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» Originally from Cucuta, Colombia
» Raised in Coram, NY (Long Island)

» Undergrad at MIT (2006-2010)

» Came to Fermilab as a Nevis REU*
student (summer 2007)

» Went to CERN as a Michigan REU*
student (summer 2009)

» Took a year and taught in
MIT Junior Lab

» Grad student at Caltech/CERN
(2011-2016)

» Lederman fellow at Fermilab
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» Bilateral symmetry: reflection about the y-axis

» Rotational symmetry: rotation about the origin

» Translational symmetry: translation along the x-axis
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» Underlying mathematical structure to symmetry: groups

» Agroup is a set G and a rule of composition “¢” which forms a
new element "a ® b” from two elements a and b

» Four requirements:

1. aebisalsoin G (Closure)
2. (aeb)ec=ae(bec). (Associativity)
3. anelement 1 existssuchthat1ea=ae¢1=a (Identity)

4. an element a1 existssuchthataea-'=a1ea=1 (Inverse)

» We're all already familiar with one group:

RX: the set of nonzero real numbers, with multiplication as

its law of composition - the multiplicative group,
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RULE OF COMPOSITION FOR SYMMETRIES :

» 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
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» Can we prove that they form a group?

» Let's start with closure: build the composition table

Symmetry 1

~ _ Translation
-
= Rotation
S
7 :
Reflection ?

Glide
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» Can we do itin one step?

» Rotation about the origin by 180

~
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» Two reflections make a rotation

Symmetry 1

~ _ Translation

>

= Rotation

-

A : .
Reflection Rotation

Glide
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» Two reflections make a rotation

Symmetry 1

Translation Translation Rotation Glide Glide

Rotation Rotation Rotation Reflection Glide

Symmetry 2

Reflection Glide Reflection Rotation Translation

Glide Glide Glide Translation Glide
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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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» In physics, what are the conservation laws?
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» Imagine a child who has 28 indestructible, identical blocks

» Each day, his mother counts the blocks and finds the
conservation law:

( number of

= constant
blocks seen)

» 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):

= constant

< number of > (weight of box) — 16 ounces
_I_
blocks seen 3 ounces
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» 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):

( number of ) . (weight of box) — 16 ounces (height of water) — 6 inches

+ , = constant
blocks seen 3 ounces 1/4 inch

» Energy conservation is the same except there are no
blocks: we compute abstract quantities which always sum
to a constant
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» As with the blocks, energy can be hidden in different forms
» What are some forms?

» Kinetic energy (translational and rotational)
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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?



Invariante Variationsprobleme.

(F. Klein zum fiinfzigjdhrigen Doktorjubildum.)
Von

Emmy Noether in Géttingen.

Vorgelegt-von F. Klein in der Sitzung vom 26. Juli 19181).




EMMY NOETHER

21




EMMY NOETHER

» 1882: Born in Erlangen

- N -

S _

. |®3|Clausthal- ..~ Quediin-o o
GAl Lippstadt o Paderborn Zellerfeld oburg  Aschers-

OHamm 4] leben

-~/ Herzberg

i i Sanger-
STt o ° . _hausen

X “éilenburgo
L.eipzig

oIserloIK:_ o ' " D} S ,
) nsberg : .
Solif- @ Wupperta Arnsber

© oRemscheids

a5t WE SITFALEN

Gummersbac (] , N*sis

Cold
Freital O]

H E S S E N Freibergo
O (EBho fChemnitz
: Marburgo Alsteld 1o Amstadtd’ /|  Rudolstadt ) Gera glauchauo Chomuitz
~ I B Q%Y ! Schmalkalgen ° z Mckauo / osborg —~
FON E45 ; Tllmenau o R
- = Lautertgxch | e OSaalfeld Greizg . = AueOBuchholz 3 7 Te|
4, = Wetzlaro\C " GieBen = Vogtland 9 A
esterwald: els b, Fuldad _J
oNel: EI] Bad oL S : = : Erlg ©/Chom
e X Nauhei o 5 i : o J fE42]
=2 #Koblenz  Obu T rghperg e, P Re i Jeis 5 X
(5] - (6] .y g 7
: €3] Schliichtes©® . f
TR . @ Karlovy Vary
N N
Lichtenfelg|o €3l ! Cheb
Schweinfurt ( % - =1 [E49]
5 =5 / (70] \ «, Maridnské Lazne
N N -
Aschaffénbiirg Unter- franken \b\ Bayreuthof "o o, o - UW'U i
oDarmstadt). B _ |\ q \ﬂ % Bamiberg 98 J
Darmstadt §a &) Wiirzburgy, ) z)/ franken /

oForchheim | OPegnitz

ol

7
5 ;
5\6 Hoch Weidepo wa'd

“ Tauber-9 ; _ﬂ Neustadt a d.A.

