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Symmetry

Silateral
SYMMETR’
Translational, rotational, ... HERMANN WEYL
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Symmetry (continuous

“fAllszes] we all te appreciare the awe-inspiring
beanty of 1he wurverse.”

—HRIAN GREERNE, Author of T8¢ Eifnpekr Unicers

and Tae Fabrw of the Lloswes

LEON M. LEDERMAN

nohel laurcate

CHRISTOPHER I HILL




4J4.4444444-. .......

YT Y YT Y Y Y Y Y Y Y Y YYYTYYYY Y Y

T Y YT YT YT YT Y YT Y Y Y Yy Yy vy \
Y I YT Y T Y Y Y T I Y Y Y YY Yy

......

T YT T YT YT Y Y Y Y Y Y Y Y Yy

TY YT YT Y I Y T Y Y Y Y Y Y Y Y Yy

) JJJ JJJ 444.444.4.,4,, ........
T Y YT Y Y Y Y Y YN
o

TN NI Y YT YT Y Y Y Y Y Y Y Y Yy

T I I I I Y I I I Y I YT YTYTYTYYNOYTY

AT Y Y Y YTy Y Y Y YY Y Y Yy Yy vy

fJJJJJlezJa;aaa,.,,
TY YT I Y Yy Y Y YYYYYTY

T YT Y Y YT Y Y Y YT YYYY Y Yy

fJJJJJJJJ,... .....

TIYXT YT N Y Y Y Y YYY WYY

Jf. ﬁa YT YYYY Y Y Y Yy Y

JMAJJJJJ.4.....
JJJJJ;......

-
™

ATYYYYIYY Y YN
JJJJltAt-a...

T Y Y Y Y Y Y Y Y Y Yy Yy
TR

booobo ﬂﬂ YYYYYYY Y Y Y

o TYYYI Y Y
"t JJJJaa,a...
20 YY1

e
'.
e

. o R N R )
DR NN NN NN RIRIRIRIRERIRIRIRIRISNY

..1.44.4JJJJJJJ
YT YYIYYYY Y
Y YT RYYNYYYY

) |
1YY YL YYYYYY)Y
Y Y Y Y Y Y YYYYYYS

E Y Y YN YNYNYSNSYSS

Y YT YYYYYYYY

Y Y Y I YTYTYIYITYYYYYHY
,.....-444444JJ
....... Y YYYYNYYYY

,,441‘444J4444J
Y YT YN YYYYYYSSS QQJ

,,,,, YT T YT Y YT YYYYYYYS
....... Y Y NYNYYYYYYS

......... ...J-JJJJJJJJJJJ
Y T T T T T R YT YIYTYYTYY Y

YT T T Y Y Y Y Y Y Y Y Y YYYYYYYYY

....... T T I IYTYTYTYYYTY

............. Y Y Y YYYYNSS JJJJJJJJJJJJJ

T T YT Y T Y Y T YT T Y Y Y Y Y YYYYYYYS

....... Y T YT YT YTYYYYYYS

....... Y Y Y Y Y Y Y Y Y Y YYHYYYYSY Y

......... Y T T T T Y YYYYYYY™

- .,.,.,.,.,.‘.,.,...4.w.4.444‘4‘4444J44J4444JJJJ4de

.............



IRRRRRRE RN} R R PR R R AR AR R R AR AR R R R AR R R AR R RN .

RRRN fdu . 4 _ yasnnsnneneth bR R RRRRARAY
‘44 JJJJ e JLAJJJJJ 4J44444J444444414‘4.4.,‘,‘ | ,,., ........
JAAN . sennsnnsnrinanahbhhhbhRARARAN]
Y VY Y Yy
JJJJ ! JJ44,44..4....... ......

...........

JJJll.Jd.ttr. .Y NN
PR RRR R R A RARAL

TYY Y Y Y Y Y YT Y Y Y Y Y Yy Yy vy !
JJJJ.JJJJ«,‘,,,.,.«.,
..JJ .JJ.JJ4444.‘4. ........

J.JJ/J;;;ztl‘,J,,,

T YT YT YY1 Yy vy
Y9 Y Y Yy vy v %
Y YT YI YT Y Y Y Y YT Yy Y Yy
p oA R R R R R R R
2R R AR AR R R AR R R
JJJJJJJJ/.JJ. .........
PR SRARRARRRRERRE R R
Y NN YT Y YT Y Y Y Y Y Y Y Y Y Y Y Yy

4414114.,..........
JJ,JJJIJa/azll,.;,,..
PR SRR RR R AR R R RD
J:dela:.«.......

