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page 1
A technique for proving the Finkman Identity.
o 1, Here is what we want to prove for any positive integer n:
=N
et NG (S
Q,%"'q“ 0

where we have defined:

Woor TEe)3@-)  sie Zras

L=

2. I proposed a proof by induction. Assume it is true for n-1l, then xmxriiryf
verify that it is true for n. HWe start in this way:

f“*"ﬁ‘%@ﬁa (SY = ! T(g&*‘)ié‘*‘iﬁ S(«%—;:%L+x+u3~a)

=

- -~
1 A R +ﬂ‘1‘:§3

do far I have done nothing more or less than rename the last two integration

variables. 1 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:
= A
K2ty g doadk %= L (k)
S= Ry w= 1 (4-s)

o) am- S0 B(x) Sx+g) = e(ﬁc*s\ o (& ~s) o(¥)
35«3 % —?Q}t}vv:h._ E&ﬁl& _(“_ Jm-'s ,?_s).

MW---WW\?*:MJ .
(w0 %(3&&;) 1%& s s amotel) S( L i+t -\)

M"L -'1\-
v [ Zan van b sy

Back the dt off to the left, and put twothetas into endpoints:

= [=ul el + A
= (w~1)! %(Sﬁ&a)%;x E(éra;+i~ ) - Ji‘%as S A Gy (ran) daa g (4 5.)1
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X

Hext, explicitly execute the ds integration to get: ek

S 7g (w} %(ﬂ -4, Eg“*“%a\-s(**ﬂ*i“*“")—\ -t

Y =M T
- ___.L___ { [ 21 a; ¢; + 7 Q'n-!.t\k [Z‘ ql%l; * q“-El
woD ()
Now take the wvariable 4+ and rename it Z _, B0 answer becomes:

=M

e 2 N (Bl e

Ay Qw (Cl q“\i

2+ Now what should I do next? So far I like it because I have caused the
once-lowered {dz)n_l 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:

-nd N
(n-2) Il' &&é)n"- Liq 1} - d‘!q‘:"q‘-?t.q“‘*

o, N \
(w-2) ! X(&-?.)“ LHn EAbAn ) = a

/ll?1 Samat o abrl
) ﬂﬂ_mqh L....-\I.IIL\ q'n-q'"}qhb

Ve

S:,__ﬂti_i_iL - —

qtql"'q‘h R (q“— q“-u) I:{i.c"-‘l. ""qn-t_qh‘l a"l.ql\." AL Oy

— = Gm=\
a, Q'g_ M- \ Ton. A=t \ V)

Thus it is proved., If true for n=1, them must be true for n=2, and so on. But is

this proof wvalid for low n? I showed that (n~l) implies n. Must show true for
n==2 axpl‘.i.uitl:,r':

qu =1 v-x &i%&iLg@ﬁril- 1) Eq x +qlgL

"L-

&) ;i'" =Xnéa§o\5 g(‘ﬁ»}’ ﬂ) {qp‘rbﬁt ‘
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3&5 \mi(\*gﬁy (1= 5.)1 (_j-:j .;(a-l,) EQL(HQ#L;-‘-U-B}E \

I ) e R Rl

Well the case n=2 is same as any higher n, so I already proved n=2 when I did

the general induction proof. Now lets show for n=1:

o _\ X
=Nde 5Ge) [and = Wl V.

And so completes this induction proof of the finkman identity. There was no
need to sum over permutations or apything fancy like that.



Evaluation of a Feynman Integral #1.

0 1, In the study of mass runormaliz-ntian in scalar-boson QED, you soon ericounter
this integral by considuﬂng the one photon loop on the electron propagator:

-

'R T

T = \dw . ‘_(h - T(g XK )
K=X @Sew e A,

Here you see a photon prop with a mass inserted, the electron prop at m ﬂz, 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 gat.-

I ZJ\ X&d&&i\&da qc>('l. o~y -oa ) %a'ﬁ. \(‘A N d, "'r(?-h-k-"ﬂ'., 2?"6-)
+'(k+h}d;3 "

\ o
o) "af\\dd &41\5‘ S _

[‘R“ 'lﬂf,_? . i q’.(fv.ﬁ:'}*-ﬂ[t(ﬂ'-bw:‘—?"} - 1\1313

Now complete the square, then shift k to new lf-.:
\ \~dq

Y O A I W\ \

(CIER EA RSN RPN ST BN 3 3
— y - -

~—
=A
Now I can lock up this 1ntug_x_':1l in my table:
Nk SN
TE-A) A
\~ely
Qﬁ- I= —.ﬂ\'/r\ x\'}lﬁiz a‘h ]I' ~
N TN PR MR (WU S |

N —~—————

=8



We now do the trivial log integral:

L, 1 | | //
% idﬂ. — = . -Q!VL r\}""h )C"ﬁ"“‘u\l +%‘K
o (h+}\,'}=-{+&, S -HL ) %

W = +J1(J\1T'¢'w:‘~g=‘) -N

[

PR (=N~ X 4+ N

\
T=+iv L%&ﬁ I { P (N =) — J\Ll
]

3. Now define a sub-integral like so: But first redefine the meaning of all variables

by dividing them by p. So:

\
I = E&x%(m’w (Krwe-Dx=N) = TN)

-
1= +m< } \I('f\) In(ﬂ\ﬂ

L, It remains then only to compute the integral Il:

\ . B .
1= S{, A% Rﬂm () +&M('x+{':\;_ﬁ Wi oé.n Q\%f.‘ﬂ) +

|
= iT%‘}”‘ UNCEED) T (ﬁw'l‘ -\)Hf
¢= 0

8]

'-’r“?:-\) > -;',: X &Q““: }_,N—)

o
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Box %&mﬂn (ko) = \@MZW(‘“‘“‘J = [x-&q;}] \a

0 = (xa)LaQxa) ~ adma; =\

A

S TER) = [ edsa) “adea 1)

Dot agn sk (ol £ L A0 =AY

5. Therefore, here is a complete and exact result:

y :
T=+ L‘ﬁ%;&ﬁ?—) i i_(\-'rﬂi)_i»(\-m; —aJma; —&1

t=4\

,
st A = + (G- \+AT) tﬁc’:«.(t,w:j—x)

]
dan = GC-1=N) L) a(m, \)

l

6. Now lets loock at some iinteresting limits: first, take LAMBDA cap to infinity,
to get the UV behavior: "

- —\x M R IO S R
o S g e 3 ) = A
= T=+4i% i IS M(?\,—,') - ¢ "\ﬂu( ) ll, /

N 2 2 f‘-
o | + ‘gﬁ;‘g .)_9%(‘:&).*.(;}'3&(};*)\ AL
- ’ ) ' z 1
O Yo = Wi+ wia ) o Qw://ﬁt) Miﬁﬁ:] -\
T
I\ o) ¥ LA
o Vern "%$~(Tﬁtj - 0 (\ w,-n-!t) "ﬂ_/\z:

This is the controlling term for large \.. The next lower term
jl:' is a Ennstant. which I“ceuld find if I wanted. I have replaced

I x4 L‘TEL_%&(--; ) the p® scalaing factor. You see the log divergence as
? expected at the start, and you see that nothing very special

happens as you go to the mass shell,

1]




Finally, lets hold A fixed and go to the IR limit where X0 . Then i find tht:

o0 RORY

1

LOowSm s ey« o)
(\.-W:BL{—& N O__w:)b("w‘-'l [-1-:'\1-0_\'“4:)] _.}..fj'(,'ﬂ)
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= (L-wd) - f({‘tfww:r'}} + g(;\r)
Dham: O = = b)lf*/(:-f‘ WS NG _Iih)l
Oy = % [w} =% =\ +w, +>¢<{%>& -
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Sﬂ Q3= ‘—)‘\L(m-) = O

f

AV 1\-% \+ W™ ]
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7. Suppose we take our general result_first to the mass shell, holding ) and X\
finite. Note that mass shell means m _2

. " 1, Then we get:
0

Ckl.}r:.. = k_gfi-}._— iﬁa..l{_%“r - ﬁ&:} ~\+ ﬁ)@}?)
Ogqy = F-.L}\ +lm - _:'\h
e

"'H'; -,
Recompute these with care please:

A
A= EN+r(N=8K) 7 My = o N
g, = LINTRNT] = ST (\ﬁ,—;)%]
= =D G) w0t (G911
< y N =& 31_.,‘& =~ N \q1_= —‘\+irj

O 0g- +x Prad N = vz iaen
' LA :
0k DN~ zkgt~,§f— = ax(I=%) = ax
SD ]|Ok'5.'5 Ji}\ - \.QM\ — Ll}‘)uq-’“[‘}) Z\ nws'w&d-n P
M A\ dl = ()RR (+2)

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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Commins Weak Interactions l°173, Reread Feb 1978 -

!!!/ 1. Introduction. Brief history:-in 1932 the beta decay spectirum was seen to

be continucus; this seemed to violate energy conservation since reaction mas
supposed to be n-7? p e . Pauli suggested a neutrino, then Fermi made a theory
using this idea in 1934. Fermi's lagrangian was just Juju where J% ia_aimp}e
6“ current,for nucleon and ju is the simp%e 4ﬂcurrent for electron-neutrino.
Of course this doees not show V-A form, but it worked for beta decay.

There are many unstable particles. The ones which are stable agafnst both
strong and EM decay live 10~ -° seconds which is a long time; ie, a width of
107 ev. 1 there is some EM decay, like PI -3 311 then expeot shorter life 107t
sac, or width of 1 V. S?rnng decay particles are 19-23 pec 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 GellMann Nishijima posulated the strange

6

ness quantum number to explain the low production rate of single strange particles.
Thus the Feynman GelllMann theory had strangness changing currente etc etc.
In fact, the weak current is sum of four currents: electronic and muonic

currents, anddS=0 and d8=1 hadronic ocurrents. Each of these h%droniu currents

has a V and A piece, whereas the leptonic currents are each V-A, Beparate electron
(:, and muon conservation is noted, and the helicity story is noted. Figure 1.4 on

-E}L decay makes the cammplete P add C viclation of weak interactions very clear.

Neutrinos are of helicity -I only; elecirons are also, to the extent you can

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

means both hadrons and leptons m&m. Also by the way, the ﬁf

paradox was that the X 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. Electron neutrino elastic
scattering has now been done I think. Muon decay is the only .all-leptonic decay
Drocess. Samiu19ptqniu includes beta decay, neutrino absorption (inverse beta decay),
pion decay, the pp procese. Then you go to semi-leptonic stuff with sirange
particles: kaon, sigma and lambda decays here. Also, the direct interaction of
the hadronic weak currents should effect np elastic reactions.

The d3 = d@Q rule applies to reactions which are sirangeness-violating and
which are semileptonic. The changes apply teo the hadron involved. Thia_:ule
is built into the Cabibbo form. |
N TheldI\:-& rule . This rule says that when you have a reaction with a hadron
(:!r changing[dﬁj: 1, its isospin must change by + & unit. Aga;n the Cabibbo form
will incorporate this rule.

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

This still a mystery.

&



Ch2: Muom Decay. The amplitude M is written in (2.6). After squaring, you have

the produce of two traces Tl and T2 all of which boils down to (2.26). Notice

the neutréno projection operator (2.22) is just ¢ since no helicity option, 0
whereas for lepton like electron you have mass and spin. Next thing you want to

do is integrate over theé di-neutrino phase Bpﬁoe weighted by some momenta as

in (2.28) . By fooling around you deduce the tensor Ip %“hich is this phase

gpace and you are left with (2.37). Finally you go to muon rest frame with

the muon ‘polarized along the plus z, décay rate is (2.40).

In (2,40) quantity & is the fracfion of max of electron energy. You see that
the degree of front-back assymetry (coefficient of cos@) is energy dependent as
plotted on next page. gnince this formula ‘neglectes electron me.ﬂs,. you sea‘that
rate 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 (2,44,) which is same as constants a add b of (2.45).
Thé final decay rate in general schege is (2.53). The 4 parameters ca.lle-d.jl,‘n,
¥ and G are theoretically given from the constants as shown. The functions
g(x) and h(x), explicitly stated in next section, are the radiative :corrections.

Whet aré these Michel parameters? Clearly § controls the scale of the
fore-aft assymetry term, and is -1 in the V-A theory. Parameter 3 controls the 0
shape of the ligh end of the electron energy spectrum in unpolarized decay (where
the cos term averages dway and x = 1 roughly.) Then /| doesthe low energy end,
and finally {: id the assymmetry shape parameter. Experiment shous 'thé.t these
4 pa.:‘}amafers are all consigtent with the V-A theory, see page 49. _

Next subject is the magnetic moment anomoly #(g=2) of the muon. The first order
théoretical preidetion’is justq /%« ‘the same as for thé electron, but the order
g and -{5 values are different for electron and muon.

The Garwin-Lederman method is this: you stop muons and make them rotate
at their Larmor frequency like a ‘compase needle rotating. Using one ‘fixed detector
and noting the muon arrival ‘"t;ime, 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 assymetiry. Obviously if there
were no front-back assymetry this would not work. This experiment has been used
to measure the assymetry shape factor S mentioned dove., A G-L expeériemin can
also be used to gel jlf. , the magnetic moment of the muon. But this type exper is
not good enough to get the anomoly because you need accurate muon mass begond
ability to measure. What lia.ppans» in fact is that the anomecly "ie measured in a.nothg

experiment very accurately, then the just-mentioned p measurement gives an accurate

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

fuons rotating in a ring.
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Finally, Gene notes that you ozh make long-lived muonium atoms ]yi As with
hydrogan, there 15 some hyperfine splititing whiok you can calculaté in "GED. Unlike
hydrogen, there is ndthing unknown here (1ike préton shape and size effects)

Of course you get the theoretical reésiilt very accurately, and this is used as

a measurement of { . Another measurement of  comes from Jnsephsan experiment.
Now  1is mmeasured two ways and they agree to 1 ppm. By the way, Josephson
is this'l you put a voltage V on a J ‘junction, and yoﬁ should gee ‘an ‘A¢ dighal
at frequency J = 26V/¥H . i}

WEimﬂwu Waak Didessdza e « =
: ‘Recall that the muon decay fﬁj n.ﬁqs (p;ql{p.q} . By just changing names

around a little you get the various scattering and ann1hilatinn.prucaases, ia,

-

anything you can do with ‘bwchcur;antia. . L
¢~ However, there is a slight difference in the ciﬁha seutinna.hFcr'.lJ'@mochs,
you find that the DCS is, only energy dependent, no angular. See (3.19). However,
for the ﬂj} process there is soma .angle dependence in the DCS. Reasan ig that here
you are going through a vector respnance and this'picks uut J=0 and J=1, whereas
in the §Y process jou are exchanging -the vectur ‘and ynuﬂget the pontaoct 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 efiergy is upstairs.
0f -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 Enita;ity:in-ﬂay
the seroth partial wawve, although the tutél cross -section Loes to,a constint
instead of blowing up. The problem with the W is that.the k°k° +term in, the

propagator-ruins your ability to renormalize. So the W impnﬂveq_unitari?y a
little but does not do. it completelys By the way; The W thedry gives 2 ¢ whioh
differs a little from .75 of the V-A Fermi. theory. .

