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Outline

What Is Mass? (2= ?)
Ask a pedestrian, ask a physicist student,
or ask a “theoretical physicist”

The Mass Generation? (Jfi EU04a]rF=4 ?)



What |ls Mass?
Ask a pedestrian about it ...
NI4T AN NE] A& 2
They are likely to think about the weight.

That’ s not too far off:
m = Weight/ g
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What Is Mass?
Ask a physicist ...
YIEFRIITE X 7

e Based on Newton’ s 2" Law:
m=F/a

PIRE 1

Mass as Inertia: Mass (m) is
the property of an object that
measures how hard it is to

change its motion.

T. Han



e Based on Equivalence Principle :
(Galileo/Newton/Einstein) |

MIRE . SMRE

The inertia mass is equivalent to
the gravitational mass :

Or acceleration is equivalent to
gravity.

T. Han
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Some Basic Properties of Mass:

2, i e
Z# F1 3ok
(a) Mass conservation:

“... neither created, nor destroyed.”

(m1+m2 )lnltlal (M1+M2+ )final

‘MEfeEHr~4, tHAEEK, ~
(b) Simple additive:

M=m1+m2+ ...

5 B ET L AR,
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Einstein’ s Special Relativity (& X tEx}it):
THE most celebrated equation:
MEBEEREANAK:. E=mc?
m = m, /(1-v?/c?)"?
This is profound:
E (joule) = m (kg) x 8.99 x 1016 (m/s)?
just like
W (joule) = Q (cal) x (4.17)
Mechanical equivalent of heat: #IhL =
Mass-energy equivalence : BEE )i 2FN

FIEIEEERN: m; = m(v=0)




Einstein’ s General Relativity (- SUi8x18) :
This becomes even trickier !

Given the constituents of the Universe by Lagrangian

HEE — 3=k =:

The Einstein field equation (ZE&rEAFE):
GH(space-time) = TH(E, p, m) - A g+
* Energy-momentum, mass are the sources.

- Energy-momentum is conserved.
- May have additional contribution: A (FEHE %)

T. Han




Rest mass of “elementary particles”,
that are the building blocks of the world.

EXNFHRLAERFELRE L !

=]

(AeE~F1E
(a) Mass conservation ? Only approximate if

({E:R3E3), A3)kE)

(b) Simple additive ? Only approximate if
(8 Kk, B81EM)



I
[I—

S

i
11
L_1

The Origin of Mass — Jii
The world is made of ...
Ancient Chinese:
Ancient Greeks: Four elements; Atoms
E. Rutherford (1909): Atom = Nucleus + Electrons
All around us: Molecules - Elements - Afoms

We are in the atomic quantum world, mostly

Mass = M(nucleus) + small electrons
Because nucleus non-relativistic, Coulomb force weak.

T. Han



The Origin of Mass
In nuclear physics:
Nucleus = bunch of nucleons: p* + n°

M(nucleus) = M( ) - 1% binding energy
(binding energy : “5i &8
or mass deficit . FigZ 5 1.)
Numerically,
M(p) = M(n) = 1 GeV =10° e V.
Binding energy = O( few MeV /N )

Nuclear transition to lower-mass to release E ;
You provide the mass deficit to release p's, n's .

T. Han
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T'ne Orngin of Mass
Nucleon Structure: #-F45#] pom

,l

M. Gell-Mann (1963): &5
Nucleons (p, n) = 3 quarks:
‘up” quark (Q=+2/3),
“down” quark (-1/3)

M( ) = M( )
= M(3 quarks) - “binding energy’

Scanned at the American
Institute of Physics

deep into relativistic quantum world:

AN RHEFES ..
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clementary Particles:

Full chart of matter:
6 quarks (u,d...) 58, 6 leptons (e, u ...) BF

Matter Interactions ELEMENTARY
via force mediators: PARTICLES
g7 V|/7 27 V

The “Standard Model”:
/iR A

Observationally successful !

But, many free parameters.

