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completely different.




“90\0\36 Hheovies”

a story
introduction
uses of symmetry
gauge principle
weak Iinteractions
critical phenomena
Broken symmetry
Higgs, et al. mechanism

all i—ogeH«ev:
the Weinberg-
Salowm Modél




he believed in a symmetry
built his world around it

for others:

perfect symmetry ruled—circles

are we different?

Harmonicrs Lis. V. 10
&dris irregularibus, quibus tegicur Cubusincus, Huic fuccedicIcofaé- «

%

dron 4.ob fimilicudinem, ultima (ecunda-
riarum, angulo folido plurilineari ucenti- i ‘
um. Incimum eft O&oédron 5. Cubi fimi- i ¢
l¢, & primafigura fecundariarum, cui ided ” 1
primus locusinceriorum debecur, quippé inferiprili; uci cubd circum: |
{eripcili primus exceriofum. i \ {

Suncautem norabilia duo veluti conjugid harum ‘figurarim sex!
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1
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1
1

diverfiscombinata claffibus: Ma=,
, Tes, Cubus & Dodecaédron ex
% primarijs; fernine, O&toédron
T &leofiédron ex fecundariisquis
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what about Einstein?

He didn’t invent the transformations
done before him.

He didn’t establish the mathematical rigor
done before him.

He derived the results
arguing for an a-priori prejudice about symmetry
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the plavers

Spin 0 Bosons: ]

Spin 1 Vector bosons: Auy By, Wy

Spin 1/2 Fermions: /4




use Lagvoamgiams

Lagrange’s Equations
— quantum equations of motion
duy — 90/0xH




o catalog will subfice

FREE (AGRANGIANS EQUATIONS OF HETION
scalar flelds :

Lz L3pdd-Lutg? ¢ + Wigta O




wmtevactions

ay
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(ISTERACTIONS -
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povticle cveation

PARTICLE SPECTRA -
$)= [ d%  [alk)e” +atl)

just like Hhe quamtum
oscllatovr Evom |st yeav

quomtum mechamics




symmetvy tn quamtum mechawmics

Group operations represented by operators, U,

generated by G
in a linear vector space of vectors |o >

eetors fvanstorm: [o — ot’S = Ul
opevators trapsform: @ — O’ = ueu™

If a system is symmetricwrtU, [H,G| =0




Noethev's Theovem

If a system has a symmetry
there Is an associated conservation law

space translation — momentum conservation, p
time translation — energy conservation, E

Also, for “internal symmetries”
phase transformation — charge conservation, QO

OF TARTICULAR MNTEREST AEE s‘:’uuerrmt; CGROUPS WITH
-k = QJ
e PRESENTATIONS LIKE. WU(E)= e .
FRESE )=e" N. “caueedTors’ oF THe

GROVP § CPENATORS
‘F';-'F'”"FS““‘- HAVING QUANTUM &
ARAMETERS AS EIGENVALUES




cl/\owges OAMA consevveA cuvvents

¢ CONECTION THROVEM “CHARGE* 5 A CONSENVED “CUNAENT" —

Q = fo"":fa"(x)

where 3’. j"‘(ﬂ'} =0 Sfjm‘ﬁcr a conservchen Qw

Q plays & Auanl vole: both & “chawvge”
omd the genevator of the
tromsformation




quomtum field theovy: | slide

o+ hlx) 1S AN OPERATOR d—d'= uou™
-(a ...zz*a-')d:(u ;z:*a:)
| 4413 5i(al, 000)
so [&%, ¢u)]= gtx) =>
(uote: often  UPU™ = exp( ¢ Er’q_f’)cb(r) .2 phase )
- Cisemualves of 63’

o Sufrese [H k]=0 D %a=0

LET  HIRS = Eulpud

e GQHIBWD = ELQIBD } B ¢ GlpS ARE
- - BoTH E16EN STATES OF H
HOIpa> = EnGQ IR WITH SAME E,- degevenshe
—> MAY NEPAESENT OnTHOEONAL
STATES Witd DISTINCT
QAUANTUM NUMTERS. ..




| NeA...2 slides

o THEME (5 A SPECIAL EIGEWSTATE OF H ... THE VACUUM.
H oY =0 s AwAYs TRUE R VAcwuia STATE
{,-‘s_x_:_atiw LT (S ASSUMED ™AT mfi w= e;.azn:
wioS = [0 FRe AL SYMMETUES

=) QoY =0

(5 GloS # p , THEN THERE MUST EE DECENENATE VAcyA
F Ase [H@l=c. stay tumed !