TY Y Y Y Y Y YT Y Y Y Y Y Yy vy
. T Y T YYYYYyy vy o

FTY Y Y Y YY Y Yy Y Yy Yy Yy vy
P22 2RRRRRRERRR
Y4999 Y Y Y Y Y Yy v
44444‘.4...,..
PRRRRRRRARRRRARA
Y YY Y I Y YYYY Y Y
ATYY Y Y Y Y YN YY Yy

.......alcddl%/f
YT T I YT YYYYYYY

,4.4444444
......‘44J4JJJJJJJJﬂ,

....... Y YIYEYYYYYS
T YT Y T T Y T T Y YT YT YYYYY YN
..........-444.1JJ4

....... YT IYYOOYYY |
..... Y YTYTYYYYYYY .
R N T T I YT I YTYIYYOYYT Y >
YYYNYYYYYY I IYYYYYYYYY
....... RARRRRA AR RN
T Y EYYNYNYN S YT YTYYEYNYYYYYS
T T T T T T T T T T T YT YT YTYYY Y YY JJ
......... YN YT YTYTYTYYY Y Y™
...... Y YT I IYTYYYYYYY :
Y Y Y Y YYYYY Y JJJJJJJJJJJJJ JJU  » ‘
'Y YT Y YT YT YTYYY YY 4
......... ..,“44444044 v ,;H
....... TITITIYTYYY Y Y
.......... Y YNYNYNN JJJJJJJ.“JJJJJJ w a : fnﬂ
YT T T T T YT YT Y Y YT YYYYYYYS A
......... ..44444.JJJJJ .. ‘
...... T I T I I T YTYTYTYYYYYY
.......... ., JJ‘
Y Y Y Y Y Y Y Y Y Y YYYYYYY JI« Mﬁ
...... Y Y YT Y YYYYYYYYYS » )
....... .......J,JJJJJJJJJfJ L)
............ YT Y Y YYNYYYYSYS ] AN
YT YT T Y Y Y YT Y Y Y Y Y YYYYYYYYS . 1 1
........ TN dlldl ldldldJJJJ ' .....‘.......... JJJJ
........ T YNYNYN \ JJJJJJ d JJJJJ,.
Y YT Y Y Y Y Y)Y L L Y Y Y Y YYYYYS . L) .  » AAALIL )
,,..‘..4‘44444444444444JJJJ,. » ) TYXYIYIY)
Y NYYYYY Y 1Y Y YT Y YYYYYYYYSYSYS ' \ . p TYYYY
......... T I I I I I I YTOYY YT ! JJJJJJJJJJJ...
............. ...-JJJJJJJJ.VJJJJ JJJJJJJI
\ T Y T T T T T T T YT T Y Y Y Y Y Y Y YYYYYYY ) YLLLLLL)
............. YT YT YT YT YTYTYYYYYYS ) JJ TYYYYYYYY Y Y
......... BERARARERE R AR AR R AR IR RRRRRRRRARRRARN

........... Yy v v Y Y Y Y S Y S S SN Y Y NS Y NS N N N Y Y Y Y'Y Y Y99 Y Y Y Y9 9 Y Y Y9 99 9 9 85595 5 Y Y Y Yy



THE NEW YORK TIMES, TUESDAY, MARCH 2?, 2012

BASICS | Natalie Angier

The Mighty Mathematician You've Never Heard Of

Scientists are a famously anonymous
tot, but few can match in the depths of
her perverse and unmerited obscurity
the 20th-century mathematical genius
Amalie Noether.

Albert Einstein cailed her the most
“significant” and “creative” female
mathematician of all time, and others of
her contemporaries were inclined to
drop the modification by sex. She in-
vented a theorem that united with mag-
isterial concision two conceptual pitlars
of physics: symmetry in hature and the
universal laws of conservation. Some
consider Noether’s theorem, as it is now
called, as important as Einstein’s theory
of relativity; it undergirds much of to-
day’s vanguard research in physics, in-
cluding the hunt for the almighty Higgs
boson. Yet Noether herself remains ut-
terly unknown, not only to the general
public, but to many membetrs of the sci-
entific commuunity as well.