Chapter 4: Hadronic Weak Currents. .
t - -
Frevious chapters were: introduction, muon decay, other purely: leptonic

weak processes. For flrst time we now laok 1n1o hadronic decays.
First subject is tha famous—“;a pion deaay. Your pion goes into uacuum

through a hadronic nurrept: this currant mst be A type since axial and no

strangeness change. Why .axial? Bacauae only 4~vantor around is q which is polar.

Thus matrix elament af current must be polar, but picn is pseuduacalar, s0” current
operator must be axlal vector. Pion decay constant £ is def:ne&. You can
dtermine this constant from the decay rate af-pians through this mode (which,by
the' way, is essentially 100% of charged pion decays). -



Next, consider the'Tr decay model. Calculate in same way with same
oonatapt' Result differs from tha'ﬂ}p.only by mass factors, henca you know
the ratio ah in (4.9); branch freaction is a mere 10~ ~4, Although electron has
more phase spaea, this mode is supresséd because you are trying to force electron
into wrong halicity'state (pion. has no spin) ~

Next comes the decays Eﬂl and K¢y . Compute in eigct same way, except
constant now called fK‘ The Eﬂﬂ_ modélxis now only 63%, and KeE is way down
for same reasch as before, even more so. So from rata into the K mode youw can
compt e f The ratio of fotﬂ- is tans = .27, Bablhho. later HE Hill learn
“that you can aiway& associate sxnﬁ with nun-stranga and coaﬁ with strange
changing or strangeness violating reactions. '

How move on to other decays. Consider those like "ﬁ-!-—? T“E-*"'e which is
called pion beta decaﬁ. How you need a different matrix element between two
pion, states. There are now two 4~va¢t5ra available, both polar, so current
chosen will. be ?D . PFor-each 4-vector you will have a form factor, usually
called f; and f and usually defined with a siné showing.

Difression: if weak hadronic ‘vector current is raisiﬁg/louaring part of
isotopic currenttriplet whose third component is the I3 piece of. the EM current,
(isovector tfiplet hypothesis), then what éan you say about pion beta decay?
First of all, since EM current is conserved, the second EM form factor vanishes
and as we wWell know there is only pion EM forme factor Called Fl. In iso-notation

you can write EM ocurreat matPrix element as @ I3 § with F Thus to get

the wector, hbnétnanga‘elemaut ?ﬁ you replace with I+ aay}

Beware: i? is the I: compenents uaight?d by cos@ that are assumed %o
be the isospin partners of the EM current. This is CVC, Thus, the constanis
f+ and f_ mentioned above for pion beta decay are: f; = EE; Fl add f = 0.
Thus, it is simply the EK plan form facior that anter!- in the weak pion
beta decay, the linkage berng cve.

By the way, pion beta decay is 107  fraction of charged pion decays. All ch
pionr decay modes are weak and involve neﬁ‘ti':i.;iua. In contrast, all neuntral piom
decays are basically eléctromagnetic.’ The reason of course is that for a “« decay
you have to dump the n].&arga on some ligh‘[:ﬁr particle, and the only candidates
are leptons wh1nh implies a weak decay. "

In the wame mode as above you can have X -}1If#ﬂ . Your current is still
?1 strangeness chﬂnglng, so cos is replaced with a sign.  However, the difference
now is iha‘i;: L4 dont think CVC apblies to a LY
I Hould guess that you still have two form factore to deal with sifice ho ‘;)

"Knownconserved current. CVC of course does not apply toe either A or A

current, only to a ? current, so

11
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To finish off pion beta decay, Gene goee on to compute the réie. Since
the qu transferred off the pion is so asmall, you can use Fl = @x 1.0, ie,
the EM pion form factor normalization. Eéﬁﬂ your pion bveta decay fate
involves only GE acszﬂ as shown in £4.63}. -How, we measuee G frem muon
,decay, and we measure 8 from ratio of kaunfpiun 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 yuu.hava 3 polar vectormw since 3} 4-momenta, and you suddenly
also have an axial vector of the form £... Kgp . Thus, if you are talking
f—iﬁ'ﬂ-‘e*){g your 4,
80 now four form factnrs to play with, at the start. Oene does not pursue this

current hés 3 terms, and your ?l current has 1 term,

decay very mucﬁ S1nca d3=1 there is.no CVC, so will be a mess. Gene omits things
that are a mess. Fraction is of course way down on this.

Now we move to‘harynn stuff. Regular beta decay is B té B + pair.
Now baryons have spin so have to deal with that. Tha13j3 ﬁatrix element must
always be of the form E(p)..... u(p'); this is just an alternative to the
M—function formalism. By playing with things, you see that w;th your Dirac
iﬁ and your two avallable momenta, you can make 3 polar vectors and 3 axial
as in (4. 29), w1th f1 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 typa. But EH current conservatiqn reudces thie to
the ueual two form factarﬂ. 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 EM matrix element in iso-notation, you get (4.45).
Whereas the Enrresponding pion matrix element for EM had only an I3L915051
the nucleon EN F&trix elemenﬁ has an I3 piece and an I?D piece., This I=0
piece arises from the hypercharge y of the baryon via the GM Nish formula, whereas
pion had no y.

So examilbe (4.45). There are 2 form factors in each term. Only the second
term will be assumed by CVC to'bé the I3 piece of & triplet. So what happens?
Well, for the vector piece of the current matrix element (which is dS8=0
since %ucleaq beta decay) yom can ﬂet-fa = 0 by current ¢ onservation, and then
Fv = fl and l? = f; as in (4.52). 1Ie, thw tWo  vector couplers get connected
with EM form factors, the third is set to gero. You are in great shape, except
you dont know the axial form factors.

What are arguments for CVC? The $* weak form factor £,
found to normalize out to unity {'f},Elr = 1), just like the EN form factor. I

is experimentally

think this is the main motivation.



Now, what are second-class currents? One presumes that ikm, of the 6 form
factérs dppearing in nuclear beta decay, 4 are completely caused by strong
interdcfions (all but f1 and gl). Thus, you might expect the four other O
terms to be C—parity invariant. This assumption combined with T invariance

(which forces all form factors fo be feal) yields result g,=0. The g,
term, if it is experimentally present, is called a second class ourrent,
Assuming no Es the beta decay current now has the two EM form factors
and the still unknown g, and gy axial form factors. By the way, gy is called
" the induced pseudoscalar form factor™ of beta decay. :
Finally, we have Goldberger Trieman, Consider nucleon beta decay. We
‘have just arg"-uadi that in the axial piece you have only the g1 and the g3 terms.,
The one-pion exchange model is a model for the gy term. This model of course
involves the ‘pion decay constant fe ( of weak interactions, appearing inT’g- )
and the hadronic pion-nucleon coupler called g, here. Thus y the model here
says precisely (4.74), where you put in a’little adjustment to keep in mind
that you should have used g’(qg) as a running PI-N constant., So we now have
statement (4.76) with g, now réplaced by (£, &)

Next, look back at raguia‘r"[[;,.. decay and observe ‘that the Rn current (which
wag involved tliere) is conserved to the extent that mee = 0. Now since we are
dealing with the same current aperator A (but between nucleon states) we will 0
dssume conservation of this current, PCAC. This of course makes a relatiom
between g, ‘and : (fe 80) » But g = -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)An (gEr.:fJ_J n

" (OPE model). Another way to say GTR is that gy is related %o g.

Obviouely, 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.

'I"histia E.'lang and complicated subject, but an excellent exercise in espplying
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 nuclear
— "
implies baryons, there could be the 6 form factors f1,f2,f3,gl,82,83. By the ™%
way, the form factors f2 and g2 areé called the " induced tensor coupling”

-

and, I guess, the "induced pseudotensor coupling" becasuse these multiply
the ¥M™ ana @M¥% terms in the baryon weak current. Of course the g, term is
also called the second-class current term and is supposed to wvanish by G-parity 0

a.rgu'.msn't. The f3 and g3 are called induced scalar add induced pseudoscalar.

The worEk induced means they are caused by presence of strong interactions.



In the pure lepton world you have only fl and gl non-induced couplings. Any
other couplings are "induced". Of course in CVC theory you set f3 = 0 and you
0 * identify fl and f2 with your EM form factors. At n;r2 = 0 fl is called Gv and
is called ©C A
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 S—term hadronic current

for obvious reasons.

(recall f3=0). But in this decay you havd to treat the nucleans as having
definite wave-functions, they ar®t not plane waves. Plane waves are only useful
when something is nﬁn—lacalized. A nucleus ig" localized and has some definite

wavefunction for neutron distribution in it. So'we can rewrite the amplitude
‘putting in wavefunctions and reflacing the momenta (Hhich appear in both
induced tensor terts and the induced psaudoscalar term, ie, in g2,f2,g3 terms)
with position gradients.’ %hg symbol qF{x) is shorthand for the weak leptonic
current.

Now the key simplification in beta detay is this: the Q-values (energy ralaéaed)
are on the order of 1 MeV for all nuclear beta decays. Since nucleuses are much
heavier than this, they dont recoil much: Thus, you can maka them' non-rel and
use the large-small epinor reduction. Also, ahvnuuslg the momentum transfer
t for the nucleus {'I:.hefq2 which appears in the various form factors) is neakly O.

O Thus, a2ll form factors reduce to- constants like fl{':)} = c?' add gl(a) = «Cpe

Moreover, onee you write out the wvarious terms in the reduced-Fhuli
language as in (5.8) , you realize that each éradiant_é‘ appearf;;g is , in
momentum space, a @ but this is small. 'S0 in the  "allowed approximation™ you
Just drop all gradient terms. But, the only non—gradiant terms are the ﬂ ‘and Gh

texma, the £2,gl,g2,g3 terms then all go away ( note that (B+w) terms also go
away slnce this is g },- Tharefore, once yﬂu go into the ™allowed approx", you
can laarn nothlng at all ahoum these other. form faciors. You ecan learn only
about GV ' GE’ and Gp = the waak coupling appropriate for bata decay.
So, everything reduces -to (5.14) which shows tha a.mplituda (callad. W)
as two terms, Basically, U = (Geose/f1) ( Gv(l.'? Jo0) - c&f\r}- 3{0} ); where
(I> ie the nuelaer waffefunctiom value of aparator f¥ ( and is thus alwags some
number like 1.00 arﬁ }, and {A> is the same thing but with a Pauli ¥ operator
in there, ie, this ie sort of the nuclear spin. For an nucleus, y&u sum over
all nucleons and y&u have littla'ff operators which alléﬁ thepoesibility of
each nucleon con\r&rting. Iey you get a coherent sum of amplitudes as the total
0 "~ amplitude. The isaspm stuff enters Juﬂt as nnta‘l;mn, ie, ﬁa.vefqnctmnx is
an isotopic vector, doublet for nautrun decay ege

1



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

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

Since we assumed that lepton wavefunctions are plane waves over nucleus,
Gene argues that this means L=0 for leptons. Wll 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 Becay occurs in a small
loocalized 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=1, and
hence leptons have J=0 or J=1l. If leptons carry off J=1, then nuclear epin
must have changed by J=1,0. What I mean is this: Jic. Jf@ 1.

This reguires a little diression. Consider the matrix element {ﬁ‘]'&“l':'?.
The Pauli_curranp operator traneforme as a gpin-l1 object. The staﬁas i add f
also have rotational transformation properties, ie, nuclear spin Ji and Jf.
Thie matrix element will vanish unless Jic; Jfﬁp 1 . In general, if you
j = 1 to Jf
albeit unknown. The other element will alse have a value, ie, (‘““") where 1
heve omitted the T in both cases, Thus, this is a "mixed F and GT iransition".
If you have J=0 goes to J=0, that must be pure Fermi, because then the (#
vanishes from rotation group theory. Or, if you have J=0 t¢ J=1, then pure

have a transition J =1, +this matrix element will have some value,

GT, since the F vanighes from same group theory. 0

So, depending on how the nuclear spin changes, you can have F, GT or mixed
transifitions. ®Phexkeyxisxkhzt In (5.14) these facts are obvious without
any talk about the lepton L. Its just that the L=0 discussion explains why
there are no dJ=2 beta decays, eg. .

Another detail: ‘electron wave fuqction y 8ince 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 charge Ze, add electron energy E. So with
this correction we now have /amp[2 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 krow this! In the neutrino limit you of ‘course get -1.

This fact has been tested experimentally in various beta decays.
OK, now put in your amplitude, square it, do the traces etc and get the
rate shown in (5.30) which ‘applies only for J=% to J=%. Discuss this rate:
You see the obvious phase space and Coulomb correction F(Z,E) already mentioned.
The overal rate normalization shows 62 as well as g = (5.31). In the brackets,
you see a 1, then all kinds of angular terms. The theoretical coefficients of ‘;)

these angular terms are given as a,4,B,D; the idea is to maasura these coeeficimnts



experlmentally then compare.

But first, if you integrate over everythlng to 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 spectrum". Ie, you look at 1,000,000 beta decays and record thF electron
energy in each case , this, givesyou a spectrum. Experimentally, what you learn
from this spectirum is that 1t has the right shape. This fact then tells you
that the emitteed neutrino ih mst have been lighter than 60 eV, or else
spectrum would have been wrong. A similar beta decay experiment whlch emits

a psitron only gives 5{,4. de1 KeV.

S0 muach for the electron energy spectrum. Now integrate this to get your
total decay rate. The releveant dE integration is called the Fermi Integral
and is called fD. Thus, the lifetime T is given by (5.43) and i?volves anly
GF,.&.E . This implies of course a Gerta.inl“ comparative half-life" which
ig the half-1iFe wuEbhs8 in some sense a hlaf life; this th1ng is called "ft"
and £+ = (5.44). Thus, you can determine the product G'E by measuring lifetimes,
S0 if you somehow knew 5 you qoulq deduce GF +« S50, go loock at some J=0 to J=0
transifions which are of course pure Fermi, then you know L1y 3 but you
do not know C, yet, nor do you know L¥Y, the Wigner-Eckart reduced {®>.

But, if you go off and measure the front-back electron assymetry in another
experiment, you know A of (5.33) and therefore g of (5.47) add therefore f .

Thus, you can measure G for various decays, result shown in Fig. 5.2. Natice

that all G's are smaller than G frnm mion decay, avldanca for cos® presence.

Once you know Gp , you go back to regular heutron decay where 4¢7= (- ( since

no messy wavefunction anymore) and you conclude that GA = 1,23, the famous eresult.
By the way, neutron lifetime is 11 minutes half—lifa.'

_ Now lets go back and look again at those angular terms in (5.30). Note

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

the 4 add B terms are pseudoscalars. Thus, if all these terms are preseit,

you have a parity violating interaction. Eg, parity invariance would tell you
that A = ~A. Similarly, if D is there, you have T wiolation. Confirm this.

by looking at {5.35).

Bo, first angular thing is the "electron-neutrino angular correlation" as
seen in (5.52). In the theory, a =-as shown ih terms of §¢. Thus, for each
decay a and g (or x) must have a certain relation, ie, they must lie on the
main straight line of Fig. 5.3. Experimentally you measure a2 Zxk 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 experiment: Obviously, the fore-aft coeffient
A involving only the electron is easiest to get. Since this is pseudoscalar
term, the fact that & £0 in Goéa decay started the parity revolution. (1957)
If you measure A and B, you'get a separate detemmination of GA = =1,26,
D always comes out near 0, indicating that T and hence PC are @B in beta
decay. Of course small ErEzrxxIxxxEmexxxE inconsistencies can always be
attributed to neglected terms in the allowed transition.