a litHe bit of histovy...vepeating] © &

Soon after general relativity
H. Weyl proposed:

He ADDED NVARIANCE WITH RESPECT TO

a, gpf, = )\(x)gﬁf’v sqme Alx) phase

b. Af": Af‘- g_i},?f)

note: b. is E&M...a. is strange.

space and time can change...all over space and time

he called it a “gauge”

LENGTHS ARE

x 1- p..d v d 1-- ”
as’= 'Qﬁ“d’c X —» Ads REZGAVGED "

The thing that holds spacetime together? The Photon




Einstein Aug it..sovtar

i Yoé(r 1deas Shoew a ewonderf 174 colesSion.
4 pd/‘Z‘ £ronr agreemeni coith real /Z(y ) 17 15 ot an/
rale @ 3/*@/70//‘05 e ddﬁ/‘e\/emenzl of’ rund. "

This early attempt to unify E&M with gravity
failed.




London revived the idea
Not a scale of spacetime
A phase in quantum fields




fivst kind: GLOBAL V(1) symmetvy

~8Q
1e)= e “GLOBAL" =y SAME PHASE. INDEPENDENT OF
SFACETIME £&% 6(x)

“WUD" D 1 PARAMETER LIE EROUP HAVING
& AS GEWERATOR

Yx) — ) = u‘f_fr}u"
= %y




other kind: LOCAL U(]) symmetvy

.~ 2604 Q .
U = e LOCAL" = POTENTIALLY DIFFERENT PHASE
AT AL SPA CETIME PONTS 6=6(x)

L ‘a
P6)—> Y'le) = &* &) Y1) NET SO SIMALE.....




the Aevivative s trouble

define a new divergence
to cancel the unwanted term

N
DP‘ < 3# i K:, as.yet wnaueed Lectoy operatoy

Goal: get the gradient to transform invariantly

(0,4) — (D9 177 (D,9)

o START or Wity L= (e[ 49 Dp-w | $ix)
= ¢fﬂ£ A (H%.-I- ;X“Kr. - “"-J '{-{r]
ansforne Yo ¥
204) = 24) = Fo) B e X - iq360)] -} £ )

STILL NoT 2eHT!




ome move imgvedient

must simdltauedusly trausform X, —#K,: = Xy - 4qdbx)
Al Daote Y T iqALK) o the Gradiewt lodes ke
Du= 9ptiqA,

i TOTAL TRANSFORMATION NECESSARY TO (EAVE £ ALGNE (S:




freaking amazing

Turns the utility of AsjawwAs
upside down

If invariance with respect to a local U(1) symmetry
IS, a priori, of paramount importance:

i 1S POROED

1O RYEIT XEE PEHOTON




Aemomding o symmetvy

forces the inclusion of a spin-1 field

specifies the interaction with spin-1/2 fields




V(1) is go0A

How about SU(2)?
The project of Yang and Mills in 1954

A local SU(2) symmetry
leads to an isotriplet of spin-1 fields

'L 2. 6{“) Tfl

2 cA
DEMAUDING L= € —» b f’*’)< whery

isovecter ~
Lovewtz vector




Yowmg - Mills Theovy

AGAIN : Z = ¢[;r*af_m)¢

Ap L ‘q‘: i!) as bases fov su(yr) ape:.vwfars




close, but notsomuch

one might have hoped that the 5 might have
turned out to be the W=Boson

But the weak interaction is short-ranged
and so the W would be heavy

Masslessness of b, was a fatal flaw.




weak
wmtevactions

circa 1960...a primer




Since Paunll oA Fevmit v | 930s

There had been
20 years of contradictory experimental results
a beautiful theory—1958 Feynman and Gell-Mann

P

¥ — =}
A—é Ve Gg ~ (0 /2
~ G P

F e

.. HURISTICALLY DESCRIBED BY: P,
"

w- -

- V.