Force Carriers

T. Han
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SUAEUSll. The Four Fundamental Interactions
~(Gy M ym,)/ 1 EE ’q . =
- GR
long range
~(aejey)/
- E&M

Electromagnetic
./

’l’
| short range ~ €™ /2
All forces in the world can be
attributed to these four interactions!

Why are they so different! The mass!



Electroweak Unification:
_1"523%_*;@ i
e Glashow, Salam, Weinberg realized that ,, |

the field responsible for the electromagnetic force
(the massless photon)

e And the fields responsible for the Weak force (the
then undiscovered massive W* and W)

e Along with a then undiscovered massive neutral
boson (Z) = a single theory '

Plus a scalar sector, for the |
EW symmetry breaking (masses).

T. Han




W=/Z Discovery in 1982

Rubbia and
van'de Meer
(1984)
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The Quest for Mass persists:

Why the photon is so mv f go! GeV
different from W*/Z ? M;V ~ 00 GaV/

77

~ Why the top quark is as
heavy as a gold atom,

4

s 4 i = hile neutrinos are nearly
i U9 - massless ?
~ Mg=173 GeV (Fermi Lab)

my<1eV

T. Han
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“Spontaneous symmetry breaking”
(known in Nature: QCD, condensed matter ...’

The theory is symmetric, but the background
environment (vacuum—EZ2) is NOT.
(EZERERIEMRE, )

T. Han
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A familiar example:

B

<=Superconducting phase
Normal phase=-

2 | E2 = p262 + m2c4
| J gap leads to ~ exp(—r/)\)

Long-range force

)\ ~ m ! penetration depth
T>Te T<TC

In “conventional” electro-magnetic superconductivity:

m~ ~ me/1000, TS5 ~ O(few K). BCS theory.

In “electro-weak superconductivity”:
1

mw ~ G2 ~ 100 GeV, T¥ ~ 101°K!
HNEEEE (EW) & FRINRE !

T. Han




Masses determined by interactions with vacuum:

(FREXRRTHFREZNEHHEEER)

photon

electron = e

top quark X >< NN X X\ /N e—X_ 7 < 7\ 2 ik

Y 1 N Yy . 2 5 -
MW 7 — =9y, m e = /> U, 2 = 3.
Vv

2

Crucial prediction of SM: The Higgs boson H, mpy = /2 v.

T. Han
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Masses determined by interactions with vacuum:
It’s like in @ medium ...




How to Study the Vacuum Property ?
el R ZEE T ?

Strike the vacuum hard for a signal !

The vacuum background is NOT empty: Particles
can be excited, including the Higgs!

23



Large Hadron Collider: LHC
(REI R F X EHL)

At CERN, Geneva:
proton-proton collider:

27 km circumference; =

1746 magnetic dipoles at 1.9 K &= =

Only 7 mph slower than c e Ty S

Stored Energy of Beams as an [ . o e
aircraft carrier at 30 km/h | o Vg

Now operating at 13,000 GeV

T. Han
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Requires Detectors of Unprecedented
Scale (KEMHENZR)
e Two detectors:
3000 people each!

° has 8 times
the volume of CMS

o 1s 12,000 tons
(2 x' s ATLAS)

pe:
%

7

NS \ - i :



%‘*TﬁHiggs%ﬁfﬁTj‘%%‘ | Itis not a needle
— in a haystack ---

WE FOUND 1T/ It is much worse than
H1eS BOSON? a needle in a haystack!

--- Joe Lykken, FNAL
HIGGS BOSON

I'he HIGGS BOSON

0000000000000 oo
LIGHT HEAVY for mu

—— I S

— SPARTICLEZ
The discovery of the Higgs boson is monumental:

most exciting discovery for decades!

It is a true triumph in HE physics, and in science!

26
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“Mass hierarchy” remains a great puzzle !

(MeV)

All proportional to v

27



The J/rurrJuJ QFUJr Jf Mass

Nucleons (p, n), mesons (11,0,K)
Called "hadrons”

G o Proton Neutron
< (valence) quarks: "up, down, ... RS
M( ) >> M( ) p+

100-1000 MeV a few MeV 140 MeV 770 MeV

“Simple additive” totally wrong !
Because kinetic/potential energy dominant.