Now, when you elevate back up from the Dirac—Pauli level to the Gamma matrix
level, you realize that, aftér dropping the various terms, your true amplitude
for the hadronic current is the same as for the leptonic, except the (1+¥%)
is replaced with {1+G£if‘). But dont forget that this is énly in the "allowed
approximation”, So it is a V,A theory again. In general you pight have
expected P,5,T terms ( note: we assumed vector-vector at the start, way

back with those form factors). The experiments combined "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
f2 form factor " induced tensor" 'term which is completély neglected in the ‘;)
allowed approx. If you include this tern and look at certain beta decays

* which tend to isolate it, it causes a little dorrection to the electron energy
spectrum., 'This correction involves fE{GJ' and therefore (recall CVC) ‘the
nucleon magnetic moments. The prediction is (5.70). Measurements of this
shape correction agree well, MNore support for CVC. In EM curremnt, you
would call thHis fE
the magnetic anomoly. Thus, this £2 term is called the "weak mdgnetism" effect.

teéensor term the "magnetic" form factor since it gives

8d much for fz. Another corrective term is the second-clasg Boe Evidence

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

! F oen C'h.t"} ?.‘."‘.‘-‘1 ?i ’ *

Chapter &6: Muon Capture. Basic reaction here is }:'+ p~yn + 1p.. If you did
this at FNAL, you would get and compute a cross sectiop. But, this chapter concerns
instead this process occuring as follows: a muon is captured by an atom and
replaces a 15 electron. Since muon mass is, larger than electropn, the Bohr

radius is very small; ie, this muon spends time in the nucleus, so the capture 0

rate is significant. My main difficulty in nnderstanding 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 muon right there
in the atom. I am so0 used to plane waves and crose sections, but I know it is
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 this wavefunction folding back in nuclear
beta decay also. Notice that this folding gives you a very particular rate:
from som initial muon. 15 wavefunpgtion and some nucleon wavefunction, into some
particular final nuclear wgvefunction; the final muon 1 guess can excape in
a plane wave; it is the only plane wave here among the 4 particle states.

So, formula (6.5) really gives you a rate into that final nuclear state;
you need only, tc integrate over neutrine 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 ixkmx 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
gee only f1,f2,g1l,g3; the g2 second-class. term is dropped. 2 The kinematics
is such that you are looking at this 2-tor2 process at threshold in the initial
c¢hannel. This fact means that variables are fixed. The transfer t = qE off the
nucleon is fixed.as shown in (6.13); the neutrino emergy is fixed, see (6.12).
You are in the cme frame of course. Thus, all form factors are evaluated not
at q2=D but at some spacelike fixed point. Nole that w =4 is the transfer,
not the muon 4-mementum.

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

points, -8, = GA to .999; the only other constant is that gj. You éefine gﬁ=m53
.Where m = muon masgs; then use Goldberger Trieman to get this gp.: TG& approX,.
Now you have a good idea of all the constngt involved, assuming no 8 term.

The muon wavefunction is given by (6.18), has only upper component because
s0 low energy. For the meutrino, 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. Eo':'v never appears anyuherse,.
In.cnn‘hrq.ﬂt ‘tha Imclaun before and ﬁf“ﬁﬂl‘ spin.does appear, as does the final
ﬁéﬁ%rlnu spin; 13. ydﬁ‘cculd propare.your nucleus in polarized state before
youn shpot in your muons. - - ¥

_ When the dust settles, the amplituﬁe you get is shown in (6.28). «You have
that folding of the wavefunctions and a spinor matrix element of an peratdr given
 in {6.29),L?ha constants G? and Gﬁ_aqq.ﬂp are all known as discusseed above.

Y ou mast remember that ﬂi gperates in the.nucleon 2x2 space, whereas eofin the lepton,



0K, 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 Géna has gone back to the isonotation, so
you now have three spaces to worry about, The notation of (6.36) is not quite ‘;)
clear; the nuclear wave functions f(x) now appear as states, so a spatial
integration is implicit; you even see the x inside the muon wavefunction., Now
the T operator does its usual lowering function. So you get a nuclear {;} and
(“5 type matrix element,; as in beta decay. As noted, these would be exactly
the beta decay objects if muon were a plane wave; the exiting electron in
beta decay is a plane wave, but here the absorbed muon &s not,

Now comes a trick; you want to sum over available.final nuclear states.
If you fudge a little by pulling bracketed factor out mffh; y then this sum
goes directly onto matrix elements sgquared as shown in (6.40). But then you
can use unitarity to mxx absorb this sum; your sqguared matrix elements then
contain double-sums over all nucleons in nucleus, each has a double spatial
integral, so non-local. However, if you execute the neutrino 4 irection integral
before doing the.double coordinate spacﬁ 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 smaell nucleim
your muon-nuclear overlap is small so get (6.47). Simplify this some more to ge‘t-é
approximate end result (6.48), which shows that 34 rate increase!

Comments: for larger Z, your 15 wavefunction.is heavier at the origin,
as shown in (6.20); this gives 33. The 4th Z arrives from the diagonal =um
of (6.47). The crude result (6.48) tells you that for a ppp atom (muonie
hydrogen gas) the capture rate is 1000 times less than the muon decay rate.
But for large Z atoms, even Z=10, it seems that the muon capture rate will
exceed the muon decay rate.

Notice one bad aspect of this procese; in essence there.is only one
final particle, the neutrino, so you are forced to do the complete fhase.space;
thus, the only data you can measure is the total rate; it is unlike beta decay
where you get assymetries, angula correlatione etc. Not a very rich experiment.

What does.experiment say? First, you can do the gaseous fﬂf atoms. But

the two fermions can have spin S5=0 or 1, and these two states have different
matrix elements, Gen goes back and undoes some of the rate, showing ¥ once again.
Well, the conclusions are not Wery exciting. You can do this muonic hydrogen,

3 4

or capture in He” or in He', Section ¢loses with "radiative muon capture"” and ‘;i

. some hard-to-do experiment with mmww nueleus recoil aggular distribution. Does

not prove or disprove agything; is compatible with the theory.
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Chapter T: the Cabibbo Trick. Multiplets reviewed. Empiirical Belacticn rules

are noted:

for dS=0 decays, /dI/ = 1 ; ie, both V_and A behave as isovectors.
for dS=1 dedays, "d5=dQ ; other “fule? 10 @Eae-ar. mor@ ‘decdys.
i

for dS=1 decays,/dI/=% ie,. both ?%.and A, behave as isospinors.

These are rules I shouwld keep in mind. Examples: ﬁ..-!r'ﬁii' is blocked by dS=dq
rule; K=y WwEY ~also blocked by same. Notice that the /dI/=} rule contains
the dS=dQ rule due to GMN formula, However, there is some ewvidence of /dI/=%
rule violation. : .

The example given for valid /aI/=% rule is the decay If:-i';i'. «» Since final

state must have L=J=0, isospin state can be only I=0 or 2. But if current operator

is a I=} object, only the I=0 amplitude is .non-vahishing. Therefore, ueing

. 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,
My tables show this fraction is in fact 69/31 = 2.2,
Congider now '&-'!ff.- Again, as above, you.require. I=0 by the dI=}

rule; but Iﬂnl.far final state, so rule says this is blocked! Howevar rate

gh ws up as.
in the weak

30% of the Ky rate. Is this really .a weak decay? It's rate is | -

time scale ball park. I am used to considering this as a Zweig . %

forbidden hadronic decay. Maybe Zweig prohibition is exact and it only leaks

thrcugh weakly; then cylinder correction should be zero.

*"‘-mﬁar-

in the K-}*?H you must concluda that it #s leaking through in

tha I=2 channeél., Doing isospin comparisons, :you conclude that Azfﬁ =%, a

measure of the degree of /dlf—% rule violation.

Next Gene goes into SU(2) and SU(3) discussion. He writes down the octet

Ax3 matrices in usual Way. I have reviewed this but have not set my own

cunvant1nna yet. .
Now, how do you associate the currents ‘IT ‘E’I,& ,Al . with octet currents?
Well, in CVC you have already said that Ft = 31+132 and J —.j3 . Ie, you

have an isovector, so far., Now, recall that they key EU(3J assumption ie the
identification of Fg Wwith hypersharge y. = B+S. Consider the weak decay E?;ﬁ"ilﬁi .
(strange version 6f pion beta decay*) This-inwolves only the current ¥, (see p 84).

Clarly thi=s

v¥ o5 a5 .
1= 3435
FPerhaps Jem

current- is acting like V-spin raisa/lowar,=so you conclude that
i
By the way, Jem = neutral current so is like U. epin direction.
= mix of j3 and jB; the CVC only says: that Fn currents are partners

of the isowector portion of the EM current; .as usualy; thing GMN formula,

Whet about the U-spin raise/lower operators which would ‘relate to .currents

jﬁ and jT which no ‘one ever mentions? These would be inwolved in a_decay say

of Keawhy ;

) . ) ) Lo
the catch is that this would viclate charge <comjusation; so there



seems to be no way to "aocess" those members of the current octed. That makes me
uncomfortable. At any rate, I now understand how the vaerious identifications

are made, Similar to the assocociation of the durrent with an isc-weghor in ‘;)

'heta decayl ie, recall presence n:‘tf"\f:lt in there. Seems sclid.

The iﬁ and El axial vector currents are‘;onnectaﬁ with their own axial
octet of currents. ‘Oene calls these g1+ig2 = A@ etc. Earlier I asked: does
axial dS=0 current look like a wector im isospin; ansver is yes.

Now comes the Cabibbo stuff. Go back first to the leptons. Just as you
did for n and p in hadronic beta decay current, you can put e a.nd\é in a doublet
and igagine & group "weak isespin® SUE' Since ﬂ: is definitely left handed,

you might put it only with e, component of e, In this- viewpoint, the regular

V add A portione of the waakLleptunin current look like weak-isospin raising
operators, so the aha;gﬂs connected with these currents jfﬁﬁx ﬁlep and vlap

. are called F+ and F+ where the 5 reminds you of axial. TYou can of course
imagine diagnoal currents and charges (these would be neutral currents) which

have charge L, and L35 « OClearly you have yourself an algebra SU(2) x SU(2)

where one SU(EI is for the veoctor charges and the- other for the gxial charges.

Tiis id the chiral group. That the charges respect chiral algeBlra is not
questionable, you show it directly. Gene is not saying yet what you should

do with this group relevant to the weak leptdéniec currents. He mentions this ‘;)
because he next syas: 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 currents; these are tha.ji and the 8 currents.

Obwviously this extension of CVC to the "octet hypothesis of the weak
hadronic currents" is mot exact nor provehdble, so the SUFxSUS thinés iz not
as good as the SU2xSU2 chiral algebra. '

The Cabibbo business now arrives. You know experimentally that @8=1
decays are suppressed relative to dS=0, add there are no dS=2. The Cabibbo
Hypotehsis is really the octet hypotheses: obviously if weak hadronic #@x
currents transform as U,I,V spin raise and lower operators, you can get only :
d3=0 and dS=l. Suppose there were no d3=1. Then you would say that ﬂihg j1+i;j2
period, and by "universality"™ you would give this current exactly the same

strength as the leptonic: current J le, weak-isospin

lep = dl,lep +ij?,lep ) .
. raise and lower operators, same G. But then you imagine
that samehow the presence of strong interactions causes a rotation of this
J(had) vector im the 8-dimensional space; the length of the bector does not
change however. You choose just the right rotation so that you pick up a ‘;>
component along the j4+-:'.;_i5 axis in this space., You choose the roatation angle

50 that d5=0 and dS=1 parts of the current have correct experimental stregnth.
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Moreover, you assume that the axial current is rotated exactly as mneh‘as
the wector hadronic current. 'Thia_laaﬂs to the concise result [?.79} which
im the real thing. Obviously tons of predic%iana 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
(7.79), then rotate again to bring in some dC=1 weak currents. Ire, 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 m?i.ght
use the Rwxx fofK decay constants rat%.u 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 with 'a 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 belween

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

elements of the Ag 0=th component of the weak, axial, hadronic current. For
neut ron intermediate state, this is precsiely the axial part of beta decay and
you relate to C,. The RHS of this m-charges comrel gives a constant. Thus,
I think you get the left hand side of the AW relation.

Wow the problem is what to do about higher intermediate &tates? Instead
of writing the charge If as a spatial integral of A, , this time you cen
introduce a .4/dt at the expense of energy denominator as in (8.12), then you
can replace d/dt withdufly . Finally, this last is replaced with pion field
via the Goldberger Trieman. ’ ‘

Pause to resill how GTR works. You make a OPE model to ‘explain gy in terms
of IF; and ’Hh" « Them you use PCAC to relate gy to E.'i' since second-cidis gzzﬂ.
But g = {.‘-ﬁ. Thusg, you have simple relation between these guys: *113“‘*:0“'
Now, if you like you can use (8.10) version which says that ;}"R‘- =' pion field
Wwith constant as shown. From all this, you get for your "higher intermediate
gtate" sum the form (8.15). But since pion field in there, the only possible
‘contributing intermediate states are PI-N statks. Somehow (Cene skips this)
you can then relate this term of the Adler Weisberger pelation to integral
over PI-N cross section, whichcertainly sounds reasonable. The net rédult is
(8.16). Amazingly, when you numerically integrate the PI-N cross section difference,
you do get the right answer for C,. '
What does this verify? First, we used aportion of the SU3x5U3 algebra, but

only tife ndn-strange portion. This whole 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 GT relation. Really, the main thing this
tests is the algebra of charges, only in the nunlatrange gsector, Ie, wWe are
testing the concept that weak hadronic currents have iso%pin structure. By

theway, strong interaction currents must all be isoscalars! Just because
weak interactione violate isocepin does not rule out a role for isospin. The
statement that the dS=0 currents are isovectors simply bursts with prédiciive
L DOWET s _ ‘

Now wa'go to the baryon decays. Obviously the simplest weak baryone
decays are those emitting a %W pair., There are 10 such decays. The matrix
elements are a s shown in (8.19) for dS=0 and (8.20) for dS=l decays. "You
preseleét your baryons as b and b'. The currentes in there must have various
terms involving BB since you have to destroy one baryon and create another.

Guestion: how do you combine thﬁ baryon fields in this bilinear way so
that what you have is an octet? ( Recall that Cabibbo seys currents are supposed
to transform as ootet.) Obviously there are ¥wo ways, the 8 and the 8, in the
product of 8x8. Question: what are the entries in the 3x3 blllnsar BF matrices
thaxpyuu connect with the B and 8 7 Typical entries are given im (8. 26).

Now a subile point. Gunsider your d3=0 aurrents, both vector and axial,
Tha vector are like 31+132 and axial are like 51+igé Thus, the d5=0, mector ‘;)
weak hadronic current looks like isospin-raising operator, and we lkmow that such
an operator can never change total isospin I. Recall that & pure Fermi beta
decay involves only the GF term, ie, only the dS=0 vector term, and for such
decays dIl=0. Smae idea.