bischofshef
osnw Kalse ankentha S 7
= INLoras (S : Frth'o 3 / nberg
; y el r Rothenburg 0.d.T.
Neustadt© /o o= = 2 heim 0] Schw: ab
”"mb 9 ad. Weinstr. Speyerc Lo 0;;\ E41 ¢ || Ansbacho
gibriicken ESPre]

andaue) Kalsruhe 0“

=)) Mittelfranken / \\\ S
/ Dinkelsbihl Frapkisch

WeiBertburg © B

/™ 5 Pirmasens

©Bruchsal
....... Bletlghel;n Schwétgfsch Hall
adsruheBissln Stuttgart
1 4>  ©OBacknang

y Haguenau _GAqgenairo o Leon<giyWaibingen Aaleno i
a A " be ‘O Nordlingen
Sanebour o~ Ol Eé;e ey hSchomdon () g

G lmgenosoppmggﬁ"wa"' dj 6miind Donauwbrth Ingolstadt

—

Heidenbeim ™ S

7[\ otunéville Ks irchheim u. Teck Dillingsi(Dohau) Neubirg
Strasbourgi® F|ldevstadt ﬁ’umngen V\O i
& N ©0ffenburg S T
® Freude?nstadt Yretnagen. 7 - 4 i isi Nocamaysi
Tiibi Eggenfelden
< 7 lahiy > _ Tiibingen o U'Nm Ol;m oTaufkichen  ©
.-Dié. o Sélestaf [£531 0N = Bal(l)ngen c e}" OErd Slmgach
: U4 ab ﬁ\» = : J ing /\
Epinal@ ey § o Albstadto g c hW Yt j Eiﬂ B A.;;:,;g\o;*'éraunau 5
' Solmaye §: A’ Schwennin o Sigmatingen / /) Biberach s \ usen
Q AT S 9 asserburg &
’b - J ES4 g P ; )
Fréi urg K\ esDcm:;enO\ °/ O Tuttlingen BADEN' emmiﬂgen ) ) o mbayern \9
0 O - WURTTEMBERG A aufbeureno VA eim s’eee J oTraunstem\




EMMY NOETHER 21

» 1882: Born in Erlangen

» 1900: Bavarian State Exam for
teachers of French and English




EMMY NOETHER 21
» 1882: Born in Erlangen

» 1900: Bavarian State Exam for
teachers of French and English

» 1900: Not permitted to enroll in
University of Erlangen (audit only)

Erlangen

Universitatstrafie

B

I

[E L

- 3 [ . A A
r i T o S 2

v i . - - %! | % oY

fi B g . 3 " X \

i, N 1 e v "{ A

a b ' 2 TR e §
g i 4 ¥y R A
[ ' 1 L R - \
4 ! . \
! v
, I \ \ R y -
5 ot g o !

g

’ ~
‘. § - .4.1.. ) P
‘.‘ ‘,'rﬁ,”", o : s ', o \: ‘|. A
sl Bt B e UL )
. r— = " — ~ 3
4. - L , :" ' ".
B/
7

VR T E U R e
7§

R

NG,
USMONS 0
COHM

‘.769"_“;@54;__“_;“4 ' :':," e 3 L N ,; .hu\i:i;‘ ;&’




EMMY NOETHER 21

» 1882: Born in Erlangen

» 1900: Bavarian State Exam for
teachers of French and English

» 1900: Not permitted to enroll in
University of Erlangen (audit only)

» 1904: Admitted to Erlangen as
student of mathematics




EMMY NOETHER 21

» 1882: Born in Erlangen

» 1900: Bavarian State Exam for
teachers of French and English

» 1900: Not permitted to enroll in
University of Erlangen (audit only)

» 1904: Admitted to Erlangen as
student of mathematics

» 1907: D. Phil. summa cum laude




EMMY NOETHER 21

» 1882: Born in Erlangen

» 1900: Bavarian State Exam for
teachers of French and English

» 1900: Not permitted to enroll in
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 Gottingen,
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 Gottingen

» 1922: Associate Professor

» 1932: Alfred Ackermann-Teubner Award,
Plenary Lecture at ICM, Zurich



TO JOIN BRYN MAWR.

Dr. Emmy Noether, Ousted by‘

Nazis, Will Be on Faculty.

. Special to THE NEW YORE TIME¥S.
BRYN MAWR, Pa., Oct. 3.—Pres-
fdent Marion Edwards Park at the
opening of Bryn Mawr College to-
day announced that Bryn Mawr
was to have in its faculty for two
years Dr. Emmy Noether, for-
merly of the University of Giittin—',
gen, She was asked, with other
members of the Géttingen faculty,
to resign last Spring, under the
Nazi regime. |
The appointment of Dr. Noether
was made possible by a gift from!'
the Institute of International Edu-
cation and the Rockefeller ¥ounda-

tion.

