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SECRET SYMMETRY :
AN INTRODUCTION TO SPONTANEQUS SYMMETRY BEEAKDOWH AND CAUGE 'FIELDS*
; _ .Sidney Coleman
Lyman Laboratory of Physics
llarvard University
Cambridge, Massachusctts, USH

L., INTRODUCTION

Here are some long-standing problems in particle theory:

1) How can we understand the hierarchal structure of the fundamental
interactions? Are the strong, wedium strong (i.e,, SU(3) -brxeaking), elec-
tromagnetic, and weak interactions truly independent, or is there sere prin-
ciple that establishes connections between them?

-2} How can we construct a renormalizable theory of the wepk inter—

actions, one which reproduces the low-energy successes of the Fommi theory

but predicts finite higher-order corrections?

3) How can we construct a theory of electromagnetic inter&cticns in
which electrcmaénetic mass differcnces within isotopic multiplets are
finite?

4) How can we reconcile Bjorken scaling in deep inelastic electrooro-
ductinn.with gquantym field theory? The SLAC-MIT experinents seem to he
talling us thattthﬂ ligntucqpe singularities in the product of +wo currentsl
are canonical in structureﬂ érdinary perturhatiuﬁ'thcury, on the other hand,
tells us thabt the canoniecal structure is spoiled by losarithmic factors,
which get worse and worse as we go to higher and higher orders in the pexr-

turbation expansion. Are there any theories of the strong interactisns for

which we can tame the logarithas, sum them up and show they are harmlessg?
Enonrous progress has boen made on all of these problems in the last
few years, There now exists a large family of models of the weak and elec-
tromagnetic interactions that solve the second and third problem, and we
have discovercd a somewhat smaller family of models of the strong inter-
actions that solve the fourth problem, As we shall sce, the structure of
these models is such bthat we are beginning to get ideas about the 5olution
to the (very deep) first problem; connections nre beginning to appoar in
unexpected places, and a optimist might say bthat we are on the read Lo the
first truly uvnified theory of the fundamental interactions, ALl of these
marvelous developments are hased upon the ideasz of spontancous symwmebry
breardown and ghuge fields, the subjects of these lectures,

llonesty compels me to moderate the sales—-piteh of tho last Paragraph

*Work supported in part by the National Science Foundation under Grant
Ro. GP 30819,
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Index for Notes filed under Coleman paper

1) summaries of all 6 sections, all together.

2) proof of feynman rulesl, (4.35) agd (4.48) etc.

3) proof of why W(J) is sum of connected graphs

4) notes on functional derivatives

5) deriwmations of equations in Section 4 ( path integrals, Q(x), etc)
6) about derivative couplings, {de’tK}%, (4.56) and (4.61)

T) derivation of (5.4) and (5.26); the Fadeev Popov business in QED
8) derivation of the remormaliszation group Equatinﬁ.



Sidney Coleman Lectures at 1973 Int..Summer School of Physics Ettore Majorana

o "Sdcret Symmetry: an introduction to -SSB and gauge-fieldsi"

(1.!Introductian.

1. Out of-'all this stuff comes several renormalizeable theories of wesk interactions.
The problem is now to do second order experiments to' decide which thedry is correct.

2. Certain topics will not be mentioned: fermions will be ignored; renormalization
will be mostly ignored; ( subject of Veltman and t'Hooft). The generalized Ward identities
called Slavnov Identities will be glossed over.

@ Classical Field Theory: SSB meets Gauge Theory.

2.1 The idea that if you like in a world in which the waccum is superconducting,
you might have lots of trouble realizing that the Hamiltonian in fact has an exact
symmetry. Little man in the ferromesgnet. The symmetry of the Ham. is just hidden (secret)
because the vacuum happens not to have the symmetry. In general, ground states often do
not carry the full symmetry of the lagrangian, eg, particle of spin not equal zero at rest.
Firsxt the usual parity symmetry is considered with Goldstones humped curve. By
(:, putting the vaccum at the minumum of the potential so that @ = a is the constant field
which gives you the lowest value of H (ground state), you have to shift the fields in
order to get perturbation sense. New lagrangian has lost the parity symmetry, because
the gaccum broke it spontaneously. This is example of a discrete symmetry breaking.
Next he does the usual O(2) example. Two scalar fields A and B are converted
to fields RHO and THETA in obvious way. After shifting the fields, massless THETA
particle appears, the Goldbtone Boson. Obviously this isb because there is no curvature
along the trough.
2.2 For general Lie group case, you start with N generators. Suppose vacuum
has n-m diensionsional flat sufface through your chosen value. Then there will be N-M
Goldstones because that many directions to go flat. Vaccum still has M unbroken symmetries.
Theorem was proven: a field theory which is covariant and has positive-def metric must
generate goldstones when you 535B. Gauge theories, however, do not satisfy these postulates.
You either lose covariance or you are stuck with ghosts. Either condition violates the
assumption of a normal field theory. QED is not a normal field theory, it is a guage theory.
2.3 Higgs idea is to "elevate: your global symmetry to a local symmetry by
adding some vector mesons. Then by choosing gauge functions f(x) in certain simple way,
O you can gauge sway the massloess Goldsontes;p Higgs mechanism! Their life goes into the
vectors and makes them massive.