In contrast, your axial dS=0 current looks 1ike an axial-isospin raiser,
and thus cannot change axial-isospin. But axial—isnspin ig not the same as

regular isospin, Thus, the dS5=0 axial current can change total ieospin.

So what? The point comes now: when you make your 8 and B entries of
Bﬁltarma,_ycu find that all your 83 entrles contain at laast pne term which
changes total isospin of the baryon. Thus, far the wvector current you must
- rule out all 8 type BB~ terms. .

Euj,-ancordlng to Gahlbbn, once you have ramaved tha Symmetric combingtion
from the dS5=0 vector current, you should also remove it from the dS=1 current
because this thing ie just an induction from the d5=0 via the Cabibbo rodation.
On the other hand,.a direct dS=1 argument would sgy:l well, these currents are
not I s¥yle currents, so you could not a prioiri say =dI=0. I .

So, imagine putting in the BE linear comb:.na‘l:-mnﬁ and letting the fields hit

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/I£ appearing in (8.26).
You see that the dS=0 and dS=£1 matrix elements each have only one vector term
which is to way, the Ba term . Note also that these terms each have overall
coefficient: 1, asside from the cds and sin, This 1 is fI(G} of regular nuclear
heta decay. Recall that this was the experimental fact that suggested CVC, ie,
that flnm, ie, that the beta decay G is same as muon decay @ aside from cosine.

However, for exial currents, the isospin argument given above fails and
you gre stuck with both Ba and EB type terms, the usual F and D terms. Again,
loocking at regular n decay, you see that F+l = ﬂ& .

So, after a lot of yak, I now see what (8.30) and (8.31) are saying. All
10 allowed baryon simple (semilaptcnic} decays can be fitted with just two
censtants, D and rt .

Table 8.1 in fact lists the effective G? and Gﬁ for all the decays. 3By the
way, notice that all this business of combining BE into 8, and 8_ implicitly
means we are assuming exact SU(3) invariance. In essence we are applying SU3J
Wigner Eckhart theorem to the matfix elements here. However, because there are
two octets in the 8x8, you cannot predict everything from SU3, ‘even exact SU#3.

Notice that some timas'c?=ﬂ for some processes.’ This is simply because
this process is SU(3)-absent from the Ba term. Sihce axial has more terms than
vector, ie axial hafi Ba + 53, it ie of course more likely +that an effective
) Gv or fl ghould vanish than for the g to vanish, *

By the way, it should also be noted that we are treating all “these baryon
decays in the same approximation as we treated the beta decay, ie, we assume

small momentum transfer, evaluate all form factors at qgnﬂ, drop all small
terms such as' the f2 weak-magnetism. Ie, in this limit the decay theory is
just a fl'gl 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.

* PBut are there other things you can measure experimentally to test this
Theory of Baryon Decaye? Sure, eveyything you measured in beta decay you can
also measure here. Eg, the Eg cdrrelation, which is a function os fhe angle
= batwmm1%b and%h ( 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. TYou cam-also look at the
lepton and recoil baryon energy spectra; the fore—aft lepton assymetry; the
recoil polarization; (these latter two in polarized initial baryon decays).

These peripheral experiments often yield info tio the C .
perip P s yie rmation on the Cy/ Oy oiion g1/f1.



Apparantly nothing drastically wrong has yet been found.

Now a few more topics are in this chapter. Why does SU3 invariance work
s0 well here if masses are so severly broken? Some people ®et out to find
out, leading to the Ademollo-ﬂattp Theorem. This theorem is derived later in
this book but says this: the SU3-breaking term in Hamiltonian must be FS - T

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

superstrong H has weight 1.0. Theorem claims this: the FB correction has
no effect on our analysis to first order in parameter .1, so expect corrections
to be a mere 1%.
. Another subject concerns generalized GT relations., For regular beta decay

we related i&,ﬂrni; Gé. Starting with any other baryon decay you can make
a similar theorem. IEg, in a strangeness viclating deday, the meson-pole term
which gives ga will be a K so you will involve fK’ gn and g = GE for
this decay. You can get some formulas like (8.35) which relate ratio of Cp
for #wo different processes to the strong coupling comstant ratio.

NHow suddenly Gene writes down the two gtrong 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. Inﬁarestingly when you are alld done, you find that
d and ¥ of the hadronic lagrangian are the same as D and F of the baryon meak
decay lagrangian. 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 £ and d.

3o this chapter has been: generalized beta decay. Roughly, the generalization

is 8U2 to SU3 for behavior of weak currents (flavor groups), with Cabibbo
relative weights.

Chapter 9: Nonleptonic baryon decags. Consider now the possibility of heavy

stable baryons wesk decaying into lighter ones wWith no leptonic emission. Since
initial baryons are "stable", you know you are talki;; weak or EM decays. dlsco
dont care about deocays with photons. So, any purely nonleptonic weak decay of
a baryon into a baryon must be at most dS=1 since weak. But the only mass that
Wwill fit in there is a pion mass. So all decays in this chapter are hyperon
into baryon + pion. All are dS=l.

This is the first time in this book we have looked at weak decays with no
. leptone at all. Go back to a decay like (1S4 f"&'ﬂ « There you were able fo Q
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essentially "factorize" the final state, and group the leptons off by themselves
o in a leptonic current, and group the two baryons together in a hadronic F.urrent.
In the reaction N ?1" With no leptons what are you going to do7' Gene
suggest® you write (.?'ll" U‘j‘\ L». Ie, now both currents dre hadronic and got
in the hadronic space, so I guess the point is you cannot factorize this thing
into, say, Aﬂa‘.th){olﬁ.lr‘r. The difference must be that the p and 4f in the final
state interact strongly, unlike the interaction of the p and &¥ of a leptonic
decgy. This must be what precludes this factorization. Related to perturbation
theory question.
S0 think about one of these decays, say /K= fu'_ + In partiel 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

p=wave amplitude. -

How, independently, you may go on to show that the amplitude has a most
general form (9.3) with amplitudes A and B. Not immediafely obvious that A is
the s-wave and B is the p-wave. Where 'are the 4 other terms you usuglly 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

o example on page 199. d
So great, for each decay there are judt two complex amplitudes to find.
Now lets go through the Pau'i reduction. Your initial and final baryon are
polarized, say, along dira—:::tiuns 11; and ':“. whicdh you are free to shoose.
The ‘amplitudes A and B are converted to s and p. Then from (9.5) you see very
clearly why 5 and p are the s-wave and p-wave amplitudes.
We are not even going to try to predict total rates; there is no way to
‘tonnect s and p to the constant G. BSo, we only care gbout the relative rate
*which is given by (9.7). Eg, for';l' invariance, you expect (5 = 0., You should
be able to measure the various coefficiemts to get ratio a/p iype 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 abbut it,” But I am not at all surprised to Jearn that we will

get inveolved with only the 8 and pﬂava:phash ghifts, since those are the only
‘wavee there are, - '
In the decay of unpolarized ﬂ._ 4 ¥you expect the proton to have no average
o transverse polarization because the initial state has no polarization. This is
a trivial electrostatic symmetry argument. * By measuring the longitudinal

"polarization, you can deduce § = .65. Somhow you can measure the 3 parameters

L1 P ,1{ which is in effect 3 of the 4 real numbers present in s and p, The 4th



number is the total rate.
Now, there must be some way to relate these wvarious decays. Since all
are dS=l, you know that the weak current or effective hamiltonian here should ‘;i
transform as I=3, If it did, you would Tsee“ the dI=% 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 "spurion" to the
initial state; trivial. )
~ Once the spurion is in there, isospin is now conserved, so you use standard
isoepin techniques %o get ratios of things. In the end, these isospin ratiocs
give you 6 conditions on the 2x7 = 14 amplitudes involved in the T decays. In
particular there are +two branehing fractions that should come out being 2,
but which are expérimentally only close (to 10%.)
S0 is there anything else you can sgy beyond this dI:% rula implicafions?
Ie, if you assume a certain SU(2) flavor behavior of the effective hamiltonian,
you get thése dI=i-rule predictions. Why not make some SU(3)~behavior assumption
for the hamiltonian? And by the way, since the effective N is supposed to be
jojl' and you would expect to see some dIz}fE and dI=3; but you dont see the
I=3f2 Why is this? Well we-already assumed in the zbove paragraph that no
dI=3/2 when we put 1Lr¥ spurion.

Perhaps you are supposed to take a certain comb:.na‘h:l.on of the J a.nd Jl o
currents for H which combination goes as an octet member? 0bv1ou313-3nu want
to chooge an octet member that has In%. By indisting that H have properties
dQ=0, dS=1 xmdw¥=, you conqluda that only members 6 and 7 are possible. Later
it will be shown that can be only one or tother; both would yield CP violation,

So try H as a T-member or 6-member of an cctet, Write out zll the
SU3 scalar combinations of B,B, H, and h = spurion looking like a T-matrix.
Use CP to reduce number of amplitudaé to 3 instead of 9 (among the s-waves).
Then examine expanded H to get ratios on page 209, Most are duplicates ot the
dI=% rule spurion method above, but clearly you should get something more. The
one extra relation for the s-waves ( for the :p-Hﬂ.‘I.TBS if you chose member=7) is
(9.47) found by Lee-Sugawara. . .

Go back: we have 7 processes of inierast._The dI=% rule gave 3 relations

among the 7 s-wave amplitudes. Lee-Sugawara is a 4th relation. Are these relations
true or not? PFigure 9.1 plots for § of the 7 processes (l’-”‘h"’ and = *ﬁ*ﬂ"
are not there because these are the twﬂ_ﬂlth no charged particles, experiment
nearly impoesible). So the figure shows 5 arrows, each one represehting the ‘;;

g and p amplitudes, assumed real. Pns arrow is repeated tw ice because of some

experimental ambiguity. All relations seem to hold within experimental error.
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Notice that the simple ﬁ. rules are not on this picture because, they inyolve
the non-charged decays. This picture is a test of the rule 9.21 from dI=}, and
the Lee-Sugawara 9.47 rule, for both 8 and p,in fact. The sjmple ﬁ rules

are born out by cmppaniﬁg brafiching fractions and they look OK.

Chapter 10: Kaon semileptonic decays. We astart off with the old siory of KL and I(S.
From the viewpoint of strong interactions and em, the states K, and Eo are, distinct

states; ie, strong and em do not at all mix such states (eg, you could not couple
K, to K because this would be dS=2). But of course the weak interaction can mix
these two states via an intermediate state of §=0, sgy PI-PI. Hote that shis
mixing must 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 nugpbers 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 (S,HHJ,{O « In fact, CP is all you have in the way of quantuam
numbers conserved in weak decays. This is why you meke the .KL add K5 combindions.

So which one is long and which is short? The state with CP=+1 ocan defay
into PI-PI,‘ so this will be 1{5 with lifetime 100 picosec. PhExmihwryxstzie This
Ks state virtually 100% into charged and neutral W, with 10—3 rate tosrW Y .
Obviously any decay can add bremstraullung and be down order« .

The CP=~1 state is blocked intoww and as a result lives 600 times longer,
ie, 60,000 psec = 60 ngnosec. The obvious decays here are FIT."’TU")~ which
together give 66% of the decays. The remaining 34% goes into W<€ which is CP=—1.
There are soem decays into PI-PE indicaténg small CP violation. Also decay into
¥¥ . Wotice that the K . 1

experiment hasmore time, not so swamped .

allows more yision into various decay prbducts because
S0, once you decide that KL andd KS are relevant, the next topic is what is

meant by regeneration, Very simple;_ Tou produce say K in "W scattering. Note

by the way that you cannot produce Wy because there zre no S=+1 baryons. So you

make yourself a nice Ko beam. The “wavefunction" for this beam is K&"'“I— as

a coherent amplitude sum. But of course your KE decay quickly leaving relatively

more KL down the beam. After a while you have only KL « But now run this beam

of KL into some crud and of course the E component can react with _1:-r-::.~‘tc:ns

whereas the Kg cannot. BSo, in effect, the orud removes more of the Ke companent

of the beam, thus unbalancing the mixture equal mixture of K.*E*'“L « S50 you

in eff rri: K
ot cause some 85 s to reappear, they are "regenerated".



Clemarly the KL-KS masg difference can be roughly explained by the CP
selection of intermediate states, and result should be quadratic in G. Thus,
expect mass difference to be same order of magnitude as any weak decay rate. ‘;J
In fact, df = .4#1,4—16"## « Of course this is very small compared to the
absolute kaen mass which is roughly 1923 E-Bc-]', ie, typical hadronic size,
What can we deduce about decays of the Sorm K=»wRY ? The first fact
is that , for all such decays, there are only 3 amplitudes involved, called
£,8, and A" on page 219, Of these, g violates the d5=dQ rule. Is there any g
present? Comment: when you write the hadronic current matrix element, you
want to be using isospin and dS ete, so-you put in Ku' not Ks' as in(10419).
Now consider ‘?-?TFEJ « This decay is really your only source of decay electrons.
Tou 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% vislation of the dS=d¢ rule. But errors are large;.
S0, presumably g=0 and we are left with amplitudes f and A*. These are
then trivially relasted by the dI=} rule, ie, by =isospin, so At - f/ﬁ « Thus,
you can equate some rates ‘and mzkeX a few predictions. It works.
We have now boiled things down to the study onrjust one amplitude, namely
+ -(‘l’lﬂ;\ﬁ’). We now write this in terms of the two form factors f+ and
f_. If this were a V current we would replace f_ =§3 F (the EM form afac‘torb
using CVC, and we would also say things about values at g =0. Ie, we could
use for ?O current akl the power of CVC., Now, can we apply CVC to Ul current?
This is not axial, so we are not talking PCAC. In perfect SU(3), since vV, and
?1 are in same actet according to Cgbibbo Hypnthesis,‘fpsuar id yes. The
concept of perfect SU(3) justification was that order A Ademollo-Gatto theorem.
So lets analyze ]ﬂ+-}f€b’. We start with the two form factors £¥ and f~
but because e is so light, the f_ term goes away ( note §2 f-"ﬁ-}. The amplitude
then involves only Gaimﬂ!iﬁ{qz} . Now, small byt finite q2 is involved because
there is large Q value, but set f (GJ = 1 by CVC applied to V; as discussed above,
and include a small empirical qE 11near term in f (q )+ Compute total rate and
. compare to exper to gel still another measure of cab1hbu angle. Or use old C angle
and conclude that theory and exper agree for K‘"Yl’ é“; 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 f+(q2). Then look at electron energy spectrum
at fixed pion energys This gives confirmation of wvector type theory and conflicts
viclently with either 5 or T theory ase seen in figure -p 23l.
. What about the K*-v ’l’]s v decay? Weld, it has that extra f_or € term,

sc obviocusly what you want to do is measure ‘4'; « This ie done by computing the
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. muon polarization in terms of ¥ and then measuring it. Results are shown
in table 10.2. Roughly ¢ = £ /f* = -1, dimensionless, althoggh you have 1o,
account for qE dependence somehow. Thexn, using this f in formul (10.79) for
the M/€& ratio in XK' decays .( or X
K* and «50 for KL ( keep in mind that such ratios always involve mass differences
and sometimes radiative corrections). My data book eays 32/48 for K’ which is .7,
and27/39 for KL
both off. No reason given yet for this_discrépancg} (ﬁﬂth-ﬂwvﬂdxt?}

S0 where are we? Gene discussed the simple K&v decays tack in chapler 4

decays, since ratio) you compute .53 for
which is again .7. Strangly results are both the same but are

in terms of the simple constant fg:. In this chapter he has so far done the Ki’
decays which involve one pion. The trick here was a version of CVC to sy f+ = l.
The last semileptonic decay is the Klq involving two pions. 4s noted back in
chapter 4, there will be 4 form factore here, and both V and 4 currents operate.
I think the useful fact here is this: your finals state of “¥#€Y has 200 MeV
of kinetic energy, but my intuition says that momenta will be equipartitioned,

g0 pions may only typically, have 10 MeV of energy, ie, they are relatively

goft. In general, zll momenta p are relavively small for both pions? Anyway,

I am trying to justify two facts : (1) the throwing away of the 3, term in (10.98)
since bilinear in pion momenta; (2) the near constancy of the other form factors
in their arguments.

