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A technique for proving the Finkman Identity.

fe) 1. Here is what we want to prove for any positive integer n:a

on

3 = mn! \Ga (S,)"
ayaa °

where we have defined:

GN v 7 o~Yegae TT (Ste) 82-1) Sa = Zia
2. I proposed a proof by induction. Assume it is true for n-l, then wmrikyt

verify that it is true for n. We start in this way:

“
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x \ Zat 4 Qa KG
So far I have done nothing more or less than rename the last two integration

variables, I wish to examine the dxdy integrations, holding all the other z's

(o) fixed. I want to define new variables to replace x and y like so:
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OHO)= SHEM)SG49) = OCE+S) OC ~) BCE)
a 8 2s 2S

was tes.
aS TSYad ay FQ)= E yasyak $8, 2).hos as

Now ramen wo wah aks we oh
woe

- 2 ot

cat JE Qae) syak treet) SCZ e+k-1)wv \S eS ast hw

» T Zara tis) +aztts)|
Baek the dt off to the left, and put twothetas into endpoints:
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Next, explicitly execute the ds integration to get: cet

mastfe) z so. pe | Baw ta (rssia @sy\/ Em) L(der In) i -t
‘ =nAl mt -n4l<.m

4 i | Baas +4, - [Zax at]=) n> An) m ‘

Wow take the variable t and rename it 2, 60 answer becomes:
° L <nay

> aa nah pa’to J oot Sao, [Baal = [goaaraan]Har Ao (Aran) 8 vay
2. Now what should I do next? So far I like it because I have caused the

once-lowered (dz),_, integration to appear. I have yet to prove that this
is equal to the thing on the left. But now lets use the fact that this thing

is supposed to be true for n-l. Then:
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Thus it is proved. If true for nel, them mst be true for n=2, and so on. But is

this proof valid for lown? I showed that (n-1) implies n. Must show true for

ne2 explicitly’:
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Well the case ne? is same as any higher n, so I already proved n=2 when I did

the general induction proof. Now lets show for n=l:

eS A ayHNa SQ) Cah = wl 4
°

And so completes this induction proof of the finkman identity. There was no

need to sum over permutations or apything fancy like that.



Eyaluation of a Feynman Integral #i.

(e) 1, In the study of mass rénormalization in scalar-boson QED, you soon ericounter
this integral by considering the one photon loop on the electron propagator:

T= Yk a (A = Ig,%, hw)—
KEX eK)= my Way

Here you see a photon prop with a mass inserted, the electron prop at my and a
factor put in to remove the logarithmic UV divergence. For small k, it does not

appear to me that you get an IR divergence. But lets just treat this an an integral

to practive on.

2. First, use Feynman parameters to get:
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‘ Now I can look up this integral in my table:
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We now do the trivial log integral:
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3. Now define a sub-integral like so: But first redefine the meaning of all variables
by dividing them by p. So:
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4.Tt remains then only to compute the integral 1):
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5. Therefore, here is a complete and exact result: .
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6. Now lets look at some iinteresting limits: first, take LAMBDA cap to infinity,
to get the UV behavior: ‘
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This is the controlling term for large |\.. The next lower termia isa gonstant which I-could find if I wanted. I have replacedTox pintdn(4) the p* scdlaing factor. You see the log divergence asr expected at the start, and you see that nothing very special
happens as you go to the mass shell,



Finally, lets hold JL fixed and go to the IR limit where XO . Then i find tht: °
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7. Suppose we take our general result first to the mass shell, holding |\. and\finite. Note thet mass shell means m2 = 1, Then we gets

cua = kite ~ we -a) \ Rega = 8, -\0@)
Os = -EXet}sope =

"ae a mat )
Recompute these with care please:
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Ss jax th) 5 \Ba\ = C@)LACE) suosigto Qa)Joy = 24 | eV dal — Cinta (id)
So even if you go to the mass shell first, this integral is still not IR singular.
Somehow it differes from the true spinor-electron integral.
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Comming Weak Interactions |Y73, Reread Feb 1978 -

o/ 1. Introduction. Brief history:-in 1932 the beta decay spectrum was seen to
‘be continuous; this seemed to violate energy conservation since reaction was

supposed to ben-Ppe. Pauli suggested a neutrino, then Fermi made a theory

using this idea in 1934. Fermi's lagrangian was just ki, where J" is simple
v current,for nucleon and j, is the simple 4,current for electron-neutrino.
Of course this does not show V-A form, but it worked for beta decay.

There are many unstable particles. The ones which are stable against both

strong and EM decay live 107 1° seconds which is a long time; ie, a width of
10 ev. if there is some EM decay, like PI-2%{ then expect shorter life 10716
sec, or width of 1 eV. Strong decay particles are 107° sec or width 100 MeV.

In 1958 Feynman and GellMann came up with our present form of the lagrangian;

‘ recall by the way that it was 1953 when Gelllann Nishijima posulated the strange
ness quantum number to explain the low production rate of single strange particles.

Thus the Feynman GellMann theory had strangness changing ourrents etc etc.

In fact, the weak current is sum of four currents: electronic and muonio

. Surrents, anddS=0 and dS=1 hadronic currents. Each of these hadronic currents
has a V and A piece, whereas the leptonic currents are each VA, Separate electron

@) 224 -mon conservation ig noted, end the helicity story is noted, Figure 1.4 on
‘Tyr aecay makes the camplete P alld C violation of weak interactions very clear.
Neutrinos are of helicity -E only; electrons are also, to the extent you can

neglect their mass. Ie, left-handed neutrinos. By the way, semileptonic decay

means both hadrons and leptons in-silvitheretate. Also by the way, the 0%
paradox was that the K decays both into 2 and 3 pions which seems to break

parity conservation. Thus Lee and Yang. This was 1956. Feyn Gell was 1958.

Commins has huge table showing all process types. Blectron neutrino elastic
scattering has now been done I think. Muon decay is the only .all-leptonic decay

process. Semi~leptanic includes beta decay, neutrino absorption (inverse beta decay),
pion decay, the pp process. Then you go to semi-leptonic stuff with strange

particles: kaon, sigma and lambda decays here. Also, the direct interaction of

the hadronic weak currents should effect np elastic reactions.

The dS = 4Q rule applies to reactions which are strangeness-violeting and

which are semileptonic. The changes apply to the hadron involved. This rule

is built into the Cabibbo form,

_ The ax\= # rule . This rule says that when you have a reaction witk a hadron©) —schanging/as{= 1, its isospin mst change by + $ unit. Again the Cabibbo form
will incorporate this rule. .

Since K(long) goes into PI-PI, we have GP violation, hence T vidolation.

This still a mystery,
,



Gh2: Muom Decay. The amplitude M is written in (2.6). After squaring, you have

the produce of two traces Tl and 12 all of which boils down to (2.26). Notice

the neutréno projection operator (2.22) is just ¢ since no helicity option, eo
whereas for ‘lepton like electron you have mass and spin. Next thing you want to

do is integrate over thé di-neutrino phase space weighted by some momenta as

in (2.28) . By fooling around you deduce the tensor I, which ie thie phase
space and you are left with (2.37). Finally you go to muon rest frame with

the mon ‘polarized along the plus 2, décay rate is (2.40).

In (2,40) quantity€ is the fraction of max of electron energy. You see that

_

the degree 6f front-back assynetry (confficient of cosd) is energy dependent as

plotted on next page. Since this formula ‘neglectes electron mass, you see that
* pate is zero into electrons with positive helicity. ~ .

:

Next section shows how L is non C invariant, Then comes the piece about

trying to construct a very general amplitude, more general than V-A. You now

. have many constants C as in (2.449) which is same as constants a and b of (2.45).
Thé final decay rate in general schewe is (2.53). The 4 parameters called 9,7,
Yana§ are theoretically given from the constants as shown. The functions
g(x) and h(x), explicitly stated in next section, are the radiative :corrections.

What aré these Michel parameters? Clearly§ controls the scale of the
fore-aft assymetry term, and is -1 in the V-A-theory. Parameter ¢ controls the e

* shape of the igh end of the electron energy spectrum in unpolarized decay (where

the cds term averages away and x = 1 roughly.) Then 4 doesthe low energy end,

and finally $ id the assymmetry shape parameter. Experiment shows that these
4 parameters are all consistent with the V-A theory, see page 49.

Next subject is the magnetic moment anomoly 3(g-2) of the muon. The first order

théoretical preidetion is just{/2# “the same as for thé electron, but the order

4” ana 4? values are different for electron and mon.
The Garwin-Lederman method is thisf you stop mons end make them rotate

at their Larmor frequency like a ‘compass needle rotating. Using one ‘fixed detector

and noting the muon arrival time, the time distribution of counts ‘in the detector

tells you a) the gyromagnetic‘g, ie, the anomoly a , from the observed frequancy

of the decay distribution; b) the magnitude of the assymetry. Obviously if there

were no front-back assymetry this would not work, This experiment has been used

to measure the assymetry shape factor§ mentioned dove. A G-L expéiiemtm can
also be used to get By, the magnetic moment of the mon, But this type exper is
not good enough to get the anomoly because you need accurate muon mass beyond

ability to meaure. What hoppens. in fact is that the anonoly “is measured in anoth()
experiment very accurately, then the just~mentioned fa measurement gives a acourate

mass for the muon, The experiment which gets ap, is the famous one that uses

muons rotating in a ring.
.
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Finally, Gene notes that you ozh make long-lived’ muonium atoms ‘te. As with
hygrogen, there! is some hyperfine splitting Which you can caloulaté‘in ‘GED. Unlikefe) hydvogen, there is nbfhing unknown here (1ike préton shayie and size effects)
Of course you get the theoretical résiflt very accurately, and this is used as

a measurement of% . Another measurement of4 comes from Josephson experiment.
Now { is mmeasuréd two ways and they agree to 1 ppm. By the way, Josephson

is this: you put a voltage V on a J junction, and you should see ‘an ac signak

at frequency W = 26V/K . .
.

.

3 ‘Recall that the muon decay /N/* = 64G" (peq)(p.q) . By just changing names

. around a little you get the various seattering and annihilation. processes, ie,

anything you can do with two harrenta. . ‘
+. However, there -is a slight difference in the cioss sections.For Ly-process,

you find that the DCS is, only energy. dependent, no angular. See (3.19). However,
for the 1% process there is soma angle dependence in the DOS. Reason ig that here

you are going through a. vector resonance and this’ picks out J=0 and J=1, whereas
in the $y process jou are exchanging the vectof and you get the gontact effect

80 only J=0.
.

Obviously, with either of these elastic cross sections you. are in trouble’

©) _ with unitarity because only 1 or 2 partial waves involved and efergy ia upstairs.
Of course this is just first order perturbation theory, you might. hope that higher

orders would fix things up. But higher 4-point interactions just make things

worse. Even when you put. in the W boson, you still violate ‘unitarity:in say
the seroth partial wave, although the total cross section goes to,a constant
instead of blowing up. The problem with the Wis that.the k"k” term in, the .

+ propagator-ruins your ability to renormalize. So the W improves unitarity a

little but does not do it completely. By the way, The W thedry givesB g which
differs a little from’.75 of the V-A Fermi. theory. :

Chapter 4: Hadronio Weak Currents, ‘
Previous chapters were: introduction, mon decay, other purely: leptonic

weak processes. For first time we now look into hadronic decays.

First subject is the famous Tyr _pion decay. Your pion goes into vacuum
_ through a hadronic current: this current mst be A, type since axial and no
strangeness change. Why axial? Because only 4-vector around is q" which is polar.
Thus matrix clement of current must be polar, but pion is pseudoscalar, so” current

operator must be axial vector. Pion decay constant f, is defined. You canfe) termine this constant from the decay rate of pions through this mode (which,by
the way, is essentially 100% ef charged pion decays). *



.

Next, consider the,, decay model. Calculate in same way with same
constant! Result differs from the [ys only by mass factors, hence you know

the ratio as in (4.9); branch fraction is a mere 1074, Although electron has (#)more phase space, this mode is supresséd because you are trying to force electron

_

into wrong helicity state (pion. has no spin) ~

Next comes the decays Ky, and Key . Compute in exact same way, except
constant now called fy. The Ky, modélxis now only 63%, and Kp is way down
for séme reasoh as before, even more so. So from rate into the K,, mode you can

compute fy. The ratio of fy/fq is tand = .27, Cabibbo. later we will learn
vthat you can allways associate sing with non-strahge and cos@ with strange.

changing or strangeness violating reactions.

Now move on to other decays. Consider those like W->-w°E'Ve which is
called pion beta decay. Now you need a different matrix element between two

pion, states. There are now two 4-vectérs available, both’ polar, so current

chosen will.be V,. For’each 4-Vector you will have a form factor, usually
called £, and f_ and usually defined with a sin@ showing.

Digression: if weak hadronic vector cirrent is raisiig/lowering part of

isotopic cirrenttriplet whose third component is the I, piece of. the EM current,
+ (isovector t#iplet hypothesis), then what éan you say about pion beta decay?

- First of all, since EM current is conserved, the second EM form factor vahishes (>)
and as we well know there is only pion EM forma factor Called Fi In iso-notation

“you can write EM current mat}rix element as g* 1, with PF). Tms to get
the vector, fionstaange ‘element V, you feplace with I, say. —

Beware: it is the 1; “compenents weighted by cos that aré assumed to
. be the isospin partners of the EM current. This is CVC, This, the constants

£, and £_ mentioned above for pion beta decay are: f, = Mer, add f= 0.
Thus, it is simply the EM pion form factor that enterw in the weak pion

* peta decay, the linkage being CVC.

By the way, pion beta decay is 1078 fraction of charged pion decays, All ch
pion decay modes are weak and involve nelithinos. In contrast, all neutral pion
decays are basically eléctromagnetic.” The reason of course is that for a +f decay

you have’ to dump the charge on some lighter particle, and the’only candidates
are ieptons which impliés a’weak decay.

Im the jane mode as above you can have xt. Your current is still
. ¥, strangeness clanging, so cos is replaced with a sign.” However, the difference

now is thet’ I dont think CVC applies to a yy current, only to a Vy current, so

IT’ would guess that you still have two form factors to deal with sifice no ~ Q
“¥nownconserved current. GC of course does not apply too either A, or A),
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Po finish off pion beta decay, Gene goes on to compute the rate. Since

the q" transferred off the pion is so small, you oan use Fy = @x 1.0, ie,O nem pion form factor normalization. hen your pion beta decay rate
involves only G* oos*9 as shown in (4.63). Now, we measure G from muon
decay, and we measure @ from ratio of kaon/pion decay constants, so this

result is a pure prediction. Agrees with experiment to 10% exper error.
So far we have done Meson to Meson + Pair, What about Meson to Meson +

Meson + Pair? Now you have 3 polar vectorm since 3 4~momenta, and you suddenly
also have an axial vector of the formé.,. kp. Thus, if you are talking

xsttree your A, current has 3 terms, and your V, ourrent has 1 term,
"so now four form factors to play with, at the start. Gene does not pursue this

decay very met? since aSe1 there is.no CVC, so will be a mess. Gene omits things
that are a mess. Fraction is of course way down on this.