When Dave Goldberg, a physicist at
Drexel University who has written
about her work, recently took a little
“Noether poll” of several dozen ¢col-
leagues, students and online followers,
he was taken aback by the results, “Sur-
prisingly few could say exactly who she
was or why she was important,” he said.
“A few others knew her name but could-
n’t recall what she’d done, and the ma-
jority had never heard of her”

Noether (pronounced NER-ter) was
born in Erlangen, Germany, 130 years
ago this month. Soit's a fine time to
counter the chronic neglect and cele-
brate the life and work of a briliiant
theorist whose unshalkable number love
and irrationally robust sense of humor
helped her overcotne severe handicaps
— first, being female in Germany at a
time when most German universities
didn’t accept female students or hire fe-

.
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GROUNDBREAKING Emmy Noether's theorem united two pillars of
physics: symmetry in nature and the universal laws of conservation.

RS

symmeiry in nature, some predictabili-
ty or lomogeneity of parts, youw’ll find
furking in the background a corre-
sponding conservation — of momen-
tum, electric charge, energy or the like.
If a bicycle wheel is radially symmetric,
if you can spin it on its axis and it still
looks the same in all directions, well,

‘then, that symmetric translation must

yield a corresponding conservation, By
applying the principles and calculations
embodied in Noether’s theorem, you'll
see it’s angular momentum, the Newto-
nian impuise that keeps bicyclists up-
right and on the move.

Some of the relaticnships to pop out
of the theorem are startling, the most
profound one linking time and energy.
Noether’s theorem shows that a sym-
metry of time — like the fact that wheth-
er you throw a ball in the air tomorrow
or make the same toss next week will
have no effect on the ball’s trajectory -
is directly related to the conservation of
energy, our old homily that energy can
be neither crealed nor destroyed but
merely changes forn,

The connections that Noether forged
are “critical” to modern physics, said
Lisa Randall, a professor of theoretical
particle physics and cosmology at Har-

- vard. “Energy, momentum and other

quantities we take for granted gain
meaning and even greater vatue when
we understand how these quantities fol-
low from sytmetry in time and space.”

Dy, Randall, the author of the newly
published “Knocking on Heaven'’s
Doot,” recalled the mmoment in college
when she happened to learn that the au-
thor of Noether’s theorem was a she. “It
was striking and even exciting and in-
spirational,” Dr. Randall said, admitting,
“I was surprised by my reaction”

For her part, Noether left littie record




Symmetries & conservation laws

Spatial translation Momentum

Time translation Energy

Rotational invariance Angular momentum

QM phase Charge



Symmetries of laws
neea not imply
symmetries of outcomes.



symmetries of laws = symmetries of outcomes

by Wilson Bentley, via NOAA Photo Library

Studies among the Snow Crystals ...
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Continuum of degenerate vacua



Nambu-Goldstone bosons

Betsy Devine
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Y0|ch|ro Nambu

Jeffrey Goldstone
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Massless NG boson

Massive scalar boson

NGBS as spin waves, phonons, pions, ...
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Complex phase in QM dﬁ

ORIGINAL

pd .
A
A

Global: free particle Local: interactions



Maxwell’s equations; QED

massless photon
coupled to conserved charge

no impeadiment to electron mass

(€1 & er have same charge)

James Clerk Maxwell (1861/2)



Function follows form. |l
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Robert Mills  (1954)  C. N, Yang




Can one choose ndepenaently
at - each-pointinispacetime

th

C:CORVE

AtionHoRame

lL.oca

Oroton:a

NaERetitron?

ISOspin symmetry Implies

Ciie

nassless

gauge bosons

coupled to isospin

no impeaiment to nucleon mass

(N & Nr have same isospin)



Might hiding symmetry help?

Seems to add massless NGBs

to massless gauge bosons

Goldstone theorem proved
With-ever-increasing rgor



Superconductivity (191 1)

Helke Kamerlingh Onnes



Thanks ’to Felicia Svoboda



Magnetic fields excludeo

Walther MeiBner Robert Ochsenfeld

PP: 40 nm penetration
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Vitaly Ginzburg Lev Landau



BCS theory (1957)

A

John Bardeen Leon Cooper  Robert Schrieffer




Some hints

(1962) Photon can acquire mass
in 1+1-dimensional QED

‘ (1963) Superconductor: massive
< photon, hidden gauge symmetry.
Model for strong interactions”
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71.“ .
Phil Anderson




Spontaneous symmetry breaking
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Kibble ~ Guralnik  Hagen  Englert Brout!

o

-~ Higgs

1964— : Goldstone theorem doesn’t apply to gauge theories!
Each would-be massless NGB joins with a would-be
massless gauge poson to form a massive gauge boson.