How, we have three form factors with no knowledge of them yet. By tzking
the two different soft-pion limits add using the gsoft-pion theaqrem, you conclude
that ay = ﬂ.and 8y = .3, at least when all are evaluated at that soft pion peoint.
. From the other limit we conclude that a, + a, = 4f+fﬂ'- . food grief, where did
these old form factors come from? ., How did they get into sofi pion theorem? Well
the SPT has fg sitting in it intrinsically bepause the SFT condains Goldberger
Trieman/PCAC stuff in its derivation. On the other hand, the SFT removes a pion
from final state, and thie brings in f+. 50 result no surprise.

1 8y 3ma4=D in effect, and
you set a =a,= 2f+/t; , numbers which yow know, and then you can compute the

50 of the four caonstants a, through a,, you set a
total ratel! compeee With exper: it works, a great wvictery for the Soft Pion
Theoremil '

S50 lets take a look at this Soft Pion Theorem. Stated on page 234. Tou
pull your soft pion out of the final state and you get Lfd?f <"'l[f'§, H]ll-> .

How does it work? Obvieusly by pulling the final state pion, you generate a pion

field , which can be put into a commutator for free, see (10.85). Then you

replace the pion field with "’;" %.3‘: g ie, the divergence of-4he axial
I. -

currentj this is just Goldberger trieman and you see fog appear. But in the



limit of ga0 (soft pion) you can effectively replace 355’1 with g; integrated
over space as in (10.88), which yields the charge FE « Thus QED. Only problem
is that I dont think the cosine should-be in there, Later when he applies the 0
rule, Gene doee not show the cosine,

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

things which start with a current algebra statement with charges Fi" Veyy similar
to Adler Weisberger: you sandwich in between pion states, not proton states, put
in intermediate state set, When the intermediate stated is a K, you get
term involving f+ and f. of course, If there were no other terms at all, you
could conclude that f+{GJ =1 ( this step involves going to infinite momentum
frame). MNow consider those extra terms® The only available states are single
particle states out of the ¥xx 0  octet, and many particle states (recall in
XM it is the PI-P states that are important.) Look at (10.44). For large
energy difference, it is clear that the "other terms" will all be order xlf
where N = .1 is the 5U3 breaking Hamiltonian s-cale. Thus we have proved
that f+{D} = 1 + order(} )« Earlier I conjectured this by arguing that CVC
should apply to the A, currents, based on SU(#3). Here we see that even if
there is 5U(3) breaking, you still havef f, =1 to 1% -

This is the general theorem I think which says couplings obey SU(3)
much better than mass differences. le, mass differences are order™W = 10%
whereas couplings are 5U{3) invariant to u:n:'qfl.«:sr\,;t“r = 14, Good argument to know.
Chew used: it a lot, but never used pherase Ademollo-Gatto.

Final chapter comments are on neutral currents. Processes of interest
here are K:'-?jfﬁ or 35 « Clearly these decays violate strangeness and must
therefore be weak, and you can see that the current invelved must be neutral.
Experimentally , Gene says less than 1077, But my 1976 data book says these
events do occur at rate 10"3. le, di~muon events in KL decays is good evidence
that we now have neuiral currents. Maybe this now agrees with the K,;-‘I . rate.

Some experimenters muest have made a misteke in th&s business.

Ghapter 11: and dec " FactL: two pions can only be in state I=0

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

is in violation of the dI=f rule. BEg, the ratio of Kshort into‘lll!:t?/‘n"f should

be.2.0 but seems 1o be .2.2 .
How should you analyze things? For K‘l"l- you cannot do a current=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 Q
for the Kg4 you have L=0 so only s-wave amplitude. But as noted you can have

I=0,2, sc there are two amplitudes called Ay and A2.
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Now obvicusly you are going to want to ma e comparisons hetweeh all the
(:, .K11, decays, half of which involve the neutral kaons. Thus, you immendiately
have. the additional complication of the XK*-K® .system. You have to. understand
that "system™ before yon t¢an make phgnﬂmonolagiﬁhi analysis.
Much of this chapter is; about that system. We start off with a mass matrix
which would be diagonalized by the states X .and EE were there no H, . The
weak interaction, as it wviolated strangeness conservation, connects these two

states causeing off diagonal entries in the mass matrix in the K , R basis,

o

see (11.29). So obviously, you re-diagonalize and call your new states KL and

andfia ?. Try -general form (11,37)

and CPT then leads you to the most general form (11.46), showing the one

Ks. How are these expressed in terms of Kﬁ

parameter ¢ . Clearly, if E.:l!-ﬂ you have some CP-viclation.

From (11.50) yon.can sebt that. (f\ﬂ“\)‘#ﬂ when € €0 , In other words,
these two states can couple in presence of CP violating interaction; if there
were no CP violation, each would be a CP eigenstate. Actually, I- think they
are CP eigenstates anyway, CP-violatiom' just allows them to couple.

-  If there were no couplihg,.no CP vioclation, then you.know that Ks.hnd KL
would have to have same mass to 2 parts in 1D15. Ageuming CPT, they have 1o lare
0 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 nsutral kaon beam down through somé material?
In gacuum you know that mass eigenstates will_be Ks and KL. But, in some
material the new, eigenstates will be different, namely ES' and KE" In- the
end, these new eigenstatem are given as in (11.67) and (11.68) . There you
see the regeneration parameter r. This arises because, 6 the scattering.on protons
or nuclei of Kb differs from Eﬂ for..reasons that are clear. le,:'you rediagonali,e
your mass.matrix once again and get ihese new eignstates.

Besides the regenarétion complication which you cannot avoid in an exper,
there are also strong interaction s-wave ﬁﬁhsé shifts in the I=0'and I=2
channels. ‘Ih effect, these phise shifts’ change the phase of the 2-pibn final
state QF ei$=: , 80 turns out to bé very simple corréctioh td'ac&uunt*fa£. I
dont know the theory of this, however. 50, when you includes t%eaé rhase shifts
add the usual isospin Clebéch's, your final possible pion states are as in (11.70)

and (11.71). Combine this with'your edrlier constfuctioh of the KL and K3

(:’ states and yéu end up with main results (11.77) through (11.80). As noted,

everything is now described by ﬁﬁ’ A and £



RHecall that Az is measure of violation of the dI=} rule, and € measures the
CP violation. .
What can be experimentally measured ? Consider K /K ratios. Obviously (g
such ratios 'are 'small because in exact CP conservation, KL cannot go to PI-PI.
Two ratios are- called “L""" and "L“. See (11.81)., If dI=% is OK, then no
A, and then these ratios should both equal € .

Experiments say “I| l 21{1{) , 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 H'El' that.

-0off diagonal strength. That in turn requires you to compute gquadratic terms
like that shown in. (11.21) (first term vanishes since dS=2), Since, well,

the result will be order GE and probably propertiomal to &€ ,.but you cannot
really compute it because unkoown intermediate states, ie, a.long cale is needed
to try to compute dM. No trivial relation between d¥ and € .

The phase of "fL‘."" is called 1’1-.- and is measured by simply looking
at the PI-PI production rate versus time in a vacuum regenerator. TYTeu get 45°
with error of 4°. You can also try to gat-]‘-‘ and phase $oe ; also
people can measure Re(§) to 10%.

The results whow clearly that there is.CP violation, but not much else O
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 vialates CP7
Or is it maybe that strong or em are violating CP and it shows up here? Or
is there some superweak interaction which is doing the CP violation? Btrong
and EM. are obseérved to respect CPT and P to high degree, so only possibility
is some small C/T violation there? No one really knows. In Wolfensteins simple
"superweak" threpry, you just assume there is some extra dS=2 interaction which
lets XK =y K¢ - which then goes to PI-PI. This little theorylet predicts N~ -~
which looks as though it may be true. But dI=} aso predicts this.

S0, to summarize the K-.ﬁ- story, there are three parameters in the
phenomological "theory" called 4,,4, and & . Hhat you can measure are 'ﬂ*:p‘:
1,'., Q- , Rel , dM . There is no "test" of any threory hare, you just define
some para.ms‘tars and measure them. ‘fau obgerve ﬂr.z both from mese difference and
fact that I‘q_*"'f that there is CP vmlat:.on. So CP violation is really the

main point of interest in the Kygg Story.

Hhat about K3‘— 7 Obviously even less will be deable, There are Eeveralo

such decays of kaons, obviously try to meke some predictions using isospin etc.
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Bince KET' are three-body decays with (néar) egual masses, you cdn plot events
in a very simple Dalita plot, see figure 11.8, As shown by (11.163), the
density of points at some place in the'diagram ( say T:“'}}2 or r,® ) tells
you the square of the amplitudé. Notice that there is no Dalitz diagram for

a 2-body decay since cms kinematics fixes Tl and TE by masses. Ie, for Keye
decdy, Tl=T2= kndwn number.

So what can you do with amplitudes Ai{r,ﬂg where i = process label?

Firdgt there is symmetry & to -6 because two pions are usually the same.

Second is thig: pions hgvé at most the entire @ = 75 MeV, usuzlly much less,
tgpicaliy'zﬁﬁaF 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 ie the amplitude at the cerdter r=0 plus a small correoction.
Hence (11.166) which incorporates this statement with the & symmetry. The
correction turns out to be a function of y=rcos®, the size of the correction is
measured by parameter ¢ called "slope parameter®.

Isospin and centrifugal barriér also have sométhing to say here. In fact,
considering pion plus dipion, you can correlate CP, I add L‘of final state; the
net result is shown in table 11.4'which also shuws the dI=% rule. Result
is that ¥* and K, cad both go healthily into I-1 tripion state, whereas
KS cant go in any I-spin final state. Of course +there will be some bleedthru
because dI<=% is violated, CP is violated, and barrier is violated.

As usual, the dI=} 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 Kyf' to Kﬁﬂf decays. And
piong are definitely soft. Results seem to work OK.

To surmarize, the Kif 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 dacafﬁ in the Keg class arise
from isospin, dI=% rule, barrier effect, 2-pion symmetry, sofhness of pions.
Obviously a pﬁinful subject. You have & theory which works nicely for semi
leptonic Fnd pure 19ptnﬁic sectors; but it says little about nonleptonic

de @ays.

Chapter 12: Parity Violation im Nuclear Forces. The point here is very simple:
There should be a weak interaction of the form ﬁﬂf‘.ﬁ,‘.ﬁ +ﬁ.$f\ﬂp) , ie on
top of the huge parity conserving strong interactiom we should expect a parity

viclating weak interaction. Recall that EM Hamiltonian alsc conserves parity.

How are you going to find this effect? Certaanly not looking at the np cross



section., Clearly, what you do is say that the effective nuclear potential
now has a s@all parity violating term. This then admixes states of opposite
parity, éhiuh were formerly ﬁnéixad. Thus, this admixing causes photo-decays ‘;)
which yéu would nﬁfmally think not pessible.

) So.ane trick is to look for some airictly forbidden trangition under
-strong + EM, and see if in faect it lesks thro?gq a little. By the WaY y the

wavefunction admixing effect is about F = 10
14

y 80 your leakthru transition
Hlll be down by huge factor of 10 from a regular allowed transition. lel,
this requires good experimntal tachnique to see. As example, Gene uses a
certain forbidden decay d Q.. 'i-* where the Glﬁ ie prepared in a certain
excited state. If you see alphas of this characteristic energy, then you are
saeing the forbidden transition. This has besen seen and measured, and result

seams about what you would expect.

Besides looking for forbidéen evenis, you can look at allowad transitions
which may have MLXtHTEE‘Qf forbidden events in them., Ie, it is probably hard
to find things that are reall forbidden, so you have to accept a mixture. But
that is enough.

Thqra are two Elassip expariménts. %n one, you loék at a simple photon
emitted in a nuclear transition. le, 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 polagiﬁation of emitted photon ( ie, emitted
from unpélarised nucleusg, and final nuclear polarization is not measured). Just
draw plcutra and you can see that there shoukd be no net langituﬂlnal polarization
of a phton in- raactlon " -!‘n{ Circular pol = longl‘tuulnal polarization.
30 aaﬁ up your polarigzed iron target and look for this gemma r%y polarization,

Typical net circular polarizations are ID-T

effect, 80 you need many many
events to get statistice on this. Often your process is started by thermal
neutron hitting some nucleus, getting "captured" into an excited state which
them dumps ‘a gamma raye. )

The other obvious experiment is to look at fore-aft gamma asymmetry when
" initial nucleaus is polarized (captures a polarized neutron). Tﬂis effect is
sometimes relatively large, 10_4, and has been seem. Chapter ends with quick
discussion of the "theory" involved, not very exciting at present.

By the way, what about parity violation in atomic transitions? Now you
are asking about (Ef\h\é@? « Since lepton factors off, you see that this
is a meutral current effect, So parity violation in ;tnmic trangitions has to
do with neuitral weak currents, and is really a different subject altogether {nmo
in our theory so far); of course experiments are. very similar. I tkink this is

what Commins is now up to with Steve Chu,
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Chapter 13: meutrino scattering. Obviously you dont want to look for weak

scattering in a process that is dominated by other forces, like ep. That is
why the real thing to do is YpaeX . (Standard charged-current deal), The
kinematics here is the same as depp inelastic ep scattering, more or less. Ie,
interesting variables are q2 and J .

Firet consider elastie \?’..'I\"le'f. Obviously you put ih your wusual
B 1o B weak hadronic current with fl through g3 form factors. Now however
you wWill need the large q2 behavior of these form factors. Analogously to the
form usually taken and/or measured for the EM formfactors (vector déminance etc)
you might take forms as shon in (13.19). You might assume that £4=8,=0 (though
not obvious that CVC etill 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 know the tensor that getts multiplied

by the (weak or EM) lepton trace; hence the usual structure functions W, and

H2 for EM; and also Hj for neturinos, which arises from presence of axial
piece not present in EM. This is the same 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. 4ll 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 hheory. (the famous cleaning fluid experiment). Gene goes on to do the
neutrinos out of hot stars, and cosmological topice. 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.
0f course any new theory must duplicate all the stable-particle decay results
described in this book! Charm also found, so the whole theory has to be
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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Watanabe.” It should be noted, however, that
some variants of their theory may be found
which-cannot be disproved by one negative ex-
periment alone. Therefore, it is desirable that
both of these experiments be performed. It

seems to be rather difficult to invent a theory of
the Tanikawa type which does not give a resonance
in any of the procésses v +p, v+n, e+p, and

e +1, where v and ¢ denote either particles or

-antiparticles.