Naw we move to baryon stuff. Regular beta decay is B to B + pair.

Now baryons have spin co have to deal with that. The B/B matrix element must
always be of the form U(p)..... u(p"); this is just an alternative to the
M-function formalism. By playing with things, you see that with your Dirac

% ana your two available momenta, you can make 3 polar vectors and 3 axial

0 as in (4.29), with f, and g, as the 6 form factors.Now comes CVC again. The EM current would have the 3 f-type form factors

since current is of the V, type, But EM current conservation reulces this to
the usual two form factors, As written in (4.39), the first form factor gives
charge plus usual moment, and second form factor gives the moment anomoly. If
you procedd to write this EN matrix element in iso-notation, you get (4.45).

Whereas the corresponding pion matrix element for EM had only an I,, piece,
the nucleon EM matrix element has an 1; piece and an Is0 piece. This I=0
Piece arises from the hypercharge y of the baryon via the GM Nish formula, whereas

pion had no y.

So examilte (4.45). There are 2 form factors in each term. Only the second

term will be assumed by CVC to be the I, piece of a triplet. So what happens?
Well, for the vector piece of the current matrix element (which is dS=0

since nuclear beta decay) you can set ‘fy = 0 by current c onservation, and then
Py) =f, and By =f) as in (4.52). Ie, thw two vector couplers get connected
with EM form factors, the third is set to zero. You are in great shape, except

you dont know the axial form factors.

What are arguments for CVC? The W weak form factor f, is experimentallyle] found to normalize out to unity (cy = 1), just like the EM form factor. I
think this is the main motivation. .



Now, what are second-class currents? One presumes that ake, of the 6 form

factors appearing in nuclear beta decay, 4 are completely caused by strong

ifiterdcfions (a11 but fl and gl). Thus, you might expect the four other r?)
terms to be G-parity invariant. This assumption combined with T invariance

(which forces all form factors fo bé teal) yields result 6=0. The g,
term, if it is experimentally present, is called a second class current,

Assuming no g, , the beta decay current now has the two EM form factors

and the still unknown g,) and &, axial form factors. By the way, @, is called
" the induced pseudoscalar form factor” of beta decay. .

Finally, we have Goldberger Trieman, Consider nucleon beta decay. We

have just argued that in the exial piece you have only the g, and the g, terms.
The one-pion exchange model is a model for the &, term, This model of course
involves the ‘pion decay constant fy (of weak interactions, appearing in Te )
and the hadronic ion-nucleon coupler called g, here. Thus, the model here

says precisely (4.74), where you put in alittle adjustment to keep in mind

that you should have used ¢(q°) as a running PI-N constant. So we now have

statement (4.76) with g, now réplaced by (fy ‘eye

Next, look back at regular Tye decay and observe ‘that the A, current (whichwas involved tlere) is conserved to the extent that m= 0, Now since we are

dealing with the same currerit operator A, (but between nucleon states) we will (*)
assume conservation of this current, PCAC, This of course makes a relation

detween g, ‘and (fey) + But @, = -C, = 1.23 as measured, You can measure
each of these three constants separately and the result works!

* What does Goldberger-Trieman prove? It is evidence for (PCAC)A (g.=0)A

* (OPE model). Another way to say GTR is that g, is related to g)-
* Obviously, after all this preparation on the form of the nuclear beta

decay matrix’ element, we should do beta decay. Next chapter.

Chapter 5: Nuclear Beta Decay.

Thisis a‘long and complicated subject, but an excellent exercise in applying
what has been learned in t e earlier chapters. Here are the basic facts: you are -

dealing with a hadronic weak current. In principle that means, since moolear_,aimplies baryons, there could be the 6 form factors £1,f2,f3,g1,82,g3+ By the aN .
way, the form factors f2 and g2 aré called the " induced tensor coupling” we
and, I guess, the "induced pseudotensor coupling" because these mitiply

the oP? ana #45 terms in the baryon ‘weak current. Of course the g, term is
also called the second-class current term and is supposed to vanish by G-parity @)
argument. The f3 and g3 are called induced scalar alld induced pseudoscalar.

The work induced means they are caused by presence of strong interactions.
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In the pure lepton world you have only fl and gl non-induoed couplings. Any

+ other couplings are "induced". Of course in CVC theory you set f, = 0 and youe * identify fl and f2 with your EM form factors. At a = 0 fl is called Cy and

tp is calied ¢, for obvious reasons, .
In a plane-wave theory, the beta decay amplitude is given by (5.1). There

you see the usual leptonic V-A current hitting onto the 5~term hadronic current

(recall £30), But in this decay you have to treat the nucleans as having

definite wave-functions, they art not plane waves. Plane waves are only useful

when something is non-localized. A nucleus is*localized and has some definite
wavefunction for neutron distribution in it, So'we can rewrite the amplitude

“putting in wavefunctions and replacing the momenta (which appear in both

imtineed tensor ters and the induced pseudoscalar term, ie, in g2,f2,g3 terms)
with position gradients.’ fhe symbol jy(x) is shorthand for the weak leptonic
current. :

Now the key simplification in beta detay is thie: the @values (energy released)
are on the order of 1 MeV for all nuclear beta decays, Since’nucleuses are mich

heavier than this, they dont recoil much; Thus, you can flake them non-rel and
use the large-small spinor reduction. Also, obviousiy the momentum transfer

+ for the nucleus (the q” which appears in the various form factors) is neatly 0.fe) Thus, ell form factors reduce to constants like £,(0) = Cy add 8, (0) = Cys
Moreover, onee you write out the various terms in the: reduced~Pauli

language as in (5.8) , you realize tat each gradient: appearing is , in
momentum space, 2 but this is smali, So in the "allowed approximation” you

Just drop all gradient terms, But, the only non-gradient terms are the Cy ‘and Oy
* texms; the £2,g1,g2,g3 terms then all go away ( note that (Eiw) terms also go

away since this is q°); Therefore, once you go into the "allowed approx", you

can learn nothing at all sbout these other. form factors. You can learn only
about Cy , Cy) and Gy = the weak coupling appropriate for beta decay.

So, everything reduces to (5.14) which shows tha amplitude (calledL)
:

|88 to terms. “Basically, U = (Goos0/fi) ( CAIP 59(0) = © ,A#7-5(0) ), where
41) is the nuelaer waffefunction value of operator “Z+( and ig thus always some

number like 1,00 or {2 ), and 4#) is the same thing but with a Pauli@ operator
in there, ie, this is sort of the nuclear spin. For an nucleus, you sum over

“all nucleons and you have littletf operators which alléw thepossibilityof"each mucleon converting. Ie, you get a coherent sum of amplitudes as the total

amplitude, The isospin stuff enters just as notation, ie, wavefunctionX is8 an isotopic vector, doublet for neutron decay eg.” °



,
So the big thing we learn is that there are basically two terms, the CV and

the CA terms. These terms are called Fermi aiid Gamow-Teller as we shall see.

Since we assumed that lepton wavefunctions are plane waves over nucleus, eoGene argues that this means L=0 for leptons. W1l thats not right. Really

the variation of the plane waves of the leptons is so small over the nucleus

that you appréximate j(x) by j(0). Ie, the actual @ecay occurs in a small

localized place; roughly speaking, the leptons originate at the same spatial

point and therefore can have no orbitral L. They can have S=0 or S=l, and

hence leptons have J=0 or Jel. If leptons carry off Jal, then muclear spin

must have changed by J=1,0. What I mean is thie: J;c Jp@ 1.

This requires a little diression. Consider the mtrix element 45(¢|%7.
The Pauli current operator transforms as a spin-l object. The states i add f
also have rotational transformation properties, ie, nuclear spin J, and Jp.
This matrix element will vanish unless JC J,@1 . In general, if you
have a transition J, = 1 to J,=1, this matrix element will have some value,
albeit unknown, The other element will alse have a value, ie, GUWi) where I
have omitted the t* in both cases, Thus, this is a "mixed F and QT transition".
If you have J=0 goes to J=0, that mst be pure Fermi, because then the KF)

. vanishes from rotation group theory. Or, if you have Je0 to J=l, then pure

(GT, since the F vanishes from same group theory. Ye
So, depending on how the nuclear spin changes, you can have F, GT or mixed

transifitions, huxkeyxiaxtkxt In (5.14) these facts are obvious without

any talk about the lepton L, Its just that the L-0 disoussion explains why

there are no dJ=2 beta decays, eg+ an

Another detail: ‘electron wave function , since it is charged, is "distorted"
by the nuclear electrostatic field, so you need F(Z,E) to correct for this. This

correction is a function of nuclear oharge Ze, aiid electron energy EB. 80 with

this correction we riow have Jamp/” as'in (5.17) with (5.18).
Fact: since leptons always have the (1+%%) factor, the longitudinal

polarization of any electron emitted in any weak interactiom, such as beta decay,

is <v/c. How did I not kriow this’ In the neutrino limit you of ‘course get ~l.
‘This fact has been tested experimentally in various beta decays.

OK, now put in your amplitude, square it, do the traces eto and get the

rate shown in (5.30) which “applies only for J=$ to Jef. Discuss this rate: _
You see the obvious phase space and Coulomb correction F(Z,E) already mentioned,

The overal rate normalization shows 0” as well as $= (5.31). In the brackets,
you see al, then all kinds of angular terms. The theoretical coefficients of e
these angular terms are given as a,4,B,D; the idea is to measure these coceficiants
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experimentally then compare. .

6 But first, if you integrate over everythingto get the total decay rate,
none of these coefficients matters. Suppose you integrate over everything

except the electron energy, The (5.40) gives you the theoretical "electron

energy spectrun". Ie, you look at 1,000,000 beta decays and record the electron
energyin each case , this, givesyou a spectrum, Experimentally, what you learn
from this spectrum is that it has the right shape. This fact then tells you

that the emitteed neutrinoVe must have been, lighter than 60 eV, or else
spectrum would have been wrong. A similar beta decay experiment which emits

a psitron only gives && 4.1 Kev.

So mch for the electron energy spectrum, Now integrate this to get your

total decay rate, The relevwant dE integratign is called the Fermi Integral

and is called f,, Thus, the lifetime is given by (5.43) and involves only
Ge:B,$. This implies of course a certain" comparative half-life" which
is the half-1iRe uébhs@ in sone sense a hlef life; this thingis called "rt"and ft = (5.44). Thus, you can, determine the product Gg§ by measuring lifetimes.
So if you somehow mew§ you could deduce Op . So, go look at some J=0 to J=0transifions

which are of course pure Fermi, then you know4t}; but youa) do not know C, yet, nor do you know L*7, the Wigner-Eckart reduced. 4#>.
But, if you go off and measure the front-back electron assymetry in another

experiment, you know A of (5.33) and therefore § of (5.47) atid therefore$ .Thus, you can measure @ for various decays, result shown in Fig. 5.2. Natice

that all G's are smaller than from mon decay, evidence for cos presence.
Once you know Gg , you go back to regular neutron decay where 47 = 3 ( since
no messy wavefunction anymore) and you conclude that C, = 1.23, the famous eresult.

. By the way, neutron lifetime is 11 minutes half-life.
_ Now lets go back and look again at those angular terms in (5.30). Note

that in general J, ,J, case you have to add in terms on bottom of page 110. Look
at the terms, The a term is a scalar under papity, as is the D term. But

the A ad B terms are pseudoscalars. Thus, if all these terms are preserit,

you have a parity violating interaction. Bg, parity invariance would tell you

that A=-A, Similarly, if D is there, you have T violation. Confirm this.

by looking at (5.35). :

80, first angular thing is the "electron-neutrino angular correlation" as

seen in (5.52). In the theory, a = as shown in terms of ¢. Thus, for each

A decay a and G (or x) mst have a certain relation, ie, they mst lie on the
main straight line of Fig. 5.3. Experimentally you measure a amt by measuring
electron p and recoil ion p and deducing py . As noted above, you separately



measure § from the front-back electron assymetry in polarized decays, the
coefficient A, Since points do come out on striahgt line, you like.

: Next section deals with 5+(A,B,D terms). Here of course you need to ()
use polarized nuclei in your experiments Obviously, the fore-aft coeffient

A involving only the electron is easiest to get: Since this is pseudoscalar

term, the fact that A 40 in Co decay started the parity revolution. (1957)
If you measure A and B, you'get a separate detenmination of C, = -1.26.

D always comes out near 0, indicating that T and hence PC are @® in beta
decay. Of course small uxxaxxxinrxummams inconsistencies can always be

attributed to neglected terms in the allowed transition,

Now, when you elevate back up fro the Dirac-Pauli level to the Gamma matrix

level, you realize that, after dropping the various terms, your true amplitude

for the hadronic current is the same as for the leptonic, ’except the (1+3$)

is replaced with (14¢,4y ). But dont forget that this is only in the "allowed
approximation", So it is a V,A theory again. In general you gight have

expected P,S,? terms ( note: we assumed vector—vector at the start, way

. back with those form factors). The experiments odmbined with generalforms
of course support but do not*prove the V,A weak hadronic current .

‘What the hell is "weak magnetism" ? This is an effect which involves the

fp form factor " induced tensor" “term which is completely neglected in the (*)
allowed approx. If you include this term and look at certain beta decays

‘which tend to isolate it, it causes a little correction to the electron energy

spectYud, ‘This correction involves £,(0), and therefore (recall CVC) ‘the
* mucleon magnetic moments. The prediction is (5.70). Measurements of this

shape correction agree well. Nore support for CVC. In EM current, you

would call this fy tensor term the “magnetic” form factor since it gives
the magnetic anomoly. Thus, this f2 term is called the "weak magnetism" effect.

* Sd mich for f,, Another corrective term is the second-class gp. Bvidence

for this term is inconclusive to date. No comments on the 83 term.

{aes “Pa. Faw.Kans cheene, came dasacdion. Mabe An addition to Mont a 3,35,* t Fay GT) Rea Pe . .
Ghapter 6: Nuon Capture, Basic reaction here is fa +p ~yn+Vp. If you did
this at FNAL, you would get and compute a cross section. But, this chapter concerns

instead this process occuring as follows: a muon is captured by an atom and

replaces a 18 electron, Since muon mass is, larger than eleetrop, the Bohr

radius is very small;,ie, thie muon spends time in the nucleus, so the capture fo)rate is significant. My main difficulty in understanding this is that you get

a rate, not, a cross section. Ie, somehow this rate is like a cross section
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multiplied by a flux; the flux ie caused by. the presnce of the mon right there

in the atom, I am so used to plane waves and cross sections, but I know it isfo) possible to. fold im the various particle wavefunctions (if they are not plane

waves) to get the total transition probability, which in this case is,a capture

rate. In fact we had to do some of thie wavefunction folding back in nuclear

eta decay also. Notice that this folding gives you a very particular rate:

from som initial muon, 18 wavefungtion and some nucleon wavefunction, inté some

particular final nuclear wavefunction; the final mon I guess can excape in

a plane wave; it is the only plane wave here among the 4 particle states.

. So, forma (6.5) really gives you.a rate into that final nuclear state;

you need only, to integrate over neutrino phase space to get that rate.