W o charged ZLL*-—L,_‘

e

isospin vaising [lowering
MEssjve

-




theve weve probvlems:

% "N aaar W T tubsunded
AaAn. W
v / 2W Production

mPinity is associated with
the longitudinal degree of
PreeAdom

Massless spin 1: 2 dof...e.q. L,R polarizations

MassIVE spin 1: 3 dof...e.qg. L,R polarizations
+ Jongitudinal polarization

et (A =0) ~ %




m E&M...2 photon proAuction:

wf \ Y voth graphs requived
+ /Z}d-ﬁ because of gaunge

5

mvawviamce

1€ you pretend that the photow
WA o marss...
the bad behavior tevm cavcels
between the gvaphs




in hindsight: this cancellation can be arranged
for weak interactions:

cither, vequive a uend, oV r’qptiff 4 hew, heary

T . 1

heavy electvou 1 feld

ST > 2,

U/




E&M is magic

same coupling of photon to electron & proton:

IHE (messy hadvon)
/‘w /—,P -

(clean !cp-ﬁm )
SAME CoURLING (i Iimit)

ditto, weak interactions:

}ﬁ (e S Sy féﬂdwﬁr\
L.f [ean f#ﬁﬁf "‘,

SAm:' covPemie !




coulA & ve?

that the regal

@ﬂ@@ﬂ[mmagn@ttﬁ@ interaction

might be related
to the rag-tag, ill-behaved, badly-bred




Schwinger, Salam, Ward, Glashow, Weinberg...
all used Yang-Mills theory

Salam: “dream” of Weak and Electromagnetic
Iinteraction unification...

o
; 4 'g: it masslessuess of W always
blockeA progvess




cvitical
phenomena

circa 1960...a primer







UN APERITIF

%&WMM % de t 2 Prec Loores

UNE ENTREE

LE PLAT PRINCIPAL
LE FROMAGE

LE DESSERT

UN DIGESTIF

Aigpercondiscliiv ity as an W& 7%9 @@y&




what's & phase?

a region of analyticity of the free energy

__ , +henumodiyuaus €
.F —39 k.BT Y4 fom stefishical mechanics } Comes VO
L Ty e HeaT devtvatives q
| ¢

‘. Fz=U-TS (Helmholtz)

+h d. ‘
G = F+pV (Gibks) } Ll

(=

HEAM AT CONSTANT P ¢
DENSITY ,a=b

COBNSTENCE LINE
D de, =dG, Across wexistEuCE LIVE




laatent heat

2.
P /‘ = b
= 857
4: .?""'.‘5 £

|

(MAGINE HEATING . LHILE NAINTRING

| ir

/{ ’ _-,: : EQVILIBRIVM BETWEEN S £ 4, C—d
T

dGs = dGg dG; = V;dP — §5;dT

AP _S5—S;_ AS
dIT Vg —Vo AV
L

T TAT

laatent heat




acton i Hhe Aevivatives

FIgsT DERNVATIVE . .
6F G IS DiSconTinpos = |3 orDer PT.

TAULES PLACE ACROSS
(BEXI'STENCE CUIRVE

Crucial: the concept of the symmetry of the phases




due to Pierre Curie, actually:
If there is a symmetry change,
a Phase Transition has occurred.

high Aegree of symmetvy = lack of ovder

J J

move symmetvy opevations = high entvopy

velated to higher
tewmpevatuves




tHhe wmove H/\'mgs ave the sawme

LlgwD-GAS

t YN0

. L/% “ Drspucnon
A &

T

P

4

but...plot differently:

2d (SING MOREL

=+ MAGUETIZATION

%\ vo
Aty - D‘Mnu:.nw

= MAGNETZATION




I(-; V -{“J"gp} iﬂﬁ(? }r S S G= T(a'%lf}r
— D | t |~
| : i &
Ist /oI /L
Ee P K P BEP TT BT
4 w?%ﬂ? b=0%), < G=T(¥%1),
| . |
2wd | N\ / /\
YTF'_“_{L*: F "’c;. P h__ht T '__T;._ T
f
2" DemvaNeE = 2™ onder PT."
& wo latent heat




ovAev pavawmeter

Landau and Ginsberg invented a parameter
to measure the order in a system

n(T) the order parameter
univevsalizing the study of phase tvamsitiouns

If » =0, then the system is in an ordered phase
If » =0, then the system is in a disordered phase

If »(T) — 0 continuously, the P.T. is second order




heve they ave:

SYSTEM Y EXAMPLE Te (k)
liqud.- gas b Pe Hz0 car '
-&wou-ague} M =3 waqg P H | BT -
Ta'l
W‘F‘Uﬁd %mm, <fr te. 4 He rd - Tc
fevve clectvics P ﬁq,lchfinc svifate 223
bivary alloys Concewtvafion CGa-2n 729 — P

f'IL MI
|

3 Tusy
T. T




Landau postulated:
a function, L (the Landau Free Energy)...related to G

L(P,T,n) = Lo + B(P, T)n* + 6(P, T)y’

S oo flipping above amd
>0 = T>Tc  Wwelow Hhe

0 T <T .
b<b = I<lc FrowmsiHion




ground statre! mmimize L

L= Lo bUCTETE) 111 + 5114

T ot T=T¢
[

oAU AL

b

SIMPLE EXERCISE 3! { = t*\/ ;3.5 (T-Te|

SHGN L= -—_b_‘L (T__-Tc.)?.