T. Han
28



Quantum-Chromodynamics (QCD)
Remarkable feature:
Interaction strength changes fast with energy/distance scale:

F. Wilczek,
D. Politzer
(2004)

T. Han
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QED (Hzhh%2) versus QCD (&3 h=
Electromagnetism vs. Strong force

N @
i
‘. d K’ get a 'jet' of particles

T T T T '
~—

Majority of the (luminous) mass
around us ({RFFE) is of
dynamical origin, from strong

interactions (u, d quarks + gluons). s / s =60
— O [52().3 =

"QCD: V (ry=-agr+kr

V(r) [GeV]

T. Han




The Mass Puzzle in the Universe
FEGE 2 |

e What is Dark Energy ? [SgE=
e What is Dark Matter ?  BE¥)
e New sources of CP violation

Y — R o B9 A3 B

T. Han
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What is the "Dark Energy” ? 7 ,'
Could it be just /\ ? -

“... greatest blunder of my life!” y

Any vacuum energy counts,
but why is it so small ? (10~ &V )*
Selow Mp, by 120 orders, Aqep Oy 40 orders

Could it be dynamical (time-dependent) ?

PUBLATN: E S FN:E S A



= Galactic rotation curves

= Gravitational lensing

..'
'\r

: ." . “‘\
g ‘ ‘_-‘ | = Light element abundances
.

-

h

= Cosmic microwave

background anisotropies

Large scale structure |% 45

T. Han C .,‘_‘_""
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Dark Matter in the SM?

ELEMENTARY L
PARTICLES * Gravitationally

interacting

* Not short-lived

* Not hot, relativistic

Leptons| Quarks
Force Carriers

* Not baryonic (p,n)

I I

Three Generations of Matter

2~

PR AR R R IR !

Unambiguous evidence for new particles!

T. Han
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10-?

Beyond SM: Many theories lead to
WIMP: Weak Interacting Massive Particle

Thermal equilibrium
xx & ff

Universe cools:

Freeze out, n/s ~ const

10 100
x=m/T (time -)

T. Han
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“FE—HRFBNEFERAESREIR R EH,
®rlE, TBtrgExEEER”

all

sDirect Detection

. . Nucleus~;.
slndirect Detection S O

=Collider Searches [l

9/26/17



Summary: %45
What Is Mass ?
The Mass, you and me: 548 B {E Ak

Mass for “all of us”: Strong interaction in QCD
The Mass for elementary particles ...

Spontaneous symmetry breaking,
and the Higgs mechanism:

BT A& AL
Dark Matter, dark energy:

B, BHaeE ... R RREMEE !
Please join to seek for the answers!

EXREZFEMIIBFT—RBIRTR !



Largest scientific project ever !
ZSALEBRRKNEFERE !

e Only 7 mph slower than the speed of light

e Stored Energy of Beams unprecedented :
Epeam=1.5 Giga Joule (N m)

- same kinetic energy as aircraft carrier at
15 knots = 30 km/n !

Highest energy, probing
smallest scale at
107 em (10"% nm ) !




Mass due to QCD:

From quark constituents to hadrons:
(From PDG, based on lattice QCD)

—— experiment

== width
¢ QCD

Majority of the (luminous) mass around us is of dynamical origin,
from strong interactions (u, d quarks + gluons).
It is not very meaningful to think about quark rest mass .

T. Han
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300 km from Beijing
3 h by car
1 h by train

“Chinese Toscana”

Navy, NGA, GEBCO

I‘;’Illplii Mapabe. com GOOIeearth
ang

Center for Future High Energy Physics
T e P B A T




The Mass Puzzle in the Universe

-

Big Bang g ?

Superstrings ?

Unified
Forces

Inflationary
Expansion

Forces
Separate

-35

10 s

10" TeV

Nucleons
Created

-5

10 s

150 MeV

300 000 Years

1eV

Stars
Are Born

109 Years

4 MeV

Today

15'109 Years

0,7 MeV




