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OUTLINE

▸ Symmetry 

▸ Antimatter 

▸ Matter-antimatter asymmetry 
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▸ It comes in many forms and  

pervades many domains:

▸ art

▸ nature

▸ science and math

�5

WHAT DO THESE ALL HAVE IN COMMON? HOW CAN WE 
GENERALIZE THIS INTO A MATHEMATICAL CONCEPT?

“… A THING IS SYMMETRICAL IF THERE IS 
SOMETHING WE CAN DO TO IT SO THAT AFTER WE HAVE 

DONE IT, IT LOOKS THE SAME AS IT DID BEFORE.”  
- FEYNMAN LECTURES ON PHYSICS
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▸ Bilateral symmetry

▸ Rotational symmetry

▸ Translational symmetry

▸ Glide symmetry

▸ Bilateral symmetry: reflection about the y-axis

▸ Rotational symmetry: rotation about the origin

▸ Translational symmetry: translation along the x-axis

▸ Glide symmetry: translation along the x-axis then reflection 
about the x-axis
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▸ Symmetry of a plane figure: a motion applied to the plane 
which preserves the original plane figure

▸ What is the rule for composing symmetries?

▸ (Symmetry 2) • (Symmetry 1) 

▸ = first, apply symmetry motion 1  
   then, apply symmetry motion 2

RULE OF COMPOSITION FOR SYMMETRIES �8



 1 2 3 4 5 6 7 8 9 10 
1 1 2 3 4 5 6 7 8 9 10 

2 2 4 6 8 10 12 14 16 18 20 

3 3 6 9 12 15 18 21 24 27 30 

4 4 8 12 16 20 24 28 32 36 40 

5 5 10 15 20 25 30 35 40 45 50 

6 6 12 18 24 30 36 42 48 54 60 

7 7 14 21 28 35 42 49 56 63 70 

8 8 16 24 32 40 48 56 64 72 80 

9 9 18 27 36 45 54 63 72 81 90 

10 10 20 30 40 50 60 70 80 90 100 
 PrintableParadise.com 
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Reflection ?
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▸ Two reflections make a rotation
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▸ Two reflections make a rotation

COMPOSITION TABLE �13

Translation Rotation Reflection Glide

Translation Translation Rotation Glide Glide

Rotation Rotation Rotation Reflection Glide

Reflection Glide Reflection Rotation Translation

Glide Glide Glide Translation Glide

Symmetry 1

Sy
m

m
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▸ Symmetry is an important principle in physics

▸ In quantum field theory, certain symmetries in the theory 
give rise to the four fundamental forces*

▸ Symmetries are also inextricably linked to some of most 
fundamental laws of physics: conservation laws
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▸ One day, his mother can only find 25 blocks, but there is a 
locked toy box, which seems heavier on those days… 

▸ She discovers a new conservation law (knowing the blocks 
each weigh 3 ounces and the toy box weighs 16 ounces):

�17

( number of
blocks seen) = constant

( number of
blocks seen) +

(weight of box) − 16 ounces
3 ounces

= constant
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CONSERVATION LAWS
▸ The next day, her new conservation laws violated (only 

gives 23 blocks) 

▸ But careful study indicates that the dirty water in the 
bathtub is changing its level

▸ She adds a new term (knowing each block raises water 
level by 1/4 inch and the water level is 6 inches):

▸ Energy conservation is the same except there are no 
blocks: we compute abstract quantities which always sum 
to a constant
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▸ What are some forms?

▸ Kinetic energy (translational and rotational)

▸ Gravitational potential energy

▸ Elastic energy

▸ Thermal energy

▸ Rest mass energy

▸ Electromagnetic energy
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▸ As with the blocks, energy can be hidden in different forms

▸ What are some forms?

▸ Kinetic energy (translational and rotational)

▸ Gravitational potential energy

▸ Elastic energy

▸ Thermal energy

▸ Rest mass energy

▸ Electromagnetic energy

▸ Nuclear energy

▸ …

ENERGY CONSERVATION �19

1
2

mv2 + mgh = constant
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▸ In physics, what are the conservation laws?