Lets take time out to work on the matrix element for a while. You see

in (6.6) that the amplitude is the spatial integral of the imkmx overlap of

the four wavefunctions at each point x; at each point, however, the amplitude

is just the leptonic current dotted into. the 4-term hadronic current (here we

see only f1,f2,g1,g3; ‘the g2 second-class. term is dropped. ) The kinematics
is such that you are looking at this 2-tor2 process at threshold in the initial

channel. This fact means that variables are fixed. The transfer t= q* off the

nucleon is fixed.as shown in (6.13); the,neutrino energy is fixed, see (6.12).6 You are in the oms frame of course. Thus, all form factors are evaluated not

at q°=0 but at some spacelike fixed point. Note that % = 4 is the transfer,
; not the mon 4-mementum.

So, from your EM theory and CV you deduce what f, and f,.are at. the relevant

points. -g) = C, to .999; the only other constant is thet g,. You define g.=ng,
swhere m= mon mass} then use Goldberger Trieman to get this g..= 7C, approxy.
Now you have a good idea of all the constnet involved, assuming no g, term.

The mon wavefunction is given by (6.18), has only upper component because

so low energy. For the neutrino, p is not negligeable so you have the usual

(6.21). Note that this @ is a matrix in the lepton Pauli space. Meanwhile

WAIT; maybe the reason the muon has only an upper component is that experimentally

you are forced to average over -mon helicities. 50% never appears anywhere.
In.contrast,, the nucleon before ang after spin.does appear, as does the final

neutrino spin; ie, you could propare-your nucleus in polarized state, before
: yon shoot in your mons, . . -_

. When the dust settles, the amplitude you get is shown in (6.28). ,You, have

that folding of the wavefunctions and a spinor matrix, element of an perator given8 .in (6.29), The constants Gy and G, ang.6, are all known as discussed above.
Y ou must remember that % operates in the,nucleon 2x2 space, whereas gin the lepton,



OK, so the amplitude is now clear, To get rate, use up the eldta function

and exhibit neutrino direction integral as in (6.35). By the way, notice in

(6.33) for the general nucleus that Gene has gone back to the isonotation, so

you now have three spaces to worry about. The notation of (6.36) is mt quite (*)
clear; the nuclear wave functions f(x) now appear as states, so a spatial

integratio is implicit; you even see the x inside the mon wavefunction, Now

the T operator does its usual lowering function, So you get a nuclear {jy and
4 type matrix elenent, as in beta decay. As noted, these nould be exactly
the beta decay objects if mon were a plane wave; the exiting electron in

beta decay is a plane wave, but here the absorbed mon és not.

Now comes a trick; you want to sum over available. final nuclear states.

If you fudge a little by pulling bracketed factor out of Zig , then this sum
goes directly onto matrix elements squared as shown in (6.40). But then you

can use unitarity to mxx absorb this sum; your squared matrix elements then

contain double-sums over all nucleons in muoleus, each has a double spatial

integral, so non-local. However, if you execute the neutrino d irection integral

before doing the.double coordinate space integrals, you reduce the latter to

a double-radial integral as in (6.45). The final rate result is in (6.45),

and the double nuclear sum is still in there of course. If you can.ignore

. the non-diagonal terms in this sum, you simplify to (6.46). For light small nucleim

your mon-nuclear overlap is small so get (6.47). Simplify this some more to _*)
approximate end result (6.48), which shows that Z4 rate increase!

Comments: for larger Z, your 15 wavefunction.is heavier at the origin, .

as shown in (6.20); this gives 2°. The 4th Z arrives from the diagonal sun

of (6.47). The crude result (6,48) tells you that for a pp atom (monic
+ hydrogen gas) the capture rate is 1000 times less than the mon decay rate.

But for large Z atoms, even Z=10, it seems that the mon capture rate will

exceed the mon decay rate.

Notice one bad aspect of this process; in essence there-is only one

final particle, the neutrino, so you are forced to do the complete Shase-space;

thus, the only data you can measure is the total rate; it is unlike beta decay

- where you get assymetries, angule correlations etc. Not a very rich experiment,

What does.experiment say? First, you can do the gaseous pt atoms. But
the two fermions can have spin S=0 or 1, and these two states have different

matrix elements, Gen goes back and undoes some of the rate, showing W once again.

Well, the conclusions are not tery exciting. You can do this muonic hydrogen,

or capture in Ee? or in net, Section closes with "radiative muon capture" and
« some hard-to-do experiment with mmm nueleus recoil aggular distribution. Does e

: not prove or disprove agything; is compatible with the theory.
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Chapter 7: the Gabibbo Trick. Multiplets reviewed. Enpkirical selection rulesfe) are noted: for a@Sa0 decays, /aI/ = 1 ie, both V, and A behave as isovectors.
fox dS=1 dedays, aS=4Q ; other tule? 10 (@8u2-o7-mord decays.for

dS=1 decays,/dI/= + iey. both y and A, behave as isospinors,These are rules I showld keep in mind. Examples: 2-7 WKY is blocked by d8=a9
rule; KS "WEY also blocked by same. Notice that the /aI/=% rule contains
the dS=dQ rule due to GiN forma, However, there is some evidence of /dl/=b

rule violation. .

‘The example given for valid /@l/<} rulé is the decay KZ4¥F~ Since final
state mst have L-J=0, isospin state can be only, I=0 or 2. But.if current operator

is a Ind object, only the I=0 amplitude is non-vahishing. Therefore, using

trivial clebsches, you can deduce that K-short should go into charged pair

twice as often as neutral pair, ie, ratio of branching fractions should be 2.

Ny tables show this fraction is in fact 69/31 = 2.2.

Consider now Kf» WF. Again, as above, you require. 1-0 by the I=}
+ rule; but I=) for final state, so rule says this is blocked! However rate

sh ws up as. 30% of the Ky rate. Is thie really a weak decay? It's rate is . «,
in the weak time scale ball park. I am used to considering this as a Zweig . ,”,

A) _— forbidden hadronic decay. Yaybe Zneig prohibition is exact and it only. leake
through weakly; then cylinder correction should be zero.

Anyway, in the Kta-ef you must conclude that it ss leaking through in
. the I2 channél, Doing isospin comparisons, ‘you conclude that A,/A, = $f, a

measure of the degree of /dl/=$ rule violation.

Next Gene goes into SU(2) end SU(3) discussion. He writes down the octet
3x3 matrices in usual way. I have reviewed this but have not set my own

conventions yet. :

Now, how do you associate the currents V,,V,,4,;4) . with octet currents?

Well, in CVC you have already said that VV = j,4iJ, and J, =d3 + Te. you
have an isovector, so far. Now, recall that they key SU(3) assumption is the

identification of Fg with hypereharge y. = B+S. Consider the week decay kts Fy .
(strange version 6f pion beta decay*) This involves only, the current V, (see p 84).
Clarly this current is acting like V-spin raise/lower, .so you conclude that

vy = dgtiy + By the way, J, = neutral ourrent so is like U- spin direction.
Perhaps J,,, = mix of j; and jg} the CVC only says: that V, currents are partners
of the isovector portion of the EM current; as usual, thing GMI. formla, -

eo) What about the U-spin raise/lower operators which’ would ‘relate to currents
Jg and 7 which no one ever mentions? These would be involved in 8decay say

+ of K%9 Wb) ; the catch is that this would violate charge conjugation; so there



seems to be no way to "access" those members of the current octed. That makes me

uncomfortable. At any rate, I now understand how the various identifications

are made, Similar to the dssocociation of the current with an iso-spthor in °
“beta decay] ie, recall presence of Tin there. Seems solid.

> The &. and A) axial vector currents are comectea with their own axial
octet, of currents. Gene calls these g,+ig, = ay etc. Earlier I asked: does
axial d5=0 current look like a vector im isospin; answer is yes.

Now comes the Cabibbo stuff. Go back first to the leptons. Just as you

did for m and p in hadronic beta decay current, you can put © andYe in a doublet
and igagine & group "weak isospin" SU,. Since We is definitely left handed,
you might pit it only with e, component of ¢, In this- viewpoint, the regular
V aiid A portions of the weak leptonic current look like weak-isospin raising

operators, so the charges connected with these currents ais ia Alep and Yep
sare called F, and F,? where the 5 reminds you of axial. You can of course
imagine diagnoal currents and charges (these would be neutral currents) which

have charge L, and 1? + Clearly you have yourself an algebra SU(2) x SU(2)
where one SU(2} is for the vector charges and the other for the qxial charges.

f Tyis id the chiral group. That the charges respect chiral algekra is not

B questionable, you show it directly, Gene is not saying yet what you shoulddo with this group relevant to the weak leptanic currents, He mentions this (*)because he next sfas: presumably the hadronic weak currents (ie, the related

charges) form SU(3) x SU(3), where again, one SU(3) is for the vector octet

and the other for the axial octet of ourrents; these are the.j, and the g, currents.
Obviously this extension of CVC to the "octet hypothesis of the weak

hadronic currents" is not exact nor provebble, so the SUSxSU¥ things is not
as good as the SU2xSU2 chiral algebra. .

The Cabibbo business now arrives. You know experimentally that @Sq1 ~

decays are suppressed relative to dS=6, arid there are no dS=2. The Cabibbo

Hypotehsis is really the octet hypotheses; obviously if weak hadronic Rie

currents transform as U,I,V spin raise and lower operators, you can get only”

: dS=0 and dS=1. Suppose there were no dS=l., Then you would say that Tus Sytiig
: period, and by "universality" you would give this current exactly the same

strength as the leptonic: current Sep = 51 ,10p +3 1ep + Ie, weak-isospin ;
..vaise and lower operators, same G. But then you imagine

that somehow the presence of strong interactions causes a rotation of this

J(nad) vector im the 8-dimensional space; the length of the vector does not

change however. You choose just the right rotation so that you pick up a (a)
component along the j,+ij, axis in this space. You choose the roatation angle
so that d5<0 and.dS=1 parts of the current have correct experimental stregnth.



-8-

Moreover, you assume that the axial current is rotated exactly as much, as

. oe) the vector hadronic current. "This leads to the concise result (7.79) which
im the real thing. Obviously tons of predictions willfoloow.

" What about charm. Gene's book is 1973. I would guess offhand: put

weak currents into a 15 rep of SU(4). Do the same Cabibbo rotation to get
(7.19), then rotate again to bring in some d@s1 weak currents. Ie, charm-changing
weak currents, These will then be involved in decays of D pesons. Not clear,

‘but seems you will need at least two Cabibbo angles. Maybe more. You might

use the Box fy /t decay constants ratio to get tang, where $ is second Cabbibbo
angle. . *

The Cabibbo business is finally very clear and straightforward.

* Chapter 8: Baryon Semileptonic Decays. This chapter opens witha review of ‘the

Adler-Heisberger relation. Lets see if I can't penetrate this and see how it

really goes. You start with a commitator of axial + and - charges put between

two protons. Put in same intermediate states and of course you get matrix

elements of the a8 O<th component of the weak, axial, hadronic current. For
neutron intermediate state, this is precsiely the axial part of beta decay and

) * you relate to C,, The RHS of this{ese -charges comrel gives a constant. ‘Thus,
I think you get the left hand side of the AW relation.

Now the problem is what to do about higher intermediate States? Instead

of writing the charge % as a spatial integral of A , this time you cen
introduce a @/dt atthe expense of energy denominator as in (8.12), then you

can replace d/dt with®yAS . Finally, this last is replaced with’ pion field
via the Goldberger Trieman. . .

Pause to reedll how GTR works. You hake a OPE model to explain g, in terms
of fy and Yyyw - Thom you use POAC to relate g, to B32 since second-cldbs g,=0.
But g = C,. Thus, you have simple relation between these guys: +,Sue CA.
Now, if you like you can use (8.10) version which says that JyN* «! pion field
with constant as shown. From all this, you get for_your “higher intermediate

state" sum the form (8.15). But since pion field im there, the only possible

contributing intermediate states are PI-N states, Somehow (Gene skips this)

you can then relate this term of the Adler Weisberger relation to integral
*

over PI-N cross section, whichcertainly sounds teasonable. The net result is
(8.16). Amazingly, when you numerically integrate the PI-N’ cross section difference,

e you do get the right answer for G,. ‘
What does this verify? First, we used aportion of the SU3xSU3 algebra, but =~

only tie non-strange portion. This whofe thing does not involve strangeness at all.



Second, we used Goldberger Trieman, but we alreagy know that works. We only

uses PCAC inasmuch as it gives the GP relation, Really, the main thing this

tests is the algebra of charges, only in the non-strange sector. Ie, we are e
testing the concept that weak hadronic currents have isospin structure. By

thewey, strong interaction currents must all be isoscalars! Just because
weak interactions violate isospin does not rule out a role for isospin. The

statement that’ the 43-0 currents are isovectors simply bursts with predictive
:

power.

.

Now wego to the baryon decays. Obviously the simplest weak baryone

decays are those emitting a QY¥ pair. There are 10 such decays. The mtrix

elements are as shown in (8.19) for aSq0 and (8.20) for dS=1 decays. You
preselect your baryons as b and b*‘. The currents in there must have various

terms involving BB since you have to destroy one baryon and create another.

Question: how do you combine the baryon fields in thie bilinear way so
that what you have is an octet? ( Recall that Cabivbo Says currents are supposed

to transform as octet.) Obviously there are two ways, the 8, ana the 8. in the
product of 8x8. Question: what are the entries in the 3x3 bilinear BB matrices

that you connect with the 8, and 8, ? Typical entries are given im (8.26).
Now a subtle point. Consider your dS=0 ourrents, both vector and axial.

The vector are like j,+ij and axiel are like g,+ig,. Thus, the 45-0, wector e
weak hadronic current looks like isospin-raising operator, and we know that such

an operator can never change total isospin I. Recall that a pure Fermi beta

ecay involves only the Cy term, ie, only the dS=0 vector term, and for such
decays dI=0. Smae idea.

In contrast, your axial dS<0 current looks like an axial-isospin raiser,
and thus cannot change axial-ieospin. But axial-isospin is not the same as

regular isospin, Thus, the dS=0 axial current can change total isospin.

So what? The point comes now: when you make your 8, and 8, entries of
BE terms, you find that all your 8, entries contain at least one term which
changes total isospin of the baryon. ‘Thus, for the vector current you mst

rule out all 8, type BB” terns. a -
But, according to Cabibbo, once you have removed the Symmetric combination

from the dS=0 vector current, you should also remove it from the dS-1 current
because this thing is just an induction from the aS=0 via the Cabibbo rosation.

On the other hand,a direct dS=1 argument would say: well, these ourrents are
not I, s$yle currents, so you could not a prioiri say m#I-0.

°

_

Soy imagine putting in the BB linear combinations and letting the fields nit @
onto the states to make u(b) spinors. You then get (8.30) and (8.31). The
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symbols a and s in there are just the coefficients like 2/{ appearing in (8.26).