2§

two important things for T < Tc:
the ground state energy is lowered
there are multiple ground state configurations




-Pevvovv\ag netiswm

« ALL DIRECTIONS EQUALLY
. N £ (Myep  PROBABLE. . CROD STATE
1 2le ;—'T:: =0 INVARIANT wrtSO(3), Us

*[H.g]=0

2D HAMILTONIAN INVARIAN T
wrtSO(2)

” £ 7 — o A SINCLE RANDOM
TLT; Pty MO0 Dingcrion 1s sweced
ouT

SO2)— Sol2)

- [H,G]=0 st -
Symmetvy said to be “spontameously bvoken”
Bettev: symmetvy is “hidden”




veautiful exawmple




veautiful exawmple

wheve Ald the symwmetvy go?

IHs stll Hheve: inside of Hhe
ensembles of all potential splashes




heve’s amothev one: Euler

A
. EId¥ « Fdx =0
2 y [ dz2¢ de* } X=y=0 (s a solvkou
3 . EDdYy 4 Fdly =0
) dz14 da
TP
Te
BUT, WHEN F> $TET = £
Cl
X (ory) = Csinkz I"":l/ﬂ:f/EI

SYWMETRY (S (oST --- HIODEN (sauce cquetinndf wotn)
— RoOD couLd HAVE PICKED AN INFINITE
MUMBER. OF DIRECTIONS TD BULDGE ...

W ACLORDANCE WITH ORIGINAL SYMMETRY

d‘crs-! [ife Fermmqucf'




CMP theorists weve playing

with these ideas...exploring broken symmetries

Steven Weinberg got a whiff of this...
but, he failed to apply it correctly

Because of the dreaded Goldstone Boson.




GolAstone Theovewm

A system which has a spontaneously broken
symmetry must have massless, Bose-like
excitations in its spectrum.

There are no spinless, massless particles.
So, Weinberg’s initial attempts failed.

Works great in CMP!

eg fervowague tism

frrtrtrrtt ttrrertrt ? wo...that's wot what maguets Ao
CROUND STATE. 1 ExurEd sTATE

eblmrﬁvh‘cs favor : :ﬂ"’"—)\ Y o S «\TT

long wawvelength




A %

long wavelength, macroscopic, quantizable,
excitations

with an energy dispersion:

e = h*S Z(l — cos(q- a))

as q — 0, the energy goes to 0

e = /@22 + m2ch \piv\gO: massless




The Hamiltonian - and the ground state - still
respect the original symmetry.

If you lived inside of the magnet,

how would you ever Aiscover that the symmetvy of the
Howiltoniawm is SO(3)?

That’s our situation.




pvoof of the GolAstone Theovem

not here...in the handout

But, the consequences are the foll

But:
what's the “3vow«A state” of
quomtum fielA?

The vaacuuw,

I+'s +ypically simple: i+ cavvies
Almensional vepresentation of « sul
gvoups. '




vespouse of the vaacuuwm to U:

Two ways:
the normal way: U(Q)0>= 10>

U@ =e" = Q0>=0

the condensed matter way:  U(Q)|0 ># |0 >

Q0 >#0




Remewmbey:

Relativistic guantum fields are operators:
they satisfy an algebra:

Q. 9(z)] = ¢'(x) # 0

take the “vacuum expectation value”...aka “vev”
< 0][Q, ¢(2)] |0 >=< 0]¢'(2)[0 ># 0

which says:

the field @ i the vacuum is non-vamishing!




at Pirst blush? stramge.

‘\ is full. E. ........ px) E

Obsevvation of such a tHhing is &
triggev Por the Goldstone Theorem




Dilute Bose Gas

remember your Stat Mech?

remember the occupation number for bosons?
you treat the ground state differently

9i

Bose-Einstein

Condevsate
No

T

T ela—m/kT




on\o\ew\ Lov o £lelA {"/\QOvy

condensing into the ground state was a head-
scratcher

in field theory—relativistic or non-relativistic—
need to bulld a pavticle spectrum £rom aam empty vacuum

fo>=11> =  a|0>=0

But, this Bose-Einstein ComAensate is a full vacuuw!