▸ Conservation of energy

▸ Conservation of linear momentum

▸ Conservation of angular momentum

▸ How do they work?

▸ Why do they work? 

▸ Noether’s theorem explains…
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University of Erlangen (audit only)

▸ 1904: Admitted to Erlangen as 
student of mathematics

▸ 1907: D. Phil. summa cum laude

▸ 1908–1915: Unpaid member of 
Erlangen Mathematical Institute
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▸ 1915: Nominated to become “outside lecturer” in Göttingen, 
with unanimous support from the Math-Science Department 

▸ Historical-Philological Department opposed: “Concern that 
seeing a female organism might be distracting to the 
students.”

▸ 1919: Assistant Professor in Göttingen

▸ 1922: Associate Professor

▸ 1932: Alfred Ackermann-Teubner Award,  
Plenary Lecture at ICM, Zürich

▸ 1933: Expelled from Math/Physics Faculty 
by Nazi regime!

▸ 1933–1935: Bryn Mawr

19
34
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▸ Every continuous* symmetry of a physical system has a 
corresponding conservation law

▸ Continuous symmetry means you can transform the 
system by an infinitesimal amount and it’s still a 
symmetry

▸ How does this apply to our universe?



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

SYMMETRY



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



CONTINUOUS* SYMMETRIES OF PHYSICAL LAWS
▸ The laws of physics are unchanged under:

�24

▸ Translation in time  

▸ Translation in space 

▸ Rotation in space 

▸ Constant velocity  

▸ Quantum mechanical phase

▸ Angular momentum  

▸ Energy 

▸ Center of mass  

▸ Charge 

▸ Linear momentum

SYMMETRY CONSERVED QUANTITY
WHICH MATCHES 

WITH WHICH? A

B

C

D

E



TIME TRANSLATION AND CONSERVATION OF ENERGY �25



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

�25



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

�25

F =
GMm

R2
= mg

TODAY



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

▸ Let it fall tomorrow and compress a spring

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

▸ Let it fall tomorrow and compress a spring

▸ The amount of energy I gain back:

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

▸ Let it fall tomorrow and compress a spring

▸ The amount of energy I gain back:

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh

E′� = mg′�h



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

▸ Let it fall tomorrow and compress a spring

▸ The amount of energy I gain back:

▸ The net energy: 

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh

E′� = mg′�h



TIME TRANSLATION AND CONSERVATION OF ENERGY
▸ Say the law of gravity was different tomorrow, G’ > G

▸ Lift a big mass m to a great height h today

▸ The amount of energy I expend:

▸ Let it fall tomorrow and compress a spring

▸ The amount of energy I gain back:

▸ The net energy: 

�25

F =
GMm

R2
= mg F′� =

G′�Mm
R2

= mg′�

TODAY TOMORROW

E = mgh

E′� = mg′�h

E′�− E = m(g′ �− g)h > 0
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DISCRETE* SYMMETRIES OF PHYSICAL LAWS
▸ There are also (possible) discrete symmetries

�26

▸ Parity (P)

▸ Charge Conjugation (C)

▸ Time Reversal (T)

▸ Exchange Identical Particles

SYMMETRY?

(x, y, z) → (−x, − y, − z)

p → p

t → − t

(x1, x2) → (x2, x1)
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experiment  

(like in a mirror)?
A Electrons will go up

Electrons will go downB
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▸ P-symmetry: Parity 

▸ Broken! In weak interactions

▸ CP-symmetry: Charge conjugation and parity

▸ Broken! In weak interactions…

▸ CPT-symmetry: Charge conjugation, parity, and time 
reversal

▸ Conserved! So far…

▸ These broken symmetries, especially CP-symmetry, 
determine how much antimatter we should see around us
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▸ Antimatter is exactly the same as matter except one 
attribute is flipped: the charge