,o) You see that the dS=0 and dS#1 matrix elements each have only one vector termwhich is to way, the 8, term. Note also that these terms each have ‘overall
coefficient: 1, asside from the cos and sin, This 1 is £,(0) of regular nuclear .
Reta decay. Recall that this was the experimental fact that suggested CVC, ic,

that f,=D, ie, that the beta decay G is same as muon decay @ aside from cosine.
However, for axial currents, the isospin argument given above fails and

you are stuck with both 8, and 8, type terms, the usual F and D terms, Again,
looking et reguler n decay, you see that F+D = C, . .

So, after a lot of yak, I now see what (8.30) and (8.31) are saying. All

10 allowed baryon simple (semileptonic) decays can be fitted with just two

constants, D and Ff .

Table 8.1 in fact liwts the effective Cy and C, for all the decays. By the
way, notice that all this business of combining BB into 8, and 8, implicitly
means we are assuming exact SU(3) invariance. In essence we are applying SU3

Wigner Eckhart theorem to the matpix elements here. However, because there are

two octets in the 8x8, you cannot predict everything from SU3, ‘ever’ exact SU#3.

Notice that some times Cy=0 for some processes.' This is simply because

[e) this process’ is SU(3)-absent from the 8, term. Since axial has more terms thanvector, ie axial has 8, + 8., ik is of course more likely that an effective
cy or fy should vanish than for the ey to vanish. *

By the way, it should also be noted that we are treating akl “these baryon

decays jn the same approximation as we treated the beta decay, ie, we assume

small momentum transfer, evaluate all form factors at q2=0, drop all small

terms such as' the f, weak-magnetism. Ie, in this limit the decay theory is

just af),g, theory.
Now, lets do a fit. Choose F and D as shown in (8.58),’ use the usual

Cabibbo angle. This then enables us to compute all these decays. Ie, we can

get all the decay rates. Most total rates fit well.

+ But are there other things you can measure experimentally to test this

Theory of Baryon Decays? Sure, everything you measured in beta decay you can

@lso measure here, Bg, the @9 correlation, which is a function os fhe angle
© betweenFe, andy -( this was the coefficient a in beta decay) is some definite
function of your fl and gl. By measureing correlation, you can check to see if

f1=0 in those decays where it is supposed to be. You cam-also look at the

fo) lepton and recoil baryon energy spectra; the fore-aft lepton assymetry; therecoil polarization; (these latter two in polarized initial baryon decays).

These peripheral experiments often yield information on the c,/ Cy pation asf.



|, Apparantly nothing drastically wrong has yet been found,

Now a few more topics are in this chapter. Why does SU3 invariance work

so well here if mazses are so severly broken? Some people wet out to find [*)
out, leading to the Ademollo~Gatto Theorem, This theorem is dezived later in

this book but says this: the SU3-breaking term in Haniltonien must be Fg = ¥
_

= hypercharge (octet dominance), This term has relative coefficient .1 if

superstrong H has weight 1.0. ‘Theorem claims this: the Fg correction has
no effect on our analysis to first order in parameter .1, 0 expect corrections

to be a mere 1%,

_ Another subject concerns generalized GT relations. For regular beta decay

we related ¥y,Jpn, C{. Starting with any other baryon decay you can make
a similar theorem. Eg, in a strangeness violating defay, the meson-pole term

which gives g, will be a K so you will involve fy, Eng ME gy = Cy for
this decay. You can get some formulas like (8.35) which relate ratio of C,
for two different processes to the strong coupling constant ratio.

How suddenly Gene writes down the two strong coupling legrandian terms

as in (8.3%). The two relative couplings are here called f and d. By

just examining the terms, you can get the strong-SU3 prediction for strong
coupling constant ratios, Interestingly when you are alld done, you find that

a and £ of the hadronic lagrangian are the sane ac D and P of the varyon weak @
decay legrangian. Not too surprising wince it is all su3 8x8 business.

‘The final punch line then is this: you fit all your baryon decays via

certain value of F and D, These values agree with hadronic process measurements

of f and a,
.

So this chapter has been: generalized beta decay. Roughly, the generalization

is SU2 to SU} for behavior of weak currents (flavor groups), with, Cabibbo

relative weights. .

Ghapter 9: Nonleptonic baryon decags. Consider now the possibility of heavy
stable baryons weak decaying into lighter ones with no leptonic emission. Since

initial baryons are "steble", you know you are talking weak or EM decays. Also
dont care about decays with photons. So, any purely nonleptonic weak decay of

@ baryon into a baryon must be at most dS=1 since weak. But the only mass that

will fit in there is a pion mass. So all decays in this chapter are hyperon

into baryon + pion, (All are dSql.

This is the first time in this book we have looked at weak decays with no

leptons at all. Go back to a decay like Aw @ (4, there you were able to Qe
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essentially "factorize" the final state, and group the leptons off by themselves

@ _—_—s2 4 Lertonic ourrent, and group the two baryons together in a hadronic current.
In the reaction N*M QW with no ‘leptons what are you going to do?‘ Gene

suggests you write ew] J,J,\N>. Ie, now both currents are hadronic and got
in the hadronic space, so I guess the point is you cannot factorize this thing

into, sayy Ge\%|AYo|Talwy. the difference must be that the p and qf in the final
state interact strongly, unlike the interaction of tHe p and &¥ of a leptonic

decay, This must be what precludes this factorization, Related to perturbation

theory question. . .

+ So think about one of these decays, say Rew . In-partial wave terms,
initial state has J=$, final state has S=}, so you ‘must have L=0 or 1. Ie, for

all these pion decays of baryons into baryons, there is only an s-wave and a

powave amplitude, -

. Now, independently, you may go on to show that the amplitude has a most

general form (9.3) with amplitudes A and B, Not immediately obvious that A is
the s-wave and B is the p-wave, Where are the 4 other terms you usually start

With? Answer: because only three momenta heré, you can always write pion p

in terms of the fermion p's, and these then kill extra temms as illustrated with

ro) example on page 199. .
So great, for each decay there are just two complex amplitudes to find.

Now lets go through the Pauli reduction. Your initial and final baryon are

polarized, say, along directions 4; and a which you are free to shoose.
The ‘amplitudes A and B are converted to sand p. Then from (935) "you see very

* clearly why s and p are the s-wave and p-wave amplitudes.

We are not even going to try to predict total rdtes; there is no way to
‘connect s and p to the constant G. So, we only care bout the relative rate

‘which is given by (9.7). 2g, forT invariance, you expect h = 0. You should
be able to measure the various coefficients to get ratio s/p type information.

* Notice a problem, however. After the ‘and-€ are created “at a point",

they are certainly going to do some PI-N scattering, why not, for a while they

are within a fermi, This effect is called "final-state interaction" and T have

never leamned much about it. But I am not at all surprised to Learn that we will

get involved with only the s and pwaver phase shifts, since those are the only
‘waves there are. . :

In the decay of unpolarized A. , you expect the proton to have no average

@ _—sttensverse polarization because the initial state has no polarization, This is
a trivial electrostatic symmetry argument.‘ By measuring the longitudinal

“polarization, you can deduce 4 = .65. Somhow you can measure the 3 parameters

iP ,¥% which is in effect 3 of the 4 real numbers present in s and ps The 4th



number is the total rate.

.

Now, there mist be some way to relate these various decays. Since all
are dS=1, you know that the weak current or effective hamiltonian here should e
transform as Inj, If it did, you would "see" the dl=} rule being repected in
these interactions, So for the moment lets just assume this is so. Then you

install the spinor behavior of the hamiltonian by adding a “spurion" to the
initial state; trivial.

.

Once the spurion is in there, isospin is now conserved, so you use standerd
isospin techniques to get ratios of things. In the end, these isospin ratios

_ give you 6 conditions on the 2x7 = 14 amplitudes involved in the 7 decays. In

particular there are two branshing fractions that should come out being 2,

but which are experimentally only close (to 10%.)

So is there anything else you can sqy beyond this ash rule implicafions?
Ie, if you assume a certain SU(2) flavor behavior of the effective hamiltonian,

you get thése dl=}-rule predictions. Why not make some SU(3)~behavior assumption
for the hamiltonian? And by the way, since the effective A is supposed to be
Jody) smb you would expect to see some dl=3/2 and dl}; but you dont seo the
41=3/2, Why is this? Well we already assumed in the above paragraph that no

aI=3/2 when we put U~ spurion, . e
. Perhaps you are supposed to take a certain combination of the J, and J,
currents for H which combination goes as an octet member? Obviously you want

to chooge an octet member that has Is}. By indisting that # have properties

@Q+0, dSal xmbxix, you conclude that only menbers 6 and 7 are possible. Later
it will be shown that can be only one or tother; both would yield CP violation,

So tryH as a 7-menber or 6-menber of an octet. Write out all the
SU3 scalar combinations of B,B, M, and h = spurion looking like a 7-matrix.
Use CP to reduce number of amplitudes to 3 instead of 9 (among the s-waves).

,

Then examine expanded H to get ratios on page 209. Most are duplicates ot the

QI=} rule spyrion method above, but clearly you should get something more. The

one extra relation for the s-waves ( for the p-waves if you chose member~7) is

(9.47) found by Lee-Sugawara. .
Go back: we have 7 processes of interest. The dI~$ rule gave 3 relations

among the 7 s-wave amplitudes, Lee-Suzawara is a 4th relation, Are these relations

true or not? Figure 9.1 plote for § of the 7 processes (amv and SA”
are not there because these are the two with no charged particles, experiment

nearly impossible). So the figure shows 5 arrows, each one representing the [o}s and p amplitudes, assumed real. One arrow is repeated tw ice because of some

experimental ambiguity. All relations geem to hold within experimental error.
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Notice that the simple (L rules are not op this picture because, they inyolve

the non-charged decays. This picture is a test of the rule 9.21 from,dI=}, and6
the Lee-Sugawara 9.47 rule, for both s and p,in fact. The simple {2 rules
are born out by compaming brafiching fractions and they look OK.

Chapter 10: Kaon semileptonic decays. We start off with the old story of K and K,.
From the viewpoint of strong interactions, and em, the states K, and K, are, distinct
states; ie, strong and em do not at all mix such states (eg, you could not couple
K, to R, because this would be dS=2). But of course the weak interection can mix

. these two states via an intermediate state of S=0, say PI~PI. Note thet this

mixing mst be second order in G, so is very small.

.Now when you speak of a state having a definite. lifetime, what.do you mean?
, lifetime means lifetime with respect to decay. Since kaons decay only by weak

interactions, only these interactions are involved in the question., A "state"

, Should be diagonal in all quantum nuybers which commute with the relevant hamiltonian.
Thus, you want neutral kaon states that are diagonal in CP ; you dont care about

diagonal in S because (8,H,)40 + In fact, CP is all you have in the way of quantuam
numbers conserved in weak decays. This is why you make the KL atid KS combintions.

So which one is long and which is short? The state with CP=+l can deéay6
into PI-PI, so this will be K, with lifetime 100 picosec. Skmxmiharxstate This
K, state virtually 100 into charged and neutralwe’, with 107? rate towa¥.
Obviously any decay can add bremstraullung and be down order «

The CPe-1 state is blocked intoww and as a result lives 600 times longer,

. dey 60,000 psec = 60 nanosec. The obvious decays here areKiw (ey). whichtogether give 66% of the decays. The remaining 34% goes intoW¢ which is CP=-1.

There are soem decays into PI-PI indicaténg small CP violation. Also decay into
YN. Notice that the K, allous more vision into various decay products because

. experiment hasmore time, not so swamped . . . :

So, once you decide that kK eid Ky are relevant, the next topic is what is

meant by regeneration, Very simples You produce say K, in Wf scattering. Note
by the way that you cannot produce Ke because there are no Sat] baryons. So you

make yourself a nice Ke beam. The “wavefunction" for this beam is KetKy asa
coherent amplitude sum, But of course your Ky decay quickly leaving relatively

more K, down the bean, After a while you have only K, . But now run this beam
of K, into some crud and of course the Ke component can react with|protonswhereas

the Ko cannot. So, in effect, the ord removes more of the Ke companenté
of the beam, thus unbalancing the mtrture equal mixture of Ke-+Ke®KL. So you

in effect cause some Ks 4. 4 reappear, they are "regenerates".



Clearly the KI-KS mass difference can be roughly explained by the CP

selection of intermediate states, and result should be quadratic in G. Thus,

expect masa difference to be sane order of magnitude as any weak decay rate. Gy
In fact, aM = .44%5~-(S'asZ . OF course this is very emall compared to the
absolute kaen mass which is roughly 10° sec, ie, typical hadronic size.

What can we deduce about decays of the Gorm K--WRP? The first fact

. is that , Sor all such decays, there are only 3 amplitudes involved, called

f,g, and A* on page 219. Of these, g violates the dS=aQ rule, Is there any ¢

present? Comment: when you write the hadronic current matrix element, you

want to be using isospin and dS etc, so-you put in K,, not K., as in(10.19).
Now consider K7-9WEV . This decay is really your only source of decay electrons.
You can compute the rate of e* to e” production as a function of distance down

the beam, as in (10.23), Then do experiment to get exper measure of g/f. You

find .04, so seems to be 4% violation of the dS=dQ rule. But errors are large.
So, presumably g=0 and we are left with amplitudes f and A*, These are

then trivially related by the dI~} rule, ie, by xisospin, so A* = £/{%. Thus,
you ean equate some rates ‘and mekem a few predictions. It works.

We have now boiled things down to the study on just one anplitude, namely

. At = GP \K'D. We now write this in terms of the two form factors f, and
f_. If this were a V, current we would replace f, ial (he EN form atactor}ey
using CVC, and we would also say things about vaiues at q°=0. Ie, we could

. use for V, current all the power of CVC. Now, can we apply CVC to V, current?
This is not axial, so we are not talking PCAC. In perfect SU(3), since Vv, and

V1 ave in sane actet according to Cabibbo Hypothesis, snswer is’ yes. the
concept of perfect SU(3) justification was that order N Ademollo-Gatto theorem,

- So lets analyze Kvrowev. We start with the two form factors f* and f
but because e is so light, the f_ term goes away ( note t2#/ fr). The amplitude
then involves only cosine t4¢(a°). Now, small byt finite a is involved because
there is large Q value, but set £,(0) = 1 by CVG applied to V, as discussed above,
and include @ small empirical q° linear term in f,(q°). Compute total rate and

. compare to exper to get still another measure of Cabibbo angle. Or use old C angle

and conclude that theory and exper agree for KY9WEY process. Once ggain,
basically only one constant eneters here and you set it to 1 by CVC , this allowing

total rate computation. By looking only at the pion-energy spectrum, you can

evaluate that small linear term in £,(a°). Then look at electron energy spectrum
at fixed pion energy, This gives confirmation of veotor type theory and conflicts

violently with either S or T theory as seen in figure -p 231. (*)
+ What about the K+PHY aocay? Wold, it has that extra f_or§ term

80 obviously what you want to do is measure € , This is done by computing the :
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muon polarization in terms of ¥ and then measuring it. Results are shownle) im table 10.25 Roughly ¢ = £7/f* = -1, dimensionless, althoggh you have to,
account for q° dependence somehow. Then, using this{ in forml (10.79) for
the m/@ ratio in K* decays .( or K, decays, since ratio) you compute .53 for
K* and .50 for K, ( keep in mind that such ratios always involve mass differences
and sometimes radiative corrections). My data book says 32/48 for K* which is .7,

and27/39 for K, which is again «7, Strangly results are both the same but are
both off, No reason given yet for this discrépancy! (rate onwita?)