Bogolinvev tvick

the way out.

e [Ix G [-E ] 40) CE. temm
+ [d3x (d3¢' $He) $* (»') orlx,x?) ¥ ) (x?) PE. down P4
+ o [d3x H(x)¥ (x) CoP tevua WT

t is zero in the condensate

the number operator: N = a'a ~ 1)

al0 >y= NY210 >y_1~ N30 >y
Lov \o\vge N

like: ~< 0|0 >#£0




some broken symmetvy

Number operator symmetry is broken

eiAN UO>N§'é ‘O >N

N[0 >N 0
shift it away
a' and a almost “c-numbers” af & a ~ /gy
Y(z) = vacuum value + y(x)

< 0[x[0 >= 0 X(@) ~ Y ape™?
. . k0
substitute into H




YAAAA YAAAAN YAAAA

H

r

heve W = -ﬁ_ll_k‘-+ Z.MF(K)
2

transformation:

X_ps uga g+ vgal

Lz w, ot + viat, }
a quasi particle spectrum

- i1 -
H= N*- %E:a(wk'— £.) 4-%51& £, & «

> Z“"u,“t“;.* I‘J%ﬂ(n a +a* Jk)

5,

a mess...diagonalize with a canonical

S heve saume commutaton
relohous as a's.

the create and annihilate a new particle spectrum

5, = ( N+t | ARF(L)
4."\..

Zm




The Goldstone Boson of the Bose Gas

7 f?‘L 1,,_1‘__ fee Pa_rﬁdﬂ
3 O
i s .'1'..:7‘
ST G SUPGRFUAID PRASE, ROTONS .
/“ by pleorons
L.




multiple things going own

momy phenomena
mvolve vrvoken
symmetvies

The symmetry is “there”:
hidden, not respected by
the ground state.

Gwmsburg Lamdan
phenomenology:

identify order parameter-
induce phase transition

\ Gvound state is full:
( <0l 0>=0
o Broken continuous symmetry?

Massless Goldstone Bosons
must appear.

., !

shift flelA opevatovs:

c-numbeyr vacuum Fevm + quast pavticle opevator fevim

wmsevt into Hhe wmodel,
stiv...out pops & quasi pawvticle spectvum




build & toy theovy

A relativistic quantum field theory

Jeffery Goldstone, “Field Theories with
Superconductor Solutions” 1960

. - 3
= 3299 - algly? - 4 Ag? S g g by
—— P b Ues mess Jape
KE tevm mass feviu  self intevection
(like po in
Bose 443 )

The symmetry?
veflection symmetvy ¢ — ¢ ceaves £ Atone

« IDEUTIFY CAUDAV FREE EWERLY WITH PE TERM ofF £
V() = ap® ¢ + A ¢4
2. 4.

e MINIMIZE. TO FIuD GROURNR STATE:
minimvm @ V(i) =0

7




phase tvamsition, ala’ L&G

before the phase transition:

vi¢)

J

D lolaled= 0
pﬁvﬂ:dt. spectve.. ..

¢

“induce the phase transition as
Landau-Ginsburg

a— -la| V()
V = oy et r\ 4 —
(4) b o d A < o
¢ A
va,

and minimize to find GS:

" VAWUM * oteurs AT FINTE & "ColepleS o
=t

pick one of the vacua...

shift &
build a particle spectrum

élx) = Lolgloh + Xlx)
= U+ L)




omd substitute i+ back:

2(x) s Jz'a,,.b&’x -lal p2 Y;l-l- quevhic £ evbic set€ intevactinus
tHhe covrect fovm £ov o
massive vosow!

Was the Goldstone Theorem violated?
no: this was a discrete symmetry
Goldstone Theorem holds for continuous symmetries




Ao ¢ otgo\'m...

a 2-component field

R A CONTINVOUS SYMMETIRY.. NEED More THAN 1. CoMPOENT
ORJECT : iy, o @t - @tiq

————

J2

(@) = $ g arg - faqtp - L) (gl

SYMMETRY ¢ P— ' e_"gclp (=AvEs £ Alowe . _

or (tﬂ) (cﬁ)’=<msa w6 \[ @
¢, e CP;, -%%.8 Coy @ ©,

ce. Clobel W) ov 3S0(2), whick ave Isemovphie .