▸ A particle and its antiparticle can annihilate into a pair of 
light particles (photons)

WHAT IS ANTIMATTER? �31

+
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▸ Carl Anderson observed tracks from 
cosmic rays in his bubble chamber  
at Caltech in 1932

▸ Charged particles bend in a  
magnetic field

▸ At the time, only protons (+)  
and electrons (—) were known, b 
but protons make “thick” tracks

▸ Two possibilities: 

▸ a negative electron moving down

▸ a “positive” electron moving up

DISCOVERY OF ANTIMATTER �32



▸ To determine which it was, Anderson inserted a block of 
lead, which slows down the particle and increases the 
curvature 

▸ Which way is it going?
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HOW DO WE MAKE ANTIMATTER?
▸ At the antimatter factory of course!

�35

Chloé Malbrunot ISOLDE Seminar June 2017  !4

Antiproton Cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

• 26 GeV PS
• Max. production at 3.7 
GeV/c

• Sharp fall off of production 
cross section outside peak

Production at 26 GeV/c

Maximum production at 3.7 GeV/c 
(~ collection momentum)  
Sharp fall-off around the peak  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▸ Some antimatter is easier to produce than others…

▸ Positrons from Potassium-40: your body produces about 
180 positrons per hour!

▸ Antiprotons from high energy  
collisions of a proton beam on a  
fixed target of metal

HOW DO WE MAKE ANTIMATTER? �36

40
19K →40

18 Ar + e+ + νe

p + p → p + p + p + p

Chloé Malbrunot ISOLDE Seminar June 2017  !4

Antiproton Cooling

CERN SUMMER STUDENT LECTURE - 2018 - C. Malbrunot

• 26 GeV PS
• Max. production at 3.7 
GeV/c

• Sharp fall off of production 
cross section outside peak

Production at 26 GeV/c

Maximum production at 3.7 GeV/c 
(~ collection momentum)  
Sharp fall-off around the peak  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▸ Even if CERN used its accelerators only for making 
antimatter, it could produce no more than about 1 billionth 
of a gram per year
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▸ Even if CERN used its accelerators only for making 
antimatter, it could produce no more than about 1 billionth 
of a gram per year

▸ 1 gram of antimatter would take about 1 billion years!

▸ The total amount of antimatter produced in CERN’s history 
is less than 10 nanograms - only enough energy to power 
a 60 W light bulb for 4 hours
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10 Ne + e+ + νe



▸ We can trap and store antiprotons and postirons with 
electric fields 

▸ Antiatoms (like antihydrogen) are neutral!  
So we have to use magnetic fields to trap them 

▸ To measure antimatter, we have to let it annihilate!
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THE BIG BANG �40

▸ We live in a matter-dominated universe

▸ Big Bang should have produced equal amounts of matter 
and antimatter

▸ How did we get here? Where did all the antimatter go?

STEP 1: EQUAL MATTER 
AND ANTIMATTER 
STEP 2: ??? 
STEP 3: PROFIT!!!
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▸ Say we have blue particles (matter), red particles 
(antimatter), both with mass m and green particles (light)

▸ The possible interactions from collisions are:

▸ blue + red → green + green

▸ green + green → blue + red 

▸ (if green particles have enough energy to produce 
two particles, E > 2mc2) 

▸ Question 1: If we start with an equal number of blue (10) 
and red (10) particles, can we end up with more blue 
particles than red particles?
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▸ Say we have blue particles (matter), red particles 
(antimatter), both with mass m and green particles (light) 

▸ The possible interactions from collisions are: 

▸ blue + red → green + green 

▸ green + green → blue + red  

▸ (if green particles have enough energy to produce 
two particles, E > 2mc2) 

▸ Question 2: If we start with an unequal number of blue 
(15) and red (5) particles, can we end up with more blue 
particles than red particles?
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▸ Say we have blue particles (matter), red particles 
(antimatter), both with mass m and green particles (light) 

▸ The possible interactions from collisions are: 