So where are wé? Gene discussed the simple Ky, decays back in chapter 4

in terms of the simple constant fg. In this chapter he has so fan done the Ky

decays which involve one pion. The trick here was a version of CVC tomy f, = 1.

The last semileptonic decay ia the Kyy involving two pions. 4s noted back in
chapter 4, there will be 4 form factors here, and both V and A currents operate.

I think the useful fact, here is this: your finals state of T#eN has 200 MeV

of kinetic energy, but my intuition says that momenta will be equipartitioned,

so pions may only typically, have 10 MeV of energy, ie, they are relatively

soft. In general, all momenta p are relavively small for both pions? Anyway,

I am trying to justify two facts : (1) the throwing away of the a, term in (10.98)fe) since bilinear in pion momenta; (2) the near constancy of the other form factors

. in their arguments. . :

Now, we have three form factors with no knowledge of them yet. By teking .

the two different soft-pion limits afd using the soft-piop thearem, you conclude

that a, = 0 and a) = a5, at least when all are evaluated at that soft pion point.
«From the other limit we conclude that a) + ay = 48 Jo +» flood grief, where did
these old form factors come from? , How did they get into soft pion theorem? Well

the SPT has fq sitting in it intrinsically bepaiise the SFT contains Goldberger

:  Trieman/PCAG stuff in its derivation. On the other hand, the SPT removes a pion

from final state, and this brings in ty. So result no surprise.
So of the four caonstants a, through a4, you set a,qa,a0 in effect, and

you set aj=ay= et,/te » numbers which you know, and then you can compute the
total rate! compare with exper: it works, a great victory for the Soft Pion

Theorem! ' .

So lets take a look at this Soft Pion Theorem, Stated on page 234. You

pull your soft pion out of the final state and you got 18UFe StI LES, oflliy -
How does it work? Obvieusly by pulling the final state pion, you generate a pion

@ _— e148 which can be put into a conmtator Zor free, see (10.85). Then you+ replace the pion field with Se'- 3%, ie, the divergence of: the axial
current; this is just Goldberger trieman and you see Sg appear. But in the



Limit of qo (soft pion) you can effectively replace Yai with g, integrated
over space as in (10.88), which yields the charge F? , Thus QED, Only problem
is that I dont think the oosine should ‘te in there. Later when he applies the

rule, Gene does not show the cosine. :

‘what about Ademollo-Gatto which I skipped. This is another one of those

things which start with a current algebra statement with charges F,. Veyy simiar
+ to Adler Weisberger: you sandwich in between pion states, not proton states, put

in intermediate state set. When the intermediate stete@ is a K, you get

term involving t, and f of course, If there were no other terms at all, you
could conclude that 2,(0) =1  ( this step involves going to infinite momentum

frame). Now consider those extra terms The only available states are single

. particle states out of the }xx 0” octet, and many particle states (recall in

aW it is the PI-P states that are important.) Look at (10.44). For lerge

: energy difference, it is clear that the “other terms" will all be order

where X = «1 is the SU3 breaking Hamiltonian scale. Thus we have proved

that £,(0) = 1+ order(%). Harlier I conjectured this by arguing that CVC
should apply to the Ay currents, based on SU(#3). Here we see that even if
there is SU(3) breaking, you still havef £,=1 to lf » :

. This is the general theorem I think which says couplings obey SU(3)

much better than mass differences. Ie, mass differences are order = 10% e
whereas couplings are SU(3) invariant to oraer = 1%. Good argument to know.

Chew used it a lot, but never used phrase Ademollo-Gatto.

Final chapter comments are on neutral currents. Processes of interest

- here are KP yay or GE. Clearly these decays violate strangeness and mst
therefore be weak, and you can see that the current involved must be neutral.

Bxperimentally , Gene says less than 1079, But my 1976 data book says these

events do ocour at rate 107%, Ie, di~mon events in K, decays is good evidence
that we now have neutral currents. Maybe this now agrees with the Ky» WY. rate.
Some experimenters mst have made a mistake in thés business.

Ghapter 11: Keg and Ker3 decays. FactL: two pions can only be in state I=<0

or 2 for the KW2 decays. Exper seems to indicate a 5% I=2 amplitude, which

is in violation of the ai=} rule. Hg, the ratio of Kshort intoWat AW’ should
be.2.0 but seems to be .2.2

. How should you analyze things? For Ky, you cannot do a ourrent=current
thing with G because this is nonleptonic. Similar to the hyperon decays where

you have ta just make up some paratmerts and see how far you get. Obviously e
for the Kyq you have L=O so only s-wave amplitude. But as noted you can have

I+0,2, so there are two amplitudes called 4) ana ao,
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Now obviously you are going to want to ma e comparisons hetweeh all the(o) Kqy decays, half of which involve the neutral kaons. Thus, you immendiately
. have, the additional, complication of the k*=K¥ system. You have to. understand

that "system" before yon can make phenomonologicai analysis.

Yuch of this chapter is; about that. system. We start off with a mass mtrix

which would be diagonalized by the states K, and Rj were there-noH, . The
weak interaction, as it violated strangenesa conservation, connects these two

. States caugeing off diagonal entries in the mass matrix in the K,, KR, basis,
see (11.29). So obviously, you re-diagonalize and call your new states K, and
Kg. How are these expressed in terms of K, "4K, 7, Ty general form (11.37)
and CP? then leads you to the most general form (11,46), showing the one

parameter @ . Clearly, if €$0 you have some CP-violation.

From (11.50) you.can sebt that. CKs\Kur#O when EO. In other words,
these two states can couple in presence of CP violating interaction; if there

were no OP violation, each would be a GP eigenstate. Actually, I think they

are CP eigenstates anyway, CP-violation:just allows them to couple.
- If there were no coupling,.no CP violation, then you. know that Ky and Ky

would have to have same mass to 2 parts in 109, Assuming CPT, they have to lwe(oe) exactly the same mass, Thus, the fact that there even.is a K-long/K-short mass
difference.is evidence of CP-violation. .

Gene throws in a little analysis of regeneration, though not used: later.

Ie, what happens when you run a neutral kaon beam down through some material?

In vacuum you know that mass eigenstates willbe K, and K,. But, in sone
material the new, eigenstates will be different, namely K,' and K,". In the

. end, these new eigenstates are given.as in (11.67) and (11.68) . Phere you

see the regeneration parameter r, This arises because,the scattering .on protons
*

or nuclei of K, differs from x for..reasons that are clear. Ie,'you rediagonali,e
your mass.matrix once again and get these new eignstates. .

Besides the regeneration complication which you cannot avoid in an exper,

there are also strong interaction s-wave place shifts in the I=O'and I=2
channels. “Ih effect, these phasé shifts’ change the phase of the 2=pidn final

state by ei8E , so turns out to ba very simple corréctioh %6 ‘actount ‘for. I
dont know the theory of this, however. Sd, when you inoludes tHeoé phase shifts
atid the usual isospin Clebéch's, your final possible pion states are as in (11.70)

and (11.71). Combine this with’your earlier constiuctioh of the Ky and Kyle] states and yéu end up with main results (11.77) through (11.80). As noted,
.

everything is now described by Ap, 4y ana E.



Recall that A, is measure of violation of the dIw} rule, and@ measures the
CP violation. -

What can be experimentally measured ? Consider K,/K, ratios. Obviously
such ratios are ‘small because in exact OP conservation, K, cannot go to PI-PI.
Two ratios are. called hae and ne. See (11.81). If dI=} is OK, then no
A, and then these ratios should both equal € .

Experiments say \9'~| = 2x1077, although some recent controversy in 1976
particle data book, ‘The mass difference is measured by the very clever gap~

+ regenerator method to accuracy of 1%. Notice from from (11.21), by the way,

that in to order to be able to compute dM, you need to compute M,,, that
-off diagonal strength. That in turn requires you to compute quadratic terms

like that shown in. (11.21) (first term vanishes since dS=2), Since, well,

the result will be order G? and probably propertional to € ,.but you cannot
really compute it because wnkrown intermediate states, ie, a. long calo is needed

to try to compute dM. No trivial relation between dM and€ .

The phese of M*" is called ye and is measured by simply looking
at the PI-PI production rate versus time in a vacuum regenerator. You get 45°

with error of 4°, You can also try to get.\Nee| and phase by ; also
people can measure Re({) to 10%.

The results whow clearly that there is.CP violation, but not much else (*)
can be said, Obviously there is also some T violation going on. What is the

- cause of this CP violation? Is it just that the weak interaction violates CP?

Or is it maybe that strong or em are violating GP and it shows up here? Or

is there some superweak interaction which is doing the CP violation? Strong

and EM. are obsérved to respect CPP and P to high degree, so only possibility

is some small C/T violation there? No one really knows. In Wolfensteins simple

“superweak” thregry, you just assume there is some extra dS=2 interaction which

lets K.~y Kg which then goes to PI-PI, This little theorylet predicts *~ = A”
which looks as though it may be true. But dis} aso predicts this.

So, to summarize the Mw story, there are three parameters in the

phenomological “theory” called 4),4, and ©. What you can measure are A" PS”
nN”, q”, Reb, QM. There is no "test" of any threory here, you just define
some parameters and measure them. You, observe tix both from mess difference and

_

fact that MLS WW that there is CP violation. So CP violation is really the
main point of interest in the Ky, Story.

,

What about Kyg ? Obviously even less will be doable, ‘There are several)
such decays of kaons, obviously try to make some predictions using isospin etc.
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Since cond are three-body decays with (néar) equal masses, you cdn plot events
in a very simple Dalita plot, see figure 11.8. As shown bg (11.163), the6 density of points at some place in the’diagram ( say T,,7, or r,®) tells
you the square of the amplitudé. Notice that there is no Dalitz diagram for

a 2-body decay since oms kinematics fixes T, and 7, by masses. Ie, for Kye
decay, Tl=T2= kndwn number. _

So what can you do with amplitudes A, (7,9) where i = process label?
First there is symmetry 9 to -@ because two pions are usually the same.

Second is thi: pions havé at most the entire Q = 75 MeV, usually mich less,

typically 25KeV which means pions are slow. Ie, not much phase spac e available

for these decays, so you might say this: the amplitude at some point in the

Dalitz diagram is the amplitude at the celter r=0 plus a small correotion.

Hence (11.166) which incorporates this statement with the 9 symmetry. The

correction turns out to be a function of yercos®, the size of the correction is

measured by parameter g” called “slope parameter".

*  Isospin and centrifugal barriér also have somthing to say here. In fact,

considering pion plus dipion, you can correlate GP, I aid L‘of final state; the

net result is shown in table 11.4 ‘which also shaws the dI-$ rule. Result

is that KY and K, caif both go healthily into Iel tripion state, whereasloae K, cant go in any I-spin final state, Of course there will be some bleedthru
because dix} is violated, CP is violated, and barrier is violated.

* As usual, the dis} rule by itself makes various ratio predictions, see

Table 11.5 page 283. Obvious small violations of the rule, as usual.

* Finally, soft-pion theorem has some stuff to say here, because if allows
*

you to extract pions from final state to relate Ky to Kg decays. And
pions are definitely soft. Results seem to work OK.

To sunmarize, the Kyy amplitudes are parametrized by A at center
of diagram, plus a slope parameter. There is no theory to compute either

parameter (for each decay). Relations between decays in the Kyg class arise
from isospin, dI=$ rule, barrier effect, 2~pion symmetry, softness of pions.

Obviously a painful subject. You have 4 theory which works nicely for semi
leptonic and pure leptonic sectors; but it says little about nonleptonic

de wayse

Chapter 12: Parity Violation im Nuclear Forces. The point here is very simple:

There should be a weak interaction of the form kne | Sods +3, 5 ls 92. > ie on©_ top of the huge parity conserving strong interactiom we should expect a parity
violating weak interaction. Recall that EM Hamiltonian also conserves parity.

How are you going to find this effect? Certainly not looking at the nb cross



section, Clearly, what you do is say that the effective nuclear potential

now has @ small, parity violeting term. This then admixes states of opposite

parity, which were formerly unmimed. Thus, this admixing causes photo-decays [*)
which you would normally think not pessible.

_ So one trick is to look for some strictly forbidden transition under
strong + BM, and see if in fact it leaks through a little. By the way, the

wavefunction admixing effect is about F = 107’, so your leakthru transition

Will be down by huge factor of 10¢ from a regular allowed transition. Iel,
this requires good experimntal technique to see. As example, Gene uses a

certain forbidden decay Go» C'*4 4 where the 0! is prepared in a certain
excited state. If you see alphas of this characteristic energy, then you are
‘seeing the forbidden transition. This has been seen and measured, and result
seems about what you would expect.

"

Besides looking for forbidéen events, you can look at allowed transitions
which may have mixtures of forbidden events in them, Ie, it is probably hard
to find things thet are reall forbidden, eo you have to accept a mixture. But

that is enough.
There are two Classic experinénts. In one, you look at a simple photon

emitted in a nuclear transition, Ie, a gamma ray, If the ‘states involved

are getting parity mixed by presence of parity violating term in hamiltonian, @
then you expect to see circular polarization of emitted photan ( ie, emitted

from unpolarized nucleus, and final nuclear polarization is not measured). Just
draw picutre and you can see thet there ehoutd be no net longitudinal polarization

of a phton in‘reaction W9W°X. Circular pol = longitudinal polarization.
So set up your polarized iron target and look for this gamma ray polarization,

‘Typical net circular polarizations are 107! effect, so you need many many
events to got statistics on this, Often your process is started by thermal
neutron hitting some nucleus, getting "captured" into ‘an excited state which

them dumps “a gamma ray. .

The other obvious experiment is to look at fore-aft gamma asymmetry when

‘initial nucleaus is polarized (captures a polarized neutron). ‘This effect is
sometimes relatively large, 1074, and has been ‘seem. Chapter ends with quick
discussion ofthe "theory" involved, not’ very exciting at present.

By the way, what about parity violation in atomic transitions? Now you

are asking about CEP\WwiEG7 . Since lepton factors off, you see that this
ie a moutral current effect. So parity violation in atomic transitions has to

do with neutral weak currents, and is really a different subject altogether (nog
- in our theory so far); of course experiments are. very similar. I think this is

what Commins is now up to with Steve Chu. :
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Ghapter 13: meutrino scattering. Obviously you dont want to look for weak8 scattering in a process that is dominated by other forces, like ep. That is

why the real thing to do is Yp4e%. (Standard charged-current deal), The
Kinematics here is the same.as depp inelastic ep scattering, more or less. Ie,

‘ interesting variables are q” and J.