L 'S F A .
L(9) = & 3¢ + {34,249, - A (@) 2 "+ )

Vied,) = ag* (gFeq)+ A (g2e @)
UIIMIZATION (EADS TD :

. -
¢,
2




Ao the L-G thing
a — -a in: Vi@a,) = ag® (gF+ °P:)+$({'Pf'+ 5

MINIMI2ATION CEADS ! P*4 cp: = lap*

——y

nuwehey of Vecua 1s wow [k finte
—p CHOICE O6F ONE (INVOVLES

A SLICE IN (“{..q_J {‘.

BrE Ars THE Sofz)

-
U 1 " 3 #
- ll AL AE T‘H’_‘_! I"‘E"‘

Aot :
Locvs Olgled = vre = s« +ivrsiax




gottar pick & Aivection

to break the symmetry...and build a Bogoliubov-like

spectrum:

(HOOSE TO RREAK SYMMEMY BY o= 0O
{clcﬁ{gb = U

} A ¢.=© Suce
{ﬁi‘Pﬂﬂ') g

Col(@ios = (%)

SHIET FIELDS (USING COMALEX REPRESENTATION...

@= U+ Tle) ¢ x-.,(x) To QuASI PARTICLE SET,
R Ty Mg et

‘P; a q;.! Trix) d 1’ {z]

L= 3y ¥y + { 3000 - alpdle® + cuvbic § quartic intevacting
Syt
o 4 ferm
fo (OST (TS MASS... Y (S MASSLEST ( THE GoCOSTINE Bosow )

T (S MASSVE | wm, = \2a p




single loophole

Remember Local U(1) symmetries?
the Goldstone theorem: Global symmetries

Remember the routine:

L= 30q Py - a gl - A (gt

WE KNOW HOW T8 MAKE TS (DcALLY CAVEE INUARIANT. ..
of— I~ iga’  SUBSIITUTION + TRANSFORMATIONS:

4§ 60x) ,
¢ — ¢'= T 10 4 a s a* = a*- 3.6(x)

5 . »
X = -4 RuF*s HDug) D'y - 4GP - A@%)
encryption of a-g intevaction

2 0u¢tg 4 £ %La"‘a}q*rf




fovce a phase tvansfovmation

FORCE a— -|al AND SHEFT FIGLDS.-..

Colquloy = v = ap (ol lo> =0

F = U'Hf‘-i-a‘.'o] AGAIN

and substitute back...




L= 5CHC+ L394d*n - %R, F

S et gerds 4 gt apte s cakic d g
, N intevacthions

LooKE AT - TERMS .- .

3 ’La,.*l; ™" - 25 Y a” + g"u‘a‘)
L * ol 5 2
:.(ﬁva. -3) = 29V (4,.— 5—’;_ 3 9)
(REMEFIVE X, = @, L 2 ( locks like ausFawa fm
" - P sause sfowefme
é .- Coeswt affeck =)
ﬂ-ﬂﬂ'g ar_ﬂtv_ B‘UM Y irs_“

—




L= 300t &, 8"+ { uruf- ap- L dak fevuas

The  has disappeared!
no massless bosons

The o is still there
but has gained a mass! My =/ 2ap?

The a, has disappeared and replaced by o,
but has gained a mass! m = JY

T2




Higgs Mechanism

the original, massless a,
had 2 dof

o togethery,
the original i vwo\\:‘mg 3 Aot
existed as a gradient, 0,n(x)

The Goldstone boson was “eaten” by the (gradient
of the) spin 1 massless field

to become a spin 1 massive field.

Discovered by:

Anderson, Nambu, Englert, Brout, Gilbert, Guralnik,
Higgs, Hagen, and Kibble around 1964

so naturally called the Higgs Mechanism




Hhat's supevconAuctivity

Start out with:
2 component, degenerative Boson pair

massless spin 1 vector Boson
so, & local U(1) symmetvy is assureA-Gange invaviomt

Do the Landau-Ginsburg mechanical inducement of
a phase transition

End up with:
1 massive spin 0 Boson Higgs Boson
1 massive spin 1 Boson Makes you think of the W




“supevconductivity,” you say?

In a superconductor, the order parameter:
Cooper Pairs—a Bose-like excitation
A breaking of charge invariance

What happens when a magnetic field impinges on a
superconductor?

It’'s quenched within a skin-depth: Meisner Effect.

len' o EQuanon 3 Lo s B
] == A PRy LB =0
U A
MANIP ULATE - :“;r'xj' = -e'ns B A Klein Govdon Equation
, = X Pov o photon of mass 1/4
Wity Awperes (aw PxB =j‘
2t =5 ; - o - X/)
VB = - 3 WITH DLunent R=f, e \a MC

e‘l.
_EF E""ﬂs
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When an electromagnetic field encounters a
superconductor

it gains a mass.