So Higgs. solves two problems at once.- ‘IR guage theory, -you were always stuck
with massless vector mesons to get a locally gauge invariant lagrangian. In SSB theory
you were always getting stuck with massless Goldstones. When you dombire the twd theoric®
the two things combine and remove all massless vectors except the phton, if you do it right.

0K, the next step is to see what all this has to do with guantum field theory.
So far has been classical field theory.

i



( E) Secret Renormalizability.

0 3.1 Outine of wﬁat. we are going to do here. Peculiar ordering of arguments.

3.2 Renormalization reviewed. Consider a simple jﬁ“ }agrangian. In computing the L-point
function to second order you have t.;.:r add up graphs like those shown in figure. In order
to bleck divergences, you put on an ultraviclet cutoff. Then all graphs are finite and
you get (3.2). Now go back and insert cutoff-dependent counterterms in lagrangian to
exactly cancel the log term. You have successfully renohmlized your ﬁh theory.

In general, a renarmalizeable field theory is one in which you add a finite
number of cutoff dependent counterterms and you are able to balance the theory in
each order in this way. Sidney would like to go further and require that the counter-
terms have the same form as terms already in the lagyanéian. so by adding coubterterms
you are really only changing parameters in the theory.

A theory ﬁn with n = 5 and up is_definitely not renormalizesble, ie, you will
keep needing more and more counterterms of higher and higher order. "disgusting".

Vector mesons present & special problem in Fenﬁrmalization theory. Reason is
that the pruﬁagator has that extra k k term in ib.l If meson is massless, you are
OK. If meson is coupled to a conserved current like tye photon field (whi;h iz also mass-
less), again you are OK. But a massive vector meson tends to screw you up. However,
later we will see that if it got its mass by SSB, then does not count as a massive meson
from renorm point of view.

33 Functional Mehhods and Effective Potential. (refs given) Writes down the connected
generating function which they call W(J), Abers and Lee call Z(J). Show the functional
relation between this generating function and the theories greens functions, ie,
VEVTOP's. The first derivative of the generating function is a VEV of just one field.
This is the calssical field,.and this is the great comnection between the quantum and
classical field theories. See (3.12). )

There exists a similar generating function GAMMA calked the Effective Action. When
you take functicnal derivatives of this thing with respect to the classical field ,qs .
you get the "proper greens functions" of the theory. (one -article irreducible etc. )

When the effective action is expanded in powers of external moment2 and converted
to coordinate space, the first term is the "effective potential™. ( This classical function
of the classical field is interpreted later on).

S0, out of the depths of the quantum field theory Sidney has extracted a classical
field, and a classical potential. Now that you have your hands on these guys, you can
plot V against § and look for minima and see if you are in the SSB situation. You can
then proceed to do everything you did before in the classical analysis.




3.4 The loop expansion. Now the problem is how do you compute the effectivelpﬂtential

if you are given a lagrangian? Somehow there is a way to compute it. The first contribution
is U itself, ie, the pﬂtentiaiiwhich appears in the lagrangisn. But then there are
contributions from loops. If coupling is weak, you could presumably add things up to

get an exact result for this effective potential V. Then you could take its derivatives

to get the proper vertices, and so on. )

b

3.5 Sample calculation. He writes down a formula for the first correction "term. The
correction term diverges UV, so you put in a cutoff. But these are just the kinds

of terms which you can get rid of by adding counterterms to the lagrangian, specifically,
adding cuunte; terms into the potential. In a non-renormalizeable field theory, ynu-are
just plain stuck at this point. You cannot come up with a finite value for V, thus you

can never plot V versus ﬁc to look for a superconducting vacuum.