First consider elastic Vp?Fe. Obviously you put in your usual
B to B weak hadronic current with fl through g3 form factors. Now however

you will need the large q° behavior of these form factors. Analogously to the
form usually taken and/or measured for the BM formfactors (vector dominance etc)

you might take forms as shon in (13.19). You might assume that £32220 (though
not obvious that CVC still works at "high energy"). If precision experiments

could be done, you could test theory: At the time of writing, only a poor

statistics CERN 1967 experiment had been done with neutrinos.

What about inelastic stuff, like nucleon throws off a pion. Adler has some

current algebra relation about composition of products in deep inelastic. In the

deep inelastic, in general you do not imow the tensor that getts mltiplied

* by the (weak or EM) lepton trace; hence the usual structure functions Wy and

W, for BM; and also W, for neturinos, which arises from presence of axial© sicce not present in Ei, This is the sane old hadronic stroy: when you have too

many hadrons, you cannot make up form factors, so you set up some pheonom.

parameters, A and B in hyperon decay, structure functions here. All structure

functions are expected to show Bjorken scaling.

Chapter 14: Neutrino Astrophysics. You can compute solar neutrino flux; Davis

et al measured it in cave in South Dakota, number was not in agreement with

solar theory. (the famous cleaning fluid experiment). Gene goes on to do the

neutrinos out of hot stars, and cosmological topics. I am not reading this

chapter now.

Excellent book! However, most recent references are about 1971; it is now 1978.

Much has happened in between, Neutral currents found, so the 1958 Feynman-Gellman

theory now obselete; must use something with weak currents, like Weinberg-Salam.

Of course any new theory must duplicate all the steble-particle decay results

described in this book! Charm also found, so the whole theory has to be

e generalized to unclude both strangeness and charm changing currents. Then
there is QCD for strong interactions, quarks looking like leptons, and so on

and so forth. A review of last 7 years would be helpful at this point, rather

than detailed reading of special papers.
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some variants of their theory may be found by a boson has been congidered by many authors: H. cal cur(oe) which-cannot be disproved by one negative ex- Yukawa, Proe. Phys.=Math, Soc. Japan 17, 48 (1938; | PU
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In analogy to the conserved vector current in- momenta. Such an attempt has some appeal in that F]

J kr téraction in the beta decay suggested by Feynman view of the apparently modest renormalization then w4 ‘and Gell-Mann, some speculations have been effect on the axial vector beta decay cons we ald

Aye current." One ean formally construct an axial _ point,’ namely, the possible forbidding of ne+y,} imme
Me vector nucleon current, which satisfies a con- has now lost its relevance. pion d
Wd tinuity equation, (xe, 1s Consents) ‘The expression (1), unfortunately, cgmbe pion-
at N A easily ruled out experimentally, as-#as pointed

i} ph = Av pl-ivgy 2Mgt, /a', api, (1) out by Goldberger and Treimgnr* since it intro-iy # # i duces a large admixture of seudoscalar interac} wy,
4 where p and ofseethe sa nd final nucleon | tion. widlie 2 LM joo CAC urnct)\\afockfla. -i 380 B yaadih p88
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a On the other hand, Bq. (1) arouses theoreti- sec as compared with the observed value 2.56 iB
jy; | calcuriosity as to the origin of the second term x10" sec. Hee
“ Wit really exists; according to our conventional Goldberger and Treiman’® have arrived at the (Sea.
. field theory, we would have to interpret the de- same'relation Eq. (4) (in the limit of their self-" By.
“95077 nominator q? as implying a massless, pseudo- ‘energy integral J = «) from an entirely different ‘ath my

scalar, and charged quantum bridging the nu- approach. In our opinion, this is not a coinci- 218 | cleo and lepton currents. dence, as will be explgined elgewhere, On +We would like to suggest that there may not be We are tempted to éxterd this approximate BY

. that.we may have an approximate conservation also the vector current) to the stras 4 ‘=‘which becomes rigorous in the limit q™>>m.7, conserving beta decays. We take, for example, i i iz
m, belng the pion mass. Specifically, we pro- “the AN axial vector in the form R={ pose that the axial yector part of the nucleon Ot +m) ie
beta decay vertex has the following form and r 4p, Pe NS 6) OHSproperties: wen Pg Gm hs =

Bete:af Alp p) and attribute the second term to the pseudoscalar. if ee#
K meson.* The degree of accuracy of the rela- A2My-4 tion,(5) will be poorer than in the previous case i=eylivgy Fle) a Ra), in view of the A-N mass difference (which de- 6)VS LO) am

" aB
stroys vectcr conservation) and the large K- ies
meson mass. At any rate, we obtain an analog GR: HAMFO), /ay =F (0); of Bq. (4): fi

: +My) B4'=G, a a

| F(Q)-FA@) for gt>>m_2. @) Og +My) Bg" = Cbg (6) ie =
which relates the A beta decay-axial vector et‘The pion is.then the analog of the massless quan- aes*, the ANK Gx, and theK, oC aaavs {tum mentioned above. ‘This is consistentwith teeny th me coupling Gx and the Ky A ie i& ion rel :

:

i Bie eeeFaas ected or en With the observedK lifetime 2.1%10°* sec CHG,Aamely, F, and F, shouldhave in general the and a tentative value dy/4x=46,2/42, we get ne
. Lege. 7) PresFF (-m 2) ayy ¢ “net

iSThis is not inconsistent with the observed beta. ie

© p.m )dm? decay of A which seems ‘an order of magnitude a=(qtem af was less than predicted from a universal coupling ai edTS ne" 7 scheme gy’=g4'=ay." 2 a

We can Still go further, though the argument a={ (i=1,2), (8) becomes more arbitrary. Let us assume that a Rs
fundamental weak coupling (WNW: rise t iewhere m 3m, unless there are new particles of "damental weak coupling (NNNA) gives rise to ifoe Sms

I an effective V-A interaction (or at least part of alenelow
mass. Thus the F's will be slowly varying it) of the form a hsfor
Iq*i<cm3. The conditions in Eq. (2) imply Plathat F,/F,=1 for all g, Ii'm,=0and F,/F,=1, ene er Ae Yep AL ts hathen
we restore exact current conservation,? and BR ONNS wp OP IAT y ie :we also-expect F\(0) =g4/gy=1. ‘ v a)1 Here ©, =iy,, which is approximately con- heA iY PP: y nsati adopt Ba. (2), thesecond term of TA served by itself, and 7,4 stands for E49. (2) or tt 4 =.

‘lo ately cies a ite r) eo tants,fare th (5). We see easily that Eq. (8) contains infor- MigBion decay (Pgeudovector) constant gp, and the ration about the A~N+z decay matrix element: ispion-nucleon (pseudoscalar) coupling Gy: fips

vA ag= -m_#) = . (21 NE (a - 9) ome2Mg,=2MgyF(-m 2) v8G g.. (4) (2M als 264 t a hy nae (9) , i ai7
Y) With gq =1.25 gy =1.75x10-" erg om’, G,2/40 Combined with the assumption of AT=} selec- kt fy :<13.5, this gives a r-u decay life of 2.7x10"* tion rule, this gives a lifetime of 2.5%107 sec PU .
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for 8"»gy as compared with the observed value field is not rigorous, possibly because of a smitayt
2.810" sec, bare mass of the order.of the pioh mass. =FAR

It ‘s possible to apply this kind of considera- The above-mentioned model of elementary peiC) tion to other hyperons. Moreover, if the Feyn- particles will be studied in a separate paper. ati man~Gell-Mann coupling scheme such as = byHie
(nné) is formally extended to (Krev), etc. as This work wap supported py she U. S. Atomic ingAuli has been tried by some people, all the observed: Energy Commisajop. fore4 4 decay, processes may be covered. Here we $3: G. Taylor, Phys. Rev, 110, 1216 (1958): eren| would like to point out that if all baryons should j1..C- Polkinghorne, Nuovo elmento 8, 179 and761b pub,

ig satisty Eqs. (4) and (6), the ratios g4/G, and Oe gol berger ant 6. B, Tr Phys. Rrays £4'/Gx must be approximately common constants. 410, 1478(asa) “eSB: Treiman, Phys. Rev,at. ot final remark concerns the theoretical basis, aaInternational Con | NUC(| !|g __ forthe assumptions made here. If the baryons ference on High-Energy Physics, Kiev, 1989 (un MA:TAT! , yr age 278 derived from some fundamental field y which ubiiches) Stuc
Fi ar‘gh’ vossesses an invariance under a transformation 5M. L. Goldberger and’s, B, Trelman, Phys, Rev. | TllintH {| Stig of the type y- explia-7y,)y," then there will be a. «110, 1178 (1958); M. L. Goldbérger, Neva, nade borHIT! 42 conservation of the pseudovector change-current. PAYS. 2, 797 1950. Jan)IAI igd Afinite observed mass can be compatioic with withthe i Facer area culate slat mebon igh Aty i the conservation if the particle is coupled witha yt axial vector unaccounted for 7 resiBeit HI boson as was-noted in Eq. (1). . "Again Eq. (5) and the subsequent conclusions are The!sa) if —7 This situation may be understood by making an essentially the same setree C. H, Albright, Phys.t oieiyi SnenGey tothe theory of supercondctivity origi- av. 114, 1648 195) sod By Sabla, Piys, hes te eebat i, nated by Bardeen, Coopér, and Schrieffer,* and 1650 (1959), which are based on the Goldberger Thebay refined by Bogoliubov.!® There gauge invariance, TFeiman method. For the A-dueay save below, oe teft the energy gap, and the collective excitations are, Tenaglla, Nuovo cimento 14, 499 (1959). La'F. Giirsey (private communication) has recently Fi A tf logically related to each other as was shown by obtained similar reaults.on the x decay baseg'on thisWeis - the author." In the present ease we Rave only toy, invariance, Wen seon te shecify the'interactionAEN replace them by'y, invariance, baryon mass, ofthe # field, which'may.be of the nonlinear Heisen-pe

and the mesons. In fact, the mathematical me- berg type, of due to an intermaiate boven tard omry: thod used in superconductivity may be talten over froma
meAng" to study the self-energy problem of elementary 9, Ration UN. Cooper, and FR Sobran) | R1eae particles. it is interesting that pseudoscalar Phys: Rev. 106, 162 (1957).EYE.

meson snomateny epee ane, Coma ht meme fonght P Shirkov, A New Method in the Theory of Suporeon.Wey bound states of baryon pairs. ‘The nonzero ductivity (Academy of Selences of USSR, Mascon ots‘al i meson-masses and baryon mass splitting would 1958) ofaey fi “ndizatethat they, invariance of the pare barjor_ "ty. nambe, Phys. Rev. 11, 648 seo, latecae
- the|al

Waataenguin aatouly Que onidtonpin gouge uvoromer iS laroken, ) te]HH \ ~ Soy AyPr- tionce a OO
of |BS

i i ERRATUM hoch « oteb a

4 enetae
roi lasclast prck ay of eneBR; i HELICITY OF NEGATIVE MUONS FROM PION measurements have yielded an atuendea ovat consan) DECAY. W. A. Love, 8, Marder, I. Nadethaft, for the asymmetry parameter a,as.defined in ‘| toa

|I and R. T. Siegel (Phys. Rev. Letters 2, 107 thig Letter, of @ =(0.64+0.58)%. Tt thus appears ave]gee ft (1959). that in pentane the B’? is depolarized’ by one of matSe Hi the various. interactions (quadrupole coupling, conigal| Jp this Letter we presented preliminary results, multiple electron capture wna loss, etc.) which -f cona fl H of an éxperiment designed to measure the forward- might cause spin reorientation. Therefore, a jf oteal || backward asymmetry of # rays emitted from BY, definite conclasion about the helicity of the neg- “if San]gen [ish fas been produced by absorption of polar~ ative muon cannot be drawn from cor cennie to “f slid
Maul! ized muons in carbon (in C,H,,). Continuing date. of les:Shed 3a2
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Gontents of this section:

re) 1, Various page involving discrete symmetries like P,C,T, G:a) how the field operators transofmr

b) how the creation operators transform 2
c) what to do about squares of operators like P”, 7” etc.
d) time reversal

e) G-parity
f) parity and effect on lagrangian and current; pairs like BB and FF .
g) charge conjugation and pairs

2. Reviews of field theory method

a) the two methods of field theory
b) the U-matrix and the S-matrix

c) another review of the two methods, including Wick
d) ee scattering as an example

3. Feynman rules for QED.
1,, ‘The Reduction Formulas
5. Propagator functions

6, Pield theory Norms (like C, etc. )
7. More commutators and Ppopazators

8. The photon spin sum bisiness
9. The transverse photon propagator

10, The old pion nucleon page.
11, Some detail on the Dirac current.

12. Dimensions in field theory.fo) 13. Unitarity in field theory.
14. Poincare versus Lorentz groups.
15. Crossing in field theory.
16, Noether Theorem for internal and external symmetries (various verions)
17, Feynman graph combinatorics, loops, internal lines etc .

18, Feynman rule for vertex in spinor QED and scalar QED.

Pe Proof by induction of Feynman Identity.



Field Operator Transformations

S 1. Parity: eat 6's + 4%)
OX G4) & = to (-%,t)
PAGHF = ~ Al-x,t)

2. Charge Conjugation: i"

Bamc’ = go _
BHO = CV MH= ivtth= CV
GA@C = -A®)

3. Time Reversal:

S4caad = 2 9%-t)
SVGNS = THe -t) = i888

7K -t)SAGNS' = -AG-b)

—

he TCP:2 Cees) 8) (83S = = a*-*) .
(©63) Yq) (63 = 4b ¥FV(-x)
(PG3) A® (ees)! = -ACX)

5. Poincare:

UWA) 9O SAA = O(Ax+a)VAsa)
WG) UI CA) = SCA) (Anta)Us) AG) Ua) = Cry AYAx+e)

Additional information:
.

-\

- CHC = -H Wao Hi VV eM -
THT es Haye “oy y

on Sav say= Nva=
Av % :a pe = ie By S= Peleg

mcaha Gla TaHi? ;
ate Tete -f Ny= Sy + 40%

= -¥



Pam G = +aGk Recen= wGRs)GB vaevt. + doy Raceag = — ows

Savy = aw gba S= AQ 4
GawHC = ao cata T= lps)

Be UK 4
Ublesd K = — b(-¢-8)

W dips) «= —dt pas)
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aa eo * ;°

oy @d= = ceegh= R= -1 %*
>

Sel @s}+ -\ Cee eB ke)
a a.

G=*l Geet - .

@R=eRh)y . RS= -BK Vv - -

2 Che-ac | Re=-EK v

~  8ts-ce RG = + OK ;

‘Soneof these equa ions agree, with Lee and Wick, some do not. Eg, (2.18) through _
-tose (2.21)-0f Lee- Wick-agree-with-the-abover -I-think-wevan Bet rid‘Uf the discagreementby_redefiningtheT operator so that. new T = GR, or something like. that. OK, but. -T dont want to do that now. What to keep the above relations strictly for the BD

‘conventions+
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Time Reversal.

= 1. We know the effect of the operator S on ‘Y and b and d:

=\ >|

sys = TY Sb = bEP HS) de.