We conclude that it is probably worthwhile to
search for possible anomalies in electron and
neutrino reactions over the energy range which
thay be covered with the present accelerators
before looking into weak processes at higher
energies.

I should like to thank C. R. Schumacher for
checking some of the calculations.
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mission.
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#n this. case, formulas (8) and (10} must be modified
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AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS®

Yoichiro Nambu
Enrlco Ferml Institute for Nuelear Studles and Department of Physice
University of Chicago, Chicago, Illinais
(Received February 23, 19600

In analogy to the conserved vector current in-
teraction in the beta decay suggested by Feynman

and Gell-Mann, some speculations have been
_made about a possible conserved axial vector
current.'”® One can formally construct an axial
vector nucleon current, which satisfies a con-
tinuity equation, (@ \ \S Gawsenwid

A, o ) A
Fu (p*,p) gy, EMvﬁqﬂa’q, g=p'-p, (1)

where p and p'lare the initlfl nd final nucleon

momenta. Such an attempt has some appeal in
view of the apparently modest renormalization
effect on the axial vector beta decay consta u}"}/
(g4/8y =1.25), although the second
point,’ namely, the possible [orbidding of r—e+ v,
has now lost its relevance,
The expression (1), unfortunately, ¢
easily ruled out experimentally, a
out by Goldberger and Treim

tion.
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On the other hand, Eq. (1) arouses theoreti-
cal curiosity as to the origin of the second term
If it really exists; according to our conventional
) fleld theory, wé would have to interpret the de-
"958r7” nominator ¢* as implying a massless, pseudo-

scalar, and charged quantum bridging the nu-
3, | cleoh and lepton currents. _

We would like to suggest that there may not be
a strict pseudovector current conservation, but
_that we may have an approximate conservation
which becomes rigorous in the limit ¢* >>m 7,

sec as compared with the observed value 2.58
%107 sec.

" Goldberger and Treiman® have arrived at the
same‘relation Eg. (4) (in the limit of their self-"

energy integral J —«} from an entirely different

approach. In our opinion, this is not a coinci-

dence, as will be expl;‘ﬁé: e:?mvhere,

We are tempted to £xtefid this approximate
conservation of the ami tor {and natura
also the vector current) Mﬂm@

conserving beta decays. We take, for example,

m_ being the pion mass. Specifically, we pro-
r pose that the axial yvector part of the nucleon
beta decay vertex has the following form and

properties:

A "
EA[‘n (p',p)

[ ,ZM}rﬁq
. =E#|:£T5?FF1{G=}@{G2%:

Fl{ﬂ} =EA!"£V=‘F3WJ':

I Flfq’}*F,[q.’]' for ¢*>> mﬁ’. (2)

The pion is.then the analog of the massless quan-
s { tum mentioned above. This is consistent with
t. the dispersion relations expected for ", 1.
amely, F, and F, should-have in general the
form

F@)=F (-m ?)

e pl.[m*]a'm“
_,{qj+mn2}f (gT+m?)m?® -m %)
m 2 T

(i=1,2), (3)

where m,=3m_ unless there are new particles of
low mass. Thus the F's will be slowly varying
for lg*l<<my®. The conditions in Eq. (2) imply
that F,/F,=1 for all ¢*. H'm_=0and F /F,=1,
then we restore exact current conservation,? and
we also expect F (0) =galgy=1.

If we adopt Eq. (2}, the second term of I ,_[A
'y immediately gives a relation between gq, the
pion decay (pseudovector) constant g, and the
pion-nucleon (pseudoscalar) coupling G :

| Mg, =M F,(-m =126 g . (4)

) 1|, With g4 =1.25 gy = L.75X 10" erg em®,* G*/4n
=13.5, this gives a n-u decay life of 2.7x10°%

the AN axial vector in the form

£ AP yutyy - bW
p TTAT TS giem,
K

and attribute the second term to the pseudoscalar,
K meson.®* The degree of accuracy of the rela-
tion,(5) will be poorer than in the previous case
in view of the A-N mass difference (which de-
stroys vecter conservation) and the lnrgé K-
meson mass. At any rate, we obtain an Elilﬁl.'l_gg &TL '
of Eq. (4):

WA+MN}gH':GKgK' (6}

which relates the A beta decay axial vector
coupling g4, the ANK coupling Gy, and the Ky
decay coupling gy :
With the observed K, , lifetime 2.1x10°® sec
and a tentative value (f;{ff4n={ﬂﬁzf4n, we get

gA*ngmlflu, (n

This is not inconsistent with the observed bela
decay of A which seems an order of magnitude -
less than predicted from a universal coupling
scheme gy'=g4" =gy.7

We can still go further, though the argument
becomes more arbitrary., Let us assume that a
fundamental weak coupling (NNNA) gives rise to
an effective V-4 interaction (or at least part of
it) of the form

v A Vv A
Hr -r = A\ =T, )=, . ]
g0, -F Oy, g @
Here ' V=iy y Which is approximately con-
served Ey itself, and ' 4 stands for Eq. (2) or
(5). We see easily that Eq. (8) contains infor-
mation about the A—=N+ 7 decay matrix element:

A

. v
{ZMNg"’ fﬁcn}%{r” -rJI }

NN ®

Combined with the assumption of AT =% selec-
tion rule, this gives a lifetime of 2.5x10°!° gac
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for g =gy as compared with the observed value
o 28107 gag,

It 's possible to apply this kind of considera-
tion to other hyperons. Moreover, if the Fe}n—
'_ma.n—GEll-Mann coupling scheme such as
(wrev) i formally extended to {Knev), etc. as
has been tried by some people, all the ocbserved:
degay progesses may be covercd. Here we
would like to point out that if all baryons should
satisfy Eqs. (4) and (6), the ratios g4/G, and
gA’f Gy must be approximately common constants.

Our final remark concerns the theoretical basis
for the assumptions made here, If the baryons

» are derived from some fundamental field ¥ which
4 possesses an invariance under a transformation

of the type y~ exp(ia-Ty,)y,® then there will b a3

conservation of the pseudovector charge-current,

A finite observed mass can he compatible with
the conservation if the particle is coupled with a
boson as was-noted in Eq. (1).

This situation may be understood by maKing an
analogy to the theory of superconductivity origi-
nated by Bardeen, Coopér, and Schrieffer,® and
refined by Bogoliubov.!® There gauge invariance,
the energy gap, and the collective excitations are
logically related to each other as was shown by
_the author.** In the present case we fiave only to
 replace them by, invariance, baryon mass,
and the mesons. In fact, the mathematical me-
thod used in superconductivity may be taken over
to study the E;_+e].[~nv.-ruerg-].ri problem of elementary
particles. It is interesting that pseudoscalas
mesons automatically emerge in this theory as
bound states of baryon pairs. The nonzerg
meson-masses and baryon mass splitting would
indicate that the vy invariance of the bare baryon

field is not rigorous, possibly because of g slmalJr

bare mass of the order.of the pioh mass.
The above-mentioned mode] of elementary

particles will be studied in a separate paper.,

-
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HELICITY OF NEGATIVE MUONS FROM PION
DECAY. W. A. Love, 8. Marder, I. Nadelhaft,

and R. T. Siegel [ Phys. Rev. Letters 2, 107
(1959)]. -

In this Letter we presented preliminary results
of an éxperiment designed to measure the forward-
backward asymmetry of g rays emitted from B2,
which has been produced by absorption of polar-
ized muons in carbon (in C4H,;). Continuing

Ja2

aar bt wk @ 4
I\Pé P’MM_L\ .

measurements have ylelded an amended result

e

for the asymmetry parameter a,as.defined in !
this Letter, of a =(0.64+0.58)%. It thus appears
that in pentane the B? ig depolarized by one of _
the various. interactions [quadru‘pulq coupling, - ‘F
multipie eléctron capture and loss, etc.) which =¥
might’ cause spin reorientation. Therefore, a ]
definite conclusion about the helicity of the neg- "}
ative muon cannot be drawn from our results to £
date.
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Contents of this section:

i.

3.

Various page involving discrete symmetries like P,C,T, G:

how the field operators transofmr

how the creation operators transform

what to do about squares of operators like P2 T ete.

time reversal

G-parity

f) parity and effect on lagrangian and current; pairs like BE and FF
g) charge conjugation and pairs

o oo oo

Reviews of field theory method

a) the two methods of field theory

b) the U-matrix and the S-matrix

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

Feynman rules for QED.

1}1
51
6#
?I
8-
ga
1D|
11,
12.
13-
1L.
15-
16.
17.

18.
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The Heduction Formulas
Prﬂuagator r functions
Field theory Norms (like C. etc. )
More commutators and Ppopagators
The photon spin sum bisiness
The transverse photon propagator
The old pion nucleon page.
Some detail on the Dirac current.
Dimensions in field theory.
Unitarity in field theory.
Poincare versus Lorentz groups.
Crossing in field theory.
Noether Theorem for internal and external symmetries (various verions)
Feynman graph combinatories, loops, internal lines etc .

Feynmen rule for vertex in spinor QED and scalar QED.
Proof by induction of Feynman Identity.
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Field Operator Transformations

1. Parity:

fYENE = + §(-Rit)
@ t(iﬁt\] Q:: = '\Y(- ;t)
PAGHE = - A(-x,%)
2. Charge Conjugation:
e C = ¢
G“k”(ﬂ@ = C¥°NGy = L¥rgy= C Y
CAMG = -AX
3. Time Reversal:
34T = £ &%)
3T = Tz t) = 3%k t)
3AENT = <A t)
'1+. TCP:
(€e3) () (G’CS} = + &*(-%)
(063 W) (PO = « 135 V¥ (-x)
(PC3) AG) (PR = —A(-%)
5. Poincare:
U(Ae) § &) ‘J- (A = §(Axxa)

U(AL0) W) ' (/\ a)
U (A, &) A(‘*) J' (A, a\

Additional information:

C"tE;.LC = -E
T"?:,.,.T = & ‘é,_. ﬂ?f**
ggp-== }BM#)(#
o 53"'
_— = Cj-: c."= QT-.--‘LS‘;K
A T=T=T=d'¥®=-T

sT(A) W (Ax+a)
(ﬂ")ia A(Ax+ :x)

\({5= +£ﬁ°ﬂlﬁtgs ’

=1

S(h)’&ﬂSO\) = /\W/Juféﬂh
'q”“"""'ﬁ“

/\Mu = ‘3“1: + Q‘!@ﬂﬂ
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Time Reversal

1. We know the effect of the operator S on'Yand b and d:

3T = TA IbT = bl-pr3) .

2. Now consider a "process" and the defined "time reversed process" :
U R‘E I'Sl
Mo~ eS| %L PSS ~ <t
! b
M~ B8 %\-P53) g

— A

(e

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:
IpD = TBENT I = BpDoy = |-p-D
- 2 A
M= 33 I%I\FID

Well, notice that script T,as I have it.does not change an IN state to
an OUT state. It Jjust changes the momeﬂ%mn and spin of a plane wave
state and the state remains in the same picture it started in.

L. Now assume QED so write H as JyAY where J is the dirac current. What can
be said?
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Field Theory Session April 24 through 264 AR5

Motivation: I was trying to_read p 135 of Feynman on parton caloulaticns
and was unalbe to recall clearly the trace business. Also, I have been
wanting to see how field thery looks in my all-norm notation. Finally, I
have been interested in the varioue pseudofieldtheoretic calculatiome -
, 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
' most derivations and details, othérwisé I would h&ver have finished. I found—
that there are basically two methods of doing calculatioms: :
T TRt @Eﬁg +if” tHiE Bethod (LSZ) you use the reduction-formultas-to -— -

: 4 express an S-matrix element in terms of a giant vacuum expectation value of

o tifé srdsred product of lots of fields+ Prior—to-perturbation -theoryy - -—
there is a field for each external particle, and these are all "full" fields.
— ~One then goes tov a perturbation theory by-transforming-these -full- SR
Heigenberg Pipture fields to IN fieldé via the operator U(t,t'). This
~canaes-all the-external -particle fielde—to beceme in'fields (free. fields) -
and you are left with U(-inf,+inf) insidé the T-product with these éxternal
-Pields: -‘This-operator-U-is-then replaced--with-the usual-exponentiated . _.
interaction Hamiltonian of free fields, and each ocourrence of H is normal
ordered to -prevent -the poesibility -of-tadpole. type .graphs etc.... ... .
You are now ready to do "contractions". Choose an "order" and insert
the corresponding number.of H's.and dd4x integrals. Then pair off the . __
fields in all possible ways using Wicks theorem. In the case of ee elastic
. scattering in second .order, each contraction is a product of 5 propagators._
! After doing all contractions, you put the huge mess back into your LSZ
reduction whereupon all the external propagators are "amputated". Then
you can convert the whole thing to k-space and get out the feynman rules.
X #hat can be said about norms for this first method? Pirst of all, the
“square root factor" or "external wayefunction" ow whatever you want to call
| _it must be the same as the factor occurring in (§;a) field/creator commutation
. relation. This"external wavefunction"is détermined in effect by tlié sizes ™~
| of single particle states and by the sizeé of the.spinors for Diracions.
. Remember that fields are ‘the same"size™ for everyone. Thus, ifi Feneral
:  "external -wavefunction factor" 4 C4. Nevertheless, it is gtill C, that
: ocours in the definition of T. T T T -
Now in most norm systems O, = extermal wavefunction factor, but Gas.
ag usnal is a notable &xcaptidn. (gee Kine Bheet daggers). - e
When all is said and done, we have a matrix element Mg.., given
| exattly by “the feynman rules with no -externsl leg-factors.-The connectien- --
I between Ky and the all-norm Tp; is:

Too - +hGey EL ‘ﬂ:(x T\ Moo,
Y

P ——

-y -

e —— e
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In any of the =standarﬂ_ {da&gar} norm systeme this refuces to:
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Teo = +1(~0) Wiogut—

For Gasiorowits the result ies instead,
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Q_ For Gasiorowics it is as if he had an extra feynman rule which raads: "For
~ ‘@ach external line include ‘a factor of (" 7). - -
For Kallen the result is:

C e = (W G ez

_ He ghould note in passing that Tﬁi— is not always C independent.
This is because the phase space "knows" about EE in certain norm sysfenms,
like Bjorken Drell and Gasiorowics.
" In this first method (LSZ) each time you "pull a parficle out of the ~
state and into a field, you get a factor of i. This is simply the i that
T occurs in the inversion formule (12-9) page 27 résulting frow & it —
derivative on a free field. The renormalization factor of Z I always set
YT TTT T T équal $o one, and I us€ renormalized (Physival) masseramd couplings—im— -
any- oaluul&tiﬂn.

bnple— - = e - - - o — - -

Second Method. This technigue is much more efficient for doing a calculation,
- . ﬂ% 7 you use way~IN—creationand* annihilatiomoperators-for-your external -
particles, and you replace S directly with the.exponentiated interaction
- = —-Ham}ltonkan;Then -at once yow do -the-contractionsy—Each time ydu-contract ——
a field with a creation operator, you pick up one of those "external
wavefungtion—factors".-The- number- 0f-spacetime integrations-equals-the- - -
order of the calculation. It is this method that allows a fast derivation
- = -of-the feynman-rules—for-any-theory.-This is the method used-by Sakurai, -

O see pagea 138 etc.