3.6 Most important part of lecture. The point is simply this: SSB does not aféect the
renormalizeablility of a theory. After SSB theories may "look" non-renormalizeable

because, eg.'there are massive vectors coupling to non-conserved currents. However this

is an illusion. The real Lagrangian is the thing you have before you do SSB which has
messless vectors coupling to conwerved currents. In Sidneys words: secret symmetry’

buys you secret renormalizeablility. ’ : 0

3.7 Meaning of the effective potential., In arguement I dont quite follow, he shows that

T{ﬁ ) is precisely what it is in classical field theury. ie, the energy density. Imaginary
part is related to chgnce of decay of the stata in gustion.

L]

3.8 How big is loop correction? In certain theories, empecially gauge theories, the loop

contribution to V may dominate over the tree contribution, because the loop allows new
couplings to be used. I dont get the point of the SO(5) business here.

3;9 Alternative approach. Sidney takes view of doing a field theory corrections first getting
the renorm done, then doing the fields shift for S5S5B. Most people really do things in the

other order, but then the logica is not as clear.




( E)Functiénal Integration.

0O

0

L.1 Integration over infinite dimensional spaces. Starts with a one-dim gaussian integral.
Extends the idea to finite dimensional space where expo is now diagonal-matrix ‘element of
a finite-dim operator. Actually, expd is a quadratic form in the integration variables.
But you write it as an inner product. Then make ‘the leap to infinite dimensions.. The
integration and determinant that you get are defined by the limit only. In the limit,

A will be an operator, still must be real symmetric I think.

L.2 Functional Integrals and Generating Functionals. Defines am[‘nﬂ as path integral
(fields only) -of the expo'd action. Just -a.definition.. You want to Aactually do this
integral using methods learned in last section.. But, as a function of the.fields @, the
integrand is not decaying so integral is not-defined.. The trick is t¢ rotate the:k” and

x° components to get the Euclidean action shown in (4.30), which is now positive definite
so you can do the integral. Identifying the operator A as in (4.31), you cam explicitly

do the integral to get (4.32). You now have the generating function not as a path integral

of an expo, but' as a simple expo of a double spacetime integral. Of course you Knéw the
answer. a1l the time€ was (L.28), so you have accidentitally found the determinant:~ The
‘point is that this is a method for actually doing the path integrals. It does not tell
you how to figure the determinant, however.- -

The -above example we .a free-field scalar example. Next,' allow anm integattion
as shown in (4.35). The goal here.is again to evaluate the path integral. First, you
write it in the form (4.38) [ note™ just: interchange order. and apply ‘little: theorem to
see that (4.38) is the same as LHS]. But the RHS of (4.38) is also obtained directly
from the Dyson equation as in (4.36). Thus, in effect. you have done the integral without
ever doing it. You.are making use of the free-field case.which you already proved.
4»3 Feynman Rules, The Feynman rules are already explicit, it seems to me, in the
Dyson formula (4.35) for the generating-function:~ However, there you do have to take
contractions and worry about Wick's theorenf and so on. By using the little identity
(4.44) which I have proved, you can come up with another Vversion of the Feyhman rules
implicitly stated in (4.48), wheére your @ derivatives: act as pincers and-wreach into the
mess ‘an tie together fields to make propbgators., Wick is automatic here, although normal

L

ordering ie not antomatie. . . .
For general field theory (including derivatives) if you could only write the
generating function in the path.integral form, then you could use the above method to
‘read off the Feynam rules of your theory in .naive and correct way. You do not have any
problems with pushing.time deriavtives through time .ordered products ani all thdt mess.
However, up to this point our formalism has. always assumed that L L(@) only,
no derivatives, eg, as in (4.38) or (4.36). In guage theory you must know how to deal

k



with derivative interactions, so lets now go do this in next section I hope.