2. Now consider a "process" and the defined "time reversed process" +

' es re!We ~ <e8'| GI p.S> ew e@QO<hs
, '

~P 3 ~33 mia esMW
~ BS) %\-253> ~ eOF

Notice that electrons are not turned into positrons. It's just that
¢ the final electron reverses its momentum and becomes the intial electron.

‘The energy does not change sign.

3. Now do the usual trick to obtain:

Ssro} Slesr = sBENT ID = BEeD0> = |-2-D
-\1

. a am= 88) S%3 13>
Well, notice that script T,as I have it,does not change an IN state to
an OUT state. It just changes the monentum and spin of a plane wave
state and the state remains in the same picture it started in.

4. Now assume QED so write H as J,AU where J is the dirac current. What can
be said?

1 nn Vays mol
MM ~ LES) LIS \PPPBA'S

By ae~ Ss| TAs? Aw
(ol y\X*

. mM ~ uP SYE™ n(ps)
- I ~ te

Cc min &C0S) Ya uC)
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oO Field Theory Session April 24 through 264 \QQ5”
Motivation: I was trying to_readp 139 of Feynman on parton calculations
‘and was unalbe to recall clearly the trace business. Aiso, I have been ~
wanting to see how fieldthery looks in my all—norm notation. Finally, I
have been interested in the various pseudoféeldtheoretic cdlodlations ~

, of the massive vector mesons, All these things justified this long session.

Applied Field Theory. I reviewed the bare bones of field theory, skipped over“
' post derivations and details, otherwise I-Would ‘néver have finished. 1 found~

that ‘there are basically two methods of doing calculations:

- Rist Hephog: in this wethow (1SZ) you use’ the reduction-formikas-to -~
| oxpreas es Enatriz elenent in teras of a giant vacuum expectation value of- «> 4-9 tine ordered product oflotsof fivtdss Prior-to~perturbation-theoryy -  -~

i there is a field for each external particle, and these are all “full” fields,
7 — {One then goos-to a perturbation-theory- by-transforming-these full- - -~