That’s where we live: inside a Universal
Superconductor.

where some “photons” are massive.




the chhain of events:

weak
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11 In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.

2. Ademollo and R. Gatto, Nuovo Cimento 444, 282
(1966); see also J. Pasupathy and R. E. Marshak,
Phys. Rev. Letters 17, 888 (1966).

13The predicted ratio [eq. (12)] from the current alge-

A MODEL OF

Steven Wei
Laboratory for Nuclear Science
Massachusetts Institute of Technolog
(Received 17 Oci
Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite’ these spin-one bosons
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-

R=[3(1-yy)le. @)

The largest group that leaves invariant the kine-
matic terms —ZyﬂauL-Téy#a”R of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons. As far

as we know, two of these symmetries are en-
tirely unbroken: the charge @ =T3—NR—%NL,
and the electron number N=Np +Ny. But the
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and
0= @+ _AT 0,20 -0y, )

The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that *=M,?/2h, and therefore the
field ¢, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,”
so the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

@=(3) ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

“hegtla e o)

—f;)\’(gAus +g'Bu )2-)\622'2. (7

We see immediately that the electron mass
is AG,. The charged spin-1 field is

w Ez—llz 114A 2 8
L (Au +id,) ) @)
and has mass
My, =2 )
The neutral spin-1 fields of definite mass are
Zu =(&* +g")“”(gAu’+g’Bn), (10)
A = 2)=12(_g1A 3.gB ), 11
L= (& e (-g'A *+gB ) (11)
Their masses are
M, =N(g*+g")"?, 12)
M, =0, (13)

so A m is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is

groups that connect the observed electron-type
leptons only with each other, i.e., mot with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

r=tiako ) w

14 4

o~(7)

whose vacudm expectation value will break T
and Y and/give the electron its mass. The on-
ly renorm,a_l}zable Lagrangian which is invar-
iant under T and Y gauge transformations is

- —- - - 2 2 = U . [ - -
L=-30 A -8 A A XA )°-3(®8 B -3 B )“-Ry" (6 —ig’B )R—Ly" (9 igt+A -ito'B
a( L L TEA, )l WB2 u) % (# ig’ “) ¥ (utgt Au i3g M)L

L . 2 —_ —
—%|8u<p—tgAu te +z%g’B“<p| —Ge(L¢R +R¢TL)-M12¢

Tw +h(¢T¢)Z. 4)

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value x={¢°) real. The “physical” ¢ fields are then ¢~

1264

ig Wb igg’ "
= w Cot Ty
wz e (1+75)v M+Hc +(gz+g,2),,2é'y eA“

1&g +g”)V2 1/3g7-g%\ 1 b n J
+ 4 [(grz+gz )Ey e=2y yge+vy (1+75)v Zu' (14)
We see that the rationalized electric charge I
is by this model have to do with the couplings
i i Z,. HZ
e=gg'/(g® +g™)? (15) of the neutral intermediate meson Z, M

does not couple to hadrons then the best place
to look for effects of Zu is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e-v interaction is

and, assuming that W“ couples as usual to had-
rons and muons, the usual coupling constant
of weak interactions is given by

GW/‘/E =,_‘;2/31v1W2 =1/2)%. (16)

Note that then the e=¢ coupling constant is

(3¢°-g"%) 1
= = 9l/4 12 _ X —6
G, Me/h 2Y4M G, M? =2.07x 107",

G
_w K, 3 M
ﬁwll-(l +‘y5)v{2(g2+g,2)é"y e +3ey 752§'

The coupling of ¢, to muons is stronger by a
factor M, /Mg, but still very weak. Note al-
so that (14) gives g and g’ larger than e, so
(16) tells us that My >40 BeV, while (12) gives
Mz >My and Mz >80 BeV.

The only unequivocal new predictions made

If g>e then g>g’, and this is just the usual
e-v scattering matrix element times an extra
factor 3. If g ~e then g« g’, and the vector

interaction is multiplied by a factor —% rath-
er than 3. Of course our model has too many
arbitrary features for these predictions to be
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taken very seriously, but it is worth keeping
in mind that the standard calculation® of the
electron-neutrino cross section may well be
wrong.

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our Z;; and W), mesons get
their mass from the spontaneous breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
so the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of K# and By, to the hadrons?