The ;t_’a.ctaria!, factor. In either par‘ttu.*ba‘tmn mathod, there i=s a.lwaars an
—_— n! in the denominator-for.an.nth order calculaiion, but somehow this never
appears in the result, The reason is that there are m! "contractions" which
———e — —belong to the same topologically distinet feynman graph, so_ the factorial _
ie always cancelled.

= e s mbe—— -

- - = - T T T T R i

Wicks Theorem, This is one of those combinatoric things that is best proven
_._.only by examples, because the general proof is too hard to understnad for

more than one day. First, you prove Wicks theorem for two fields. To do

_this, you choose a particular time sequence 8o you oan remove the T-product.

Then you observe that the time ordered thing differs from the normal ordered
L . thing only by some field commutators, and these are always o-numbers, BO
T the T order and N order cen only differ by a o-numbefr, THen you takd & VEV -
to show that that c-number is just the VEV of the TOP.
_' ~Next, you @m6ve oh to thrse fields." .Ega‘iﬂ‘ ‘pick- s definite tive-order: =
The game is to get "from" this particular order, "to" the normal order.
T T T T ThHLE involves sHiftinmg 41l plus fields to-the B LEFT where -they—ean-do ~—
ne harm. Each such "ahift"™ causes a term with a propagator for the two
— ~=~ interchanged fields, and-all-the-other-fieltds—just sit -there:—Eventuatlyy—- -
all fields that do not appear in propagators end up normal ordered. I should

—_ - ===l do-a hutter—prm}f-'sumﬂ“ﬂay“an‘“thiﬂ‘"“ ———— e e T
Hote that any VEV of a TOP of an gdd humber of fields must vnn:ah due
—==—- - -—directly to- ~Wicks—theorem: el i - = =




will occur when the amplitude is s
operators and the Invergion thegre

- (£ (L

ed. These arisé from the projection

- NV = ( #é-:: k -t-i«,—_*})

]_'_E(a})_( m{t}r= %0 X w@) X =_Jf“_>‘:_‘5f*

Rather than first write tHe amplitudes , then square them, then convert

16 traces, &t&, it if éadiest to use the{"trave diaprams"ms illustrated

én the back of page 124 there for electron eléctron scattering in second

, “order "QEDT The™ idea s to form all the "unitarity like"™ digrams—with —
appropriate statistice minue signe. Then each "line" may be closed onto

K ftself-and stands for -a trace. Bach-time-you-hit-an external particle,—
insert a projector. Bach time you hit a vertex, insert the feynman rule

 vertex- factor--(eg; ~ie}* )+ The-trace cleses when you return-io-start. - -

Sometimes there is only one trace, sometimes two or more. Don't forget

the -propagators apropo., Hhen you do--all-this, JMy54Mma_fﬂ,@_m¢ -

wh/ngm

you are ready to go to & cross section or whatever.
Compton provides angther-example-of the.technique. (See page.l
you use vertex facters in the various traces, except here it happens
that polari,ation 4=-vectors_are. tied -to each vertex,. Also, in. this. example.
there are real fermion propagators and these two must be dinside the traces,
In general, any quantity from the "top" nnitarity graph should be
complex conjugated, eg, propagators with ig 's, polarization vectors,
coupling. constants. Usually we do not worry about such things, L
In- actually executing the traces, there are very important tricke to
be observed. See_ED on this. I have not gone through all these things here.

\_bj_rﬂﬁthn-ﬂ:m—ﬂm& spin summing is trivial, A spim: sum merely
" clears the projector of its spin portion. If you are averaging over initial
spins, do not forget to put in a § for each initial fermion. For final
fermions, summing is done by simply ignoring the spin part of theé projector.”
: the spin sum is not so trivial.
For external photons, fthere are only iwo transvérse polarigation states ~ ~
although you could combine them td get ciroulars. It is best 1o do photon
polarization sumé as thé very end of a saleulation ( ag is not-ihe case ~
for electrons). Basically you have to d¢ the -sum explicitly. 1 have done
an examples on & separate sheet ( ie,the Compton——case)s -Note that-the three-
i and four dot products of a polarization vector with its momentum vanish
: ~(the "three-dot vanishing is not relativistic-statement.s. -we -adjust -our-
i. frame by arranging for this to be true, this is the radiation gauge)
|
|

- ——————

T S —

Por massive- vector mesons; there are three polarizations to worry -about.
The four-dot condition gtill holds. The parallel polarization vector gete
gtretched; see back-of page- 20i Again,-you-have-to- do-spin sums é&xpliecitly.-

" Propagators. How do you compute field commutators af unégual time? You ~ - ~
Wwrite your lagrangian and compute your canonical momenta. Then impose

compute the creator comrels by locking at equal time. Then, using these
comrels, the unequal time fi¥ld Cofmimitatdrs foldlow, See pdge 20, -~~~ ~ -
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O The REO decay. How we are geiting into the realm of phenomonological
= “field thiory calculationd, as in Wwéak ifmteractions] For the rtho— - -
interaction wi'th. two pmna, we postulate a ldgrangian,

T —

— cf_=~i~ga%ﬁé}$-8e__ e

Ag ghown on page 24, this contains two terms involving the neutral rho.

- ————— —— - ‘Theny; using-the "‘second method" we can-get-the-feynman-rules -and-in. -
partai.nula.r thu dacaqr matrix element. In a daggar standard norm we find:

T - Here, p is the 4-momentum of either of

_ J—]-S: \ " B the final pions. The factor of 2 arises
"_'_' e """ because there are two contribufing terms
Using this 3 amplitude, we in the lagrangian. ) ~ .

‘can quickly compute the 7~
width of thu RHO ¢ intn thesa two pions:

o = F§:—"F-Il‘___ —HT*—%JS" Li ....;L%._ 'IIL' - ?J'-‘- S;srr ———

_ _________ From the lagrangian you can show that g is dimensionless, Here, I have L
zxmeedxevercfiuxt trivially averaged over initial polarisations of the RHO,
wew . ——_ _ . The result is independent of polarigzation anyway.
Using the first method, we can show that: . - T -

——— —— = = mras

O . EeeSEN = GELAWE) A BeGN

Except for normaliszation, this 4is the result quoted in Gas page 455 top.
- - — W& could have arrived at tUiT form frow Lorentz invariamce without— ——
ever using a lagrangian and perturbation theory. Thus, we can justify

- - that phemom, lagrangiam—im this~way: T e
Bhoproduction. I tried doing-the-iitile-perturbation-caloc -that—Gas—shows——-
but I did not get the right thing exactly. At that point I gtarted whis
BUMMATY .~ - e —
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g : Redwsrion Formulas

(for removing one particle from the S-matrix)

B O € Rl ]

e o

rqlk

i [ Jag ek = o]
e (-w(ﬁ)ﬁa‘ [e%emB @ ’HE?K ‘*"1
2@= ( )&é‘i X l<[‘;11& \,{?F‘i E"‘(hﬂf{— éh-x]

o =@ﬁ/ (=) (Aﬁ)gﬁx le
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11 A uesy & ]
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& (ﬂ(# Wx[een S 1@ 1T e ]
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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 D o

rator. Thus, the Dirac
ordering cannot be changed. State bracket is always {outfln Alpha and Beta repre-
sent all the remaining particles.

Q T(A® B(w) = R(AM (Y + B(4) A()
* b = elud LAG, 8],



Scalar and Spinor Invariant Propagator & Commutator Functions

( exact Bjork&n-nﬁgll notation)
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. Variables always in same order unless

otherwise specified.

| 2. Note that S and S, are defined with a

minus compared to A and &,

S (x-%) =
({F- 'Wx} Se = +8‘(%)
|r——-- # vt e——
]
SF
- S)
du= SP
(2w 2E
sy = 9«

O = &@r} + A



Qg: !'ﬁa_\d'ﬁ«w_,.i Nopmabivebion, _ . - o
" Ao st Com G e 405 Ty Biaratasmsger s ad
Mmq:____ s e o

C‘@ G\ﬂmwm_...eﬁ.-_'k_ QEL_ Mﬁwtmm&m _':\-.n__JSu.ﬂ.dpin.. mw

C . ® Y 0 Mowbie sede Ok AB= AR AE, @Mw
— mwMMﬁmmm&ﬂu - -

® .&Jxﬂt o monm swed Mnak Qq = C—;..C& /(}W)‘% G\C\W,nﬂum;d..a.ﬂh;h&:_.
Sl be_ s sabomasua. exdiumed ‘Qﬂ‘i Soctons  ofan Mamae Ders wanad

Qo pulied i MWJ\T;., A\u}ngmwﬁasm

Mia @ouﬁc (Drose. wdh. T_ua ._@Mm e
e — 1 . - -
QE s {'z;i:eﬂtl = o "./(Iz. - —
O- _@Q\\L‘%MMM?M WM&MM_A-PG.“_&A{_-.---_ .._"_'-_' :.m-...:
- talarcnandad %A-M. 46 st s [ch‘}e e o,(jf.: 1 —

B dianged saadan §ald - $& = 5@5@- [ﬂ*{h\e x ﬂ-(l@ftT
i Dm%w: ) = %19 Cs [b("“}“w{knﬂe "L d -HH}

"rl.l(‘,u:

poton ot KO =Ko Jameie s et €]
LR N TR 8 lﬂatsk\ N s u“ er. &

— - -

@MJ wwmﬂnmm — - : -

o

T edgl=ae e 14, m(k\l . 'f"““; L
. | ) &, F@ = oL STF*
¢ Ne,8E = o wea & [ " @(i] o
G L [b(?;*ﬁ,?fm(wﬂ;ﬂwji(?,sﬁ g_L * . L
~tkx - - .

[AH(“\) ). QTO‘:MI = CL' Ejf_("t_,‘i)_'ﬁe_ .



| Seston el [%@cﬂ JUNCER L

iﬂm%m; L | L

RACKRCTE —L(LQ"H“LP 'ﬂ‘(’x-ﬂ T -4 —*P(i“ 9 -

Pum ,
M AN's A(‘i\:l— -A%r A (x-)

WW M:nh\.buld _
[, )] = ’_—L< P 3 Ble-y)
_0O Yole sk A(’x-vg = O(x- ‘3_;“%) Watar M v ﬁ"-'t-l- -

u.?e.u: F).ul.{-ﬂ., ("4 -V V. - — - -

|

t e - —
i

[



f_a.fr:x.-g = &l T( 80 S)ls>

—— e —

Mk 3 k(v - -
e + L _]
('317\* ]_ K-t 1e |

e

=EA) T

4 R R G R TP -

-t - ,

- L _D;- (l_“:'i) /m.-'l

-tk
dk .@ R I,
Oam’ K- mtle P

L

o= LS'_(ETﬂ;q -

= ol T(Mﬂ Al

d\\k =the:(x-y) i
=N ©- E x

Dy = I T(8,@ (D)l

-'L.K xX=- .
=\ %“. Q (\ Y) _E"".L S{\J + t R}h&‘/ﬂ ]
- K- m"+ie

= L Dg (1),0



|

|

O P SnSeo .
- d_E)__@“* -:: qﬂm&ﬁ{wﬁﬁ___c;hnmn._ o._JfgmL“_.(_BBME:).-M :.\?ﬂ_ ,_ -
} @Axéqs nﬂmng%u emlle, Mw&_.mwmg M; R, —

=0 _ X =o0 sk =0 = ek

B - wadd [ _,,.-a}o -::.!-L«., S ., Wi _
rtnd - il s sloiale. Rles agfaaning e g
RYPOPEE Fre v M‘ :ana._..o,ﬁ.um%w. li\w._fbh_ Suam -

@&kxﬁgl_g 7w BD glﬁ_k.qm mm_ Ly ¢ -
_  Ke' _ _ o o
. ‘“E:_V._é‘i On‘n,glm\ - - .- .
Cha %MM N Koo MMMW_ -

- “ 'TL r \.il‘ lL T
_ @.F_ﬁ? Q‘E) _[(1_ e ) 11-_5@.'_&_)...}-_ - -

o_ ax _ R

——— i“‘ﬁ-!_, AT _srasa 2lac b af'-:w w SO ':";'--"-_.:';'«-«---ﬁ:.-:-‘ir sansky
| a2l [A+BEY] = ga+ ¥R I (ee)

3 P

hv{.).a.miu{) so ek _ €\ | o
B

e

M 2el= wmo , S =0, &% = o &&=
I\ ;;. ('E-Eji; W+o+ Dh—t—__"_t_l-_n;é;-l = ( \+;§ej

= 2R+ 81+ cofe) = _a.fAr g B0wdd)] )
{‘Q:[%-t-i';—-"z. + 1 (1% :..1;39}]—: a[%ﬂ-ﬁ% “‘3;-“%\8.

Orane Do ol ccsmognd G sl ez (o= &)
B - e sy

(PR -y ——

Q9



O._ E@%MMAMEM,EW e e

- -—--l-.—l--—.—i-..--.-.-—- s W = —r e e N T

T R® = %‘ﬂ?@s acmiﬂ-&%e e a*cw ““] T

ey

- -_.._.'-_

- —— g i —_—— —_ =

kmw% Mm% /ﬂ\m A;—— =Q qwﬂ ‘??A Q,_au N
N VI E VW YOrY T I w pash u.n.mﬁuﬁ
‘ &KW“"‘%"“’*; S / sl Joms

<D\T(A,}(’XBA,(E‘} l:r) DF (_"K.,'}C)% o - s

¢ .p.q...-

- M‘*—W MWMMM W%c&mﬂ.&ﬁ — -

T i = S8 ST IR AN 60)

o C deae S=00 B3 ey dosaso Qaks L L
L FHee- sqeean o RETTTT T

R R e S

(W = L;(_Ygf%('\, k_}. = TS "74, . ‘.h ___’ -

bw-l.‘i

L= RAKW = : RO (A (Y = m(iﬂfﬂ St =0,

II \SALLQNMJW MM ) ;L‘_ffr_- -
R L T
P Sa - FE G, | T

;" ‘.
_3

o . IIIEWF'NMB ﬁ\/ EJJLL&M 1‘2»\] e WM anf
O TS mﬁw&wﬂt N -\ Ak 66(:-: ;ﬁm Lw.-{ AN
' Wi‘&ﬁ.—rﬂta"‘_ﬂ&fgﬁ = ?ﬁ‘*%@nw/\



sy,
\ 'ﬂ;ﬁ'éf“go = 3’-3 (k > -ﬂa-.l_j
% M

e \c‘\.‘:,mf‘, ok 2 \é—k 1..# NP wrd e " e e

A 74 Y .o ?Z,..,.:,@E)

4‘

JIJ‘..,- - Sox op Ak T B

TN —
‘(Eﬁﬁh - J}}‘?b’“ mar . ki« e
‘\h_._._—l—'—‘-\-v-"—_u__‘"——-" -y
Qrulowls ‘ o

yq{mﬁ.wé" PRI 2l

Gy =& vt Frei
N 'b\ Y, N -

LI
A
. "‘a"'-'\d‘-? N PR “'I“'& -~

3? Ye sbrppan on g, -"E" Dﬁ_(‘](r%)}ml = (3 %ﬂ}gl ; 'A';DF(U}‘JG

pR. i L ;*‘J* v"\)"-f ﬂ"’ e ﬁ! .