L.l Derivative Interactions. If the full lagrangian is at most quadratic in time
derivatives and has no spatiedx -deriwatives .... well, I am not sure of the status 0

of these spatial derivatives. A regular scalar free lagrandian has sphtial derivatives
in the kinetic energy part. Maybe he means this: ' integrate the lagrangian density..?
No. He is simply not saying anything sbout the spatisl derivatives here, so I dont know
what the conclusion is. In a certain case, I dont know precisely what case it is, you
can handle some derivatives in your lagrangian. The only effect on the functional
integral representation is to add -a certain detK factor in there as shown.
Amusingly, the form of this generating function is coordinate independent.
Also; it ‘is possible to write the thing as an integral over both coordinates
and momenta, as in Abers and Lee. Then you can see that the detK thing comes from
integrating first over the dp stuff. .Coleman does not like the full dgdp form of
the path integral.

L.5 Permion fields. Very heuristic: section here. Assuming fermicn fields enter

quardratically, you would like to be able to do a path integral of the form (L.65).

The correct answer turns out to be {4.67), where detA is inverted from what it was in the

boson case. This inversion has sométhing to do with fermi statistics, but I dont foll

the heuristic argument. I think e is sum of bubbles, not W as he claims. Fb
But I will accept (4.67) as the presumed answer for the path integral. If you

really want to know this, have to study anticommuting c-number. fields.

L.6 Ghost fields. Right away we are now going to make use of the last section. When
we had derivative interactions, you are stuck with a big detK sitting in the integrand.
You cannot set up feyman rules unless you get that detK into the exponenet somehow. A
trick for doing that is to write detK as the path integral of some fake fermi fields:
with K as the operator in the exponent. JIe, 'you make up dummy variable fermi fields
and write' (L.58). These are called ghost fields. Your new lagrangian gets modified
in the abvious way shown in (4.69) and (4.70). You have to include the ghost fields
in your feynman rulesy I guess, as if they were true fields.

As an example-of ghost fields,. suppose you take a trivial lagrangien of @ and
define a new variable A as shown in (4.72). Obviously this cannot change the theory.
But, in doing this redefinition, you have introduced derigative couplings, and therefore
you will have a K and dbtK floating around. Thus, in order to get correct Feymnman rules
in terms of the new field A, you have to introduce some ghost fields ETA to get the thiisii
.into standard form where you can then read off the feynman rules. So even a simple
change 6f variable will require .you to use ghost fields. I wonder what BD had to say

about dealing with deriaviive couplings?



Sac_t.iorfg) the Feynman Rules for Gauge Theories. (Owaowy &\ W*Pu?ﬂ\h_

- P

1, Troubles. with Gauge Invariance. .We.open with a gimple example: take QED. and try to

read off the photon propagator in the,usual functional way. What this means 15: look
at the action S and identify the operator which is quadratic in the fields, in the sense
of (L.51). The greens function of this operator is the prapagator of interest, as in
(4.52).. The problem with QED is immediate: the operator in k-space is a projection
operator and is therefore non-invertiable..Thus, the propagator is singhlar, as
schematically indicated by .(5.5). )

The reason for this problem is as follows: (1) b&cause you have a gauge group,
if you integrate over all values of the fﬁpld, you, have overcounted; (2) you should
canonically speaking, fix a gauge from the start and proceded therefrom. Fet find out
which fields are not true variables and elimi&tatthem.b In fact, both ideas are the

same as is later shewn.

5.2 The Fadeev-Popov Ansatez, Just dont. integrate over the nqn—ﬁndepen@éEE figlda! This

idea is first expressed in (5.7). Since.your actiqn is gauge-invariant, you ¢an add

the e xtra constmained variables with a delta fynction as shown in.(5,11). Finpelly,

you can write the surface constrgint in the general way of (5. Lﬁ}% where now_you must

4dd that:determinant since you have changsd variables in your delt§ functions. Ie, .

by choosing a guage, we restrict integratien to sume multi-dimensional surfac¢ F=0.

Very simple. The variables yj (upon which the action does not depend) are the gauge

functions. -Shift your fields with a gauge transformation, and your action will dot

change at.all, hence (5.6).. So the result is. summariged in (5.15 ) . Fine.
Colman has shown that the integral is same regeedless of what surface you

restrict to. Each surface represents a different choice of gauge. Thus, the generating

function is the same in all gauges. So you only have to prove it correct in one gauge.

5.3 Application of FP ANsatz. Lets go back and redojﬁﬁﬁ} Fix the gauge by requiring that

F=0 as in (5.17). This happens to be a covariant gauge choice. Then do a little

trick to get rid of the delta function in favor of an exponential as in (5.22). This
causes a shift in the action, ie, adds a correction term to the lagrangisn as in (5.24).
Then, when you include this term, you can go back and recompute your photon propagator.
You @lind that the thing which was not-invertible now is invertable. You get (5.26) and
QED is made well again., Of course this same propagator comes out when you properly
quantize in this same gauge, although BD dont quite use this gauge.
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Becticn(E) Asymptotic Freedom.