| Heisenberg Piture fields to IN ficldé via the operator U(t,+').. This
~~~ |-caunes-all the-external -particle fielde-to become“in“fields (free. fields). -

: and you are left with U(~inf,+inf) insidé the T-product with these éxternal

pofielas: ‘This: operator-U-is-then replaced-with-the. usual-exponentiated . —.| interaction Hamiltonian of free fields, and each ocourrence of H is normal
— { ordered to -prevenit the possibility -of-tadpole type graphieto.... _._ -

You are now ready to do “contractions”. Choose an "order" and insert
1 the corresponding number..of H's-and d4x integrals. Then pair off the. | _

fields in all possible ways using Wicks theorem. In the case of ee elastic@) , seatteringin second order, éach contraction is a product of 5 propagators.| After doing all contractions, you put the huge mess back into your LSZ

; Teduction whereupon all the external_propagators are"amputated". Then _
you can convert the whole thing to k-space and get out the feynman rules.

- ! "What égn be said aboutnopns for this first method? First of all, the
“square root factor" or “external wayefunction” ow whatever you want to call

| dt must be the same as the factor occurring in (§;a) field/creator commutation
| Felation, This"external wavefunotion"is détermined in effect by thé sizes ~~
| of single particle states and by the size of the. spinors for Diracions.
| Remember that fields are the same"size™ for everyone. This, in general
| "external wavefunction factor" ¥ C,. Nevertheless, it ig etill Cy that
| Sours in the definition of T, 7° “= a

Now in most norm systems C4 = extersial wavefunction factor, but Gas,
| ae Weial isa notable exception. (see Kine wheet daggers). - --- —
‘

When all is said and done, we have a matrix clement Mpeyn given
~

| exattlyby “the ‘foynnan rules with-no external leg-factors+-the connection- --| between Mp and the all-norm Tp; ist

t Te = +469) Gel ( “Gas )~ Mean .| - vs cx
H In any of the standard (daggar) norm systems this reduces to:
i :

oO - Th= HCG) Wee _| For Gasiorowies the result is instead,

| -—-— | wee eee ee

| Tks +¢ T lam:
| ket ff A@at Mine, a
‘

——
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oO For Gasiorowics it is as if he had an extra feynman rule which reads: "For
a ~ GS0hi ‘exterrial”lifie iiGlude afactor of (~)2r -

For Kallen the result is:

~--) Ske = CY) Mhe, — Ge ate
-—~ ——~,,~,¥e should note in passing that To, is not always C¢independent.‘his is because the phase space “knows” about Cy inGertin nove syste, ——
- . like Bjorken Drell_and Gasiorowids.

In this first method (1SZ) each time you “pull” a particleout or the ~~ ~state and into a field, you get a factor of i. This is simply the i that~
occurs in the inversion formula “(1279)page27 resultingfroma tine ———derivative on a free field, The renormalization factor of Z I always set

~~" " -““gqGalto otis, atid I usé Vedormulized (physical) masses-amt couptings-in—~ —any. caloulation.

Second Method. This technique is much more efficient for doing a calculation.

- - ee Toate “way INcreaton-and annihiletion-operators-for your external -
particles, and you replace S directly with the.exponentiated interaction

- ~-Hamtltonkany-Then“at once yow do the-contractionsyEach time you-contract-——a field with a creation operator, you pick up one of those “external
wavefungtion-factore,-The-nuiibet: of-spacetime integrationsequalsthe- — —order of the calculation. It is this method that allows a fast derivation

ad -of-the feynman-rules—f: theory. This is the method used-by-Sakurai, —

fe) ‘pee pages 130 etc.
The factorial factor, In either perturbation method, there is always an

—~-—____—_n in the denominator_for_an_nth order_caloulation, but somehow this never __
appears in the result. The reason is that there are n! "contractions" which

——--- —~belong to the same topologically distinot_feynman graph, so.the factorial _ _
is always cancelled.

Wicks Theorem, This is one of those combinatoric things that is best proven
. — nlyby examples, because the general proofis too hard to understnad formore than one day. First, you prove Wicks theorem for two fields. To do ~~

_ _ _._ this, you choose a particular time sequence so you can remove the T-product.
Then you observe that the time ordered thing differs from the normal ordered

__ _____._thing only by some field commutators, and these are always o-numbers, 80.
a the T orderand Wordercan only differby a c-itiiber.“Then you take a -VEV ~to show that that c-number is just the VEVof the TOP.~

“Next, You move on Wo three fields. Agaid; ‘picks definite tive orders =~
The game is to get "from" this particular order, "to" the normal order.

_ -—"~"~ “This Tuvelves shifting“ all-plus fields to~the-R'LEFT where-they-can-do  ~
no harm. Each such "shift" causes a term with a propagator for the two

— ---— interchanged"fielde; and-alt-the-other-fietds~just sit -theres—Eventuallyy—--all fields that do not appear in propagators end up normal ordered. I should
_- ~~~“ do-a betterproof-some-day-on-thisy——  ——

Note that any VEV of a TOP of an odd number of fields must vanish, due
—--—-- + directly to-Wieke—theorem——————= = --——- —___-- — -.
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Bis BNdlea quoerrcnser

+ie) Braces. Whenever there is a Dirac particle in a feynman amplitude, traces

HIT occur when the amplitude ie squared, These arisé from the projection
operators and the Inversion theorems. tt; -

te SS [+%$ z =m) (1+ 8H

~ ef - ~~ le tye
- [x@X sO] = AQ Xa X= KY

Rather than first write te amplitudes , then squere them, then convert
| to traees, ste, "itis eaéiestto use the("trave dtaprans'} ws illustratedén the back of page 12, there for electron electron scattering in second

- “order QED; The idea is to“form all the-"unitarity- like" digrams-with = —~-
appropriate statistics minus signs. Then each "line" may be closed onto

| ttself-ané stands fora trace. Zachtime-you-hit-an external particley—
insert a projector. Each time you hit a vertex, insert the feynman rule

- + vertex: factor-(egy ~ie{*-)+—The-trace-cleses-when-you-return-to-starte - -
‘ Sometimes there is only one trace, sometimes two or thore. Don't forget

~ + ‘the -propagators apropo. hen you: do--all~this, -you-have -at-once _/M/2 and .
| you are ready to go to & cross section or whatever. a- = | Compton provides another-example-of the. technique.—(See. page-15). -Again
| you use vertex factors in the various traces, except here it happens

| that polarization 4-vectors-are. tied_to each vertex.. Also, in. this. example.
| there are real fermion propagators and these two must be inside the traces,(@! : In general, any quantity from the "top". unitarity graph_should_be.
| complex conjugated, eg, propagators with ie 's, polarization vectors,
| coupling. constants. Usually..we do not worry_about such things. LoL
| In actually exeouting the traces, there are very important tricks to

| be observed. See BD on this, I have not gone through all these things here.
|

— | Spin Suge: Zon Dinac_clentnonas Spinsumming is trivial, A spin sum merély _{clears the. projector of its spin portion. If you are averaging over initial
. . spins, do not forget to put in a Por each initial fermion. For final

. fermions, summing is done by simply ignoring the spin part of theprojector.
. Por photons snd massive vector mesons the spin sum is not so trivial.

For external photons, there abe Only two transvérse polarisation states ~ ~
although you could combine them té get circulars. It is best to do photon
polarizationsums as thé Very énd-of-a calculation ( as is’ not~the case =~for electrons). Basically you have to do the -sum explicitly. I have done
an example on & separate sheet ( ie;—the Compton-case)s"Note that-the three-

1 aa four dot products 6f a polarization vector with its momentum vanish:-Cthe ‘three-dot vaniswing is not relativistio- statement «+. -we -adjust -our-
| frame by arranging for this to be true, this is the radiation gauge)-
+ For massive: vector mesons; there-are three polarizations to worry--about~

.

| The four-dot condition still holds. The parallel polarisation vector gets
- ! stretched;see dack-of page 20: Againy-you~have-to.do-spin sums explicitly.

i | par, How do you compute field comiiitatere dt iméqiat ‘tiie? You" ~~ ~| Girfteyour lagrangian and compute your canonical momenta. Then imposeoO | the equdl tine cémPélé. Make momentum éxpansionsand inversions; and ther| Compute the creator comrels by looking at equal tine. Then, using these
comrels, the théqual time fiéld Conimitators folaow, See pags 20. ~~~ ~
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ad -4- .O ‘The REO decay. Now we are getting into the realm of phenomonological

= “field theory calculations, as in -wéak interactions, For-the tho ~ _
interaction with two pions, we postulate a ldgrangian,

. 4

— Se vig der dB sh
4s shown on page 24, this contains two terms involving the neutral rho.

-——~- —- Theny using~the “"second method" we-oan-get-the-feynman-rutes-and—in- = =
particular the decay matrix element, In a daggar standard norm we find:

~~ ~ Ty Here, p is the 4-momentumof either of
_ _ [Tal = ay pe tne tinal'pions, The factor of 2 arises

“because there are two contributing terms ~Using this amplitude, we in the lagrangian.

° Gan qaLckIy compatetie — ~ nswidth of the RHO ) into these two pions:

ee eg WE (| — Sm -an Tgete =spegt te oe _
- From_the Lagrangian you can show that g is dimensionless. Here,I have —xumumixarerxtiaxt trivially averaged over initial polariaations of the RHO,

a+ —. —+ The result is independentof polarisation anyway. 9 _Using the first method, we oan show that: —— ee

Scale wee a -OCF. © AONFOSEND =_AMLA(S)- Aig REGAL _
Except for normalization, this is the result quoted in Gas page 455 top.

-- =~ —“We-eould have arrived at this form frou Lorentz—invariance-without— ——

ever using a lagrangian and perturbation theory. Thus, we can justify
— - that phenom, lagrengiar-in this-ways——————— ———-———- —- ~~

———-———Rhe-production. I tried doing-the-i#ttie-perturbation-calc -thet-Gas—shows——~but I did not get the right thing exactly. At that point I started this

summary "~~ -- oe
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a. Reaction Formulas (for removing one particle from the S-matrix)

Oe OE) [EME B [cosy] e |

oA fe OR So
— O( A [eem®. fa 9 e|

-) (SS Je th etre  &2a (RJ Tea ap a

ce) 0 ©(We 4 WlPues, et]
—_ — a ye EL 3lp ¢ (Fe) le ‘Taes) Blew w ° |
ec (Ele rend 1A Bl el

Sh Gt) (Fe) le “|¢r PataNOs) ot RET
Remarks: Time increases to the left. All momenta are defined as being to the left.
Incoming particles always have a minus in the exponential. The spinor indices do not

close right onto the field operator shown, but, thru the Tey iena Thus, the Dirac

ordering cannot, be changed. State bracket is always (out/in). Alpha and Beta repre-ey T( AD BY) = RCAM BE) + BH) AG)
. be = eGyn LAM, BO],



Scalar and Spinor Invariant Propagator & Conmutator Functions

( exact. Bjorken-Drell notation)
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. Hermiticity, adjointing, normal ordering, and the dirac current.

oS
1. Adjointing operators.

+ ae ABle> = \q
(AS) = BA Aine v +

When you adjoint a product of two <el Se = <al
operators, the order reverses and =

there are'no minus signs even if Salat = <4
these are anticonmuting dirac
fields. Also, this reversal of the operator, the adjoint operation

order has nothing whatsoever to do has nothing to do with transposing
with matrices. When you adjoint an and complex conjugating anything.

2. Adjointing matrix representaions of operators.

.

Square matrices have the above property which is one reason that matrices
can be used to represent operators in the first place. With matrices, the
conventional adjoint operation applies: twiddle and *.

3. Playing with the dirac current operator.

P In wither the first or second quantized theories, the dirac current jy is
& hermitian. The only possible point of confusion is that in the second

quantized theory you do not throw in a minus sign because at no point
are the fields anticommuted. See 1 above.

+ at oe nt Agyee A= LAG = CDs MV
it. + A

“feLTH = de
Notice that the adjoint of a number is just its *. As shown in lecture 22
of 230A, the hermiticity of j is unaffected by normal ordering.

hs When does that anticonmutation minus sign come into play? when you

charge conjugate the'direc current!

. 5 4 -\ a\ tv. +
CyG= CYC CY GWG = YECHICHY

Tr x .= VOGT = Gy = Ay

ce By the way, the first quantized theory does not give the above minus sign.a © mist be changed to -e by hand.

= :

.

a os 2 “= GENE = ov
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4.22.76

Unitarity in Field Theory - -

Ce 1. Because you are dealing with a hermitian lagrangian, unitarityin a field
theory is autonatically repected: ‘So 18 Lérénts invariance and cotiger'ved

quantum numbers; We always make’ such a big deal about how hard it “is to
satiefy unitarity, but here in-field-theory-you dont-even give-it a-thoughty

- - ‘Formally, unitarity follows from $= el, But you can show unitarity. onder
ee by order in, say, QED. Here are somegraphs:

.

.

- - ae eee

- OreTy = Yad Te Tey - :

dort = 0 ~ Lordsr &..

- dm FA = ade (ed)x (1) 7] ondan a
2. In fact, unitarity is trivial in QD. It Holds for each graph. #11 you ao

is put the intermediate lines-on mass shell €utkosky-like. - — ~

— 3. Of course the other symmetries follow from invariances of. the Lagrangian.
6 Such as: lorents invariance, isospin invariance, and so on._

:

4. Well, what ever happened to pion-nucleom field theory? I gather that the _
large dimensionless coupling ruins perturbation theory, but what about

the axiomatics? And then there is thé problem of fundamental entitities
which appear in the lagrangian. . :



Comments on the Poincare group versus Lorentz group problem,
.

‘The problem here is this: why is the RHO sometimes a vector (4,3) of the LG, batfo} other times it is a (0,1) of the same group, and other times a mass=m, spinal

rep of the Poincare group. How are these ideas all related?

I dont have a full answer yet. Here are some ideas though.

1, I kmow that I can construct spinor states of the form \p™*) which transform as
the vector rep of IG. In such a case, neither of these indices is a helicity. T

can then make a vector wavefunction by changing basis, so that we have |p*) and
@Xp) as our momentum-space wavefunction. This transforms in obvious way

u(t) Ite) = 2% ite)
or something like that. This thing is just a function. Obviously, you also know how

the state transforms:

u Ju(L) /*) = Li Ap’)

Next, you should be able to find out how the creation operator transforms. Then finally

you find out how £he field operator goes.

‘The conclusion is roughly this: the field operator (x) of field theory

transforms just like the wavefunction (spinor) @(p), except perhaps under translations.

e Since these two things are roughly related by simple fourier transform, that is
just what you expect. So, both wavefunctions and fields should belong to representations

of the Lorent group rather than the Poincare group. At least we can see the Lorentz

group in both p and x space.

2. On the other hand, if you take any massive particle and put it at rest, it mst

have some spin s due to the Poicare group. Ie, it must belong to some rep of the Poincare.

The RHO has s=1 for sure. The spinor state I would normally make for the RHO would

transform with (0,s)= (0,1), not (3,4). This latter has the wrong number of states (4).

Nevertheless, in theories of the RHO, the three states are often embedded into a

vector field. I think this is why you need guage invariance, to compensate for this

erreonsous, embedding of three objects into a 4-plet.

In S-matrix theory, I dont think there is any reason atoll to think of the

RHO as a 4-vector.

lo]



New Field Theory Notes
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Grossing in field theory. ° duly 7, 1977

ra) 1. Consider the main reduction formila (16.81) of Bjorken Drell: the fields insidethe T operator have a definite order. Now lets go at once to perturbation theory

where this T-function is expanded as in (17.22). The IN fields in (17.22) are

ordered in the same way as the full fields in (16.81).

Now, the interaction hamiltonian musk contain an even number of fermion

fields (as, eg, in QED) to conserve fermion superselection. Thus, you can move

a field through the symbolic exponential in (17.22) top line. The fact that Hy
is normal ordered makes no differen to, this argument. The point is that it has
even number of fermion fields.

2. Now we have to say something about how we shall write states. Notice that:

aati = Wy

=

+

SB sett = Auey = Sola

This is important. We have defined a state /1,2) and never deal with a state /2,1),

at least not here. When you conjugate the state, the ordering of the labels inthe

Ce) final state is the reverse of the order of the annihilation operators! Often people
do not order things in this wy, but it seems right to me.

3. Therefore, it would be my inclination to reverse the label order for the final

state in (16.81). Then this equation combined with the other equation would give:

poe7

Cy tan Seas)
me ~ — <— x= GY SeeT Sag Qed (Ot*) 4 sew) Se Gy)Br Sey

rR

¢ SAT (AS MHEY - BYR) QO) + QGm)) A)BAAS Pm pes —viK
=o) (Qala) Malye) = MACgn) QabG)-- Psd On) S ‘Yt

Now you can see what crossing will do. Without changing any orders, you can cross

particle y,, =P, from the final state to a position to the left of a, = x; in the
initiel state. The total 4-momentum gets negated because f goes to £8 . Any

6 spin index.. well, look at self- reduction page. A u(p,s) in f becomes u(~p,s)
which is v(p,s) or something, so essentially spin stays put. This crossing is

in accord with Taylor's crossing rule, except they have no phase "over the top"
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ods ii off to get a finite integral.

re) 1, Consider an integral of the following form where there is some parameter inside:a

Ie) = AN Se .
pxra

It is obvious from inspectiong that this thing is logarithmically divergence. Here

are three ways of putting in a cutoff:
.

a) just stop the integral at a finite value:

(e .
dx n AtaTG) BGA) = BE = AeG|y = a(S)0

b) do a subtraction: es

T@)> Te)-X(s) = de | Xa KER8

axa eth= aa (S)-2- (5) = dn (A).
. By subtracting the integrand at some point (the subtraction point) you get a new

fo] integral which is convergent, although here I evaluated the thing by shortcut.

c) add a multiplying factor: o

fa de rN Ge Sdb (coe )SM. (=) = Ge x »SER) = 2G, A) = \ xa Gr aly Sen KA
QW

Moo.Gb aK , A).Yan xem en xan ) An* :

2. Comment: for finite LAMBDA each of these methods gives a slightly different
result. But for large LAMBDA all results are the same, basically 1n(I/a), which
shows up the logarithmic divergence. You can use any method you want:

d) change the number of dimensions of spacetime, I don' t know how to do this now.



‘The Minimal Substitution and Feynman rules for various kinds of QED.

1, First, calibrate things by doing regular QED a la BD. Here is the lagrangina+a) and the minimal substitution:

La +Fgm) Ap > AHR — Ap sig
3 potted YS

“Tha, te = VK fon iw (155).

Now get the feynman rule for a QED vertex byb soneidering a simple S-matrix element

(even though kinematically blocked):
,€N
y

. ‘ weDome = Qk S-alp) = i <phkl FA pS
Lo NNW Bley wc)

= TG)Piey| wey €”*e LAS

LL, this is the Feynman Rule for the QED vertex.

2, Now redo this for a charged scalar field. First, notice that althought there is

a 4 4in the legrangian for a neutral scalar field as in (12.2), there is none in

the charged case because you added two Klein Gordon fields, see (12.54). Also,

you must keep the dagger also ond, to get the right result:

a ~ Pa an .o= Hg O*R)~wh FY > Brod,

v . Tan +A ave + a= Geld He ORV ied = ied” [@da- F@e)]
e

—apne. ayo p= 2 Gel ied (@a) 4 FOND{ —)& \
¥*

fo} Sc) Cit)
. woh at . A”

= iGiele* Ghtip) = [rie rte .
Ly Feynman Rule for scalar QED vertex.
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How to define the Lorentz and Translation Generators. _

6 1. First, lets get straight the notion of using a coordinate transformation R to
define a transformation in the Q.M. Hilbert Space. You define R in terms of R in

this way: ot
<A Rley = CRED

You could, if you wanted, make an alternative definition by using R instead of R7.

BUT, if R in addition to being a transformation is also representing some group,

then you must use R™ so that the operators R also represent the group, ie, you

want: RyRo = Ry to be reflected by RR, = Ry for the operators. Notice, by the
way, that the above setup is just the usual "regular representation":

Ralm= g(a
2

2. So here is how you do angular momentum. Define fil” like so:

iow show 4
cas gy = CM axel

Here both M and@M will satisfy the same Lie Algebra. (If you were to use opposite
sign that would not be true). Go to infinitesimal to learn that: (nie: M= Meo). ne,8 <A ey = TW" Lys x2 QL

vga sy . 7Bae = AL Sp SSI IE bE) = LGEI-W3*) GO = HM QO)

3. Since the translation group is abelian and tyto=toty, we dont have to worry about.
the distinc£ion made above. This means that the sign of operator P is just mm

a convention, so I will do it the way I have always done it and in a way thet

duplicates classical definition of the relation between angular and linear momentum.
Soz i rN

wig R

ASIN Vey = Lavalay ok TINY = Sa) .

SRL PALEY = iee®e@ = Pde

“Men: We CPLR eg, BY= RRP = Ls
4. Summ of results:

2 nSA PSY = PRG whew PA shy

fe) SOE = MIA wre AY = a (IEX’9")
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> . y a 5) 5) zNae: TRAE = KS, IRAE) = RP ERR N(R KO = CDG (fer),
We ear with Mi oe

SreLQBD = Ry Relea wa AAHKEARY= CARL Ky Glad.
O vc Bad = <BR ond KEAADE RG ALES .

So, Ryy is some FDR of some group, ie, of the Lorentz group (need not be irreducible, eg,
might be the 4x4 Dirac spinor rep), and Rij acts only in the spin space. Note that the
use of Rj; and not Ry is correct in the consistency sense mentioned on earlier page.
Ie, now we have three different representations of the Lorentz group acting in different.

spaces.

3. Now we can define M°Y when spin is present:

—iot™ iow iow”<0) SM Vay = LEM CE Tat ex| badd

Con er Dre den anstakion bo sey we—

a ~-isL= ev = oe am
sieln’@ we —e he”

= Sowrowel So oe ASR = ABI + 108
A Www

Se\W oll las = HM Cadi le
ion ~io,

= SOMay TSP" Ys dead
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_. Introduction of Fields. Global, comrels, variations, and 2i”,

0 1. We have already introduced the object. Ris as a spin matrix, Rx as a transformation
on x, and as an operator in the QM Hilbert Space. We now define a "field with spin”
as follows:

u s =\

RE = KR ROR = Ry (Rs)
You have to do it just this way. If, eg, you were to switch the R and R-! which
surround the field, you would find a group multiplication inconsistency. Notice

that if you take the VEV of this field, thus getting the classical field, you

would find a classical field that fransforms consistently with out previous

wavefunction transformations.

2. For linear and angular momentum, then, we have shown that:

cot” —iow” ~ie W™, ie <
eC gee - le kh &l€ yer)

” teA | sige Lie
Qe Be) © = & (xx a)
3. Now put in small paramters to get the commutation relations:

wey] = . = Wr.se LW”, Resl = SHO = -lLe Lie ly &@
hap]P", BO)= SR = -i gn P* GH)

v qe’ AW WD) 5>

( THe, HP] = Tg, BOD = fewwg + WET Rie[8@, PA] = Baw = "bo

& Examine &O (8) do Qooun

. wr to
6 By = XIN" |g

: °) »
ys —=—* Vv aSon (Taree, w= 4 (perry+ 22.) RE



Comment: for a free field we can make this expansion:

‘

Qa By ; a6 ea oe foapean Ar) + <ppcnled ae,4
where you sum over all momenta and spin states n. I am allowing here for a change

of spin basis. Then we have:

= Sy om otR&S = rid LR &) AG + gh" al Gerd]

*, wor)> CA BH MOMS = <olROlpH = QE)

Thus, by using @ single particle state on one side we can get a connection between

the regular wavefunctions and the fields; we could have used this to show the

transformation properties of the fields if we liked.
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2? sayy

ro) Truncated Greens Functions.
1. RBcall BD discussion of IN fields, and OUT fields. These are supposed to be free,

non-interacting asymptotic states. Wheo you examine an S-matrix element, you do so in

terms of these free, asymptotic states, id, Sp = (£,0UT/i,IN) = (f,IN/S/i,IN). I think
the idea is that the external lines of a diagram representing an S-matrix element are

supposed to represent these free states. Such "states" do not self-interact, and thus

do not “build up" the factor Z, due to their self-interaction. The external lines are
supposed to be propagating as free particles without even self-interactions.

So how would you relate J, to the unrenormalized field ? Well, the
propagator you would get by fourier transforming ( ,.,,,) would be just 1/(p-n?),
whereas the unrenormed (but "interacting" ) fields would yield (9,f,) = 2/(p?-n").
Thus, you can imagine how these two kinds of fields might be related by a square root

of Z,, as suggested in the "asymptotic condition" (16.20) of BR.
Dont be confused. Here we are discussing the relation between a free-field (which

makes just the bare propagator) and an interacting field. In the past I have often

compared two kinds of interacting fields: the unrenormalized which I call g., and the

renormalized which I call $. These two interactin g fields are simply related byfe) a miltiplicative factor.

2, I claim that the ISZ formula really says this: compute your momentum-space

Greens function, then knowk off the contributions which are due to self-energy

insertions on external lines. The result is the "truncated or amputated" Greens function

and is precisely the S-matrix element you seek. You knock off or amputated the

external Greens Propagators because you are supposed to be computigg S-matrix element

between asymptotic states. In other words, an S-matrix element is a milti-pole residue

of a Greens function. Then the object you get is simlar to the 1PI function (which also

has its external self-energy insertions knocked out) but the amputated guy is not IpI.

‘e)
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The + choices depend whether particles is ingo or outgo and depends on babelling

convention, but the sign has no effect on the sign of Box” operator. So hefe you see
the "amputation" going on in the x-space ibtelf. Thus, we arrive at precisely
BD's LSZ formila (16.81) except I dont have any 2's. The reason is simply that
I am using renormalized fields, whereas they are using unrenormalized fields. I could

get their result if I make the usual replacement that $ = (23)? $, . Then0O you should imagine BD's fields as 9's.

4. By the way, according to the way I did it, I just pulled off external propagator
insertions. Thus, the first term in my S-matrxi element here called iT will be the

1PI proper vertex. Te, this is the connected-part of the T-matrix.- . -

5. ‘These Z's sitting outside the formula in BD are sometimes called “external waye-
function renormalization", which terminology relates to paragraph 1 above. For me,

these Z's are just the Z's that get you to a renormalized Greens function, so I dont

have to call then anything. .



le 2

3. Implement the above conments in scalar field theory, say #* or something. Then

a) let G(pjs-++-p,) be the renormalized and thus finite n-point Greens function. Itcontains the overall delta of course. Now, remember that LSZ gives you a matrix

element of S-1 rather than 8, so you are really getting the T-matrix. Lets say that.

S-1-iT which is a standard form. Then here is what we can say: . .

Gy @ @) ‘

Duby Pe) = Sige age: MtCea) wo dong 6 Tq: i). ‘ :

: an Cry an soigt<T
Here I am using all-script functions in momentum space because these are thé complete
ones which include the (2PT)* (...) overall. Now lets expose all those delta functions
and the result is much simpler, and we go to non-script functions:

aay OG Cy ()GS Conte, teal) = FRYGG SRY EV Gates Bary, OD)
Here I put the last momentum arguement in parentheses because really p,, should be regarded
as a function of the other n-1 momenta, since we are now conserving 4-momenta. So

invert to gett,

fe) ce : @ = ow = 8
IT Ceyeyees Gad = LEI TE) G Cate tes),

.

,

4 eS)Qytewey, LFF B8y= HM.)  &)
@)

:

24 a= | Hy)

e - LoQk Sw= 0G) wr B= LL.
: poe .=S

wotQua, D= Get) amd:

&)wo om

. 1 + so zt RoKT Guta ts) =P) Gee) Gee) & Cerys few)
Of course the implication is that you are taking a limit here as pj” go on shell. This

is how you ‘are taking a miti-pole residue to get the S-matrix element. If we were nowoOo to put things back into x-space, we would get p* = - d2 so each factor makes a (-1)
which combines with each facotrs's 1/i to make a plus i. Thus:
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