Ehe New JJork Times
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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?
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» Say the law of gravity was different tomorrow, G’ > G

F =

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

» The amount of energy | expend: E = mgh
» Let it fall tomorrow and compress a spring

» The amount of energy | gain back: E'=mg'h

» The net energy: E'—E=m(g'—gh>0
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» There are also (possible) discrete symmetries

4 Parlty (P) (-xa Y Z) — (—X, — Y, Z)
» Charge Conjugation (C) p—p
» Time Reversal (T) I —> —1

» Exchange Identical Particles (X1, %) = (X, X1)
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Mirror plane

Original Mirror-reversed
arrangement arrangement

Predicted direction
Preferred direction of beta emission if
of beta ray emision parity were conserved

Observed direction

Direction of electron of beta emission in

flow through the mirror-reversed
solenoid coils arrangement
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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

mass - 0.511 MeV/c?

charge - -1 e

mass - 0.511 MeV/c?

-+

charge - +1 e

spin - = 1/2 spin - = 1/2

electron positron

» A particle and its antiparticle can annihilate into a pair of

light particles (photons) /(é
e V

‘7777
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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

X X X X X Xd4X X X X
X X X X X X X X X X

"

» a “positive” electron moving up
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ANTIMATTER BOMB?

34

Angels & Demons (2009)
https://www.youtube.com/watch?v=5wXtm7YIRWM

R — L 4

XUZIWT7r

<« | wish we could make this amount of anti matter that easily...

REPLY

1 gram of antimatter


https://www.youtube.com/watch?v=5wXtm7YIRWM
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» At the antimatter factory of course!

LHC

\ North Area
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36

» Some antimatter is easier to produce than others...

» Positrons from Potassium-40: your body produces about

180 positrons per hour! p+p—{p¥p

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

01 .40 T
19K —1g Ar He H v,

P
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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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» 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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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?
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A TOY UNIVERSE SCENARIO A i

» Say we have blue particles (matter), particles
(antimatter), both with mass m and green particles (light)

» The possible interactions from collisions are:
» blue + — green + green
» green + green = blue +

» (if green particles have enough energy to produce
two particles, E > 2mc?)

» Question 1: If we start with an equal number of blue (10)
and (10) particles, can we end up with more blue
particles than particles?
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A TOY UNIVERSE SCENARIO B 2

» Say we have blue particles (matter), particles
(antimatter), both with mass m and green particles (light)

» The possible interactions from collisions are:
» blue + — green + green
» green + green = blue +

» (if green particles have enough energy to produce
two particles, E > 2mc?)

» Question 2: If we start with an unequal number of blue
(15) and (5) particles, can we end up with more blue
particles than particles?

https://github.com/jmduarte/Elastic-Collision
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A TOY UNIVERSE SCENARIO C %

» Say we have blue particles (matter), particles
(antimatter), both with mass m and green particles (light)

» The possible interactions from collisions are:
» blue + — green + green
» green + green — blue + (20% 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 (10) particles, can we end up with more blue
particles than particles?

https://github.com/jmduarte/Elastic-Collision
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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?



PHYSICAL REVIEW VOLUME 159, NUMBER 5 25 JULY 1967

All Possible Symmetries of the S Matrix*

SIDNEY COLEMANT AND JEFFREY MANDULAJ
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits
(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 S matrix 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 S matrix, and let the following five conditions hold: (1) G contains
a subgroup locally isomorphic to the Poincaré 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 ¢,
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 5. (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 Poincaré group.
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» Have we accounted for all possible symmetries of our
universe?

» In 1967, it seemed that way...

» Itturns 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 x; and xz is
described in quantum mechanics by a wavefunction

Wavefunction: l//(xl . x2) What we observe: ‘ l/j(xl ’ X2) ‘2

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

R w(xp, %) |7 = |w(x, x) |” = |w(x,x) |

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

R* WXy, X)) = wxg, X,)
» This means R2 =1 so what can R be?

R l/j(xla'XZ) = l//(x29 xl)



FERMIONS AND BOSONS 8

» 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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» Can we relate fermions (matter) and bosons (forces)?

» Yes, via supersymmetry: for every fermion, there exists
a corresponding “superpartner” boson (and vice versa)
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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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WHAT IS A SUPERPARTNER? 51

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

mass — 77?7

mass = 0.511 MeV/c?

charge - -1 e

charge - -1

spin - = 1/2 spin > 0

selectron

electron

» 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
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» Search has been on for supersymmetry for over 40 years...
including my thesis!

» It may take the next generation of energy collider experiments
(and some of you in the audience) to discover supersymmetry!

» Thanks for listening!
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