6.1 rator Products. In deep inelastic, the photon-hadron process is described

by structure Tunctions of the two.invariants called g<, the photon mass, and the
Fsynman x variableg. At large -g~, these functions become independent of variable
q° and seem to depend only on x. This is Bjorken scaling, how do you explain it?
Integrate over x 50 define moments F(q?}, then want to explain why these moments
are constant in g~.

(2) For large dz in field theory there are some theorems for expanding products
of operators, invented by Wilson. Apply this to deep inelastic where the producted
operators are the JU electromagnetic currents, This gives é.4, which is not very
enlightening. Now want to know why the fABC(qZ) things are congtants. In field theory
you can calculate these functions. In fact they do depend on g“ as shown in (6.5),
and are constants only in free field theory. Ie, Bjorken scalding suggests that the
field theory is getting free at large Q<.

But is it possible that if you sum the series shown in (6.5) that you might
still get spgmething independent of g2 ? How can this series possible make sense
for large q<??? And what about large g?

6.2 Massless Field Theory and Renormalization Group. In high q? limit, mass does not
matter, seems very reasonable. So why not first work with massless field theories
and see what you can do. You need a scale parameter called M, say, which sets the
scale of the inverse propagator. Ie, you set the thing at p2 = M2 or womething.
Obviously nothing sical can depend on the value of M2. This statement

leads to the equation (6.8) which says in effect that &f - O under a change in M2 .
Wotice what the various parameters are:

wm SA

= dwm

_ BA .
R P AT

6.3 Exact and Rough Solution to the RGE. The equation is first order, two-variable
partial differential equation, solution is not obvious. General solution is (6.13)
where F is any function of a single variable, and where g' dis.solution of 6.12.

This function g'(g,t) has two arguments. The first is the value of g' when
t=0. The second argument t is 1n(Q/M). Thus, g is the special value that g' takes
when @ = M. I think g' is called the running coupling constant, or the invariant
charge or something like that. It seems that g' is the coupling constant at some
particular Q.

Now assume you know BETA for small g as in (6.14). Then for small g' you can
solve for g' as in (6.15). Solution is shown in (6.17). If b is negative, as it
was discovered to be in gauge theories, then g' is small as Q goes large! Te,
field theory approaches a free field thecry.

6., Asymptotic Freedom. This simply means that g' goes to zero at large Q. In principle
you can compute from lagrangian what field theory does in this limit by computing
BETA.

Argument is extended to claim that result holds even if g is not small.

So, what do you predict for Bjorken scaling in an AF theory? Look back
at solution given in (6.13). You get mainly (6.25) . Things are not constants but
are slow logs, which is consistent with data.

Facts: all gauge theories with only gauge mesons ( and no abelian factor groups)
are asymptotically free. Fermions added to the theory tend to make BETA more positive,
but you can accomodate some fermions. Scalar particles like Higgs bosons are hard
to evaluate as to their effect on AF. Also: if you have no gauge fields, theery
cannot be AF. Conclusion: if a field theory explains stronig interactions and if
AF explains Bj scalaing, then strong intereactions must be a non-abelian gauge

theory.
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weak, electromagnetic and strong
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Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseris 02138

A review is presented of progress since mid-1972 in the development of gauge theories of the weak,
eleclromagnetic, and strong interactions. A brief introduction to the history and the fundamentals

of the subject is also provided.
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I. INTRODUCTION

Renormalizable gauge theories of the weak and elec-
tromagnetic interactions have been with us for six years
or so, and have been popular at least since mid 1971.
There are by now a num excellent surveys of the

sl ineluding Ben ( Lee's/ comprehensive=repor
( at NAL and the ma igles by j

(1974), 973h), and (19737, and
Llewellyr SmithA{1973a). 1 interid-i e body of this

review to concentrate on the exciting new developments
which have occurred since the preparation of Lee's
report, some of which are only a few months old,
However, before getting into this new malterial, which is
the real subject of this article, it may be well to take a
brief look in this Introduction at the history and the
fundamentals of gauge theories.