▸ blue + red → green + green 

▸ green + green → blue + red (90% of the time)  

▸ green + green → blue + blue (10% of the time) 

▸ (if green particles E > 2mc2) 

▸ Question 3: If we start with equal numbers of blue (10) 
and red (10) particles, can we end up with more blue 
particles than red particles?
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▸ Scenario A: equal amounts of matter and antimatter at the 
Big Bang produces a radiation-filled universe today

▸ Scenario B: more matter than antimatter at the Big Bang 
could produce a matter-filled universe today

▸ Scenario C: asymmetric interaction laws that favor matter 
could produce a matter-filled universe today  
 

▸ Are we in scenario B or C?

▸ We don’t know yet! We have found some asymmetric 
(CP-violating) interactions, but so far it’s not enough to 
explain the discrepancy!
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▸ Have we accounted for all possible symmetries of our 
universe?

▸ In 1967, it seemed that way…

THE END OF SYMMETRY IN PHYSICS? �45

PHYSICAL REVIEW VOLUME 159, NUMBER 5 25 JULY 1967

All Possible Symmetries of the 8 Matrix*
SiDNEY COLEMAN) AND JEFFREY MANDULAj

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts
(Received 16 March 1967)

We prove a new theorem on the impossibility of combining space-time and internal symmetries in any
but a trivial way. The theorem is an improvement on known results in that it is applicable to infinite-param-
eter groups, instead of just to Lie groups. This improvement is gained by using information about the S
matrix; previous investigations used only information about the single-particle spectrum. We define a sym-
metry group of the Smatrix as a group of unitary operators which turn one-particle states into one-particle
states, transform many-particle states as if they were tensor products, and commute with the S matrix. Let
G be a connected symmetry group of the Smatrix, and let the following five conditions hold: (1) G contains
a subgroup locally isomorphic to the Poincare group. (2) For any M&0, there are only a finite number of
one-particle states with mass less than M. (3) Elastic scattering amplitudes are analytic functions of s and t,
in some neighborhood of the physical region. (4) The S matrix is nontrivial in the sense that any two one-
particle momentum eigenstates scatter (into something), except perhaps at isolated values of s. (5) The gen-
erators of G, written as integral operators in momentum space, have distributions for their kernels. Then,
we show that G is necessarily locally isomorphic to the direct product of an internal symmetry group and
the Poincard group.

I. INTRODUCTION
lNT&L a few years ago, most physicists believed
that the exact or approximate symmetry groups

of the world were (locally) isomorphic to direct products
of the Poincare group and compact Lie groups. This
world-view changed drastically with the publication of
the first papers on SU(6)'; these raised. the dazzling
possibility of a relativistic symmetry group which was
not simply such a direct product. Unfortunately, all
attempts to And such a group came to disastrous ends,
and the situation was finally settled by the discovery of
a set of theorems' which showed that, for a wide class
of Lie groups, any group which contained the Poincare
group and admitted supermultiplets containing finite
numbers of particles was necessarily a direct product.
However, although these theorems served their

polemic purposes, they are in many ways displeasing:
Their statements involve many unnatural and artificial
assumptions, typically concerning the normality of the
translation subgroup. Even worse, they are restricted
to Lie groups —this despite the fact that in6nite-
parameter groups have been proposed in the literature.
The theories based on these groups were destroyed not
by general theorems but by particular arguments.
Typically, these arguments showed that these groups
do not allow scattering except in the forward and back-
ward directions. ' Thus, if one accepts the usual dogma
on the analyticity of scattering amplitudes, they allow
no scattering at all.
The purpose of this paper is to tie up these loose ends.

We prove the following theorem: Let G be a connected

*Work supported in part by the U. S. Air Force Ofhce of
Scientific Research under Contract AF49 (638)—1380.
t Alfred P. Sloan Research Fellow.
$ National Science Foundation Postdoctoral Fellow.' B. Sakita, Phys. Rev. 136, B1756 (1964); F. Gursey and L.
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2 S. Coleman, Phys. Rev. 138, 81262 (1965);S.Weinberg, ibid.