I am grateful to the Physics Department of
MIT for their hospitality, and to K. A. Johnson
for a valuable discussion.
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SPECTRAL-FUNCTION SUM RULES, w-¢ MIXING, AND LEPTON-PAIR
DECAYS OF VECTOR MESONS*

R. J. Oakest
Brookhaven National Laboratory, Upton, New York

and

J. J. Sakurai
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics,
The University of Chicago, Chicago, Ilinois
(Received 18 October 1967)

Within the framework of vector-meson dominance, the current-mixing model is shown
to be the only theory of w-¢ mixing consistent with Weinberg’s first sum rule as applied
to the vector-current spectral functions. Relations among the leptonic decay rates of p°,
w, and ¢ are derived, and other related processes are discussed.

We begin by considering Weinberg’s first sum rule! extended to the (1+8) vector currents of the

eightfold way?:

Jamm=2p Do) +p g ont)] =50+
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8+5000%0° (1)

that’s it.

Citations in the next 4
years?

something like 3...all
by Weinberg

Then, all hell broke
loose in 1979




Aefimitive predictiouns:

The W exists and the Z exists

The Z would couple everywhere that y couples
like atoms | 984
like interfering with electron scattering ~ 9907
like “weak neutral currents” 979

The mass of the Z is related to the mass of the W

v\ [ cosby  sinfy \ [ B
79 ) 7 \—sinby cosBy | \ WY




Quantity Value Standard Model

172.7+£2.9+0.6 7T+28
80.450 £ 0.058 3 6+0.017
392 4+ 0.039

My [GeV] 91.1876 £ 0.0021  91.1874 = 0.0021
I'y [GeV] 2.4952 4+ 0.0023 4968 + 0.0011
I'(had) [GeV] 1.7444 + 0.0020 1.7434 £ 0.0010
I(inv) [MeV] 9.0 + 1. 501.65 4 0.11

L(eHe7) [MeV] 3 .086 33.996 + 0.021
Thad (1] 41.541 £ 0.0: 7 4 0.009
Re 5 20.756 4 0.011

6+ 0.011

@ @ , : ' '
0 20. 0 01 £ 0.011 .8
1 ). 4+ 0.00066  0.21578 4 0.00010 0.8
te 1721 £ 0.0030 0.17230 4+ 0.00004 0.1

0.0145 4+ 0.0025 0.01622 + 0.00025  —0.7

0.0169 £+ 0.0013
0.0188 4+ 0.0017 1.5

° ° Rixs
| e O I n l e l S l O I A 0.0992 £+ 0.0016 0.1031 £ 0.0008 —-24
AL 0.0707 £+ 0.0035 0.0737 £+ 0.0006 -0.8

0.0976 4+ 0.0114 0.1032 £ 0.0008 -0.5

Gy 0231524 0.00014 0.7

S5 . 2
A, 0. | b 0.1471 £+ 0.0011
0.1544 4+ 0.0060
0.1498 4 0.0049

y. 0.142 £+ 0.015

0.136 £ 0.015

0.895 £ 0.091
0.30005 £ 0.00137
0.03076 £ 0.00110

—0.040 £ 0.015

—0.507 £ 0.014

retty damn good
p y g * Qw(Cs)
Qw (T1)
RACaZa)R 3.35+050 £0.09) x 1073
451107 +0.82  4509.82+0.10
20086 12+ 105 991,87 + 1.76

The Review of Particle Physics
W.-M. Yao et al., Journal of Physics, G 33, 1 (2006)
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new force?
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The Standard Model is
also a model of the
Universe
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This...Is:
The “Higgs Mechanism”

The remaining primordial

scalar is the HIgQs Field.




The Higgs Boson
creates mass

mass may not be an inherent
property...

but an acquired one
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2 Htaas

the crowd: Higgs Field
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qguark-Karl-Gude has gained inertia




quark-Karl-Gude has mass.




— LEP1 and SLD
- LEP2 and Tevatron (prel.)

68% CL

By constraining SM measurements:

M < 182 GeV/c?; > 114 GeV/c?} and: My = 76 +36 -24 GeV/c?




SM is a renormalizable
theory

with issues... Higgs loops. and Grauvity.




mass corrections
~ (107 GeVp?

H (physical) H (bare)

m?(p®) oc A* <«@mummm That same scale problem as with the & !




2 ways out?

H (physical) H (bare) H H 7

-

ﬁ

Or, the “Higgs” is not New physics causing a
an elementary particle cancellation?
after all