The history of attempts to unify weak and electromag-
netic interactions goes back to Fermi's (1934) proposal of
a four-vector lepton-hadron beta decay interaction, anal-
ogous to the wvector interaction of electrons with the
electromagnetic field. Shortly therealter Yukawa (1935)
suggested that the beta decay interaction was carried by
a spin-one boson, analogous lo the photon, but with a
large mass. {Yukawa intended this vector boson to ex-
plain nuclear forces as well as beta decay, so he gave it
what in modern terms would be called a strong interac-

 tion with hadrons and a superweak interaction with

leptons, and a mass of order 100 MeV.} The subsequent

* Work supported in part by the MNational Science Foundation under
Grant GP - 40397X,

" Note: This review is based in part on a talk given at the /" Conférence
Internationale d"Aix-en-Provence sur les Particules Elementaires, Seplem-
ber 6, 1973, A preliminary version of this review is included in the

. conference proceedings, published by the Journal de Physique,

Comptes-Rendus des Colloques no. | (1973). Permission to reprint parts
of the preliminary version is gratefully acknowledged.

discovery of a change in nuclear spin in beta decays of
such nuclei as He®, F®, and A1*® made it clear that the
beta decay interaction was nof pure vector, and for many
years the favored combination was 5, T, P, which of
course would quite destroy the analogy with electromag-
netism.

The idea of a unified theory was revived in the late
1950°s, after the form of the beta decay interaction finally
settled down to a combination of vector and axial vector.
Specific models were proposed by several authors, nota-
bly Schwinger (1957), Bludman (1958), Glashow (1961),
and Salam and Ward (1964). However, two ‘great obsta-
cles stood in the way of a synthesis. One was the obvious

discrepancy in mass between the photon and the interme-

diate vector boson W, if the W couplings are comparable
with the ¢lectronic charge e, then its mass is determined
by the condition that &*/m} should be of the order of the
Fermi coupling constant G, so that

mw = (137X 107m; )y =~ 30 GeV . (1.1)

A less obvious though no less important difficulty had to
do with the problem of high-energy behavior. Although
the introduction of an intermediate vector boson amelio-
rated the bad asymptotic behavior of processes such as
lepton-lepton scattering, there were known to be others.
such as the process » + 7 — W + W~ considered by
Gell-Mann, Goldberger, Kroll, and Low (1969), where
the Born approximation amplitude grows so rapidly with
energy that unitarity forces a failure of perturbation
theory at energies above 300 GeV. Even worse, the
occurrence of such rapidly growing matrix elements as
pieces of higher-order diagrams (as in the example of
p = F scatlering considered by Low, 1970) invalidates
perturbation theory at all encrgies. ALaniw~—

In 1967 a way out of these difficulties was suggested
(Weinberg, 1967b; see also Salam, 1968). It was proposed
that the photon and the intermediate vector bosons
should arise as quanta of the Yang-Mills vector fields'
associated with some exact local gauge invariance of
nature. In order to avoid the problem of ultraviolet
divergences, it was proposed that the theory should be
constructed to be renormalizable, Finally, in contrast to
earlier theories of intermediate vector bosons, it was

proposed that their mass should arise from a shontaneous
breakdown of the gauge group. -
It was already known since 1964 through the work of

! The first example of a theory based on a non-Abelian gauge group was

that of Yang and Mills (1954). This theory was generalized to arbitrary

Ecmi:simpls Lie groups by Utiyama {1956) and Gell-Mann and Glashow
1961).
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1, Inrroduction. OSeveral other reviews are listed, one by L-Smith I have not seen.
Then a little review of past attempts to unify EM and Weaks. The problem is that
phpton and W have such different mass, and that you have high energy UV problems.
Hard to understand the severe mass difference if theory is to be unified in some
Hw - -
In 196k Higgs mechanism appeared, but people were happy with the pion as a
Goldstone and did not want to get rid of goldtsones so bad, In 1967 cams the Weinberg
and Salam models in which the Higgs thing was used to get mass onto the vector bosons
by using SSB. By thus avoiding an explicit massive vector bosons, there was a least
a hope of renormalizeablity. In 1967 it simply was not known whether or not such
SSB theories were renormalizeable. The real problem was the SSB part of it.

In 1971 't Hooft did it, showed that SSB theories are renormalizeable. Then tbher
people carried on his start and showed proofs for weak and EM theoreis ( Ben Lee
Zinn Justin, Veltman 't Hooft.