139, 8597 (1965); L. Michel and 8. Sakita, Ann. Inst. Henri
Poincare 2, 167 (1965).

3 T. F. Jordan, Phys. Rev. 140, B766 (1965).

symmetry group of the S matrix, which contains the
Poincare group and which puts a finite number of
particles in a supermultiplet. Let the S matrix be non-
trivial and let elastic scattering amplitudes be analytic
functions of s and t in some neighborhood of the physical
region. Finally, let the generators of G be representable
as integral operators in momentum space, with kernels
that are distributions. Then 0 is locally isomorphic to
the direct product of the Poincare group and an in-
ternal symmetry group. (This is a loose statement of
the theorem; a more precise one follows below. )
We believe that all of the assumptions in this theorem

are physical, except for the last one, which, although
weak, is ugly. We hope that it can be eliminated with
suKciently careful analysis; to date we have been
unable to do so.
We emphasize that our theorem has application only

to groups which are symmetries of the S matrix. There-
fore it has nothing to say about symmetry groups arising
from the saturation of current commutators; these
groups generate symmetries of form factors only.
The remainder of this section contains a precise state-

ment of the theorem and some remarks about its impli-
cations. Section II contains the proof. Although at
times this attains mathematical levels of obscurity, we
make no claim for corresponding standards of rigor.

A. Statement of the Theorem

We begin by briefly reviewing some of the funda-
mental definitions of scattering theory. The Hilbert
space of scattering theory, K, is an infinite direct sum
of subspaces,

X=K"'Q+BC&'&Q+

X&"' is called the n-particle subspace. It is a subspace
(determined by the generalized exclusion principle) of
the direct product of e Hilbert spaces, each isomorphic
to R&'&. The S matrix S is a unitary operator on K.
A unitary operator U on X is said to be a symmetry
125i



▸ Have we accounted for all possible symmetries of our 
universe?

▸ In 1967, it seemed that way…

▸ It turns out there is one possible extension which 
combines symmetries of space-time with discrete 
symmetries of particles…
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▸ The state of two identical particles located at x1 and x2 is 
described in quantum mechanics by a wavefunction 

▸ We can swap the particles with the exchange operator R 
with no observable effect 

▸ When we swap them twice, we should get back the 
original wavefunction

▸ This means R2 = 1 so what can R be?

ψ(x1, x2)

R ψ(x1, x2) = ± ψ(x2, x1)

|R ψ(x1, x2) |2 = |ψ(x2, x1) |2 = |ψ(x1, x2) |2

|ψ(x1, x2) |2

R2 ψ(x1, x2) = ψ(x1, x2)

Wavefunction: What we observe:
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▸ Two kinds of particles: fermions and bosons 

▸ Fermions (wavefunction gets a — sign when swapped) 

▸ Bosons (wavefunction gets a + sign when swapped)
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▸ Fermions obey the Pauli exclusion principle: no two 
fermions can occupy the same state! 

▸ Bosons behave like “waves” and can carry forces: pushing 
and pulling other particles!
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↓ ↑
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▸ Can we relate fermions (matter) and bosons (forces)? 

▸ Yes, via supersymmetry: for every fermion, there exists 
a corresponding “superpartner” boson (and vice versa) 
with the same properties except one: the spin
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▸ Can we relate fermions (matter) and bosons (forces)? 

▸ Yes, via supersymmetry: for every fermion, there exists 
a corresponding “superpartner” boson (and vice versa) 
with the same properties except one: the spin

electron

gluon

selectron

gluino
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▸ Superpartner is exactly the same as the original except 
one attribute is different: the spin

▸ But we would’ve seen such a particle! So supersymmetry 
must be a broken symmetry: the masses are also 
different!  

▸ The selectron must be much heavier

WHAT IS A SUPERPARTNER? �51
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▸ It may take the next generation of energy collider experiments 
(and some of you in the audience) to discover supersymmetry!
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