?
What are their properties!?

composite ...supersymmetric ... !



Where do we stand!?

ss could be

Determine absolut le of my

Connection to ul
or to new bi

scales,
earby?




Where do we stand!?

are the dar

Why is empty space sg ly massless!?

is related to
of W, Z mass,
fermion masses

Vacuum energy prc
EWSB, the sc
and (perhap

New kinds of matter?





http://www.iop.org/EJ/abstract/0034-4885/70/7/R01
http://www.iop.org/EJ/abstract/0034-4885/70/7/R01
http://arxiv.org/abs/0704.2232
http://arxiv.org/abs/0704.2232