Finally, the Xi Gauge thing is mentioned as a way to debug calculations.

At present there are no definitely accepted gauge theories. But the idea that the
various conserved weak currents are ga currents is attractive, And then there
is the neutral currents recently found (see below).

2. Models and Experiments. How do you test these theories? First, lock for the W bosons,
but we cannot do that in 1973 yet. Next, look for the various kinds of neutral currents.

A CERN exper in 1973 showed cne event of the typeJ, e elastic scattering which
seems to be an honest event. The absence of other neutral events puts certina limits
on the Weinberg angle

Things are easier when you go to semileptonics and look for neutral current events.
People are doing neutrino-induced deep inelastic events to get high statistics. From
CERN it seens that there definitely are these semileptonic dS=0 currents, because
they have R = .21 4.03, and R=0 means no neutral currents with v induction. The
v induced R = .45 ¥.09, so again you have definite neutral currents.

You can interpret these hadronic neutral currents putting some quarks into the
Weingrg model in naive way. Then model prddicts R and as functions of theta. If
sin?0 is in the range of .3 to .4, then you get agreement. Locks good.

What are the faults of the Weinberg model? First, it has d4S=1 neutrsl currents at
first order, and these predict things that should not happen when you add quarks in
the naive way, eg, K, decay into muons. Now Weinberg discussed several ways to "fix
things up" one of which is to add more quarks. This review is pre-PSI ; now of course
this is clearly the way to fix things up. The other possiblities listed sound a little
obscure.

Another problem with the theory is that it just isnt basic because it has two
independent couplings, ie, it has that free parameter the Weinberg angle. It would
be a lot nicer if you could use a simple gauge group which then has one parameter.

The most femous model that does this is the Georgi Glashow which uses only BU(2).
In this model, however, the neutral gauge field is the photon and there is nothing
else, thiis neutral currents can elimitate this nice model.

Ancther idea is to consider the SU(2)xU(1) group as being a subgroup of some larger
group. Weinberg gives and example which then preducts that sin?0 = .25, which matches
experiment!

Other problems are: Weinberg theory can have the anomolies; it does not give
the CP viclation in a nice way.

Generally, the model is not "natural®™. This is the main problem. It does not
predict masses say of the muon, or anything baise.
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. Can vou derive gauge invariance from HE constraints? It can be roughly shown that
the only possible theory of vector particles which are "perturbatively unitary®
are the gauge theories. Recall that in principle any field theory is unitary formally
if you sum to all orders, but if it is non-renormalizeable you are cocked.

T am confused as to the relation between rencrmalizeability and perturbative

unitarity? Can a theory be renormalizeable, and yet violate unitarity at some
given order, but be unitary to all orders? References given for pursuing this
interesting subject.

L. Regge and gauge theories. Can a praticle be elementary in thé it appears in

a Lagrangian, but at the same time lie on a Regge trajectory? Answer is yes. In
fact, even the electron lies on a regge trajectory. Refs given for pursuing this
also interesting path.

5. Dynamical Symmetry Breakdaown? Usually you do your SSB by adding some Higgs scalars
and shifting some of the figlds. One problem is that you are always left over with
some scalars that dont seem to match any physically observbed particles. Is there
some way to get SSB without introducting these explicit scalars into the lagrangian?
Appranatly there is a wey called "dynamical SSB" and some references are given .
Somehow you are getting Goldstones out without putting any bosons in. I dont

follow this section, but the supject matter is clear enough.

6. Neutral Currents and 8strophysics. If there are in fact neutral currents, this
changes the decoupling times for ¥ versus yj 1in the early cosmology. However, this
does not seem to make much difference in early universe history because the basic
facts dont depend on whether things are coupled in thermal equilibrium, or decoupled.

Next, what about *neutrino cooling® of starks by obvious neutrino loss. Clearly
any such calculation should be affected by neutral currents. Calculations show that
neutral currents can change the neutrino cooling rate by a factor of 10.

Finally, supernova theory is affected. One theory is this: you have a star
with an iron core and an envelope. The core is large enough to begin shiinking down
to the neutron star limit; as it shirinks, neutrinos are emitted which are then
captured in the envelope, causing the envelope to fly off, leaving a neutron star.

Such envelope-blow-off theories are obviously affected by neutral currents.

» Natural S5 tries and Breaking. skip

&» Strong Interactions and Hadron Symmetries.