Simplest example: Abelian Higgs mode
= Ginzburg—-Landau in relativistic notatio

Ylelds massive photon
+
a massive scalar particle
‘HIggs - boson”

NoZmention:otweaknteractions.

NO-guestion-ofiermnion Masses
(not-anssuefor Yang—Mlills theory).

R



Spontaneously broken gauge theory

3

_ongitudinal component

Higgs boson

1981 massive collective mode (Raman scattering in NbSes)



Many fingers in the pie

"Higgs fields", for example, are just the scalar fields of a linear
sigma model, which was discussed in 1960 by Gell-Mann and Lévyl but
had been introduced three years earlier by Schwingerz.

Higgs mechanism" was first described by Philip Andersond:

should be called "the ABEGHHK'tH.... mechanism" after all the people

(Anderson, Brout, Englert, Guralnik, Hagen, Higgs,

who have discovered or rediscovered it! However, I do accept
responsibility for the Higgs boson; I believe that 1 was the flrstf?
to draw attention to its existence in spontaneously broken gauge .
theories?,

Peter Higgs, 50 Years or Weak Interactions, \Wingspread (1984)

The Schwinger-Anderson-

Englert-Brout-Higgs- m@d(\
Guralnik-Hagen-Kibble besen

lan Aitchison, “The unbearable heaviness of being,” Physics World (July 1989)



What of Yang—Mlills (isospin) theory’?

After SSB, still not the theory of nuclear forces

Right idea, wrong: symmetry,- wrong constituents

based or

SU(3) €O

forir

teractions amo

Precursor of Quantum Gh

or ga

romodady

alm

Uge sy

h

Mmet

g quarks

ICS
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Asymptotic freedom in QCD




Light hadrons (dynamical fermions)

—— experiment
—— width
o Input
¢ QCD




attice QC

has explained r

D qua

‘k-confl

early a

nement origin of

visible mass in t

h

nucleon

e Unive

Data Hint at Hypothet1ca1 Partlcle Key to Mass in the Universe
NY Times, March 7 |

MaSS
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B-decay: parity not conserved!

B ASYMMETRY (AT PULSE
HEIGHT 10V)

« EXCHANGE
GAS‘IN
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0 e
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—
Z
2
Q
Q

6 8 10 12
TIME IN MINUTES




Parity violated in weak interactions

Chien-Shiung Wu (1956) Eric Ambler



Chiral guarks and leptons




An electroweak theory

Weak isospin {left-handed)
_|_
weak hypercharge phase symmetry

S massless gauge bosons
coupled to weak isospin

1-massless hyperphoton
coupled to weak hypercharge

massless quarks & leptons

Sheldon Glashow



An electroweak theory (1967)

Contrive a vacuum to hide EVWW-symmetry

(need 4 new fields)

Massive W+ W=, 21
Vassless photon

MaSSIVEeHIggS DoSon

LSRR
y RN
'.\t." U

.....

Steven Weinberg Abdus Salam




ectroweak symmetry Is rea

No ZWW vertex
Only v exchange

e LEPdata
Standard model

02/17/2005




HIggs bosons: Incomplete multiplets
(W1, Wo, Z, h)1orm: O4):multiplet

W1, Wa, Z become longitudinal W, W, Z°

N becomes H; remembers Its roots

HIgh=energy:-benavior:tnitanty-oound, . ..

See end of §lil, Phys. Rev. D16, 1519 (19/77)



http://j.mp/HiQlLK
http://j.mp/HiQlLK

Fermion mass after SSB

Weinberg & Salam add, by decree,
INnteractions petween fermions and scalars
that give rise to guark:and lepton masses.

Neither fixes values nor relates them

Highly-economical, but is it true?

Fermion-masses: physics:-beyond standard model



H couplings to W, Z tested

6 March 2012 mgmn =152 GeV

- Aaﬁls)d -
a
S s % —0.02750=0.00033
- L% - 0.02749:0.00010
4 - % % e incl. low Q° data
('\l>< :
B> 3
2 2
1 <
| LEP LHC
0 excluded o, o excluded
40 100 24010



World without SSB

—lectron and quarks have no mass

QCD confines quarks into protons, etc.
Nucleon mass little - changeo

Surprise; QCE: hides EW: symmetry,
givVes tIRYImasses to W, £

Massless electron: atoms lose integrity

No atoms means no chemistry, no stable
composite structures like liquids, solids, ...

arXiv:0901.3958



http://prd.aps.org/abstract/PRD/v79/i9/e096002
http://prd.aps.org/abstract/PRD/v79/i9/e096002
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