{‘* “!:':_’?.J e - _-f__}‘{fL -"'T:ff;‘r . {.!"'..:l“"'! )}' J_" .-h": £ - d\.‘ll‘l'k Pl T
=



f -] - - e

e, = 3(2*ig,)
d&t':,d:'—?_,(%t;ig'*-)

T oon nveeon pace §=%(4+4)
RRFACELS

= —'ka ﬁ?'ﬂs:@"’ﬁ ‘? = " PP T + Yo oL L .5713 P L&mmy

(
(

—0 o0

L=al~ I - P
"\_.r e

To compuie omy oompliads, | war TR R
N (D
Mz O LX) B[ YR

&
\

<l cf

- AW o) (*‘J
a p\.i} [o a] 1]1(1
2 = [Re]

W= %W+ 20 fe+122.4.
2 %f‘) = llufl—'
M&-O'X= (b)%ﬁ\"pim ;II.X)%&MMMJ
g R u}LLSquds LNV ok pande
Somile. ¢
Exh M~ (A 5 Tk
3 ™R g

J-Ir'-' -OH = % B YsP To — 4o, +[2 3.\'{5’55"&"1 + “-&Tfﬁ'ﬁ-l



Hermiticity, adjointing, normal ordering, and the dirac current.

a
1. Adjointing operators.

ABleY = \q»

T
When you adjoint a product of two o\ (ARY = <3\
operators, the order reverses and 4?"‘ - <°ll
there are no minus signs even if

these are anticommuting dirac

fields. Also, this reversal of the operator, the adjoint operation
order has nothing whatscever 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. Flaying with the dirac current operator.
- In wither the first or second quantized theories, the dirac current j, is
6 hermitian. The only possible point of confusion is that in the second

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

[ = sl V)
Pty WG] = g

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.

o

L. When does that anticommutation minus sign come into play? When you
charge conjugate the dirac cuerent!

- - =\
CpC = QWG L GVE = vedereny

G DI A o S S

G: By the way, the first quantized theory does not give the above minus sign.
~ e must be changed to -e by hand.

=\
NS 2 = GYE = oA
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4.22.76

Unitarity in Field Theory - . —

G 1. Because you are dealing with a hermitian lagrangian, unitarity in a field
theory is automatically repected. So is Lorentz invariance and consderved
guantum numbers. We always make such a big deal about how hard it -is te
satiefy unitarity, but here in field-theory-you dent-even give—it -a—thought.
Formally, unitarity follows from S = eil , But you can show nnitarity order

by order in, gay, QED., Here are some graphs:

BTy = X&QFT; T | ]
by = © - Sonda

b B = Nage (rex (D) ot

2. In fact, unitarity is trivial in QED. If Holds for each graph. All jou dd
is put the intermediate lines-on mass she}l €Cutkesky-=like, - -

. 3. Of course the other symmeitries follow from invariances of the Lagrangian.
0' Such as: lorentsz invariance, isospin invariance, and so omn.

4. Well, what ever happened to pion-nucleon field theory? I gather th_a.t 'E];B
large dimensionless eoupling ruins p;:;turbstien theory, but what about
the axiematics? And then there is the problem of fundamental entitities

which appear in the lagrangian.




Comments on the Poincare group veraus Lorentz group problem.
The problem here is this: why is the RHO sometimes a vector (%,%) of the 1G, but
other times it is a (o,1) of the same group, and other times a mass=m, spin=1
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 know that I can construct spinor states of the form \p”ﬂij which transform as
the vector rep of LG. In such a case, neither of these indices is a helicity. I
can then make a vector wavefunction by changing basis, so that we have {p’L} and

ﬁp{p) as our momentum-space wavefunction. This transforms in obvious way

>
'y
[u(x) §7%p) = 1) B(1p)
or something like that. This thing is just a function. CObviously, you also know how
the state transforms:

oL /) = 1 /1p)

Next, you should be able to find out how the creation operator transforms. Then finally
you find out how fhe field opersator goes.

The conclusion is roughly this: the field operator @(x) of field theory
transforms just like the wavefunction (spinor) @(p), except perhaps under translations.
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 Lorentz 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 must
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 (o0,s)= (o0,1), not (%,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, o compensate for this
erreonsous, embedding of three objects into a L-plet.

In S-matrix theory, I dont think there is any reason atoll to think of the
RHO as a L-vector.
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Crossing in field theorv. July 7, 1977

1. Consider the main reduction formula (16.81) of Bjorken Drell: the fields inside
the T operator have a definite order. WNow 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 GQED) 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 differend 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:

Falley = Wi

= ol = ) = el

This is important. We have defined a state /1,2) and never deal with a state /2,1),
at least not here. When you congjugate the state, the ordering of the labels inthe
final state is the reverse of the order of the annihilation operastors! Often people
do not order things in this =my, 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:
e = il ]

T Y
o - —_ P
=G T S R (B 1 (Dt S Cye)

—
o\ T (RN QMY - - &(4n) Q1Y - RGm)) o)
<:' e A e B — 5 3H
=20 ( Qinl) Qi) - Galyn) Qe - Pt () € e

Now you can see what crossing will do. Without changing any orders, you can cross
particle Yo =Py from the final state to a position to the left of qq = X in the
initisl state. The total L-momentum gets negated because f goes to f& . Any

spin index.. well, look at self- reduction page. A u(p,s) in f becomes u{-p,s)
which is v(p,8) 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 i off to get nite integral.

1, Consider an integral of the following form where there is some parameter inside:

el ]
(n) =
b
It is obvious from inspectiong that this thing is logarithmically divergence. Here
are three ways of putting in a cutoff:

K-'r-ﬁ.

a) just stop the integral at a finite value:
' h

N
TG) = TGN = %ﬁ%&; = mGe|] = n(Ae)

b) do a subtraction: w

TEY —"*‘ I@) - I(f\\ = X dox [x-m - ?:-I:-,'-:l

N e A IEION )

By subtracting the integrand at some point (the subtréction point) you get a new
integral which is convergent, although here I evaluated the thing by shortcut.

c) add a m:ltiplying factor:
TEY = TN = Y xaa ‘ );.1.;\_) Q\_w\ = wuqm

) 4___(‘ N\ - i“({‘-‘)

Xtn XA X x=+A ) L2

2. C nt: for finite LAMBDA each of these methods gives a slightly different

———
Fr

result. But for large LAMBDA all results are the same, basically ln(L,/l}. which
shows up the 1ug|ﬂt.hpi¢ divergema. You can use an:,r mut.hud you want:

d) change 1_:-1:3& n;-i:ar of dimensions of spacetime, I don' t know how to do this now.



nimal Substitution and Fe n v kinds

‘!:, 1, First, calibrate things by doing regular QED a la BD. Here is the lagrangina
and the minimal substitution:

=+ (R F-m) j_;:.,;-».:_qﬁ— & Au
SR Pr = fem & A \i S

J»E'K

T,  &r = e« TAYE  fow tn (155).

Now get the feymman rule for a QED vertex byb sonelidering a simple S-matrix element
(even though kinematically blocked): - |

¢ r—-———-\i
m o = ¥\ S-1\p) i <Pk e AN B
o | I p

n

w0ty ()
= TL(?‘)Y_‘ieo\dﬂ} W) €
o R
Ly 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 % in the lagrangian for a neutral scadar field as in (12.2), there is none in
the charged case because you added two Klein Gordon fields, see (12.54). Also,
J:.mu must keep ?he daggar also on % to geﬁ ‘I:.he_ righf. result:

.
L= @)~ ¢ §4 B> v Ay

L= Gehd 't~ G&) A = ie A [@Me §@8)].

’ — T
\)y—e_—-f - .i <f’~, | S A f@y@‘? N (%fjng >
k (—*ti’rf 'L(-tﬁu)

i

L) € (ipriga) = (iRt e”
Feynman Rule fnr scalar QED vertex,
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How to define the Lorentz and Translation Generators.

1. First, lets get straight the notion of using a ccordinate transformation R to
define a transformation in the Q.M. Hilbert Space. You define R in terms of R in

this way: (“\ﬁw\? - <'§.x'\§7

You could, if you wanted, make an alternative definition by using R instead of R‘l.
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 R1R2 = R3 to be reflected by Hlﬁz = EB for the operators. Hnticeh. by the
way, that the above setup is just the usual "regular representation":

R = $(R%)
. o .
2. So here is how you do angular momentum. Define it like so:
) pd Ty L
D&My = (@8

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: (m: M = T"lm)

W
ANy = TW7 10 X &18)
w o . “~J
Bk = G- TRTAROP (0 = (Y- 9 = WV (%)
3. Since the translation group is abelian and t'lt?.:tzt’l’ we dont have to worry about
the distinciion made ebove. This means that the sign of operator P is just mm

a convention, sc I will do it the way I have always done it and in a way that
duplicates classical definition of the relation between angular and linear momentum.

So: .k M
NSNS = dxvaldy s AT = < &)
TP = b)) = TRe).

T W e ELER ey, = kR = Ly

L. Summ of results:

O PEY = TR\ v PR o= R
VP = P4 wwae Y = R YN




o @q.l.&!)w;\ﬂ:b L&y = ﬁk};@lﬂ;ﬁ Wit %de\&?ﬂ\m
R, ”}ﬁmﬂ WooH*

- = a?‘\w\. ‘E?nt‘.ﬂ

o« o T
© O\ waralpmeioy wilhsgun damafrme U -
§G) = REM = Ry (R
Nder  [RRAE = RO% IRl (R) = Ry {RA (R = @Dy (k).
We cann ¥ ok s
e\ &g = Ry Res\Rady = @Ry = LR\t ey
O @ L= RS ond <Al = Ryde pad

So, Ri j is some FDR of some group, ie, of the Lorentz group (need not be irreducible, eg,
might be the Lxl, Dirac spinor rep), and Ri.i acts only in the spin space. Note that the
use of Ri,j and not R'jj 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 MY when spin is present:

%, 8 A E‘.LEMW\§ "\Pa - LEHN L& <( yiow® f"xﬁ qu‘i}
Qo s be Sten. modaim do Sony,
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Introduction of Fields. Global, comrels, variations, and 24 .

1. We have already introduced the object Rij as a spin matrix, Rx as a transformation
on x, and & as an operator in the QM Hilbert Space. We now define & "field with spin"
as follows:

[ =\ -\
£ = & ROR = Ry (R
You have to do it just this way. If, eg, you were to switch the R and r~L
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 & classical field that fransforms consistently with oub previous

which

wavefunction transformations.

2. For linear and angular momentum, then, we have shown that:

Lﬂawﬁd — qyﬂ _k i 1o MY
e & e 7 K & Kdt ° axF)
c T —iofM
é’f v ) i = ¥ (?Hr a,)

3. Now put in small paramters to get the commutation relations:
o WY eyl = SHie = -xe LWy ¢, )
A B, i) = dk® = - L q. o i)
v " '
5 [ e, WU = UG e = flew-eryeg + Wi T i

Lde, B = D Hi = by,

¢ Eroamime. &) (W) do Qoo :

“o Yﬁiﬁ = - X Wﬂa;\
B (E@L@)jmﬂl: 1 ng‘}q’yg&; - ﬁi\ E@i@")




Comment: for a free field we can make this expansion:

R = % (<xw><e;w> VM) + Lpddaley @y, n\i

where you sum over all momenta and spin states n. I am allowing here for a change
of spin basis. Then we have:

@ = 2 187 aa + &8 dien)

5> e dedty = G = &7,

Thus, by using & single particle state on one side we can get 2 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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Truncated Greens Functions

1. EBcall BD discussion of IN fields, and OUT fields. These are supposed to be free,
non-interacting asymptotic states. Whepn you examine an S-matrix element, you do so in
terms of these free, asymptotic states, id, Sg = (£,0UT/i,IN) = (£,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 23 due to their self-interaction. The external lines are
supposed to be propagating as free particles without ewven self-interactions.

So how would you relate §; to the unrenormalized £ie1d°f ? Well, the

propagator you would pet by fourier transforming ( ﬁinﬁin) would be just lf{pz-mz},
whereas the unrenormed (but "interacting® ) fields would yield {ﬁnﬁo} = 23/{p2hm?).
Thus, you can imagine how these two kinds of fields might be related by a sgquare rooct

of 23, as suggested in the "asymptotic condition" (16.20) of BB.

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 ecall ﬁo' and the
renormalized which I call . These two interactin g fields are simply related by

a multiplicative factor.

2. I claim that the LSZ 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 jyou are supposed to be computigg S-matrix element
between asymptotic states. In other words, an S-matrix element is a multi-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 1pI.
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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 quz operator. So here you see
the "amputation" going on in the x-space ittelf. Thus, we arrive at precisely

BD's LSZ formula (16.81) except I dont have any Z'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 @ = (33)'% ﬁb « Then
you should imagine BD's fields as f_'s. :

L. 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
1PTI proper vertex. Ie, this is the connected-part of the T-matrix.-

B These.ﬁ's sitting uute..ide the formula in BD are sometimes called "external wave-
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 them anything.
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3. Implement the above comments in scalar field theory, say 115’* or scmething. Then

‘o let G(pl,”.‘pn} be the renormalized and thus finite n-point Greens function. It
contains the overall delta of course. Now, remember that LSZ gives you a matrix
element of 5-1 rather than 5, so you are really getting the T-matrix, Lets say that
S-1=iT which is a standarﬂ form. Then here is what we can say'

[ {1:. .
"’Q(?H?“- P = 3 &EZ 3(?&; o (Ign) 3 T (g - 1»..)
{?.n')"‘ ('hr}."" . t 3@.,15:1‘
Here I amlusing all—ﬂcript functions in momentum space because these are thé complete

ones which include the (EPI)h d(...) overall. Now lets expose all those delta functinns
and the result is much simpler, and we go to non-script functions:

<N | @ @ S (w)
6‘ (E‘t PL . ?ﬂ*li?tﬁ) G" ?1\] G‘ {.E’L) 6‘ (?“ j-._T (f\.; ?1_, .o -\! (?"\IB
Here I put the last momentum arguement in parentheses because really p, ‘should be regarded

as a funntion of the other n-1 momenta, since we are now conserving L-momenta. 8o

invert to get:

O ‘ "3 ST -\ )
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AT I E\n-—t = _'_) Ch-— 1‘)(91, AL ) ) (.-_f Pv, <P -.>
Of course the implication 1s that you are laking a limit here as pi go on shell. This
is how you ‘are taking a multi-pole residue to get the S-matrix element. If we were now
. to put things back into x-space, we would get p? = - d° so each factor makes a (-1)
which combines with each facotrs's 1/i to make a plus i. Thus:
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